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The GABAA and glycine receptor are members of the Cys-loop family of ion
channels.

These receptors mediate rapid neurotransmission in the nervous system.

Picrotoxin (PTX) interacts within the channel near the TM2 2'-6' position, with the most
critical interaction at the 6' position. The present studied addressed the stoichiometric
dependence and molecular requirements of the TM2 6' position on PTX sensitivity. I
hypothesized that there is not stoichiometric dependence and that residues with a
hydroxyl group remain sensitive to PTX.
Further, work previously completed in the laboratory demonstrated that the TM2
7' position influences channel kinetics in the serotonin type-3 receptor. However, similar

work has not been performed in other members of the Cys-loop family of receptors. I
hypothesize that the TM2 7' position influences both gating in the glycine al receptor
similarly to that in the serotonin type-3 receptor. Additionally, the TM2 7' position could
influence PTX in the glycine al receptor.
Picrotoxin sensitivity was determined to not be stoichiometrically dependent on
the subunit location of the T6'F mutation in a1~2 or al~2y2 GABAA receptors, a single
T6 'F mutation was sufficient to eliminate PTX sensitivity.
showed PTX concentration-dependent stimulation.

The al(T6'F)p2 receptor

Picrotoxin sensitivity had a rank

order of potency in al ~2(mutant) as follows: Serine > Threonine = Alanine > Cysteine
> Tryptophan.

In several cases, the kinetics of the T6'F mutant receptors exhibited rapid
desensitization during prolonged application of agonist. In combinations of subunits with
the T6'F mutation, two or fewer mutant receptors appeared to have normal phenotypes.
Three or four T6'F mutations exhibited rapid desensitization, and strongly suggests that
the stoichiometery of the a 1P2 GAB AA receptor is two a subunits and three

P subunits in

the receptor.
The Gly a1(T7'L) mutation exhibited enhanced glycine sensitivity with slower
gating kinetics than the wild type (approximately 3-fold slower); the T7' A mutation had
significantly reduced glycine affinity. The glycine EC 50 kinetics of the a 1(T7' A) mutant
receptor was more complex than the wild ·type.

There appears to be a complex

interaction between agonist binding and gating of the channel that is disrupted by the 7'
position mutations. Picrotoxin sensitivity in the mutation were enhanced with either a
T7' A or T7'L substitution. The data suggest that the 7' residue may play an accessory
role in shaping the PTX site.
Finally, these residues are also critical in gating of the receptor. Residues critical
for gating and PTX sensitivity may be coupled in the normal function of the Cys-loop
family of receptors.
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CHAPTER I- INTRODUCTION
The Cys-loop family of receptors is a superfamily of ion channels that mediate
rapid neurotransmission in the central and peripheral nervous system. The mammalian
receptors that comprise this family are the a) cationic nicotinic acetylcholine receptor and
the serotonin type-3 receptor; and b) the anionic GABANc and glycine receptors. The
nicotinic acetylcholine receptor can be neuronal or muscle ion channels. Additional
receptors that fit into this family are found in invertebrates, including an insect GABA
receptor, histamine chloride channel, and an anionic serotonin-gated channel. These
receptors share a significant homology and provide a template for the studies in other
members of the superfamily. A crystallized protein found in mollusks has provided the
template for understanding the extracellular N-terminal domain in the Cys-loop family of
receptors. However, a complete structure of the protein has not been determined, due to
the difficulty in crystallizing a transmembrane spanning protein. These receptors have
been investigated using both molecular biology and electrophysiological techniques. In
the subsequent document, I will focus on the GABAA and glycine receptors, and will
characterize gating and picrotoxin sensitivity in these anionic channels. The fmdings will
provide our current understanding of what properties appear important for convulsant
interaction and for gating of this Cys-loop family of receptors. A better understandipg of
these channels should provide additional information that can aid in the development of
more selective insecticides and other novel pharmacological therapeutics.
The GABAA Receptor
The y-aminobutyric type A (GABAA) receptor is a member of the Cys-loop
family of receptors. This receptor is involved in rapid neurotransmission and regulation
I·
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of tonic membrane activity (Luscher and Keller, 2004). The GABAA receptor is the
major inhibitory ion channel in the central nervous system (Sieghart and Sperk, 2002).
Deficiencies resulting from mutations within the GABAA receptor are often the cause
hyperexcitablility disorders, such as epilepsy (Cossette et al., 2002; Macdonald et al.,
2004).

The receptor is also a target for various pharmacological agents to induce

anesthesia, anxiolytic therapies. These receptors have been implicated in alcoholist:p. (As
reviewed by Revers and Luddens, 1998). The receptor consists of five subunits, arranged
pseudosymmetrically around a centralize pore to form a pentamer (Nayeein et al., 1994)
(fi81fe 1-1). Electron micrograph images provided the stoichiometric evidence for the
receptor's subunit structure, which is similar to the nicotinic acetylcholine receptor
(nAChR) (Toyoshima and Unwin, 1988; Nayeem et al., 1994). This relationship was
confirmed for the serotonin-type 3 (5-HT3) receptor in the following year (Boess et al.,
1995).. However, the exact makeup of the protein, i.e. which subunits are involved and
what ratios, was not available at the time.
structurally as consisting of two a.,

two~.

In figure 1-1, the receptor is depicted

and one y subunit (Im et al., 1995; Baumann et

. al., 2002). One of the a. subunits has four smaller circles which represents four different
transmembrane domains (figure 1-1). Under some conditions, the ~ subunit can form
homomeric receptors that are sensitive to picrotoxin, a CNS convulsant (Sanna et al.,
1995).
The second transmembrane domain (TM2) is labeled and is the pore lining
domain of the receptor. Figure 1-2 shows the relationships between each of the domains.
Although the extent of each influence of the individual transmembrane domains is not
clear, residues in each subunit can alter gating of the receptor (Ueno et al., 2000; Guzman

-2i.

et al., 2003; De Planque et al., 2004). Most data suggest that the transmembrane domains
are a-helical (Unwin, 2005). An alternative hypothesis suggests that these domains may
be a combination of structures, particularly the TM 1 domain (Leite and Cascio, 2001 ).
The large intracellular loop between the

3rd

transmembrane domain and the 4th is

the target of numerous intracellular proteins. Phosphorylation by PKC modulates the
channel function by stimulating endocytosis (Herring et al., 2005). PKA, similar to PKC,
phosphorylation results in inhibition and potentiation in receptors containing the

PI

and

f33 subunit, respectively (Hinkle and Macdonald, 2003; reviewed by Luscher and Keller,
2004). Additional kinases and phosphatases modulate the GABAA receptor through the
intracellular loop. Other proteins have been shown to interact with the GABAA receptor.
These include AP2 (Kittler et al., 2000; Herring et al., 2003) and the GABA receptor
associated protein (GABARAP) (Everitt et al., 2004).
PHYSIOLOGICAL IMPORTANCE OF THE GABAA RECEPTOR
The y-aminobutyric (GABA) acid plays a vital role in the nervous system.
Through the activation of the GABAA receptor, the amino acid provides both tonic and
phasic inhibition in the central nervous system (Mody, 2005). .The receptor provides for
a mean in which

cr

ions can enter a neuron to hyperpolarize the cell, making the

generation of an action potential unlikely. This inhibitory tone is found in adult neurons,
where the extracellular [Cr] 0 is higher than the intracellular [Cr]i. In the developing
· nervous system, the

cr gradient is reversed, allowing for GABA receptor activation to

depolarize the neuron (Cherubini et al., 1990). Mutations in the GABAA receptor disrupt
the homeostasis between excitatory and inhibitory controls in the CNS. The receptor has
been implicated in alcohol abuse (Davies, 2003), anxiety disorders (Nemeroff, 2003), and

-3-
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schizophrenia (Guidotti et al., 2005).

In recent years, multiple mutations have been

identified in the GABAA receptor (reviewed by Macdonald et al., 2004).

These

mutations are in the a.l TM3 domain (Cossette et al., 2002), the y2 subunit (Baulac et al.,
2001; Wallace et al., 2001; Harkin et al., 2002), and the

osubunit (Dibbens et al., 2004).

Two of these mutations have been extensively studied, the y2(R43Q) mutation (Bowser et
al., 2002; Sancar and Czajkowski, 2004) found in the extracellular domain and the
K289M mutation within the TM2-3linker (Bianchi et al., 2002). Both of these mutations
have effects on channel kinetics. The y2(R43Q) mutation results in increased receptor
activation and decreased deactivation (Bowser et al., 2002). These changes in receptor
function provide a channel that does not respond to repeated applications of GABA,
leading to epilepsy.

The y2(K289M) mutation yields faster receptor deactivation,

resulting in shorter IPSCs, or inhibitory postsynaptic currents (Bianchi et al., 2002). The
TM2-3 linker mutation in patients with epilepsy confirms the importance of the protein
region in gating of the Cys-loop family of receptors (Kash et al., 2003; Kash et al., 2004).
Single mutations within the GABAA receptor have dramatic consequences on channel
kinetics. However, Cys-loop receptor gating is not completely understood.
SUBUNITS AND DISTRIBUTION OF THE GABAA RECEPTOR
The GABAA receptor is a complex protein. There are now numerous subunits
that have been subcloned and the distribution of these proteins are widespread throughout
the mammalian nervous system (Macdonald and Olsen, 1994; Hevers and Luddens,
1998; Wafford, 2005). There are at least eight subunits classes, with 19 total subunits
(Barnard et al., 1998;Bonnert et al., 1999). The homology between subunits ranges from
25-40% between subunit types; further (reviewed by Hevers and Luddens, 1998). There
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are six a., four J3, and three y subunits (Siegwart et al., 2002). For the B, s,

1t,

and e

receptor subunits, there have only been a single clone identified for each. The p subunits,
which can form homomeric receptors in either Xenopus oocytes or mammalian cells,
have three subunits (Enz and Cutting, 1998).

The GABA ionophore receptor is

composed of a combination of subunits that confer unique pharmacological sensitivities.
The most ubiquitous combination is the a.1J32y2 GABAA receptor (Macdonald and Olsen,

1994; Sieghart, 1995). This combination is found throughout the CNS and is the standard
for pharmacological comparison within. the GABAA receptor field (Sieghart and Sperk,

2000). Other subunit combinations of the receptor, in vitro, include the a.1y2, a.1J32, and
J32y2 GABAA receptors (reviewed by Revers and Luddens, 1998; Huang et al., 2001). If
we look at the location of these subunits, it becomes abundantly clear that there could be
varied population of receptors in a given brain region. For example, there are a.l, a.2, a.3,

a.4, and a.5 subunits in the hippocampus (Sieghart and Sperk, 2002). However, different
layers of the hippocampus have specific subunits.
There is an abundance of the a.6 subunit in the cerebellum granule cell layer
(reviewed by Sieghart and Sperk, 2002). the a.6 subunit is absent in most other tissues;
The J3 subunits are distributed throughout the brain, with the J32 subunit being the most
abundant. The y2 subunit is common throughout the brain (Sieghart and Sperk, 2002).
However, the y1 subunit is found in fewer regions of the brain.

There is a high

population of B subunits in the dorsal lateral geniculate of the thalamus (along with the

a.l and a.4 subunits) (Sur et al., 1999) and the granule cell layer of the cerebellum(with
a.l and a.6 subunits present) (Quirk et al., 1994). Although speculative, the s subunit

-5-

may provide neurosteroid and anesthetic protection to neuronal pathways in the CNS,
particularly in the brainstem region (Davies et al., 2002).

The e subunit has been

preferentially found in the presence of a.2, J31, and y1 subunits in rat striatum to form
a.2J31y1e (Bonnert et al., 1999). The authors could not rule out the ability of the e

subunit to co-assemble with any other subunits. The p subunits can form homomeric or
heteromeric receptors (Cutting et al., 1991; reviewed by Enz and Cutting, 1998; reviewed
by Hevers and Luddens, 1998; Enz and Cutting, 1999). These receptors, termed GABAc
receptors, exhibit a unique pharmacology, and these receptors are insensitive to
bicuculline (Yeh et al., 1996; Johnston, 2002). These are primarily found in the retina
(Cutting et al., 1991) and the pituitary gland (Boue-Grabot et al., 2000). Further evidence
suggests that although these subunits can form homomeric and heteromeric GABAc
receptors, the p subunits can co-assemble with the GAB AA y2 subunit as well as the Gly
a. subunits (Pan et al., 2000).

CHANNEL STRUCTURE AND FUNCTION
Understanding the activity of a protein requires understanding the structure.
Soluble proteins are advantageous to study. It has become increasingly feasible to obtain
a crystallize structure since these proteins can take their natural structure in solution. For
membrane bound proteins, this has not been the case. The first membrane bound ion
channel was crystallized by the MacKinnon lab (Doyle et al., 1998; Jiang et al., 2003).
Thus far, the Cys-loop family of receptors has not been as fortunate. A crystal structure
of the pore transmembrane domains has not been determined. The GABAA receptor, like
all of the other ligand-gated ion channels, assumes its three-dimensional shape in the
membrane. . Early work through electron microscopy identified this structure in the
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nicotinic acetylcholine receptor {Toyoshima and Unwin, 1988) and the GABAA receptor
(Nayeem et al., 1994). These preparations allowed, for the first time, a glimpse into the
arrangement of the receptor subunits. However, these images were not at high enough
resolution to allow the assignment of amino acid residues to specific coordinates. Since
each of these receptors share common structural components, data about one receptor can

. be used as a template for another. The work done in the Torpedo californica nicotinic
acetylcholine receptors has shed the most light about overall structure from the point of
the entire protein. These acetylcholine receptors were initially imaged using electron
microscopy
(Unwin, 1995). The authors were then able to determine the structure of the
.
protein to a resolution of 4.0

A (Unwin, 2005). The TM2 helix is kinked around the 9'

position, usually a leucine in the Cys-loop family of receptors.

Another proposal

suggests that the transmembrane domains may not be entirely a.-helical in structure. The
TMl domain amino acids may be arranged in a

~-sheet

conformation (Leite and Cascio,

2001). This alternative view is feasible and the actual structure may remain l.mclear .until
a crystallized structure can be resolved for the transmembrane domains. Work by Tang
and colleagues have used biophysical approaches to determine the structure of the TM2
domain. Through NMR analysis is of a truncated peptide, they have hypothesized that
. the TM2 domain is a a-helix ·{Tang et al., 2002; Yushmanov et al., 2003a; Yushmanov et
al., 2003b). One caveat to this approach is that it is not a complete protein, and they used
the Gly a1 TM2 domain.

However, the homology between Cys-loop receptors is

significant enough to utilize their findings throughout the family.
The structure of the extracellular N-terminal domains of the GABAA receptor, as
well as the other members of the Cys-loop ·receptors, is clearer than the transmembrane
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domains. A protein was identified with a similar structure was crystallized. In snails,

Lymnaea stagnalis glia secrete a soluble protein that could chelate excess acetylcholine
that are released by neurons (Smit et al., 2001). This protein was formed from five
identical proteins that come together around what could be a "pore". In the process,
acetylcholine binding sites were identified. Each protein provides three loops to the
binding site (for example, loop A, B, C from one protein and D, E, and F from the
adjacent protein). The homology between the acetylcholine binding protein (AChBP)
and the extracellular domain of the Cys-loop family of receptors is approximately 2024~.

The greatest homology is between the AChBP and the a7 nicotinic receptor

subunit (Brejc et al., 2001 ). From this fmding, nUmerous investigations have focused on
the proposed binding sites and the residues

cri~ical

in ligand-receptor interaction. . This

work has been done in the nACh receptor (Sala et al., 2005), serotonin cype-3 receptor
(Reeves et al., 2003), glycine receptor (Grudzinska et al., 2005), and the GABAA receptor
(Newell and Czajkowski, 2003).
Molecular biology has enhanced the knowledge of ligand-gated ion channels.
Amino acid substitutions (as well as unnatural amino acids) can be substituted within the
channel and the functional consequences are assessed through electrophysiology or other
means (Beene et al., 2004; Le Goff et al., 2005). One technique that has allowed the field

to assess the Unwin model is the substituted cysteine accessibility method (SCAM)
(Akabas et al., 1992). In SCAM, an amino acid is mutated to a cysteine residue and the
accessibility of that residue is assessed. Electrophysiological studies can be performed to
determine if there are alterations in function, in either Xenopus oocytes or mammalian
cells. Once it has been established that the channel is functional, the cysteine is exposed
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to a sulfhydryl containing compound that will covalently bond to the introduced cysteine
residue. If there is a change in channel ftmction after the exposure to the reagent, the
engineered cysteine is likely exposed to the surrounding solution. However, if there are
no changes in ftmction, two possible conclusions can be made. First, the residue may not

be water-:exposed and faces either toward the membrane or the protein backbone.
Secondly, the residue may not affect channel function and the reaction would be
undetectable. Xu and Akabas used the SCAM method to identify channel-lining residues
in the a1 subunit TM2 domain (Xu and Akabas, 1996). Using a1p1y2 GABAA receptors
expre~sed

in Xenopus oocytes, the authors were able to confirm that the TM2 domain is

a-helical in structure. There was an observed periodicity to those residues that react with
the sulfhydryl reagents. One notation for membrane spanning domains is labeling the
amino acids from 0' to 19', with the former being cytoplasmic and the latter being
extracellular. This has been called the Miller notation (1989). The most cytoplasmic
residue that was labeled with either pCMBS- or MTSEA+ in these experiments was near
'·

the cytoplasmic end of the channel, at the 2' position (see figure 1-3) (Xu and Akabas,

I

1996). In their diagram, a majority of the labeled residues lined the same side of the

..

)

helix, the aqueous side. SCAM has been used to determine the changes in receptor .

lt

conformation by allosteric modulators like propofol (Williams and Akabas, 2002) and

.t~

benzodiazepines (Williams and Akabas, 2000).
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Another technique that has provided insight into the channel structure, as well as
the importance of particular residues, is the tryptophan scanning method. This has been
performed in GABAA and nicotinic acetylcholine receptors {Tamamizu et al., 2000; Ueno
et al., 2000). Similar to SCAM analysis, a tryptophan residue is substituted for the

l
-9-

!

!.

f

L..

. I .

I

I
I
I.

I

existing residue. Due to its large volume, introduction of the tryptophan residue at a
position that faces protein or lipid could disrupt the structure of the protein and ultimately
function. If it faces the aqueous environment, there would presumably be little to no
change in function. A scan of the GABAA 1M2 domain in the a.l subunit revealed that
introducing tryptophan residues could reduce the energy required for a channel to
transition from the closed to the open state (Ueno et al., 2000). This results in observed
spontaneously open channels for residues 2', 7', 9', and 15'.

The TM3 and TM4

domains have also been the focus of tryptophan scanning studies in both nicotinic
acety1choline receptors and GABAA receptors (Cruz-Martinet al., 2001; Jenkins et al.,
2002). In the TM4 domain of the GABAA receptors, tryptophan scanning revealed that
as the mutation is positioned down the domain, changes in agonist sensitivity followed an
a.-helical periodicity (Jenkins et al., 2002). Those residues may have contacts with the
1M2 domain to alter agonist sensitivity.

PORE LINING RESIDUES
There is an inherent advantage in studying the Cys-loop family of receptors.
Since these proteins share homology that one could use the information gained from
'~

experiments in one receptor and can be applied to another member of the family. In this

·~

l

'I

discussion, most of the focus will be on the GABAA receptor. However, when needed,
comparisons to other Cys-loop receptors will be made. A summary of the TM2 domain
amino acid residues are aligned in Figure 3 for comparison. The TM2 domain of the
Cys-loop receptor family is a critical area affecting channel kinetics. Not all of the
subunits have had SCAM analysis performed to determine which residue lines · the
channel pore. However, due to sequence homology, these residues are presumed to be
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spacially similar (see figure 1-3). SCAM investigations have demonstrated that many of
the corresponding residues in the 1M2 domain of the Cys-loop superfamily are water
accessible. · Xu and Akabas (1996) were able to covalently link several residues with
· sulfhydryl reagents in the GABAA receptor a.l subunit. While in the open state, the V2',
T6', T7', L9', TlO', Tl3', 116', Sl7', and N20' positions are susceptible to sulfhydryl
reaction at saturating GABA in oocytes (Xu and Akabas, 1996).

Subsequent

investigations later revealed that the a.l S 15' position is water accessible in both the
presence and absence of GABA (Williams and Akabas, 1999). In Xenopus oocytes,
mutant GAB AA receptors expressing a.1 (V2' C) mutations could be covalently modified
by sulfhydryl reagents in the absence and presence of GABA using pCMBS, a small
mercury containing sulfhydryl reagent (Xu et al., 1995). It was proposed that the channel
becomes constricted at this site, and not allowing the sulfhydryl reagent to enter and react
with the engineered cysteine beyond this point. This led to the conclusion that the 2'
position may be the gate of the channel, not the 9' leucine residue, as suggested by the
Unwin model (2005). Recent work in the glycine receptor has demonstrated that the
TM2 7' position is not accessible to sulfhydryl reagents in either the closed or open state
(Lobo et al., 2004). Similar differences are observed in other members of the Cys-loop
ion channel family of receptors (Xu and Akabas, 1996; Zhang and Karlin, 1997; Reeves
et al., 2001). Horenstein et al. (2001) introduced cysteines in both a.1 and J31 subunits at
corresponding residues. Three residues locked the channel in the open state: 6', 17', and
20'. The residues suggest those residues come in contact during the conformational
changes occurring during gating, and that the subunits may rotate asymmetrically. This
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is still a matter of debate, as Shan et al. (2002) expressed the same-a.l(T6'C)f3l(T6'C)
mutant receptor in HEK 293 cells and did not observe cross-linking.
GATING

Transmembrane 2 domain mutations have elucidated several residues important in
· channel kinetics. The most notable of the residues would be the proposed gate at the 9'
position. In most of the Cys-loop receptors, this position is a conserved leucine residue.
Unwin (1995) suggested that the constriction ofthe channel in the closed state relies on
the TM2 9' leucine residues. Mutating the 9' leucine to a threonine in the neuronal
nicotipic acetylcholine a.7 receptors reduced the rate of desensitization (Revah et al.,
1991). Tierney et al. (1996) introduced L9'T mutations into the a.lf31 GABAA receptors.

' ·~

The authors observed that any receptor containing the 131 (L9'T) mutation was not gated
by GABA at any concentration. However, these channels were spontaneously in the
open state, leading to the conclusion that GABA-binding and gating ·ofthe channel were
no longer linked (Tierney et al., 1996). A similar mutation was introduced in a.lf32y2
GABAA receptors using a serine residue. GABA concentration response profiles were
leftward shifted (more sensitive) in these receptors, regardless of which subunit had the
L9'S ·mutation (Chang and Weiss, 1999). Spontaneously open channels, which were
sensitive to picrotoxin and bicuculline blockade, were observed in several receptor

I.
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combinations. In the GABAA receptor, receptors containing the a.2(L9'W) mutation did

Ii

i

!

not produce measurable GABA-activated current (Ueno et al., 2000).

Mutating the

conserved 9' leucine to serine in the y2 subunit resulted in decreased agonist sensitivity in
a.lf33y2L GABAA receptors (Bianchi and Macdonald, 2001).

GABA pi receptors

demonstrate little to no desensitization in their recording. Mutating the 9' leucine to
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either a tyrosine or a phenylalanine introduces pronounced desensitization in the GABAA
p1 receptors (Chang and Weiss, 1998). The authors introduced other amino acid residues
to determine the effect on channel gating.

Agonist sensitivity was not significantly

altered. However, some mutant receptors were spontaneously open channel that could be
antagonized by GABA.
Dalziel et al. (2000) determined that the size and hydrophobicity of the residue at
the 9' position increases desensitization in GABAA a1~1 receptors. The al(L9'T)~2y2
GABAA receptor was characterized further in a subsequent investigation (Scheller and
Fo~,

2002). These authors concluded that the loss of desensitization observed in this

receptor is linked to the coupling of channel gating and desensitization. Another residue
that shows alterations in agonist ·sensitivity and desensitiZation is the TM2 S 15' position .
(Koltchine et al., 1999). However, this position showed similar alterations in the gating,
but maintained desensitization in the
2002). In studies of the homomeric

a1~2y2

~1

and

GABAA receptors (Scheller and Forman,

~3

receptors expressed in Xenopus oocytes,

the 15' residue was determined to be important in spontaneous activity and anesthetic
modulation (Cestari et al., 2000).

This altered gating in the channel converted

pentobarbital from allosteric modulator to an antagonist in the spontaneously open
~3(N1 S'S)

r·

mutant receptors. Subsequent investigation revealed that spontaneous activity

'!'

1

at the IS' position correlated with molecular size of the amino acid substitution (Miko et
~'

,.

'
1;·

al., 2004).

·'

The TM2 6' position also alters channel gating. The residue is strongly conserved
in most of the Cys-loop receptor subunits (see Figure 1-3). Horenstein et al. (2001)
observed that the T6'C mutations underwent covalent crosslinking between mutant a1
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and JH subunits. Lynch and colleagues (Shan et al., 2002) determined that the T6' C
mutation also conferred rapid desensitization kinetics in a.1(T6'C)JH(T6'C) GABAA
receptors. Work in other Cys-loop receptors support findings that the TM2 6' position
influences gating kinetics of the receptor (Weiland et al., 1996; Bertrand et al., .1998).
These mutations in the autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE)
are characteristically more quick to desensitize than the wild type receptor, thus altering
channel kinetics (Weiland et al., 1996). Additional residues that line the channel pore
have been 'identified to influence channel kinetics, although studies to determine the
effect of these residues on the GABAA receptor have not been conducted (Milone et .al.,
1997; Gunthorpe et al., 2000).

These findings · demonstrate the significance of the

channel lining residues in altering gating kinetics in GABAA receptors and glycine
receptors.
Kinetic analysis of the glycine receptor has not been investigated in recent years.
The receptor can either be found in a homomeric or heteromeric pentameric protein (as
reviewed by Lynch, 2004).

These receptors are structurally similar to ·the GABAA

receptor, especially the 1M2 domain (see Figure 1-3). The Gly a.2 homomeric receptors
are up to two orders of magnitude slower than other ligand-gated ion channels (Mangin et
al., 2003). These experiments were performed using an ultra fast solution exchange
system. Heteromeiic a.1 p receptors are similar to the homomeric channels in gating
(Mohammadi et al., 2005). Hyperekplexia is a disorder that is characterized by muscles
'·

I

contracting uncontrollably to a unexpected stimulus (Zhou et al., 2002). The disorder has
been attributed to several mutations in the receptor: 1244N, R271L/Q (TM2 19'), Y279C
and K276E (M2-3 linker region) (see Lewis et al., 1998). Each of these mutations has
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profound effects on the channel, particularly with respect to agonist sensitivity.
Mutations at the TM2 19' position has smaller single channel conductance (Rajendra et
al., 1994). Finding mutations in the M2-M3 linker provide evidence that this region is
critical in gating of the receptor.
ION SELECTIVITY AND CHANNEL CONDUCTANCE
On the single channel level, the conductance of the channel has implications to
the overall kinetics. The single channel conductance of the glycine receptor has been
reported to be 47 and 100 picoSieman (pS) for two conductance states (Yoon et al.,
1998).

In GAB AA receptors, single channel conductance varies from 10-30 pS,

'I

depending on subunit configuration and subconductance states (V erdoom et al., 1990;
· Herb et al., 1992; Newland and Cull-Candy, 1992; Huang et al., 2001). Direct studies in
neurons provided similar results, yielding a wide ranges of conductance levels (11 to 30
pS), (as reviewed by Macdonald and Olsen (1994)). Initially, attempts were made to
determine which subunits are in a certain neurons by analyzing the single channel
properties of the channels present. However, the wide range of conductances does not
allow a receptor composition determination to be made.

(.

Ion selectivity within the Cys-loop family of receptors has focused on the TM2
domain, which presumably lines the ion permeation pathway. The nAChR a7 receptor
was the initial target of such studies (Galzi et al., 1992). Three mutations were required
to convert the nAChR a7 receptor to an anionic channel. These were: addition of -2'P,
E-l'A, and a Vl3'T mutations (Corringer et al., 1999). Similar work was performed in
the 5-HT3A receptor (Gunthorpe and Lummis, 2001). Keramidas et al. (2000) performed

';
~

.

the opposite mutations in the Gly a1 homomeric receptors (-2'P~. A-1 'E, and T13'V)
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and studied the ion-selectivity (note, A means removal of specific residue). The mutant
re~eptors became cation-selective channels. Further analysis of the -2'P residue indicates

that this residue dictates pore size (Lee et al., 2003). Thus, electrostatic environment and
pore size contribute to ion selectivity. These investigations have focused on the effects of
mutations within homomeric receptors.

In homomeric receptors, each subunit

presumably contributes equally in the formation of the ion channel and the pore. Jensen
et al. (2002) provided the data for ion selectivity in the heteromeric GABAA receptor.
The f33SG-EK containing receptors (where SG-EK of a7 receptors replaces ASPAA of
the

Jl3

GABAA receptor) also exhibited these changes.

Furthermore, the f33SG-pK

(corresponding to the pre-TMl sequence in a7 nACh receptors) increased the Na+
selectivity in GABAA receptors (Jensen et al., 2002). In a heteromeric receptor, the
subunit composition can be controlled; thus, allowing for an identification ·of
contributions a subunit makes to the overall receptor function.

ALLOSTERIC MODULATORS
The GABAA receptor is the target for numerous chemical compounds (figure 1-4).
One class of compounds that has a distinct site from the agonist binding site is the
benzodiazepines (BZD). These compounds act at a site that is formed from the a and y
subunits (reviewed by Barnard et al., 1998).

Benzodiazepines serve as anxiolytic,

sedative, and hypnotic compounds that enhance the function of the GABAA receptor. In
general, these compounds cannot activate the channel directly, but require the presence of
GABA (Barnard et al., 1998).

Neurosteroids, like alphaxalone, exert modulatory

properties on the GABAA receptor (Harrison and Simmonds, 1984; Majewska et al.,
1986; Covey et al., 2001; 2003; Stell et al., 2003) and demonstrate GABAA receptor
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subunit dependence (Mihalek et al., 1999).

Anesthetics, including barbiturates and

others, can potentiate the GABAA receptors (Wei et al., 2003) and shows subunit
dependence (Thompson et al., 1996; Feng et al., 2004), directly activate the channel
(Thompson et al., 1996; Akk and Steinbach, 2000; Feng et al., 2004). Barbiturates,
thirdly, have a small inhibitory capability (Wingrove et al., 1994; Koltchine et al., 1996;
Belelli et al., 1997).
PICROTOXIN SITE
The inhibitory GABAA and glycine receptors are targets of numerous allosteric
modu]ators and inhibitors.

The prototypic antagonist of the GABAA receptors is

picrotoxin. Picrotoxin is an alkaloid compound derived from the Anamirta paniculata
and cocculus plant (Takeuchi and Takeuchi, 1969). Picrotoxin is an equal mixture of two
compounds, picrotin and picrotoxinin (figure 5). Today, it is known that picrotoxin can
inhibit many receptors and can no longer be considered selective for chloride channels
(1978). Convulsants and insecticides are said to interact with the channel at the same

{
t.

site. Thus, studies involving both convulsants and insecticides have shed light on the

I·
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mechanism of PTX action.
Radioligand-binding studies
Inhibitory junctional potentials in crayfish produced by GABA were decreased
with application of picrotoxin. However, the excitatory junctional properties were not
affected (Squires et al., 1983). This demonstrated that the convulsant picrotoxin did not
activate excitatory pathways directly to elicit the convulsant effects.

Although this

compound blocked GABA mediated responses, the actual mechanism was not clear.
Ticku et al. (1978) developed a radiolabeled derivative of picrotoxin,
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dihydropicrotoxinin, that could be used to characterize the GABA receptor. Picrotoxin
displaces the binding of

eS]tert-butylbicyclophosphorothionate
5

or

eS]-TBPS,
5

presumably at the convulsant site at GABA receptors (Constanti, 1978). TBPS is a cage
convulsant bicyclophosphate. In chimeric receptors made from a.1 and f33 subunits, the
f33 2', 3 ', and 4' position was critical for high affinity TBPS binding supporting an
accessory role for the binding site.

These residues are consistent with additional

literature suggesting that this is a site for picrotoxin, ·as we will discuss later.
Picrotoxin effects on channel biology
· -~ Another study suggested that picrotoxin had a "mixed" effect on the GABA
dose/conductance in lobster. Constanti found that picrotoxin block was enhanced with
increasing concentrations of GABA (Constanti, 1978). This alluded to the compound
being a

use~dependent

antagonist. Although bicuculline and picrotoxin inhibit GABA-

gated chloride current, the inhibition for both is done by different mechanisms
(Simmonds, 1980; Akaike et al., 1985). Akaike et al. (1985) provided evidence that
picrotoxin was a non-competitive antagonist, since it's application did not alter the
GABA EC 50 •

Other investigations pointed to a channel blocking property of the

antagonist (Inomata et al., 1988). Picrotoxin elicited a flickering block of the isolated
single channel recordings. Pentobarbital and picrotoxin were shown to interact at the
same receptor, but at different sites.
The channel lumen is presumably the binding site for other compounds to interact
with the GABAA receptor.

These include insecticides and convulsants.

Dieldrin,

fipronil, and pentylenetetrazole are affected by mutations within the channel (ffrenchConstant et al., 1993; Dibas and Dillon, 2000; Le Goff et al., 2005).
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Studying the

convulsant site in the GABAA receptor may provide information necessary in developing
novel insecticides.

Picrotoxin site-2' vs. 6'
The exact location of the convulsant site within the channel has not been
identified. However, the differential inhibition seen in two types of glycine receptors
provided a location to begin investigation.

Pribilla et al. (1992) identified several

differences in the TM2 domain of the glycine
residues from the TM2 domain of the

p subunit.

p subunit

In a series of experiments,

were substituted with corresponding

residves of the a3 subunit. In the first heteromeric receptor, the a1P(a10'-20') exhibited
partial picrotoxin block. Complete PTX resistance was not achieved until the a 1 subunit
had the P corresponding residues at 2', 6', 7', and 10'-20'.
In 1995, mutations in the GABAA receptor TM2 domain provided additional

evidence that the picrotoxin site resides within the channel (Gurley et al., 1995). These
...

studies incorporated both mutations at the 6' and 12' positions. Regardless of the subunit

'l•
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that contained the mutations, the a1P2y2 GABAA receptors were rendered insensitive to

L

picrotoxin block. Gurley at al. (1995) introduced the T6'F mutation in the P2 subunit in

,:

'

their studies. However, they did not eliminate the possibility of differing effects of the
T6'F mutation in other subunits. These were the first receptor mutations that identified
the TM2 6' position as a possible site in picrotoxin inhibition and the possibility of a
;

!.

deeper site within the channel pore.
Additional residues had been suggested as contributing to the site of action for
picrotoxin blockade. The isolation of a resistant to dieldrin (Rdl) GABA receptor subunit
in Drosophila provided another residue of interest (ffrench-Constant et al., 1993). The

.
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Rdl subunit is similar in sequence to the wild type GABA receptor ionophore, except at
the 2' position. The resistant line of GABA receptors has an alanine to serine mutation at
the 2' position. The sensitivity for these receptors to PTX is also substantially reduced.
The A2'S mutation requires 100 times more PTX to inhibit GABA Rdl receptor in a
manner similar to the wild type receptor. Further work indicates that these homomeric
Rdl receptors are insensitive to both dieldrin, picrotoxin, and analogues of picrotoxin
(Shirai et al., 1995). Similar investigations were performed in the human GABA receptor
pl subunit, where the .TM2 2' proline was the focus of investigation (Enz and Bormann,
1995). When Enz and Bormann mutated this residue to a serine, which is found in the p2
subunit, it gave the receptor a reduced sensitivity to picrotoxinin (PTXN). The shift in
apparent ICso was 4-fold less sensitive between wild type and pi P2'S mutant receptors.
Although they provided evidence to suggest that the 2' position is critical in
influencing PTXN sensitivity, they failed to look at the 6' methionine residue in the p2
subunit. Zhang et al. (1995a) did focus on the methionine in the p2 subunit. The authors
determined that the proline at the p2 2' position is not the dominant factor in picrotoxin
sensitivity (Zhang et al., 1995b). The 6' methionine, which is normally a threonine in the
p 1 subunit, caused the picrotoxin insensitivity. The authors provided evidence to suggest
that the 6' position is important for PTX sensitivity. The amino acid side chains could
play a role in interacting with the picrotoxin molecule.

By engineering substituted

cysteines at several 1M2 domain residues, picrotoxin inhibition was mapped on the a.l
subunit (Xu et al., 1995). These experiments tested whether picrotoxin could block
sulfhydryl reaction with the engineered cysteines at 2' or 6'. The authors conclude that
only the V2' residue is protected from reaction in the presence of picrotoxin, either by
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directly binding to the site or by an allosteric effect. Further, reaction of the 6' cysteine
to MTSEA+ reduced the picrotoxin sensitivity and possibly affinity. They hypothesized
that the T6'F mutations in the GABAA and glycine receptors provide a steric hindrance
for the interaction of picrotoxin at the 2' and eliminates picrotoxin inhibition.
Zhorov and Bregestovski (Zhorov and Bregestovski, 2000) used Monte Carlo
Minimization to characterize the structure of both glycine and GABA receptors. In this
technique, the channel lining region is modeled in a constrained open state. Using the
backbone of the GABAc and glycine receptors, the 6' residue was shown to be critical in
proyicy.ng the contact points for PTX. In the Gly a 1 receptors, the five threonine residues
at the 6' position provide hydrogen bond donors to the oxygen rich side of picrotoxin.
The Gly alp receptor has fewer threonines than the al receptors (from five to three
threonines), due to the

p subunit TM2 6' phenylalanine. This may relate to PTX

sensitivity. ·A recent report suggests that there may be as few as two a subunits in the
Gly alp receptor (Grudzinska et al., 2005). This reduction reduces the affinity for PTX
l

'i

in the receptors. They propose that the fewer threonines provide fewer contacts for PTX,
resulting in increased resistance. The same is true for the GABAc pl receptors. Wang
and Slaughter (2005) show that methionines at the Gly al 6' positions render the channel
PTX sensitive. This counters Shan et al. (200 1) proposal that a five-threonine ring is
required for maximum PTX sensitivity. Similar studies have not been performed in the
GABAA receptor.

Although there has been debate about the roles of the 2' and 6'

positions, there are other residues that alter PTX sensitivity.
determined through the use of chimeric al and

Buhr et al. (2001)

P3 subunits, that the TM2 3' leucine

residue altered PTX sensitivity. However, there was not a significant amount of GABAI'

l
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gated current in this mutation. The PTX studies were performed on spontaneously open
alJ33(L3'F) mutant receptors. At the end of PTX application, a considerable washout
current was detected and was related to the duration of PTX application.
There has been some speculation that picrotoxin isn't a true channel blocker. ·
Single channel studies provided evidence that picrotoxin does not induce flickering
channels when applied to single channels, consistent for a non-channel blocking agent
(Newland and Cull-Candy, 1992). These authors proposed that PTX preferentially bound
to a ligand-bound shut state or a desensitized state. Because of the mixed action of
antagopism, the authors concluded that picrotoxin may "stabilize a closed form of the
receptor" and/or "causes allosteric block of the channel" (Newland and Cull-Candy,
1992).

Zhang et al. (1994) demonstrated that PTX bound within the channel and
\-:

supported the stabilization hypothesis of a desensitized state.

Dillon et al. (1995)

provided evidence that picrotoxin, as well as TBPS, had enhanced association with a
multiliganded GABA-receptor. At monoliganded concentrations, the rate constant for
PTX block was smaller than at higher concentrations.
Use-facilitation ·

Use facilitation describes the increased activity of either an allosteric modulator
or antagonist with increasing concentration. For example, the glutamate gated chloride
channel exhibits use-facilitated block by picrotoxin (Etter et al., 1999), indicative by a
leftward shift in the inhibitory concentration-response profile. · In these chloride channels,
a glutamine residue in the J3 subunit influences use-facilitation of picrotoxin. Compared
to the homomeric GluCla receptors, only the GluClJ3 homomers demonstrated this
~- ! .

,.i"-

response. Dibas et al. (2002) compared the sequences of the glycine al, GABAA J32, and

i:
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GluClp subunits and determined that the 15' position was a likely target for usefacilitation block by picrotoxin. Glycine receptors do not exhibit use-facilitation. When
the GABAA a1P2(Nl5'S) mutant was expressed with the corresponding serine in glycine
at receptors, the picrotoxin use-facilitation block was reduced. The 15' position, in fact,
may line a water-filled crevice with residues from the TM3 domain. If so, this may be
the other picrotoxin site used in use-facilitation inhibition. Goutman and Calvo (2004)
characterized the picrotoxin block in GABA p 1 receptors as use-dependent. However,
the role of picrotoxin inhibition in the Cys-loop family of receptors has become more
complicated with the addition of the 5-HT3 (Das et al., 2003) and nicotinic acetylcholine
receptors (Erkkila et al., 2004) as targets.
Objectives of Dissertation
It is clear that picrotoxin sensitivity is abolished with the T6'F mutation.
However, there has not been definitive data to suggest that there is a stoichiometric
dependence, or more specifically, if the mutation in a a, p, or y subunit is sufficient to
confer resistance. If so, what is the minimum number ofT6'F mutations required to elicit
picrotoxin resistance? What are the effects this mutaton has on channel kinetics? Gurley
et al. (1995) used Xenopus oocyte · as the expression system, which yields a slower
resolution in channel gating. These studies have shown that a T6'F mutation can affect
sensitivity in the GABAA a.1p2y2 receptors.
I have proposed several experiments that would isolate the TM2 6' position in
different subunits and form different combinations of the GABAA receptor to assess PTX

.;

resistance. These experiments focused on gating and PTX sensitivity. Furthermore,
.\ .

there remains a question as to what amino acid property confers picrotoxin resistance.
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Many groups have investigated the role of channel lining residues in mediating gating. In
these experiments, several amino acid properties are addressed, namely, hydrophobicity,
hydrophilicity, hydropathy, volwne, and polarity. Hydrophobicity and hydrophilicity
describe their interactions with the aqueous environment in proteins. The volwne of the
amino acid addresses the size of the R-group of the amino acid side chain. Finally,
hydropathy is an indexed scale that averages the properties of hydrophobicity and
hydrophilicity (K.yte and Doolittle, 1982). Figure I-6 summarizes these properties for the
amino acid residues used in the present study. These questions have not been addressed
for picrotoxin resistance in the GABAA receptor. Is it the hydrophobicity of the amino
l

.

. acid, or is it strictly volume that mterferes with picrotoxin from blocking the channel? I
hypothesize that the TM2 6' position must have a hydroxyl group to provide hydrogen
bonding to the PTX molecule.
Mutations within the channel of the pore have significant effects on gating within
the receptor. Das and Dillon (2005) showed that mutating the leucine at the TM2 7'
position to a threonine changes the homomeric 5-HTJA receptor from a slow to fast gating

;..

·channel, with rapid activation and deactivation. Threonine is normally found in the
GABAA al, J31, y2, and Gly al receptor subunit. Does the TM2 7'· position have a
universal influence on the gating of the Cys-loop family of receptors? I hypothesize that
the TM2 7' position influences channel gating in these receptors and that the opposite
mutation in the Gly al receptor, a TTL mutation, will show similar gating characteristics
as the homomeric 5-HT3A receptor. Other mutations may affect gating of the Gly al
receptor. Further, the TM2 7' position has not been the focus of PTX sensitivity studies.
If the channel lining residue is close to the TM2 6' position, one could argue that any
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neighboring residues would have an effect on convulsant sensitivity. I hypothesize that
the loss of a hydroxyl group at the Gly a 1 TM2 7' position will diminish the effect of
PTX.

Further analysis of the TM2 7' position will shed light on the residues role in

channel gating and possible PTX sensitivity.
Determining the amino acid properties that are important for picrotoxin sensitivity
and gating has fundamental applications. The convulsant site is said to be the site for
insecticides and could have environmental importance. Fipronil is a key component of
ant insecticide formulations. Dieldrin is used in other countries even though it has been
discoqtinued in the United States. Identifying the amino acid

prope~ies

necessary for

picrotoxin sensitivity could be used to modify existing insecticides and develop novel

J.

compounds that will have few effects on mammals. Another facet of these mutations is
the ultimate effects on gating of the GABAA receptor. The role of the TM2 6' and 7'
position in channel kinetics is not well understood. Presumably, these residues have an

(
p'
~;

r·

effect since they reside in the channel. Other channel residues have affected receptor
gating in the Cys-loop family of ion channels. However, the role of the 6' and 7'
..;.,

residues has not been clearly demonstrated.

J.•.
-~...

Gaining an understanding of the

.

. _-,

.,

.

fundamental determinants of gating in the Cys-loop family of receptors may provide the

.-

;:

!

foundation for developing novel therapeutics that will effectively modulate these

f;

1

I

channels.

If a mutation introduces a stabilized open state, thus enhancing GABAA

receptor activity, developers could develop a pharmacological agent that modulates the
receptor in a similar way. This report will characterize these residues and will ultimately
demonstrate the universality of the residues within the Cys-loop family of receptors.
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Figure 1-1. Stoichiometery and arrangement of the GABAA alf32y2 receptor. The
receptor depicted in this figure has a ratio of subunits of 2a1:2f32:1y2. The other al
subunit has four circles representing each of the four transmembrane domains. The pore
lining domain is labeled (II).
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Figure 1-2. The GABAA receptor subunit consists of multiple domains in the plasma
1:11embrane of CNS mammalian neurons. Each subunit consists of a large extracellular
N-terminal, followed by four transmembrane domains, and an extracellular C-terminus.
The highlighted domain, TM II, is the pore lining domain (gray).
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Figur~ 1-3. Transmembrane domain 2 amino acid alignment of selected subunits in
'·

the Cys-loop family. Each residue is labeled according to Miller (1989), where 0' is the
residue nearest the cytoplasmic region of the membrane. Residues demonstrated to line
the pore of the channel are denoted with an asterisk (*) (Akabas et al., 1994; Xu and
Akabas, 1996; Reeves et al., 2001). The glycine a1 (Bormann et al., 1993) and 5-HTJa
(Davies et al., 1999) subunit sequences are shown for comparison.
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Figure 1-4. Agonists and antagonists for the GABAA receptor. The agonists viewed
in (A) are only
.

·~

an example of the

agonists at the GABAA receptor. GABA is the

predominant full-agonist and found commonly in the central nervous system. Diazepam
is an anxiolytic compound that acts at a site distinct from the GABA binding site.
Pentobarbital is an agonist that can both modulate GABA gated current and directly
activate the channel. The antagonists (B) are an example of both a GABA binding site
antagonist, bicuculline, and presumably channel antagonists, pentylenetetrazole and
TBPS. Structures were found at the PubChem Project website.
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Figure 1-5. Picrotoxin, prototypical convulsant, is a combination of chemicals. The
convulsant is an equal mixture of picrotin (P1N) and picrotoxinin (PTXN).

The

difference lies in the upper portion of the molecule. Picrotin has a hydroxyl group while
.·.·:;:

the other ends in a carbonyl group.
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Figure 1-6. Properties of amino acids used in assessing the contribution of channel

lining ·~ residues to gating and picrotoxin sensitivity. Volume (Zamyatnin, 1972),
hydropathy (Kyte and Doolittle, 1982), hydrophobicity (Sweet and Eisenberg, 1983), and
hydrophilicity (Hopp and Woods, 1981) properties of each of the amino acids used in the
present study are summarized here. Note that tryptophan is the largest, by volume, of the
amino acids tested.
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CHAPTER ll - STOICIDOMETRIC DETERMINANTS OF THE J32 SUBUNIT
TM2 T6'F MUTATION ON PICROTOXIN RESISTANCE AND GATING IN alJ32
AND alJ32y2 GABAA RECEPTORS
1

Eric B. Gonzales , Cathy L. Beli-Homer1, Mohammed I. Dibas2, and Glenn H. Dillon'

ABSTRACT
Picrotoxin is a plant alkaloid that inhibits members of the ligand-gated ion channel Cysloop family as well as glutamate chloride receptors. We investigated the stoichiometric·
effect of the second transmembrane domain 6' threonine (T) to phenylalanine (F)
mutation in the y-aminobutyric acid type A (GABAA) a.IJ32 and a.l~2y2 receptors. In
·~

doing so, we varied the number of phenylalanines at the TM2 6' position from one to five
in the pore of the receptor. In this investigation, agonist sensitivity was not significantly
altered in the alJ37 mutaqt receptors.

The inhibitory effects of picrotoxin were

eliminated in each of the mutant receptors tested, thus indicating that T6'F mutation does
confer picrotoxin inhibition in a subunit-dependent manner.
desensitization for several of these mutant receptors.
containing subunits altered desensitization kinetics.

Picrotoxin altered

' .i

Receptors with three T6'F

We proceeded to investigate the

effect of amino acids in the J32 TM2 6' position in al~2 receptors. There is a correlation
between amino acid volume and GABA EC 50 • Picrotoxin sensitivity is changed with
various amino acid substitutions (rank order potency of b2 6' mutants: Ser > Thr = Ala >
Cys > Trp). Our results indicate that the TM2 6' position in the
gating and picrotoxin resistance.

~2

subunit influences

In the al(T6'F)J32 and alJ32(T6'L) receptors,
j

picrotoxin acted as an allosteric potentiator.

This residue contributes to the overall

function of the GABAA receptor and possibly that of other Cys-loop receptors. Further,
the mutation may reveal a picrotoxin site that enhances GABA-mediated current.
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INTRODUCTION
The GABAA receptor is a member of the ligand-gated ion channel superfamily of
receptors (Betz, 1990). This receptor, like the serotonin type-3, nicotinic acetylcholine,
\

and glycine receptor, has a signature cysteine-cysteine disulfide loop (Cys-loop)
(Macdonald and Olsen, 1994).

These proteins share structural homology, and are

composed of five subunits that surround a centralized channel pore (Leite and Cascio,
2001). Each subunit has four transmembrane domains with extracellular amino- and
carboxy- terminus segment (Betz, 1990). The agonist binding domain is found in the
extracellular N-terminus region (Unwin, 1993; Karlin et al., 1994). Once agonist binds to

.

the N-terminal region, the receptor undergoes a conformational change which ultimately
:,

relieves the hydrophobic block in the channel.

The GABAA receptor is the major

inhibitory ion channel in the central nervous system (Hevers and Luddens, 1998). There
are numerous subunits that form the receptor (Hevers and Luddens, 1998), with the
.·

a1P2r4 form being the most prevalent (Chebib and Johnston, 1999).

The second

transmembrane domain of these receptors lines the putative pore of the channel and is
presumably the site of action for the convulsant picrotoxin (PTX) (Pribilla et al., 1992;
Xu et al., 1995).
Previous reports have indicated that residues, as close to the cytoplasmic side of
the transmembrane domain as the 2' position, within the channel pore confer PTX
resistance (Ffrench-Constant et al., 1993). Further evidence indicates that the 6' position
affects picrotoxin inhibition (Gurley et al., 1995; Shan et al., 2002). The pharmacology
of PTX block is different in GABAA (Dibas et al., 2002) and glycine receptors (Lynch et
al., 1995).

In the glycine receptor, a single amino acid residue in the P subunit is
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involved in rendering the heteromeric receptor picrotoxin insensitive (Pribilla et al.,
1992).

This difference in the glycine receptor was used to study the picrotoxin

interactions with the GABAA receptor. Gurley et al. (1995) mutated the threonine to
phenylalanine in Xenopus oocytes and abolished picrotoxin block. GABA sensitivity was
reduced by these mutations (Gurley et al., 1995). The amino acid that mediate PTX
sensitivity have not been characterized in the GABAA receptor.
The TM2 domain is also critical for the kinetics of the receptor gating. Mutations
at the 9' residue, a conserved leucine in most of the Cys-loop receptors, alter receptor
gating. Increasing amino acid side chain residue volume at the 9' residue increases

'
desensitization in the 5-HTJA receptor (Yakel et al., 1993). Mutating the TM2 9' leucine
to threonine in both the a.l (32 receptor results in

spontaneo~

open channels (Tierney et

al., 1996; Chang and Weiss, 1998). The 6' position has also been identified as a residue
that modulates desensitization of the receptor (Shan et al., 2002). The authors show that
replacing the threonine with cysteine in either the Gly a.l or GABAA a.lJ32 receptor
yields a rapidly desensitizing receptor.

However, the amino acid properties (i.e.,

hydrophobicity, hydropathy, and hydrophilicity) necessary for this are not known.
In the present study, we examined the effects of multiple phenylalanine mutations

at the TM2 6' position in the GABAA receptor on picrotoxin sensitivity and receptor
gating.

By substituting the T6'F mutation in a stoichiometric manner, we have

demonstrated that picrotoxin inhibition was abolished regardless which subunit contains
the mutation. During the course of the investigation, we have also identified a positive
modulatory action of PTX in a.l(T6'F)J32 receptors.

Picrotoxin diminishes the

desensitization of this receptor at different concentrations of GABA.
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Further, we

conducted a mutagenesis analysis of the a.lf}2(T6') site on PTX sensitivity.
Additionally, we assessed which amino acid properties were critical for the changes in
desensitization.

These results suggest that PTX action in the GABAA receptor is

complex.
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METHODS
Sit~directed

mutagenesis and transient transfection. Rat isoforms of the a 1, J32, and

yf. (short form) GABAA receptor -subunits were generously provided by Cynthia

Czajkowski (Madison, WI) and subcloned into the mammalian transfection vector

:•'

pCDNA3.1 (Invitrogen). The threonine at the TM2 6' position in each subunit was
mutated using the Quikchange site-directed mutagenesis kit (Stratagene). Mutated eDNA
_ was confirmed by sequencing (Core Facility, Texas Tech University).

Transient
~~ '

transfection was performed in human embryonic kidney cells (HEK 293T), which were
plated.OIJ. poly-L-lysine treated 25mm coverslips. GABAA a1J32 and a1J32y2 receptors
were transiently transfected at a eDNA ratio of 1:1 or -1:1:5 1-1g per subunit, respectively,
,.

using the modified calcium phosphate precipitation method (Chen and Okayama, 1987).
Electrophysiological experiments were performed 24-48 hours after transfection. The

'
j'

presence of the y2 subunit was assessed pharmacologically by applying diazepam and
GABA simultaneously.

Electrophysiology.

The voltage-clamp configuration of whole-cell patch clamp

recording was utilized to characterize the transfected receptors.

Glass pipettes were

pulled from thick walled borosilicate glass using a horizontal pipette puller (Sutter
I.

'

~
-~

··· ,
~:

Instruments P-87) and consistently had a tip resistance of 3-6 M!l. Pipettes were filled
with intracellular recording solutions consisting of (in mM): CsCl (140), M~+-ATP (4),
EGTA (10), HEPES-Na+ (10), pH 7.2.

Coverslips were transferred to a recording

chamber for electrophysiological recording perfused with extracellular recording solution
containing (in mM): NaCl (125), HEPES-Na+ (20), KCl (5.5), MgClz (0.8), CaClz (3),
glucose (10), pH 7.3. Currents were recorded using an Axopatch 200A amplifier (Axon
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·!

..

Instruments Foster City, CA, USA) equipped with a CV-401AU headstage on an air-table
supported inverted microscope (Olympus IMT-2; Olympus, Tokyo, Japan). All currents
were low-passed filtered at 5 kHz, recorded on a digital oscilloscope and thermal-head
pen recorder (Gould TA240; Gould, Cleveland, OH, USA), and stored on a computer
using an online data acquisition system (pClamp 6.0, Axon Instruments). An initial 5
mV test pulse was recorded and used as a reference throughout the experiment to assess
possible changes in patched cells. Any changes between current test pulse and ·the
reference resulted in aborting current cell recording. Each experiment was conducted at
room temperature and at a holding potential of -60 mV.
··~

Experimental protocol. GABA was dissolved in external recording solution (with and
without PTX) and applied to patched cells using a modified Y-tube drug tube placed
within 100 J.liil from cells. GABA was applied for 5 seconds to obtain a concentrationresponse profile for each receptor tested. In the picrotoxin studies, a GABA control was
established (two sequential recordings, no more than 10% variability) before proceeding
l o:

to GAB A/picrotoxin test solutions. Picrotoxin containing solutions were applied for 10

seconds; subsequently followed by an establishment of the GABA control. In cells which
the control could not be re-established, no further trials were conducted. For analysis of
desensitization, a rapid solution exchange system was used (ALA Scientific, Westbury,

NY). A 30xEC50 GABA solution was applied for 10 seconds followed by an active
saline wash (15 seconds). · Desensitization was measured as desensitized current,
comparing the steady state current to peak current within the same GABA-mediated
trace.
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Chemicals. GABA, diazepam, and picrotoxin were obtained from Sigma (St. Louis,

MO, USA). GABA was dissolved into ultrapure H20. Picrotoxin and diazepam were
dissolved in dimethylsulfoxide (DMSO) and subsequently dissolved into external bath
solutions, so that the final DMSO concentration was <0.3% DMSO.
Data analysis. Concentration-response profiles for GABA were analyzed and an ECso

concentration was determined for each receptor using the following logistic equation:
equation 1,
where I is the peak Cl- current amplitude normalized to the control. EC50 is the halfmaxim&, concentration, and n is the Hill coefficient. Picrotoxin concentration-response
·~

profiles were detemiined and an IC50 (half-blocking concentration was determined using:
equation 2,
where I is the current amplitude at the end of drug application. In each picrotoxin test,
GABA EC 50 was used to determine the efficacy of picrotoxin. Percent desensitization
was measured from the peak current to the steady state current at the end of a 10 second

application of GABA using:
% desens = (Ipeak-lsteady-state)l(lpeak) X 100%

equation 3,

where % desens is the percent of desensitized current, lpeak is the peak current and the
!steady-state is the current at the end of a 10 second application of GABA.

Statistical

analysis was performed using paired and unpaired Student's t-tests. Correlation analysis
was performed using a linear fit on Origin 5.0.
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RESULTS
The TM2 T6'F mutation differentially affects all}2 GABAA function. The second
transmembrane domain of the ligand-gated ion channels lines the central pore of the
channel.

Thus based on previous work mutations in this domain should influence

components of channel gating, including agonist sensitivity.

We systematically

investigated the affects of the TM2 T6'F mutation in the all}2 GABAA receptor. The
wild type receptor had a maximal GABA-mediated chloride current at 100 J.1M (Figure III) and a GABA ECso of 1.6 ± 0.2

J.1M

(table 1). Similarly, the a1(T6'F)J}2 receptor

elicited a GABA-mediated current and was not significantly shifted in GABA EC50 •
However, the a.1J}2(T6'F) mutation altered the desensitization of the channel,
demonstrated by the GABA-gated currents (Figure II-1). These receptors exhibited an
increase in desensitization. This desensitization was apparent at higher concentrations of
GABA. Since, this was absent in the wild type and a.1(T6'F)J}2 receptors, the altered
desensitization may be the result of the T6'F mutation. We also studied the effects of
a.l(T6'F)P2(T6'F) receptors, since this would have all the Fs at the 6' position. Using
whole-cell patch clamp technique, we could not determine if these receptors were
functional or expressed at the plasma membrane, as 100 and 1000 J.1M GABA could not
elicit a response (not shown).
Picrotoxin stimulation is revealed with the T6'F mutation. Picrotoxin is a CNS
convulsant that inhibits members of the Cys-loop family of receptors (Thampy and
Barnes, 1984; Das et al., 2003). Both PTX and PTZ inhibition is abolished with the
presence of an Fat the TM2 6' position. However, the stoichiometric determinants of
this abolishment are not completely understood. We thus evaluated the stoichiometric
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dependence ofPTX inhibition on the alf32 GABA receptor. The wild type receptor was
inhibited by PTX in a concentration-dependent manner at a GABA EC50 test
concentration (Figure II-2A). In this receptor, PTX had an IC5o of 18.3 ± 1.8

tJM.

In

both the al(T6'F)~2 and a1~2(T6'F), the mutation conferred PTX resistance up to a
concentration of 1000 JlM (Figure II-2B and 2C, respectively).
Upon comparison of the steady state currents, there was an increase of the GABA
:· .

mediated current at the higher concentrations ofPTX in the al(T6'F)~2 receptor (Figure
11-20).

This apparent "stimulation" was not observed in the a1~2(T6'F) mutant

receptor~ Upon further analysis, as the concentration of PTX increases there is not a

significant difference in the peak current (Figure II-2E). The difference is seen at the
steady-state of these receptors, as there is a concentration-dependent increase in current.
Influence of the T6'F mutation on GABA sensitivity. Mutations in the TM2 domain
of the Cys-loop ion channels alter agonist sensitivity (Ueno et al., 2000). We introduced
a threonine to phenylalanine mutation in a systematic manner around the pore of the
channel using the TM2 6' position in both
a1~2

a1~2

receptors, the GABA sensitivity of the

and

a1~2y2

a1~2(T6'F)

GABAA receptors. In the

mutant receptor (3.6 ± 0.2 J.1M)

is significantly different from the wild type (1.6 ± 0.2 JlM) (Table 11-1). The Hill
coefficients of the al ~2 GABAA receptors studied were not significantly different. Table
1 summarizes the
al(T6'F)~2y2

a1~2y2

GABAA receptor GABA sensitivity and Hill coefficients. The

receptor was 2 fold larger (39.5 JlM) than the wild type GABA ECso (19.5

JlM). All the other mutant receptors tested were not significantly different than the wild
type. The Hill coefficient in the
from the wild type (0.58 ±

al(T6'F)~2(T6'F)y2

0.03)_~

receptor was significantly reduced

This mutation may alter the cooperativity between
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binding sites. Two other mutations had reduced Hill coefficients, although these failed to
reach significance. This indicates that theT6'F TM2 mutation alters the receptor at the
extracellular end, particularly the GABA binding site.
Number of Fs at 6' alters channel gating in the GABAA a.lJ}2y2 receptor.

To

determine if the T6'F mutation influences desensitization due to the number of these
mutations at this position, we substituted an F for T in a stoichiometric manner in the
a.l(32y2 form of the receptor. This receptor has been shown to composed of the a., (3, and
y subunit in a 2:2: 1 ratio (Baumann et al., 2002). In this case, we anticipated that the
minimal~number

of Fs at the 6' position could be determined to alter the desensitization

of the receptor. Compared to the wild type receptor, a T6'F mutation in the a.l, (32, or y2
·',,

subunit alone did not alter the desensitization of the receptors (Figure II-3B, 3C, and 3D).
These receptors would presumably have only either one or two Fs at the TM2 6' position.
When multiple subunit combinations were expressed, i.e. a.1(T6'F)J32y2(T6'F) and
a.1(T6'F)J32(T6'F)y2, desensitization of these receptors was altered (Figure II-3E and
•.'

3F).

These receptors were fundamentally similar to the a.1J32(T6'F) mutation.

The

a.l(T6'F)(32(T6'F)y2(T6'F) could not be studied due to the lack of a functional response

in our assay at either 100 or 1000 f.1M GABA concentrations (data not shown).
Picrotoxin inhibition or stimulation is absent in the mutant a.1J32y2 GABAA
receptor. The T6'F mutation was not stoichiometrically sensitive to PTX in the a.1 J32
receptors. However, this may only account for those receptors consisting of two different
subunits. To address this, we continued the stoichiometric T6'F studies into the a.1(32y2
GABAA receptor. In the wild type, PTX inhibited the GABA mediated current with an
IC50 of 5.3 ± 1.9 J.1M, which is more sensitive than the a.1(32 receptors (table 1). Typical
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traces are shown in Figure 11-4 of the wild type and several mutants addressing PTX
sensitivity in the al(32y2 GABAA receptor.

Wild type al(32y2 desensitization was

increased in the presence of PTX (300 fJM).
The T6'F mutation in either the al or (32 receptor subunit removed PTX
inhibition in these recyptors (Figure II-4B and 4C). This confirms that two Fs at the 6'
position are sufficient to confer PTX insensitivity. To address the absolute minimal
requirement of abolition ofPTX resistance, we analyze .the al(32y2(T6'F) receptor. This
receptor was also insensitive to PTX (Figure II-4D), which indicates that a single Fat this
position~ll

abolish PTX blockade. Mutant receptors with more than two Fs at the 6'

position were not inhibited by PTX significantly at any concentration (Figure 11-5); The
stimulatory effect of picrotoxin was not observed in the al(T6'F)(32y2 receptor,
indicating that the incorporation of the y2 subunit alters the pentameric channel compared
to al(T6'F)(32 receptors. Gating of the channel at sub-EC 50 concentrations appeared to
open slowly.
Picrotoxin delay in the desensitized state is not dependent on the GABA gating
concentration. In the al(T6'F)P2 GABAA receptor, we observed potentiation of the
GABA-mediated current with co-application of higher PTX concentrations.

These

recordings were made using a GABA EC5o concentration. We could not be sure if this
effect was dependent on the state of the receptor. Picrotoxin may be mediating the
stimulatory affect by delaying the open state of the receptor. To determine this, we
analyzed the effect of 300

J.LM PTX at several concentrations of GABA. At low GABA-

mediated current (0.5 J.!M}, PTX enhanced the amount of steady state current seen at the
end of a 10-second application, seen in Figure 11-6 (control, 76.8 ± 3.5, with PTX, 86.0 ±
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3.8 %). This was also consistent at the GABA ECso (68.2 ± 2.0 vs. 75.1 ± 2.0%) and
GABA EC10o the saturating concentration of GABA (35.2 ± 4.0 vs. 43.8 ± 5.5%). This

indicates that the stimulatory effect of PTX could be mediated at a different location
within the channel that is not dependent on the state of the channel. Further, picrotoxin at
this additional site may stabilize the open state to reduce the amount of desensitization
that occurs.
The P2 6' residue influences GABA sensitivity in a1f32 receptors. The enhanced
desensitization observed in the a.1 f32(T6'F) GABAA receptors was curious. However,
the effedt: of this mutation on desensitization has not been well characterized in this
combination of subunits. We set out to determine whether or not the amino acid present
at the f32 TM2 6' position influences channel function.
introduced at this position.

Several mutations were

A summary of the concentration-response profiles are

summarized in Table 2. The f32(T6' A) mutation caused a significant shift in both GABA
ECso and Hill coefficient (0.49 ± 0.04 JJM and 0.69 ± 0.04, respectively), causing the
receptor to be more sensitive to GABA. The lower Hill value may indicate that the
receptor opens with fewer molecules of GABA at the binding site. The mutation may
leave the receptor less stable in the closed state. Another mutation that had diminished
cooperativity was the f32(T6'C) mutation with a Hill value of 0.72 ± 0.1. However, in
this case, the EC 50 value was not significantly different from the wild type. The f32(T6'S)
mutatic>n increased GABA sensitivity (0.14

± 0.01 JJM), although it failed to reach a

significantly different Hill number (Table 2). Two mutations reduced the GABA potency
in the a.1f32 receptor.

Substituting a leucine or tryptophan residue where produced

significant rightward shifts in agonist sensitivity (table 2).
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Replacing the 1M2 6'

threonine with either the charged residue arginine or an isoleucine resulted in
undectectable receptors. Our assay, however, could not determine if these receptors were
located in the plasma membrane. No current could be generated with high concentrations
of GABA (Table 2). These residues may affect the gating of the channel and do not alter
the expression of the channel.

Our assay could not address the latter proposal. A

correlation analysis was performed to determine if there was any amino acid property that
influenced the agonist ECso. Amino acid volume produced a linear correlation with
increasing GABA ECso (Figure 11-7) (Zamyatnin, I972). As the amino acid substitution
increase~. in volume,

the GABA ECso increases. Further, the hydrophilicity of the residue

influences agonist sensitivity (Figure 11-8).

Desensitization depends on amino acid property at the
GABAA receptors.
the

~2

~2

TM2 6' position in a.l ~2

Increased desensitization was observed with the T6'F mutation in

subunit. What properties of amino acid are responsible for this component of

gating are not known for the

~2

TM2 6' position. Therefore, we utilized a rapid solution

exchange system ( 15 ms 20-80% exchange time) to assess the amino acid influence on
desensitization.

The solution exchange system provides an air pressure driven

application of the test solution within a I 00 J.1lll from the patched cell. At the beginning
of the application, a brief pulse of saline is applied and the solution is switched within IS
ms to a GABA containing test solution. A saline wash is applied immediately after the
test solution application. At equipotent concentrations of GABA (30xECso), there were
observable differences in desensitization (Figure II-9). The WT receptor desensitized
50% from peak current after a I 0-second application of GABA. With the rapid exchange
system, the fast desensitization component was clearly observed in the al ~2(T6'F)
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mutant receptor.

Receptors with T6'C and T6'L mutations were also rapid in

desensitization. The a.lP2(T6'W) mutation did not desensitize extensively, as did the
T6'Y mutation. Both the T6'W and T6'Y mutant have rapid desensitization components
that were absent in the Y-tube system (data not shown). This fast component of the
desensitized current occurs more rapidly than the drug application using the Y-tube
delivery system (150 ms solution exchange). The T6' A desensitize extensively and had a
fast transient component. The T6'S mutation did desensitize extensively and deactivated
slower after 10 second of saturating GABA.

Desensitization correlation analysis between the a.l p2 6' mutants and amino acid
properties. The desensitization at saturating concentrations of GABA was intriguing in
the a.l P2 receptors.

The role an amino acid plays in determining the extent of

desensitization has not been studied before in these receptors. Using volume (Zamyatnin,
1972), hydropathy (Kyte and Doolittle, 1982), hydrophobicity (Sweet and Eisenberg,
1983), and hydrophilicity (Hopp and Woods, 1981 ), correlation analyses were performed
to determine which amino acid property had an influence (Figure 11-1 0). The amino acid
volume could indicate that the size of the amino acid at this position may affect the
channel's interior in the open state. Hydrophobicity and hydrophilicity are opposing
properties.

The former is indicative of the amino acid presence in a lipid/protein

environment while the latter indicates that the residue resides in the aqueous
environment. Mutation and correlations with amino acid properties has been performed
before for channel lining residues (Kash et al., 2003a). Of these, only hydropathy was
significant. The others did not correlate well with the determined desensitization for the
receptors. Hydropathy is an index scale of amino acid hydrophobicity and hydrophilicity.
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The trends in both the hydrophilicity and hydrophobicity have opposite slopes, further
confirming the opposite definition for each.

Picrotoxin resistance is conferred by the amino acid present at the fi2 TM2 6'
position.
'

:~

To complete the analysis of the 1M2 6' position contribution to PTX

resistance, concentration response relationships were established for each of the GABAA
a1P2 receptors studied. Figure 11-11 shows the profiles of each of the receptors. The
wild type receptor had a PTX ICso of 18.0

± 1.8

~ and Hill value of 1.12

± 0.11

(summarized in table 2). Incorporating the P2(T6'S) mutation resulted in a leftward shift

I" i

of PTX '§ensitivity to 8.6 ± 0.61 mM IC50 • · Although threonine and serine share a
similarity in the hydroxyl group that is present in the residue, the serine residue is smaller
in volume than threonine (60.8 vs. 77.1

A3).

Removal of the hydroxyl group gave
"l

varying responses to PTX. The GABAA a1P2(T6'A) mutant receptor did not shift the
PTX concentration-response curve significantly from the wild type with a PTX ICso of
24.5

± 2.3 J.LM. The Hill value was reduced 2-fold to 0.77 ± 0.05. GABAA alp2(T6'L)

mutant receptors showed potentiation at high PTX concentrations. This is similar to the
al(T6'F)b2 mutation described earlier. If we replace the P2 threonine with cysteine to
yield alp2(T6'C) receptors, the PTX concentration-response curve shifts to the right
approximately 50 fold to 481.4 ± 76.9 J.LM. The Hill value in this mutant is reduced to
0.55

± 0.06, indicating a loss of cooperativity. The alp2(T6'F) and a1P2(T6'Y) mutant

receptors were insensitive to PTX up to 1mM when co-applied· with the respective
GABA EC 50 concentration. A P2(T6'W) mutation in these receptors yield PTX sensitive
receptors; however, the potency of the convulsant is ·severely reduced to 6.59 mM
(greater than 350-fold shifit) with a Hill of 0.42 (see table 3). The sensitivity of the

-74-

alf32(T6'W) mutant receptor to PTX may indicate that the mutation reveals a lower
affinity site on the receptor that mediates inhibition. The F and Y mutations may not

allow for the interaction of PTX at the other site, thus these receptors show PTX
resistance.
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DISCUSSION
Picrotoxin has been characterized as a channel blocker of the GABAAJ glycine,
glutamate-gated chloride channels, nicotinic acetylcholine receptors, and serotonin type-3
(Newland and Cull-Candy, 1992; Pribilla et al., 1992; Etter et al., 1999; Erkkila et al.,
2004; Das and Dillon, 2005). The site of action has been postulated to be in the channel
lining residues of these ligand-gated ion channels.

Investigations involving the

heteromeric glycine alp receptor indicated that the phenylalanine at the 6' position in the _

P subunit decreased picrotoxin sensitivity (Pribilla et al., 1992).

In the GABAA receptor,

point ml¥ations at the TM2 6' and 12' position conferred picrotoxin insensitivity when
the receptors were expressed in Xenopus oocytes (Gurley et al., 1995). However, this
examination of the inhibitory picrotoxin site failed to determine if the 6' position is the
only necessary residue to confer picrotoxin sensitivity. Xu et al. (1995) observed that
picrotoxin may interact with the 2' position and not the 6' position since co-application
with picrotoxin prevented sulfhydryl reaction with the engineered 2' cysteine residue.
Multiple sites for picrotQxin interaction have been suggested (Buhr et al., 2001 ).
Picrotoxin exhibits characteristics of use-facilitated inhibition in tlie GABAA receptor
(Inoue and Akaike, 1988) and non-use facilitated block in glycine receptors (Lynch et al.,
1995). When an antagonist inhibits an ion channel more efficaciously at higher agonist
concentrations than at lower agonists concentrations (since inore of the receptors would
be available in the open state), the process is use-facilitation.

The use-facilitation

property of picrotoxin inhibition could be altered with a mutation at the 1M2 15'
position, where a serine to glutamine mutation converts the glycine a 1 receptor from a
non-use facilitated to use-facilitated PTX block (Dibas et al., 2002).
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In the present study, the T6'F mutation at the TM2 6' position eliminates
picrotoxin sensitivity in both the a.1~2 and a.1~2y2 GABAA receptors. We postulate that
the T6'F mutation's location within the channel, i.e. in the a.,~. or y subunit, will have no
stoichiometric effect on the picrotoxin sensitivity. Our results confirmed our hypothesis.
_ At high concentrations of picrotoxin (~ 30 f.1M), the y2(T6'F) mutation abolished
picrotoxin inhibition, suggesting a single mutation T6'F mutation is sufficient for PTX
resistance. Substituting other amino acids into the TM2 (32 6' position in a.1~2 receptors
shows a volume dependence on GABA EC50 • As the amino acid volume increases, so
does the OABA EC 5o (Figure 11-7). Hydrophilicity of the TM2 6' position influences the
GABA sensitivity (Figure 11-8). Hydropathy influences desensitization. Further analysis
of the amino acid requirements for PTX sensitivity at the TM2 6' position revealed that a
~2{T6'W)

mutation is sensitive to PTX in a.l ~2 receptors. The smaller serine mutation

in the ~2 subunit provided a more sensitive receptor to the convulsant. The rank order of
PTX sensitive is: S > T =A> C > W. The

a.1~2{T6'C)

rapidly and distinctly from the wild . type.

However, it remained sensitive to PTX.

mutant receptor desensitized

Channel lining mutations within the Cys-loop family of ion channels influence agonist
sensitivity (Ueno et al., 2000).

Only the mutant

a.l{T6'F)~2y2

receptor had a

significantly different GABA EC 50 from the wild type receptor (table 1). In the glycine
receptor, the a.l subunit contributed differently to channel activation than the

~

subunit

(Shan et al., 2003). This change in GABA sensitivity may be due to the contribution of
the a.l subunit in gating of the channel. Agonist binding and gating has been associated
with differing effects depending on the subunit (Kash et al., 2003b; Kash et al., 2004).
Further, a y2L 9' mutation produces GABAA receptors that have decreased
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desensitization (Bianchi and Macdonald, 2001).
al(T6'F)f32y2(T6'F),

and

al(T6'F)f32(T6' F)y2

In our study, the alf32(T6'F),
receptors

exhibited

altered

desensitization. This suggests that the number of phenylalanines at the TM2 6' position
influences desensitization.

However, the Hill coefficient of the al(T6'F)f32(T6'F)y2

receptor was less than 1, indicating that the receptor stability in the closed state has been
reduced and would open with fewer GABA molecules bound to the receptor. To test if
agonist binding and gating are uncoupled, future experlinents should focus on the action
.i,

of partial agonists on these receptors.
The a1f32(T6'F) mutation may provide further evidence to the true
stoichiometery of the alf32 GABAA receptor (Figure 11-1).

Proposals of the

stoichiometery of these receptors have ranged from a tetrameric channel (Kellenberger et
al., 1996) to a pentameric channel with the stochiometery of 2:3 (Baumann et al., 2001)
or 3:2 (Im et al., 1995) ratio of a:f3 subunits, respectively. The alf32y2 receptors have a
stoichiometery of2:2:1 of al:f32:y2 subunits (Baumann et al., 2001), and is confirmed by
the kinetics seen in the a1{T6'F)I32y2(T6'F) and al(T6'F)I32(T6'F)y2 receptors (3 and 4,
Fs, respectively) seen in Figure 11-3. Our study suggests that the rapid desensitization
seen in the a1f32(T6'F) is a result of three phenylalanines at the TM2 6' position and
confirms the findings of Baumann et al. (200 1).
Our investigation into the a1132 GABAA receptor has revealed a stimulatory
effect by picrotoxin. The GABA-mediated current is modulated by picrotoxin in the
al(T6'F)132 receptor.

The GABA co-applied with picrotoxin steady-state current is

enhanced, or larger, than the steady-state current generated by GABA alone and is not
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dependent on GABA concentration. However, the mutation in the a1J32(T6'F) receptor
is neither stimulated by picrotoxin nor is the desensitized state delayed.
The alteration in the desensitized state may be explained by several ways. The
first is that a novel site is revealed by the inclusion of the T6 'F mutation in the a l subunit
of the a1(32 receptor. Previous studies have not focused upon the a1(32 receptor 6'
residue. Gurley et al. (1995) used the a1(32y2 GABAA receptor to identify the role of the
6' threonine in picrotoxin sensitivity. Further, our data indicate that the stimulatory
effect of picrotoxin is not seen in the a1(T6'F)f32y2 receptors. The y2 subunit may alter
the residdes which are exposed for picrotoxin interaction, particularly at a site outside of
the TM2 6' region. One possibility may lie at the extracellular boundary of the TM2
domain. At least in the glycine al receptor, picrotoxin has been shown to be an allosteric
· modulator in mutated receptors with the removal of the 19' arginine residue (Lynch et al.,
1995).

The R19'L or R19'Q mutations convert picrotoxin to a non-competitive

antagonist. Another candidate would be the 15' position, a mediator of picrotoxin usefacilitation, because there is evidence to suggest that the 15' position could be another
site for picrotoxin interaction (Etter et al., 1999; Dibas et al., 2002).
One of the fundamental questions that arise from this study is how the
phenylalanine mutations affect the channel lining domain. The T6'F mutation alters the
picrotoxin interaCtion and channel desensitization.

The elimination of picrotoxin

inhibition may be explained by: 1) removal of a contact point with the channel lining
domain or 2) alterations in gating of the receptor. The incorporation of a phenylalanine at
the T6'F position removes the smaller threonine, which contains a hydroxyl group.
Picrotoxin has two components to the molecule, a hydrophobic end and a hydrophilic
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end. It has been proposed that the hydrophobic side points toward the hydrophobic
. portion of the TM2 domains deep in the channel (Zhorov and Bregestovski, 2000).
Although the homomeric glycine a1(T6'F) mutant is picrotoxin sensitive, this could be
explained due to the differences in channel structure between glycine and GABAA
receptors. However, we cannont definitively conclude that the 6' position contributes to
a binding site. Our other data suggest that other locations in the channel may confer PTX
sensitivity. There may be another location on the receptor that confers the sensitivity.
The other possibility may be that the T6'F mutation interferes with the kinetics of the
receptor, ,thus altering the state in which picrotoxin interacts with the receptor. Based on
our data, a single phenylalanine is sufficient to eliminate picrotoxin sensitivity in the
GAB AA a1 ~2y2 receptor, although there is not a change in channel kinetics. Rapid
desensitization did not eliminate PTX sensitivity, suggesting that the residue at the 6'
position is important. At least macroscopically, there was no indication that the·gating of
the channel was altered in the al~2y2(T6'F) mutant receptor.
To further characterize the TM2 6' position influence on PTX sensitivity, we
generated PTX

c~ncentration-response

Those receptors, containing either a

profiles for the other

~2(T6'F)

or

~2(T6'Y)

al~2

mutant receptors.

mutation, were resistant to

PTX, which is consistent with previous work (Gurley et al., 1995; Shan et al., 2001).
Introductions of serine, alanine, cysteine, or tryptophan were PTX sensitive. This may
suggest that a aromatic residue at the
sensitivity.

~2

TM2 6' position is sufficient to remove PTX

Tryptophan complicates the issue by being PTX sensitive, although

considerably reduced in affinity. Having a tryptophan at this site may change the channel
structure sufficiently to reveal a second inhibitory PTX binding site. The
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a1~2(T6'S)

mutant receptor was more sensitive than the wild type. Threonine and serine are similar
in that both have a hydroxyl group. The smaller serine may allow PTX to reach the
channel more effectively by changing the surrounding environment. Cysteine is capable
of making weak hydrogen bonds and may explain the reduced PTX sensitivity However,
the interaction of PTX and the cysteine is weaker than that for threonine and has been
previously shown in a SCAM protection assay (Xu et al., 1995). Picrotoxin failed to
protect theTM2 6' cysteine from sulfhydryl reaction, which could indicate that the PTX
affinity for the TM2 6' site was reduced, not allowing for protection. The alJ32(T6' L)
mutation·~exhibited potentiation with PTX co-application. Similarly to the al(T6'F)J32

mutant, the inhibitory second site may have been altered, along with gating, to convert
PTX from an antagonist to an allosteric modulator.
The TM2 6' residue has been characterized as a channel lining residue (Xu and
Akabas, 1996): We have determined that the amino acid properties of the J32 TM2 6'
position influence gating. Increases in amino acid volume lead to higher GABA EC50,
suggesting an uncoupling of the binding-gating process within the channel. A larger
tryptophan amino acid side chain may produce a more stable closed state of the GABAA
alJ32 receptor.

Although similar to phenylalanine, the tyrosine hydroxyl group may

allow for some recovery of GABA sensitivity (Figure 11-7). The hydroxyl group may
influence the environment at the TM2 6' position and allow the channel to gate more
readily. Desensitization of these alJ32 GABAA mutant receptors is different, with the
changes correlating with hydropathy (Kyte and Doolittle, 1982). There may additional
influences on the channel kinetics of these receptors.
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~:.

'·.·· ·
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Our .work demonstrates that introducing any residue at the 1M2 6' position alters the
affinity for PTX in channel and gating of the channel. Proving that the 1M2 6' position
is the PTX site is far more complex than originally thought. Our work suggests that
;

,);

alterations of the residue at this site have profound effects on channel gating. We have

.

·,

also provided additional evidence to suggest that the stoichiometery of the a 1f32 GABAA
receptor is 2:3. Further investigations into PTX action should focus on the second site
that has been exposed and may provide allosteric modulation as well as inhibition in the
function of the channel.
.: i

. t•
'1.'
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Table U:il. Agonist sensitivity in wild type and mutant GABAA alf32y2 receptors.
Multiple phenylalanines did not have a significant affect on gating of mutated receptors.
Four phenylalanines at the 1M2 6' resulted in a significantly reduced Hill number in the
al(T6'F)f32(T6'F)y2 GABAA receptor.
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Receptor
a1P2
a1(T6'F)p2
a1p2(T6'F)
a 1(T6'F)p2(T6'F)

GABAECso

Hill

PTXICso

1.6 ± 0.2
1.7 ± 0.3
3.6 :t0.2*
ND

1.3 ± 0.1
0.9 ± 0.1
1.1 ± 0.1
ND

18.3 ± 1.8
#

19.5 ± 1.8
39.5:1:1.1 *
9.4 ± 0.4
9.4 ± 1.4
16.7 ±2.0
12.4 ± 0.8
ND

1.3 ± 0.1
1.2 ± 0.03
1.4 ± 0.1
0.8 ± 0.1
0.9 ±0.1
0.58 :1:0.03*
ND

5.3 ± 1.9

ND

·~

a1P2y2
al(T6'F)p2y2
al P2{T6'F)y2
al P2y2{T6'F)
al (T6'F)p2y2{T6'F)
a1 (T6'F)p2(T6'F)y2
a I (T6'F)p2(T6'F)y2(T6'F)

*Significantly different from wild type receptor (p<0.05)
#, PTX was stimulatory
-, PTX was not inhibitory
ND, not determined due to lack of current
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ND

Figure 1\-l. GADA-mediated concentration response in a1(32 GABAA receptors.
Typical GABA-activated responses to increasing GABA concentrations in transiently
transfected HEK 293T cells expressing rat a 1132 GABAA receptors. A 10 second pulse
was applied to wild type (A), mutant a1(T6'F)P2 (B), and mutant a1(32(T6'F) (C)
clamped at a holding potential of -60 m V. Each of these receptors were maximally gated
by 100 JlM GABA. The wild type receptors exhibited larger peak current amplitudes
than the mutant receptors.

The a1(32(T6'F) mutant receptor exhibited enhanced

desensitization which was absent in the other a1(32 receptors (C).

This rapid

desensitization becomes apparent at concentrations beginning with 10

f.JM.

The

concentration-response profiles are described in table 1. Scale bar represents the current
in picoamperes.
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Figure 11-2. Second transmembrane domain T6'F mutation abolishes picrotoxin
sensitivity in alf32 GABAA receptors. Typical GABA-mediated traces are shown with
increasing concentrations of the convulsant picrotoxin in the (A) wild type, (B)
al(T6'F)J37, and (C) alJ32(T6'F) receptors. (A), the wild type receptor is inhibited by
PTX in a concentration-dependent.

Picrotoxin inhibition is eliminated by the T6'F

mutation in either the (B) al(T6'F)J32 or (C) cilJ32(T6'F) mutant receptors. However,
there is ah increase in both steady-state current after the application of PTX in the
al(T6'F)J32 mutant receptors (B). This is absent in the other alJ32 receptors examined.
(D) Summary of concentration dependent inhibition by PTX on each alJ32 receptor
tested. There is a concentration-dependent inhibition exhibited by the wild type receptor
(closed squares). The wild type PTX IC50 is 18.3 ± 1.8 J.LM. For the mutant receptors, no
I

inhibition was observed for any PTX concentrations used. There is an observed increase
in the steady-state current of the al(T6'F)J32 receptor (closed circles) with increasing
PTX concentration. There was no significant increase in the steady-state current for the
alJ32(T6'F) receptor (closed triangle). (E), a comparison between peak current (open
circles) and steady-state current (closed circles) is presented. The steady-state current of
the al(T6'F)J32 receptor is enhanced compared to the control GABA-mediated response.
N

= a minimum of four cells tested at each test concentration of PTX. Scale bar

represents picoamperes of current.
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Figure 11-3. Concentration-response profile for alf32y2 GABAA receptors expressed
in HEK 293T cells. Typical GABA-activated currents are presented in six a.l f32y2
GABAA receptors. (A) Wild type a.lf32y2 receptors were sensitive to increasing GABA
concentrations with a maximal response attained at 1 mM with an GABA EC50 of 19.5

mM and Hill coefficient of 1.3. (B), the a.l(T6'F)f32y7 had a maximal current elicited at
3 mM GABA. The ECso concentration for these receptors was significantly increased
from the wild type (39.5 mM), while the Hill coefficient was not si~ficantly different.
(C), a 1f32(T6F)y2 receptors do not exhibit altered desensitization kinetics like the
a.1f32(T6'F) receptors in figure lC or a significantly different GABA EC50 value (9.4

J.!M).

(D), the alf32y2(T6'F) mutant receptor was sensitive to increasing GABA

concentrations. At the lower concentrations of GABA, the mediated current exhibited a
slow activation phase upon application of GABA (at 3 and 10 f.!M).

(E), the

a.l(T6'F)f32y2(T6'F) mutant receptor has three phenylalanines at the 6' position. Rapid
desensitization is exhibited at 10 f.!M and a maximal current is reached at 300 f.!M. These
resemble the a.1f32(T6'F) receptor from figure lC. (F), the al(T6'F)f32{T6'F)y2 receptor
reaches peak current amplitude at 1 mM GABA.
maximally peak current at 1 mM GABA.

This mutant receptor exhibits

Although the GABA ECso was not

significantly different from the wild type receptor, the Hill coefficient is smaller than the
wild type (0.58

± 0.03).

Rapid desensitization becomes apparent at the 3 mM GABA,

which is lower than the receptor in (E). The concentration-response profiles of these
receptors are summarized in table 1.
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Figure 11-4.

Picrotoxin does not inhibit alf32y2 recepton containing the T6'F

mutation. Picrotoxin (300 J!M) was co-applied with a GABA EC 50 to assess the effect
of the convulsant on receptor activity and represented by typical GABA -activated current
traces. (A), in the wild type receptor were inhibited by PTX significantly compared to
the control GABA-mediated response. At 300 J!M, PTX renders the steady state of the
receptor near baseline current. (B), the

al(T6'F)~2y2

receptor is not affected by the 300

mM PTX in the representative trace. There is some decline in the peak current, but not .
generally seen in most receptors. In (C) alf32(T6'F)y2 and (D) alf32y2(T6'F) receptors,
this concentration of PTX had no affect on the GABA EC 50 mediated current on either
the peak or steady-state current. Each of these receptor traces are scaled for comparison.
Picrotoxin sensitivity is not dependent on the location of the T6'F mutation. Note that in
the panel (D), a single T6'F residue placed in the channel is sufficient for abolishing PTX
sensitivity.
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Figure 11-S. Concentration.;.response of picrotoxin · in mutant alJ32y2 GABAA
receptors demonstrates no inhibition or potentiation of the steady-state current.
Mean

con~entration-response

profiles for PTX effects on a 1J32y2 GABAA receptors are

summarized at respective GABA EC50 values. · The wild type receptor (closed squares) is
inhibited in a concentration dependent manner, with an IC 50 of 5.3 ± 1.9

~·

This is

different than the PTX IC5o for the wild type a1J32 GABA receptor (table 1). Varying
combinations of the a 1J32y2 mutant receptors are summarized as well for PTX
concentrations from 30 to 1000 j.tM. None of these receptors were significantly inhibited
from the respective steady-state GABA ECso current. N

= a minimum of four cells were

used to reach a mean percentage at each PTX concentration.
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Figure II- 6. Steady-state currents of the

a.l(f6'F)~2

GABAA receptors are

potentiated by PTX at several concentrations of GABA. Using 300 J.1M PTX, the
enhancement of the steady state GABA current was addressed in a GABA concentration
dependent manner.

At 0.5, 2.4, and 100 p.M GABA, picrotoxin demonstrated an

enhancement of the steady state current and was significantly different from the wild type
steady state current (p<0.05). Statistical significance was determined using a paired
Student's t-test, N 2: 4 cells.
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100

Table ll-2. Agonist sensitivity in wild type and mutant GABAA alJ32 receptors.
GABA sensitivity in wild type and mutant GABAA receptors is summarized here. Both
the alJ32(T6'A) and a1J32(T6'S) mutant receptors were more sensitive to GABA than
the wild type. The incorporation of an F, L, or W rendered the receptors less sensitive to
GABA. When an R or an I was used at the J32 1M2 6' position, the receptor did not yield
significant current. The J32(T6' A) and J32(T6'C) containing receptors had significantly
reduced Hill numbers compared to the wild type. The PTX sensitivity in these receptors
is altered. The .wild type receptor had an ECso of 18.0

± 1.8 J.LM. The a1J32(T6'L)

mutant receptor exhibited PTX induced stimulation at high concentrations of the
convulsant. In the J32(T6'F) and J32(T6'Y) containing receptors, PTX failed to show
inhibition or modulation of the receptor. The remaining receptors showed a rank order of
PTX potency of: S > T =A> C > W. The a1J32(T6'W) PTX ICso is an estimate. Going
higher than the 3 mM PTX is past the threshold ofDMSO in solution (0.01%).
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Receptor
alf32
a1P2(T6'S)
a1P2{T6' A)
a1 P2{T6'C)
a1P2{T6'Y)
a1 P2(T6 'F)
. alf32(T6'L)
·a1P2(T6'W)
a1P2(T6'R)
a1P2(T6'Q

GABAECso~

1.6 ± 0.2
0.14 :t0.01*
0.49 .±0.04*
1.25 ± 0.12
2.4 ± 0.2
3.6 :t0.2*
4.12 :t0.27*
8.47 :t 1.05*

Hill
1.3 ± 0.1
0.76 ± 0.03

0.69 :t0.04*
0.72 :t0.1*
0.84±0.05
1.1 ± 0.1
0.92 ± 0.1
1.08 ± 0.13
ND
ND

ND
ND

*Significantly different from wild type receptor (p<0.05)
#Picrotoxin was stimulatory
-, No inhibition by picrotoxin
ND, not determined due to lack of current

~
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PTXHiU

PTXICso M
18.0 ± 1.8
8.55 ± 0.61
24.5 ±2.3
481.4 ± 76.9

1.12 ± 0.11
1.34 ± 0.12
0.77 ±0.05
0.55 ± 0.06

#
6595 ± 2471
ND

#
0.42 ± 0.06
ND

ND

ND

Figure 11-7. Amino acid volume influences GABA sensitivity in the alJ32 GABAA
receptor at the (32 TM2 6' position. Amino acid volume and GABA EC50 for alJ32
1M2 6' mutations were fit with a linear regression. There is a slight relationship between
GABA gating sensitivity and amino acid volume. Accordingly, as the volume of the (32

6' amino acid increases, there is a decrease (higher GABA EC50) GABA sensitivity.
Phenylalanine (F) and tyrosine (Y) are not on the line. -This may be due to the phenyl
group in the amino acid R group.
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140

160

· Figure 11-S. Amino acid hydrophilicity influences GABA sensitivity in the a1P2
GABAA receptor at the P2 TM2 6' position. Amino aCid volume and GABA ECso for
a1P2 1M2 6' mutations were fit with a linear regression. There is a slight relationship
between GABA gating sensitivity and amino acid volume. Accordingly, as the volume
of the P2 6' amino acid increases, there is a decrease (higher GABA ECso) GABA
sensitivity. Phenylalanine (F) and tyrosine (Y) are not on the line. This may be due to
the phenyl group in the amino acid R group.
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Figure 11-9. Typical traces of GADA ECso and 30xEC5o mediated current using a
solution exchange system. Representa!ive traces are shown for all receptors studied
(scaled for comparison). Wild type

a.1~2

GABAA receptors showed little desensitization

(50%) at saturating concentrations compared to mutants containing

~2

T6'F, T6'C, T6'L,

and T6' A mutations. The large amino acids tryptophan (W) and tyrosine (Y) failed to
have increased desensitization. Even with the rapid fluid exchange

(~15

ms), the

a.1~2

(T6' A) mutant receptor had a fast component followed by a slower component of
desensitization.

Each trace was generated by applying respective concentrations of

30xEC50 GABA for 10 seconds followed by an active wash period of 15 seconds.
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T6'S

Figure 11-10. Correlation analysis reveals that the hydropathy of the f32 TM2 6'
amino acid alters desensitization at GADA 30xEC50 concentrations. The extent of
'~

desensitization was compared to amino acid properties. Hydrophobicity (A) (Sweet and
Eisenberg, 1983), hydropathy (B) (Kyte and Doolittle, 1982), volume (C) (Zamyatnin,
1972), and hydrophilicity (D) (Hopp and Woods, 1981) were used to obtain linear fits.

Hydropathy provided a significant relationship (p < 0.05), however, it was a weak
correlation.

To support the opposite properties of amino acids, hydrophilicity and

hydrophobicity had reversed slopes.
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Figure ll-11. Determinants of picrotoxin sensitivity at the 132 TM2 6' position in
GABAA a.l 132 GABAA receptors. Mean concentration-response profiles for PTX effects
on a. I 132 GABAA receptors are summarized at respective GABA EC 50 values. The wild
type receptDr (filled squares) is inhibited in a concentration dependent manner, with an

ICso of 18.0 ± 1.8 JJM. Other amino acids were substituted for the 132 T6' residue and are
as follows: F (filled. circle), C (filled upward triangle), L (filled downward triangle), Y
(filled diamond), W (open circle), and S (open triangle). For mutant receptors containing
For Y, PTX failed to inhibit the steady state current at the concentrations tested. For the

ali32(T6'L) receptor, PTX showed potentiation of the steady-state at . ImM
concentrations. For the remaining receptors, PTX had a rank order of potency (from
highest to lowest) of: S > T > C > W. PTX ICso values are summarized in Table 3. N =a
minimum of four cells were used to reach a mean percentage at each PTX concentration.
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CHAPTER DI- THE 7' POSITION IN THE GLYCINE al RECEPTOR ALTERS
GATING KINETICS
Eric B. Gonzales and Glenn Dillon

ABSTRACT
The Cys-loop family of ligand-gated ion channels consists of the nicotinic acetylcholine,
serotonin type-3 (5-HTJ), glycine, and GABAA receptors and is responsible for mediating
rapid neurotransmission in the CNS and PNS. Several amino acid residues of the second
transmembrane domain (TM2) have been shown to influence gating kinetics in members
of the Cys-loop superfamily. Of these receptors, the 5.:.HT3A and glycine receptor can
form homomeric receptors. The homomeric 5-HTJA receptors have significantly slower
gating kinetics. Previously, our lab has shown that the TM2 L7'T mutation in the 1M2
domain alters gating of the 5-HT3A receptor. We hypothesize that the TM2 7' residue
influences channel gating in the homomeric glycine al receptor. To test this hypothesis,
we have systematically mutated the 7' residue to other amino acids to assess the
properties required to alter gating. Wild type and mutant Gly al receptors were
transiently expressed in HEK 293T cells and subsequently analyzed using the whole cell
patch clamp recording ·technique. Glycine sensitivity is altered in each of the mutant
receptors tested, differing from the wild type (rank order of potency: T7'L >WT > T7'S >
T7' A).

Using a rapid solution exchange system, the T7'L mutation exhibits slower

activation a.Iid deactivation than the wild type receptor. Picrotoxin sensitivity is enhanced
with these mutations, possibly due to the accessibility of the site in the channel. These
results demonstrate that the 1M2 7' residue is a critical determinant of channel gating
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kinetics in glycine receptors. Understanding how these receptors function will, in time,
lead to the development of novel pharmacological therapeutics.
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INTRODUCTION
The ligand-gated ion channel superfamily of receptors is important in rapid
neurotransmission in the central and peripheral nervous system. Of particular interest are
the Cys-loop family of receptors (Macdonald and Olsen, 1994).

These include the

nicotinic acetylcholine, serotonin type-3, glycine, and GABA mediated ion channels.
The glycine and GABA receptors are anionic channels which are permeable to chloride
(Revers and Luddens, 1998; Lynch, 2004). The glycine receptor has been shown to be
important in development as they change composition from homomeric to heteromeric
receptors (<;lements, 2002). The glycine receptors are inhibitory ion channels in the CNS
and spinal cord in mammals (Rajendra et al., 1997). However, little is known about what
determines the action or function of the glycine receptor.
The 1M2 domain of the Cys-loop family has plays a pivotal role in channel
gating. The 7' leucine residue (more cytoplasmic than the 9' position) was accessible to
cysteine modification in both the GABAA a.1. (Xu and Akabas, 1996) and 5-HT3A subunit
(Reeves et al., 2001), while the V7' residue in nicotinic a.7 subunits was not (Akabas et
al., 1994). Work ·in the 5-HT3A receptor has provided insight into the role of the TM2 7'
position. Das and Dillon (2005) introduced a L7'T mutation into the homomeric 5-HTJA
receptors. The homomeric receptor is generally slower in activation and deactivation.
The mutation confers a rapid increase in gating, similar to a homomeric Gly a.1 receptor.
To evaluate the role of the Gly a.1 TM2 7' position, we introduced the T7'L mutation as
well as other amino acid residues to analyze the role of this residue.
Picrotoxin, a convulsant that presumably binds in the channel, targets the Cys1oop family of receptors (Pribilla et al., 1992; Gurley et al., 1995; Das et al., 2003;
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Erkkila et al., 2004). The molecular determinants of PTX sensitivity has focused on the
2'-6' residues (Pribilla et al., 1992; Gurley et al., 1995; Dibas and Dillon, 2000). In
glycine a.l and GABAA a.1, ~2, and y2 subunits, the 7' residue is a conserved threonine
(Bormann et al., 1993; Xu and Akabas, 1996). The 5-HT3A receptor has a 7' leucine
residue (Das and Dillon, 2005). Das and Dillon's (2005) L7'T mutation increased PTX
sensitivity compared to the wild type receptor. This provides the data to support that the
TM2 7' receptor influences PTX sensitivity and possibly the access to the PTX site.
To determine the influence of the 7' position on gating and PTX sensitivity, we
characte~d the

role of the 7' position in the Gly a.1 receptor through the introduction of

several mutations. We hypothesized that the opposite mutation in the Gly a.1(T7'L)
mutation will produce a slower activating and deactivating channel.

Additional

mutations were introduced to further characterize the 7' residue's role in channel gating.
We also proposed that the mutations would reduce the ability of PTX to inhibit the
mutated glycine channel. However, our data suggests that the T7'L and T7' A mutation
increases PTX sensitivity. This suggests that PTX accessibility to the channel site is
enhanced. Our data suggest that the TM2 7' position may be an influential residue in the
Cys-Ioop family of receptors. To our knowledge, this is the first investigation to identify
properties at the TM2 7' position are important in gating.
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METHODS AND MATERIALS
Site-directed mutagenesis and transient transfection.
mutant receptors

The Gly a.1 wild type and

were transiently expressed in HEK 293T cells using the

·LipofectamineTM Transfection Reagent (Invitrogen) which were plated on poly-L-lysine
treated 25mm coverslips.

Incubated cells (3 7° C) were used 24-48 hours after

transfection. Mutations were introduced using QuikchangeTM site-directed mutagenesis
kit (Stratagene). Mutated eDNA was confirmed by sequencing (Core Facility, Texas
Tech University). Electrophysiological experiments were performed 24-48 hours after
transfectiort.
Electrophysiology.

The voltage-clamp configuration of whole-cell patch clamp

recording was utilized to characterize the transfected receptors.

Glass pipettes were

pulled from thick walled borosilicate glass using a horizontal pipette puller (Sutter
Instruments P-87) and consistently had a tip resistance of 3-6 MO. Pipettes were filled
with intracellular recording solutions consisting of (in mM): CsCl (140), Mtf+-ATP (4),
EGTA (10), HEPES-Na+ (10), ·p H 7.2.

Coverslips were transferred to a recording

chamber for electrophysiological recording perfused with extracellular recording solution
. containing (in mM): NaCI (125), HEPES•Na+ (20), KCI (5.5), MgCh (0.8), CaCh (3),
glucose (10), pH 7.3. Currents were recorded using an Axopatch 200A amplifier (Axon
lilstruments Foster City, CA, USA) equipped with a CV-401AU headstage on an air-table
supported inverted microscope (Olympus IMT-2; Olympus, Tokyo, Japan). All currents
were low-passed filtered at 5 kHz, recorded on a digital oscilloscope and thermal-head
pen recorder (Gould TA240; Gould, Cleveland, OH, USA), and stored on a computer
using an online data acquisition system (pClamp 6.0, Axon Instruments). An initial 5
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mV test pulse was recorded and used as a reference throughout the experiment to assess
possible changes in patched cells. Any changes between current test pulse and the
reference resulted in aborting current cell recording: Each experiment was conducted at
room temperature and at a holding potential of -60 mV.
Experimental protocol. Glycine was dissolved in external recording and applied to

patched cells using a modified Y-tube drug tube placed within 100 J.lm from cells to
determine a concentration-response profile, with 5 second applications. · Wild type and
mutant receptors were characterized using EC 50 and 30xEC50 concentrations of glycine,
applied with a fast-step solution exchange system, employing a theta tube (Warner
Instruments, exchange time- 7 ms) for 10 seconds. A 30xEC5o glycine solution was
applied for 10 seconds followed by an active saline wash (15 seconds). Activation data
were analyzed using Clampfit 9.0 (Axon) by measuring 10-90% rise-time (ms) and
desensitization (% of peak current). Deactivation was analyzed by measuring the 9010% deactivation time after test solution application was stopped.
Chemicals. Glycine was dissolved in ultrapure H20 and obtained from Sigma (St. Louis,

MO, USA). Test solutions were made from these stocks and mixed with extracellular
bath solution.
Data analysis. Concentration-response profiles for glycine were analyzed and an ECso

. concentration was determined for each receptor using the following logistic equation:

1/Imax = [Glyt/([Glyt + ECso0 )

.

equation 1,

where I is the peak Cl- current amplitude normalized to the control. ECso is the halfmaximal concentration, and n is ~e Hill coefficient. Statistical analysis of the current
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traces was perfonned on Origin 5.0 (Microcal Software) using Student's t-test. Data is
presented as the mean ± SEM, with a minimum of four cells used for analysis.
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RESULTS
Mutations alter agonist Glycine EC50 values. To assess the effect that mutating the Gly
al 1M2 7' position has on glycine sensitivity, we generated concentration-response

profiles (figure 111-1). The Gly a1(T7'L) mutation had a significant leftward shift in
glycine sensitivity (from 29.2 ± 0.94

J.lM

to 15.9 ± 1.2 f.J.M).

The Gly EC 50

concentrations are summarized in table 111-1. A T7' A mutation had an effect on glycine
sensitivity, because as the EC 50 was increased to 777.7 ± 34.2 f.J.M. The Hill value for
this mutation was increased to 5.2, indicating that there may be a change in the coupling
of agonist binding and gating of the channel. The increased Hill trend suggests that more
agonist may be need to bind to the receptor to gate the channel. However, this could not
be significantly determined. Introducing a T7' S mutation recovered some of the glycine
sensitivity, although this was only to an ECso of242.9 ± .15.9 J.l.M.
Glycine ECso kinetics are different in mutant receptors tested. Changes in glycine
sensitivity could be associated with differences in gating of the channel. This could be
the case, as it has been shown that agonist binding and gating of the channel are coupled
processes. To assess these changes in kinetics, a rapid solution exchange system was
used (approximately 7 ms exchange time) .to resolve differences in gating in these
receptors. Figure 111-2 show three typical traces that have been scaled for comparison.
Comparisons between wild type receptor and the Gly a1(T7'A) mutant receptor
demonstrate what appear to be rapid activation and deactivation. The Gly al(T7'L)
mutant receptor exhibits a more rounded appearance, indicative of slower gating of the
channel in the presence of agonist.
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In figure 111-3, the activation component of the glycine EC 50 mediated recording

is shown for comparison. The wild type receptor reaches activated more quickly (328
ms) than the other mutant receptors, TTL (1079 seconds) and T7' A (1211 seconds). The
activation of these receptors is summarized in figure 111-4. Although the wild type
receptor reaches peak current more rapidly than the other receptors, the TT A mutation
activation crosses the wild type receptors activation profile.

The TTL mutation

activation appears to follow the same trend throughout with a constant activation profile.
The TT A mutation appears to have two components in gating at the lower glycine
concentratisms: a fast component followed by a slower component. The wild type
receptor does not .exhibit this activation profile.

The measurement used to analyze

activation does not take into account the two component activation.

Rather, .the

activation time only distinguishes between baseline to peak current measurements. This
may be indicative of a complex set of transitions that are seen at sub-saturating ·
concentrations of glycine.
Gly al(f7'L) mutant receptors slowly activate at saturating concentrations. The
kinetics observed in the EC 50 mediated current provides a interesting perspective on subsaturating conditions at these receptors. However, a saturating concentration of glycine
applied to the wild type and mutant receptors could provide a more physiological look at ·
channel kinetics. To characterize these receptors, a 30xECso value of glycine was used
for each receptor studied. This provided an equipotent concentration of agonist and
allows for an accurate comparison. Figure 111-5 presents three typical traces of the wild
type receptor and two for the mutant receptors.

The data have been scaled for

comparison. Figure 111-6 shows that the TTL mutation is slower in activation still at the
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saturating concentration of receptor. The mean activation time was not significantly
different from wild type (figure 111-7). The Gly al(f7'L) mutation was significantly
different from the wild type receptor (slower by 30-fold).
Deactivation of Gly ECso recordings are altered by the 7' mutants. The deactivation
of the glycine receptor is just as critical. Dysfunctions in deactivation could lead to
dysregulation of inhibitory postsynaptic current (IPSC) (Bianchi et al., 2002b).

We

addressed deactivation at less than saturating concentrations of agonist (Gly EC50). The
results are presented in figure 111-8. The Gly al(T7'L) mutation deactivated more slowly
than the wild type receptor, representative by approximately a 3-fold shift in deactivation
time for the al(T7'L) mutant receptor (figure III-8A and 8B). The wild type and T6'A
mutant receptor traces appear to be identical in their receptor deactivation kinetics.
However, upon further analysis the alanine containing receptor deactivates more rapidly
than the wild type receptor (a 2.6-fold increase), presented in figure 111-Sb. The smaller
residue may aid in transitioning the receptor from the desensitized to the deactivated
state.
Picrotoxin sensitivity is altered in the Gly al 7' mutants.

Of the three mutant

receptors studied, picrotoxin concentration-response profiles were generated for two, the
Gly al(T7'L) and al(T7'A) receptors. The PTX ICso values are summarized in table 1111. The wild type receptor has a PTX ICso of21.9 ± 2.4

JJM with a Hill of 1.3 ± 0.2.

The

mutant receptors does not have a significantly different Hill values (1.0 to 1.3 values).
However, the PTX IC50 values were reduced, indicating a higher sensitivity to PTX. The
Gly al(f6' A) mutant receptor had an PTX ICso of 4.7 ± 0.5
mutant had a value of 6.7 ± 0.5

JJM.

JJM

and the al(T7'L)

These values represent a leftward shift in the PTX
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concentrations-response profile and indicate a change in the PTX interaction within the
channel pore.
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DISCUSSION
The mediators of channel gating have been thought to be the channel lining
domain of the ligand-gated ion channels. Work done on the GABAA (Bianchi et al.,
2002a) and glycine receptors (Shan et al., 2003) demonstrate that channel mutations alter
channel gating. All of these changes in channel function have effects on physiology.
Das and Dillon (2005) identified a residue in the TM2 domain of the 5-HT3Areceptor that

.

influences gating and picrotoxin sensitivity in this receptor~ Comparing the 5-HT3ATM2
domain with that of the glycine receptor, they introduced a 5-HTJA (L 7'T) mutation that
resulted in ., enhanced activation, deactivation, and enhance PTX sensitivity.

We

continued this work by introducing the opposite mutation into the Gly a.l homomeric
receptors.

The Gly a.l(T7'L) mutation has enhanced glycine sensitivity, causing a

significant rightward shift in glycine EC 50 value (a 1.8-fold shift) (figure III-1).
Introductions of additional mutations also have unique effects on the channel activity.
The Gly a.l(T7' A) mutant receptor is the least sensitive of the receptors tested,
demonstrates

a more than 30-fold shift to the

left in the concentration-response curve,

when compared to the wild type receptor. The incorporation of a serine residue at the 7'
position restores some of the glycine sensitivity to the alanine mutant; however, it is still
substantially reduced in sensitivity to the wild type. The profound effects on glycine
potency may be indicative a change in the coupling mechanism between binding and
gating of the channeL
The coupling of agonist binding and gating mechanism of the channel in the Cysloop family is not clear. Recent reports suggest that the TM2-3 linker interacts with the
~

'

extracellular portion of the protein subunit in channel gating, (Kash et al., 2003; Kash et
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al., 2004). Other receptors have shown that mutations in the channel lining domain alter
desensitization in GAB AA (Bianchi and Macdonald, 2001) and 5-HTJA receptors (Yakel,
1996). Multiple phenylalanine mutations affect GABAA receptor gating by increasing
the desensitization of the receptor (see .CHAPTER II). The glycine receptor activates
rapidly upon application of agonist (Lewis et al., 2003).

When compared, partial

agonists, the mutant receptor activation time was similar to wild type.

However,

differences in desensitization were apparent. This suggestS that the binding of agonist is
different for each mutant studied and ultimately these changes affect the gating of the
channel. Similar to what is seen in the 5-HTJA receptor (Das and Dillon, 2005), the TTL
mutation resulted in slower gating of the

~hannel

at both sub-saturating and saturating

concentrations of glycine receptors (figure 111-3).. The Gly al(T7' A) mutant receptor
was slower in activation at sub-saturating concentration (ECso). At 30xECso value, the
mutant receptor activation time becomes similar to the wild type receptor.
Low concentrations of agonist may mediate complex channel gating in the
glycine EC50 mediated currents of the al(T7'A) mutant receptor. If you look at figure
111-3, the al(T7' A) activation crosses the wild type activation. With the rapid application
system, the trace of the al(T7' A) receptor crosses that of the wild type receptor,
indicating the gating in this mutant receptor is modified. At lower concentrations of
agonist, the association rate of agonist binding can be addressed. Lewis et al. (2003)
investigated the differences in agonist association in the homomeric Gly al receptors
with glycine and two partial agonists. At lower concentrations, the activation of the
channel was similar for all agonists, indicating that the association rates are similar.
Although Lewis et al. (2003) focuses on the binding site for agonists, their findings
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·suggest that the coupling mechanisms are the same. Our fmdings suggest that the agonist
association is not significantly different from the wild type. However, the a1(T7'A)
mutation had a higher Hill coefficient, which suggests that the mutant receptor may have
an altered binding activity. If this is the case, the change in the Hill number could
suggest that the coupling between agonist binding and gating is changed. The residue at
the 7' position may alter this coupling.

At lower concentrations of the agonist, the

receptor may transition between multiple states of activation, depending on the
interaction of agonist bound and free sites in the extracellular portion of the channel.
Beato et al. (2004) used single channel analysis to study that the receptor.
maximum efficacy, the receptor has three-bound glycine sites.

At the

Changes in the channel

lining domain may have altered the three-bound maximum efficacy of gating.
Saturating concentrations of glycine increase activation of all of the receptors in
our studies. The glycine receptor is a ·rapidly activating channel (Lewis et al., 2003). At
30xECso concentration, the wild type receptor has a 10-90% rise time of 31.1 ± 6:6 ms.
Lewis et al. (2003) observed a rise time of 0.26 ms on an excised patch configuration.
Our arrangement could not go below the solution exchange of 7 ms. However, our
system is sufficient to observe the changes in activation and deactivation of the receptors
in the report. The Gly a1(T7'L) mutant receptor activates slower than the wild type
receptor. The Gly a1(T7' A) mutant receptor activation time is no longer significantly
different than the wild type. This suggests that the 1M2 7' residue influences channel
gating. A higher resolution exchange system should be employed to address the changes
in the activation between the wild type and al(T7' A) receptor. Although the coupling
between agonist sensitivity and gating is altered in this mutation, the activation rise time
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is similar to that found for the wild type. This may reflect a change in the channel
structure that is similar to what the threonine would supply at the TM2 7' position.
Leucine is a large and hydrophobic residue that may provide a steric hindrance in the
transition from the closed state to the open state. The alanine residue may be small
enough and more similar to threonine to allow the receptor to activate rapidly, once
sufficient glycine molecules bind to the extracellular binding sites. The data show that a
change in volume is sufficient to alter agonist sensitivity. · One explanation suggests that
the TM2 7' position alters the coupling between agonist sensitivity and gating. The
residue at qris position may provide structural stability to the channel in gating. Further,
the difference in volume between alanine and threonine {difference of approximately 15

A3)

may change the structural environment around the channel and ultimately in the

helical structure surrounding it (Zamyatnin, 1972). The 7' residue is only two residues
from the proposed gate, the ·9' position (Unwin, 2005). These changes could cause a
more stable closed state, requiring more glycine to open the channel. Further analysis of
this site is necessary to determine the influence of the residue on gating and agonist
binding.
Deactivation of the receptors is critical in preparation for further presentations of
agonist physiologically.. Further, it has been proposed that deactivation ultimately affects
the production inhibitory postsynaptic currents (Bianchi et al., 2002b). If this is the case,
alterations in this component of gating could have dramatic effects.

In the present

investigation, we elucidated the effect ·of two mutations on sub-saturating glycine
concentrations on the receptor. The most notable change in the receptor kinetics was
found in the T7' A mutant receptor. The receptor deactivated more rapidly than the wild
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type, indicating that the return to the agonist-free closed state was more efficiently
handled with this residue.

One would wonder why this more efficient deactivation

mechanism is not found in nature. A good explanation for this is that the mutation may
reduce the duration of inhibitory control in vivo. This would occur as the presence of
.neurotransmitter is reduced in the receptor environment.

The T7'L mutant receptor

remained slower than the wild type, further establishing that the opposite mutation than
L7'T, introduced into the 5-HT3A by Das and Dillon (Das and Dillon, 2005), occurs.
Picrotoxin is the prototypical convulsant that interacts with both GABAA and
glycine reGeptors (Pribilla et al., 1992; Gurley et al., 1995).

Thus far, the 1M2 7'

mutations have had profound effects on both agonist sensitivity and gating. The residue
may also play a role in picrotoxin sensitivity. Not much has been said about the 1M2 7'
residue's role in mediating picrotoxin sensitivity in either the GABAA or glycine
receptors.

Das and Dillon (2005) were the first to point out that the 5-HTJA (L7'T)

mutation increased PTX sensitivity in the mutant receptors. Further, they determined that
the mutation in the 5-HT3B subunit (V7'T) was not as efficacious to enhance PTX
sensitivity. They reasoned that the mutation would enhance the PTX sensitivity due to
the proximity to the 1M2 6' position, which has been shown to

infl~ence

PTX sensitivity

in the Cys-loop family of receptors (Pribilla et al., 1992; Gurley et al., 1995). Although
the Gly a1(T7'L} mutation slowed channel kinetics to that which is similar in the 5-HTJA
· receptor, the picrotoxin sensitivity was not reduced.

In fact, there was a slight

enhancement to PTX sensitivity. This supports the argument made by Das and Dillon
(2005) that the changes in PTX sensitivity are not related to channel kinetics, but rather
by nearby residues that may influence the PTX site within the channel lumen. To further
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support this conclusion, the Gly a.l(T7' A) mutant receptor also exhibited enhance PTX
sensitivity. This leads us to speculate that the TM2 7' residue may not be a directly
involved in the PTX binding site. It is possible that this residue influences the amino acid
residues that do interact with PTX, perhaps the 6' position. In fact, recent evidence
through SCAM experimentation demonstrate that the 7' position in the homomeric
glycine receptor is not water accessible and does not line the channel pore in neither the
closed or open state of the receptor (Lobo et al., 2004).

As bordering on the

protein/aqueous environment boundary, the residue may influence neighboring amino
acids critical in gating.
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CONCLUSION
Our data have confirmed the role of the TM2 7' residue in influencing channel
kinetics and picrotoxin sensitivity.

Glycine sensitivity is affect by mutations at this

position, leading to altered coupling of agonist binding and gating of the receptor.
Further, the TM2 7' residue plays a role in PIX sensitivity by allowing greater access to
the convulsant site within the channel pore. We propose that this residue, in the open
state, lies between the protein and aqueous boundary in ·the pore. This can influence
access to the convulsant site, most likely by shaping the site. Future studies should focus
on other co9-vulsants and the effect the TM2 7' position has on inhibition. Single channel
properties of these mutants could reveal that the 7' position alters fundamental properties
of these channels, like conductance and open probability. Our results have the potential
contribute to the development of novel therapeutics and enhance the understanding of
convulsants and insecticides in the nervous system.
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Figure ill-1.

..

Concentration response profile of Glycine al receptors.

Glycine

sensitivity was characterized for several glycine al receptors. The wild type receptor
(squares) has an EC 5o of29.2 ± 0.94 JlM. The Gly al(T7'L) mutant is more sensitive to
glycine, 15.9 ± 1.2 JlM (circles). The al(T7'A) (up triangles) and al(T7'S) (down
. triangles) mutations are less sensitive (777.7 ± 34.2 and 242.9 ± 15.9 JlM, respectively).
Glycine ECsos are summarized in table 111-1 .
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Figure lll-2. Typical traces of glycine EC50 in glycine a.l receptors using a rapid
solution exchange system. Nonnalized, typical traces of ECso glycine-gated currents are
represented from 10-second applications. Traces were generated using whole-cell patch
clamp recording .configuration and a rapid solution exchange system (exchange 7 ms ).
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Figure 111-3. Comparision of activation of the WT and mutant glycine aJ receptors.
Traces from figure 1 are overlapped for comparison. The wild type receptor activates
more rapidly than the T7'L and T7' A receptors. The T7'L mutation slows activation.
' .

The a1(T7'A) mutation activation at the glycine EC5o value appears to be complex, since
the recording crosses that of the wild type receptor.
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Figure 111-4. Amino acid property at TM2 7' position influences activation at
glycine ECso concentrations. The activation time for each receptor studied (with the 7'
residue on the x-axis) indicates that the leucine and alanine containing receptors activate
more slowly than the wild type receptor.

The activation time was determined by

measuring the 10-90% rise-time in the activation of the receptor.
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Alanine

Figure 111-5. Mutation at TM2 7' alters channel properties in glycine receptors at
saturating glycine concentrations. Normalized, typical traces are shown from 1O-see.
application of 30xEC5o glycine concentrations to wild type, T7'L, and T7' A. Gly
al receptors.

The mean peak current values of each receptor were not significantly

different. N ~ 6 cells.
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Figure ill-6. Comparison of activation of·Giy al receptors at saturating glycine.
Traces from figure 5 are overlapped for comparison. The wild type receptor activates
more rapidly than the T7'L. Statistically, the T7' A receptor activation is not different
from the wild type. Unlike the Gly EC 50 traces, the al(T7'A) mutant activation does not
cross the activation of the wild type receptor.
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Figure Il!-7. A threonine to leucine mutation slows the Gly al receptor at 30xEC50
glycine concentrations. At saturating glycine concentrations, the activation kinetics
differs from those at glycine 'ECso. At 30xEC50, the T7'L mutant is 12-fold slower than
the wild type. The T7' A mutant regained the activation kinetics of the wild type, unlike
at the ECso value. N ~ 6 cells.
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Alanine

Figure ll-8. Deactivation of glycine EC50 mediated current is influenced by the
TM2 7' position. (A) Typical glycine EC5o traces are scaled for comparison using the
end of the 10-second glycine application and follows the receptors return to baseline.
Note that the al(T7'L) mutant receptor returns to baseline much later than the wild type
or al(T7'A) mutant receptors. (B) Summary of deactivation times of glycine EC50
.mediated current. The T7'L mutation is significantly different than the wild type receptor
and is slower. The T7' A mutant receptor is actually faster in returning to baseline.
Saturating glycine data was not used due to requirements of additional samples.
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Alanine

·~

Table 111-1. Picrotoxin sensitivity in wild type and mutant Gly al receptors. The
glycine ECso and PTX ICsos are summarized here. Each of the mutant receptors had
significantly different agonist sensitivities. The al(T7'L) and al(T7'A) mutant receptors
are more sensitive to PTX inhibition. However, the Hill values are not significantly
different. N ~ 6 cells.
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Receptor

Gly ECso (J.LM)

Gly Hill

PTX ICso (J.LM)

PTXHill

29.2 ± 0.94

2.30 ± 0.19

21.9 ± 2.4

1.3 ± 0.2

al(T7'A)

777.7 ± 34.2*

5.2 ± 0.85

4.7 ± 0.5

1.0 ± 0.1

al(T7'L)

15.9 ± 1.2*

1.40±0.13

6.7 ± 0.5

1.2 ± 0.1

al(T7'S)

242.9 ± 15.9*

1.97 ± 0.29

ND

ND

WTal

·~

•, significant (p<0.05)
ND, not determined
-
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CHAPTER IV-SUMMARY AND DISCUSSION

Picrotoxin is known to inhibit all members of the Cys-loop family of receptors.
However, the molecular requirements for that interaction at the channel site have not
been addressed in the GABAA receptor.

Further, the kinetic consequences of these

mutations on critical amino acid residues around the channel have not been characterized.
The main objective in the present study is to characterize the influence of the second
transmembrane domain 6' and 7' residues in channel gating and PTX sensitivity, both
mechanisms which are not completely understood.
As. shown previously, the GABAA receptor 1M2 6' position governs the PTX
sensitivity. Beginning with the T6'F mutation, the stoichiometric dependence of PTX on
each subunit was addressed. The T6'F mutation conferred PTX resistance in.a subunit
independent manner in the GABAA a1P2 and alp2y2.

However, the al(T6'F)P2

GABAA receptor was stimulated by PTX at high concentrations. Adding the y2 subunit
to the configuration eliminated stimulation, but did not restore inhibition. There appears
to be a novel, stimulatory site that is exposed in these mutant receptors. Of the other
T6'F containing receptors, picrotoxin stimulation was not observed.

The present

investigation has also provided additional evidence, if coincidental at best, that the
stoichiometery of the a1P2 GABAA receptor is two a and three p. In the a1P2y2
configuration, rapid desensitization was observed in those receptors containing three or
more T6'F mutant subunits (e.g., al(T6'F)p2y2(T6'F) or al(T6'F)P2(T6'F)y2). This
. includes the a1P2(T6'F) mutant receptor, which was shown to have rapid desensitizatio~
. kinetics.

The molecular influence of the GABAA receptor 1M2 6' position on

desensitization and gating was addressed in the a1P2 receptor. The wild type receptor,
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seen from the exterior of the channel looking down the pore, has ~ wide opening in the
open state (see figure N-1). This allows for maximum ion conductance. Figure N-1 is a
model of the channel in the open state using existing data from the Protein Data Bank
determined from crystallized nicotinic acetylcholine receptor protein backbone (Unwin,
2005).

GABA sensitivity correlated with amino acid volume at the J32 6' position.

Receptors with either a J32(T6' A) or (T6'S) residue showed enhanced sensitivity to

GABA while those containing an F, L, or W were significantly reduced. Receptors with
a J32(T6'C) or (T6'Y) mutation were not ·significantly different than the wild type. Hill
values we~e reduced for those with the J32(T6'C) and (T6' A) mutations. This suggests
that agonist binding and gating have been uncoupled. With the rapid desensitization seen
in the alJ32(T6'F) receptor, further mutations were placed in the J32 subunit. Several of
the receptors also showed rapid desensitization kinetics at saturating concentrations of

GABA. These mutations affected desensitization according to increasing hydropathy.
The rapid desensitization may be attributed to the conformation of the channel at high
concentrations of GABA. Figure IV -2 is a graphical representation of what the channel
may appear like if there are three phenylalanine residues at the 1M2 6' position. The
pore looks constricted compared to the wild type representation in figure IV-1. This may
explain why the channel is quick to desensitize. The multiple phenylalanine residues in
the channel pore may confer a similar protein conformation to that of the desensitized
state of the receptor and is more stable in this confoimation. In doing so, the time the
receptor stays in the true open state is reduced, leading to desensitization. The multiple
tryptophan residues confer a similar phenotype (figure N -3).
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We have observed and discussed what the three and four Fs in the channel does to
desensitization. These residues appear to shrink the channel pore (figure IV-2), therefore
we could expect that five Fs would do the same. Our investigations have included the
mutant in each of the protein subunits in both the al~2 and al~2y2 GABAA receptor
configurations. These receptors did not yield detectable current. The incorporation of
five Fs at the TM2 6' residue may occlude the channel to prevent the conduction of ions
through the channel. This prevents any attempts to measure GABA-mediated current.
The whole cell patch clamp recording technique cannot determine if mutant receptors
containing five T6'F mutations reach the plasma membrane. However, this is not likely
since the mutation in the glycine al receptor did not have an affect on channel expression
(Shan et al., 2001). Figure IV-4 provides a better understanding of the constriction of the
channel pore with five phenylalanines. The pore is smaller than the model in figure IV-2
and IV-3.
Here, the investigation has focused on the contributions of the subunit
stoichiometery with respect to the T6'F mutation and the ~2 TM2 6' residue on
, picrotoxinsensitivity in the a1~2 configuration. There appears to be no stoichiometric
subunit dependence ofPTX resistance in either the

a1~2

or

al~2y2

GABAA receptors.

The simplest explanation would be that the PTX site is abolished in the receptor with the
inclusion of a phenylalanine at the 6' position. It had been previously thought that the
presence of more threonines than phenylalanine would retain PTX sensitivity. Thisis not
the case. The aromatic ring in the phenylalanine residue may provide steric hindrance in
the channel environment may interfere with picrotoxin.
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To characterize this, additional mutations were incorporated into the (32 subunit in
the a.l (32 configuration. The (32 subunit was chosen due to the presence of three protein
subunits in the receptor. In the a.l(32(T6'L) mutant receptor, high concentrations ofPTX
revealed stimulation of the GABA EC50 mediate current.
a.l (32(T6'F) mutant receptor.

This is similar to the

It is possible that both of these mutations change the

structure of the channel sufficiently to reveal a stimulatory PTX site on the receptor. The
obvious option for the stimulatory site would be at the location of the mutation.
However, this would lead one to reason that if the convulsant is interacting at the channel
site, that ·~it would . lead to inhibition rather than stimulation of the receptor.

This

enhancement may be from an external site from the channel that is revealed. However,
we have not eliminated the possibility that the site is at the protein/lipid junction. The
mechanism of PTX stimulation is revealed by two mutations, a phenylalanine or leucine
in the al and b2 subunits, respectively. An For Y at the TM2 6' position rendered the
channel PTX resistant.

Both of these residues are similar in structure, so this is

reasonable. The final mutations revealed a rank order of PTX sensitivity as follows: S >
T =A> C > W. The similarity between the threonine to alanine could be explained due
to size. The difference between the ·two is a lack of a hydroxyl group on the alanine
residue. Serine, on the other hand, is similar to threonine in that regard, but lacking a
carbon branch in the residue. The serine residue may allow for picrotoxin to interact with .
the site more efficaciously by widening the channel at this site. One critical component
to PTX sensitivity may be the presence of molecules that can provide hydrogen bonds
with the convulsant. Serine and threonine are obvious candidates, due to the hydroxyl
groups. Cysteine can ·form weak hydrogen bonds and this may explain the sensitivity
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seen in these receptors. However, alanine and tryptophan are sensitive to PTX. The
alJ32(T6'W) mutant receptor is weakly sensitive to PTX. If we look at the model of this
receptor (figure IV -3), the inclusion of this residue constricts the pore of the channel
more than the J32(T6'F) mutant in figure IV-2. It is difficult to conceive that the PTX
molecule could interact at its site with this residue here. In this case, there could be a
second site for PTX inhibition that is able to elicit antagonism of the channel and
becomes most apparent with this mutation, and not others. Where this site is remains to
be seen. Our results have shown that mutations at the 6' position will result in profound
effects on channel gating and PTX sensitivity. Separating the two may be difficult and
may ultimately make locating the PTX channel site difficult. Akabas has proposed that
the 2' residue is the site more than the 6' position (Xu et al., 1995). Any alteration of the
1M2 6' residue will affect PTX sensitivity.

Future investigations should combine

mutations at the 2' and 6' position to address the contributions of these residues to PTX
sensitivity.
The glycine receptor is a homomeric channel that is sensitive to PTX. It has been
thought that most of the residues in the GABAA receptor that has been characterized as
"channel-lining" are the same in the glycine receptors. However, the experiments were
not performed. One of these residues is the 1M2 7' position. This residue is conserved
throughout the GABAA and glycine receptor subunits. The influence of this residue on
gating kinetics and PTX sensitivity has not been determined until this report. Beginning
with Das and Dillon's (2005) work, the 1M2 7' position influences channel kinetics and
enhances PTX sensitivity.

In the 5-HT3A receptor, the L7'T mutation increased

activation, deactivation, and PTX sensitivity. The present investigation continued this
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work by introducing similar mutations in the glycine a.l 7' position. In these mutant
receptors, the potency of glycine in these receptors were significantly different (L > T > S
> A).

The al(T7'S) and a.l(T7' A) mutant receptors exhibited decreased agonist

sensitivity, at 242 and 777 ~M, respectively. However, the a.l(T7'S) mutant receptor
was not as reduces as the alanine containing mutant, but was still less sensitive. The
recovery of agonist sensitivity with the serine residue may be explained by the presence
of a hydroxyl group in the amino acid.
These mutations had profound effects on channel gating. At glycine EC 50 values,
the Gly dl(T7L) and a.l(T7' A) mutant receptors activated more slowly than the wild
type (T7'L activated at 1.08 seconds, compared to the wild type 328 ms). The T7'L
mutation indicated that this residue influences gating in the receptor and is a good
example of what caused the slow activation in the 5-HT3A receptor. The slow activation
in the Gly a.l(T7'L) mutant receptor was not exactly the same as that seen in the 5-HT3A
receptor, indicating that there are more residues or structures in the protein that influence
channel gating in the glycine receptors.

The a.l(T7' A) mutant receptor exhibited

complex gating, as the activation crossed the activation of the wild type receptor in direct
comparisons. This suggests that at sub-saturating concentrations of agonist, the receptor
undergoes multiple transitions for the closed to open state. These differences are no
longer apparent at saturating concentrations of glycine, as the wild type and a.l(T7'L)
receptors activate similarly. The a.l(T7'L) mutant maintains a slower activation and
overall kinetics than the wild type receptor.
Picrotoxin sensitivity in these mutations was thought to' be either unaffected or
reduced. The TM2 7' position has not been the focus in PTX sensitivity. The fmdings
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by Das and Dillon (2005) suggest that it affects the PTX site. Our work supports this
finding. Each mutant tested enhanced the PTX sensitivity in the glycine receptor (e.g.,
al(T7'L) and a.l(f7' A)).

These mutations may not provide contacts for PTX

interaction, but may alter the binding site in the channel. In figure IV-5, the model
suggests that the T7'L mutation lies at the protein/aqueous environment boundary. This
may allow for the channel site to become more exposed to PTX and inhibition. Lobo et
al. (2004) confirmed that the Gly a.lTM2 7' position is not water accessible using
SCAM.
lnvconclusion, the PTX site in the channel begins with the TM2 6' position.
Mutations at this residue in the GABAA receptor alter PTX sensitivity, ranging from
resistance to stimulation. The stimulatory aspect of PTX is most likely not within the
channel. Figure IV-6 strongly suggests that if PTX can bind at its site, there will likely
be no channel conductance. Furthermore, the TM2 7' position is influential in forming
this site. Mutations in the Gly a.l TM2 7' position enhance PTX sensitivity. This site
may change the structure of the channel site. Further, these residues have profound
effects on gating kinetics in these receptors. The report provides additional evidence that
the TM2 domain of Cys-loop family of receptors is highly influenced by changes in
amino acid structure.
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Figure IV-1. Open state of the GABAA receptor (containing five threonine residues
at TM2 6'). In this spacefill model of the open state, the GABAA receptor pore is
unobstn.lcfFd. This open pore would allow for chloride ion conduction into the cell.
Model was provided by the Protein Data Bank, based on Unwin's crystallographic data
(Unwin, 2005).
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Figure~-2. GABAA receptor with three phenylalanines at the TM2 6' position. A

graphical representation of the pore domain of the thiee phenylalanine mutant GABAA
receptor. Compared to the wild type pore domain, the channel appears to be constricted

in size. This structure may explain the rapid desensitization seen in the three or more
T6'F mutationS in the GABAA receptor. Further, these obstructions may also impair
PTX from binding to the PTX site.
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Figure IV-3. A proposed model of the GABAA alf32(T6'W) in the open state. The
alf32(T6'W) mutant receptor has altered channel kinetics and is weakly sensitive to PTX.
The size of the channel pore in the open state suggests that PTX may.not reach its site to
inhibit the channel. However, tryptophan's size suggests that PTX may not reach its site
and may inhibit the channel through another, more exterior site.
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Figure IV-4. GABAA al(T6;F)J32(T6'F) or al(T6'F)J32(T6'F)y2(T6'F) ~eceptor, a
channel that does not conduct current. The five phenylalanine model of the GABAA
receptor suggests that the channel may not exit from the closes state if agonist is bound.
Compared to previous models, the five phenylalanines ·constrict the channel, possibly into
a non-conducting conformation. This may explain why these mutants yielded no current.
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Figure IV-5. The Gly al(T7'L) mutant receptor data suggests that the residue does
not line the channel pore. Experimental evidence suggests that the TM2 7' position
does not enter the aqueous environment. However, the residue may contribute to the
protein structure of the channel, allowing for access to PTX to its site and altering
channel kinetics. In this model, the 1M2 7' L lies between the protein and aqueous
boundary within the channel.
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Figure IV-6.

Picrotoxin binding at the channel site iii the Cys-loop family of

receptors. Picrotoxinin (PTXN), a component of PTX, is ·seen here binding within the
channel pore between residues2' and 6' in the second transmembrane domain. Although
these models are static representations of the channel structure, they provide information
as to the size and shape of the channel residues. Here, the 6' residue can contribute
contact points for PTXN binding. Mutations in either the 6' or 7' position could alter
PTX binding in the channel.
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Future diredions
In the present study, we showed that there are multiple determinants of both
gating and PTX sensitivity in GABAA and glycine receptors. Most intriguing are the
receptors that remained PTX sensitivity, including the alf32(f6'W) GABAA mutant
receptor. This mutation should be, at first thought, PTX resistant. However, this was not
the case. Additionally, some receptors were enhanced by PTX at high concentrations.
The enhancement is most likely not from the channel site. Future experiments may focus
on the location of the stimulatory site. The site may not be exclusively a PTX site; rather
it will prt>bably be a universal site for other ligands. The location of this site may be
around the 15' and 17' position, which form a hydrophilic pocket in the protein. This site
may also be a location where other allosteric modulators exert their effects. Further
kinetic investigations should address the role of non-channellining mutations on receptor
function. The Gly al TM2 7' position demonstrates that a non-channel lining residue
can dramatically change the kinetics of a fast activating channel. A systematic analysis
of non-channel lining TM2 domain residues will reveal that these residues provide a
supporting role in mediating function of the Cys-loop family of receptors.
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ABSTRACT

Alkyl-substituted butyrolactones have both inhibitory and stimulatory effects on GABAA
receptors. Lactones with small alkyl substitutions at the a position positively modulate
}
.li:

the channel, while fl-substituted lactones tend to inhibit the GABAA receptor. These

I

compounds mediate inhibition through the picrotoxin (PTX) site of the receptor.

A

distinct binding site that mediates the stimulatory actions of lactones is presumed to exist,
although no definitive evidence to support this claim exists. In the present study, we used
in vivo and in vitro assays to evaluate the effects of the enantiomers of a novel lactone, a-

benzyl-a-methyl-y-butyrolactone (a-BnMeGBL) on the. GABAA receptor.

R-(+)-a- ·

BnMeGBL was 2-fold more potent than the S-(-)-a-BnMeGBL in blocking
pentylenetetrazol-induced seizures in CF-1 mice. The (+)-enantiomer inhibited binding of
TBPS with a higher affinity than the (-)-enantiomer (ICso of 0.68 mM and 1.1 mM,
respectively). Whole cell patch clamp recordings from recombinant a1f32y2 receptors
stably expressed in HEK293 cells demonstrated that both compounds stimulated GABAactivated current. The maximal stimulation was approximately two-fold greater with(+)a-BnMeGBL than that seen with (-)-a-BnMeGBL. Both enantiomers of a-BnMeGBL
directly gated the GABAA receptor at mM concentrations, in a non-stereoselective
manner;

Our data demonstrate the stimulatory actions of a-BnMeGBL on GABAA

receptor function display enantioselectivity, and provide strong evidence for the existence
of a true "lactone site" on the receptor.

. !

.

;.•,
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INTRODUCTION

The y-aminobutyric ·acid-A receptor (GABAAR) is the predominant inhibitory
receptor in the nervous system (Macdonald and Olsen, 1994). The receptor is composed
of protein subunits (a, (3, y,

o, t, p, e, and 1t) (Barnard et al., 1998; Bonnert et al., 1999)

that are arranged in a pentameric conformation (Barnard et al., 1998). Once activated by
the ligand GABA, the protein changes its conformational structure from a closed to an.
open state, allowing

cr ions into the cell.

GABAARs are members of the ligand-gated

ion channel superfamily, which include glycine receptors, 5-HT3 receptors, and the
··~

nicotinic acetylcholine receptors (Ortells and Lunt, 1995). Several classes of compounds
bind to the receptor and influence the channel's action.

These include the

benzodiazepines, steroids, barbiturates, and the convulsant picrotoxin (Revers and
Luddens, 1998).
A novel class of compounds that regulate the GABAA receptor are the ybutyrolactones (GBLs) and the related y-thiobutyrolactones (TBLs). The lactones have
either positive or negative modulatory activity, depending on the substitution
incorporated in the lactone ring. These compounds have been substituted with alkyl
groups (Mathews et al., 1996) and fluorinated groups (Canney et al., 1998).

The

presence of relatively small substituents at the a-position generally results in
anticonvulsant activity and potentiation of GABA-gated

Cr current, whereas lactones

with larger substituents at this position may display convulsant activity (Canney et al.,
1991; Holland et al., 1992). Alkyl substitution at the (3-position results in convulsant
activity and a decrease in GABA-activated current (Klunk et al., 1982b; Holland et al.,
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1990b; Yoon et al., 1993), while unsubstituted y-butyrolactone has no significant effect
on GABA current (Feigenbaum and Howard, 1996).
Following the discovery that lactones competitively inhibit binding of the
picrotoxin-site ligand

eS]-TBPS to the GABAAR (Levine et al., 1985; Holland et al.,
5

1990a), it was concluded that the effects of lactones are due to binding at the picrotoxin
site.

.Convulsant (GABA current inhibiting) . or anti-convulsant (GABA current

enhancing) activity was presumed to be due the ability of lactones to act as either positive
or negative modulators, respectively, of the picrotoxin site (Holland et .al., 1990a).
Subsequtmt studies led to the belief that the inhibitory effects of the lactones are in fact
. due to an interaction at the picrotoxin site (Yoon et al., 1993; Williams et al., 1997), but
that the positive modulatory actions ~e due to action at a "lactone site" (Holland et al.,
1995; Williams et al., 1997) . .
Whether or not a true lactone binding site exists on the GABAAR is unknown. It
1s possible, for example, that the GABA current-enhancing effects of lactones are
secondary to relatively non-selective alterations of the local physio-chemical
environment, which could subsequently influence GABAAR activity. One approach to
provide evidence of a ligand binding site is demonstration of enantioselective preference.
Enantiomers are non-superimposible mirror images of optically active molecules (i.e.,
compounds with at least one chiral center).

They have identical physio-chemical

properties, and thus any effects of them due to alterations of membrane lipids would be
identical (Arnett et al., 1982; Guyer et al., 1983; Mannock et al., 2003; Westover et al.,
2003).

Targets that display an enantioselective preference are thus likely to have a

specific binding site for the parent molecule. GABAARs have been shown to display
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enantioselective interactions with several compounds.

These include the volatile

anesthetics halothane (Harris et al., 1998) and isoflurane (Hall et al., 1994), barbiturates
(Rho et al., 1996) and neurosteroids (Covey et al., 2001).
To more definitively evaluate the possibility that a lactone binding site exists ·on
the GABAAR, we have synthesized enantiomers of a novel butyrolactone, a.-benzyl-a.methyl-y-butyrolactone (a.-BnMeGBL), and studied its actions using in vitro and in vivo
approaches. Our results demonstrate that a.-BnMeGBL enantioselectively interacts with
GAB AA receptors, and provide the strongest evidence to date in support of the existence
of a lactdne binding site on GABAARs.
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METHODS
Chemicals. a.-BnMeGBL enantiomers and racemic solutions were made from a
1M DMSO stock and diluted in 5 J!M GABA in normal saline. The final DMSO
concentrations in the test solutions were less than 0.3% (v/v).

eS]1BPS was obtained
5

from New England Nuclear (Boston).
Synthesis of Racemic a.-BnMeGBL.
General Methods. Unless otherwise noted, the starting materials were obtained
from commercial suppliers and used without further purification.

Dichloromethane ·

(CH2Ch)' was distilled over calcium hydride. Hexamethylphosphoramide (HMPA) was
dried over activated 13X molecular sieves. Tetrahydrofuran (TI-IF) was distilled over
sodium-benzophenone. A Varian model3700 or 3400 CX gas chromatograph equipped
with a glass column (0.25 in. i.d., 6 ft length) packed with 15 SP2401 on 80/100 mesh
Supelcoport (Supelco, Inc.) was utilized to monitor the progress of the reactions and to
assess the purity of the products. Solvents used for extractions were dried over either
Na2S04 or MgS04 , filtered, and removed on a rotary evaporator.

Thin-layer

chromatography was performed on 250 J.tm Analtech silica gel plates containing a
fluorescent indicator.

Flash chromatography was carried out by using Scientific

Adsorbents, Inc. 40 J.tm silica gel.

Bulb-to-bulb distillations were performed on an

Aldrich Kugelrohr apparatus. Melting points were determined with either a ThomasHoover capillary or Kofler-type micro hot stage apparatus and are uncorrected.

IR

spectra were obtained with Perkin-Elmer 1710 FT-IR instrument as thin films on NaCl
plate, and NMR spectra eH NMR and 13 C) were recorded in CDC~) solutions on a Varian
Gemini-300 spectrometer. Chemical shifts are expressed in parts per million (b) relative
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to tetramethylsilane as an internal standard. Elemental analyses were performed at M-HW laboratories in Phoenix, AZ.
Racemic a-BnMeGBL was prepared by benzylation of a-methyl-y-butyrolactone.
A solution of a-methyl-y-butyrolactone (10.0 g, 100 mmol) in THF (15 mL) was added
slowly (ca. 15 min) to a solution of lithium diisopropylamine (LDA) [prepared from
diisopropylamine (21.0 mL, 150 mmol) and n-butyllithium in hexanes (2.5 M, 57.2 mL,
143 mmo1)] in THF (175 mL) at 0

oc in a N 2 atmosphere, and the mixture was stirred for

30 min. The temperature was then decreased to -78 °C, and a solution of benzyl bromide
(26.9 g; 157 mmol) in THF (10 mL) and HMPA (15 mL, 86.6 mmol) was added over a
period of 10 min. After 2 h at -78 °C, the reaction mixture was allowed to warm to room
temperature (ca. 3 h), and stirring was continued overnight (ca. 11 h). The reaction was
quenched by addition of HCl (3 N, 200 mL) at 0 °C. The. layers were separated, the
aqueous phase was further extracted with diethyl ether (3 x 75 mL), and the combined
organic extract was washed with 100 mL portions of water, saturated NaHC03, water,
and brine. Removal of the solvent gave 27.7 g of pale yellow colored viscous residue,
which upon flash chromatography over silica gel (EtOAo-hexanes, 1:9) followed by
bulb-to-bulb distillation (pot temperature 125-130

oc

(0.4

min

Hg)], afforded the

previously described (Jakovac and Jones, 1979) a-BnMeGBL (17.6 g, 92%) as a
colorless solid: mp: 55-56 °C (from diethyl ether-pentane at -5 °C); IR 1762 (C=O),
1604 cm·1 (C=C); 1H NMR 87.33-7.18 (m, 5, PhH), 4.15-4.07 (m, 1, diastereotopic H of
H-5), 3.78-3.71 (m, 1, diastereotopic H ofH-5), 3.04 (d, 1, J= 13.4 Hz, diastereotopic H .
of CH2Ph), 2.74 (d, 1, J = 13.4 Hz, diastereotopic H of CH2Ph), 2.33-2.24 (m, 1,
13

diastereotopic H ofH-4), 1.98-1.89 (m, 1, diastereotopic H ofH-4), 1.30 (s, 3, CH3); C
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NMR 8181.71, 136.67, 129.93, 128.39, 126.94, 64.98, 43.84, 43.37, 33.27, 23.60. Anal.
Calcd for C12Ht402: C, 75.76; H, 7.42. Found: C, 75.61; H, 7.50.
Separation of Racemic a-BnMeGBL into (+) and (·) Enantiomers.

The

racemic a-BnMeGBL was reacted with S-(-)-a-methylbenzylamine using an established
literature procedure to obtain a 65% yield of a mixture of the diastereomeric ring opened
y-hydroxyamides (Bigg and Lesimple, 1992). The diastereomers were separated by
column chromatography using hexanes/ethyl acetate (1 :4) as solvents.
diastereomer was obtained as white crystals.

Each pure

Each pure diastereomer was then

hydrol}'ZJd with 1 N H2S04 in refluxing ethylene glycol to give the y-hydroxyacids
which lactonized in situ to give pure(+)- and (-)-a-BnMeGBL in 96% yields. The(+)a-BnMeGBL had [a]o = (+) 60 and the (-)-a-BnMeGBL had [a.] 0 =(-)59.
Assignment of R and S Absolute Configurations to the (+) and (-)
Enantiomers. The S absolute configuration for the chiral center in the (+) enantiomer
was established by the following reaction sequences. The (+)-BnMeGBL was reduced
with diisobutylaluminum hydride to give 2-benzyl-2-methyl-1,4-butanediol which had
[a] 0

= (+) 4.1.

An authentic sample of (S)-n-butyl 2-benzyl-2-methyl-3-

benzoylpropionate was then prepared according to a literature procedure (Meyers, et al.,
1990). The benzoyl group of this ketoester was then oxidized with sodium perborate in
refluxing trifluoroacetic acid to a phenyl ester group yielding (S)-2-benzyl-2methylsuccinic acid phenyl ester, n.;butyl ester. Reduction of this diester with lithium
aluminum hydride gave (S)-2-benzyl-2-methyl-1,4-butandiol which had [a]o = (+) 3.2.
Since the same diol when obtained from the (+)-a-BnMeGBL also had a positive optical
rotation, (+)-a-BnMeGBL is established as (S)-(+)-a-BnMeGBL.

'·
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Cloned GABAA Receptors. Human embryonic kidney cells stably transfected
with rat a1 ~2y7 GABAA receptors were studied in this investigation. Cells expressing
these receptors were generously supplied by Pharmacia (Kalamazoo, Ml). Preparation
and culture of these cells has been previously described in detail (Hamilton et al., 1993).
Radioligand Binding. Competitive radioligand binding studies were conducted
as described pr~viously (Levine et al., 1985). Briefly, Sprague-Dawley male rats were
dissected and their cerebral hemispheres were isolated. · Membrane fractions were made
and stored at -70° until time of experiment. At the time of experiment, fractions were
resuspended with a Polytron and protein concentration was determined.

The assay

consisted of 100 Jll of tissue homogenate with 50 J.1l C5S]-TBPS (2 nM) in 1M NaBr and

/·

50 J.1l Tris-citrate buffer (pH 7.5 at 0°) containing eitl_ler no additive or varying
concentrations of either enantiomer of a-BnMeGBL. The samples were incubated at
25°C for 90 min., followed by dilution with 3 ml 0.9% NaCl. Samples were filtered
through Whatman GFIB microfiber filter discs with slight vacuum applied and washed
twice with 3 ml 0.9% NaCL Radioactivity was determined using conventional liquidscintillation counting. Non-specific binding was characterized with unlabeled 10 J.1M
TBPS and was subtracted to compute specific binding. a-BnMeGBL concentration0

response data were fitted to the equation Illmax= [a-BnMeGBLt/([a-BnMeGBL] +
IC50°), where I is the degree of inhibition ofC 5S]-TBPS binding at a given concentration
of a-BnMeGBL, Imax is maximal inhibition observed with a.-BnMeOBL, ICso is the halfmaximal effective concentration of a-BnMeGBL, and n is the Hill coefficient.
PTZ Convulsant Assay.

A pentylenetetrazole (PTZ) convulsant assay was

performed using female CF-1 mice (Canney et al., 1991). All procedures were performed
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in accordance with the National Institutes of Health Guide for Care and Use of
Laboratory Animals. Seizures were induced with PTZ (8S mg/kg) dissolved in 0.9%
NaCl. (+)-a-BnMeGB:L(-)-a-BnMeGBL or a racemic mixture was dissolved in varying
concentrations of 30% polyethylene glycol and a volume of 0.01 mL/g body weight was
administered via intraperitoneal injection 30 min. before the PTZ injection. Mice were
monitored for seizure activity for up to 30 min. after PTZ administration. Protection
from PTZ-induced seizures was defmed as an absence of convulsions with application of
test compound. Ability of either enantiomer of a-BnMeGBL to block PTZ-induced
seizures was recorded at the observed concentration. The experimental data pooled from
two independent experiments for each tested drug were described as dose- response
curves together with 9S% confidence intervals by fitting them into Hill equation using
non-linear curve fit procedures (R~0.949) (Sigma Plot 2000, SPSS, Chicago, IL). The

EDso, defined as drug concentrations affording SO% protection, were determined
numerically (Calculation Center, Wolfram Research Champaign, IL). The 9S%
confidence intervals for ED 50 were determined graphically by reading off the graph the
minimum and maximum drug concentrations offering SO% protection With 9S%
confidence (dose-response curve confidence intervals at SO% response).
Electrophysiology. The whole-cell patch clamp technique was used to record

GABA-induced

cr

currents.

Patch pipettes of borosilicate glass (IB1SOF, World

Precision Instruments, Inc., Sarasota, FL) were pulled (Flaming/Brown, P-87/PC, Sutter
Instrument Co., Novato, CA) to a tip resistance of 1-2.S MQ when filled with the
following pipette solution (in mM): 140 CsCl, 10 EGTA, 10 HEPES, 4 Mg-ATP; pH 7.2.
Coverslips containing cultured cells were placed in a small chamber (,.., 1.S ml) on the

- 18S-

··"'

stage of an inverted light microscope (Olympus IMT-2) and superfused continuously (5-8
mVmin) with the following external solution containing (in mM): 125 NaCl, 5.5 KCl, 0.8
MgCh, 3.0 CaCh, 20 HEPES; 10 D-glucose, pH 7.3. GABA-induced

cr currents were

obtained using an Axoclamp 200A amplifier (Axon Instruments, Foster City, CA)
equipped with a CV-4 headstage. GABA currents were low-pass filtered at 5 kHz,
monitored on an oscilloscope and a chart recorder (Gould TA240), and stored on a
computer (pClamp 6.0, Axon Instruments) for subsequent analysis.

Initial patch

characteristics were used as reference throughout the experiment. If a change in access
resistan~

was observed during the recording period, the patch was aborted and the data

was not included in the analysis. All recordings were collected at room temperature with
cells voltage-clamped at -60 mV.
Experimental Protocol. Modulatory effects of a.-BnMeGBL enantiomers were

assessed using an EC2o concentration (5 f.LM) of GABA. GABA with or without a.BnMeGBL was prepared in the extracellular solution and applied (10 s) to each cell by
gravity flow using a Y -shaped tube positioned adjacent to the cell. Control responses ·
were established by observing two consecutive GABA-induced currents that varied in
amplitude by no more than ± 10%. After establishing the control, effects of lactones at
varying concentrations were determined. Recovery from the lactones was often fully
obtained, thus a complete concentration-response profile could generally be obtained
from a single cell. In experiments where the ability of a.-BnMeGBL enantiomers to
directly activate the GABAAR was determined, 3 mM a.-BnMeGBL was used.
Concentration-response profiles for the positive modulatory actions of lactones were
generated (Origin 5.0, Microcal, Inc.) using the equation Iflmax= [a.-BnMeGBLt/([a.-
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0

BnMeGBL] + EC5o ), where I is normalized current amplitude at a given concentration
of a-BnMeGBL, Imax is the maximum GABA current induced by a-BnMeGBL, ECso is
the half-maximal effective concentration of a-BnMeGBL, and n is the Hill coefficient.
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RESULTS
Influence of a.-BnMeGBL enantiomers on

eS)TBPS binding.
5

The lactone

class of compounds has been shown previously to bind at or near the site of action of
convulsants, particularly TBPS and picrotoxin (Canney et al., 1991). The binding affinity
for this class of compoWtds to the convulsants site ranges from low micromolar to
millimolar dissociation constants (Canney et al., 1991; Holland et al.; 1993). Thus we
investigated the ability of a.-BnMeGBL isomers to inhibit C5S]TBPS binding to GABAA
receptors in isolated rat cerebral cortical membranes.

C5S]TBPS
displace

(+)-a.-BnMeGBL displaced

with an ICso of 0.68 mM ± 0.01 mM. The ability of (-)-a.-BnMeGBL to

C5S]TBPS

was less (ICso

= 1.1

± 0.01 mM) that that seen with the (+)

enantiomer. Compared to a.-IMGBL, the (+)-isomer of a.-BnMeGBL displayed higher
affinity (Holland et al., 1993). Holland et al. (1993) demonstrated that alkyl-substituted
y-butyrolactones do not compete for the TBPS site. These lactones act at a distinct,
allosteric site that increases the dissociation rate of the radio ligand. a.-BnMeGBL may
interact with the receptor in a similar fashion to inhibit TBPS binding.
Anticonvulsant activity of a.-BnMeGBL enantiomers. y-Butyrolactones have
been characterized .as convulsant or anticonvulsant, depending in large part on the
location of the substituent on the lactone ring (Klunk et al., 1982a; Klunk et al., 1982b;
Canney et al., 1991). Whether or not an enantioselective effect of the anticonvulsant
actions ofy-butyrolactones exists has never been studied. We thus tested the hypothesis
that a.-BnMeGBL would protect against PTZ-induced convulsions, and if this protection
might be enantioselective. Both enantiomers of a.-BnMeGBL and the racemic mixture
inhibited PTZ-induced convulsions. A clear enantioselective effect was observed, as the
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potency of the (+)-a-BnMeGBL was more than 2-fold greater than that observed with (-)a-BnMeGBL (Table 1).
Effects of a-BnMeGBL enantiomers on GADA-activated

cr current.

If the

anticonvulsant effects of a-BnMeGBL are due to their interaction with GABAARs, the
above results suggest a-BnMeGBL should also modulate GABA-gated currents in an
enantioselective manner. We thus evaluated the actions of (+)-a-BnMeGBL and (-)-aBnMeGBL on GABA-activated currents recorded from HEK293 cells stably expressing
al~2y2 GABAARS.

(+)-a-BnMeGBL facilitated GABA current in a concentration-

'

dependent manner (Fig. 2A).
Maximal enhancement of
GABA current was roughly 2.5.
.
fold of the control, and occurred at 2 mM (+)-a-BnMeGBL.

The EC50 and Hill

coefficient were estimated to be 0.5 ± 0.08 mM and 1.3 ± 0.25, respectively. At the
highest concei_ltrations (at and above l mM), enhancement of current decay became
apparent.
(-)-a-BnMeGBL also enhanced GABA-gated current in al~2y2 receptors (Fig.
2B). Although the apparent affmity of the negative enantiomer (EC50

= 0.22 ± 0.02 J.tM)

was higher than that of (+)-a-BnMeGBL, it had roughly 50% of the efficacy observed
with the(+) enantiomer. As seen with the(+) enantiomer, high concentrations of(-)-aBnMeGBL elicited enhancement of current decay (Fig. 2B, traces at 2 and 3 mM). It
should be noted that the presence of both inhibitory and direct activating effects of
Iactones at high concentrations (below) make accurate determination of ECso and Hill
coefficient values difficult. Nevertheless, the estimated values do provide some useful
comparative value. The enantioselectivity seen with both anticonvulsant actions and
GABA current-enhancing actions strongly supports the existence of a lactone binding site
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on the GABAA receptor. Table 1 summarizes the data for b~ding, convulsant and patchclamp experiments.
J

a-BnMeGBL directly activates the GABAA receptor. Barbiturates and other
anesthetics, in addition to allosterically modulating the GABAAR, can also directly
activate the channel (Rho et al., 1996; Krasowski et al., 1998). The ability of ybutyrolactone compounds to directly activate the GABAAR has not been fully explored.
We thus evaluated whether enantiomers of a-BnMeGBL could directly open a.1J32y2
GABAARs. As shown in Figure 3, high concentrations (3 mM) of each enantiomer
resulted in GABAAR activation. ·The direct activating effect was relatively modest, i.e.,
about 30% of the amplitude of the response seen with application of 5
(GABA EC20).

J.1M

GABA

Due to solubility considerations, we did not evaluate direct activating

effects of a-BnMeGBL at higher concentrations. At a concentration of 3 mM, however,
where a clear enantioselective effect was seen for modulatory effects of GABAAR
activity, no enantioselective effect was observed for direct activating effects of aBnMeGBL.
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DISCUSSION

Despite extensive study, definitive evidence for the existence of a lactone binding
sittr on the GABAAR has proven to be elusive.

Whereas early studies led to the

conclusion that both positive modulatory (GABA current enhancing) and negative
modulatory (GABA current inhibiting) actions of the lactone compounds were due to an
interaction at the picrotoxin site of the receptor (Holland et al., 1991 ), subsequent work
led to the suggesti9n that positive modulatory actions of lactones resulted from
modulation of a novel site (Yoon et al., 1993; Holland et al., 1995).

The fact that both

GABA current stimulatory and inhibitory effects of lactones are not due to differential
modulation of a single site is best supported by the results of Williams et al. (1997).
They showed that the ability of convulsant lactones to inhibit GABA-activated current
was abolished by a mutation known to also abolish sensitivity to picrotoxin. However,
the GABA current-enhancing effects of lactones could not be abolished by this mutation.
While the results of Williams et al. are consistent with the suggestion that a lactone
binding site is present on the GABAAR, alternative explanations are not precluded. Thus,
the conclusion that a true lactone site exists on the receptor requires additional
verification. Results of the present studies provide additional evidence in support of this
conClusion.
Effects of a-BnMeGBL are similar to other a-substituted lactones. The
actions of the novel butyrolactone · a-BnMeGBL were evaluated using both in vivo
(anticonvulsant) and in vitro (whole cell patch clamp recording, radioligand binding)
assays. Its ability to protect against pentylenetetrazole-induced seizures and to enhance
GABA-activated cr currents is comparable to that seen with other a-substituted lactones
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(Canney et al., 1~91 ). a-BnMeGBL also inhibited binding of the picrotoxin site ligand

e
5

S]TBPS. Like with other a-substituted lactones, displacement of

e
5

S]TBPS requires

much higher concentrations than necessary with P-substituted lactones (Canney et al.,
1991).
At higher concentrations of a-BnMeGBL (above 1 mM), inhibition of GABAactivated current became apparent. This effect, which has also been observed for other
· a-substituted lactones (Williams et al., 1997), can be explained by several possibilities.
Our radioligand binding studies demonstrate that a-BnMeGBL inhibits

e
5

S]TBPS with

ICso values near 1 mM. Thus, an obvious possibility is that the inhibition could reflect
effects due to binding at the convulsant site predominating over effects due to binding at
the positive modulatory lactone site. Alternatively, as noted by Williams et al. (1997),
the decrease in GABA current induced by a-BnMeGBL may be due to its facilitation of
entry into the desensitized state. Finally, the existence of another low affinity inhibitory
site for lactones cannot be ruled out. Williams et al. (1997) found that GABAA receptors
expressing a mutation that rendered them insensitive to the inhibitory effects of J.1M PEMTBL were still inhibited by higher concentrations (mM) of P-EMTBL.
Enantioselectivity of a-BnMeGBL.

Although in the present studies we have

characterized a novel anticonvulsant lactone, the major goal of this research was to
evaluate whether enantiomers of this lactone had differential anticonvulsant and
GABAAR modulating properties.

Because enantioselective preference is typically

considered to be evidence of a specific ligand-protein interaction (Bahr and Parsons,
1986; Bertucci et al., 1997), assessment of this trait is a useful approach for evaluating
whether a binding site for

a particular molecule exists on a particular receptor.
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Our data

support the contention that a distinct binding site exists on the GABAAR that accounts for
the positive modulatory actions of butyrolactones (and presumably thiobutyrolactones).
The R-(+) enantiomer of a-BnMeGBL had a two-fold larger facilitative effect on GABAactivated cr currents than the S-(-) enantiomer. These positive modulatory effects of aBnMeGBL at the GABAAR likely underlie its anticonvulsant activity, as R-(+)-aBnMeGBL was also two-fold more potent than S-(-)-aBnMeGBL in protecting animals
from pentylenetetrazole-induced seizures. The fact that the degree of enantioselectivity
was the same in both the anticonvulsant and patch clamp assays confirms the significance
of the' stereoselective effect.

Although the overall magnitude of enantioselective

preference appears relatively modest, this degree of enantioselectivity has been reported
for

oth~r

molecules, and does result in distinct functional effects (Hall et al., 1994;

Cordato et al., 1999; Covey et al., 2000).
Direct activation of GABAARs by a-BnMeGBL. In addition to allosterically
modulating GABA-activated current, we demonstrate that a-BnMeGBL can also directly
activate the al ~2y2 GABAA receptor. Several butyrolactones and thiobutyrolactones
have been tested for direct receptor activating effects, at concentrations from 1-10 mM,
and they have not shown this characteristic (Holland et al., 1990a; Mathews et al., 1996).
Because of solubility issues we did not determine the maximal efficacy for the direct
gating effects of a-BnMeGBL, and thus could also not fully assess if enantioselectivity
for this effect existed. At 3 mM, the(+) and(-) enantiomers of a-BnMeGBL activated a
current less than one-third the amplitude of current generated in response to 5 f.1M GABA
(the EC 20 concentration in a1~2y2 receptors). Thus, compared to other ligands that
directly activate the receptor, the efficacy of a-BnMeGBL for direct channel activation
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may be modest (Rho et al., 1996; Gonzales et al., 2001). Considering that other lactones
previously reported not to directly activate the receptor had smaller alkyl substituents
than those present in a.-BnMeGBL, the presence of a bulky side chain may be crucial in
altering the GABAA receptor structure in the closed state. Size and orientation of side
chain alkyl substitutions influence efficacy of direct activation of GABAARs by
barbiturates, most noticeably between pentobarbital and isobarbital (Gonzales et al.,
2001).

Whether or not the direct activation effects of barbiturates and a.-BnMeGBL

occurs through a similar domain of the receptor remains to be determined.
,, The results of the present study provide further evidence that positive modulatory
actions of butyrolactones and thiobutyrolactones are due to interaction with a distinct
protein binding site. Although we presume the binding site is located on the GABAA
receptor itself, the possibility that lactones may be binding to an associated protein that .
regulates· GABAA receptor function cannot be dismissed. Distinguishing between these
two possibilities will require additional studies.
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Table Al. Effects of a.-BENZYL-a.-METHYL-y-BUTYROLACTONE on seizure
activity, 35 [S)TBPS displacement and GADA-gated Cr current.
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Compound

Anticonvulsant potency •

35

(S)TBPS

displacementb

GADA current
potentiation'

(+)-a-BnMeGBL

65 (53-84)

0.68 ± 0.01

149±32%

(-)-a-BnMeGBL

158 (97-250)

1.1 ±0.01

80± 8.7%

(±)-a-BnMeGBL

65 (50-90)

0.92 ±0.01

ND

ED5o (mg/kg) against PTZ-induced seizures, 95% confidence interval in parentheses, n
= 6-12 for each compound. Doses tested were 0, 25, 50, 100, 200 mg/kg for(+), 0, 25,
50, 100, 200, and 300 mg/kg for(-), and 20, 25, 40, 50, 80, 100, 200, and 250 mg/kg
for(±).
35
b mean IC 50 to inhibit
(S]TBPS binding in cerebral cortex of rat; errors are SEM for
duplicate experiments run in triplicate.
c maximal stimulation above control of GABA (5 J.LM) current recorded from HEK293
cells expressing rat a.1P2y2 GABAA receptors; n = 5.
a
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Figure At. Structure of a-benzyl-methyl-y-butyrolactone enantiomers.
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Figure A2.
BnMeGBL.

Enantioselective modulation of GADA-activated cr current by aAa.

Typical response of GABA-activated currents to increasing

concentrations of (+)-a-BnMeGBL. Currents were ~ecorded from rat alf32y2 receptors
expressed in HEK293 cells.

(+)-a-BnMeGBL caused current enhancement up to a

concedtration of 2 mM, then facilitated current decay. Ab. Mean results illustrating the
effects of (+)-a-BnMeGBL. Current amplitude was maximally increased roughly 2.5
fold compared to the control. Concentration-response analysis yielded an EC 50 of 0.5 ±
0.08 mM, and a Hill coefficient of 1.3 ± 0.25. The data point recorded at the highest
concentration of (+)-a-BnMeGBL was not included in the curve fitting analysis due to
the onset of current inhibition. Ba. Typical response of GABA-activated currents to
increasing concentrations of(-)-a-BnMeGBL. Whereas (-)-a-BnMeGBL also facilitated
GABA-gated current, the magnitude of enhancement was approximately 50% of that
observed with the(+) enantiomer. (-)-a-BnMeGBL also displayed a biphasic effect, as
current decay was enhanced at concentrations above 1 mM. Bb. Mean results illustrating ·
the effects of (-)-a-BnMeGBL. n = a minimum of 4 cells tested at each concentration for
both enantiomets. Calibration bars represent current amplitude in: picoamperes and time
..

in seconds.
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Figure A3.

Dir~ct

activation of GABAA receptors by a.-BnMeGBL. A. Initial trace is

response to application of 5 ).1M GABA. Subsequent traces demonstrate the response to
each enantiomer when applied in the absence of GABA.

Application of either

enantiomer of a-BnMeGBL (3 mM) resulted in opening of GABAA receptors.
results from above experiments (n

B. Mean

= 3 cells for each enantiomer). The direct channel

activating effects were the same for both enantiomers, and the magnitude of resulting
currents was modest when compared to the response to 5 ).LM GABA (EC2o
concentration).
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