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Abstract. Alcohols affect a wide array of biological structures of alcohol-protein complexes and from muta-
genesis studies of ion channels and enzymes that bindprocesses including protein folding, neurotransmission

and immune responses. It is becoming clear that many of alcohols. Common amino acid sequences and structural
features are shared among the protein segments that arethese effects are mediated by direct binding to proteins

such as neurotransmitter receptors and signaling involved in alcohol binding. The alcohol binding site is
thought to consist of a hydrogen bond acceptor in a turnmolecules. This review summarizes the unique chemical
or loop region that is often situated at the N-terminal endproperties of alcohols which contribute to their biological
of an�-helix. Themethylene chainof the alcoholmoleculeeffects. It is concluded that alcohols act mainly as
appears to be accommodated by a hydrophobic groovehydrogen bond donors whose binding to the polypeptide

chain is stabilized by hydrophobic interactions. The formed by two or more structural elements, frequently a
turn and an �-helix. Binding at these sites may alter theelectronegativity of the O atom may also play a role in
local protein structure or displace bound solventstabilizing contacts with the protein. Properties of alcohol

binding sites have been derived from X-ray crystal molecules and perturb the function of key proteins.
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Introduction

Alcohols can dramatically affect both the structure and
function of a wide variety of cellular proteins and,
ultimately, complex biological activities such as neuro-
transmission and immune responses. The neurobiologi-
cal effects of ethanol have been thoroughly summarized
in numerous review articles (e.g. see [1–4]). This review
is focused primarily on the chemistry of alcohols and
the nature of their binding sites on various protein
molecules. Although ethanol, and especially the longer-
chain aliphatic alcohols, can partition into membranes
and cause nonspecific changes in neural activity (at high

concentrations), we are interested in specific interactions
with proteins which occur at physiologically relevant
concentrations.
It has been known for some time that at high concen-
trations (typically �0.5 M) alcohols produce structural
changes in peptides and proteins [5–11]. The formation
of secondary structure (�-helices) is promoted by alco-
hols [5–8], whereas tertiary structure is often disrupted
and can lead to denaturation of the protein molecule
[9–11]. At lower concentrations, the effects of alcohols
are more subtle, although significant. For instance,
ethanol has been shown to inhibit the function of vari-
ous ion channel proteins [12–15], neurotransmitter re-
ceptors [16–24], enzymes [25, 26] and adhesion
molecules [27] in the range of 1–50 mM. Behavioral* Corresponding author.
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effects of ethanol are produced at these same concentra-
tions; the longer-chain alcohols (e.g. butanol) are even
more potent [28]. This latter phenomenon led to the
formulation of the Meyer-Overton rule, which states
that the anesthetic potency of a compound is related to
its oil:water partition coefficient (as discussed in [29]).
As a general principle, the longer the methylene chain
of an alcohol the greater its activity, when measured as
either a behavioral effect or as a change in protein
folding.
It is not yet known exactly how the alcohol molecule
produces such significant changes in biological activity.
Alcohols can directly alter protein folding, and the
physical binding of alcohols to proteins in solution has
been conclusively demonstrated [30–34]. Therefore, a
reasonable assumption would appear to be that many
of the biological effects of alcohols are due to pharma-
cological interactions with important proteins, such as
ion channels and signal transduction molecules. Recent
mutational analyses have lent support to this notion by
localizing discrete binding sites for alcohols on ion
channel proteins [35–37]. In view of these observations,
we have reviewed what is known about alcohol binding
to proteins with the goal of identifying the molecular
basis for these interactions.
Clues about the nature of alcohol-protein interactions
have been drawn from several different areas. (i) The
chemistry of alcohols has been briefly discussed from
the standpoint that the protein binding site should be
complementary to the alcohol molecule (in terms of its
molecular features). We have sought to provide a com-
prehensive summary of the chemical properties of alco-
hols in the context of their biological effects. (ii) The
three-dimensional (3-D) structures of proteins with al-

cohol molecules bound in their crystal forms have been
inspected to characterize the mode of binding. We have
detected structural and sequence similarities among the
alcohol binding sites that have not previously been
appreciated. (iii) Data have been reviewed from recent
studies aimed at mapping the binding of alcohols to
various proteins using mutagenesis approaches. A gen-
eral model of an alcohol binding site has been proposed
here that may help to guide future mutagenesis studies.
Taken together, the findings provide an emerging pic-
ture of the biochemical features of alcohol binding sites
on proteins. As the picture becomes clearer, we may
eventually gain insight into how alcohols produce their
important biological effects.

Chemistry of alcohols

A list of selected alcohols and their pertinent physico-
chemical features in relation to water is shown in table
1. The hydroxyl moiety endows the alcohols with sev-
eral important properties. First, alcohols are weak acids
on the order of water [38, 39] except for the fluoroalco-
hols [such as trifluoroethanol (TFE) and hexafluoroiso-
propanol (HFIP)], which are stronger acids than water
[40, 41]. It is important to note that the pKa’s for the
alcohols shown here were determined in aqueous solu-
tions [38, 39]. The ordering of the relative acidities for
the nonhalogenated alcohols is actually reversed in the
vapor phase (butanol�ethanol�methanol) in keeping
with the expected contributions of the alkyl groups [42].
The behavior in aqueous solutions is affected by the
bulky aliphatic chains which produce steric interference
with stabilizing ion-dipole interactions. The phase-de-
pendent reversal in the properties of alcohols is an

Table 1. Chemical properties of various alcohols in comparison to water.

Dielectric Dipole �vAH (cm−1)�pKa§Refractive �vAH (cm−1)� Boiling
point, °C*(dioxane)(pyridine)index*moment*constant*

100–15.71.3331.8478.5Water –
Methanol 32.6 1.70 1.329 15.5 287 126 65

1.361 276 7815.9Ethanol 24.3 1231.69
Propanol 20.1 1.58 1.385 16.1 286 – 97

8218.3 1.58Isopropanol 1.377 �25 269 –
11717.1 1.66Butanol 1.399 �16 274 –
7421442812.4¶1.2912.52‡26.6TFE
59HFIP �10† – 1.275 9.3¶ – 342

Ethanediol 198––15.11.4322.2837.7

* These values were obtained from the CRC Handbook of Chemistry and Physics [87] unless otherwise noted.
† This value for HFIP (hexafluoroisopropanol) was estimated in [52].
‡ This value for TFE (trifluoroethanol) was reported in [49].
§ Except where noted, the pKa values were taken from [38] and [39].
¶ These values were determined by Dyatkin et al. [41].
� These data represent the shifts in the O-H stretching frequency of the various alcohols as measured by IR spectroscopy in the
presence of the hydrogen bond acceptors pyridine and p-dioxane. The values were derived from tables in [44].
The dash (–) indicates that comparable data were not available.
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important point because butanol has been found [43] to
be an even more potent anesthetic in the gas phase (as
compared with the aqueous phase), which coincides
with its maximum acidity. Second, alcohols are good
hydrogen bond donors. For the most part, their
strength in hydrogen bonding follows the pKa’s as
judged by infrared spectroscopy (IR) analysis of bond
stretching in the presence of suitable hydrogen bond
acceptors (table 1) [44]. Branching of the aliphatic chain
of an alcohol decreases both its ability to donate hydro-
gen bonds and its anesthetic potency. For instance,
propanol and isopropanol display frequency shifts of
286 cm−1 vs. 269 cm−1 and have effective anesthetic
doses of 13.3 mmol/kg and 18.4 mmol/kg, respectively
[28]. Third, alcohols can also act as hydrogen bond
acceptors with varying effectiveness. Consequently, al-
cohols self-associate, which is evident from the elevated
boiling points compared with the corresponding alkanes
(e.g. ethane and propane boil at −88.5 °C and
−42 °C, respectively). Nevertheless, methanol, ethanol
and propanol all have boiling points below that of
water, suggesting that water is a better hydrogen bond
acceptor than the alcohols [44]. This interpretation is
complicated by the fact that water, as opposed to alco-
hol, can donate two hydrogens for bonding rather than
one, although the second bond is much weaker than the
first [45].
Llinas and Klein [46] have observed that water behaves
more like a proton acceptor (base) than a proton donor
in a model system that mimics interactions with the
polypeptide chain. In contrast, TFE behaves mainly as
a proton donor at peptide carbonyl groups and reacts
poorly with the amide groups which can serve as hydro-
gen bond donors [46]. The differences between water
and alcohols in this system may be due, in part, to the
different geometries of the hydrogen bonds that can be
formed. The H-O-H angle has been measured experi-
mentally to be 104.52° [44], whereas the C-O-H angle in
methanol was found to be 110.15° [38] and is around
109° in the other alcohols as observed in molecular
dynamics simulations [D. Dwyer, unpublished observa-
tions] consistent with the sp3 hybridization. The volume
and rotational freedom of the aliphatic chains will also
tend to create steric hindrance at the O atom of the
alcohols, thereby reducing hydrogen bond acceptance at
this site. It has been suggested that the effects of alco-
hols on protein structure may be due to desolvation of
the peptide amide groups (relative to the situation in
water which is a better hydrogen bond acceptor) and
subsequent destabilization of planar peptide bonds [47,
48]. If this is so, there should be some correlation
between the ability of an alcohol to accept hydrogen
bonds and its ability to induce structural changes in
proteins which appears to be the case [49].

A comparison between TFE and ethanol may be infor-
mative. TFE is a poor hydrogen bond acceptor com-
pared with ethanol but a much better hydrogen bond
donor (table 1, frequency shift data). It also has more
potent biological effects than ethanol at receptors acti-
vated by acetylcholine [50] and adenosine triphosphate
(ATP) [51] and in protein folding paradigms [52–54].
However, TFE is more polar than ethanol (dielectric
constant, − 26.6 vs. 24.3), which contradicts the
Meyer-Overton rule. Therefore, it appears that for
closely related alcohol molecules (of the same chain
length), the ability to disrupt protein function may
largely be determined by hydrogen bond donor
strength. These data lend support to the ideas of San-
dorfy [55] that anesthetic potency is related to the
capacity of a compound to donate hydrogen bonds to
an acceptor site. Moreover, the data are consistent with
the findings of Abraham et al. [43] that the potency of
an anesthetic molecule decreases as its strength as a
hydrogen bond acceptor increases. However, hydrogen
bond donation is not the complete story. The overall
hydrophobicity of alcohol molecules clearly contributes
to their relative effectiveness because methanol is less
potent than the longer chain aliphatic n-alcohols, al-
though it is more acidic in aqueous solutions than these
molecules (e.g. propanol and butanol). Taken together,
the data suggest that alcohols behave mainly as hydro-
gen bond donors whose binding is stabilized by hydro-
phobic interactions. Alcohols may displace water
molecules from specific sites (including catalytic sites or
transition states of the protein) because the aliphatic
chain forms more favorable contacts with nonpolar
groups (typically, amino acid side chains) in the vicinity.
A recent review has discussed in greater detail the
notion that there is effective competition between alco-
hol and water molecules at key sites on proteins and
glycolipids [56].
For a given alcohol, there is generally a close correspon-
dence between its behavioral effects (intoxication) and
its effects on protein structure [6, 9, 11, 28]. Thus,
butanol is more potent than propanol or ethanol at
inducing conformational changes, and halogenated al-
cohols, such as TFE and HFIP (which, incidentally, is a
major metabolite of the experimental anesthetic,
sevoflurane), produce the greatest effects on protein
structure [52–54]. Therefore, a better understanding of
the anesthetic properties of alcohols may be achieved by
defining more precisely how alcohols alter protein struc-
ture. Moreover, it follows that the chemical properties
of the alcohols will determine the nature of their bind-
ing site on a protein. The most salient features of the
alcohol molecule that are likely to contribute to stable
binding are (i) the hydroxyl group involved in hydrogen
bond donation, (ii) the electronegative O atom and (iii)
the aliphatic chain. One could already propose a model
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for the protein binding site on the basis of complemen-
tary features that would include (i) a hydrogen bond
acceptor site, (ii) net positive charge in the vicinity and
(iii) a hydrophobic groove or cleft. Eyring et al. [57]
have argued persuasively that anesthetics act at hydro-
phobic sites on proteins, and Abraham et al. [43] have
suggested there should be a hydrogen bond acceptor
group near the actual binding site.

Alcohol binding sites: crystallographic studies

What is actually known about the sites where alcohols
interact with proteins? The importance of hydrogen
bonding and hydrophobic interactions have already
been discussed. A variety of studies suggests that there
may be a size limitation to the binding site—the so-
called cut-off phenomenon—because alcohols beyond a
certain chain length (typically about 8–12 methylene
groups, depending upon the system) have reduced anes-
thetic potency [16, 17, 28, 58–62]. Generally, the data
suggest that the binding site is a limited groove or
pocket lined by nonpolar amino acid side chains. Thus,
long chain alcohols that exceed a critical length may
experience steric hindrance at the alcohol binding site,
although other plausible explanations have also been
offered [34]. The findings of Strassmair et al. [31] indi-
cate that the alcohol moiety prefers to hydrogen-bond
at peptide carbonyl groups. These groups could con-
ceivably be located anywhere along the peptide chain
and may already participate in hydrogen bonds with
other donors (e.g. in an �-helix) [63]. An attractive site
for alcohol binding might be turns that include serine or
threonine residues whose side-chain hydroxyls can in-
teract with the peptide main chain. Alternatively, alco-
hols could form hydrogen bonds with side chain
hydroxyl groups of serine, threonine and even tyro-
sine rather than with main chain carbonyl or amide
groups.
One way to identify common motifs involved in alcohol
binding would be to examine the structure of alcohol-
protein complexes that have been solved by X-ray crys-
tallography. Several such complexes have been resolved
at sufficiently high resolution. For most of these struc-
tures, the protein crystals were formed in solutions that
contained high concentrations of alcohol (�7.5–60%)
[64–66]. Therefore, the conditions were not physiologi-
cal. Nevertheless, the data imply that alcohols (in
aqueous mixtures) can bind to discrete sites on proteins
in a highly reproducible manner. This view is supported
by the fact that ethanol molecules were bound at the
same locations in two independently derived crystal
structures of porcine pepsin [65, 67].
For this review, the structures of four separate alcohol-
protein complexes were inspected using a Silicon

Graphics Indigo2 workstation and molecular modeling
software from Molecular Simulations (San Diego, CA,
USA). Atomic coordinates were obtained from the
Protein Data Bank (Brookhaven National Laborato-
ries) [68] for alcohol dehydrogenase (from horse liver;
1hld) [69], pepsin (3pep), crambin (1cbn) and calmod-
ulin (1cll). Alcohol molecules were located in the crystal
structures and atoms within 6 A� were noted and further
investigated for possible contacts. Several points
emerged from this analysis.
1) The bound alcohol was typically sandwiched between
two structural elements—one of these was often an
�-helix (see fig. 1). The segments involved in binding
have been represented as ribbon structures in the dia-
gram. In many cases, the alcohol molecule was located
near the N-terminal end of the helix (a later section will
discuss this point in greater detail).
2) The atomic interactions between the alcohol and the
protein were varied. There were examples of hydrogen
bond donation to backbone carbonyl groups, for in-
stance at S36 and I128 of pepsin. In other cases, the
binding was mediated by hydrogen bonding to side-
chain groups, e.g. S48 and H67 of alcohol dehydroge-
nase, S219 of pepsin and N46 of crambin. In
calmodulin, it appeared that alcohol binding was
mainly stabilized by hydrophobic (van der Waals) inter-
actions between the methyl group of ethanol and the
side chain methylene groups at L32, F68 and M71.
Hydrophobic interactions appeared to stabilize alcohol
binding in all of the complexes analyzed. In addition, a
zinc ion (bound at residues C46, H67 and C174) stabi-
lized the interaction between benzyl alcohol and alcohol
dehydrogenase. Calmodulin and lignin peroxidase (de-
scribed below) are also metalloproteins; however, in
these molecules, the metal complexes are quite distant
from the alcohol binding site.
3) Despite the varied nature of the contacts in the
complexes, there were common themes at the level of
the amino acid sequences. As shown in figure 2A, the
segments involved in binding typically comprised a cen-
tral polar region flanked by hydrophobic bookends (one
to two nonpolar residues). The central region included a
number of amino acids with a high propensity for
turn/coil conformations, such as glycine, proline and
serine. This is consistent with the actual 3-D structure
of these segments, which have been depicted in figure 1.
The amino acid sequences were aligned here mainly on
the basis of the start sites of the helical regions (indi-
cated by the closed circles)—when they were present.
Otherwise, existing regions of homology (such as the
sequences GTI or PSI) were used to guide the align-
ment. This method revealed additional regions of simi-
larity among the segments, including ones from other
proteins that bind alcohols (as discussed below). In
general, the data from crystal structures with bound
alcohol molecules suggested that turn segments were
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Figure 1. High resolution 3-D structures of proteins that include bound alcohol molecules. The structures are based on the atomic
coordinates from the Protein Data Bank. Segments that are involved in binding have been rendered as ribbon structures and are
color-coded as follows: alcohol dehydrogenase 37–52 (blue), 57–73 (yellow); pepsin 10–27 (magenta), 28–44 (yellow), 120–137 (blue),
217–234 (green); and calmodulin 19–36 (blue), 55–72 (yellow). Arrows highlight the positions of the bound alcohol molecules.

preferred binding sites, particularly when the turn was
located just upstream from an �-helix.
Although general themes for an alcohol binding site
have emerged from this analysis, the situation is clearly
more complex than our preliminary observations sug-
gest. Alcohol molecules could bind to proteins at addi-
tional sites that bear little or no relationship to the
general motif presented here. Furthermore, protein sites
that resemble this motif may not in every case bind
alcohol with a detectable affinity. It is problematic to
estimate how frequently these types of situations will
arise, in part due to the difficulty in distinguishing
between alcohol binding and its effects in many of the
systems that have been studied. For the most part, data
on alcohol binding have been derived from functional
studies that reveal little about the possibility of addi-
tional binding sites that are functionally silent.

Alcohol binding sites: mutagenesis approaches

Recently, mutagenesis studies of several proteins have
provided additional insights into the nature of alcohol
binding sites [35–37, 70]. For these studies, the proteins
were mutated at specific residues, and the effects on
alcohol binding or the response to alcohol were then
measured. Using this approach, a potential alcohol/
anesthetic binding site has been mapped to a region

near the transmembrane segments, TM2/TM3, of the
glycine receptor (Gly-R) [35], TM2 of the �- and �-
subunits of the acetylcholine receptor (AChR) [37] and
TM4/TM5 of the voltage-gated K+ channel, Shaw
variant (K-Shaw) [36]. Point mutations that altered the
response to ethanol were located near the putative
aqueous channels of these proteins. Mutation of S267 in
the glycine receptor attenuated the response to ethanol.
In contrast, a similar mutation in the �-subunit of the
AChR (replacing S252 with a hydrophobic amino acid)
enhanced the blocking effects of long-chain alcohols
[37]. The same general strategy has been applied to a
soluble enzyme (lignin peroxidase) to map the binding
site for veratryl alcohol [70]. Mutation of a glutamic
acid at position 146 disrupted alcohol binding to the
protein. The findings from these various studies support
two earlier conclusions. (i) Alcohol molecules can inter-
act directly with proteins to produce their effects. (ii)
There are discrete sites on proteins that are functionally
affected by alcohols. These sites might either coincide
with the actual binding site (as in the case of lignin
peroxidase), or they may be sites that allosterically
affect alcohol binding, i.e. mutations in one region of
the protein may indirectly alter binding at another
site.
The mapping information from these studies has pro-
vided additional clues about the alcohol binding site. At
the level of the amino acid sequences, there are certain
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similarities between the ion channels (in the regions
where mutations affected the response to ethanol) and
other members of the panel of alcohol binding proteins
(fig. 2B). The central polar region is present as well as
the hydrophobic bookends. Alignment of the various
binding segments revealed additional homology, such as
the SIXA sequence (found in pepsin, the �-subunit of
the AChR and the gamma aminobutyric acid (GABA)
receptor) and the sequence KELG (found in calmodulin
and the potassium channels). The sequence of lignin
peroxidase also conforms to the general motif and in-
cludes the sequence LVPEP, which is similar to that
found in a segment of pepsin (LVTPLP) that interacts

with ethanol. There are also structural similarities
among the proteins that are worth noting. According to
secondary structure predictions (both Chou-Fasman
[71] and GOR II [72]), the regions of Gly-R, K-Shaw
depicted here should adopt a turn-helix conformation in
the native protein (the start of each putative helix has
been indicated by an open circle). Mutations that affect
the response to ethanol map to these turn regions. The
same general pattern is observed for the alcohol binding
site in lignin peroxidase, whose crystal structure is
known [73]. Finally, a similar analysis was performed
on adenylate kinase because this protein binds
halothane at a specific site defined by X-ray crystallog-
raphy [74]. Halothane is not an alcohol, but like alcohol
it is a general anesthetic. By including the sequence of
adenylate kinase in the analysis, it may be possible to
identify certain themes that are common to anesthetic
binding sites. The helical segments involved in
halothane binding have been shown (fig. 2B), and they
bear some resemblance to those defined earlier from
crystallographic and mutagenesis studies.

Alcohol binding sites: theoretical considerations

Data from high-resolution crystal structures and muta-
tion analyses suggest that alcohol molecules can bind to
discrete sites on proteins that share certain general
features, including regions of amino acid sequence ho-
mology. The binding site typically includes a turn or
loop segment that is adjacent to an �-helix. Hydrogen
bonding via the alcohol moiety provides a significant
contribution to the binding energy; however, hydropho-
bic interactions also play an important role. Older stud-
ies suggest a possible specific location for the hydrogen
bond site with respect to the folded protein structure.
Twenty years ago, Hol et al. [75] analyzed the phos-
phate/nucleotide binding sites on various proteins and
proposed a biophysical basis for the interaction. They
noted that phosphate groups (including nicotinamide
adenine dinucleotide (NAD) cofactors) were preferen-
tially bound at the N-terminal region of an �-helix and
suggested that this site was favored because the net
positive charge of the helix dipole stabilized contacts
with negatively charged species. A considerable body of
evidence now supports this concept, which appears to
apply not only to phosphate moieties but to other small
molecules as well (e.g. staurosporine [76] and forskolin
[77, 78]). Therefore, it seems entirely possible that there
may be a distinct binding site for alcohols (and general
anesthetics) formed by an equivalent motif that is simi-
lar among different proteins [2, 79]. Although it is likely
that other binding motifs may exist, this analysis may
provide a useful framework or starting point for future
studies.

Figure 2. Amino acid sequences of protein segments involved in
alcohol binding as defined by either high-resolution 3-D structures
(A) or mutagenesis studies (B). The single-letter code has been
used to represent the sequences, and the numbering indicates the
position of each sequence within the protein. Homologous regions
have been indicated by enclosure in boxes. X-ray crystallography
has defined residues that make contact with alcohols via hydrogen
bonding (circled amino acids) or van der Waals interactions
(boxed with hash marks). Pepsin, crambin and calmodulin had
ethanol bound in the crystal structures, whereas alcohol dehydro-
genase was solved with 2,3,4,5,6-penta-fluorobenzyl alcohol in the
binding site. In (B), mutations that affected the response to
alcohol have been circled, and the letters have been outlined to
indicate that these amino acids have not been confirmed as
contact residues. The small, filled circles indicate the start of an
�-helix, whereas the open circles mark the start of a putative
helical segment as determined by secondary structure predictions.
A consensus sequence is shown at the bottom of the figure (Hy
stands for hydrophobic residues). Some of the segments shown
here have also been highlighted in figure 1. The sequence informa-
tion concerning adenylate kinase was derived from [74] and [88].
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Figure 3. Molecular model of an alcohol binding site. The structure of the alcohol binding region of horse liver alcohol dehydrogenase
(1hld) [69] was adapted to construct a plausible model site. HFIP (hexafluoroisopropanol) was docked into this site to illustrate the type
of molecular interactions that have been observed in the various crystal structures. There is hydrogen bonding (bond lengths indicated
in A� ) between the hydroxyl group of HFIP and the carbonyl group of isoleucine (labeled) as well as the hydroxyl group of glutamic
acid. Binding is stabilized in this model by hydrophobic interactions with methylene groups of arginine and alanine. The HFIP molecule
is located at the N-terminal end of an �-helix. Theoretically, ethanol would make the same contacts as HFIP except for the interaction
with arginine because there is no methyl group at an equivalent position in ethyl alcohol. Atoms in the molecules have been colored
according to the following scheme: green, carbon; red, oxygen; white, hydrogen; blue, nitrogen; and purple, fluorine.

One possibility that is consistent with the available data
would be that the alcohol binding site consists of a
pocket formed by a turn or loop (at the N-terminal end
of an �-helix) and an adjacent �-helix. A close-up view
of a molecular model of a generic alcohol binding site is
depicted in figure 3. HFIP was selected to illustrate
binding to this site because it has potent effects on a
variety of proteins, yet it has a relatively simple struc-
ture. The model, which is based on horse liver alcohol
dehydrogenase [69], is intended to show the types of
molecular contacts (e.g. hydrogen bonding and van der
Waals interactions) that might contribute to alcohol
binding. Regions of proteins that resemble the model
structure would constitute special sites for several rea-
sons. (i) Turns are rich in peptide carbonyl groups that

normally form hydrogen bonds with the solvent [63].
Alcohols could readily displace water molecules from
these sites. (ii) The net positive charge due to the dipole
moment of the helix would tend to promote interactions
with electronegative groups [75], including the alcohol
moiety. (iii) Packing of �-helices could provide a hydro-
phobic pocket or groove for the methylene chain of the
alcohol [57, 79]. The proposed binding site would be
expected to be a common feature of ion channel
proteins, which comprise multiple membrane-spanning
helices. Moreover, according to this model, alcohol
binding sites may partially overlap those for phos-
phates/nucleotides. This might explain, in part, why
ethanol affects the activity of certain kinases, such as
protein kinase C [80, 81]. Other studies from our labo-
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ratory support the possibility of overlap between bind-
ing sites for alcohols and phosphates/nucleotides. Thus,
the alcohol-binding segment from crambin (fig. 2) has
previously been identified as a duplication unit—a
protein structural motif that appears to mediate
protein-protein and protein-nucleotide interactions
[82].

Functional consequences of alcohol binding

Although specific biochemical features of a putative
alcohol binding site have been outlined above, several
important questions remain. (i) Is there a single, func-
tional binding site for alcohols on proteins that are
affected by these compounds or do multiple binding
sites exist? (ii) Are all binding sites available to alcohol
molecules at all times, or are new sites created during
transition states of the protein (e.g. after opening an ion
conductance channel)? (iii) What are the possible effects
of alcohol binding at the functional site(s)? In response
to the first question, it is clear that more than a single
binding site for alcohols may exist on a given protein.
This conclusion is supported by the crystal structure of
pepsin (which includes two bound ethanol molecules)
and by functional data obtained in electrophysiology
studies of the acetylcholine receptor (AChR).
Studies of the AChR from muscle [16, 17, 83, 84] and
from Torpedo [85, 86] have established that there is a
site for small chain alcohols (�hexanol) that is associ-
ated with facilitation of channel opening. This effect of
the alcohols is measured as a reduction in the apparent
dissociation constant for the agonist, ACh [16, 17].
Rapid perfusion techniques (in conjunction with patch
clamping) have shown that the ethanol-induced facilita-
tory effect is due to an increased probability of channel
opening and a decreased probability of channel closing
[84]. The facilitating ability of n-alcohols increases with
chain length (methanol�ethanol�propanol�bu-
tanol), but there is a cutoff at hexanol and above where
little or no facilitatory effect is observed [17, 85]. Alco-
hols also block AChR function by binding to a second
site on the receptor that may be exposed in the open
channel conformation [17, 85, 86]. Binding at this site
blocks conductance only after the channel opens, and
the potency increases from ethanol to octanol in this
case [17]. This point is germane to the second question
and suggests that new binding sites can indeed be cre-
ated during conformational changes in proteins. It is
interesting to note that the facilitatory site and the
channel blocking site show different cutoffs. The differ-
ences cannot be attributed to either the receptor or the
preparations being examined—these are the same in
both cases. Rather, the difference in cutoff length could

reflect the steric limitations of two distinct binding
sites.
There are several reasons for believing that the facilita-
tory and blocking effects of alcohols are mediated by
two separate sites on the AChR. (i) As mentioned, the
cutoff for aliphatic chain length is different for facilita-
tion (hexanol) and inhibition (octanol) by alcohols. (ii)
The facilitatory effect occurs prior to channel activa-
tion, whereas the blocking effect occurs only after the
channel has been opened. (iii) The separate site hypoth-
esis is also supported by studies of small congeners of
ethanol with similar structure but increasing molecular
volume [50]. These are TFE, trichloroethanol (TCE)
and tribromoethanol (TBE). TFE is more potent than
ethanol at inducing the facilitatory effect on the AChR,
whereas TCE and TBE never facilitate channel opening
but only show a blocking effect [50]. It is significant that
ethanol and TFE are both small enough in diameter to
pass through an open channel, whereas TCE and TBE
are too bulky to traverse the channel and may therefore
block it. Thus, blockade of ion conductance is pharma-
cologically distinct from facilitation of channel opening,
but requires an open state of the channel for its expres-
sion. As with the ion channels, other proteins may
reveal binding sites for alcohols during transition states
that involve conformational changes. These binding
sites would have been effectively occupied in the resting
state of the protein by water molecules or side-chain
groups (e.g. threonine) that are mimicked by the alcohol
moiety.
In response to the third question, alcohols may bind to
proteins and affect function in one of several ways.
First, alcohols may compete for binding with critical
water molecules. The result might be perturbation of
local structure or interference with protein activity (e.g.
conductance) that requires bound water. Second, the
binding of alcohols might influence the activity of co-
factors or other associated molecules (e.g. lipids or
carbohydrates) that normally regulate the function of
the protein. Third, alcohol molecules, acting as cosol-
vents, may alter the local conformation of the protein
by increasing the flexibility of the polypeptide back-
bone. As we have discussed elsewhere [48], this effect
may involve hydrogen bonding to peptide carbonyl
groups or dehydration at peptide amide groups. The
alcohols are most effective at altering peptide structure
when they are positioned for optimum hydrogen bond-
ing to the backbone. Although alcohols may affect
protein function by additional mechanisms, the main
point is that they act by binding to discrete regions of
proteins via a limited range of chemical interactions. By
understanding the chemistry of alcohols and their bind-
ing sites, we may learn how ethanol affects higher order
function such as behavior and immunity.
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Conclusion

Alcohols can generally be considered effective hydrogen
bond donors with weak acidic properties and aliphatic
chains which appear to stabilize important hydrophobic
interactions. They would be expected to bind at a
mirror image site—hydrogen bond acceptor (base) with
a hydrophobic cleft nearby—of limited dimensions,
perhaps 14×4×3 A� based on cutoff effects. Alcohol
binding sites defined by X-ray crystallographic analysis
and mutagenesis studies suggest certain shared features
at the sequence and structural levels. Alcohol binding to
these sites may displace bound water molecules or in
other ways distort the local peptide structure of an ion
channel (or other) protein and interfere with its normal
function. An attractive possibility might be that alcohol
binding leads to local changes in electron density (delo-
calization) along the peptide backbone and altered flex-
ibility of a discrete peptide segment. The affected
peptide segment might be located in the vicinity of a
conductance channel or an active site and might be
involved in the modulation of protein function. In some
cases, the alcohol binding site may be exposed during
transition states of the protein, such as channel open-
ing. Ultimately, the chemistry of the alcohols deter-
mines how and where these molecules produce their
important biological effects.
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