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Summary

It is now generally accepted that many of the physiological effects of alcohol consumption are a
direct result of binding to specific sites in neuronal proteins such as ion channels or other components
of neuronal signaling cascades. Binding to these targets generally occurs in water filled pockets and
leads to alterations in protein structure and dynamics. However the precise interactions required to
confer alcohol sensitivity to a particular protein remains undefined.

Using information from the previously solved crystal structures of the Drosophila melanogaster
protein LUSH in complexes with short chain alcohols, we have designed and tested the effects of
specific amino acid substitutions on alcohol binding. These effects of these substitutions, specifically
S52A, T57S and T57A were examined using a combination of molecular dynamics, X-ray
crystallography, fluorescence spectroscopy and thermal unfolding. These studies reveal that the
binding of ethanol is highly sensitive to small changes in the composition of the alcohol binding site.
We find that T57 is the most critical reside for binding alcohols, the T57A substitution completely
abolishes binding, while the T57S substitution differentially affects ethanol binding compared to
longer chain alcohols. The additional requirement for a potential hydrogen bond acceptor at position
52 suggests that both the presence of multiple hydrogen bonding groups and the identity of the
hydrogen bonding residue are critical for defining an ethanol binding site. These results provide new
insight into the detailed chemistry of alcohol’s interactions with proteins.
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Introduction

Alcohol exerts its effects predominantly through its actions on the activity of number of
neuronal proteins. These include ligand-gated ion channels (LGICs) 1‘5adenylyl cyclases
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SAC) 6 protein kinases, (PKC) -9 and tyrosine kinases Fyn, and phospholipase D (PLD)
Changes in the function, sub-cellular localization, and trafficking of these proteins is
believed to contribute to changes in learning, memory and motor function that are associated
with alcohol intoxication, dependency, tolerance, seizures during withdrawal, 1-5 and fetal

alcohol syndrome11

Many molecular targets of alcohol appear to contain specific binding sites that confer alcohol
sensmvn¥ For example, different LGICs are sensitive to alcohols with different alkyl chain
Iengths =16 and domain swap experiments and/or specific ammo acid substitutions can alter
the chain length sensitivity or even abolish alcohol sensmwty suggestmg that there are
sterically defined alcohol-binding pockets of different sizes in these channelsl?. Further,
reaction of specific cysteine substitutions in the glycine a1l and GABA p1 receptors with alkyl
methanethiosulfonate reagents mimics permanent occupation of an alcohol-binding site that is
located in a water filled pocket within the transmembrane domains of these receptors 18-22

Studies of the voltage gated Drosophila Shaw?2 potassium channel suggest that a butanol
binding site depends on the formation of well ordered structures in one loop of the
receptor23 ~25 While the effects of alcohols on PKC depends on both the chain length and the
mechanism of activation 26-30. Activation of PKCa in the absence of membranes depends on
both the alcohol chain length and stereochemistry, and can be completely antagonized by short-
chain alcohols 30. While for PKC3, butanol and octanol can enhance binding of phorbol ester
to the C1B domaun3 and can directly quench intrinsic tryptophan fluorescence 32 Miller and
co-workers have used photo-labile alcohol analogues to identify interactions with residues in
the C1A32 and c1B31 domains that are in close proximity to the phorbol-ester binding site,
which supports the hypothesis that alcohols may function by binding to discrete sites that lead
to changes in protein structure and dynamics.

Alcohols bind to proteins with very low affinities with dissociation constants in the high micro
to millimolar range. Natural and industrial fermentation of fruits and other sugars can easily
produce alcohol concentrations between 3-15% v/v, which corresponds to 500 mM - 2.5 M
ethanol. For humans, pharmacologically relevant concentrations of alcohol are in the range of
5-50 mM. For example, the legal limiting for driving in the UK and the USA is a blood alcohol
concentration of 0.0 8% or 17 mM ethanol. These weak binding affinities, combined with the
membrane bound nature of many of the molecular targets of alcohol, present enormous
challenges in understanding the nature of alcohol binding sites in proteins.

We are using the odorant binding protein LUSH from Drosophila melanogaster as a model
for alcohol binding sites in proteins. LUSH is a non-enzymatic protein required for both
behavioral and electrophysiological responses of olfactory neurons to short chain n-alcohols
33,34 The crystal structures of LUSH-alcohol complexes solved to hlgh resolution in the
presence of 30-50 mM alcohol 8 revealed asingle alcohol-binding site 8 (Figure 1), suggesting
this site has a significantly increased affinity for alcohol compared to other potential binding
sites in the protein. The alcohols bind in a water filled hydrophobic cavity ~ 390 A3 in volume,
between a set of alpha-helices (Figure 1a) and potentially forms hydrogen bonds with two polar
residues, S52 and T57 at one end of this cavity (Figure 1b). Based on measurements of the O-
O distances we infer that the hydrogen bonds between the alcohol O and the T57 Oy
significantly shorter (dg.o = 2.51 A, s.d. = 0.21 A), than the hydrogen bonds between the
alcohol O and the S52 Oy (do.o = 3.18 A, s.d. = 0.14 A), suggesting that T57 is forming a
stronger hydrogen bond with the alcohol than S52.

The alcohol binding site contains a number of aromatic residues F113, W123, and F64 and this
may be related to the ability of alcohols to stabilize the structure of the protein in a chain length
dependent manner where each methylene group contributes approximately 1 kcal mol™ to the
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overall stability of the complex 35 previous studies have suggested that alcohols bind between
two alpha helical segments 15, 36-39 and that binding of alcohol in a water filled cavity can
stabilize specific conformations of alcohol sensitive receptors 40, Therefore LUSH appears to
be a good model system for the study of alcohol binding to proteins.

To investigate the role of specific hydrogen bonding interactions in defining a “high-affinity”
binding site for alcohol in LUSH we created specific amino acid substitutions, S52 to alanine
(S52A), T57 to alanine (T57A), and T57 to serine (T57S) and tested the effect they had on
alcohol binding. We show that ethanol is highly sensitive to even small changes in the binding
site and these changes are much better tolerated with butanol. These results have important
implications in understanding the nature of ethanol binding sites in proteins.

Molecular Dynamics Simulations Suggest T57 Is Critical For Binding Alcohols

We postulated that the specific hydrogen bonding interactions between alcohols and LUSH
may be important for formation of a high affinity binding site. Efforts to define these
interactions using either atomic resolution X-ray crystallography or neutron diffraction have
proven unsuccessful as per-deuterated crystals fail to diffract neutrons even though they diffract
X-rays well. Therefore, we used molecular dynamics simulations of LUSH-alcohol complexes
to gain insight into the nature of these interactions using the previously solved wild-type crystal
structures of each complex as the initial starting coordinates. Simulation for a particular LUSH-
alcohol complex were repeated at least three times over time frames of 200 ps to 1 ns, each
time using a different initial random seed for directions and velocities of the atomic motions.
As a result, the details of the atomic trajectories for each simulation performed with the same
alcohol differ from each other, however the trends for simulations performed with same alcohol
are similar.

In three of four separate simulations of the LUSH-ethanol complex, we found that the ethanol
molecule is only transiently bound to the polar residues at T57 and S52, and moves out of
hydrogen bonding distance in under 50-100ps (Figure 2 a and b). In the other simulation, it
remains within hydrogen-bonding distance over the entire time period. When ethanol is within
hydrogen-bonding distance of S52 and T57, it appears that T57 acts preferentially as an H-
bond donor to the alcohol hydroxyl group (Figure 2a and b). In contrast, S52 rarely acts as an
H-bond donor to the alcohol. Instead, S52 forms a hydrogen bond to the main-chain carbonyl
group of T48 for almost the entire duration of all calculations performed. The interactions
between ethanol and S52 are less well defined. At times, ethanol acts as a hydrogen bond donor
to S52, while at other times the interaction of ethanol with S52 is bridged by a water molecule.
In these latter cases, the position of the ethanol is shifted closer to T57 and away from S52
compared to its position observed in the crystal structures (Figure 3). In this conformation, the
net residue dipole from T57 (4.36 D), is aligned head to tail with the net dipole of ethanol (2.35
D), whereas the net residue dipole from S52 (4.61 D), is orthogonal to the ethanol molecule
by virtue of its position within helix 3. This may explain why T57 appears to be the most critical
residue in forming interactions with the alcohols in these calculations.

A total of 4 calculations were performed for the LUSH-butanol complex. A major contrast
between these calculations and those of the LUSH-ethanol complex calculations is that the
butanol appears to have a much longer residency time in the vicinity of S52/T57 (Figure 2c
and d). In two calculations performed over a 200 ps time frame, the butanol remains hydrogen
bonded to both S52 and T57 throughout the simulation. When these calculations were extended
to 1 ns, it was found that this hydrogen bonding arrangement persisted for ~500 ps in one
calculation, while in a fourth calculation a conformational shift occurs that disrupts the bond
to S52 but maintains interactions with T57. In all of these calculations with butanol, S52 again
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forms a hydrogen-bond almost exclusively with the main-chain carbonyl of T48 while T57 is
acting as a hydrogen bond donor to the alcohol and the butanol is donating an hydrogen bond
to the side chain oxygen of S52.

These MD dynamics calculations predict that T57 is likely to be the major contributor to alcohol
binding in LUSH. This is consistent with the potentially shorter hydrogen bonds we observe
between T57 and the alcohol in the crystal structures of these complexes 8. In order to validate
these predictions, we tested the effects of specific amino acid substitutions in LUSH designed
to disrupt these potential hydrogen bonding interactions.

Crystal Structures of Substituted LUSH-Alcohol Complexes

We solved the crystal structures of wild-type apo LUSH (PDB 1T14), S52A with ethanol (PDB
3B7A) and butanol (PDB 3B6X), T57A in the presence of ethanol (PDB 3B88) and butanol
(PDB 3B87), and T57S with ethanol (PDB 3B86). In all cases the concentration of alcohol
used was ~30 mM. The structures of all these substituted proteins are very similar to previously
solved LUSH-alcohol complexes 8 and show no significant conformational changes in
structure. The proteins crystallized in different space groups, but each had two monomers in
the asymmetric unit. These are arbitrarily labeled monomer A or B to distinguish them. Table
3 lists the backbone root mean squared deviations (RMSDs) for each monomer of each
substituted protein compared to the wild-type LUSH-butanol structure (PDB 100H) 8,

The details of each individual structure are described below, but in summary these structures
again provide evidence that T57 is critical for alcohol binding. Substitution of this residue with
alanine completely disrupts the binding of alcohol and water. In contrast, the T57S substitution
had little or no effect upon binding of ethanol. All of these structure were solved to a resolution
of 1.8-2.0 A. At this level of resolution the positions of the hydrogen atoms are not observable
and so the arrangement and strength of hydrogen bonds has to be inferred from a knowledge
of the chemistry of the interacting groups and the distances between the oxygen atoms in the
donor and acceptor groups. Although O-O distances are not the best predictor of hydrogen
bond strength. Further, all the distances presented in the discussion below are subject to the
experimental uncertainties in the coordinate positions given in Table 4.

A water molecule substitutes for alcohols in apo-LUSH—The structure of the apo-
form of LUSH is essentially identical to the previously determined structures of LUSH solved
in the presence of short chain n-alcohols 8 and the average RMSD between the individual
monomers is 0.15 A for main chain atoms and 0.56 A for all heavy atoms. The notable
difference between apo-LUSH and the LUSH-alcohol complexes is that the bound alcohol has
been replaced with a well-ordered water molecule (not shown). This water molecule is located
in essentially the same position as the hydroxy! group of the alcohols and makes the same
hydrogen bonds with S52 and T57 as seen in the alcohol bound structures. Again hydrogen
bonds formed between the water and T57 appear to be shorter (dg.g of 2.77 A and 2.80 A)
than the potential hydrogen bonds to S52 (dg.q of 3.27 A and 3.32 A), suggesting that Thr57
forms the primary hydrogen bonding interaction with the ligand. The only other significant
conformational difference between the alcohol bound complexes and the apo-protein is the
positioning of F113. In both monomers of the asymmetric unit, F113 adopts two different
conformations which reflects the open nature of the hydrophobic binding cavity.

The S52A substitution disrupts binding of ethanol but not of butanol—In the
S52A-ethanol structure, extended electron density for ethanol is only observed in one monomer
(A) of the asymmetric unit (Figure 4a). This ethanol is within hydrogen bonding distance of
the Oy of T57 (2.83 A). However, in monomer B, the electron density in the binding site refines
well as a water molecule instead of ethanol (Figure 4b). This water is in the same position as
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the water molecule observed in the binding site of the apo wild-type structure. This suggests
that the S52A substitution has potentially weakened binding of ethanol at this site, suggesting
that a potential hydrogen bond between S52 and the alcohol is important for ethanol binding,
even though this interaction is likely to be very weak.

In both monomers of the S52A-butanol structure, there is clear electron density for butanol in
the alcohol-binding site (Figure 4c). The butanol is within hydrogen bonding distance of the
Oy atom of T57, 2.65A in monomer A and 2.82 A in monomer B. This compares to distances
of 2.65 A and 2.34 A, observed in the wild-type butanol structure. The distance from the S52
Cp to alcohol O is 3.58 A in monomer A and 2.62 A in monomer B. This compares to a distance
of 3.58 A and 3.52 A in the wild-type complex respectively. Substitution of S52 with alanine
generates a small cavity so that the alkyl chain of the butanol molecule is orientated in the
opposite direction to that seen in the wild-type protein so that it makes van der Waals
interactions with F64 and F113. We had previously observed that ethanol and propanol can
both adopt this alternate binding conformation 8. However, this is the first time that we have
seen butanol bind so that the alkyl chain does not extend out into the central cavity.

The T57S Substitution Has No Effect on Binding Alcohols in The Crystal—
Substitution of T57 with serine had no apparent effect on the binding of ethanol to the protein
in the crystal structure. Both monomers in the asymmetric unit of the complex show clear
electron density for an ethanol molecule binding to S57 and S52 (Figure 4d). The distance from
the O of the ethanol to the Oy of Ser57 is 2.55 A and to the Oy of S52 is 3.04 A in both
monomers. These are essentially identical, within coordinate error, to the O-O distances seen
in the wild-type protein, suggesting that this substitution has not significantly altered the
chemistry in the binding site.

A feature of this structure is the presence of a portion of a polyethylene glycol (PEG) molecule
within the central hydrophobic cavity (Figure 5) that originates from the crystallization buffers.
We also see a PEG bound in the same place in both structures of the T57A substituted protein
(see below). The PEG molecule partially fills the ligand binding cavity, however, it does not
interfere with alcohol binding. PEG has also been observed in the structure of a closely related
odorant binding protein from Anopheles gambiae (AgOBP-1) where it was the only ligand

\ﬂthin the cavity and in fact was shared between the two monomers in the asymmetric unit

The T57A Substitution Disrupts Binding of All Alcohols—The crystal structures of
the T57A substituted protein complexes reveal that this substitution has a dramatic effect on
binding of alcohol. No electron density could be observed for any alcohol within the binding
site, and we did not even observe density for a water molecule at this site despite the fact that
there are several other ordered water molecules within the central cavity. None of these waters
are within hydrogen bonding distance of S52 suggesting that the T57A substitution is
unfavorable for hydrogen bonding interactions at this site. This contrasts with S52A substituted
structures in which a water molecule is present in place of an ethanol molecule in one monomer
and forms a hydrogen bond with T57. This suggests that a potential hydrogen bond donor, such
as T57, is critical at this position for alcohol binding.

The structure of these substituted LUSH structures provide support for the importance of T57
as a key residue in contributing to a high affinity binding site. However it also appears that a
hydrogen bond acceptor at position 52, albeit forming a weak interaction, is also important for
ethanol binding. To further examine the effects of these substitutions we have determined
binding affinities of alcohols for these proteins.
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Differential Effects of Amino Acid Substitutions on Alcohol Dissociation Constants

The dissociation constants for alcohols to LUSH were determined using a competition binding
experiment in which alcohols compete for binding of the fluorescent probe, 1-anilino-8-
naphthalenesulfonic acid (ANS). ANS binds to hydrg{ahobic patches of a protein, and binding
is accompanied by an increase in ANS fluorescence 2,43 We have previously shown that
alcohols can compete for ANS binding to LUSH in a chain length dependent manner when
present at the same concentration 35,

The alcohol-binding site of LUSH contains a single tryptophan (W123) residue in close
proximity to T57 and S52 (Figure 1). When ANS is titrated into samples of the apo-protein
there is an increase in ANS fluorescence that is correlated with a quenching of endogenous
tryptophan fluorescence (Figure 6). This suggests that ANS binds in close proximity to this
tryptophan. Furthermore, substitutions in LUSH designed to disrupt alcohol binding also
change the binding affinity of the apo protein for ANS, providing further support that ANS is
most likely binding to the same site as the alcohols. In addition, the crystal structure of an OBP
from the cockroach L. madrae was solved with a single molecule of ANS in the hydrophobic
binding pocket of the protein 44 ¢ appears that ANS may bind to LUSH in an analogous
fashion. In these experiments we are determining the inhibition constants for alcohols
inhibiting ANS binding to LUSH. Analysis using Scatchard or Eadie-Hoftsee plots indicates
that binding is competitive, therefore we are equating these to be equivalent to the dissociation
constants for alcohol binding to the protein. However, it is possible that binding of alcohols
and ANS does not occur at exactly the same site and so is not truly competitive. If this is the
case, those alcohols that overlap the most with the ANS binding site will appear to have an
increased binding affinity compared to the binding of other alcohols. However we cannot
distinguish these possibilities with the present structural data.

The results of ANS titrations performed with LUSH-alcohol complexes are shown in Figure

7 and Figure 8. A summary of the calculated Kp values for the alcohol for each complex are

given in Table 4. To obtain these values each series of experiments with a single alcohol were
globally fit with an equation that accounts for ligand depletion of the ANS, which is present

at concentrations of the same order as the protein concentration and the dissociation constants.
Concentrations and dissociation constants of alcohol were much higher (100-5000x) than the
concentrations of protein used in each titration, so the free alcohol concentration was assumed
to be equal to the total concentration of alcohol.

The detailed results of these experiments are discussed below, but in summary, amino acid
substitutions within the alcohol-binding site appear to differentially affect ethanol binding
compared to that of longer chain alcohols. Substitutions that remove a hydrogen bonding
interaction, S52A and T57A, affect both ethanol and butanol binding, while the T57S
substitution showed an effect on ethanol but not butanol binding. Therefore, we conclude that
subtle changes in the chemistry of the binding site can lead to differential changes in the binding
affinities for alcohols.

For the wild-type protein, we find a chain length dependence of the alcohol binding affinity.
There is a 9.7 fold difference in the Kp values for ethanol and butanol, a 5.5 fold difference
between butanol and pentanol, and a 10 fold difference between pentanol and hexanol. This
increase in binding affinity as a function of chain length is not unexpected, and can be attributed
to the additional interactions formed by the longer alkyl chains. Similar dissociation constants
have been observed for the binding of ethanol (232 mM), butanol (13 mM), and hexanol, (1.5
mM) in the Shaw2 Drosophila potassium channel 23,

Substitution of T57 with serine has only a limited effect on the binding affinities of butanol
and pentanol compared to the wild-type protein. In contrast, ethanol could not compete for
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binding with ANS to the LUSHT®7S substituted protein over the concentration range tested.
There is no detectable decrease in fluorescence upon increasing ethanol concentrations. We
did not test higher concentrations of ethanol as we are concerned about non-specific
interactions or potential protein unfolding that starts to occur at concentrations of alcohol >
1% v/v (170 mM). Even so, we can still conclude that a threonine at position 57 appears critical
to achieve the highest binding affinity of ethanol, but binding of butanol can tolerate a threonine
or serine at this position.

Substitution of the S52 with alanine leads to a 14 fold decrease in the binding affinity for
butanol and a three fold decrease in the binding affinity of pentanol compared to the wild-type
protein. This corresponds to a change in the free energy of binding for butanol of 1.6 kcal
mol~1 by deleting this one potential hydrogen bond, while there is a 0.55 kcal mol~ change
in binding energy for binding of pentanol. These results demonstrate that the relative
importance of hydrogen bonding interactions to the overall binding energy are reduced as the
chain length increases and the contributions of van der Waals interactions and/or hydrophobic
effects begin to dominate the interaction.

Again ethanol cannot compete for ANS binding to the S52A substituted protein. This is
consistent with the crystal structure of the S52A-ethanol complex in which ethanol is only
observed to bind to one monomer of the asymmetric unit. Together we conclude that a potential
hydrogen bond acceptor appears to required for the highest binding affinity of ethanol at this
site.

Substitution of T57 with alanine has a significant effect on both ethanol and butanol binding.
This substitution also weakens binding of ANS (128 uM compared to 30 pM for wild-type).
This reduced affinity for ANS could potentially enhance the ability of alcohol to compete for
binding. However, there is no observable change in ANS fluorescence upon increasing
concentrations of ethanol or butanol. This result is consistent with our crystal structures, in
which neither alcohol nor water is bound in any monomer of either structure as well as our
molecular dynamics simulations, which suggest that T57 is the most important residue for
binding alcohols.

Changes in Binding Affinity are not due to Changes in Protein Stability

LUSH is a highly dynamic protein, with significant regions undergoing conformational
exchange on the micro-milliseconds timescale in solution 35 we postulate that this highly
dynamic state regulates LUSH’s ability to activate olfactory signaling in insects 4, Binding
of ligands such as alcohols leads to a shift to a more ordered state, and the degree of ordering
depends on the chain length of the alcohol 35 Therefore it i possible that changes in the
binding affinity of alcohols in the substituted LUSH proteins is due to stabilization of a
preferred binding site. Therefore, we examined the effects the substitutions on the overall
stability of the protein by comparing changes in the melting temperature (T),) of the substituted
and wild-type proteins in the apo and butanol bound states.

Far UV circular dichroism spectra of the wild-type and substituted proteins in both the apo
form and in the presence of 80 mM butanol were recorded as a function of temperature over
the range of 5°C to 95° while the molar ellipticity was monitored at 222 nm (Figure 9a—d).
Data were then processed using the method of John and Weeks 45 to obtain values of the
Tm and van't Hoff enthalpies of unfolding (Ayy) for each complex (Figure 9e—h). The results
of this analysis are given in Table 5.

Apo-LUSH has a Ty, of 49.0 °C. The T57S protein had a similar melting temperature of 48.1
°C, while the S52A and T57A proteins had higher Ty, values of 58.2 °C and 53.4 °C. This
suggests that the T57S substitution had no effect on the overall stability of the protein while
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replacement of S52 or T57 with alanine both result in an increase in the stability of the protein
to thermal denaturation, although to differing degrees. When these experiments are repeated
in the presence of 80 mM butanol, we find that the ability of the alcohol to stabilize the protein
against thermal unfolding is correlated with the binding affinity for the alcohol. For example,
the wild-type protein showed an increase in Ty, of 7 °C in the presence of butanol. The T57S
protein, which has a similar binding affinity for butanol as the wild-type protein, shows the
same increase in Ty of 7 °C in the presence of butanol. In contrast, the S52A substitution,
which reduces the binding affinity for butanol, shows only a 3°C increase in Ty in the presence
of butanol. Finally, the T57A substituted protein, which does not bind butanol, shows no
significant change in its Ty, in the presence of butanol compared to the wild-type protein.
However, butanol does appear to slightly stabilize a pre-unfolding transition (Figure 9d).

These studies also reveal that a change in the overall stability due to a specific substitution
does not correlate with a change in the binding affinity for alcohols. For example, the S52A
substitution results in an increase in the Ty, of the apo protein by 9°C. If this substitution led
to stabilization of an alcohol-binding site we may expect that it would have an increased binding
affinity for alcohol. Instead, the S52A substituted protein shows a significant decrease in
binding affinities for alcohols when compared to the wild-type protein. We observe a similar
effect for the T57A substituted protein which exhibits an increase in Ty, of 4.5 °C but this
substitution completely disrupts alcohol binding.

Discussion

Previous work has established that in D. melanogaster LUSH is required for both behavioral
33 and electrophysiological responses of olfactory neurons 34 t0 alcohols. Further, X-ray
crystallography and NMR spectroscopy8 clearly show that short chain n-alcohols bind to a
single site in LUSH and this binding leads to a conformational shift from a highly dynamic
structure to awell-ordered structure 3. Work by others 46 nowever, has suggested that alcohols
are not ligands for LUSH, as alcohols failed to displace fluorescent dyes or chemical
plasticizers from the binding site of LUSH, whereas a plasticizer, dibutyl phthalate can displace
these compounds from the binding site. Additionally flies exhibit an avoidance response to
dibutyl phthalate 46_our present data suggest that the concentrations of alcohols used in those
experiments were too low to observe any effect on the binding of these artificial ligands. It
may appear that alcohol concentrations in the millimolar range are physiologically irrelevant,
however, alcohol concentrations in nature can easily reach levels of ~4-15% v/v or 0.7-2.4
molar. The involvement of LUSH in the avoidance response to dibutyl phthalate also has not
been established, as the responses to phthalates in lush null flies has not been tested. Indeed a
number of different oIfactorX receptor neurons that do not express LUSH are known to respond
to aromatic compounds47; 8, and so it is entirely possible that responses to dibutyl phthalate
are mediated by a completely different subset of olfactory neurons. In contrast, there is strong
evidence for the involvement of LUSH in responses to alcohols. lush null flies show altered
behavioral and electrophysiological responses to alcohols and this wild-type behavior can be
recovered in flies that contain a lush rescue mutation 33: 49, Therefore, while it is now clear
that LUSH is also required for the responses to the Drosophila pheromone 11 cis-vaccneyl
acetate in a different subset of olfactory neurons#9, behavioral, electrophysiological, high
resolution structural and biophysical data all support the observation that LUSH binds to
alcohols.

The alcohol binding site in LUSH has a unique chemistry that leads to an increased binding
affinity for alcohols at this site compared to other potential binding sites within the protein. In
addition to a number of hydrophobic residues, this binding site contains a set of polar residues
that form a network of hydrogen bonds with alcohols and water. Small changes in the nature
of the polar residues in this site significantly disrupt binding of alcohols. Our results reveal
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that T57 is the most critical residue within this network. Making a T57S substitution has little
or no effect on binding of longer chain alcohols such as butanol or pentanol but substantially
reduces the binding affinity for ethanol. Deletion of this hydrogen bond by the T57A
substitution dramatically reduces the binding affinity for all short chain alcohols. In addition,
we find that binding of ethanol also requires the ability to form a hydrogen bond with S52.
Hydrogen bonding interactions formed with this residue are likely to be very weak based on
the observed O-O distances of the donor and acceptor groups in the crystal structures of the
wild-type protein (3.18 A s.d. 0.14 A). However, removal of this potential hydrogen bonding
interaction leads to a 14 fold reduction in the binding affinities for butanol and disrupts ethanol
binding to the point where it cannot bind at concentrations under 150 mM. This indicates that
optimal binding affinity for ethanol is only achieved by having both of these hydrogen bonds,
or at least the potential to form an additional dipolar interaction.

The relative importance of the potential hydrogen bonding interactions to the overall free
energy of binding appears to diminish with increasing alcohol chain length. The overall binding
affinity of the alcohol is dependent on chain length and each methylene groups contributes 0.9
Kcal mol ™! to the binding. Similar values of 0.8 Kcal mol~1 per methylene group have been
found in studies of the Drosophila Shaw2 K* voltage sensitive channel for alcohols contain 2
to 6 carbons 24, For longer-chain alcohols such as pentanol and hexanol, the additional
interactions formed by the alkyl chain can compensate for the loss of high energy hydrogen
bonds. In contrast, binding of ethanol appears to be dominated by the formation of hydrogen
bonds or dipolar interactions with polar side groups, such as serine and threonine residues.

Molecular dynamics simulations suggest that there is a preferred arrangement of hydrogen

bonds between LUSH and the alcohol. The preferred arrangement has T57 donating a hydrogen
bond to the alcohol, which in turn donates a hydrogen bond to S52, while S52 acts as hydrogen-
bond donor to the main-chain carbonyl group. It is known that hydrogen bonding groups have
altered abilities to donate or accept hydrogen bonds depending on if they act preferentially as
donors or acceptors 50, 1fS52 acts as a preferential donor to T48 and makes this interaction in
the absence of alcohols, this may prime this group as a better hydrogen bond acceptor for a

hydrogen bond from the alcohol, and this may act to increase the strength of this interaction.

We have established that for LUSH, the specific nature of the hydrogen bonding interactions
are critical for defining a high affinity ethanol binding site. We hypothesize that such sites may
also exist in other alcohol sensitive proteins, and indeed, many ion channels contain numerous
clusters of threonine and serine residues at the interfaces of the transmembrane domains that
could provide high affinity binding sites. It is clear that there are a number of other factors that
could potentially enhance alcohol binding to a protein. These include, but are not limited to,
the presence of ordered waters within the binding site, the polarizability of alcohols, and
changes in the local dielectric constant.

Release of ordered water molecules into the bulk solvent can enhance ligand binding, and it
has been estimated that this can contribute ~1.9 Kcal mol™ to the binding energy 51-53 The
alcohol-binding site of LUSH exists in a water filled cavity, and a water molecule is bound
when no alcohol is present. An ethanol molecule could displace the equivalent of two water
molecules, leading to a favorable entropy for binding of alcohol in this site, while longer chain
alcohols could potentially displace even more waters.

The effects of alcohols on protein structure and the ability to promote folding or unfolding
have been attributed to both the polar or non-polar nature of the molecule and changes in the
dielectric constant of the solvent °4-57 or by disrupting normal protein solvent interactions.
However, almost all of these effects of alcohol occur at concentrations greater than 1% v/v
alcohol. Changes in the local dielectric can also potentially have large impacts on electrostatic

J Mol Biol. Author manuscript; available in PMC 2009 March 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thode et al.

Page 10

interactions between ligands and proteins 58, Displacement of water by alcohol in the LUSH
binding could potentially lead to a decrease in the local microscopic dielectric and enhance the
strength of dipolar interactions in the vicinity of the binding site. As the nature of the dipolar
interactions appear to be critical for binding of ethanol, differences in the overall polarizability
of ethanol compared to water could lead to the induction of larger dipoles and therefore stronger
interactions within the binding site for ethanol compared to water. Estimates for the
Eolarizability of ethanol range from 5.11 A3°9 to 5.26 A360, compared to 1.49 A3 for water

9. Differences in polarizability have been recognized for some time as potentially important
determinants of anesthetic potency 61-63 and recent computational studies suggest that the
polarization of anesthetics by the protein could potentially enhance binding by 1.2 Kcal
mol~1 compared to the non-polarized state 64 A similar effect may occur for alcohols. It is
notable that in our MD simulations, the net residue dipole of T57 is oriented so it forms a
favorable interaction with the dipole of ethanol. This may explain why T57 appears to be so
critical for binding of all alcohols.

While multiple factors contribute to the formation of a high affinity alcohol binding site in
LUSH and other proteins, our present results reveal that the binding of ethanol appears highly
sensitive to the specific chemistry of the ligand binding site. The requirement of hydrogen
bonding groups and hydrophobic residues can be easily predicted, however the requirement
for a threonine over a serine residue was not readily predicted. Further, we found that these
factors are critical for ethanol binding but appear less so for longer chain alcohols. These
findings may be important in understanding the nature of alcohol binding sites in other proteins
such as ligand gated ion channels which are molecular targets for alcohol.

Materials and Methods

Site Directed Mutagenesis, Protein Expression and Purification

DNA primers (Operon) for polymerase chain reaction of 25-35 base pairs were designed to
create T57S, T57A, and S52A mutations in the lush gene. The forward and reverse primer
sequence are, T57S 5 GTGTCTTTGATGGCGGGCTCTGTGAACAAAAAGGGGGAG 3’
and 5’ CACAGAAACTACCGCCCGAGACACTTGTTTTTCCCCCCTC 5. S52A 5’
TGCTACACAAAGTGTGTGGCGTTGATGGCGGGCACTGTG 3'and 5’
CACAGTGCCCGCCATCAACGCCACACACTTTGTGTAGCA 3' T57A Y
GTGTCTTTGATGGCGGGCGCGGTGAACAAAAGGGGGAG 3'and 5’
CTCCCCCTTTTTGTTCACCGCGCCCGCCATCAAAGACAC 3

The primers were purified using size exclusion chromatography using a Superdex 75 column
(Amersham Pharmacia Biotech). Mutagenesis was performed as recommended in the
Stratagene QuikChange site-directed mutagenesis kit, and after sequence verification plasmid
DNA with the desired mutation was transformed into E. Coli BL21 (DE3) cells (Novagen) for
protein expression and purification as previously described 35,

Crystallization and data collection

Crystals of apo-LUSH and substituted LUSH proteins were grown in sodium acetate 100 mM,
pH 4.0, 25-30% (w/v) PEG 4000, and 30 mM alcohol at 18 °C and flash frozen in liquid
nitrogen. Data for the apo-LUSH and LUSHS52A with butanol were collected in the UCHSC
crystallography facility using a Rigaku MSC Ru-H3R generator with an Raxis IV++ area
detector and was processed using HKL2000 9. Data for the LUSHT57S-gthanol, LUSHS52A-
ethanol, and LUSHT>7A-ethanol complexes were collected at the Molecular Biology
Consortium beamline 4.2.2 at the Advanced Light Source at Lawrence Berkeley National
Laboratory, Berkeley California. Data were processed using D*trek 66,
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Structure Determination and Refinement

All structures of the substituted LUSH proteins were solved by molecular replacement using
the wild-type LUSH structure (PDB entry 100H) as a model in CNS 67 orccps4 68 programs.
Model building was performed in O 69 The LUSH-S52A structures refined in the P43
spacegroup, the LUSH-T57S and LUSH-T57A-butanol structures were refined in the
P21212; spacegroup, and the LUSH-T57A-ethanol structure was refined in the C222;
spacegroup using REFMAC in CCP4. The RMSD values were calculated using the program
Superpose V.

In all cases structures were initially refined without any alcohol present in the ligand binding
pocket. Any electron density observed in the binding site in either 2Fo-Fc (contoured at 1 )
or Fo-Fc maps (contoured at 2.5 o) was initially modeled as a water and only replaced with
alcohol if the refinement indicated the presence of additional density that was not satisfied by
the water molecule. No additional restraints were placed on the alcohols, however in all cases
no significant deviations from the ideal bond lengths and bond angles were observed in the
refined structures. Inclusion of ethanol at these sites was reinforced by the observation that
butanol also bound in the same site, and this has clearly elongated density compared to a water
molecule.

Molecular Dynamics Simulations

Calculations were performed in the UCHSC Computational Facility on a Dell Poweredge
cluster with 24 1 GHz Pentium 111 processors using the program NAMD 71 and the Charmm22
force field 71 72, Each simulation used the coordinates of a single LUSH-alcohol complex
from the crystal structure and any crystallographic waters within 4 A of the protein surface.
Hydrogen atoms were added using XPLOR 73 and bulk solvent was generated using the
SOLVATE plug in of VMD 74 and truncated to a box of 56 A length along each side. Sodium
and chloride ions were added at random positions to maintain charge neutrality. Periodic
boundary conditions were used to maintain the geometry of the system and molecules were
allowed to wrap throughout the system. Electrostatic interaction were treated using a Particle
Mesh Ewald approximation with a cut-off distance of 12.0 A and a pair-list distance of 13.5
A. A timestep integrator of 1 fs was used in all calculations and the full electrostatic potential
was recalculated every 4 fs.

Each complex was energy minimized and equilibrated prior to simulation runs. Initially the
positions of waters and ions only were minimized for 5 ps using conjugate gradient energy
minimization. Second, all atoms were subjected to 5 ps of free dynamics at 140 K, followed
by equilibration from 140 K to 298 K over a period of 5 ps. The resulting coordinate sets were
used for multiple simulations repeated with initial random number seeds for atomic velocities
and directions. The equilibrium of the system during calculations was evaluated by monitoring
the temperature and overall energies of the system. The resulting trajectories were analyzed
using Xplor 73 and VMD 74,

Fluorescence Spectroscopy

Samples of wild-type and substituted proteins prepared as above and diluted to a final protein
concentration of 5 uM, and incubated with ethanol and butanol at concentrations of 0, 20, 40,
60, 80, and 100 mM and pentanol at 500 uM, 1 mM, 5 mM, and 10 mM. Wild-type protein
was also incubated with hexanol concentrations of 0, 300, 500, and 800 uM. Samples were
equilibrated with stirring for 30 minutes at 25 °C. A solution containingl-anilino-8-
naphthalenesulfonic acid (ANS) (Molecular Probes) at a concentration of 1mM, in the same
buffer used to make the protein solutions, was titrated into the equilibrated sample to a final
concentration of 147 uM using a Gilson F-3005/6 titrator that was controlled by the instrument
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software. The concentration of stock solutions of ANS was calculated using an extinction
coefficient of 7800 cm™1 M1 at 372 nm (Molecular Probes Handbook).

Fluorescence experiments were performed at 25 °C on a Jobin-Yvon Fluorolog3 spectrometer
with an excitation wavelength of 370 nm, and the emission detected over the range of 390-
600 nm at 1 nm intervals with a 0.5 s integration time and a slit width of 2 nm for both the
excitation and emission monochromators. Data from two scans were averaged for each
experiment, and three independent experiments were performed for each complex. Data were
corrected by subtraction of the spectrum of buffer containing the appropriate alcohol,
correction for the dilution factor during titration, subtraction of ANS in buffer, and a correction
for the inner filter effect of the ANS using an extinction coefficient of 7800 cm™1 M1 for the
excitation and 0 cm~M~1 for the emission wavelengths. The correction for the inner filter
effect was verified by titration of ANS into buffer alone. After this correction, a plot of ANS
fluorescence as a function of concentration was linear.

The fluorescence emission at 457 nM as a funqtion of ANS concentration was fit to equation
1to account for ligand depletion of the ANS 75,76 GraphPad Prism version 4.00, GraphPad
Software, San Diego California USA.

F max * ([ P] + [ANS] — Kypp) — \/(([P] +[ANS] + Kypp)? — (4 %[ P] % [ANS]))

(2=[P]) (Eqn 1)
Kapp = K,(1+[11/K,)) (Egn 2)

In this equation, F is the measured fluorescence, Frnax is maximal fluorescence at the end of
each experiment, [P] is the protein concentration, [ANS] is the total concentration of ANS, [I]
is the concentration of alcohol, Kp is the dissociation constant of ANS, and K is the inhibition
constant of the alcohol, which in this case is equivalent to the dissociation constant for the
alcohol. The Kp for ANS was determined separately for each individually substituted protein
and was fixed in the subsequent analysis. The alcohol concentration, and the protein
concentration were fixed. All data collected for a single protein with one alcohol were fit
globally over the range of alcohol concentrations assuming the value of K is the same for each
alcohol concentration. The value of Fp,,x was allowed to vary for each experiment to allow for
experimental differences in alcohol, protein and ANS concentrations.

Circular Dichroism Studies

Samples of wild-type and substituted protein were prepared and purified as above and diluted
to 100 pM stock solutions. These concentrations were confirmed by amino acid analysis and
then diluted to a final concentration of 20 pM. CD experiments were performed on a Jasco-810
spectropolarimeter in the UCHSC biophysics core facility. Thermal denaturation was
performed over the range of 5°C to 95°C while the ellipticity was monitored at 222 nm. Each
experiment was repeated three times. In order to determine the melting temperature (Ty), the
derivative of the temperature in Kelvin versus molar ellipticity was calculated and fit in
Graphpad Prism to obtain values of and Tyyoand Van't Hoff enthalpies using the method of
John and Weeks 4°.
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Coordinates: The coordinates for wild-type apo LUSH and all the substituted LUSH-alcohol complexes have been
deposited in the Protein Data Bank with the following accession numbers: 1T14, 3B7A, 3B6X, 3B88, 3B87, 3B86.
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Figure 1. Location and structure of the alcohol binding site in LUSH

(a) Structure of the LUSH-butanol complex showing the position of butanol (cyan). (b) close
up view of the alcohol binding site in the LUSH-butanol complex. The oxygen of alcohols
forms potential hydrogen bonds with S52 and T57, while the alkyl chain of butanol forms
contacts with residues F64, L76, F113, and W123. Figure based on PDB ID 100H. Ethanol
binds to the same site. Distances between the T57 Oy and alcohol O are 2.51 A while the
distance between the S52 Oy and alcohol O is 3.18 A.
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Figure 2. Hydrogen Bonding Patterns in MD Calculations of LUSH-alcohol complexes
Hydrogen bond distances between alcohols and S57 and T57 in representative MD simulations
of LUSH-ethanol complexes (a and b) and LUSH-butanol complexes (c and d). Butanol binds
in the site for a longer period of time than ethanol. When bound, generally, alcohols act as

hydrogen bond donors to S52 and accept a hydrogen bond from T57.
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Figure 3. Hydrogen Bonding in LUSH-alcohol complexes from MD Calculations

Snapshot of calculation shown in Figure 2b taken at ~200 ps. MD simulations predict that T57
acts preferentially as a donor to alcohols. S52 donates a hydrogen to the main chain of Thr48
and acts as an acceptor for a hydrogen bond from the alcohol or water molecules. Net residue
dipoles for the key residues in the binding site and ethanol are shown in cyan. The dipole of
T57 is oriented in a head to tail arrangement with the net dipole of ethanol and this may aid in
increasing binding affinity at this site.
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Figure 4. Electron Density Maps of the Binding Site in Substituted LUSH proteins

Electron density in the final normalized 2Fo-Fc maps contoured to 1.0 ¢ are shown in gray,
while the electron density from Fo-Fc omit maps contoured at 2.5 ¢ are shown in magenta for
(a) Monomer A of the S52A-ethanol structure. The ethanol molecule is in the same position
as seen in the wild-type protein. The distance between the T57 Oy and alcohol O is 2.83 A;
(b) Monomer B of the S52A-ethanol structure. A water molecule is observed in the place of
the ethanol suggesting that this substitution might have affected ethanol binding. The distance
between the T57 Oy and water O is 3.09 A. (c) S52A-butanol structure. Density for butanol is
clear in both monomers of the asymmetric unit. The distances between the T57 Oy and alcohol
O are 2.65 A in chain A and 2.82 A in chain B. (d) The T57S-ethanol complex. Again density
for an ethanol molecule is visible in both monomers of this structure, in the same position as
seen in the wild-type protein. The distance between the S57 Oy and alcohol O is 2.55 A in both
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Page 21
chains while the distance between the S52 Oy and alcohol O is 3.04 A in both chains. In all

cases the proteins were crystallized in the presence of 30 mM of the corresponding alcohol.
Each protein is in approximately the same orientation as shown in figure 1b.
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S

Figure 5. A PEG molecule is present in both monomers of the T57S-ethanol structure

A region of a PEG molecule (blue) is observed to enter the site but does not interfere with
alcohol binding. Yellow residues highlight the ethanol binding site and the ethanol is shown
in blue. The protein was crystallized using 25-29% PEG4000, which contains ~ 90 repeating
units, and the remainder of the PEG molecule, which is presumably outside of the binding site
is not defined.
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Figure 6. Quenching of intrinsic tryptophan fluorescence by ANS

Increasing concentrations of ANS (circles) quenches intrinsic tryptophan fluorescence
(squares), suggesting that ANS binds in proximity to W123 in the vicinity of the alcohol binding
site. The fluorescence signal was normalized as a fraction of maximal signal. The protein
concentration was 5 M. Intrinsic tryptophan fluorescence was excited at 295 nm and recorded
at 342 nm. ANS fluoresence was excited at 370 nm and recorded at 457 nn
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Figure 7. Short chain n-alcohols compete for binding of ANS to wild-type LUSH

Graphs show titrations of LUSH-alcohol complexes with ANS as a function of increasing
alcohol concentrations for (a) ethanol, (b) butanol, (c) pentanol, and (d) hexanol. The fitted
curves are the results of a global fit using a competitive binding isotherm (see Materials and
Methods). All alcohols can compete for binding to the wild-type protein.
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Figure 8. Effect of aT57S and S52A amino acid substitutions on ability of alcohol to compete for

ANS binding

Binding isotherms for LUSH-alcohol complexes with ANS as a function of increasing alcohol
concentrations for (a) T57S-ethanol, (b) T57S-butanol, (c) T57S-pentanol, (d) S52A-ethanol,
(e) S52A-butanol, and (f) S52A-pentanol. Curves were fit in Graphpad Prism to a competitive
binding isotherm as described in materials and methods. Ethanol could not compete for binding
of ANS with either the T57S or S52A proteins. The concentration of alcohol is indicated
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Figure 9. Effect of amino acids substitutions on thermal unfolding of wild-type and substituted
LUSH proteins

(Left) Thermal unfolding of LUSH proteins in the apo state (red) and in the presence of 80mM
butanol (blue) monitored using CD at 222 nM and (Right) differential unfolding curves derived
from the data in the left panel to obtain values of Tm and Ay 45 for (a & €) Wild-type, (b &
f) T57S, (c & g) S52A, and (d & h) T57A proteins.
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Table 3
RMSD values for substituted LUSH proteins compared to the wild-type protein. Monomer A of the substituted
structure was superimposed on monomer A of the wild-type, and monomer B of the substituted structures was

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN
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superimposed on monomer B of the wild-type protein.
Main Chain All Atoms
A B A B
S52A-butanol 0.09 Al 0.10 Al 0.40 Al 0.28 Al
S52A-ethanol 0.17 Al 0.16 Al 0.41 A 0.33 Al
T57A-butanol 0.47A 0.75 Al 0.95 Al 1.15 A
T57A-ethanol 0.21 Al 0.27 Al 0.51 Al 0.64 Al
T57S-ethanol 0.24 Al 0.24 Al 0.64 Al 0.59 Al
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Table 4
Binding affinities of wild-type and substituted LUSH proteins for alcohols.
Wild-type T57S S52A T57A

Ethanol 107 + 13 mM i * i
Butanol 11+1mM 16 + 2 mM 158 £ 54 mM >> 200mM|
Pentanol 2+0.3mM 2+0.3mM 6+0.9mM
Hexanol 0.20 £ 0.02 uM

*
Indicates that no alcohol could compete for binding of ANS at any of the concentrations tested
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Table 5

Page 31

Summary of melting temperatures of WT and substituted LUSH proteins determined by circular dichroism. In

all cases the concentration of butanol was 80 mM.

Twm (°C) Apo T (°C) + butanol ATy (°C)
Wild-Type 49.0+0.2 56.0+1.8 7.0
T57S 49.1+19 56.4+1.2 7.3
S52A 582+1.1 61.7 1.9 35
T57A 53.4+23 54.2+24 0.8

J Mol Biol. Author manuscript; available in PMC 2009 March 7.



