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This  study  is  on  the  analysis  of ethanol  binding  sites  on 3D  structures  of  nonredundant  proteins  from  the
Protein  Data  Bank.  The  only  one  amino  acid  residue  that  is significantly  overrepresented  around  ethanol
molecules  is Tyr.  There  are  usually  two  or more  Tyr  residues  in  the  same  ethanol  binding  site,  while
residues  of  Thr,  Asp  and  Gln  are  underrepresented  around  them.  Residues  of  Ala  and  Pro  are  significantly
underrepresented  in  ethanol  binding  surfaces.  Several  residues  (Phe,  Val,  Pro,  Ala,  Arg,  His,  Ser,  Asp)
bind  ethanol  significantly  more  frequent  if  they  are  not  included  in beta strands.  Residues  of Ala,  Ile and
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eta  strand
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econdary structure

Arg  preferably  bind  ethanol  when  they are  included  in an  alpha  helix.  Ethanol  molecules  often  make
hydrogen  bonds  with  oxygen  and  nitrogen  atoms  from  the  main  chain  of  a  protein.  Because  of this
reason,  the  binding  of  ethanol  may  be  associated  with  the decrease  of  the  length  of alpha  helices  and  the
disappearance  of  3/10  helices.  Obtained  data  should  be  useful  for studies  on new  targets  of  the direct
action  of  ethanol  on  enzymes,  receptors,  and  transcription  factors.

© 2017 Elsevier  Inc.  All  rights  reserved.ри
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. Introduction

Ethanol is a small molecule that has a short hydrophobic part
CH3 CH2 ) and a hydroxyl group ( OH) that is hydrophilic.
ecause of its amphiphilic nature, ethanol can participate in differ-
nt types of contacts with proteins. The motif for ethanol binding
as been suggested by D.S. Dwyer and R.J. Bradley [1] based on
he analysis of several X-ray structures of proteins with bound
thanol molecules and theoretical considerations. According to
heir opinion, ethanol prefers to bind N-terminal parts of alpha
elices, making both hydrogen bonds and hydrophobic contacts
ith amino acid residues. The number of available 3D structures

f proteins with bound ethanol molecules has grown, and there
s a need to perform statistics-based search for structural motifs.
reviously it was suggested that ethanol should be prone to make
ation-pi contacts with aromatic residues [2]. These data are con-
rmed by mutagenesis studies of N-methyl-d-aspartate (NMDA)
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eceptors [3,4] in which phenylalanine residues from the trans-
embrane alpha helix are playing the most important role in

thanol binding. In glycine receptors the most important amino

∗ Corresponding author.
E-mail address: vvkhrustalev@mail.ru (V.V. Khrustalev).
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093-3263/© 2017 Elsevier Inc. All rights reserved.
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acid residues for ethanol action are situated both in the trans-
membrane helix (serine) and in the loop from extracellular domain
(alanine) [5]. The attention of researchers has also been concen-
trated on the odorant receptor LUSH of Drosophila melanogaster
that is highly sensitive to ethanol [6]. The importance of multiple
hydrogen bonds for the binding of ethanol has been highlighted
[6]. The aim of this study was  to analyze the set of 3D structures of
nonredundant proteins able to bind ethanol and find characteristic
structural motifs for that molecule. The importance of this work is
in the fact that the obtained data should help to identify previously
unknown targets for the ethanol action.

Alcoholism is an actual health care problem. Chronic alco-
holic intoxication leads to the drastic changes in the metabolism
of human body. Many effects of ethanol are known as “indi-
rect”. Indeed, ethanol is metabolized by alcohol dehydrogenases
into acetaldehyde [7]. This process leads to the overproduction
of reduced nicotinamide adenine dinucleotide (NADH) that dys-
regulates the metabolism [8]. Acetaldehyde itself binds proteins,
makes conjugates with neurotransmitters [9], and disturbs the
main biochemical pathways. Ethanol metabolism catalyzed by

cytochrome-P450 2E1 produces reactive oxygen species and causes
oxidative stress [8]. Specific influence of ethanol on the central
nervous system causes the changes in metabolism and hormonal
regulation [8]. Namely, the intake of an average or a high dose of

https://doi.org/10.1016/j.jmgm.2017.10.017
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2017.10.017&domain=pdf
mailto:vvkhrustalev@mail.ru
https://doi.org/10.1016/j.jmgm.2017.10.017
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thanol leads to the decrease of dopamine in the brain due to its
assive release, as it was approved in rats [10]. Ethanol withdrawal

lso leads to some characteristic changes in concentrations of neu-
otransmitters in the brain: the level of glutamate is growing on
he first day after the stop of ethanol intake [11]. Activity of phos-
hofructokinase in liver is inhibited by average and high doses of
thanol [12], while the activity of GABA catabolizing enzymes is
ctivated by low doses of ethanol and inhibited by high doses [13].
oreover, ethanol can change the fluidity of the lipid bilayer, while

he effects of this action of ethanol become prominent at a dose of
thanol that is much higher than pharmacologically relevant ones
5].

There are several targets for the direct action of ethanol iden-
ified to date responsible of its effects on the central nervous
ystem. Ethanol binds nAChRs (nicotinic acetylcholine receptors)
14] and exhibits different effects that depend on the concentra-
ion of ethanol and the nature of nAChR subunits. For example,
7nAChRs showed a potentiation effect after the application of
00 mM ethanol that decreased after the application of 300 mM
thanol [15]. In contrast, �3�2nAChRs are inhibited by 100 mM
oncentration of ethanol [16].

Pharmacologically relevant concentrations of ethanol potenti-
te the action of GABA (gamma-aminobutiric acid) and glycine
n GABA and glycine receptors, respectively [17,18]. Moreover,
thanol activates G protein-gated inwardly rectifying K+ channels
GIRK) [19]. GIRK2 channels are activated by ethanol in the dose-
ependent manner at concentrations from 10 to 200 mM,  and then
hey become saturated [20].

Ethanol inhibits NMDA receptors (N-methyl-d-aspartate recep-
or) in a subunit-dependent way [21]. At least partially this effect
as been explained by the decrease of phosphorylation of the
eceptor by brain-specific tyrosine phosphatase in response to
he increase of ethanol concentration [22]. However, later studies
onfirmed the existence of ethanol action site directly on NMDA
eceptors [4].

Other  proteins (that are not involved in neurotransmission) can
lso bind ethanol. Among these proteins we can mention enzymes
nd transcription factors. Ethanol consumption leads to the char-
cteristic changes in gene expression patterns [8]. Probably, some
f them may  be explained by the direct binding of ethanol by some
roteins regulating gene expression.

Even though ethanol can bind a protein in many different ways,
ome of the characteristic properties of ethanol binders have been
escribed in this work: the avoidance of beta strands by Phe, Val,
ro, Ala, Arg, His, Ser and Asp residues binding ethanol; the pref-
rence to be situated in alpha helices for Ala, Ile and Arg residues
inding ethanol; and the lack of 3/10 helices around 14 out of 20
ypes of proteinogenic amino acid residues binding ethanol.

.  Materials and methods

As the material for this study we used the set of 63 3D structures
f proteins with bound molecules of ethanol from the Protein Data
ank (www.pdb.org). The set (see Supplementary material PDB

Ds) was built from proteins with the level of similarity lower than
3% according to the Decrease Redundancy algorithm (http://web.
xpasy.org/decrease redundancy/) and it includes proteins from
ll the domains of life. In other words, we used all the avail-
ble 3D structures of proteins with bound ethanol molecules, and
hen excluded all the similar structures. The number of ethanol

olecules included in the study was equal to 110, since several
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thanol molecules can be bound by the same protein.
Each PDB file has been analyzed with the help of the Protein-

igand Interaction Profiler (PLIP) server (https://projects.biotec.tu-
resden.de/plip-web/plip/)  [23]. That server described the types
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of contacts between all the atoms of ethanol molecules (includ-
ing hydrogen atoms) and amino acid residues from proteins (once
again, including hydrogen atoms). From the obtained data we cal-
culated the usage of each amino acid in ethanol binding sites, as
well as the numbers of all the types of contacts for each residue.

Additionally, with the help of MS  Excel algorithm, we calcu-
lated the distances between each atom of every ethanol molecule
(excluding hydrogen atoms) and the atoms of proteins (exclud-
ing hydrogen atoms). In case if the distance between an atom of
ethanol and any atom of an amino acid residue was  less than 5 Å,
we included that amino acid in the set of residues situated near
the corresponding atom of ethanol. Using this technique, we sig-
nificantly increased the number of possible ethanol binders. For
each amino acid residue found in this way we  collected an infor-
mation on the distribution of other amino acids and the elements of
secondary structure (See Supplementary Material Secondary Struc-
ture file) around it (from the position “-5” to the position “+5” in
the primary sequence of a protein).

The usages of amino acid residues situated near ethanol
molecules have been compared with their usages in all other
regions of analyzed proteins with the help of two-tailed t-test. In
the same manner, we  compared the distribution of other amino
acids and the elements of secondary structure around residues
interacting with ethanol molecules and those that are not interact-
ing with them. We  considered the preferences in structural motifs
strong enough in case if the same element is significantly over-
represented (or underrepresented) at least in three from eleven
positions (in more than one quarter of the sequence) around the
binder. This additional cutoff criterion has been used throughout
the text because it is hard to suggest that alpha helix or beta strand
may be overrepresented or underrepresented in just one or two
positions around the binder in the specific structural motif. How-
ever, we provide the information on all the significant differences in
secondary structure distribution around residues binding ethanol
in the Supplementary Material Secondary Structure file.

To  characterize the combinations of amino acids binding the
same ethanol atom, we  compared amino acid usages in binding
sites containing each amino acid with amino acid usages in binding
sites that do not contain that amino acid.

For residues of tyrosine we conducted additional in silico experi-
ment with the aim to find out what amino acid residues are forming
ethanol binding sites together with them. Using the MS  Excel algo-
rithm we  found all the amino acid residues situated at a distance
less than 5 Å from each atom of each Tyr residue in our set of pro-
teins. We  separately studied interactions between close residues (5
positions around Tyr in a primary sequence) and distant residues.
Then we checked what amino acid residues are over- and underrep-
resented around Tyr residues binding ethanol, relatively to those
that are not involved in ethanol binding, using two-tailed t-test.

With the help of “sequence similarity” resource from the PDB
web page we found 100% identical structures to those from our
data set but without ethanol molecules. Then we compared the sec-
ondary structure of regions surrounding ethanol binding residues
(from −5 to +5 position) in two  3D-structures (with and without
ethanol). Comparisons have been made according to the DSSP [24]
description of secondary structure.

3. Results

3.1. The nature of contacts between ethanol and proteins
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With the help of the PLIP server we  determined the nature of
contacts between ethanol and amino acid residues from studied
3D structures of proteins. From 181 contacts found by the PLIP
server, 52 are hydrogen bonds of ethanol with main chain (MC)

http://www.pdb.org
http://www.pdb.org
http://www.pdb.org
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
http://web.expasy.org/decrease_redundancy/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
https://projects.biotec.tu-dresden.de/plip-web/plip/
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ig. 1. The usage of ethanol binding amino acid residues according to the PLIP res
ain chain hydrogen bond, “SC” means side chain hydrogen bond. Significantly und

toms: oxygen and nitrogen from the backbone of a protein (those
rom peptide bonds). The number of the hydrogen bonds of ethanol

ith atoms from side chains (SC) of amino acid residues is lower
41 contacts) than that with MC  atoms. The number of hydropho-
ic contacts between atoms of ethanol and hydrophobic parts of
mino acid residues is equal to 88. From this data one can conclude
hat ethanol molecules are usually making both hydrophobic con-
acts and hydrogen bonds with proteins (especially those with MC
toms). As it is shown in Fig. 1, such amino acid residues that can
ake both MC  and SC hydrogen bonds, as Arg, Asp, Glu, Ser, Thr,

sn, and Lys, were found to form both types of hydrogen bonds in
ifferent cases. Other residues able to make both MC  and SC bonds,
ade just SC hydrogen bonds (His, Gln, and Tyr), or just MC  hydro-

en bonds (Cys, Trp, and Met). Hydrophobic amino acid residues
an make just MC  hydrogen bonds with ethanol, sometimes along
ith hydrophobic contacts. However, hydrophobic contacts pre-

ail for such hydrophobic residues as Leu, Val, and Ile. Pro and Phe
ere found in hydrophobic contacts only. Ala has made the same

umber of hydrogen bonds and hydrophobic contacts with ethanol,
hile Gly has made mostly MC  hydrogen bonds.

The most frequent binder of ethanol is leucine (12.36%). How-
ver, we cannot say that it is overrepresented in ethanol binding
ites. The frequency of its usage among residues that do not
ake contacts with ethanol (8.59%) is not significantly lower than

mong those that make such contacts (P > 0.05). There are no over-
epresented residues among ethanol binders, but there are five
ignificantly underrepresented ones: Ala, Pro, Ser, Cys, and Met.
ased on the data just from the results of PLIP calculations it is hard
o make any conclusion about structural motifs in ethanol binding
ites.

Some of the binding sites can be described by a scenario in which
ydrocarbon chain of ethanol makes hydrophobic contacts with
ydrophobic side chains of amino acid residues, while OH group
ives inside the protein and makes a hydrogen bond with one of
he main chain oxygen or nitrogen atoms (See Graphical Abstract
or samples of ethanol binding sites).

In other cases, hydrophobic ethyl group of ethanol dives inside
he hydrophobic regions of a protein, while its OH group makes
ydrogen bonds with atoms from side chains of amino acid residues

еп
оз
ит
о

ituated on a surface.
Such  hydrophilic (by the definition) amino acid residues as Glu

nd Arg possess relatively long hydrophobic fragments in theirР
oncrete types of interactions are shown for each amino acid residue. “MC” means
resented amino acid residues are shown by asterisks.

side chains. Sometimes ethanol makes hydrophobic contacts with
hydrophobic parts of hydrophilic amino acids.

Even though ethanol can bind many different types of sites,
there should be specificity at least for some of them. To search for
specific patterns, we decided to collect the data about all amino
acid residues situated at the distance lower than 5 Å from each of
the three ethanol atoms visualized with the help of X-ray analysis
(two carbon atoms and one oxygen atom). This strategy allowed us
to increase the number of interacting amino acid residues.

3.2.  Amino acid residues situated around ethanol molecules

In Fig. 2 one can see the distribution of amino acid residues
around (at the distance shorter than 5 Å) two carbon atoms of
ethanol molecules (C1 is the carbon from CH3 group, C2 is the
carbon from CH2 group), as well as around oxygen atoms (O3)
from OH groups of ethanol molecules. These distributions are
compared with the one for all the amino acid residues situated
at the long distance (≥5 Å) from the mentioned atoms of ethanol
molecules.

As well as in Fig. 1, the usages of Ala and Pro are significantly
lower around all the atoms from ethanol molecules. Residues of
Ser are underrepresented around carbon atoms of ethanol, but not
around oxygen, since sometimes ethanol makes hydrogen bond
with OH group of Ser. The usages of Cys and Met  are not signifi-
cantly different around ethanol molecules relative to other parts of
proteins. Residues of Thr are underrepresented around C2 atoms
of ethanol molecules, isoleucine residues are underrepresented
around oxygen atoms of ethanol molecules.

The most intriguing result of the search of amino acid residues
situated around ethanol molecules is as follows: residues of Tyr
are more than two times overrepresented around both carbon and
oxygen atoms of ethanol. It means that some of the ethanol binding
sites are enriched by Tyr residues. However, PLIP algorithm did not
find all of those Tyr residues.

3.3. Residues of Tyr binding ethanol molecules

To find out why Tyr residues are overrepresented around

ий
 Гр
ethanol molecules we performed additional in silico experiment
with our set of proteins. We found out which amino acid residues
are situated around Tyr residues that are involved, and those that
are not involved in ethanol binding. We  separated the contacts
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Fig. 2. The usage of amino acid residues situated at the short distance (less than 5 Å) from ethanol molecules. Distributions of amino acids situated near C1, C2 and O3 atoms
of  ethanol (near CH3 , CH2 and OH groups, respectively) are given separately. Amino acid usage in other parts of proteins is given as well. Significant differences with
the amino acid usage in those parts of proteins that are not interacting with ethanol molecules are shown by asterisks.
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ig. 3. The usage of amino acids situated at a short distance (less than 5 Å) from 

ignificant differences with the overall amino acid content are shown by asterisks.

f Tyr residues into two groups: contacts with amino acids situ-
ted close to Tyr in the primary sequence (from −5 to +5 position)
nd contacts with residues situated in distant parts of the primary
equence. In Fig. 3 the distribution is shown for Tyr residues that are
ot involved in ethanol binding. At the close distance we  can find
hat residues of Val are underrepresented around Tyr, but other
yr residues are overrepresented. Distant contacts showed some
tronger trends. Aromatic residues (Trp, His, Phe, and Tyr) prefer
o be situated near Tyr residues in the 3D structure of a protein
25]. Two hydrophobic amino acid residues (Leu and Ile) are also

ore frequently found near Tyr residues. Such hydrophilic amino
cids, as Ser, Thr, Asp, Glu, Gln, and Lys are significantly underrep-
esented around Tyr residues, as well as Gly and Ala. These trends

ay be explained by the aromaticity and hydrophobicity of Tyr
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esidues: they prefer to form clusters of hydrophobic and aromatic
esidues with other Tyr residues and with side chains of amino acids
ith similar physical properties. Hydrophobic regions frequentlyР
sidues that do not bind ethanol. Close and distant contacts are shown separately.

make beta structure [26]. That is why  Ala as the strong alpha-helical
residue [27] is underrepresented around Tyr residues.

The next step was to compare the “control group” of Tyr residues
with ethanol binding ones. Results showed that Tyr residues bind-
ing ethanol avoid contacts with Asp and Gln situated nearby, as well
as with Thr residues situated at a long distance. Ethanol molecule
is known to be able to make cation-pi interactions with aromatic
rings [2]. The same type of interaction with Tyr can be made by
side chains of Thr, Asp and Gln (in their protonated forms) [2,28].
Probably, there is a concurrence between ethanol molecules and
Thr, Asp and Gln side chains for Tyr aromatic rings. Moreover, OH
group of Tyr residue can make hydrogen bonds with either ethanol,
or side chains of residues like Thr, Asp and Gln [29].

Ethanol binding residues of Tyr are making contacts with other

Tyr residues from distant regions of a protein significantly more
frequently than Tyr residues that are not involved in ethanol bind-
ing. Representation of ethanol binding site containing multiple Tyr
residues (4EJO: a bacterial transcriptional regulator) is given in
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ig. 4. A sample of the structure of ethanol binding site with multiple Tyr residues:

ig. 4. In this 3D structure ethanol molecule is situated between four
yr residues (Fig. 4A). Interestingly, PLIP software found contacts
ith just two Tyr residues and a hydrogen bond with Gly main chain

tom (Fig. 4B). Probably, ethanol molecules can fluctuate between
yr residues in different moments in time getting closer to one of
hem and moving to a little longer distance from another one.

Comparison  of secondary structure elements distribution
round Tyr residues binding ethanol revealed just one significant
ifference: random coil is strongly underrepresented around Tyr
esidues contacting with carbon atoms of ethanol. In many cases
nstead of random coil there is an alpha helix, while it is not sig-
ificantly overrepresented. In the +1 position after Tyr residue

nteracting with C1 and C2 atoms of ethanol the usage of Gly is sig-
ificantly higher than for Tyr residues that are not binding ethanol.

.4. Residues of Leu binding ethanol

There are no specific features of secondary structure for Leu
esidues involved in interactions with ethanol molecules, if we
ompare them with other Leu residues. Interestingly, the usage of
yr is significantly higher around (in positions from −5 to +5) Leu
esidues binding C2 atom of ethanol. Especially high abundance of
yr residues is in the +5 position after Leu. Residues of Lys are, in
eneral, overrepresented around Leu situated near oxygen atoms of
thanol molecules. If we  compare amino acid content of the binding
ites containing Leu residues and those without Leu, then we  will
nd out that Asp residues are overrepresented in the areas with
eu situated near oxygen atoms of ethanol molecules. These data
re obviously not enough to say that Leu residues binding ethanol
ave some specificity. As the most “popular’ amino acid residue in
roteins (especially in those that are encoded by genes with aver-
ge GC-content) [26], Leu is usually somewhere around ethanol no
atter where exactly this molecule was bound.

.5. Residues of Arg, Lys and His binding ethanol

Arginine residues binding ethanol in the group of proteins we
tudied are usually situated in the beginning of alpha helices.
hat element of secondary structure is overrepresented in posi-
ions +1–+5 after Arg binding oxygen atom of ethanol (See
upplementary Material Secondary Structure file). Beta strand is
nderrepresented in positions −2 to 0 around such Arg residues.
ne can compare the distribution of secondary structure elements
round arginine residues from the ‘control’ group and around Arg
hat bind oxygen atom of ethanol (Fig. 5). Arginine residues in beta
trand should usually be unavailable for the binding of ethanol. Side
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hains of Arg should be more suitable for interactions with ethanol
hen the residue is included in alpha helix (in its hydrophilic sur-

ace). Other Arg residues are overrepresented around the one that
s binding ethanol, as well as Gln. Val is overrepresented in +1 posi-

Р

sMol view (Tyr residues are brown), b) PLIP view. Hydrogen atoms are not shown.

tion  around Arg interacting with C1 of ethanol. Arginine residues
preferably bind C2 atom of ethanol together with Ser.

In  contrast to Arg residues, residues of Lys binding ethanol avoid
alpha helices. Alpha helix is underrepresented in +3–+5 positions
after Lys binding oxygen atoms of ethanol. 3/10 helices are also
underrepresented in +1–+5 positions after Lys residues binding
ethanol. Residues of Gly are overrepresented in the position +2 (for
Lys binding C2 and O atoms). Residues of Arg are overrepresented
in the position +3 (for Lys binding C1 and O atoms).

Another amino acid classified as the one with a positively
charged side chain is His. Just like for Lys residues, helices 3/10
are underrepresented in −2 to +1 positions around His residues
binding oxygen atoms of ethanol molecules. Beta strand is signifi-
cantly underrepresented before His residues (in positions from −5
to −3) binding C2 atoms of ethanol. Pro and Met  residues are, in
general, overrepresented around ethanol binding His residues. So,
we cannot say that there is a common structural preference for all
positive charged residues binding ethanol: each amino acid has its
own characteristic motifs that can help it to bind C2H5OH.

3.6.  Residues of Glu, Asp, Ser, Thr, Gln, Asn, Cys, Gly, and Met
binding  ethanol

Residues of Glu binding ethanol do not demonstrate any spe-
cific features of secondary structure around them, just like Leu.
Interestingly, residues of Leu are overrepresented near Glu binding
ethanol. Glu can provide both hydrophobic body of its side chain
and hydrophilic carboxylic group, or main chain oxygen and nitro-
gen atoms for ethanol binding. However, it is involved in ethanol
binding just because of its relatively high usage in proteins [26]. Asp
residues binding ethanol show some structural preferences only if
we consider just those surrounding C1 atoms of ethanol molecules:
beta strand is underrepresented in positions +3, +4 and +5 after
them. Residues of Asp preferably bind ethanol together with Ala
residues, Arg residues are overrepresented in +4 position after Asp
binding C2 atoms of ethanol molecules. Ethanol binding residues
of Ser show some structural preferences only if we consider those
around C2 atoms of ethanol molecules. Beta strand is underrepre-
sented in the positions +1, +2 and +3 around them. Helices 3/10
are underrepresented around residues of Ser binding ethanol if
we consider each of the ethanol atoms, while for Thr residues the
same tendency works only if we consider C2 atoms of ethanol (See
Supplementary Material Secondary Structure file).

Residues of Gln and Asn binding ethanol demonstrate the
same tendency. The usage of 3/10 helices is significantly lower

ий
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around them, than around the same residues that are not involved
in ethanol binding. We  can also admit that residues of Ile are
overrepresented around Gln residues binding ethanol. Lysine is
overrepresented in +3 position after Asn residues binding oxygen
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 residues a) that bind ethanol; and 2) those that do not bind ethanol.
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Table 1
Significant trends in the distribution of secondary structure elements around amino
acid residues binding the molecules of ethanol.

Amino acid residue Major  elements of
secondary  structure
around  ethanol binding
residues

Minor  elements of
secondary  structure
around  ethanol binding
residues

Ala Alpha helix body (not beta
strand)

Not  3/10 helix

Ile  Alpha helix body (not
random  coil)

Not  3/10 helix

Arg  Alpha helix N-terminus
(not  beta strand, not
random  coil)

Phe  Not beta strand
Tyr  Not random coil
Pro  Random coil (not beta

strand)
Not  3/10 helix

Val  Random coil (not beta
strand)

Not  3/10 helix

His  Not beta strand Not 3/10 helix
Ser  Not beta strand Not 3/10 helix
Asp  Not beta strand
Trp  Random coil (not alpha

helix)
Not  3/10 helix

Lys  Not alpha helix Not 3/10 helix
Asn  Not 3/10 helix
Cys  Not 3/10 helix
Gln  Not 3/10 helix
Gly  Not 3/10 helix
Thr  Not 3/10 helix
Met  Not 3/10 helix
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Fig. 5. Distribution of secondary structure elements around Arg

toms of ethanol molecules. Helices 3/10 are also underrepresented
round Cys, Gly and Met  residues binding ethanol.

.7. Residues of Ala and Ile binding ethanol

Residues of Ala involved in ethanol binding are significantly
ore frequently situated in alpha helices than those that are

ot involved in interactions with ethanol molecules. Moreover,
eta strand is underrepresented in positions from 0 to +3 around
la residues binding ethanol. Helices 3/10 are underrepresented
round Ala making bonds to ethanol. It is known that Ala is the
trongest former of alpha helices [26,27]. However, it still can be
ound in random coil and beta strands, but in those structural
lements it seems to be not available for ethanol binding. It is
ot surprising that residues of Pro are underrepresented around
esidues of Ala binding ethanol.

Residues of Ile demonstrate a strong structural motif if we con-
ider those which are binding carbon atoms of ethanol, and not
ts oxygen atom. Alpha helix is overrepresented around those Ile
esidues, while random coil is underrepresented. If residues of Ile
rom the “control group” are found more frequently in beta strands
like they should) [27], residues making contacts with ethanol are

ore frequently included in alpha helices. Helices 3/10 are signif-
cantly underrepresented around residues of Ile that are situated
round ethanol molecules.

.8.  Residues of Phe, Val, Pro, and Trp binding ethanol

Beta strand is significantly underrepresented around residues
f Phe binding ethanol that results in the growth of the fre-
uency of alpha helix (not significantly). Residues of Val and Pro
inding ethanol are also showing decreased frequencies of beta
trands around them. The last two amino acid residues prefer to
ind ethanol if they are included in random coil. Ethanol bind-

ng residues of Trp also prefer to be included in the random coil,
hile the frequency of alpha helix, and not beta strand, is decreased

round them.

.9.  The influence of the ethanol binding on the secondary
tructure of proteins

As  one can see in Table 1, several amino acid residues (Ala, Ile,
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nd Arg) prefer to bind ethanol when they are included in alpha
elices. Several other amino acids prefer to bind ethanol when they
re included in random coil and not in beta strands (Pro, Val), or not
n alpha helices (Trp). The strongest trend among ethanol binding

Р

Glu
Leu

amino acid residues is the avoidance of beta strands (Ala, Arg, Phe,
Pro, Val, His, Ser, Asp). Even more impressing fact is that 3/10 helices
are underrepresented around 14 out of 20 amino acid residues. So,
it is possible that the binding of ethanol may  destroy 3/10 helices
because of the formation of hydrogen bonds with the main chain
of a protein. The typical lengths of 3/10 helices are 3 and 5 residues
[30]. So, a small change in the position of a main chain atom may
result in their destruction. To test this hypothesis, we analyzed 3D
structures of proteins without co-crystallized ethanol molecules
that are 100% identical to those with ethanol molecules.

In  19 out of 31 cases (61.29%) the structure of a protein with-
out ethanol was different from that with ethanol. We  considered

changes in the rage from −5 to +5 position around each binding
residue. It is important to mention that we registered 13 cases when
the length of alpha helix has been decreased because of the ethanol
binding and just 4 cases when it has been increased. For 3/10 helices
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he tendency is the same, but the number of observations is lower:
 cases of the decrease of a length and 1 case of the increase. It
eans that the decrease of 3/10 helices frequency around amino

cids binding ethanol may  be explained by the influence of ethanol
n the secondary structure of proteins, while the number of such
ases is low in the PDB. However, the prevalence of alpha helices
round some ethanol binding amino acid residues is an evidence
hat alpha helices are making main chain and side chain atoms
f those residues available for ethanol, but ethanol itself is not
romoting alpha helix formation at concentrations used in crystal-

ographic experiments. Interestingly, ethanol at high concentration
higher than 0.5 M)  has been shown to stimulate formation of alpha
elices [1]. At lower concentrations ethanol has been shown to
ecrease stability of alpha helical peptides in molecular modelling
xperiments [31].

As  to beta strands, their lengths increased in 7 cases, and they
ecreased in just 2 cases. It means that the avoidance of beta
trands that we found for many residues (see Table 1) is not associ-
ted with their destruction by the ethanol binding. Certain amino
cid residues should be unavailable for ethanol binding if they are
ncluded in relatively long beta strands.

. Discussion and conclusions

Interestingly,  there is no general overrepresentation for all
thanol binding residues in alpha helices. The preference for being
ncluded in alpha helices among amino acids binding ethanol sug-
ested previously [1] is residue-specific. In contrast, the trend of
he avoidance of beta strands for residues binding oxygen atom of
thanol is significant even if we take into considerations all amino
cids. The data described in this study may  be useful for finding
ore or less suitable sites for ethanol binding on 3D structures of

roteins. As we found out, such amino acids as Ala, Arg, Phe, Pro,
al, His, Ser, and Asp are usually not included in beta strands if they
ind ethanol molecules. This trend is especially useful for those
esidues that normally prefer to be included in beta strands − for
he and Val [27]. So, if one predicted Phe and/or Val residues that
re not included in beta strands to bind ethanol using molecular
ocking or other methods, then that prediction will be strength-
ned by the knowledge on structural motifs for ethanol binding
mino acid residues.

In  the same manner, residues of Ile in alpha helices (usually they
orm beta strands) and residues of Lys not included in alpha helices
usually they are included in them) should be strong binders of
thanol, as well as Trp residues situated in random coil (usually
hey form beta strands).

The  data from Table 1 cannot be explained by hydrophobic-
ty of amino acid residues. For example, among residues that bind
thanol being not included in beta strands there are four hydropho-
ic residues (Ala, Phe, Pro, and Val) and four hydrophilic residues
Arg, His, Ser, and Asp). These residues also show different pref-
rences for secondary structure formation: Ala and Arg are alpha
elix formers, Phe and Val are beta sheet formers, while Pro, His,
er, and Asp are usually found in random coil. So, we can suggest
hat discovered preferences for secondary structure motifs include
ome useful information on “markers” of ethanol binding sites.

Other  “marker” of ethanol binding sites should be multiple
esidues of Tyr in the same area on the surface of a protein. More-
ver, the presence of such amino acids as Ala and Pro among
redicted residues interacting with ethanol should be an evidence
f a weak ethanol binding. This information can be checked on sev-
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ral proteins that are known to possess specific sites for ethanol
inding.

If we consider the structure of the LUSH protein from Drosophila
elanogaster that is a specific receptor for ethanol [32], then some
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characteristic  properties of ethanol binding sites described above
will be observed. There are two Phe residues around the ethanol
molecule. Both of them are not included in beta strands. Phe64
residue is situated in random coil exactly before an alpha helix,
while Phe113 is situated in the body of an alpha helix. Trp123
residue is situated in random coil. Ser52 is situated in alpha helix.
Val58 is situated in random coil. Ala55 is also included into the
binding site (alanine residues are, in general, avoided by ethanol
molecules), while it is situated in alpha helix (in the favorable
structural motif for ethanol binding). Other residues show neither
prohibited, nor favorable structural motifs: Thr57 – is in random
coil, Thr109 and Val106 – are in alpha helices.

In the structure of alcohol dehydrogenase [7] we can find three
amino acids that “escaped” beta strands in consistence with the
data from Table 1. Phe93 and Val294 are situated in random coil that
starts right after beta strand, His67 is in the random coil between
two beta strands, Ser48 is in alpha helix. Other amino acids are
showing neutral structural motifs: Leu57, Leu116 and Leu141 are
in random coil regions.

Previously  we  described possible binding sites for ethanol on
the models of rat and human liver and muscular phosphofructok-
inases [33]. In the recently published [34] 3D structure of human
muscle phosphofructokinase (4OMT) residues predicted by us to
bind ethanol molecule follow the structural pattern described in
this study. Phe308 and Phe671 are situated in alpha helices, as well
as Asp543, while Phe538 is situated in the random coil region.

The  position of ethanol molecule in models of liver phospho-
fructokinase from human and rat is similar, but different from that
in muscle enzymes [33]. In addition to Phe538 and Asp543, Val546
participates in ethanol binding (coordinates are given according to
the muscle enzyme 3D structure). Val546 residue is situated in the
alpha helix.

Ethanol inhibited activity of rat muscle phosphofructokinase
isoform  (it has become 25% lower) at the concentration of 500 mM,
but the activity of rat liver phosphofructokinase isoform has been
inhibited (it has become 42% lower) at the concentration of 100 mM
[33]. Both concentrations are high. However, the concentration of
100 mM can be established after the fast intake of a high dose of
alcohol. Probably, the binding with Ala542 (in muscle isoform)
and Ser542 (in liver isoform) is not favorable (see Figs. 1 and 3).
According to the results from Fig. 3, alanine is much more underrep-
resented residue in ethanol binding sites than serine. Interestingly,
the decomposed free energy of binding for Ala542 and ethanol was
positive according to the docking results [33]. That is how one can
use the data from the current study to enhance the performance of
molecular docking.

Another  important issue from the current study is in the fact that
ethanol molecules can cause local changes of secondary structure
mostly because of the formation of hydrogen bonds with oxy-
gen and nitrogen atoms from the main chain of a polypeptide. If
the binding occurs in regions of a protein that are not involved
in catalytic activity or the binding of other substrates, such small
structural changes as the disappearance of 3/10 helix or the elon-
gation of a beta hairpin will not cause any significant changes in
the function of a protein. However, if a length of an alpha helix or
3/10 helix decreases in an active site of an enzyme, or if the length
of a beta hairpin becomes longer in such functionally important
region, the consequences may  be unpredictable Structural changes
can be explained by local dehydration, delocalization of electron
density, altered flexibility, resulting in the modification of hydrogen
bonds pattern [1,31]. In this way ethanol may  influence the struc-
ture (and the function) of certain transcription factors, receptors
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and enzymes providing alternative explanations for many ethanol-
caused phenomena like the modulation of K+ channels activity [35]
or sedation after the ethanol intake [36].
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