97

Figure 6.3 Interpretation of our results
at the GABA binding pocket: a model
of GABA binding pocket based on the
homology structure proposed by
Cromer et al. (2002). A) Side-view of
B/a interface showing the side chains of
all the residues mutated in this study.
GABA has been manually placed in its
proposed orientation between R67 and
F200/Y97. B) Zoomed view of panel A
with backbone removed. The alpha
carbon of each residue has not been
moved from its original position in the
homology model (Cromer et al, 2002).
Several of the side chains have been
rotated to alternate stable positions
(using the mutate function in Swiss PDB
viewer). The side chain of F200 has
been slightly rotated using the torsion
function in Swiss PDB viewer (see text).

molluscan AChBP (Brejc et al., 2001; Cromer et al., 2002; O’mara et al., 2005) combined
with the results of artificial amino acid substitution studied from the Lummis lab (Padgett
et al., 2007; Harrison and Lummis, 2006), and SCAM and kinetic studies from the
Czajkowski and Jones labs (Boileau et al, 1999; Wagner and Czajkowski, 2001; Boileau
et al., 2002; Holden and Czajkowski, 2002; Wagner et al., 2004). In this model
(described in Padgett et al., 2007) the amino moiety of GABA is coordinated by a cation-
7 interaction with 3,Y97 and the carboxyl moiety coordinated by an interaction with

either f2R207 or a;R67 (or possibly both). Here, we incorporate the results of this
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dissertation to modify and add significant detail to this model. The model proposed here
includes the following features: a hydrophobic interaction between 3,Y97 and $,F200, an
inter-subunit cation-r interaction between ,Y97 and a;R132, a cation-rw interaction
between the amino group of GABA and 3,F200, hydrogen bond(s) between the carboxyl
end of GABA and the guanidinium group of a;R67, and an interaction between the side
chain of B,R207 and the backbone carbonyl of B,Y97 (Figure 6.3). The rationale for

each feature is discussed below.

B2Y97/8,F200/GABA

One major finding from our study is that $,Y97 and 3,F200 display a tight
functional coupling that facilitates binding of GABA. We propose that this tight coupling
is underlied by a direct interaction between the two aromatic residues. Our rationale
includes several consistent observations. First, both 3,Y97 and $,F200 were found
energetically coupled to 3,R207 (i.e. similar coupling energies). Second, B2Y97 and
B2F200 are both coupled to a;R132 with similar but weak coupling energies. Third, in
order for $,Y97 to be functionally coupled to $,R207, B,F200 must be intact and vice
versa (see triple mutant cycles in Chapter V). Fourth, both 3,Y97 and $,F200 show no
coupling to either a;R67 or a;R120. Lastly, $2Y97 and p,F200 are energetically coupled
for every parameter we considered. For example, $,Y97 and (3,F200 are coupled when
measurements of ECso.gaga, kon-G4p4, and k,y.sr were used to drive double mutant cycle
analysis.

According to the homology model built by Cromer et al. (2002), the distance

between the aromatic rings of B,Y97 and 3,F200 ranges from 6-9 angstroms when the
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side chains are rotated through their stable conformations. This distance is too great to
support direct aromatic-aromatic interaction and may appear to be evidence against the
tight Y97/F200 interaction proposed here. However, the nature of aromatic-aromatic
interaction is still poorly understood. The three lowest energy models are depicted in
figure 6.4. Though aromatic-aromatic interactions are commonly thought to be
“stacking”, it is actually more common to find them interacting at right angles with each
other. For example, a previous study looking at aromatic interactions in proteins found
that about 60 percent of aromatic side chains participate in aromatic-aromatic pairs, with
the phenyl ring centroids separated by distance of 4.5-7 A and dihedral angles around 90
degrees being the most common pairing features (Burley and Petsko, 1985). The same
study also found that 80 percent of these side chains are involved in networks of three or
more interacting aromatic side chains. The typical free energy contributed by each pair
ranges between -0.6 and -1.3 kCal/mol, depending on how buried the pair is within the
protein. Therefore, it is very likely that not only do $,Y97 and ,F200 interact, but also
they interact at in a perpendicular manner.

B2F200 is located at the apex of Loop C, a region that aligns very poorly with the
AChBP (Cromer et al., 2002) and whose actual structure is likely to differ significantly
from the AChBP structure (Ernst et al., 2003). In addition, Loop C appears to be quite
flexible (Wagner and Czajkowski, 2001; Bourne et al., 2010). Therefore, we believe our
results (Chapter V) have provided a new constraint on the homology model and that
future versions of the model should attempt to translate the alpha carbon of $,F200 a few

angstroms so that its interaction with 3,Y97 be clearer.
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Figure 6.4 Three lowest energy benzene dimers. Two separate studies found the edge to face
interaction to be the most stable (Jorgensen and Severance, 1990; Hobza et al., 1996).

The interaction between $,Y97 and ,F200 could leave two alternate faces
available for cation-i bonding with the amino group of GABA. Because 3,F200 has
significantly stronger effect on k,,-c454, We propose that it serves as a docking point for
the amino group of GABA. Plus, the flexible nature of loop C may allow it to readily
change conformation upon “catching” the amino end of GABA with the aromatic face of
B2F200. This scenario leaves $,Y97 available for potential cation-m interaction with
B2R207 or a;R132. The homology model ideally positions o,;R132 for this interaction.
Therefore, in our model we chose to depict it thusly, and show 3,R207 contributing via
interaction(s) with the backbone carbonyl of 3,Y97, which it perfectly reaches according

to the homology model.
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A proposed ionic interaction between a;R67 and the GABA carboxylate

Models for coordination of the carboxyl moiety of GABA have suggested a
possible interaction with a;R67 or $,R207 (Wagner et al., 2004, Padgett et al., 2007).
The main evidence for these interactions has been that mutation of either residue to
alanine causes significant increases in ECso.gapa, slowing of the GABA binding rate, and
acceleration of the GABA unbinding rate. In addition, they are the only two positively
charged residues located in the binding pocket that have these effects. The proposal
presented here is supported by the fact that, of the four arginines tested here, mutation of
a1R67 to alanine has the largest effects ECso.gapa. Also, previous work in our lab found
that 0;R67A causes the greatest shift in both the GABA binding rate and the GABA
unbinding rate (unpublished data). Furthermore, ot;R67A and ,F2001, as single
mutations, have the most severe effects on ECso.gapa and these effects appear fully
additive in the R67A-F200I double mutant. This result supports a model in which a;R67
and P,F200 serve as critical and independent sites for GABA docking. Furthermore, as
mentioned above, a;R67 is conserved among cl-LGICs. Functionally, this arginine has
been shown to play an important role in both glycine and GABA4 p receptors
(Grudzinska et al., 2005; Harrison and Lummis, 2006).

Perhaps, in the process of refining the model of ligand-receptor interaction, one
can draw useful insights from how the same ligand interacts with distinct classes of
known target proteins (i.e. transporters and enzymes). For example, insights can be
gained from other proteins that bind GABA, for example. The binding site of the GABA
transporter, GAT-1, contains several tryptophan residues that appear to play a crucial role

in binding of GABA. One of these tryptophan residues is highly conserved among amino
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acid transporters, and has been proposed to interact with the amino group of GABA
(Kleinberger-Doron and Kanner, 1994). A different study looking at the interaction at
the active site of GABA aminotransferase, the enzyme responsible for GABA
degradation in the CNS, synthesized a model in which the carboxyl group of GABA was
proposed to interact with an arginine and a lysine residue (Tone et al., 1995). While
these interactions may not be identical to those in the GABA, receptor (i.e. GABAA
binding pocket has no tryptophan), it is clear that distinct groups of amino acid residues
coordinate the two ends of the GABA molecule. The idea of the amino end and the
carboxyl end of GABA interacting with aromatic and basic residues, respectively, is

consistent with the model we proposed here.

A proposed cation-x interaction between 3,Y97 and o;R132

We propose that a cation-rt interaction takes place between o;R132 and ,Y97.
Results from double-mutant cycle analysis of ECso.gapa (Chapter V) indicate that B,Y97
and P,F200 are functionally coupled to a;R132. Functional coupling alone is not proof
of direct physical interaction. However, we believe that there is sufficient additional
evidence to support this claim. Specifically, the homology model shows that a;R132 and
B2Y97 are ideally positioned for an inter-subunit cation-r interaction and $,Y97 is known
to be involved in a cation-m interaction but the cation partner has not been identified.
Other possible cation partners for f,Y97 include a;R67, $,R207 and the amino moiety of
GABA. Our data indicates no functional coupling between o;R67 and 3,Y97; we argue
that $,R207 is interacting with a backbone amino group; and we propose that the amino
moiety of GABA is interacting with $,F200. Additionally, in models that describe

binding of glycine to GlyR and GABA to GABA, p receptors, arginines that align with



103

a;R132 are suggested to be coordinated by an aromatic side chain (Grudzinska et al.,
2005; Harrison and Lummis, 2006). Finally, whether the arginine at this position is
mutated in GABA, of} type, GABAA p type, or GlyR, generally mild effects on ECs
values are seen; such is indicative of a residue that may act as an accessory (helping to
position a binding element) as opposed to the large effects one would expect if a residue

were responsible for direct coordination of the ligand.

A proposed ionic interaction between 3,R207 and the backbone carbonyl of $,Y97
As a single mutant, 3,R207A causes the least change in ECsp.gapa compared to
B2Y97A and $,F200A or 3,F2001I (f2R207A: 10-fold increase; B, Y97A: 15-fold
increase; B,F200A: 173-fold increase; F2001: 89-fold increase). However, double mutant
cycle analysis showed that $,R207 is functionally coupled to B,Y97 and 3,F200. Triple
mutant cycle analysis (Figure 5.4) further revealed that 3,R207 is actually coupled to the
B2Y97/B,F200 pair. In the context of “functional coupling reflects interaction”, both
B2Y97 and B,F200 are required for proper interaction with $,R207. Regarding the
influence on k,,-gas4 , P2R207A causes less reduction of k,,.g4p4 compared to either
a;R67A (unpublished data) or 3,F200I (Table 5.2). Combining the observation that
B2R207 is not required to maintain the interaction between ,Y97 and 3,F200 with the
published homology model, in which $,R207 is favorably positioned for backbone
interaction (Cromer et al., 2002), we propose that the role played by f,R207 is to
augment the function the B,Y97/3,F200 pair. Specifically, we believe that ,R207

interacts with the backbone carbonyl of $,Y97, positioning the 3,Y97/B,F200 pair for
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proper interaction with GABA’s amino group. Such a role would also explain for the
reduction in k,,.g484 Seen with 3,R207 (Table 5.2).

All in all, the model proposed is consistent with the bulk of results to date. Many
of the elements described provide a solid basis on which further investigations can be
founded. I acknowledge that some of the details provided for the model remain
speculative. Nevertheless, this work has lead to an important refinement in the model
describing the interaction between the GABA 4 receptor and its endogenous ligand,
GABA, and has moved us a major step closer to a full understanding of the GABA-

GABA4 receptor interaction.
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Introduction

GABA, receptors are the major inhibitory receptors in the CNS. By providing
inhibitory neuronal transmission, the GABA, receptors play an important role in normal
neuronal processing. GABA, receptors have been common targets for therapeutic agents
treating such disorders as epilepsy and anxiety. Also, GABA4 receptors are known to be
modulated by a number of substances such as barbiturates, benzodiazepines, anesthetics,
and possibly ethanol. While the basis of modulation by benzodiazepines and general
anesthetics are well understood, little progress has been made in deciphering how ethanol
may modulate the function of GABA, receptors, in the past two decades. The reason for
this slow progress has to do with the controversial reports from studies that confirm and

studies that dismiss the presence of ethanol modulation of GABA4 receptors.

Ethanol as a potential functional modulator of GABA 4 receptors

While anaesthetics, barbiturates, and benzodiazepines have become useful
therapeutic agents, the role of ethanol has been difficult to define. These important
therapeutic agents act allosterically to increase the opening frequency of the GABA
receptors and, in so doing, provide a mechanism for inducing anxiolytic and sedative
effects (Bowery and Smart, 2006). The many effects of ethanol have also put it on the
list as a potential GABA 4 receptor modulator. For example, at increasing doses, ethanol
can cause impaired reaction time and judgment, motor incoordination, coma, and even
death. All of these effects are consistent with increased GABA receptor function.
However, experimental investigations dealing with ethanol modulation of GABA4

receptor function have reported controversial results.
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There have been a handful of reports that alcohol, at sobriety-impairing
concentrations (3-30 mM), enhances GABA-induced currents in a subset of cultured
neurons (Aguayo, 1990; Aguayo et al., 2002) and also in certain neurons in slices
(Palmer and Hoffer, 1990). In addition, by measuring *°CI flux in synaptoneurosomes, a
number of studies assayed that the current flow through GABA 4 receptors was increased
by ethanol (as reviewed by Allan and Harris, 1987). However, most of these effects were
not reproducible by other scientists in the field, using similar or alternative approaches
(Borghese et al., 2006; Yamashita et al., 2006; Casagrande et al., 2007).

Some experiments in which recombinant GABA 4 receptors were selectively
expressed reported that low concentrations of ethanol did not affect GABA receptor
isoforms that contain the y, subunit (Wallner et al., 2003; Wei et al., 2004).
Electrophysiological recording techniques like patch clamp of single neurons, from
cultures and from slices preparations, found that most synaptic (y,-containing) GABAA
receptors were not affected by low to sobriety-impairing doses (3-30 mM) of ethanol and
have very little, if any, effect at concentrations above 100mM (Weiner and Valenzuela,
2006). Such negative results contradicted earlier reports of ethanol’s positive modulation
of GABA receptors. Therefore, some scientists have considered the possibility that the
site of ethanol modulation is extrasynaptic, or even intracellular.

Since d-containing receptors (i.e. 04f330) are known to have higher affinity for
such agonists as GABA, THIP, and muscimol as well as known modulators such as
general anaesthetics and neurosteroids (Adkins et al., 2001; Wohlfarth et al., 2002), they
are thought to be more responsive to ethanol as well. Indeed, it has been reported that

GABA 4 receptors containing the & subunit, in particular o430 and ae30 receptors, are
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highly modulated by ethanol (Sundstrom-Poroma et al., 2002; Wallner et al., 2003).
Glykys et al. (2007) showed that low sobriety-impairing ethanol concentrations (20-30
mM) affected the behavior of wild-type and as-deficient mice but not 6-deficient mice,
further demonstrating that & subunit is important for ethanol modulation. However, many
labs, including our own, have not been able to detect the effects of ethanol on d-
containing receptors, using similar approaches. All in all, reports from several studies
indicated that 6-containing receptors were potentiated by low (3-30 mM) intoxicating
concentrations of ethanol (Glykys et al., 2007; Sundstrom-Porama et al., 2002; Wallner et
al., 2003). In contrast, several other studies were unable to detect low dose ethanol
sensitivity of 6-containing GABA 4 receptors (Borghese et al., 2006; Casagrande et al.,
2007; Yamashita et al., 2006), indicating that, like y,-containing GABA 4 receptors,
ethanol modulation of extrasynaptic or perisynaptic 6-containing receptors is also
variable.

Published recently is a study by Qi et al. (2007), which reported modulation of
a1B2y2 GABA, receptors by ethanol when receptor phosphorylation was blocked. Qi and
colleagues explored the intracellular signaling mechanisms as a potential source for
variable results from earlier ethanol studies. They found that ethanol modulation is
dependent on the phosphorylation state of the y, subunit of the GABA4 receptors.
Specifically, results from this study led to the conclusion that protein kinase C epsilon
(PKCe¢) regulates the sensitivity of o>y, receptors to ethanol and benzodiazepines
through phosphorylation of a serine (S327) located in the large intracellular loop of y,
subunit. In other words, dephosphorylation of the S327 on y, subunit will render the

a1 B2y2 receptor sensitive to low concentrations (3-30 mM) of ethanol. Another study
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(Choi et al., 2008) also found that protein kinase C delta (PKCo) regulates ethanol
potentiation of 6-containing GABA4 receptors. Unlike vy, receptors, d receptors require
the presence of phosphorylation for ethanol effect. Overall, both of the above studies
offered a potential way to consistently observe ethanol’s effects on GABA, receptors —
by controlling the phosphorylation state of the GABA, receptors. Yet, the ultimate goal
is not only being able to measure the effect of ethanol on GABA 4 receptors but also
finding therapeutic means to treat both acute ethanol intoxication and chronic
dependence.

In order to come up with effective strategies to counter the physiological effects
of ethanol, assuming that ethanol-elicited effects are mediated by ethanol directly acting
on GABA4 receptor, it would be crucial to also understand how ethanol affects the
kinetics of GABA, receptor. Any attempt to control ethanol effect through blocking or
enhancing of PKCe or PKC9, for instance, would be problematic in vivo because it would
be impossible to target specific kinases without affecting other processes. Logically, it
would be simpler to reverse the effects of ethanol on receptor kinetics using agonist or
modulator derivatives that specifically target the GABA, receptors. Thus, it is the
objective of the present study to examine the effects of ethanol of the kinetics of GABAA
receptors. A step beyond the focus of this study is to screen various GABAsR-specific

for anti-ethanol effects.
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Results

The objective of the present study was to verify and describe how ethanol directly
modulates GABA receptors. We approached this study with the premise that if ethanol
directly modulates the a8,y GABA, receptor, rapid ligand application patch clamp will
get at the underlying mechanism of modulation. Therefore, the experiments were
designed to: 1) demonstrate, through isolated outside-out patch, that ethanol directly
modulates GABA, receptors, and 2) gain more details regarding the underlying
mechanism(s) of such direct modulation.

Our initial attempts to measure ethanol modulation of GABA receptors yielded
mostly negative results. We looked at B2y, and ;3,0 receptors’ response to ethanol.
Less than 20% of the patches from o 3,y2 cells had current that was potentiated by 50mM
ethanol (Figure A.1 A) and none of the patches from a,[,0 cells showed potentiated
current. Worse, the degree of potentiation of a;3,y, was not consistent from patch to
patch, for a given dose of ethanol. The cause of this variability was thought to be the
different amounts of a,[3; receptors, which are ethanol insensitive, present in each patch.
Note that a3, receptors are assembled by two a; and three B, subunits; they are
functional GABA 4 receptors known to be insensitive to ethanol. For example, when the
HEK?293 cells are transfected with the cDNAs of a;, B2, y2 subunits, two types of subunit
assembly may occur: 20, +2p,+1y, and 2a;+3p,. So, when the a;[,y, receptors are
dominant, ethanol potentiation is observed, otherwise no potentiation would be observed.
Additionally, as suggested by Qi et al. (2007), the lack of potentiation could be caused by

phosphorylation of y, subunit.
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Figure A.1 Ethanol does not directly modulate a,3,y, GABA, receptor. A) The expected
potentiation of sub-saturating GABA-induced response by ethanol (not real data): blue - only 3
uM GABA, red - 3 uM GABA and ethanol (mM) co-applied. The degree of potentiation depends
on the concentration of ethanol used. B) Ethanol (100 mM) does not modulate ;3,7 GABA,
receptors: from the same patch, current elicited by 3 uM GABA (blue) is not different from
current elicited by 3 uM GABA with of 100 mM ethanol coapplication (red); n = 13. C)
Incubation of cells in staurosporine fails to reveal ethanol modulation. Ethanol coapplication
(red) is not different from GABA only current (blue); n = 30. D) Elimination of the previously
proposed phosphorylation sites on vy, subunit also does not result in ethanol modulation. Current
elicited by 10 uM GABA only (blue) is not different from current elicited by 10 uM GABA plus
100 mM ethanol (red); n = 8. E) Coapplication of 100 mM ethanol does not change macroscopic
desensitization; n= 5. F) Coapplication of 100 mM ethanol does not change macroscopic
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deactivation; n=17.
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In the subsequent experiments, two major changes were made to improve the
chance of capturing ethanol modulation of a;f3,y>. First, the cDNAs ratio transfected was
changed from 1.5 pg(oy) : 1.5 pg(B2) : 1.5 pu(y2) to 1.5 pg(ay) : 1.5 pg(Po) : 4.5 pg(yz) to
improve the fraction of receptors that are a;3,y,. Second, prior to patch clamp
experiment, the transfected HEK cells were incubated in 20nM staurosporine, a general
kinase inhibitor, for 60 minutes to eliminate the basal phosphorylation. Disappointingly,
after these two changes in the protocol, still no ethanol modulation of the a3,y receptor
was observed (Figure A.1 B, C).

Then, in an attempt to better control for phosphorylation, S327 residue on vy,
subunit was mutated to alanine (y.S327A), as shown by Qi et al. (2007). Transfection
with a ratio of 1.5 pg(ay) : 1.5 pg(B2): 4.5 png(y2S327A) was used to yield mainly
a1B2v2S327A receptors. a1P2y2S327A can serve as a phosphorylation-controlled wild-
type for ethanol. As with a2y, receptors, a;8,y2S327A receptors were not potentiated
by ethanol (Figure A.1 D).

A final strategy used to eliminate phosphorylation was the used of protein
phosphatase (PP2A). The catalytic subunit of PP2A was introduced to the intracellular
solution (electrode) at 10 nM to control for any residual phosphorylation on the
intracellular side of the patch. This approach, too, failed to reveal ethanol modulation of
the a;82y2 GABAA receptors.

Throughout the study, measures were taken to ensure enough ethanol exposure.
First, we initially used ethanol concentration of 30 mM, which was subsequently replaced
by 100 mM. Second, excised patches were exposed to a solution exchange protocol in

which the first pulse exposed the patch to a control concentration of GABA (i.e. 500 ms
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in 3 uM GABA), return to wash for 20 seconds, and two consecutive pulses exposed the
patch to ethanol (i.e. 500 ms in 100 mM ethanol) and immediately to ethanol/GABA
combination (500 ms in solution containing 3 uM GABA and 100 mM ethanol). The
cycle repeats after a 20-second wash.

Part of this study’s objective was to measure how ethanol influences the kinetic
parameters of GABA-elicited current. Since no modulation was observed, it was
expected that ethanol would not change the macroscopic deactivation and desensitization
phases of a GABA-evoked current. Indeed, ethanol did not cause any change in the

kinetics of the GABA-evoked current (Figure A.1 E, F).
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Discussion

Our initial attempts to measure ethanol modulation of GABA 4 receptors yielded
mostly negative results. We looked at a,;3,y, and a;3,0 receptors’ response to ethanol.
Less than 20% of the patches from a,3,y2 cells had current that was potentiated by 50mM
ethanol and none of the patches from a,(3,06 cells showed potentiated current. Worse, the
degree of potentiation of a;f,y, was not consistent from patch to patch, for a given dose
of ethanol. The cause of this variability was thought to be the different amounts of a3,
receptors, which are ethanol insensitive, present in each patch. Another possible source
of the infrequent and variable potentiation was propofol contamination. Review of the
experiment history showed that for those days in which we saw potentiation, the pipes
used for ligand application were used in experiments involving propofol perfusion in the
previous day. Thus the possibility exist that propofol not ethanol caused the inconsistent
cases potentiation.

In summary, the primary goal of this study was to examine how ethanol, at
physiologically relevant doses, modulates GABA-induced current. Specifically, we
looked at how ethanol altered the kinetics of the GABA receptors. We detected no
modulation of the a2y GABA4 receptor. Thus, our results suggest that ethanol does

not modulate the GABA4 receptor at least not through a direct mechanism.



