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ABSTRACT Molecular dynamics simulations have been performed to investigate the partitioning of the volatile anesthetic
halothane from an aqueous phase into a coexisting hydrated bilayer, composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids, with embedded a-helical peptide bundles based on the membrane-bound portions of the «- and §-subunits,
respectively, of nicotinic acetylcholine receptor. In the molecular dynamics simulations halothane molecules spontaneously par-
titioned into the DOPC bilayer and then preferentially occupied regions close to lipid headgroups. A single halothane molecule
was observed to bind to tyrosine (Tyr-277) residue in the a-subunit, an experimentally identified specific binding site. The
binding of halothane attenuated the local loop dynamics of a-subunit and significantly influenced global concerted motions
suggesting anesthetic action in modulating protein function. Steered molecular dynamics calculations on a single halothane
molecule partitioned into a DOPC lipid bilayer were performed to probe the free energy profile of halothane across the lipid-
water interface and rationalize the observed spontaneous partitioning. Partitioned halothane molecules affect the hydrocarbon
chains of the DOPC lipid, by lowering of the hydrocarbon tilt angles. The anesthetic molecules also caused a decrease in the
number of peptide-lipid contacts. The observed local and global effects of anesthetic binding on protein motions demonstrated

in this study may underlie the mechanism of action of anesthetics at a molecular level.

INTRODUCTION

Despite the use of general anesthetics (GA) in medicine for
more than 150 years, their mechanism of action on the central
nervous system remains a matter of debate. Two contenders
for the primary site of action in this controversy are the lipid
membrane and the proteins embedded in it. Starting with the
early experiments by Meyer and Overton (1,2), many studies
(3,4) have suggested that the lipid bilayers act as primary
targets for anesthetics, because of their hydrophobicity. The GA
molecules achieve a high concentration in the lipid bilayer,
and were suggested to perturb its structure and dynamics,
only indirectly affecting membrane protein function through
nonspecific mechanisms. On the other hand, proteins have
hydrophobic domains, which make them equally plausible
targets, as demonstrated in the case of firefly luciferase (5) or
apoferritin (6). Further support for protein-centered hypoth-
eses came from work with a series of chemical compounds
known as nonimmobilizers, which partition readily into lipid
membranes, but do not produce anesthesia (7-9). However,
recent theoretical studies (10,11) have renewed interest in
lipid effects of GA molecules.

Interest in the specific interactions of the GA molecules
with membrane proteins emerged from experiments with the
ligand-gated ion channels (LGIC) (12-14). The gene super-
family of LGIC includes nicotinic acetylcholine (nACh),
GABA,, glycine, and serotonin (5-HT3) receptors (15).
Each has a pentameric arrangement of different subunits
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about a central, ion-conducting axis (Fig. 1) (16). Each sub-
unit in turn consists of a large N-terminal extracellular
domain, and four helical transmembrane (TM) regions (M1—
M4). The amino-acid residues in M2 subunit line the ion
channel and the residues in M3 and M4 interact with the lipid
layers (12,17). The atomic structure of the closed form of
nACh receptor at 4 A resolution has been published recently
(18,19). The structure was obtained by electron microscopy
from the muscle-derived electric organ of Torpedo marmarota
membranes. In general, anesthetics potentiate the effect of
agonist on GABA, and glycine receptors, and strongly in-
hibit the nACh receptors (20). In searching for the anesthetic
binding site underlying these effects, photolabeling exper-
iments have been conducted on the nACh receptors (21),
in particular @- and 6-subunits. Halothane was found to
label residues in the TM regions and an agonist-dependent,
tyrosine-containing site was found between TM-1 and -3 in
the &-subunit (20).

Molecular dynamics (MD) simulations have been used
to investigate the distribution of small molecules such as
cholesterol (22,23) and halothane (24—27) within model mem-
branes. However, in these studies, the molecules were either
grown in the bilayer or substituted for some lipid molecules
in the initial configuration. Simulation studies have also been
conducted to investigate effects of halothane on proteins in
water, such as synthetic a-helix bundles (28), and on grami-
cidin A in lipid membranes (29). Simulations of the LGIC
have been limited because of the lack of high-resolution
structural data to set reliable starting conditions. Because of
the recent publication of the high-resolution cryoEM structure
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FIGURE 1 Crystal structure of acetylcholine receptor from the Protein
DataBank (PDB ID: 10ED) showing the pentameric nature of the assembly
and the transmembrane region within each subunit. M2 is the channel-lining
helix of each subunit.

of the nicotinic receptor (18,19), combined with the exper-
imental evidence of possible binding sites in these proteins
(20) and the availability of tetrascale computing platforms,
it is now feasible to characterize the interactions between
anesthetic molecules and membrane proteins in their native
environment using MD simulations (30-33).

Accordingly, MD simulations have been carried out to in-
vestigate membrane-bound «a-helical peptide bundles based
on the a- and d-subunits of nAChR in a di-oleoyl-phosphatidyl-
choline (DOPC) lipid bilayer with the aim to study the in-
teraction and possible binding of the inhalational anesthetic
halothane (CF;CBrCIH) with these membrane-bound species.

METHODS

Description of the systems

The initial coordinates of the two subunits were taken from the PDB struc-
ture 1OED. A small preequilibrated patch of 72 DOPC lipids was replicated
to generate a 288-lipid system. The system was then solvated using the
solvate plug-in of VMD (34) ensuring adequate hydration of the DOPC lipid
bilayer (number of water molecules/lipid n,, = 32.8) (35). The DOPC
system was equilibrated for 2 ns and the area per lipid and lamellar spacing
were monitored. From this equilibrated system, a patch of 147 DOPC lipid
molecules was extracted that would be sufficient to wrap the target four-
helix peptide bundles, and this patch was further equilibrated for 4 ns. The
peptide bundles were then inserted into this preequilibrated DOPC lipid
bilayer system with the initial orientation being nearly parallel to the bilayer
normal. To maintain charge neutrality, two sodium and two chlorine
counterions were added to the a- and 6-nAChR-DOPC systems, respec-
tively, using the Autoionize plug-in of VMD. Both simulation systems were
subjected to energy minimization, followed by a short run of 500 ps in which
the peptide bundles were held fixed to allow the adjustment of lipid and
water. The minimized systems were then subjected to 3 ns of constant
pressure and temperature (NPT) ensemble molecular dynamics runs before
the anesthetic molecules were introduced. Next, 10 halothane molecules
were placed in the aqueous phase on both sides of the equilibrated DOPC-
bound - and 6-nAChR peptide bundles, by removing overlapping water
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molecules. To improve the statistics and efficient anesthetic sampling in the
bilayer, the concentration of halothane molecules used in the simulation was
~8.5% (nha/npopc), which is somewhat higher than that achieved at typical
clinical concentrations (~3%). Previous simulations studying the effects of
halothane on pure lipids compared high and low concentration simulations,
and found qualitative agreement between the resulting anesthetic distribu-
tions and effects (24,27). For comparison, simulations were also performed
on halothane-free systems. Each system was then subjected to additional
energy minimization runs using conjugate gradient method, followed by
equilibration runs.

Molecular dynamics simulations

MD simulations were performed using the NAMD?2 (36) software package,
on the Intel Xeon 3.2 GHz processor machine Tungsten at the National
Center for Supercomputing Applications. The Nosé-Hoover method with
Langevin dynamics and Langevin piston were applied to maintain a pressure
of 1 bar and temperature of 305 K. A multiple time step (37,38) was used and
all the hydrogen atoms were constrained using the RATTLE algorithm to
allow a time step of 1.5 fs. The CHARMM 22 (39) and CHARMM 27 (40)
force fields were used for the peptide bundles and lipids, respectively, and
water was modeled by TIP3P (41). Parameters developed by Scharf and
Laasonen (42) were employed for halothane molecules. A cutoff distance of
12 A and a pair-list distance of 15 A were used to compute all nonbonded
interactions and periodic boundary conditions were imposed. The full
electrostatics interactions were computed with the particle-mesh Ewald
method with a tolerance of 10~® and updated every two time steps. All the
analysis was performed within the software environment of VMD.

Free energy calculations

Steered molecular dynamics (SMD) simulations (43,44), using NAMD2,
were also carried out on a system consisting of a single halothane molecule
dragged from the DOPC lipid into the water phase. SMD calculations in-
volve the application of external forces to accelerate the processes to
overcome energy barriers. SMD calculations allow construction of a poten-
tial of mean force (PMF) or free energy difference estimated from the work
(W) values using Jarzynski’s equality (44,45) as

AF = —(1/B) Inexp(—BW),

where B8 = 1/kgT and W is the external work. SMD simulations have been
used in various applications including study of transport of glycerol
molecules through the aquaporin ion channel (46), binding and unbinding of
adhesion proteins (47), and unfolding linkers between helical repeats in
spectrinlike proteins (48,49). For the calculation of free energy profile, a
single halothane molecule was placed in bulk water region outside of a
preequilibrated patch of 72 DOPC molecules. The halothane molecule was
spontaneously inserted into the bilayer in <2 ns and was located just below
the headgroup region of the lipid bilayers similar to the other systems
described in this study. The system was further equilibrated for another eight
nanoseconds before starting SMD simulations to better equilibrate the
halothane in the bilayer. Sixteen random snapshots were taken from the last
two nanoseconds of the equilibration run as starting configurations for SMD
runs. These 16 configurations take into account different orientations of the
halothane molecule inside the lipid bilayer and are likely to give improved
statistics for free energy profile calculations. In the SMD simulations
reported here, external forces were applied to the center of mass of the
halothane molecule, moving it in a direction parallel to the normal of the
bilayer (z) with a constant velocity of 3.33 X 107*A/ps into the aqueous
phase with a force constant of 10 Kcal/mol A2, which is large enough to
allow for stiff spring approximation (43). The pulling velocity used in this
study is considerably lower than values used in other SMD simulations
such as acetylcholine unbinding from ligand-binding domain (50), unbind-
ing of retinoic acid from its receptor (51), and extraction of lipids from
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phospholipid membranes (52), justifying our construction of the PMF from
the number of trajectories used in this study.

For the analysis of SMD runs, two extrapolation methods developed by
Zuckerman and co-workers, which estimate the free energy values from a
relatively short set of work values (45,53), were used. Both methods rely on
the blocked averages of free energies obtained through Jarzynski’s equality
by extrapolating to infinite data limits. In linear extrapolation, an estimate
of free energy is obtained by exploiting the monotonically changing nature
of the blocked averages. The cumulative integral extrapolation method im-
proves on the linear extrapolation method by using an integration scheme to
obtain free energy estimates using 5—40 times less data than traditional
Jarzynski’s approach.

RESULTS AND DISCUSSION
Characterization of membrane-protein system

The a- and 6-nAChR peptide bundles were equilibrated for
3 ns in the DOPC lipid system before introduction of the
halothane molecules. Root mean-squared deviation (RMSD)
is used to monitor the structural similarity of the subunits in
the lipid environment with the cryo-EM ‘‘parent.”” The
RMSD was calculated by superimposing all frames of the
simulation on to the relevant 10ED subunit coordinates.
After the initial increase in the RMSD values due to the opti-
mization of the subunits in the lipid environment (and with
the absence of other subunits), the RMSD values leveled to a
value of ~3.3 A and ~3.0 A for the a- and 8-nAChR peptide
bundles, respectively. We also monitored the individual helix
RMSD values and found that helices M1 and M3 had lower
values compared to M2 and M4 in both «- and 6-nAChR
peptide bundles. The M2 helix of the subunits forms the pore
of the nACh receptor (as shown in Fig. 1) so the absence of
other subunits in our simulations may be responsible for the
higher RMSD values for M2 helix in both the subunits. The
intracellular connecting loop between M3 and M4 was not
resolved in the crystal structure, so these residues were not
included in our simulations. The lack of connection between
M4 and M3 may have resulted in the higher RMSD for the
M4 helix. Root mean-square fluctuation (RMSF) provides
information about the residue mobility relative to the average
structure, analogous to crystallographic B-factors. The two-
peptide bundles structures are stable with RMSF values <1 A
for most of the residues except for the terminal and loop
residues. The M2 helix adopts a more kinked conformation
in the vicinity of Leu-251 compared to the crystal structure,
as was observed in simulations involving only M28 peptides
(54). The tilt angle of the subunit was measured as the angle
between the smallest component of the moment of inertia
tensor and the bilayer normal. The asymptotic tilt angle for
both the subunits in the lipid bilayer was ~24°, consistent
with the mean tilt angle of 21° reported from the analysis of
45 transmembrane helix x-ray structures (55). The interhelix
distance, which reflects the stability of the bundle itself, was
also measured as an average of the C,-C,, distance of helices
and remained more or less constant during the equilibration
process.
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Partition of halothane in lipid bilayers

In previous simulations (24-27,29) of the distribution of
halothane molecules in bilayers in saturated and polysatu-
rated lipid bilayers, the halothane molecules were initially
placed inside the bilayer, either at locations consistent with
experimental predictions, or were distributed evenly. In this
MD study a different approach was adopted, in which the
halothane molecules were initially placed in the water, close
to one or another of the lipid bilayer surfaces. Snapshots of
a- and 6-nAChR-DOPC simulation systems at time ¢ = 0
and 16 ns, respectively, are shown in Fig. 2. The initial
placement of the halothane molecules in both systems was
identical, with five halothane molecules on each side of the
bilayer. At the end of 16 ns, all of the halothane molecules
had partitioned into the bilayers, most of the partitioning
occurring in the first 5 ns of simulation. In the a-nAChR-
DOPC system, eight and two halothane molecules parti-
tioned into top and bottom layers, respectively, and in the
0-nAChR-DOPC system, six and four halothane molecules
partitioned into top and bottom layers, respectively. This
difference is not statistically significant. Fig. 3 shows the
trajectories of the 10-halothane molecules in the case of the
a- and 6-nAChR-DOPC systems, in which all the halothane
molecules were spontaneously inserted into the bilayer.
The distribution of halothane molecules in §-nAChR-
DOPC is more symmetrical with respect to the two leaflets of
the bilayer than in the a-nAChR-DOPC system (Figs. 2 and
3). In both cases, halothane molecules were predominantly
located around the carbon atoms C2—C5 of the hydrocarbon

a-nAChR

FIGURE 2 Snapshots of bilayer-subunit-halothane systems at (@) t = 0,
(b) t = 16 ns. The subunits are shown in ribbon representation. Shown also
are the tyrosine residues and lipids in licorice and line representation,
respectively. Lipid hydrogen atoms and water molecules are not shown for
clarity. The halothane molecules are represented as van der Waals spheres.
The cluster formed by halothane molecules 4, 5, and 9 is also highlighted.
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FIGURE 3 The trajectories of center-of-mass positions of individual
halothane molecules over the entire simulation with the starting configu-
ration as in Fig. 2 in the z direction (bilayer normal). The center-of-mass
position of lipid headgroups and carbon atom C5 of alkyl chains are also
shown. The halothane molecule 3 shown in panel ¢ migrates from bottom
leaflet to the top leaflet and 6 entered the a-subunit and remained stable. The
initial periodic wrapping of trajectories for bilayer crossing is removed for
clarity.

chains. This is consistent with the previous simulations on
pure lipid systems (24—27) and NMR findings (56) that anes-
thetic molecules are preferentially located near the complex
lipid-water interface. In the -nAChR-DOPC system, the dis-
tribution of halothane molecules at the center of the bilayer is
not zero, due to the migration of a single halothane molecule
from bottom layer to top layer in the lipid membrane. In the
Fig. 4, the density profiles of various components of the
systems averaged over last the 10 ns are shown. The peak
positions of halothane distribution and C5 carbon atoms of
the alkyl chains overlap in a-nAChR-DOPC and 6-nAChR-
DOPC systems. The atom distributions of C5 and C9 (rep-
resenting the double-bond) appear to be different for the two
systems, which is likely due to the difference in halothane
distribution in the two systems. Also in the a-nAChR-DOPC,
significant thinning (~5 A) of the bilayer was observed. We
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FIGURE 4 The density profiles along the bilayer normal, z, averaged over
last 10-ns of the MD trajectory for a-nAChR and 6-nAChR subunits. The
z = 0 corresponds to the bilayer normal. The density of the headgroups, alkyl
chains, and C9 carbon represent the location of double-bond in the alkyl
chains; the C5 carbon, representing the most probable location of halothane
molecules along with protein and halothane molecules, is also shown.

also observed migration of halothane molecule 3 along the
bilayer normal from the bottom leaflet to the top, via the
hydrocarbon core in the @-nAChR-DOPC system, in agree-
ment with the results for a coarse-grain model at low anes-
thetic concentrations (27). In the 6-nAChR-DOPC system,
halothane molecules 4, 5, and 9 formed a cluster and
stabilized above the headgroup region in the hydrocarbon
alkyl chain region of the bottom leaflet (see Fig. 2). Similar
behavior of pairing of anesthetics was observed in previous
simulations of Tang et al. (29). The cluster essentially behaves
like a nonanesthetic molecule (26) due to partial cancellation
of the dipole moment, and favors the apolar region of hy-
drophobic chains compared to the polar lipid-water interface.
In the a-nAChR-DOPC system, halothane molecule 6 stays
just above the headgroup region, due to the binding of 6 in
the vicinity of Tyr-277, which will be described in more
detail below.

Free energy profile of halothane across
DOPC bilayer

Several small, uncharged molecules such as carbon dioxide,
oxygen, and anesthetic molecules diffuse into cell mem-
branes without the help of any membrane proteins. Encour-
aged by the observed spontaneous insertion of the halothane
molecules into the lipid bilayer, the free energy profile of the
halothane molecules was computed. Excess chemical po-
tentials of small solute molecules, both polar and nonpolar,
have been calculated in previous computational studies
(57,58). Free energy calculations of transport of small neutral
molecules such as water, oxygen, and chloroform across
dimyristoylphosphatidylcholine lipid bilayers using cavity-
insertion Widom calculations (59) have been performed
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before (60). We report here the results of steered molecular
dynamics (SMD) simulations of halothane molecule extrac-
tion from the DOPC lipid into aqueous phase. From the 16
different SMD runs, it was observed that the deviation in
work values increased with the distance of the halothane
molecule from its equilibrium position, especially when the
halothane molecule reaches the aqueous phase. To estimate
the PMF, two extrapolation methods (53) described earlier
were used, in addition to the exponential average method.
The linear and cumulative extrapolation methods were devel-
oped to address the issues of improving the PMF estimation
in case of limited sampling. The extrapolation methods have
also been used recently to estimate the binding energy of
acetylcholine (50) in which similar deviation in work values
was observed. The PMF constructed from the time analysis
of the 16 SMD runs using exponential and these extrapo-
lation methods is shown in Fig. 5. The distance is measured
from the equilibration location of the halothane molecules,
which is just below the headgroup of the DOPC bilayer.
From Fig. 5 it can be seen that the PMF estimated from the
extrapolation methods is more rugged in nature and is lower
than the exponential average estimate using Jarzynski’s
equality. Similar findings were observed in a recent work of
estimation of binding energy of a ligand (50). The cumu-
lative integral extrapolation PMF profile reveals that external
work of several Kcal/mol is required to extract an equili-
brated halothane molecule from the lipid bilayer into the
solution phase. The shape of the PMF calculated here
corresponds well with the previous free energy calculations
of 1,1,2-trifluoroethane across the water-hexane interface
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FIGURE 5 The PMF profiles of a single halothane molecule extracted
from its equilibrium position in DOPC lipid bilayer into the solution
computed from 16 individual steered molecular dynamics simulations using
Jarzynski’s equality of exponential average (black solid), block exponential
average (gray dashed), linear (light gray dashed), and cumulative integral
(black dashed) methods. The origin represents the equilibrated position of
the halothane molecule, which is below the headgroup of the DOPC lipid
bilayer. Inset is the demonstration of stiff spring approximation showing the
trajectories of constraint (gray) and center of mass of halothane (black).
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(57). The PMF profile has a minima just near the interface at
the starting position, confirming the preference of anesthetic
molecules toward the complex interfacial region consisting
of both lipid and water phases. The plot also reveals that
the halothane molecules experience a considerably higher
free energy barrier upon leaving the membrane. The linear
regime, however, should be considered with caution since
this is the region of the membrane with the slowest relaxation
times. On the other hand, the free energy barrier that the
halothane molecule has to cross to enter the headgroup region
of the bilayer from the aqueous phase, is small at ~1 Kcal/
mol, which is consistent with the observed spontaneous
insertion.

Halothane effects on the lipids

Lipid-protein interactions may play an important functional
role in processes such as gating and desensitization of
membrane channel proteins. Indeed, lipid-protein complexes
have been shown to affect the properties of lipid bilayers
with embedded peptide bundles (33). The effects of inhala-
tional anesthetics such as halothane on the lipid-protein in-
terface takes on a special significance in view of the most
probable location of these molecules, which is close to the
headgroup region of the lipids as shown in this study and
many others. Experiments have demonstrated an association
between the lipid-disordering activity of general anesthetics
and desensitization of acetylcholine receptors (61). In this
study, the number of lipid-protein contacts was measured as
a function of time in the presence and absence of halothane
molecules and were defined as the number of lipids within a
distance of 3.5 A of the protein. A decrease of 17% and 8%
in the lipid-protein contacts was observed in the a-nAChR-
DOPC and 6-nAChR-DOPC, respectively. These results
indicate that low-affinity ligands like halothane might exert
significant effects on the protein function by affecting lipid-
protein interactions.

Anesthetic molecules are also considered to affect different
membrane properties, which in turn can affect the membrane
protein functions (11). As mentioned previously, the halo-
thane molecules in @-nAChR and 6-nAChR DOPC distrib-
ute preferentially just below the headgroup region in both
leaflets. The dipole moment of halothane molecules was
observed to align in a direction perpendicular to the bilayer
normal and along the lipid headgroups. The charges used in
the present simulation were taken from Scharf et al. (42) and
the dipole moment of the halothane molecule is ~2 Debye.
Previous NMR experiments (62,63) have shown that the
anesthetic halocarbons such as halothane with higher dipole
moments aggregate preferentially near the complex head-
group region compared to nonanesthetic halocarbons with
lower dipole moment. However, in the case of a-nAChR
DOPC system, the distribution is broader and more uneven
with 80% of halothane molecules in the top layer. The effect
of halothane distribution on the alkyl chain order parameter
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and alkyl chain tilt angles for DOPC systems with - and
O-subunits was measured and is shown in Fig. 6. The order
parameters are averaged over both sn-1 and sn-2 chains of
DOPC lipid and the characteristic dip at carbon C9 due to the
presence of a double bond. The partitioning of the halothane
molecules decreases the order parameters, similar to the
results obtained in pure lipid systems (25). The decrease is
larger in the case of a-nAChR-DOPC, where the order of
carbon atoms close to the headgroup is affected more due to
the predominant partitioning of halothane molecules in the
upper leaflet (see Fig. 3 a), which is not the case in the lower
leaflet, or in the 6-nAChR-DOPC system. The average tilt
angle of both hydrocarbon chains is defined as the angle

between the vector joining C2—C18 carbons and the mem-
brane normal. The tilt angles were averaged over the two
leaflets and for both the sn-1 and sn-2 chains of DOPC alkyl
chains. As can be seen from the Fig. 6 b, the presence of
halothane molecules in both systems shifts the average
orientation of the alkyl chains and also makes the distribution
broader, although the shapes of the distribution do not differ
much. The most probable values of the tilt angles increase in
the presence of halothane molecules, which is likely because
of the disordering of the chains. The density profiles of the
carbon atoms C2 to C18 are plotted in Fig. 7 to illustrate the
loss of order in the alkyl chains with the partitioning of
halothane molecules.

FIGURE 7 The density profiles of carbon atoms
C2-C18 of the alkyl chains for the a-subunit-DOPC

system in the absence (a, b) and presence of halothane
(c, d). The profiles are calculated for the last 10-ns of
both simulations.
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Halothane effects on a- and 8-subunit structure

The structural stability of the a-and 8- subunit structures was
evaluated by the RMSD and RMSF calculations. The pres-
ence of halothane molecules has no detectable effect on the
secondary structure of either subunit, as seen in Fig. 8, which
is similar to the previous simulation results on gramicidin
A channels (29). To understand the effect of halothane
molecules on the local dynamics, RMSF profiles of both
subunits in the presence and absence of the halothane
molecules were calculated and is shown in Fig. 9. To
compute the RMSF values, all the frames of the simulation
run were fit to a common reference point (the initial con-
figuration). This removes the effects of any translational and
rotational motions in the molecule. As expected, the terminal
residues (beginning of M1, end of M3, beginning and end
of M4) have higher RMSF values (were more mobile) as
compared to the central residues in both subunits. The
presence of halothane molecules has significant effects on
the local dynamics of both subunits. As described in the
previous section, a single halothane molecule 6 enters the
a-subunit and stays in the groove between helices M3 and
M4, near Tyr-277 and the M2-M3 loop (Figs. 2 and 3). This
halothane molecule appears to reduce the flexibility of the
M2-M3 loop, as well as the mobility of residues in close
proximity. For example, residues in the M3 and M4 helices
have reduced RMSF values in the presence of 6 (Fig. 6 a).
Most striking, however, is the difference in the M2-M3 loop
structure in the presence and absence of halothane 6, as
shown in Fig. 10, which also shows the proximity of the
halothane molecule to Tyr-277, analogous to the photo-
labeled site (20).

Although exhibiting high mobility and a lack of preferred
orientation, the halothane molecule 6 enters the a-subunit

Ca RMSD (A)

9

Ca RMSD (A)

|
0 5 10 15 0 5 10 15
time (ns) time (ns)
FIGURE 8 The root mean-squared deviation (RMSD) of the backbone
Ca atoms in subunits in the presence and absence of halothane molecules:
panels a and ¢ for M1, M2, M3 helices in «- and 8-, respectively; and panels
b and d M4 helix in «- and 8-, respectively.
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FIGURE 9 Comparison of root mean-squared fluctuations (RMSF) of
the backbone Ca atoms in (@) a-subunit and (b) -subunit in the presence
and absence of halothane molecules.

and occupies a position, which is consistently closer to the
Tyr-277 residue throughout the simulation run. The evolu-
tion of distance between center of mass of Tyr-277 residue
and center of mass of halothane 6 in «-subunit is shown
in Fig. 11 a. Two angles were calculated to characterize
the orientation of the Tyr-277 residue in the presence and
absence of halothane molecule 6. The notation Sy is the
angle between the axis normal to the bilayer and a vector
perpendicular to the plane of the aromatic ring, while S is
the angle between the bilayer normal and the vector from
CB to Ca in Tyr. The presence of the halothane molecule is
associated with smaller fluctuations in both angles. This
quenching of the Tyr-277 residue motion is further con-
firmed by the significant lowering of the RMSF value from
1.4 to 0.4 in the presence of halothane 6. The anesthetic
binding modulation of protein motion is consistent with
our previous simulations on four helix bundle/ halothane

Biophysical Journal 91(8) 2815-2825
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TYR277 LR A4

Helix M4

PHE 280 Helix M3

FIGURE 10 Molecular representation of the effect of halothane molecule
6 on the dynamics of the loop connecting helices M2 and M3 in the
a-subunit. The helices of the subunit are color-coded: no halothane (red) and
after binding of halothane 6 (16-ns snapshot) (cyan). The hydrophobic
residues in the binding cavity are shown in green. The halothane 6 reduces
the mobility of the loop and the aromatic residue Tyr-277.

complexes (28), and with simulations of the gramicidin
receptor (29).

Protein flexibility is a vital aspect of the relationship between
protein structure and function, as it facilitates the ability to
explore energy landscapes, sampling different conformations,
and binding and unbinding of different ligands (64). It was
previously shown in experiments on mammalian protein
bovine serum albumin that the anesthetic (halothane and
isoflurane) binding causes attenuation of local side-chain dy-
namics and stabilization of folded protein conformation
(65,66). In this study, similar observations were made regard-
ing the effect of halothane on the protein structure. In the case of
the O&-subunit, where no binding of halothane molecules
occurred in the simulation time frame, the effects of halothane
on the mobility, and consequently the flexibility, of different
parts of the subunit were negligible. However, in the case of the
a-subunit, a single binding event significantly alters the
flexibility of the loop connecting the two transmembrane
helices and the residues in respective helices.

To get a better picture of the interactions between different
residues of the protein in the presence and absence of
ligands, the cross-correlation matrices (67) were calculated.
The cross-correlation (normalized) matrix can help identify
regions of the proteins that move in concert and also can
reflect the effect of ligands on the dynamical nature of the
protein. It can be obtained from the covariance matrix, and
for any two atoms i and j, the corresponding covariance
matrix element is obtained from the expression

c i
j Cili/zcjlj /2>

where

cij = ((ri =) - (ry = ) = (i - 1) — ) <ry)
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FIGURE 11 The binding of halothane molecule 6 near the aromatic
residue Tyr-277 and its effects on the motion of the aromatic ring. The time-
evolution of (@) the distance between the center of mass of the Tyr-277
residue and the halothane molecule 6 in a-subunit; (b) Sy, the angle between
the vector perpendicular to the aromatic plane of Tyr-277 and the bilayer
normal (¢) Si; and the angle between the vector connecting Cg and C,, of
Tyr-277 and the bilayer normal.
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and t,, is the averaging time, Ar is the time step of the
simulation, and angular brackets denote the time averaging.
The values range from —1 to +1 representing completely
anticorrelated and correlated motions, respectively, and
the plots in Fig. 12 show the effect of the presence of the
halothane on the correlated motion of different helices. The
cross-correlation plots averaged over last 6-ns of simulation
are shown for the a-bundle without (Fig. 12, a and b) halo-
thane. It is very clear from the plot that the presence of halo-
thane molecules in the system has enhanced the correlations
between the helices. The significant correlations that appear
after the halothane binding are highlighted as / and 2 in the
Fig. 12 b. The halothane molecule 6 binding to the a-bundle
to Tyr-277 on helix M3 has favorable van der Waals inter-
actions with helix M4, increasing the correlation between
the helices as seen in 2 of Fig. 12 b, and which helps make
the a-nAChR system more compact. The compact nature
of the bundle with halothane binding is also reflected in
reduction of radius of gyration R,, calculated in the plane of
the subunits normal to the pore axis monitored for a-nAChR
subunit in the presence and absence of halothane molecules,
which gives an estimate of the ‘‘breathing’’ motion of the
protein. The compactness of the bundle introduces new
correlations between helices M1 and M4, as also seen in Fig.
12 b. The cross-correlation analysis clearly demonstrates the
effect of anesthetic binding on the global protein dynamics,
which may play a role in altering the protein functions and
suggests new mechanisms of molecular nature of anesthetic
action on proteins.

CONCLUDING REMARKS

In this MD study, the inhalational anesthetic, halothane, has
been observed to spontaneously partition from the aqueous
phase into a DOPC lipid bilayer containing a membrane
protein. In agreement with early work, the equilibrium dis-
tribution of the halothane molecules in the bilayer at the end
of a 16-ns MD run shows a preference for the acyl chain/
glycerophosphate headgroup interface. The partitioned halo-

thane molecules introduced disorder in the acyl chains,
and reduced the lipid-protein contacts. In recently published
MD simulations studying the gating mechanism of nicotinic
receptor (31), essential dynamics analysis revealed the dy-
namic nature of the M2-M3 loop and it was proposed in the
study that the loop may play a role in gating mechanism by
allosterically transmitting the effects to channel gate. The
existence of a hydrophobic cavity in the region close to the M2-
M3 loop makes it very amenable to binding of anesthetics,
which was in fact observed in photolabeling studies of nAChR
subunits (20). Mutational studies on neuronal nicotinic recep-
tors in the M2-M3 loop in the a-subunit resulted in significant
reduction in halothane sensitivity demonstrating the critical
role played by the M2-M3 loop in transduction of anesthetic
binding to channel inhibition (68). A major finding of this study
is the effect of halothane binding to the a-nAChR peptide
bundle on the dynamics of M2-M3 loop. One of the halothane
molecules was observed to partition spontaneously from the
solution into the hydrophobic cavity close to the M2-M3 loop
in the vicinity of aTyr-277 between the helices M3 and M4,
which was one of the experimentally photolabeled sites. In
addition, the fluctuation of the aromatic plane of the aTyr-277
residue was also significantly affected. Cross-correlation anal-
ysis in these simulations revealed that the binding of halothane
molecule also significantly affects the correlated motions be-
tween the helices. The present observations suggest that the
binding of anesthetics can significantly affect the protein func-
tion. In the specific case of nicotinic receptors, it can be sug-
gested that halothane binding plays a role in channel inhibition
by altering the dynamics of M2-M3 loop, which is implicated
in transmitting the effects to the channel gate. This work
provides new insight into the interactions between anesthetics,
lipids, and membrane proteins. Further computational work
with fully assembled nAChR in the presence of cholesterol will
be valuable for further validation of these observations.
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