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ABSTRACT It has been found experimentally that negatively charged phosphatidic acid (PA) lipids and cholesterol molecules
stabilize the nicotinic acetylcholine receptor (nAChR) in a functional resting state that can participate in an agonist-induced
conformational change. In this study, we compare phosphatidylcholine (PC) and PA lipid behavior in the presence of the nAChR to
determine why PC lipids do not support a functional nAChR. For lipids that are located within 1.0 nm of the protein, both PC and
PA lipids have very similar order-parameter and bilayer-thickness values, which indicate that the annular lipid properties are
protein-dependent. The most significant difference between the PC and PA bilayers is the formation of a lipid domain around the
protein, which is visible in the PA bilayer but not the PC bilayer. This suggests that the PA domain may help stabilize the nAChR
resting state. The PA lipids in the microdomain have a decreased order compared to a homogeneous PA bilayer and the lipids
near the protein attempt to increase the free space in their vicinity by residing in multiple lateral planes.

INTRODUCTION

Before a muscle can contract, it must receive an excitatory

message from neurons in the neuromuscular junction. One

transmembrane protein that plays an important role in this

process is the neuromuscular nicotinic acetylcholine receptor

(nAChR), which is highly concentrated at the nerve-muscle

synapse (1). This receptor consists of three domains: an

N-terminal extracellular ligand-binding domain, a trans-

membrane domain, and a small intracellular domain (1). The

transmembrane domain (Fig. 1) contains five homologous

subunits: a1, b, d, a2, and g. Each subunit consists of four

helical segments, M1–M4. The M2 helices form an inner ring

that shapes the pore and helices M1, M3, and M4 serve as a

buffer between the lipids and the M2 helices.

Lipids can modulate a transmembrane protein conforma-

tion through a variety of interactions: hydrogen bonding,

hydrophobic interactions, charge interactions, alteration of

membrane fluidity, etc. (2). Because transmembrane protein

surfaces may contain crevices, lipids that are located very

close to the protein may behave quite differently than lipids

that are located farther from the surface. When studying a

heterogeneous lipid/protein bilayer, lipid molecules can be

categorized into three categories: bulk, annular, and non-

annular lipids. Bulk lipids are not directly in contact with the

protein and have the same properties as lipids in a homoge-

neous lipid bilayer (2). Annular lipids serve as a solvent to

the protein and interact with it nonspecifically. Nonannular

lipids are often required for protein activity and they can be

located between a-helices (2). Because of their favorable

interactions with the protein, most lipids in high-resolution

crystal structures are nonannular lipids (2). Using a fluores-

cence quenching method, Jones and McNamee found that

cholesterol molecules interact with the nAChR at nonannular

sites and they suggest that cholesterol molecules help stabilize

the receptor a-helices (3).

The nAChR requires the presence of a negatively charged

lipid and a neutral lipid to maintain a functional non-

desensitized state (4). Even though anionic lipids typically

comprise only 10–20 mol % of membrane lipids, their

presence is required for the activity of several ion channels

(5). To determine the importance of lipid headgroup structure

and charge on the activity of the nAChR, daCosta et al.

compared phosphatidic acid (PA)/phosphatidylcholine (PC)

and phosphatidylserine (PS)/PC bilayers, where PA and PS

are anionic lipids (6). They found that the nAChR was able to

undergo an agonist-induced conformational change in bilay-

ers that contained PA lipids, but not in bilayers that contained

PS lipids (6). Hence, even if the nAChR is solvated by

negatively charged lipids, this does not guarantee that the

nAChR will be in a functional state.

Since the PA/nAChR interactions are not solely dependent

on electrostatics, the structure of the PA headgroup must affect

the nAChR conformation. A small lipid headgroup can result

in tight lipid packing and can order the microenvironment

around the channel. Wenz and Barrantes found that when the

nAChR was added to a 1-palmitoyl-2-oleoylphosphatidic acid

(POPA)/1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bi-

layer, the channel was able to effectively sequester POPA

lipids from the bilayer, such that a small POPA domain formed

around the nAChR (7). Using fluorescence measurements,

Antollini and Barrantes found that even though the membrane

fluidity is different for structurally varied fatty acids, all of the

examined lipids occupied equivalent nAChR surface sites and

altered the single channel open channel durations in the same

manner (8). Hence, PA lipid fluidity cannot be the only factor
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that is necessary for creating a conducive environment for a

functional nAChR.

Under physiological pH and salt (150 mM) concentrations,

PA lipids have a negative spontaneous curvature (9). A

negative spontaneous curvature is common for lipids with

small headgroups and in aqueous solution these lipids may

aggregate to form a nonlamellar structure. The characteristic

shape that a lipid exhibits is not only dependent on the area

occupied by the headgroup and the acyl chains, but also on

the environmental conditions, such as pH, temperature, and

salt concentration (10). Even though some lipids prefer to

exist in nonlamellar aggregates in solution, they naturally

integrate into biological membranes. Their existence is an

interesting phenomenon since their preferred aggregate

conformation is not a lamellar structure. It has been found

that certain transmembrane proteins require the presence of

these types of lipids to maintain functionality and that the

stress that the lipids impose on neighboring channels may

impact the protein conformational states (2). Therefore, the

combination of lipid charge and shape may jointly make PA

an adequate solvent for the nAChR.

A number of MD simulations have been conducted on the

nAChR in membranes composed of uncharged lipids to study

its shape, the dynamics of its pore-lining residues, the pas-

sage of water through the channel, and its interactions with

anesthetics and noncompetitive inhibitors (11–15). Here, we

examine how the interactions between the negatively charged

PA lipids and the nAChR differ from the interactions be-

tween the neutrally charged PC lipids and the nAChR to

highlight how the chemical and structural properties of a lipid

can influence its behavior near a transmembrane protein.

METHODS

We embedded the transmembrane portion of the nAChR (PDB: 1OED (16))

into a POPA and a POPC bilayer (Fig. 2) (17).

The lipid structures for each simulation were based on a united atom

model, where the lipid acyl chain hydrogen atoms are not explicitly repre-

sented. The starting configuration for a 128-lipid POPC bilayer was obtained

from the end of a 1.6-ns simulation performed by Kandt et al. (http://

moose.bio.ucalgary.ca) and this bilayer was replicated four times to create a

bilayer of 512 lipids. This bilayer was equilibrated for 31 ns and the protein

was implanted into the equilibrated bilayer using the INFLATEGRO pro-

gram (18). After protein insertion, the system contained 325 lipids, 15,100

water molecules, and one Na1 ion to maintain system neutrality. To re-

equilibrate the bilayer, we performed several 100-ps NVT simulations with

varying levels of atomic restraints. In the first simulation, all protein and lipid

atoms were fixed, leaving only the water molecules unrestrained. In the

second simulation, all lipid restraints were removed except for those on the

Phosphate (P) atoms. The third simulation included only protein backbone

restraints and the final equilibration simulation included a 100-ps NPT

simulation with backbone restraints. After this, all restraints were removed.

This structure served as the starting point for the POPA system, where the

POPC lipids were converted to POPA lipids by replacing the POPC choline

group (Fig. 3) with a hydrogen atom.

Since POPA has a charge of �1 at a neutral pH, an additional 325 Na1

ions were added to the POPA bilayer. The length of the POPC simulation was

41.3 ns and the length of the POPA simulation was 34.7 ns. The last 23.5 ns

of the POPC simulation and the last 26.5 ns of the POPA simulation included

150 mM of salt (NaCl). Thus, there were 43 Na1 ions and 42 Cl� ions in the

POPC system and 368 Na1 ions and 42 Cl� ions in the POPA system.

Equilibration was monitored by measuring the xy-box size and the root

mean-squared deviation (RMSD) of the protein backbone Ca atoms. To

ensure that the Na1 ions in the POPA system had equilibrated, we calculated

the Na1 ion coordination number for four consecutive 2-ns segments from

the data-analysis portion of the trajectory. This value represents the number

of oxygen atoms that are located within the first shell of a Na1 ion. To obtain

this value, we calculated the radial distribution function (RDF) between the

Na1 ions and the oxygen atoms (O7, O11, O14, O16, O33, and O35) and in-

tegrated the first peak from 0 to 0.3 nm. The average coordination numbers

and their standard deviations (shown in parentheses) are O7, 6.12 (0.03); O11,

4.95 (0.04); O14, 0.094 (0.007); O16, 0.26 (0.02); O33, 0.032 (0.006); and

O35, 0.57 (0.03).

The lipid force-field parameters were a combination of nonbonded pa-

rameters described by Berger et al. (19) and the GROMOS87 force field (20).

FIGURE 2 A snapshot of the nAChR in the POPC bilayer.

FIGURE 1 The nAChR transmembrane region is composed of five

subunits: a1, b, d, a2, and g. Each subunit contains four helices: M1, M2,

M3, and M4 (PDB:1OED (16)).
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The water parameters were from the simple point charge model (21). The

partial charges for the POPA phosphate and ester groups were previously

calculated at the HF level with the 6-311G* basis set using the CHELPG

method in Gaussian 03 (22,23). Parameters for the protein came from the

GROMOS force-field parameter set 43A2 (20,24,25).

The simulations were performed with the MD package GROMACS 3.3

and data was evaluated using GROMACS tools (26–28). The phase transi-

tion temperature for POPA is 301 K and for POPC is 268 K (29,30). Both

systems were maintained at 310 K using a Berendsen thermostat with a

coupling time constant of 0.1 ps (31). The system pressure was maintained

anisotropically at 1.0 bar using a Berendsen barostat with a coupling constant

of 0.2 ps. Bond lengths were constrained using the LINCS algorithm (32).

The Lennard-Jones interaction cutoff was 1.0 nm with a switch function

starting at 0.8 nm. The electrostatics were calculated using the particle-mesh

Ewald method (33) with a short-range cutoff of 1.2 nm. The time step was 2

fs. The center-of-mass motion of each leaflet was removed at every time step.

The last 10 ns of each simulation were used for data analysis. Some data from

the POPC/nAChR and POPA/nAChR bilayers are compared with results

obtained from previous simulations that were conducted on pure POPC and

pure POPA bilayers (23).

RESULTS

Helical stability

The stability of the transmembrane region of the nAChR was

monitored via the root mean-squared deviation (RMSD) of

the protein backbone Ca atoms, with the PDB serving as the

reference structure. The average RMSD for the nAChR Ca

atoms in the POPC bilayer is 0.48 nm 6 0.01 and the RMSD

in the POPA bilayer is 0.55 nm 6 0.01. The RMSD of helices

M1–M4 is shown in Figs. 4 and 5, where M4 has the largest

RMSD in both the POPC and the POPA bilayers. Because the

loop connecting helices M3 and M4 is not fully resolved in

the crystal structure, this result is not unexpected. In a sim-

ulation of the a- and d-subunits in a 1,2-dioleoyl-sn-glycerol-

3-phosphocholine (DOPC) bilayer, Vemparala et al. found

that the M1 and M3 helices had lower RMSD values than the

M2 and M4 helices in both subunits (34). This is similar to

the POPC bilayer results shown in Fig. 4. The M2 loop has

the smallest RMSD in the POPA bilayer and one might ex-

pect this result because the M2 helices line the channel pore

and hence need to have a high level of stability. In a simu-

lation of the nAChR in a dipalmitoylphosphatidylcholine

(DPPC) bilayer, Xu et al. found that the M2 helix was the

most stable (M1, ;0.45 nm; M2, ;0.27 nm; and M3, ;0.35

nm) (14).

To examine the flexibility of the M1–M4 helices, we cal-

culated the root mean-squared fluctuations (RMSF). Resi-

dues that have small RMSF values are more structured and

less flexible than residues that have large RMSF values. In

calculating the RMSF, each trajectory frame was fit to a

common reference structure, which was the initial protein

PDB structure. The RMSF values are shown in Fig. 6 for the

POPC and POPA trajectory frames that include a 150-mM

salt concentration.

We found that the M4 helices typically have larger RMSF

values than helices M1–M3, which may again be partially

attributed to the unresolved M3-M4 connecting loop. In-

creased RMSF values for the M4 termini residues were also

seen in a MD simulation of a neuronal-type nAChR in a 1,2-

dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) bilayer

(13). In a simulation of the a- and d-nAChR subunits,

Vemparala et al. found RMSF values ,0.1 nm for nonter-

minal and nonloop residues (34). Fig. 6 shows that for the

M1–M3 helices, the RMSF values ,0.15 nm, except for

the b- and d-subunits in the POPA bilayer. The helices in the

POPC bilayer generally have smaller RMSF values than the

helices in the POPA bilayer. One obvious exception to this is

seen for the a1-subunit, where the POPC bilayer has a large

peak in the M4 helix. Since a large RMSF value indicates that

a residue has a high degree of mobility, we calculated the tilt

angle of this a1-M4 helix with respect to the bilayer normal.

We find that the a1-M4 helix has the largest tilt-angle stan-

FIGURE 4 The average RMSD values of the Ca atoms in the five

subunits for helices M1–M4 in the POPC bilayer. The RMSD values are

shown for the trajectory frames that include a 150 mM salt concentration.

Average RMSD helix values: M1¼ 0.15 nm 6 0.01, M2¼ 0.25 nm 6 0.01,

M3 ¼ 0.14 nm 6 0.01, and M4 ¼ 0.30 nm 6 0.01.

FIGURE 3 Structure of a POPC lipid. The POPC choline

group is replaced with a hydrogen atom in POPA.
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dard deviation (22.4� 6 3.7�) of the 20 nAChR helices in the

POPC bilayer. The large RMSF values seen in the b- and

d-subunits in the POPA bilayer, however, are not caused by

large fluctuations in the tilt angle. In the following sections,

we examine why the interactions between the POPA lipids

and the b- and d-subunits of the nAChR result in larger

fluctuations than seen in the POPC bilayer.

Table 1 shows the average tilt angle for the M1–M4 he-

lices, where 0� corresponds to the bilayer normal. For a

neuronal-type nAChR in a DOPC bilayer, Saladino et al.

found the tilt angle for M1 to be ;12.5�, M2 ;5�, M3 to be

slightly above 15�, and M4 to be between 12.5 and 15� (13).

These results are similar to the tilt angles that are found in

both the POPC and the POPA bilayers. In a simulation study

of a model nAChR pore in a DMPC bilayer, Saiz and Klein

found that the M2 helices have a tilt angle of ;12� (12).

Table 1 shows that the end-to-end distance of the helices,

which is the distance between the first and last Ca atoms in

the helix along the z-axis, is quite similar for the helices lo-

cated in the POPC and POPA bilayers.

Bilayer fluidity

Using Fourier-transform infrared spectroscopy, daCosta et al.

found that in the presence of the nAChR, POPC/dioleoyl

phosphatidic acid (DOPA) bilayers show less water penetra-

tion than POPC bilayers, indicating that the POPC/DOPA

bilayers have tighter lipid packing and larger chain order than

the POPC bilayers (35). They also found that the nAChR in-

creases the lipid transition temperature (Tm) of a POPC bilayer

by 1�C, versus 13.4�C for a POPC/DOPA bilayer and 13.0�C

for a POPC/POPA bilayer. This indicates that the nAChR is

more effective at restraining the conformations of the PA lipids

than the PC lipids. To relate these experimental results with

our simulations, we calculate the RDF between the water

molecules and the lipid oxygen atoms located near the water/

bilayer interface, the lipid order parameters, and the bilayer

thickness as a function of lateral distance from the nAChR.

To determine whether there is a difference in water mol-

ecule location with respect to the bilayer interface between

POPC and POPA, we calculate the RDF between the ester

oxygen atoms (O14, O16, O33, and O35) and the water mole-

cule oxygen atoms. Fig. 7 depicts the RDF for oxygen atom

O35 and shows that it is five times more likely to find a water

molecule near atom O35 in the POPC bilayer than in the

POPA bilayer. This finding agrees with the experimental

results of daCosta et al., where they found that bilayers that

contained DOPA showed less water penetration than pure

POPC bilayers (35). The RDF for atoms O14, O16, and O33,

however, do not show significant differences between the

POPC and POPA bilayers.

The lipid order parameter is another useful measurement

for comparing the fluidity of two bilayers. Besides compo-

sition, the distance between a particular lipid and the nAChR

will have an impact on its acyl chain order. To determine how

the nAChR affects POPC and POPA lipid order, we sort the

lipids into three bins according to their lateral distance from

the protein. The distance between each lipid and the nAChR

is calculated in the xy plane as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxl � xpÞ2 1 ðyl � ypÞ2

q
; (1)

where the distance is measured between lipid atom C* (xl, yl)

(Fig. 3) and all protein atoms (xp, yp). Each lipid is assigned to

one of three bins (Fig. 8) based on the smallest distance in the

xy plane between an individual lipid molecule and all of the

protein atoms.

Because the distance between the lipids and the protein

changes during the 10-ns trajectory used for data analysis, we

divide the trajectory into four 2-ns segment time frames (1–3

ns, 3–5 ns, 5–7 ns, and 7–9 ns). The distance between lipid

atom C* and the protein atoms is recalculated for each 2-ns

time segment and thus the lipids that reside in each bin are

different for the four frames. The lipid and protein configu-

rations used to calculate the distances are from the middle of

each 2-ns time frame (t¼ 2 ns, t¼ 4 ns, t¼ 6 ns, and t¼ 8 ns).

Since the lipids are reassigned to new bins for each 2-ns time

frame, the order parameters and the bilayer thickness values

are recalculated for each frame as well.

The order parameter is a useful measurement in simulations

because it can be compared with the experimental deuterium

order parameter, which can be determined through nuclear

magnetic resonance spectroscopy measurements. Since the

hydrocarbon chain structures are based on the united atom

model, hydrogen atoms are not explicitly represented and the

C-H bonds are reconstructed assuming tetrahedral geometry of

the CH2 groups. The order parameter is defined as

SCD ¼
1

2
Æ3cos

2
uCD � 1æ; (2)

FIGURE 5 The average RMSD values of the Ca atoms in the five

subunits for helices M1–M4 in the POPA bilayer. The RMSD values are

shown for the trajectory frames that include a 150 mM salt concentration.

Average RMSD helix values: M1¼ 0.22 nm 6 0.01, M2¼ 0.19 nm 6 0.01,

M3 ¼ 0.22 nm 6 0.01, and M4 ¼ 0.39 nm 6 0.01.
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where uCD is the angle between the CD-bond and the bilayer

normal in experiments. In simulations, the CD-bond is

replaced by the CH-bond. The order parameters are defined

for carbon atoms Cn�1 through Cn11 and thus for the sn-1 chain

of the POPC and POPA lipids, the order parameters are

calculated for atoms C2 through C15 (Fig. 3).

The order parameters for the POPC lipids are shown in Fig.

9. The lipids located in Bin 1 are the most ordered for atoms

C2–C15 and the order parameters for the lipids in Bin 2 and

Bin 3 are quite similar to the order parameter values for

POPC lipids found in a homogeneous bilayer (bulk POPC

bilayer) that were calculated in a previous study (22).

Fig. 10 shows that the order parameters for the POPA

lipids in Bin 1 are the most disordered, where the POPA

lipids found in a homogeneous bilayer (bulk POPA bilayer)

have the largest chain order. These results show that the

nAChR has an ordering effect on the POPC lipids and a

FIGURE 6 The RMSF of the (A) a1, (B) b, (C) d, (D) a2, and (E) g-subunits.

TABLE 1 The average tilt angle (�) and end-to-end distance

(nm) of the nAChR helices in subunits a1, b, d, a2, and g; the

standard deviations are shown in parentheses

M1 M2 M3 M4

Tilt angle (POPC) 7.9 (3.3) 8.4 (4.0) 14.3 (3.1) 17.9 (5.4)

Tilt angle (POPA) 12.2 (5.4) 7.4 (4.3) 15.4 (7.7) 18.8 (6.9)

Helical length (POPC) 4.1 (0.2) 4.2 (0.2) 3.5 (0.2) 4.4 (0.3)

Helical length (POPA) 4.2 (0.3) 4.1 (0.1) 3.6 (0.3) 4.5 (0.4)
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disordering effect on the POPA lipids. The number of lipids

whose order parameter is altered due to the presence of the

nAChR differs between the two bilayers. For POPC, only the

lipids that are located in Bin 1 have order parameter values

that differ significantly from the bulk POPC values. How-

ever, for POPA, the lipids in all three bins have order pa-

rameter values that are smaller than those of the bulk POPA

lipids.

During the 10-ns trajectory, the average number of lipids

in POPC-Bin 1 is 135 and in POPA-Bin 1 is 159. From

differential scanning calorimetry thermograms, Poveda et al.

estimated that between 120 and 220 dimyristoyl phosphatidic

acid lipids form a microdomain around the nAChR (36).

Based on this microdomain size, it is likely that the POPA

lipids found in Bin 2 or Bin 3 will feel the presence of the

nAChR.

Interestingly, Fig. 11 shows that the order parameter

values for the POPC and POPA Bin 1 lipids in the top leaflets

have similar values for atoms C5–C15 and that the POPC and

POPA Bin 1 lipids in the bottom leaflets also have similar

values for those atoms.

Protein/lipid thickness matching

To determine the location of the ends of the transmembrane

helices with respect to the lipid phosphate and ester groups,

we plot the density profiles of the POPC and POPA systems

in Figs. 12 and 13. Depicted in Fig. 12, the transmembrane

helices reside within the hydrophobic region of the bilayer,

where the length of the helices is slightly larger than the

FIGURE 7 The RDF for POPC and POPA ester oxygen atom O35 and the

water molecule oxygen atoms. The preferred distance between POPC atom

O35 and the water molecules is 0.27 nm (peak height ¼ 2.9) and between

POPA atom O35 and the water molecules is 0.29 nm (peak height ¼ 0.56).

FIGURE 8 A lipid molecule that has a distance in the xy plane that is ,1.0

nm from the protein (depicted in the figure center) is assigned to Bin 1. If the

distance between a lipid molecule and the nearest protein atom is .1.0 nm, it

is assigned to Bin 2 or Bin 3. Bin distance specifications: Bin 1 (,1.0 nm),

shaded; Bin 2 (1.0 nm # 2.0 nm), open; and Bin 3 (2.0 nm #), horizontal

lines.

FIGURE 9 The POPC order parameter profiles for the sn-1 chains. The

order parameter values are averaged over the four 2-ns time frames.

FIGURE 10 The POPA order parameter profiles for the sn-1 chains. The

order parameter values are averaged over the four 2-ns time frames.
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distance between the Phosphate (P) atom density profile

peaks in opposing leaflets. In Fig. 13, the location of the Na1

ion density profile is very similar to that of the P atom density

profiles. Hence, the likelihood of finding the Na1 ions close

to the P atoms is larger than the likelihood of finding the Na1

ions near the ester oxygen atoms. The Na1 ions had a similar

location with respect to the lipid headgroup atoms in a pure

POPA bilayer that used the same lipid partial charges (23).

Unlike the POPC system, the helices in the POPA system do

not appear to be symmetrically aligned with the bilayer

center.

The bilayer thickness can be defined as the distance be-

tween the P atom density profile peaks of the top and bottom

leaflets. The P atom density profiles shown in Figs. 14 and 15

are considerably different. The roughly parabolic shape of

the density profiles in Fig. 14 indicates that the P atoms in

the POPC bilayer are located in the same lateral plane. The

profiles for POPA in Fig. 15, however, are very jagged and

contain multiple peaks, especially for the bottom leaflet

profiles (z , 0 nm). The existence of multiple peaks means

that the POPA P atoms are not all located in the same lateral

plane. It is quite surprising that a small peak exists in Fig. 15

from�1.14 nm to�0.32 nm, as these P atoms will be located

near the bilayer center. We find that this peak is comprised of

an average of 24 lipids from Bin 1 and that one lipid lies

orthogonal to the bilayer normal for the entire 10-ns trajec-

tory (Fig. 16). This lipid forms hydrogen bonds with the M4

helix of the d-subunit. The POPC bilayer does not have a

similarly positioned lipid in this location. The interactions

between the POPA lipids located near the center of the

d-subunit M4 helix may contribute to the large fluctuations

seen in this helix in Fig. 6. Fig. 15 also shows that the density

profiles for Bin 3 appear to be more parabolic than the pro-

files for Bin 1, indicating that as the lipid/protein distance is

increased, the likelihood of finding the POPA P atoms in the

same plane increases.

Fig. 17 shows how the bilayer thickness changes as a

function of lateral distance from the nAChR and it is inter-

FIGURE 11 The order parameter profiles of the sn-1 chains for the POPC

and POPA lipids found in the top and bottom leaflets in Bin 1. The order

parameter values are averaged over the four 2-ns time segments.

FIGURE 12 Density profiles for the POPC system.

FIGURE 13 Density profiles for the POPA system.

FIGURE 14 The P atom density profile peaks for the POPC bilayer. The

data for this figure comes from the 1–3 ns trajectory time frame.
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esting that the POPC and POPA values are so similar for the

lipids in Bin 1 (POPC ¼ 4.29 nm, POPA ¼ 4.33 nm). Thus,

the POPC lipids in Bin 1 stretch relative to their bulk thick-

ness of 4.05 nm and the POPA lipids in Bin 1 compress

relative to their bulk thickness of 4.68 nm. The convergence

of the lipids on a thickness of ;4.29–4.33 nm implies that

this must be the approximate length of the hydrophobic re-

gion of the nAChR.

Hydrogen bonding

POPA and POPC have eight oxygen atoms that are hydro-

gen-bond acceptors (O7, O9, O10, O11, O14, O16, O33, and

O35). POPA has one hydroxyl hydrogen atom and hence can

form both intramolecular and intermolecular hydrogen

bonds. POPC may also serve as a hydrogen-bond donor by

lending a hydrogen atom from one of the CHn groups to a

neighboring oxygen atom. However, hydrogen bonds of this

type are considerably weaker than the hydrogen bonds that

form between hydroxyl hydrogen atoms and lipid oxygen

atoms and hence we do not consider them here (37,38). The

criteria that we use for hydrogen-bond existence is that the

distance between the hydrogen atom and the hydrogen-bond

acceptor be ,3.5 Å and the angle between the hydrogen

atom, hydrogen-bond donor, and hydrogen-bond acceptor be

,30� (26,27). Table 2 shows the number and location of the

different hydrogen bonds that form between the POPA lipids.

During the 10-ns trajectory, the largest percentage of hy-

drogen bonds (68%) are intermolecular, with the hydrogen-

bond acceptor being located in the phosphate group. Only 9%

of the hydrogen bonds are intramolecular, which is indicative

of a small headgroup.

As is shown in Table 3, the number of lipid/protein hy-

drogen bonds that form between different H-bond donors and

acceptors in the POPC and POPA systems is very similar.

The most common location for a lipid/protein hydrogen bond

in both bilayers is the M4 helix. Even though the M4 helices

have the most extensive contact with the lipids, it has been

FIGURE 15 The P atom density profile peaks for the POPA bilayer. The

data for this figure comes from the 1–3 ns trajectory time frame.

FIGURE 16 A snapshot of the POPA lipid that lies orthogonal to the bi-

layer normal and forms hydrogen bonds with the M4 helix of the d-subunit.

A similarly positioned lipid is not seen in the POPC bilayer.

FIGURE 17 The bilayer thickness for Bins 1–3 in the POPC and POPA

bilayers. The POPC and POPA lipids in Bin 1 converge on a thickness of

4.29–4.33 nm. Each data point is an average over the P atom density profile

peaks for the four 2-ns trajectory time frames.

TABLE 2 The number of intramolecular and intermolecular

hydrogen bonds that form between different H-bond donors and

acceptors at the phosphate group (O7, O9, O10, and O11) and the

ester group (O14, O16, O33, and O35) in the POPA bilayer

H-bond acceptor

location

Intramolecular

H-bonds

Intermolecular

H-bonds

Phosphate group 0 167

Ester group 22 55
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shown using lipophilic reagents that helices M1 and M3 also

have residues that face the lipids (17). This concurs with our

results, where the M3 helices are the second most common

hydrogen-bond formers.

CONCLUSION

For the nAChR to exist in a functional nondesensitized state,

it has been found that both negatively charged lipids and

cholesterol molecules should be in the protein vicinity (4).

More specifically, the negatively charged lipid PA has been

shown to form stable microdomains around the nAChR and

PA can stabilize the nAChR in a conformation that can un-

dergo an agonist-induced conformational change, which is

not seen when PA is replaced with different negatively

charged lipids (6,7). In this study, we examine how POPC

and POPA lipid behavior is altered by the presence of the

nAChR.

A recent simulation study examined the ternary mixture of

POPC/POPA/Chol (3:1:1), where it has been found experi-

mentally that this bilayer composition promotes a functional

nAChR (35). The simulations showed that POPA-Chol in-

teractions seemed more favorable than POPC-Chol interac-

tions and it was 1.5 times more favorable for hydrogen bonds

to form between POPA and Chol than POPC and Chol (39).

Jones and McNamee suggested that cholesterol molecules

bind at nonannular sites along the nAChR surface, whereas

phospholipids bind at annular sites (3). As we saw in Fig. 6,

the b- and d-subunits of the nAChR have larger RMSF values

in the POPA bilayer than in the POPC bilayer. Since large

fluctuations are not seen in the POPC bilayer or the other three

subunits in the POPA bilayer, this indicates that the slight

compositional differences between the b- and d-subunits and

the a- and g-subunits are significant in terms of the protein/

lipid interactions. We found that a small group of POPA lipids

form hydrogen bonds with the middle of the d-M4 helix. This

is an unexpected location for a POPA headgroup and the

interactions between the lipids and the protein may cause

fluctuations in the M4 helix. Since the most likely binding

location for cholesterol molecules is the protein/lipid inter-

face, it is possible that nonannular binding sites exist near the

M3 and M4 helices in the b- and d-subunits and that cho-

lesterol molecules would increase helix stabilization.

Addition of the nAChR to a PC/PA/cholesterol mixture

resulted in the formation of a PA microdomain around the

protein (36). Domain formation, however, was not observed

when the PA lipid was replaced with either phosphatidyl-

glycerol or phosphatidylserine (36). To determine which PA

lipid properties are instrumental in domain formation, we

calculated the lipid order parameters, where the lipids were

classified into three groups based on their lateral distance in

the xy plane from the protein. For lipids whose distance was

,1 nm from the protein, the POPC and POPA lipids in the

top leaflet and the POPC and POPA lipids in the bottom

leaflet had very similar order parameter values. This indicates

that the nAChR dictates annular lipid order. Annular lipid

conformity near a transmembrane protein has also been re-

ported in a simulation of the bacteriorhodopsin trimer in a

bilayer of diphytanoyl phosphatidyl glycerophosphate,

where the lipid molecules near the protein surface behaved

more like the protein than lipids in the fluid phase (5,40).

There was a significant difference, however, in order pa-

rameter values for the POPC and POPA lipids whose lateral

distance was .1.0 nm from the protein. POPC lipids that

were .1.0 nm from the protein had order parameter values

that were very similar to those found in a pure lipid bilayer

and thus were significantly less ordered than those lipids that

were within 1.0 nm from the protein surface. In the presence

of the nAChR, the POPA lipids were less ordered than lipids

found in a pure POPA bilayer and all of the lipids had similar

order parameter values, regardless of their distance from the

protein surface. This similarity in POPA lipid behavior hints

at the formation of a POPA microdomain around the protein.

In examining the location of the protein transmembrane

region with respect to the hydrophobic core of the bilayer, we

found that the helices were centered in the POPC bilayer, but

shifted toward the bottom leaflet in the POPA bilayer. The

density profiles of the P atoms in the POPA bilayer showed

that the POPA lipid headgroups do not all reside in the same

lateral plane. The likelihood of finding POPA lipids in mul-

tiple planes, however, decreased as the lateral distance be-

tween the lipid and the protein increased. daCosta et al. found

that incorporation of the nAChR into bilayers that contain PA

lipids increased the transition temperature and increased the

membrane order (35). As can be seen in Fig. 10, the lipids in a

pure POPA bilayer already have high order in their acyl

chains. Hence, as was seen experimentally, inclusion of the

nAChR into the bilayer should increase lipid packing.

However, it appears that some of the lipids attempt to elude

this increase in packing by shifting into alternate planes. In a

simulation study of a coarse-grained bilayer on a solid sup-

port, Xing and Faller found that the choline groups in the

TABLE 3 The number and location of hydrogen bonds that form between different hydrogen bond donors and acceptors

in the POPA and POPC bilayers

System Number of H-bonds M1 (%) M1/M2 (%) M2 (%) M2/M3 (%) M3 (%) M3/M4 (%) M4 (%)

POPC 528 5.3 1.1 0.2 19.9 20.6 9.1 43.8

POPA 568 6.7 0.2 0 14.1 20.1 10.4 48.6

Possible protein binding sites for these interactions include helices M1, M2, M3, and M4; connecting loops M1/M2, M2/M3; and three residues that serve as

the M3/M4 connector.
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leaflet closest to the support separated into two planes in

response to interactions between the lipids and the support,

which increased lipid packing (41). Thus, it appears that the

lipids decrease in order compared to the pure POPA bilayer

upon nAChR addition because the lipids attempt to increase

the free space in their vicinity by residing in multiple lateral

planes.

The most significant difference that we observe between

the POPC and POPA bilayers in the presence of the nAChR

is the formation of a POPA domain around the protein, which

is not visible in the POPC bilayer. For lipids that are ,1.0 nm

from the protein, both the POPC and the POPA lipids show

very similar order parameter values and bilayer thicknesses,

indicating that the properties of the annular lipids are protein-

dependent. Since POPA lipids have been linked in many

experimental studies to a functional nAChR, it is possible

that the POPA microdomain helps to stabilize the functional

nAChR resting state.
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