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Abstract

Defining the sites of action of ethanol on brain proteins is a major prerequisite to understanding
the molecular pharmacology of this drug. The main barrier to reaching an atomic-level
understanding of alcohol action is the low potency of alcohols, ethanol in particular, which is a
reflection of transient, low-affinity interactions with their targets. These mechanisms are difficult
or impossible to study with traditional techniques such as radioligand binding or spectroscopy.
However, there has been considerable recent progress in combining X-ray crystallography,
structural modeling, and site-directed mutagenesis to define the sites and mechanisms of action of
ethanol and related alcohols on key brain proteins. We review such insights for several diverse
classes of proteins including inwardly rectifying potassium, transient receptor potential, and
neurotransmit-ter-gated ion channels, as well as protein kinase C epsilon. Some common themes
are beginning to emerge from these proteins, including hydrogen bonding of the hydroxyl group
and van der Waals interactions of the methylene groups of ethanol with specific amino acid
residues. The resulting binding energy is proposed to facilitate or stabilize low-energy state
transitions in the bound proteins, allowing ethanol to act as a “molecular lubricant” for protein
function. We discuss evidence for characteristic, discrete alcohol-binding sites on protein targets,
as well as evidence that binding to some proteins is better characterized by an interaction region
that can accommodate multiple molecules of ethanol.
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Alcohol (Ethanol) has a wide range of pharmacological effects on the body, with the brain
as a primary target. Initial ethanol exposure increases central nervous system (CNS) activity
by a variety of measures; conversely, prolonged exposure results in CNS depression, most
likely due to increased signaling through GABAergic and other inhibitory pathways
(Deitrich et al., 1989). Although behavioral responses to ethanol are well characterized, the
molecular mechanisms by which ethanol alters neuronal activity in the brain are poorly
understood. One purpose of this review is to provide a brief account of recent findings
concerning the interactions of ethanol with prototype brain proteins thought to underlie
alcohol actions in the brain, which were presented at the “Alcohol binding sites: The quest
for atomic level resolution” symposium at the Research Society on Alcoholism 2010 Annual
Meeting.

It is remarkable that ethanol exerts such robust pharmacology with so little volume or
distinguishing stereochemistry. Indeed, ethanol is notable for its low potency: the common
legal threshold for intoxication is 0.08% volume/volume or about 17 mM in the blood
(Harris et al., 2008), and the anesthetic concentration is about 190 mM (Alifimoff et al.,
1989). The low potency and simple molecular structure of ethanol led to early suggestions
that it might interact nonspecifically with membrane lipids, rather than acting, as do all other
psychoactive drugs, at specific protein sites. However, there is now abundant evidence that
ethanol can bind to proteins and change their function (Harris et al., 2008).

Along with its familiar effects on human intoxication, low-millimolar alcohol has significant
effects on behavioral and electrophysiological measures of CNS function. For example,
approximating from the effective dose for immobility implies a binding affinity of about 0.1
M (Eckenhoff and Johansson, 1997), suggesting that relevant protein targets are modulated
by equivalent concentrations. This weak presumed binding affinity gives rise to 2 important
implications. First, it implies a binding energy of only about 1 kcal/mol (Eckenhoff and
Johansson, 1997), such that the effect of ethanol binding on a protein will be only slightly
more than that of thermal energy (0.6 kcal/mol at room temperature). Of course, a single
binding site may accommodate multiple ethanol molecules, providing somewhat more
binding energy. Still, ethanol will likely alter the function of a protein only if it binds to a
region critical for a low-energy transition between states— “lubricating” a common
functional transition via local structural change. Second, low-affinity binding must impart
rapid rates of association or dissociation (or both). To make it easier to “catch” an alcohol
molecule in a protein structure, for example by X-ray crystallography, a longer-chain
alcohol is often used rather than ethanol. Still, until recently, detailed structures of alcohol-
binding sites on proteins were limited to alcohol dehydrogenase (Plapp, 2010) and the
Drosophila odorant-binding protein, LUSH (Kruse et al., 2003), neither of which has been
implicated in direct actions of ethanol on brain function.

This review focuses on brain proteins that are targets of alcohol action, and for which
emerging structural studies are elucidating binding sites for alcohol. Recent dramatic
advances in structural characterization of membrane-associated proteins are proving critical
to defining mechanisms of low-affinity binding interactions such as those of anesthetics
(Vemparala et al., 2010) and, more recently, alcohols. The proteins we have selected for
review include potassium (K*) channels (inwardly rectifying K* channels, IRK and GIRK),
an enzyme (protein kinase C epsilon, PKCe), a nonselective cation channel (transient
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receptor potential vanilloid receptor type 1, TRPV1), and ligandgated ion channels (LGICs)
(glycine receptors, GlyRs).

GIRK CHANNELS: STRUCTURAL EVIDENCE FOR ALCOHOL MODULATION
VIA A DISCRETE CYTOPLASMIC HYDROPHOBIC POCKET

The critical role of K* channels in regulating neuronal excitability (Misonou, 2010) has led
to substantial interest in their modulation by drugs such as ethanol. In 1999, 2 groups
reported for the first time that ethanol activates G protein-gated inwardly rectifying K*
(GIRK or Kir3) channels (Kobayashi et al., 1999; Lewohl et al., 1999). Subsequent work
implicated GIRK channels in ethanol-related behaviors (Blednov et al., 2001, 2003; Kozell
et al., 2009). GIRK channels belong to a large family of inwardly rectifying K* channels
(Kirl to Kir7) that conduct K* ions more efficiently into the cell than out (“inward
rectification”). At resting membrane potentials, however, they conduct small outward K*
currents that decrease the excitability of neurons. GIRK channels are typically activated
directly by the Gg,, subunit dimers following stimulation of neurotransmitters receptors that
couple to G /o G proteins (Logothetis et al., 1987; Reuveny et al., 1994). There are 3
principal GIRK subunits in the brain (GIRK1 to GIRK3); these assemble as heterotetramers
of GIRK1/2, 1/3, 2/3, or homotetramers of GIRK2 (Lischer and Slesinger, 2010).

Inwardly rectifying K* channels have recently proven fruitful targets for investigating the
structural properties of alcohol binding. Although a full-length GIRK structure has yet to be
determined at high resolution, various groups have reported crystal structures of the
tetrameric cytoplasmic domains of GIRK1, GIRK2, and a related G protein-insensitive
inwardly rectifying K* channel (IRK1 or Kir2.1) (Inanobe et al., 2007; Nishida and
MacKinnon, 2002; Pegan et al., 2005). Pegan and colleagues (2006) recently solved the
structure (2.0 A) of an IRK1 variant bound to 4 molecules of an alcohol, 2-methyl-2,4-
pentanediol (MPD), via nearly symmetrical hydrophobic pockets. The water-accessible
pockets are located on the surface of the cytoplasmic domain, each formed by the N-
terminus, the BD-BE domain, and the BL-BM domain of 2 adjacent subunits. Seven amino
acids in each pocket interact with MPD. Of these, the hydrophobic side chains of 5 residues
point toward MPD and form a hydrophobic pocket. In addition, the hydroxyl groups of
MPD can form hydrogen bonds with nearby tyrosine residues and backbone carbonyls, in
some cases mediated by resolved water molecules (Pegan et al., 2006).

The MPD-bound IRK1 structure is a particularly valuable model, as there are currently no
structures of LGICs or voltage-gated ion channels bound to alcohol. Structural models of
alcohol binding were previously derived from soluble proteins such as LUSH (Kruse et al.,
2003). Intriguingly, the MPD-bound pocket in IRK1 shares structural features with the
ethanol-bound pocket of LUSH, which is formed by hydrogen-bonding polar groups
surrounded by a cluster of hydrophobic amino acids (Fig. 1A).

Structural similarities between the IRK1 and GIRK2 cytoplasmic domains (Inanobe et al.,
2007) led investigators to test whether an alcohol-binding site similar to that in IRK1 is the
site for alcohol-mediated activation in GIRK2. The presence of a homologous interaction
site was initially supported by the ability of MPD to activate GIRK2 channels, similar to
other small r+alcohols: bath application of MPD (100 mM) increased basal GIRK2 current
amplitudes, with a dose—response curve between those of ethanol and 1-propanol (Aryal et
al., 2009). Structural analysis of the GIRK2 cytoplasmic domain structure (Inanobe et al.,
2007) further revealed a hydrophobic pocket, homologous to the MPD-binding site in IRK1,
at each of the 4 subunit interfaces in the GIRK2 cytoplasmic domain structure (Fig. 15). To
determine whether the hydrophobic pocket in GIRK2 mediates alcohol activation,
investigators examined the effects of changing side-chain volume using small (ala-nine) or
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large (tryptophan) side chain substitutions at various sites. Of the 4 resulting mutants that
produced functional channels activated by ethanol, tryptophan substitution at residue L257
significantly reduced activation by ethanol, MPD, and 1-propanol. In fact, 100 mM MPD no
longer activated but rather inhibited basal currents for GIRK2 mutant L257W. This finding
indicates that L257, located in the bD-bE ribbon, is a key residue for alcohol-dependent
activation of GIRK2 channels. Systematic substitution of GIRK2 residue L257 with amino
acids of increasing molecular volume showed that smaller-volume substitutions such as
alanine, cysteine, and methionine yielded channels indistinguishable from wild-type,
whereas substitution with tyrosine reduced MPD and 1-propanol activation (though ethanol
activation was unchanged). For both GIRK2 mutants L257W and L257Y, activation by
MPD or 1-propanol decreased for a full range of concentrations (25, 125, or 250 mM),
indicating a significant impairment in alcohol sensitivity. Thus, it was suggested that
substitutions of bulky residues at position L257 block a functionally important binding site
for short-chain r-alco-hols (Aryal et al., 2009).

Because MPD is bound to a hydrophobic pocket in the crystal structure of IRK1, it was
further suggested that MPD might modulate IRK1 channels. Indeed, bath application of 100
mM MPD inhibited the basal inwardly rectifying K* current through IRK1 channels by
nearly 50% in a concentration-dependent fashion with an 1Cgq of 104 £ 23 mM and a Hill
coefficient of 0.93+0.02 (/7=8). However, tryp-tophan substitutions at various sites in the
hydrophobic MPD-binding pocket of IRK1 failed to alter MPD-dependent inhibition (Aryal
et al., 2009). Thus, alcohol inhibition in IRK1 channels may operate by an alternative
mechanism not involving the hydrophobic pocket.

Comparing the high-resolution IRK1-MPD structure (Pegan et al., 2006) with that of a full-
length Kir channel chimera, comprising the cytoplasmic domain of GIRK1 and the
transmembrane (TM) domain of the bacterial inwardly rectifying K* channel homolog
KirBacl.3 (Nishida et al., 2007), provides some clues into possible mechanisms for etha-
nol-dependent channel gating. Two different conformational states of GIRK were described
in the chimera: one, considered “closed,” features a constricted cytoplasmic gate too narrow
to allow the passage of even a dehydrated K* ion; in the other, considered “open,” the gate is
sufficiently dilated to allow ions to pass (Nishida et al., 2007; Pegan et al., 2005). As shown
in Fig. 2, the IRK1-MPD structure aligns well with the putative open-state GIRK1 structure
in the region of the hydrophobic alcohol-binding pocket. By contrast, the alignment with the
putative closed structure shows striking differences in the hydrophobic alcohol pocket. In
particular, amino acid side chains from the N-terminal domain (F46), BD-BE ribbon (L246),
and BL-BM ribbon (L333) fill the hydrophobic pocket of the closed state of GIRK1. In the
open state, structural rearrangements of these residues create a cavity that could
accommodate MPD.

These mutagenesis data and structural analyses support a working model for ethanol-
dependent activation of GIRK channels. At rest, GIRK2 channels undergo infrequent
structural rearrangements in the region of the hydrophobic pocket that correlate with open
and closed positions of the cytoplas-mic gate (Nishida et al., 2007; Pegan et al., 2005) and
pore-lining TM domains (Jin et al., 2002; Sadja et al., 2001; Yi et al., 2001). In a simple 2-
state model, ethanol entering the pocket could act as a “lubricant” and facilitate transitions
into the open state, either by lowering the activation barrier for channel opening or by
stabilizing the open state, and generate ethanol-activated currents. Thus, ethanol may
overcome its low-binding energy (1 to 1.5 kcal/mol) by targeting a transition site for GIRK
channels that is important for channel activation. Bulky substitutions at positions such as
GIRK2 L257, located at the base of the alcohol pocket, would hinder ethanol from filling the
pocket. High-resolution structures of GIRK channels in different conformational states in
complex with ethanol will be needed to further explore the mechanism of activation. It will
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be exciting to see in future how the mechanism of ethanol-dependent GIRK modulation
compares to other ethanol-sensitive ion channels and proteins.

PROTEIN KINASE C EPSILON: EVIDENCE FOR DIRECT ALCOHOL
BINDING TO A REGULATORY PROTEIN

TRPV1: A

PKCe is a member of the serine/threonine kinase family of signaling proteins that has been
implicated in regulating the behavioral effects of alcohol (Newton and Ron, 2007). Hodge
and colleagues (1999) observed that PKCe null mice consumed 75% less alcohol than wild
type; furthermore, positive allosteric modulators of -y-aminobutyric acid type A receptors
(GABAARs) increased alcohol sensitivity in the knockout mice compared to wild type,
suggesting that modulation of PKCe may underlie GABAa-mediated behavioral effects of
alcohol. Recent behavioral data based on local knockdown (Lesscher et al., 2009) and
conditional rescue (Choi et al., 2002) experiments have further established a clear role of
PKCe in the regulation of alcohol effects. Although the mechanism of modulation is
unknown, at the cellular level ethanol affects translocation of PKCe to the cytosolic
compartment (Gordon et al., 1997; Yao et al., 2008), possibly by direct interaction with the
enzyme. Slater and colleagues (1993, 1997, 2004) used biochemical experiments to reveal a
hydrophobic-binding site for r-alcohols in the C1 domain of the related enzyme PKC alpha,
raising the possibility that a similar interaction site may mediate alcohol modulation in
PKCe.

Recent studies have pursued identification of the PKCe alcohol-binding site in an in vitro
system using photolabeling and X-ray crystallography. Labeling with the photoactive
alcohols 3-azibutanol and 3-azioctanol, followed by trypsin digestion and mass
spectrometric peptide sequencing, enabled the identification of alcohol-binding sites at
positions H248 and Y250 in the PKCe C1B domain, which is also the activator-binding
domain (Fig. 1C). Mutation of these positions to alanine reduced alcohol binding (Das et al.,
2009). The importance of this region was further validated by a high-resolution (1.3 A)
crystal structure of cyclopropanemethanol complexed with the C1B domain of the closely-
related PKC delta (PKCS) (Das et al., 2007). The alcohol-bound PKCS crystal structure
revealed van der Waals interactions between the methylene groups of the alcohol and those
of residue M239. In addition, the alcohol forms hydrogen bonds with the hydroxy! group of
Y236 and a nearby water molecule. The Y236 residue in PKC8 is homologous to H248 in
PKCe, and is similarly labeled by photoactive alcohols (Das et al., 2004). When Y236 in the
PKC8 C1B domain was mutated to phenylalanine, no bound alcohol was observed in the
resulting co-crystal structure, highlighting the importance of hydrogen bonding in alcohol-
protein interactions (Das et al., 2007).

These biochemical and crystallographic results support the existence of an alcohol-binding
site in PKCe involving specific histidine and tyrosine residues. Overall, the binding motif is
reminiscent of the IRK1 cytoplasmic domain described above (Fig. 15), in which the
alcohol forms hydrogen bonds directly with 1 tyrosine residue and via a water molecule with
another tyrosine residue, and is otherwise stabilized by van der Waals contacts with nearby
hydrophobic residues (Pegan et al., 2006). Further structural information will establish the
consistency of alcohol-binding sites across related enzymes and other protein targets of
ethanol.

NEWLY PROPOSED ION CHANNEL TARGET FOR ALCOHOL

Interactions between alcohol and cannabinoids in the brain have long been proposed
(Vengeliene et al., 2008), but are poorly understood at a molecular level. lon channels in the
TRP superfamily comprise relatively new targets for both cannabinoid (Akopian et al.,
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2009) and alcohol research (Benedikt et al., 2007). One family member in particular,
TRPV1, displays dramatic modulation by ethanol with apparent behavioral consequences in
genetically engineered mice (Blednov and Harris, 2009; Ellingson et al., 2008). Recent
preliminary investigations challenge several possible mechanisms of action for alcohol on
TRPV1, and suggest that this channel comprises a novel paradigm for direct alcohol
modulation.

Combined effects of cannabinoids and alcohol on the brain are partly of interest due to their
frequently combined recreational use (Poulin and Elliott, 1997) and similar range of
physiological effects (Heishman et al., 1988). They also involve some of the same signaling
pathways: for example, mice develop cross-tolerance between ethanol and the marijuana
component A%-tetrahydrocannabinol (THC) (Hungund and Basavarajappa, 2000), and
chronic alcohol increases the production of the endogenous cannabinoid anandamide (AEA)
(Basavarajappa and Hungund, 1999). Alcohol and cannabinoids also modulate function and/
or expression of some of the same receptors (Basavarajappa and Hungund, 2002; Weil et al.,
2005). Substantial work remains to be done to characterize these interactions at a molecular
level.

Although the most well-known molecular targets for cannabinoids are the G protein-coupled
receptors CB1 (Matsuda et al., 1990) and CB, (Munro et al., 1993), TRP channels have
attracted recent attention as additional targets (Akopian et al., 2009). TRP channels are
nonselective ion channels that directly gate the influx of cations into the cell in response to
diverse stimuli (Bandell et al., 2007). Notably, several TRP channels have been cloned as
molecular sensors for temperature and temperature-mimicking chemicals: for example,
TRPMS8 opens in response to cold or menthol (McKemy et al., 2002), while TRPV1 opens
in response to heat or capsaicin (Caterina et al., 1997). TRPA1 has been proposed as a
sensor for painfully cold temperatures (Kwan and Corey, 2009) along with pungent
chemicals such as those found in mustard (Jordt et al., 2004) and garlic (Macpherson et al.,
2005). These channels are also gated or modulated by cannabinoids such as THC (Bisogno
et al., 2001; De Petrocellis et al., 2008) and AEA (Zygmunt et al., 1999). Of course, extreme
temperatures and phytochemicals are primarily encountered in peripheral tissues; however,
increasing evidence supports the expression of TRP channels, especially TRPV1, in brain
(Kauer and Gibson, 2009), where they may play roles in synaptic transmission. In the brain,
endogenous cannabinoids such as AEA are likely to be the predominant agonists for TRP
channel activation (van der Stelt and Di Marzo, 2004).

Several of the same TRP channels that are gated by cannabinoids are also modulated by
alcohols. TRPMB8 is inhibited by high concentrations of ethanol (Weil et al., 2005), a
phenomenon that involves the PIP,-binding domain in the channel’s C-terminus (Benedikt
et al., 2007). Conversely, r-alcohols and volatile anesthetics activate TRPA1 (Matta et al.,
2008) and potentiate TRPV1 (Cornett et al., 2008; Trevisani et al., 2002). Indeed,
potentiation of TRPV1 by ethanol may underlie the burning sensation that can accompany
strong alcoholic drinks (Trevisani et al., 2002).

Recent behavioral evidence further substantiates a role for TRPV1 in alcohol effects.
TRPV1 null mutant mice were protected from aversive alcohol taste (Ellingson et al., 2008);
moreover, they were less sensitive than wild-type C57BL/6J mice to behavioral measures of
alcohol-induced intoxication (Blednov and Harris, 2009). This response is specific to
TRPV1, as injecting wild-type mice with a TRPV1 antagonist reproduced the knockouts’
resistance to intoxication, while injecting capsaicin made them more sensitive to alcohol
(Blednov and Harris, 2009). Thus TRPV1 appears to mediate intoxicating effects of alcohol
in the brain, most likely by potentiation of AEA signaling (Blednov and Harris, 2009).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Howard et al.

Page 7

Elucidation of TRPV1 modulation has been aided by recent structural data. Binding sites for
ligands such as capsaicin, AEA, and protons (H*), initially defined by biochemical and
physiological experiments (Jordt and Julius, 2002; Wang et al., 2010; Welch et al., 2000),
can now be placed in an increasingly well-defined structural context. Cryo-electron
microscopy (EM) of TRPV1 at 19 A resolution (Moiseenkova-Bell et al., 2008) shows it
comprises a compact TM domain with large intracellular N- and C-termini. The TM domain
is homologous to that of the Kv1.2 channel, the structure of which is known (Long et al.,
2005) and fits the EM model. Much of the N-terminal domain consists of an ankyrin repeat
motif, whose crystal structure reveals sites for interaction with adenosine triphosphate and
calmodulin (CaM) (Lishko et al., 2007). Although the structure of the TRPV1 C-terminus is
unknown, models based on the tumor suppressor protein FHIT (Vlachova et al., 2003) and
on the cyclic nucleotide-gated channel C-terminus (Garcia-Sanz et al., 2004) have been
proposed. Full-length TRPV1 was recently expressed and purified in insect cells
(Korepanova et al., 2009), suggesting that high-resolution structural data may soon emerge.
Still, a detailed picture of the diverse factors involved in TRPV1 modulation remains
elusive. In particular, sites of action for alcohol are poorly understood, and depend on
further structural and functional investigation.

There are several possible mechanisms of alcohol modulation of TRPV1, including indirect
effects on kinases, phosphoinositides, or CaM, or direct binding to the channel. Preliminary
investigations of some of these mechanisms have been performed by 2-electrode voltage
clamp electrophysiology in Xenopus laevis oocytes (Wagner et al., 2000), a system
previously shown to efficiently produce functional TRPV1 currents (Caterina et al., 1997).
Calcium-free buffers containing AEA or low pH induced robust, reversible currents in
TRPV1-injected oocytes with sigmoidal concentration dependence. Consistent with previous
results in neurons and mammalian cells (Trevisani et al., 2002), high (50 to 200 mM)
concentrations of ethanol potentiated activation of TRPV1 in oocytes by both AEA and H*,
with 200 mM ethanol potentiating about 2-fold (RJ Howard and RA Harris, unpublished
data). The consistency of this result indicates that ethanol potentiation of AEA activation is
not an artifact of ligand solubilization (Glaser et al., 2005) or interaction with intracellu-lar
factors (Premkumar and Ahern, 2000), but occurs independent of the mechanism of
activation.

One possible mechanism for alcohol modulation of TRPV1 involves phosphorylation by
PKC, which sensitizes the channel (Bhave et al., 2003). Indeed, ablation of PKC
phosphorylation by treatment with the nonspecific kinase inhibitor staurosporine, or by
mutation of serine residues S502 and S800 to alanine, was recently shown to completely
inhibit PKC enhancement of TRPV1 activity (Studer and McNaugh-ton, 2010). Given the
well-documented association between PKC and alcohol abuse (Newton and Ron, 2007, and
elsewhere in this review), it is possible that alcohol modulates TRPV1 indirectly via kinase
modulation. However, either treatment with staurosporine or mutation of phosphorylation
sites (S502A/S800A) failed to remove ethanol potentiation of TRPV1 (RJ Howard and RA
Harris, unpublished data). Thus, alcohol modulation is unlikely to depend on PKC
phosphorylation.

There is controversial evidence that PIP,, a component of membrane lipids, inhibits TRPV1
via an intracellular motif (Lukacs et al., 2007; Prescott and Julius, 2003). This mechanism
seemed a particularly promising target for alcohol modulation, given the parallel modulation
of the related channel TRPM8. As described above, ethanol disrupts PIP,-mediated
enhancement of TRPMB8 currents, thereby inhibiting TRPM8 function. Accordingly,
depleting oocytes of PIP, (e.g., with the kinase inhibitor wortmannin) decreases ethanol
inhibition of TRPMS8 (Benedikt et al., 2007). Vetter and colleagues (2008) recently
suggested that wortmannin acts similarly on ethanol potentiation of TRPV1, though the

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Howard et al.

Page 8

demonstrated effect was small and in a different experimental system. In oo-cytes, treatment
with wortmannin inhibited rather than sensitized TRPV1 currents; moreover, wortmannin
did not decrease subsequent potentiation by ethanol. Deletion of a 16-residue region
implicated in PIP, inhibition (AL777 to AL792) (Prescott and Julius, 2003), or indeed
deletion of 16 residues on either side of this region (AE761 to AS776, AV793 to AQ808),
also failed to significantly reduce ethanol potentiation (RJ Howard and RA Harris,
unpublished data). These findings are more consistent with an alternative, well-supported
model in which PIP, primarily serves to potentiate, rather than inhibit, TRPV1 activity,
probably via a distinct structural motif close to the plasma membrane (Lukacs et al., 2007,
Stein et al., 2006), and in which ethanol does not disrupt modulation of the channel.

Another important modulator of TRPV1 is the calcium-binding protein CaM, which
interacts with 1 or more intracellular sites (Lishko et al., 2007; Numazaki et al., 2003).
Because CaM binding mediates calcium-dependent desensitization of TRPV1 (Rosenbaum
et al., 2004), disrupting this interaction could enhance channel function. An arginine residue
in the putative C-terminal CaM-binding motif was recently shown to be essential for CaM
binding (Grycova et al., 2008); however, mutating this residue to alanine did not reduce
ethanol potentiation (RJ Howard and RA Harris, unpublished data). In fact, the CaM-
binding domain overlaps with the putative PIP,-inhibition domain shown above to have no
effect on ethanol modulation. The lack of involvement of putative CaM-binding sites, along
with the robust effect of ethanol in calcium-free oocyte electrophysiology experiments,
renders a model in which alcohol potentiates TRPV1 by disrupting CaM binding unlikely.

Lack of evidence for an indirect mechanism of alcohol modulation of TRPV1 leaves open
the important possibility that TRPV1, like other protein targets described in this review, may
bind alcohol directly to modulate function. As described above, serial deletion experiments
have ruled out a considerable region of the C-terminus, and may help identify a direct site of
action for alcohol on TRPV1. Recent advances in identifying sites of alcohol action in other
protein targets, such as kinases, GIRK channels, and LGICs, further suggest that
identification of similar sites in TRPV1 will benefit greatly from structural information.
Such insight will be valuable to alcohol as well as TRP channel research, and may present a
novel paradigm for alcohol modulation of an ion channel involved in intoxication.

GLYCINE RECEPTORS: DEFINING ALCOHOL BINDING THROUGH
MUTAGENESIS AND MODELING

Building evidence supports a role for GlyRs in mediating the effects of ethanol. Indeed,
behaviorally relevant concentrations of ethanol positively modulate GlyR function in a
variety of brain and spinal cord preparations (Aguayo and Pancetti, 1994; Eggers et al.,
2000; Engblom and Akerman, 1991; McCool et al., 2003; Molander et al., 2007). The
molecular sites and mechanisms that initiate ethanol action in GlyRs represent an active area
of investigation extensively covered in a recent review (Perkins et al., 2010).

Early molecular investigations focused on ethanol-sensitive regions within the TM domains
of GlyRs, comprising helices M1 to M4 in each subunit. Chimeric and mutagenic strategies
demonstrated that amino acid residues S267 in M2 and A288 in M3 of the a1 GlyR were
critical for allosteric modulation by ethanol (Mihic et al., 1997). Moreover, the molecular
volume of the residue at position 267 in GlyRs determined alcohol cutoff (Wick et al., 1998)
as well as the sensitivity and qualitative response (potentiating vs. inhibitory) to ethanol.
Systematic substitution of serine at position 267 with each of the other 19 amino acids
revealed an inverse correlation between molecular volume at this position and ethanol
effects (Ye et al., 1998). Subsequently, use of the substituted cysteine accessibility method
(SCAM) (Karlin and Akabas, 1998) in combination with the anesthetic-like reagent propyl
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methan-ethiosulfonate (PMTS) demonstrated that labeling of a1 GlyR mutant S267C
produced irreversible alcohol-like potentiation and reduced alcohol cutoff (Mascia et al.,
2000). This result provided further evidence that position 267 in the GlyR TM domain
contributes to an ethanol “binding/action” pocket. Potentiation by alcohols was also altered
by mutations at position A288 (Yamakura et al., 1999) and proximal sites in M1 (1229)
(Lobo et al., 2004a) and M4 (W407, Y410) (Lobo et al., 2006). These and other studies
provided structural context for these findings by characterizing the orientation of TM
domain residues and their importance in channel function (Lobo and Harris, 2005; Lobo et
al., 2004a,b, 2006, 2008; McCracken et al., 2010).

An additional area of recent focus in GlyR alcohol research concerns the extracellular (EC)
domain. Mascia and colleagues (1996) found that mutation of position 52 in the EC domain
of the a1 GlyR from alanine to serine (A52S) significantly changed the sensitivity of the
receptor to low ethanol concentrations. Further studies of the involvement of the GlyR EC
domain in ethanol action have taken advantage of the pharmacological phenomenon that
increased atmospheric pressure (pressure) acts as a direct mechanistic antagonist to ethanol.
Pressures up to 12 times normal antagonized the behavioral and biochemical actions of
ethanol (Alkana and Malcolm, 1981; Alkana et al., 1992; Bejanian et al., 1993; Davies and
Alkana, 1998, 2001) without altering ethanol pharmacokinetics, behavioral or
electrophysiological baselines, or CNS excitation (Davies et al., 1994, 1999; Syapin et al.,
1996). Thus, if a GlyR site is involved in ethanol modulation, mutating it should alter the
effects of pressure as well as ethanol. In agreement with this prediction, pressure
antagonized ethanol effects in the wild-type a1 GlyR (Davies et al., 2003), but not in the
Ab52S mutant (Davies et al., 2004). Interestingly, pressure did not antagonize ethanol effects
in the a2 GlyR, which has a threonine (T59) instead of alanine at the position homologous
to a1l A52 (Davies et al., 2004; Perkins et al., 2008). Given the otherwise high homology
between a1 and a2 GlyRs, these findings support the involvement of a1 A52 as a target for
ethanol action, and suggest that limited amino acid differences between a1 and a2 GlyRs in
the EC domain contribute to differences in sensitivity, both to etha-nol and to pressure
antagonism of ]ethanol.

The use of SCAM techniques with PMTS labeling facilitated incorporation of TM and EC
domain sites into a structural model of alcohol modulation of the GlyR. Exposure to PMTS
caused significant irreversible alcohol-like potentiation and decreased alcohol cutoff in the
A52C al GlyR, implicating alcohol binding at this site in GlyR modulation (Crawford et al.,
2007). Furthermore, PMTS treatment of the double mutant A52C/S267C a1 GlyR decreased
alcohol cutoff even more than either substitution alone, consistent with the notion that EC
domain position 52 and TM domain position 267 participate in forming a single interaction
pocket for alcohol action (Crawford et al., 2007) (Fig. 10). Notably, the key determinant of
sensitivity to both ethanol and pressure antagonism of ethanol was the polarity of the EC
domain site (al 52 or a2 59) (Perkins etal., 2008). This finding contrasts with the TM
domain site (al 267) where, as described above, molecular volume rather than polarity
determined ethanol sensitivity (Ye et al., 1998). Thus, different physicochemical properties
influence ethanol action at EC and TM domain sites, despite their participation in a common
interaction pocket.

The demonstrated role of a1 GlyR position 52 in ethanol sensitivity brought focus to the
role of Loop 2, the EC domain region containing the ethanol sensitivity site, in function and
modulation of the GlyR and other receptors. As an alternative template for alcohol effects,
investigators took advantage of recent evidence for high ethanol sensitivity in & subunit-
containing GABAARs. Although not without controversy (Baur et al., 2009; Borghese et al.,
2006) (for review, see Borghese and Harris, 2007), & subunit-containing GABAARS (e.g.,
a4p36) were reported to be sensitive to ethanol concentrations as low as 1 to 3 mM
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(Hanchar et al., 2005, 2006; Sundstrom-Poromaa et al., 2002; Wei et al., 2004). Perkins and
colleagues (2009) predicted that, if the Loop 2 sequence plays a key role in determining
ethanol sensitivity, then mutating Loop 2 of the a1 GlyR to the homologous sequence in the
high-sensitivity 6 GABAaR would increase ethanol effects. As predicted, substituting the
8GABAAR Loop 2 into the a1l GlyR reduced the threshold for ethanol response from 30 to
1 mM or less. In addition, the mutation significantly increased the degree of ethanol
potentiation at the low concentrations tested (1 to 30 mM) (Perkins et al., 2009). Taken
together, these findings indicate that the structure of Loop 2 in the EC domain can have a
marked influence on ethanol sensitivity. This finding led to new models that suggest physi-
cochemical mechanisms by which ethanol modulates receptor responses to agonists, as
briefly described below (see also Perkins et al., 2009).

Recent studies have begun to investigate the role of charge at position 52 in Loop 2 of the
al GlyR in sensitivity to and pressure antagonism of ethanol. Substitution of A52 with
charged residues, as with polar uncharged residues (Perkins et al., 2008), abolished pressure
antagonism of ethanol. Ethanol sensitivity, on the other hand, did not vary directly with
charge: effects of A52 substitutions did not depend on the presence or absence of charge per
se, and were not influenced by the nature (positive or negative) of the charge. Instead (DI
Perkins, JR Trudell, DL Davies, and RL Alkana, in preparation), the effects of A52
substitutions appear to be influenced by subtle structural differences in amino acid side
chains. Taken together, these findings suggest that the structural bases for ethanol action and
pressure antagonism at position 52 in Loop 2 of GlyRs may be different (DI Perkins, JR
Trudell, DL Davies, and RL Alkana, in preparation).

The growing field of LGIC research has firmly established the importance of multiple sites
of action in ethanol modulation of GlyRs, involving regions of both the EC and TM
domains. Recent findings described above indicate that the structure of Loop 2 in the EC
domain, including position 52 in the a1l GlyR, influences ethanol sensitivity. Continuing
investigations will establish the physicochemical properties and mechanistic outcomes of
alcohol interaction with various regions of these receptors.

FUTURE DIRECTIONS: MODELING STRUCTURAL AND FUNCTIONAL
OUTCOMES OF ALCOHOL BINDING

The preceding sections describe recent progress in identifying alcohol-binding sites in brain
ion channels and signaling proteins. The next key question to be addressed is: what happens
to the protein when ethanol binds to the alcohol site? The answer is likely to be complicated,
as a large number of high-resolution structures have revealed surprisingly small changes in
tertiary structure following ligand binding. For example, high-resolution structures are
available for the acetylcholine-binding protein (AChBP), a prototype structure for the
ligand-binding domain of the LGIC superfamily (Brejc et al., 2001), bound to ligands as
small as nicotine (Celie et al., 2004) and as large as cobratoxin (Bertaccini et al., 2008).
While binding of cobratoxin to the acetylcholine-binding site in AChBP caused little change
in the static structure, it did change the axially symmetric receptor motions associated with
channel gating (Bertaccini et al., 2008). A similar mechanism may account for the effects of
alcohol binding in receptors discussed in this review.

The LGICs are among the best-characterized model systems for alcohol binding, and share
several critical features. As described above, binding energy derived from hydrogen bonding
and van der Waals interactions between a protein and alcohol is proposed to “lubricate” a
functional transition, either by lowering an energy barrier or stabilizing the facilitated state.
However, alcohol imparts weak binding energy and is likely to be promiscuous (Harris et
al., 2008). Binding of alcohol to LGICs may be facilitated by displacement of water
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molecules from partially hydrated internal cavities (Trudell and Harris, 2004). Still, even
with the entropic contribution of liberating water molecules, the free energy available for
alcohol to exert its effects may be small. Notably, thermal energy accounts for all major
functional transitions in LGICs, including binding of agonist, gating of the ion channel,
unbinding of agonist, and binding and unbinding of alcohol. In contrast, external driving
forces such as light absorption and TM electrostatic gradients aid the activation of proteins
such as rhodopsin (Pepe, 2001) and voltage-gated K* channels (Bezanilla, 2008).

Because of these considerations, researchers must search for pathways along which the
amino acid residues of the receptors can move without encountering high free energy
barriers. One way to achieve a low free energy pathway is to describe a collective motion
where all residues in a receptor move essentially simultaneously. For example, as residues in
a particular ion channel subunit rearrange from a closed to an open state, residues
throughout that subunit may rearrange to accommodate the new local conformation. By
doing so, they can avoid van der Waals collisions with neighboring residues. Such van der
Waals collisions are unforgiving: while a hydrogen bond could contribute 3 to 5 kcal/mol of
binding energy, a collision could subtract hundreds of kcal/mol. The concept of a collective
motion could include the conformational “wave” mode of activation postulated by Grosman
and colleagues (2000) as well as the initial deformation of a single subunit described by
Nury and colleagues (2010).

One way to search for a low free energy pathway is to perform elastic network calculations
(Lindahl et al., 2006). Figure 3 shows 1 high-amplitude/low-frequency motion in a model of
the a1l GlyR suspended in a fully hydrated lipid bilayer (Bertaccini et al., 2010a). Normal
mode analysis of this model revealed an iris-like gating motion, in which the EC and TM
domains twist in opposite directions. These motions create a harmonic spiral motion that
results in channel gating (Bertaccini et al., 2007, 2010a). Similar twisting motions were
demonstrated in models of the a7 nicotinic acetylcholine receptor (Taly et al., 2005) and the
prokaryotic ion channel GLIC (Zhu and Hummer, 2009).

A second way to seek low free energy pathways for the gating transition is to use molecular
dynamics simulations. There have been several successful applications of molecular
dynamics to the study of alcohol (Cheng et al., 2008) and anesthetic (Liu et al., 2009, 2010;
Mowrey et al., 2010) effects on LGICs. Tools such as the molecular simulation package
GROMACS (Hess et al., 2008; van der Spoel et al., 2005) allow long time scale simulations
of alcohol binding to receptors, even in fully-hydrated phospholipid bilayers (Murail et al.,
2011). However, even a 1-microsecond simulation using 128 cores on a large Linux cluster
presently takes about 6 weeks, whereas a simulation of 1 millisecond is required to observe
the effects of alcohol on the gating transition (Chakrapani and Auer-bach, 2005). In future,
new methods may dramatically improve simulation times. For example, coarse-grained
methods, such as elastic networks, may be used to generate reasonable pathways and then
divide them into segments amenable to detailed molecular dynamics (Arora and Brooks,
2007). Alternately, a biasing force may be used to move elements of a model in specific
directions to distinct “open” and “closed” states (Nury et al., 2010). The Climber algorithm
developed by Weiss and Levitt (2009) may also prove useful in generating sub states along a
low-energy pathway.

Functional experiments that uncouple the effects of agonist versus alcohol binding on
channel opening may further simplify computational modeling. For example, the finding
that the D97R a1 GlyR mutant is spontaneously active provided a means to study alcohol
effects independent of glycine binding (Beckstead et al., 2002). Molecular models of the a1
GIyR helped to explain how the mutation D97R causes spontaneous channel gating and
allowed prediction of residues in proximity to position 97 that could interact with it
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electrostatically (Todorovic et al., 2010). Mutagenesis and electrophysiologi-cal analysis of
the proposed interacting sites revealed that reversing the charge pair in the mutant D97R/
R119E stabilized the channels in their closed states. Models of these mutations will aid
future molecular dynamics simulations of alcohol’s effects.

The selective effects of alcohols and anesthetics on various LGICs (Belelli et al., 1999;
Flood et al., 1997; Krasowski and Harrison, 1999; Peoples and Weight, 1999) imply the
existence of binding sites that differ in specificity by virtue of their molecular properties.
Common features of alcohol-binding sites are evident in Fig. 1LA-C, where the alcohol-
binding regions of LUSH, GIRK?2, and PKCe are similarly characterized by shallow
hydrophaobic cavities on the cytoplasmic protein surface, surrounding a limited number of
hydrogen-bonding groups. However, although we have referred to “alcohol-binding sites” as
though they comprise discrete, well-defined structures, at least 3 observations suggest that
their properties can be more variable and complex. First, alcohols can have receptor-specific
effects, for example modulating closely related GlyRs and GABARS receptors in different
ways (reviewed in Perkins et al., 2010). Second, similar alcohols can have different effects
on the same receptor: for example, ethanol and octanol have opposite modulatory effects on
the nicotinic acetylcholine receptor (Borghese et al., 2003). Recent evidence also shows
opposite effects of ethanol and hexanol on ATP-gated purinergic P2x4 receptors (P2x4Rs)
(Asatryan et al., 2010); this work enabled generation of the first molecular model of an
ethanol-binding site in P2XRs, and demonstrated that diverse effects of closely related
alcohols are a consistent theme among LGICs. Third, molecular dynamics simulations of
LGIC alcohol binding show multiple alcohol molecules fluctuating between various
preferred orientations in a single protein cavity (Cheng et al., 2008). The large water-
accessible cavity in Fig. 1D associated with alcohol modulation of the GlyR illustrates one
such alternative model of alcohol binding. Allowing models to accommodate multiple
alcohol molecules in a range of orientations may help deal with the complexity of LGICs
and rationalize the spectrum of in vivo responses to alcohol.

Recent computational research has made substantial progress in modeling effects of alcohol
on GlyRs and GABARs (Bertaccini et al., 2010b; Harris et al., 2008; Perkins et al., 2010).
Emerging structural templates such as GIRK2 (Aryal et al., 2009), PKCe (Das et al., 2009),
and P2XRs (Asatryan et al., 2010) continue to enrich studies of alcohol binding and
modulation, and in future may inform new targets such as TRP channels. Further integration
of structural, functional, and computational approaches promises to elucidate in detail the
molecular mechanisms underlying alcohol effects on the brain.
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Fig. 1.

Sites of alcohol binding to various protein targets. (A) Coordination of r+alcohols (ethanol,
n-propanol, or r+butanol) in the odorant-binding protein LUSH (PDB ID 100H) includes
hydrogen bonding of S52 and T57 with the alcohol hydroxyl group and hydrophobic
interactions of F64, L76, F113, and W123 with the alkyl chain. Residues interacting with 7+
butanol in the crystal structure are shown as spheres. (B) Binding of alcohol to the GIRK2
intracellular domain (PDB ID 2E4F) may involve rearrangement of residues in the N-
terminal domain, the BD-BE loop (including the critical alcohol-binding residue L257), and
the BL- BM loop (including sites involved in Gg,, binding). Residues interacting with MPD
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in the IRK1 crystal structure are mapped onto GIRK2 and shown as spheres. For clarity,
only the 2 proximal subunits of the tetramer are shown. (C) Amino acid residues in the C1B
domain of PKC, (molecular model based on PKC§, PDB ID 1PTQ) shown by photolabeling
and mass spectrometry to interact with alcohol include H248 and Y250, shown as spheres.
Residues in the same groove interact with cyclopropanemethanol in a PKC8 co-crystal
structure. (D) A large water-filled cavity (red) contained within a single subunit of the
homopentameric a1l GlyR (modeled after the nicotinic acetylcholine ° receptor, PDB ID
2BG9) is implicated in ethanol binding. Alcohol-binding residues A52 (Loop 2) and S267
(M2), shown as spheres, are separated by ~28 A but border a contiguous pocket.
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Fig. 2.

Comparison of chimeric KirBac-GIRK1 structures in “closed” (green) and “open” (orange)
states with MPD-bound IRK1 (gray). MPD is shown as a CPK model with hydroxyl groups
in red. IRK1 is more similar to the putative open- than closed-state GIRK1 structures in the
region of the hydrophobic MPD-binding pocket. Note movement of the fL-BM domain
(top), implicated previously in Gg,, activation, between the putative open and closed
configurations. In the closed state, several amino acid side chains occupy the pocket in
which, in IRK1, MPD is bound. Figure modified from Aryal and colleagues (2009).
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Fig. 3.

Models of 2 states of a ligand-gated ion channel with pentamer subunits colored individually
(orange, gray, red, blue, yellow) illustrating “wringing” or iris-like gating motions. (A)
Lateral view from the plane of the membrane. The ligand-binding extracellular (EC) domain
(blue arrows) and transmembrane (TM) domain (red arrows) twist in opposite directions.
The dotted lines illustrate tilted axes of spiral motion of 1 subunit in each state. These
motions create a harmonic spiral motion that results in channel gating. One of 5 native
agonist ligand-binding sites in the EC domain is illustrated as a cylinder (green) between 2
subunits. Putative binding sites for alcohols and anesthetics are illustrated as cylinders at
intrasubunit (purple) and intersubunit (orange) helix interfaces within the TM domain. Note
that, although only 1 example of each binding site is shown, the 5-fold symmetry or
pseudosymmetry of the channel may create as many as 5 such sites either within or between
subunits. (B) Top view of the ion pore from the EC side. Figure modified from Bertaccini
and colleagues (2010a).
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