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Summary
The presence of phenylalanine (F) at the 6′ position of transmembrane domain 2 (TM2) in the α4
subunit of α4β2 nicotinic receptors enhances desensitization. As the GABAA receptor affords the
ability to study the influence of as few as one and as many as five Fs at this position, we have used
it to investigate potential subunit- and stoichiometry-dependent effects of the TM2 6′F mutation on
desensitization. Whereas the presence of one F at this position decreased extent of desensitization,
desensitization was increased in all configurations that included two or more Fs at the TM2 6′
position; desensitization was particularly rapid with 3 or 4 F residues present. Our results demonstrate
the ability of phenylalanine residues at the TM2 6′ position to modulate desensitization is likely
conserved in the cys-loop family of ligand-gated ion channels. Moreover, our findings demonstrate
both stoichiometric-and subunit-dependent effects of the ability of this mutation to regulate
desensitization in GABAA receptors.
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Introduction
The GABAA receptor is a member of the cys-loop ligand-gated ion channel superfamily, and
is the major inhibitory ion channel in the central nervous system. Each subunit of the pentameric
receptor has four transmembrane domains, and the second transmembrane domain (TM2) lines
the channel pore [4]. The receptor is encoded by numerous isoforms of multiple subunits; this
allows for formation of many receptor subtypes, the α1β2γ2 subtype being the most prevalent
[9].

Residues in the TM2 domain are known to influence channel desensitization kinetics. Of
particular relevance to this investigation is the finding that autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE) is caused by a genetic mutation of the TM2 6′ residue (S →
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F) in the nicotinic α4 subunit [15]. This mutation results in enhanced desensitization kinetics
[3,16].

The degree to which the presence of F at the TM2 6′ position affects other members of the cys-
loop superfamily has not been assessed. In the present study, we tested the hypothesis that the
introduction of F at the TM2 6′ position affects desensitization of GABAA receptors. Moreover,
as the GABAA receptor can be manipulated to express anywhere from zero to five
phenylalanines at this position, we tested whether effects of the TM2 6′ F mutation are subunit-
and/or stoichiometry-dependent.

Materials and methods
Site-directed mutagenesis and transient transfection

Rat isoforms of the α1, β2, and γ2 (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 to phenylalanine (Quikchange, Stratagene). Mutated cDNA was
confirmed by sequencing (Core Facility, Texas Tech University). Transient transfection was
performed in human embryonic kidney cells (HEK 293T) plated on poly-L-lysine treated 25
mm coverslips. GABAA α1β2 and α1β2γ2 receptors were transfected at a cDNA ratio of 1:1
or 1:1:5 μg per subunit, respectively, using the modified calcium phosphate precipitation
method [6]. Electrophysiological experiments were performed 24–48 hours after transfection.

Electrophysiology
Glass pipettes were pulled from thick walled borosilicate glass using a horizontal pipette puller
(Sutter Instruments P-87, Novato, CA). Pipettes were filled with intracellular recording
solution consisting of (in mM): CsCl (140), Mg2+-ATP (4), EGTA (10), HEPES-Na+ (10), pH
7.2. Coverslips were transferred to a recording chamber for electrophysiological recording and
were perfused with extracellular recording solution containing (in mM): NaCl (125), HEPES-
Na+ (20), KCl (5.5), MgCl2 (0.8), CaCl2 (3), glucose (10), pH 7.3. Whole-cell patch clamp
currents were recorded using an Axopatch 200A amplifier (Axon 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). When a change in access resistance was noted, the recording
was aborted. Each experiment was conducted at room temperature and at a holding potential
of −60 mV.

Experimental protocol
GABA was dissolved in external recording solution and applied to patched cells using a
modified Y-tube placed within 100μm of the target cell. Using this system, the 10–90% rise
time of the junction potential at the open tip averages 30 ms [10]. To study desensitization, we
utilized a saturating concentration of GABA, which was applied for 5 sec to the cell under
study.

Chemicals
GABA was obtained from Sigma (St. Louis, MO, USA). GABA was dissolved into ultrapure
H20.

Gonzales et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Data analysis
Concentration-response profiles for GABA were analyzed and an EC50 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 half-maximal
concentration, and n is the Hill coefficient.

Effect of the TM2 T6′F mutant on desensitization was quantified by measuring both rate and
extent of desensitization. Desensitization rate was determined by fitting decaying currents with
bi-exponential function, using the following equation:

equation 2

where It = current amplitude t seconds after the peak response, A1 is amplitude at start of first
phase, A2 is amplitude at start of 2nd phase, t is time, t is time constant, and y0 is plateau current
level

Extent of desensitization was determined using the formula %D = 100 × (Ipeak−It)/It, where
Ipeak is the current at the peak response, and It is the residual current remaining either 0.5 or 5
sec following continuous ligand application.

Structural modeling
The second transmembrane domains of the GABAAR channel were aligned with the nicotinic
acetylcholine receptor TM2 domain backbone (PDB accession code 1EQ8) determined by
NMR spectroscopy [13]. The model was constructed using Pymol [8]. The 6′ residues were
rendered in space-fill mode, while ribbons represent the remaining TM2 domain residues,
viewed from the extracellular side of the membrane. A threonine replaced the 6′ serine residue
in each of the TM2 domains. Phenylalanines replaced threonines in the subsequent models in
three and five subunits.

Results
Influence of the T6′F mutant on GABA sensitivity

In α1β2 receptors, the presence of phenylalanine in the β2 subunit (α1β2(T6′F) receptors)
resulted in a two- fold shift in GABA EC50. In contrast, its presence in the α1 subunit (α1(T6′
F)β2 receptors) had no effect on GABA sensitivity (Table 1). We attempted to also assess α1
(T6′F)β2(T6′F) receptors, but could not reliably detect GABA-gated current up to a GABA
concentration of 1 mM.

GABA EC50 values for all α1β2γ2 receptor combinations studied are shown in Table 1. In
contrast to what was observed in α1β2 receptors, the presence of F at the 6′ position in the β2
subunit of α1β2γ2 receptors did not shift the EC50. Instead, a two-fold decrease in agonist
sensitivity was observed with the 6′F present in the α1 subunit. As in α1β2 receptors, no GABA
current was detected when five phenylalanines (α1(T6′F) β2(T6′F)γ2(T6′F) receptors) were
present at the 6′ position.
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Effect of the TM2 T6′F mutation on desensitization in α1(T6′F)β2 and α1β2(T6′F) GABAA
receptors

Extent of desensitization at 0.5 sec and 5 sec, rate(s) of desensitization (τ), and the relative
weight of observed time constants were determined. In wild type α1β2 receptors, current
amplitude decayed to 8 ± 1.4 and 43 ± 3.8%, at 0.5 and 5 sec of GABA application, respectively.
Decaying currents could be best fitted with a bi-exponential function, with the slower time
constant contributing only minimally to the overall decrease in current decay. In α1β2
receptors, the introduction of the TM2 6′ F mutant in both theα1(T6′F)β2 and α1β2(T6′F)
receptor promoted enhanced desensitization in response to application of an EC50
concentration of GABA (Fig. 1). In α1β2(T6′F) receptors, the fast decay time constant was
significantly more rapid, and its relative contribution to the rate of current decay was
dramatically increased in these receptors (Fig. 1A, Table 2). Correspondingly, desensitization
extent was significantly increased at both 0.5 and 5 sec, respectively. Similar results were found
in receptors expressing the mutant F residue in the α1 subunit (α1(T6′F)β2 receptors).

Stoichiometric assessment of the effect of the TM2 T6′F mutation on desensitization in
α1β2γ2 GABAA receptors

To gain a better understanding of stoichiometry-dependent effects of the TM2 6′F mutation on
desensitization, we assessed this trait in αβγ-containing receptors with the mutant F expressed
in one or more subunits. The following receptors were assessed: α1β2γ2, α1(T6′F)β2γ2, α1β2
(T6′F)γ2, α1β2γ2(T6′F), α1(T6′F)β2(T6′F)γ2, and α1(T6′F)β2γ2(T6′F). In wild type receptors,
current amplitude decreased to 11 ± 2.9 and 43 ± 8.7%, at 0.5 and 5 sec of GABA application,
respectively, and decaying currents could be fit well with a bi-exponential function (Fig. 1B,
Table 2). As in α1β2 receptors, the contribution of the rapid component of desensitization was
minimal in wild type α1β2γ2 receptors. Compared to the wild type configuration, more
extensive desensitization was observed at 0.5 sec in both mutant configurations expressing 2
Fs at the 6′ position (α1(T6′F)β2γ2, α1β2(T6′F)γ2). The rapid time constant and/or the relative
contribution of the rapid time constant was also enhanced in these receptors. There was a larger
effect on both the ratio of the rapid to slow time constant and desensitization extent at 0.5 s in
α1(T6′F)β2γ2 compared to α1β2(T6′F)γ2(p<0.01 in both cases, Table 2.). In α1β2γ2 receptors
expressing 3 or 4 F residues, both the rate and extent of desensitization were particularly
enhanced. Interestingly, the introduction of a single F (α1β2γ2 (T6′F) receptors) slowed
desensitization. Figure 2 demonstrates the relationship between the number of TM2 6′ Fs and
desensitization parameters. A linear correlation could not be observed; instead, there appears
to be a threshold for rapid desensitization (2 Fs), and it is further enhanced equally with 3 or
4 Fs present at this position.

Discussion
Our interest in studying the influence of TM2 6′ phenylalanine on desensitization of
GABAA receptors was driven by the observation that in individuals afflicted with autosomal
dominant nocturnal frontal lobe epilepsy (ADNFLE), the nicotinic α4 subunit TM2 6′ serine
is mutated to phenylalanine [15]. When coexpressed with wild type β2 subunits, these mutant
receptors display enhanced desensitization [3,16]. This mutation presumably causes epileptic
seizures since overall activity of the α4β2 nicotinic receptors would be diminished.

As in the neuronal nAchR, presence of F at the TM2 6′ position in GABAA receptors also
facilitates desensitization. As the neuronal α4β2 nicotinic receptor likely expresses two α
subunits [12], the presence of 2 Fs is sufficient to confer accelerated desensitization in that
receptor as well. The fact that introduction of F at the TM2 6′ position has comparable effects
in nicotinic and GABAA receptors suggests its ability to promote desensitization may be
common to the cys-loop receptor superfamily. Interestingly, introducing an F residue at the
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TM2 6′ position in α7 nAChRs expressed in Xenopus oocytes resulted in a receptor with slow
desensitization kinetics [14]. We could not detect GABA-gated current in cells transfected with
mutant receptors expressing 5 Fs at this position. Thus, we cannot directly compare our findings
to those of Placzek et al. [14]. It is worth noting that in the same report, Placzek et al. could
also not record detectable currents when the α7 TM2 6′F mutant was transfected into
mammalian cells.

For the GABAA receptor, our results also indicate the effect of the TM2 6′ F mutation is
influenced by the subunit in which it is expressed. Whereas we observed at least some
enhancement of desensitization (extent and/or rate) when F was present in either the α or β
subunit of αβγ-expressing receptors (known stoichiometry of 2:2:1), its effect was greatest
when present in the α subunit. In contrast, in αβ-expressing receptors, desensitization was more
significantly enhanced when F was present in the β subunit. There continues to be some debate
regarding the stoichiometry of αβ-expressing receptors [1,2,5,7,11]. Although not definitive,
our studies support the presence of 3 β and 2 α subunits in these receptors, since desensitization
was more significantly enhanced in α1β2(T6′F) receptors compared to α1(T6′F)β2 receptors.
This could be most readily explained by the presence of a third F (thus a 3rd β2 subunit) in
α1β2(T6′F) receptors.

The effect of the 6′ F was particularly striking in receptors expressing 3 or 4 Fs. In both α1
(T6′F)β2γ2(T6′F) and α1(T6′F)β2(T6′F)γ2 receptors, (3 and 4 Fs, respectively), the rapid time
constant was very short-lived and clearly predominant relative to the longer time constant.
Thus, two Fs appears to be the threshold for enhanced desensitization, the effect is considerably
augmented with 3 Fs, but further enhancement is not gained with additional Fs beyond three.

Channel lining mutations within the Cys-loop family of ion channels can influence agonist
sensitivity, and these effects may be subunit-specific. In α1β1 GABAA receptors, mutating the
conserved TM2 9′ leucine in the β1 subunit to F has no effect on GABA EC50 [7]. The same
mutation, when instead introduced into the α1 subunit, causes a five-fold decrease in agonist
sensitivity. Of the seven different mutant configurations we tested in the present investigation,
only two (α1β2(T6′F) and α1(T6′F)β2γ2 receptors) had a significantly different GABA EC50
when compared to the respective wild type receptor (Table 1). In both cases, the shift in agonist
sensitivity was modest (two-fold decrease). It is of some interest that the shift in EC50 was
associated with a different subunit in αβ compared to αβγ receptors. Interestingly, the shift in
EC50 seen in α1(T6′F)β2γ2 receptors was “restored” to the wild type value when the T6′F
mutation was also present in either the β2 or γ2 subunit (see Table 2). This is equivalent to the
results of Dalziel et al. [7], who found that when the TM2 9′ L→F mutation was present in
both α1 and β1 subunits, the EC50 was unchanged from control. As noted, however, the shifts
in EC50 in the present investigation were modest and present in only a minority of receptor
populations, indicating considerable tolerance for mutations at the 6′ position with regard to
agonist sensitivity.

A fundamental question that arises from the current study is the mechanism by which
phenylalanine affects desensitization. Weiland et al. [16] suggested the hydrophobic nature of
phenylalanine may be involved in its ability to facilitate desensitization in α4β2 nicotinic
receptors. The TM2 6′ residue is exposed to the channel pore in both the closed and open state,
although likely more centrally directed in the open state [17]. With multiple Fs existing in this
position, once the channel opens they may interact with one another hydrophobically and
stabilize the channel in an inactive, non-conducting state. In the closed state, the orientation of
the residues is likely such that hydrophobic interactions are minimal, if present at all. Figure
3 is a space-filled model of the GABAA receptor pore (open state) at the TM2 6′ level with
zero, three and five F residues present. The potential hydrophobic interactions of the F side
chain are evident. Our finding that a single F did not promote enhanced desensitization would
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be consistent with the hypothesis of Weiland et al. [16], as a single phenylalanine would not
have a companion residue with which to interact hydrophobically. In addition, the fact that we
observed the most dramatic effects on desensitization with three or more residues mutated to
F is also consistent with this idea, as this would provide additional potential hydrophobic
interactions. The nearly complete occlusion of the pathway with five phenylalanines present
provides a plausible explanation for our inability to record detectable current in receptors
expressing five TM2 6′ phenylalanine residues.

In summary, we have characterized the subunit and stoichiometry-dependent actions of the
TM2 6′ phenylalanine on desensitization of GABAA receptors. Multiple phenylalanines are
required at this position to enhance desensitization of the channel, presumably due to
hydrophobic interactions of the pore-projecting residues. These studies provide additional
insight into the critical role of this residue in kinetics and pharmacology of the cys-loop family
of ligand-gated ion channels.
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Figure 1. Stoichiometric effects of the TM2 T6′F mutation on desensitization
Desensitization in response to saturating GABA in α1β2 (A) or α1β2γ2 receptors (B, C) with
the T6′F mutation present in one or more subunits. In α1β2 receptors, presence of F in either
subunit significantly enhanced the rapid time constant, and its relative contribution to current
decay (A). Typical traces from wild type and mutant receptors are shown. (B) In α1β2γ2
receptors, the presence of F in the γ2 subunit slowed desensitization, while its presence in either
the α1 or β2 subunit markedly enhanced the early phase and/or extent of desensitization.
Desensitization was particularly rapid when 3 (i.e., α1(T6′F) β2γ2(T6′F) receptors) or 4 (i.e.,
α1(T6′F)β2(T6′F)γ2 receptors) Fs were present. In (C), same traces as those shown in (B) are
superimposed for comparison. In all cases, traces are illustrated only through the ligand
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application period and trace amplitudes have been normalized to better permit comparison of
decay kinetics. See table 2 for mean values.
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Figure 2. Effect on desensitization of number of Fs at the TM2 6′ position
The extent to which the TM2 6′ F mutations impacted desensitization depended on the number
of Fs introduced. For several parameters, a significant facilitative effect was observed with 2
Fs present. The shift to very rapid desensitization was seen with 3 or 4 Fs present. The presence
of a single F had the opposite effect, and slowed desensitization. For %Desensitization at 0.5
s and A1/A2 ratio, two values are plotted for TM2 = 2 because there was a significant difference
with two Fs present in the α1 versus the β2 subunit (*, p < 0.05; **, p < 0.01; see also Table
2). Because the stoichiometry of α1β2 receptors remains in question, mutants from that
configuration are not included in these data.
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Figure 3. Structural model of the GABAA receptor second transmembrane domain
Proposed model of the TM2 domains in the open state containing five threonines (A), three
(B) and five phenylalanines (C) at the 6′ position. The residue at this position (space-filled
representation) is channel-lining [17]. The pore is larger with the five threonines (A) and
constricts as more 6′ residues are converted to phenylalanines (C), as what may be observed
for α1(T6′F)β2(T6′F) or α1(T6′F) β2 (T6′F)γ2(T6′F) mutant receptors. The inclusion of 2 or
more phenylalanines could interact hydrophobically to move the receptor from the open state
to a desensitized state.
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Table 1
GABA sensitivity in α1β2 and α1β2γ2 GABAA receptors carrying the T6′F mutant in one or more subunits.

Receptor GABA EC50 (μM) GABA Hill coefficient

α1β2 1.6 ± 0.2 1.3 ± 0.1

α1(T6′F) β2 1.7 ± 0.3 0.9 ± 0.1

α1β2(T6′F) 3.6 ± 0.5* 1.1 ± 0.1

α1(T6′F) β2(T6′F) ND ND

α1β2γ2 19.5 ± 1.8 1.3 ± 0.1

α1(T6′F)β2γ2 39.5 ± 1.1* 1.2 ± 0.03

α1β2(T6′F)γ2 9.4 ± 0.4 1.4 ± 0.1

α1β2γ2(T6′F) 9.4 ± 1.4 0.8 ± 0.1

α1(T6′F)β2γ2(T6′F) 16.7 ± 2.0 0.9 ± 0.1

α1(T6′F)β2(T6′F)γ2 12.4 ± 0.8 0.58 ± 0.03*

α1(T6′F)β2(T6′F)γ2(T6′F) ND ND

*
denotes significantly different (p < 0.05, unpaired t-test) from wild type receptor. N = a minimum of four cells for all receptor configurations. ND, not

determined due to inability to detect GABA-gated currents.
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