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The nicotinic acetylcholine receptor (nAChR) is a ligand gated ion channel protein, composed of three
domains: a transmembrane domain (TM-domain), extracellular domain (EC-domain), and intracellular
domain (IC-domain). Due to its biological importance, much experimental and theoretical research has been
carried out to explore its mechanisms of gating and selectivity, but there are still many unresolved issues,
especially on the ion selectivity. Moreover, most of the previous theoretical work has concentrated on the
TM-domain or EC-domain of nAChR, which may be insufficient to understand the entire structure-function
relation. In this work, we perform molecular dynamics, Brownian dynamics simulations and continuum
electrostatic calculations to investigate the role of different nAChR domains in ion conduction and selectivity.
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nAChR The results show that although both the EC and IC domains contain strong negative charges that create large
Ion channel cation concentrations at either end of the pore, this alone is not sufficient to create the observed cation
Mem‘?r&}ne protein selectivity and may play a greater role in determining the channel conductance. The presence of cations in
Selectivity the wide regions of the pore can screen out the protein charge allowing anions to enter, meaning that local

regions of the TM-domain are most likely responsible for discriminating between ions. These new results

complement our understanding about the ion conduction and selectivity mechanism of nAChR.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The nicotinic acetylcholine receptor (nAChR) belongs to the ‘Cys-
loop’ family of ligand-gated ion channels which mediate synaptic
neurotransmission [1]. The channel is found in high concentrations at
the nerve-muscle synapse, where it mediates fast chemical transmis-
sion of electrical signals in response to acetylcholine (ACh) released
from the nerve terminal into the synaptic cleft. Previous studies have
shown that, like most of the other ion channels, nAChR is of crucial
physiological importance and its malfunction is related to a number of
known diseases including epilepsy, congenital myasthenia and muscle
weakness [2]. Thus, understanding the conduction, selectivity and
gating properties of the nAChR is highly desirable. However, although
the genetics, kinetics, electrophysiology, and many topological aspects
were well characterized for the nAChR [3,4], an atomic scale under-
standing of the protein has not been available until recent models
have been developed based on 4 A resolution maps obtained from
cryoelectron microscopy (cryo-EM) [5,6]. The channel is made up
from five homologous subunits packed around a central pore, forming
a structure with fivefold pseudo-symmetry. Furthermore it is
separated into three domains, namely, transmembrane domain (TM-
domain), extracellular domain (EC-domain), and intracellular domain
(IC-domain) as shown in Fig. 1a. TM-domain is the narrowest part of
the pore which is embedded in the membrane, while EC-domain and
IC-domain are much wider and form two large vestibules at both ends
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of the TM-domain. The radius of the pore is presented in Fig. 1b, with
different domains marked.

Since the appearance of the experimentally determined structure
of an ACh-binding protein and models of the Torpedo nAChR [5-7]
much theoretical research has taken place to study the TM- and EC-
domains as these are thought to play key roles in ligand binding,
selectivity and gating. In particular these have investigated how the
ACh binds to the EC-domain [8], how the EC-domain responds to the
binding [9-11], how the conformation change of EC-domain is
transferred to the TM-domain [12], and where and how the gating
mechanism happens in the TM-domain [13-17]. Those theoretical
works have provided many interesting findings in spite of the absence
of the open state structure. While there has been some suggestion that
the channel gate is located at the intracellular end of the TM-domain
at the location of a number of charged or polar residues [18,19], a more
common view is developing that the gate is midway across the
membrane. Here there are a number of hydrophobic residues that may
act to block ion permeation using a so called ‘hydrophobic gating’
mechanism by which a closed state pore is not necessarily physically
blocked, and a small radius change can dramatically improve the
water occupancy, which may lead to ion conduction [15,20-23].

However, in contrast to the numerous works on the gating
mechanism of the EC-domain and TM-domain, few theoretical studies
were carried out to explore the selectivity mechanism of the nAChR.
The main reason is the absence of the detailed open-state structure.
However, Ivanov et al's work showed us that, even by using the
closed-state structure, we can obtain many useful clues which can
give a reasonable explanation about the origins of ion selectivity [24].
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Fig. 1. (a) The refined cryo-electron microscopy structure of nAChR. The three domains
are indicated with different colors, TM-domain in cyan, EC-domain in yellow, and IC-
domain in green. (b) The radius of the channel, different domains are marked with
dashed lines corresponding to (a).

Their conclusion that selectivity could be partially attributed to rings
of charged residues at the extracellular and intracellular ends of the
receptor pore and to the overall electrostatics of the TM-domain does
sound reasonable, and it is consistent with many previous works
which also highlight the effect of the charged residue rings on the ion
conduction and selectivity [25-28]. However, the calculated electro-
static potential (ESP) of the TM-domain of the Torpedo nAChR cannot
explain the cationic selectivity of this pore as shown below, indicating
that other factors have to be taken into account. Additionally, Kienker
et al. noted that the mutations on the charged extracellular and
cytoplasmic rings of the TM-domain that influence conductance do
not act by a simple electrostatic mechanism [29]. In addition
mutations which can convert the ion selectivity of the channel from
cationic to anionic [30,31] do not show distinct ESP changes, which
implies that it is insufficient to understand the ion selectivity
mechanism only from the ESP of TM-domain.

As a further complication, Unwin et al. already suspected that
both extracellular and intracellular vestibules of the channel are
strongly electronegative, providing a cation stabilizing environment
at either entrance of the membrane pore [6]. The IC-domain may
play an important role in selectivity by screening out ions of the
wrong charge and size due to the narrow lateral windows. Indeed,
some earlier experimental works have shown that not only the TM-
domain [25,32], but also the IC-domain can determine the nAChR
channel conductance [33]. However, the theoretical investigation of
the IC-domain is totally absent so far. So it would be of great
interest to study the possible selectivity property of the IC-domain
as well. It is believed that we should not only consider the TM-
domain when investigating the selectivity mechanism and con-
ductance property of nAChR since the TM-domain is not isolated in
the biological environment. Furthermore, there will be many ions
residing inside this large protein that will influence the local ESP.
Here we address the issue of whether the charged EC- and IC-
domains play a role in ion selectivity, and if so how this can be
reconciled with the fact that selectivity can be altered in this family
of pores by a few mutations in the TM-domain. We find that the
permeant ions play a large role in determining the field in this pore,
and electrostatic profiles for either the TM-domain in isolation or
the entire nAChR calculated in their absence do not provide useful

information about ion selectivity. It will be shown that although the
EC and IC-domains create a region of high cation concentration this
is not sufficient to explain the observed degree of selectivity.

In this work, we perform extensive theoretical studies to
investigate what role each domain of the Torpedo nAChR plays in
ion selectivity and conductance. Specifically, continuum electrostatic
calculations are carried out to examine if the ESP resulting from TM-
domain can explain the experimentally observed ion selectivity. We
study the water occupancy and I-V curve of EC-domain to evaluate its
likely ion conductance and selectivity property. We perform potential
of mean force (PMF) calculations on the IC-domain to give a
quantitative description of its ‘screening’ function. Finally, we give
an overall description of the role of acetylcholine receptor domains in
ion conduction and selectivity. Using a ‘segmented’ approach in which
each domain is studied individually allows for much longer simula-
tions to be conducted, which is particularly necessary for doing the
PMF calculations. It is also useful to evaluate the ion conductance of
the ‘isolated’ EC-domain. But our study also shows that, the
‘segmented’ approach should be carefully used since sometimes
important information may be lost, as seen in the electrostatic
calculations of TM-domain.

2. Methods
2.1. MD simulations

MD simulations were performed starting with the refined
structure of the nAChR (Protein Data Bank entry 2BG9) [6]. We
separated the protein into three domains and performed MD
simulations on each of them respectively. We also performed MD
simulations on the entire nAChR embedded in a fully hydrated POPC
bilayer. The protein was separated into three domains for simulation
by selecting residues from the a-subunit along with residues with a
corresponding range of z coordinates from the other subunits. For the
TM-domain, residues P211-H306 and K400-G437 of the a-subunit
were selected while for the EC-domain we used residues S1-1210. For
the IC-domain, we included the intracellular exit of the TM channel
along with the IC-domain. Thus, residues V230-S248, V294-H306 and
S374-M415 were chosen.

Before performing MD simulations on the TM-domain, we placed it
within a POPC lipid membrane and solvated the system with the TIP3
water molecules, to which we added 26 CI~ and 25 Na™ ions to get a
neutral system, resulting in a 117 x 117 x 83 A3 water box with about
0.15 M ion concentration (105,720 atoms altogether). Water was
initially placed within the pore. The lipid and water was initially
energy minimized for 50,000 steps and equilibrated for 20 ps with the
protein held fixed. Then harmonic constraints were applied to the -
carbon atoms of the protein, and a further 5000 steps of energy
minimization and 20 ps of equilibration were performed. Finally all
constraints were released and the system was energy minimized for
5000 steps and 60 ps of simulation was conducted before data
collection of the 5-ns production run.

For the MD simulations of EC- and IC-domains, the protocols were
relatively simple. First, the molecule was solvated in a TIP3 water box,
which was then neutralized with Na™ and Cl~ ions to get the ion
concentration to 0.15 M. Then the systems were relaxed with
gradually decreasing harmonic constraints on the protein. Finally
the water box containing the EC-domain was simulated with a
production run of 5 ns, without any restraints. For the production run
of IC-domain, the end residues which would be connecting to the TM-
domain were all fixed.

Since the wide radius of EC pore allowed water occupation to be
well sampled in this region, the PMF for water molecules in the pore of
EC-domain was calculated directly from the water oxygen probability
distribution obtained from equilibrium simulations using the fact that

P(z)x e;(;m [34,35]. Here P(z) was taken as the total number of water
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molecules located within 20 A of the axis of the EC vestibule.
Calculations were made using the implementation of Grossfield [36].

PMF calculations for the ions (Na®/Cl™) going through a lateral
window of the IC-domain were performed by using umbrella sampling
[37], in which a harmonic biasing potential was applied to the test ion.
The target position was moved along a reaction coordinate § passing
through one of the lateral entrances from £=—15 to {=10 A (the
backbones locate at the position of €=—5 to — 3 A) using force
constants ke =2.0 and k.= 0.5 kcal mol~ '- A~ ? (k. means a cylindrical
confining potential was applied in order to prevent the ion from
drifting too far from the path we are interested in). The reaction
coordinate § was selected to pass through the center of the lateral
window, and be perpendicular to the surface of the lateral window. The
width of sampling windows was chosen to be 1 A, and 500 ps
simulation was performed for each window. Collective analysis of the
data was made using the weighted histogram analysis method [34,35],
using the implementation of Grossfield [36]. Weak restraints were
applied to all the a-carbon atoms of the IC-domain residues.

Finally, we performed MD simulations on the entire nAChR, which
was embedded in POPC lipid membrane and solvated in a solution
with 0.15 M ion concentration (233,175 atoms altogether). Similar
protocols to that of TM-domain was adopted, and the production run
was performed for 5 ns. A comparison 5-ns MD simulation was
performed for one mutated nAChR (according to the selectivity
conversion mutations, see below).

All the MD simulations were performed using periodic boundary
conditions with the NAMD?2 program [38] using the CHARMM27 force
field [39]. A short-range cutoff of 12 A was used for nonbonded
interactions, and the long-range electrostatic interactions were calcu-
lated with particle mesh Ewald method [40,41]. Langevin dynamics and
a Langevin piston algorithm were used to maintain the temperature at
310 K and a pressure of 1 atm. The time step was set to 1 fs.

It should be noted that in this study we assume the heterogeneity
of the lipid has little effect on the simulation results in term of the
purpose of the study, because the nAChR channel has reasonably thick
walls and the electrostatic potential inside the pore is not likely to be
influenced by the exact structure of the lipid. Unresolved residues in
the IC-domain of the cryo-EM model were not included in any
simulations.

2.2. BD simulations

The conductance of the EC-domain as well as the ion distribution
of the whole system were calculated explicitly using BD simulations,
which has been successfully applied to the nAChR and other channels
[15,42]. The motion of individual ions is traced explicitly, but the water
and protein atoms are treated as continuous dielectric media [43,44].
The channel is taken to be a rigid structure during the simulation, and
partial charges are assigned to the protein using the CHARMM all atom
parameter set. The pore is centred on the z-axis and a smooth water-
protein boundary of the channel is defined by rolling a 1.4 A sphere
representing the water molecule along the surface. The boundary is
symmetrised by taking only the minimum radius at each z-coordinate,
and then the curve is rotated by 360° to obtain a three-dimensional
channel structure with radial symmetry. A number of Na* and Cl™
ions are placed in cylindrical reservoirs of radius 30 A at each end of
the channel that mimic the intra- and extra-cellular solution, and the
height of the cylinder is adjusted to bring the solution to the desired
concentration. The motion of these ions under the influence of electric
and random forces is then traced using the Langevin equation. The
total force acting on each and every ion in the assembly is calculated
and then new positions are determined for the ions a short time later.
Electrostatic forces are calculated by assigning dielectric constants of 2
to the protein and 60 to the water in the channel and solving Poisson's
equation using an iterative method [45]. It should be noted that while
the dielectric constant of bulk water is close to 80, this is likely to be

reduced in the confined space inside the pore. Unfortunately, it is
difficult to establish the appropriate value of the dielectric constant a
priori. The values of the dielectric constants chosen in this study have
been established to give the best agreement with experimental
currents in a range of situations [46-49]. To examine the influence of
the choice of dielectric constant on our results we have also performed
BD simulations with a dielectric constant of water set to 80. Under
these conditions the resulting difference in the ion conductance
through the EC-domain was less than 1% as was the difference in ion
concentrations seen in the simulations of the entire nAChR. The
current is determined directly from the number of ions passing
through the channel. The membrane potential is achieved by applying
a uniform filed to the system and is incorporated into the solution of
Poisson's equation. More details about the BD simulation can be found
in previous studies [15,43,44].

BD simulations were performed for EC-domain and the whole
nAChR system respectively. When performing BD simulations for the
EC-domain, we adopted a series of electric field values to obtain the I-
V curves. We performed grand canonical Monte Carlo BD simulations
for the entire nAChR with no applied electric field to determine the
equilibrium ion distribution. In this, the grand canonical Monte Carlo
scheme was used to maintain the desired ion concentrations in the
reservoirs by creating or destroying ions near the edge of the
reservoirs in a random manner dependent on the local electrochemi-
cal potential [50]. As the BD method is currently designed for systems
with axial symmetry we could not simulate the IC-domain that has
lateral windows. In order to simulate the entire protein the very
internal end of the IC-domain was truncated to open an axial entrance
to the pore. Please note that the truncation results in an incomplete
structure with large opening of IC-domain to the intracellular solvent,
which is likely to lead to a higher permeability through this region.

2.3. Others

Electrostatic potential calculations were carried out using the APBS
(Adaptive Poisson-Boltzmann Solver) package [51] using charges
from the CHARMM27 force field, where saline and lipid environments
were not considered, and the aspartic acid, glutamic acid, and
histidine are all set to be deprotonated in line with the MD
simulations. The detailed set of calculation parameters included:
protein dielectric of 2.0, solvent dielectric of 78.54, solvent radius
1.4 A, temperature of 298.15 K, ion concentration of 0.0 M, grid
dimensions of 193 x 193 x 353, and grid spacing ~0.5 A.

Mutations to the protein were constructed using the program ‘nest’
[52], following the three site-mutations that have been shown to
convert neuronal nAChR's selectivity from cationic to anionic [30] as
shown in Fig. 2. The pore radii were calculated using the program
‘HOLE’ [53], and the program VMD [54] and PyMOL [55] were used in
the visualization and analysis of the results.

3. Results and discussions
3.1. Study of the TM-domain

First, we performed MD simulation for the TM-domain according
to the method described above. The evolution of the root mean

250
Torpedo_a TDSG-EKMTLSISVLLSLTVFLLV
Torpedo_p PDAG-EKMSLSISALLALTVFLLL

Torpedo_y AQAGGOKCTLSISVLLAQTIFLFL
Torpedo_,® AESG-EKMSTAICVLLAQAVFLLL
Mutations

Fig. 2. Three site mutations applied to the Torpedo nAChR model.
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Fig. 3. Evolution of the RMSD value from the starting structure for MD simulation of the
TM-domain.

squared deviation (RMSD) of the protein (calculated only for
nonhydrogen atoms) is shown in Fig. 3. As can be seen, the simulation
reaches a stable stage after 2-ns (out of a total 5 ns) of simulation, with
an average RMSD value about 3.25 A, showing that the experimental
structure is relatively stable under our simulation protocol. Previous
studies have shown that there is a hydrophobic girdle in the TM-
domain, which is believed to be responsible for the ‘hydrophobic’
gating mechanism [15,22]. In our simulations, we also find that this
hydrophobic region, which extends from L251 to V259 of the «
subunit, restricts water occupancy in the pore, and is therefore likely
to prevent the passage of ions. The water density in this region is much
lower than in bulk and is often evacuated despite starting with water
throughout the pore. We do not want to go further to study the gating
mechanism of the channel, which has been done by many other
works.

(KT/e)

ESP

-40-30-20-10 0 10 20 30 40
Z (A)
Fig. 4. The electrostatic potential of the TM-domain (in kT/e), (a) the slice crossing the

channel axis. The extracellular entrance is to the right hand. (b) the profile along the
channel axis. The positive direction of z axis points to the extracellular entrance.

According to Ivanov et al's study, the electrostatics and the
presence of rings of charged residues at the entrance and exit of the
TM-domain may play an important role in ion selectivity of the
neuronal a7 receptor [24]. Here we also performed ESP calculations
on our model of the Torpedo protein trying to explore the selectivity
mechanism of the TM-domain, but the results showed an unexpected
character. As can be seen in Fig. 4, the extracellular entrance of the TM-
domain has a negative potential, where it is attractive for Na™ ions;
but the intracellular entrance of the TM-domain has a positive
potential, which will repel Na™. This is different to Ivanov et al's
results for the a7 receptor where both entrances have negative
potential. Considering the fact that the sequences are different, it is
easy to understand since there are more lysines than glutamic acids at
the IC-entrance of the Torpedo structure resulting in a slight positive
potential in our case. But this cannot explain the ion selectivity
mechanism from the electrostatic potential viewpoint. It may be
necessary to consider not only the electrostatic effect of the TM-
domain, but also the remainder of the protein and even the
environment to gain the complete picture. Alternatively, the ESP
calculated in this way may not provide useful information regarding
ion selectivity. We will discuss this in more detail in the following
sections.

3.2. Study of the EC-domain

After performing a 5-ns MD simulation, the isolated EC-domain
maintained its regular cylindrical structure, but the pore shrank
slightly with the average radius changing from 9.1 A to 7.6 A. The
average structure of the last nanosecond simulation, colored with the
RMSD of each residue is shown in Fig. 5 (red refers to more mobile
residues and blue less mobile ones). Both the side view and top view
show that the a-helix regions are more flexible than the p-sheet
region. The pore radius of the EC-domain is much wider than that of
TM-domain, with the minimum radius more than 5 A near the
entrance to the TM-domain as shown in Fig. 6a. Due to the wide radius
of the extracellular-domain, water molecules and ions are found to be
able to occupy the interior of the pore easily in MD simulations, and
the potential of mean force they encounter can be calculated from
equilibrium simulations.

Not surprisingly, the PMF calculation of water in the EC-domain
pore shows only small barrier, about 0.6 kcal/mol, located roughly
where the pore is narrowest, as shown in Fig. 6b. The PMF values in
the pore fluctuate from 0.3 to 0.6 kcal/mol depending on the radius of
the pore, consistent with that for the simple non-polar carbon
nanotube model pore with similar dimensions [56]. But due to the
high polarity of the surrounding residues, we expect a higher
conductance than that of the hydrophobic nanotube.

Correspondingly, the BD results also show that it is easy for Na™*
and Cl™ ions to pass through the EC-channel. We counted the ions
passing through the EC-domain under different voltages, and

6.0

20

Fig. 5. The side view (a) and top view (b) of the EC-domain, colored according to the
RMSD of each residue, as shown by the scale bar.
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Fig. 6. Simulations of the EC-domain. (a) The pore radius of EC-domain, (b) the PMF of
water in EC-domain calculated from MD simulations, the origin of (a) and (b)
represents the center of the EC-domain along Z axis, and (c) the I-V curves of EC-
domain calculated from BD simulations.

calculated the I-V curve of the EC-domain, which is shown in Fig. 6c.
We can see the EC-domain has a very high conductance of about
1.25 nS. Notably, it is much higher than the experimental values for the
entire nAChR [57], indicating that the rate limiting step to ion
permeation must occur elsewhere [25,32]. Thus the EC-domain, even
in the nAChR closed state, is a high-conductance channel, and does not
act to directly gate the passage of ions.

A notable feature of the EC-domain is that it is highly negatively
charged. According to the previous studies, a negatively charged
channel would be expected to be cation selective [4]. In our BD
simulations, both Na* and CI~ ions can pass through the EC-channel,
but Na* does so at a higher rate than CI—, which depends on the
external field. Furthermore, the Na* concentration in the EC-domain
is much higher than Cl~ concentration, resulting in a high Na*t
concentration at the entrance of the TM-domain (see below).

These results highlight the fact that a highly negatively charged
pore may create larger concentrations of cations than anions, but need
not prevent anion conductance altogether in such a wide pore. As the
EC-domain fills with Na™, the ESP will be equalized to allow entry of

the anions. This is in rough agreement with Meltzer et al.'s study, in
which negative charges are also found in the EC vestibule [58]. While
the EC-domain is unlikely to determine the hundred fold selectivity of
the pore, it may dictate the rate of cation conductance through the
adjacent TM-domain as well as containing the ligand binding site. It is
interesting to see Hansen et al's recent experimental study, which also
indicates that the EC-domain plays a function role in stabilizing the
permeant ions within the extracellular vestibule of nAChR, which is a
major determinant of ion conductance [59]. This is consistent with our
theoretical results.

3.3. Study of the IC-domain

During the MD simulation of the IC-domain, we found that a
number of Na‘t ions accumulated in the IC-domain vestibule. In
contrast, all CI™ ions remained outside. This reminds us of Unwin et
al.'s hypothesis that IC-domain may act as an electrostatic filter [6], so
we calculated the ESP of the IC-domain and plotted this on the solvent
accessible surface as shown in Fig. 7a. The red color refers to negative
potential, while the blue color means a positive potential. It is very
obvious that the whole entrance/exit of the IC-domain is negatively
charged due to the existence of glutamic acids. No doubt this assists
the passage of Na* into the intracellular vestibule.

To give a rough quantitative description of the IC-domains function
as an electrostatic filter, we performed PMF calculations for
translocation of Na* and Cl™ ions into the vestibule as shown in Fig.
7b. In this, ions are moved through one of lateral windows along the
direction of the arrow indicated in the Fig. 7a, with the ion position

4
3
2 Cl=
B 1
E
‘_3 0
== _1
=
il |
-3
Na+
-4
o " " M "
-15 -10 - 10

5
&(A)

Fig. 7. Simulations of the IC-domain. (a) Cross sections showing the outer and inner
solvent accessible surfaces of intracellular vestibule colored according to the
electrostatic potential on the surface (positive potential is blue and negative is red, in
kT/e). The arrow shows the reaction coordinates along which the PMF was calculated.
(b) The potential of mean force for Na* and Cl~ ions entering the intracellular vestibule
through one of the lateral windows (§-axis corresponds to the reaction coordinate,
negative coordinate is outside of the vestibule, and the positive end is the center of the
vestibule).
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Fig. 8. Simulations of the entire nAChR. (a) A slice, which crosses the pore axis, showing
the electrostatic potential (in kT/e). (b) the average ion distribution in the nAChR from
BD simulations, Na™ in blue and Cl~ in red.

noted by the reaction coordinate & The negative direction of the §&-
axis corresponds to the outside of the IC-domain, while the positive
direction means the inside of the IC-domain. The « helix backbones
(i.e. the center of the window) are located between €= —5and —3 A
in this plot. It is very distinct that for the Na™ ions, it is energetically
favorable to stay inside of the vestibule, and the most steady positions
for Na* ions are the locations about 3- 5 A from the backbones inside
the vestibule. While for the C1™ ions, it is more energetically favorable
for them to stay outside of the vestibule. The potential well for Na™ is
about 5.3 kcal/mol deep, and the potential barrier for CI™ is about
3.6 kcal/mol high. These results clearly indicate that the IC-domain
actually has ‘filter’ function. It will try to keep CI™ ions outside of the
vestibule and keep the Na* ion concentration at a higher level in the
vestibule.

Our results suggest that the IC-domain does act as an electrostatic
filter. Like with the EC-domain, this may contribute to determining the
conductance of nAChR since it can determine the ion concentration at
the IC-entrance to the TM-domain. In addition it would make a barrier
for Na*t ions to come out of the vestibule, which is the last step of
inward ion transport. Indeed, previous experimental work on another
channel of ‘Cys-loop’ family, 5-Hydroxytryptamine type 3 (5-HTs),
showed that mutations on a cytoplasmic region can increase single-
channel conductance 28-fold by changing positively charged residues
to neutral or negatively charged residues [33]. We expect that a similar
situation can occur in nAChR, i.e., mutations on the glutamic acids of
IC-domain to neutral or positively charged residues may alter the
single-channel conductance of nAChR and its rectification properties.

It should be kept in mind that the IC-domain structure in the cryo-
EM model is not complete with a number of residues unresolved,
which were therefore not included in our simulations and may
influence the calculated PMF. But, the current study does provide
interesting information on the filtering role of this domain consistent
with previous experimental results. To the best of our knowledge, this

is the first time that MD simulations are carried out to evaluate the
function of this IC-domain. A high resolution structure of the complete
IC-domain is needed to yield more complete quantitative results.

3.4. Study of the entire nAChR

So far we have described studies on the separate domains of
nAChR. Finally, we will combine them together and give an overall
consideration of the protein. We performed 5-ns MD simulation for
the entire nAChR, and found that only Na™ ions are seen to accumulate
in the EC-domain channel and IC-domain vestibule, around the
entrances to the TM-domain. Combined with the above results, this
may suggest that not only the TM-domain, but also the EC- and IC-
domains are responsible for determining the conductance of the
channel. But, as the BD simulations on the EC-domain demonstrate,
the large charge on these domains may not prevent anion con-
ductance entirely as described below.

We calculated the ESP of the entire structure, as shown in Fig. 8a.
The results show that the potential is negative throughout the EC-
channel to the IC-vestibule. This contrasts with results we have shown
in the previous section that the ESP at the IC-entrance is positive,
which emphasizes the role that the additional domains can play in
determining the ESP (in the absence of permeating ions). Considering
the experimental observation that only three residue mutations are
required to convert the ion selectivity of the channel [30,31], we
wanted to explore the effect of the mutations on the ESP of the entire
nAChR and performed ESP calculations on the mutated nAChR. We do
find some changes in the ESP after mutations as shown in Fig. 9. The
most obvious change is around the mutation sites (—20<z<—10),
where the ESP increased about 10 kT/e after mutations. However, the
ESP value at the intracellular entrance region of TM-domain is still
negative even after mutations. The selectivity of the channel cannot
therefore be entirely dictated by the ESP of protein itself. This leads to
two possible solutions for understanding how three mutations can so
drastically alter the selectivity of an nAChR. One explanation is that
conformational changes after mutations play the key role in
selectivity. We performed MD simulations on the mutated nAChR,
but there are no obvious changes found in the short simulations we
could undertake on the closed state model. However, it is still possible
that the mutations can have an effect in the open state of the channel.

Another possibility is to realize that a wide highly charged region
of the pore (such as the EC-domain) can still allow both ion types to
pass, as witnessed in BD simulations of the EC-domain alone. This
means that the ESP of a localised region (such as inside the TM-
domain) could then dictate selectivity rather than the overall ESP, as
suggested by Meltzer et al. [58,60]. We also performed grand
canonical Monte Carlo BD simulations [50] for the entire nAChR
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Fig. 9. The electrostatic potential profiles along the channel axis through the wild type
Torpedo and the mutated structure. The three domains are marked with dot lines.
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without any external electric field and calculated the average
distribution of ions in the pore after Na* and Cl~ reached equilibrium
densities in the simulations. The result is shown in Fig. 8b, where we
can see many Na™ ions accumulating in the EC-domain and IC-
domain, around the entrance to the TM-domain. However, there are
still some CI™ ions seen in both domains, although much less than
Na™ ions. In the IC-domain we find about 6 Na* and 2 CI~, while
there are about 20 Na* and 5 CI™ in the EC domain. We analyzed the
simulation trajectory, and found that at the first stage of the
simulation, only Na™ ions can access the EC-channel and IC-vestibule,
but as time goes on, when more Na™ ions accumulate in the channel,
Cl™ ions also gradually go into the channel due to the gradually evened
ESP (not seen in the MD simulation due to the time scale limit). Thus,
both EC- and IC-domain have the ability to maintain high Na* ion
concentration, which will help to determine the conductance of the
nAChR. This is consistent to Unwin's suspicion that both vestibules of
the channel are strongly electronegative, providing a cation stabilizing
environment at either entrance of the membrane pore. However, if the
TM-domain had no role in selectivity, then these concentrations in the
EC and IC domains could be expected to yield a permeability ratio of
Na™:Cl™ of only 3- 4, well below the experimentally measured value.
The presence of ClI~ in the EC-domain allows for the possibility that
small local changes in the ESP or conformation in the TM-domain,
such as induced by just three mutations, could be enough to enable
the passage of CI~ and/or block Na™. It would be ideal to calculate the
channel current in the presence and absence of the EC-domain to
determine the likely selectivity in each case. Unfortunately, this is not
possible currently as we only have a closed state experimental TM-
domain structure that will not conduct ions in either case, even if huge
external voltage was applied in BD simulations. However, we believe
the fact that anions can permeate through the EC-domain alone, and
that they occupy the EC-domain when we simulate the entire channel
clearly shows that the EC-domain does not exclude anions.

It is very obvious that only considering part of the system in
electrostatic calculation is not enough to give a reasonable explana-
tion about selectivity as our electrostatic results for TM-domain and
for the whole structure are very different. Furthermore the counter
ions must also be taken into account to explore the origin of the ion
selectivity. The use of explicit ion models such as in BD is particularly
important for gaining reliable electrostatic profiles. Poisson's equation
does not account for counter-ions and continuum electrolyte descrip-
tions such as the Poisson-Boltzmann equation have previously been
shown to be faulty in narrow pores [61]. Examining the ESP of the
protein in the absence of the permeant ions does not give a clear
indication of the origins of ion selectivity.

It should be noted that in our MD simulations and ESP calculations
we did not consider any pK, shifts which might also affect the ESP
results. We also note Brannigan et al.'s recent work, in which they
show that the nAChR contains internal sites capable of containing
cholesterol, whose occupation may stabilize the protein structure
[62]. Indeed, we also found shrinkage of the TM-domain when
performing MD simulations on the entire system without cholesterol,
which is consistent with their observation. However, like most of the
other MD works on nAChR, we did not take this into account since it is
not likely to influence the basic conclusion regarding ion occupancy
and selectivity of different domains.

4. Summary

In this study, we performed electrostatic calculations, MD and BD
simulations on the three domains of nAChR in isolation, as well as the
entire nAChR structure, to explore the role each of the domains has in
ion conduction and selectivity. Our results suggest that although the
EC-domain and IC-domain are negatively charged and create a fourfold
excess of cations over anions, this is not sufficient to explain the
selectivity of the pore considering that it is effectively impermeable to

anions [63]. The fact that counter ions can enter the vestibules helps to
understand the finding that just a few mutations in the TM-domain can
change the channel selectivity from cationic to anionic. The EC-domain
in particular is very wide and counter ions can screen the charge on the
protein allowing both cation and anions to enter. It is therefore
misleading to use the ESP in the channel determined in the absence of
permeating ions to make inferences about ion selectivity. The charged
EC- and IC-domains do, however, create large cation concentrations at
either end of the TM domain of the pore that will increase their
conductance.

Once anions are inside the EC-domain, their conductance through
the pore can be dictated by properties of the TM-domain. Therefore
the TM-domain seems most likely to be responsible for the majority of
cation selectivity, consistent with mutation experiments. However,
one can not give a clear picture about selectivity only by studying the
TM-domain, or even the whole structure without considering the
environment and flexibility of the pore. In this work we conduct
extensive theoretical simulations to help justify a possible mechanism
of ion selectivity that can account for the fact that mutations in the TM
region can reverse cation/anion discrimination despite the fact that
the EC- and IC-domains remain negatively charged. Future work
utilizing an open state structure of a nicotinic acetylcholine receptor
including all residues in the IC domain will be required to give a more
definite explanation of ion selectivity.

The atomic resolution X-ray structures of prokaryotic pentameric
ligand gated ion channels have recently been published, in which no
IC-domain is seen and the channel appears to be physically occluded
in the closed state [64]. These characteristics are very different from
the Torpedo nAChR and human o7 receptor models based on the cryo
EM data and raise interesting questions about whether the differences
are due to the underlying sequence differences or reside in the
measurement conditions and models. The availability of such atomic
resolution data, especially those for the apparently open conformation
channel [65,66], are likely to promote a new impetus into the
structural studies of this family of proteins.
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