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A Model of the Closed Form of the Nicotinic Acetylcholine Receptor M2
Channel Pore
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ABSTRACT The nicotinic acetylcholine receptor is a neurotransmitter-gated ion channel in the postsynaptic membrane. It is
composed of five homologous subunits, each of which contributes one transmembrane helix—the M2 helix—to create the
channel pore. The M2 helix from the 6 subunit is capable of forming a channel by itself. Although a model of the receptor was
recently proposed based on a low-resolution, cryo-electron microscopy density map, we found that the model does not explain
much of the other available experimental data. Here we propose a new model of the M2 channel derived solely from helix
packing and symmetry constraints. This model agrees well with experimental results from solid-state NMR, chemical reactivity,
and mutagenesis experiments. The model depicts the channel pore, the channel gate, and the residues responsible for cation

specificity.

INTRODUCTION

Nicotinic acetylcholine receptors (AChR) are neurotrans-
mitter-gated ion channels that control electrical signaling
between nerve and muscle cells. These receptors have
received considerable attention because of their physiolog-
ical importance. In the neuromuscular junction, AChRs
detect the neurotransmitter, acetylcholine, and propagate the
nerve impulse by opening and allowing an influx of
extracellular sodium ions. Nicotine and the snake venom,
a-bungarotoxin, also bind these receptors with agonistic
and antagonistic effects, respectively. In addition, 85% of
patients with the autoimmune disease, myasthemia gravis,
have elevated levels of AChR antibodies in their blood
(Patrick and Lindstrom, 1973; Vincent et al., 2003).

The best-studied AChR consists of five subunits («, «, B,
v, and 0) and opens upon binding of acetylcholine (Ach)
near the subunit interfaces of the two a-subunits (Corringer
et al.,, 2000; Karlin, 2002). Each subunit contains four
a-helical membrane-spanning segments, labeled M1-M4.
The M2 segments form the pore, the cation selectivity filter,
and the gate of the closed AChR channels (Hucho et al.,
1986; Imoto et al., 1986; Lester, 1992; White and Cohen,
1992; Unwin, 1993, 1995). Chemical modification data
suggest the amino-terminal part of M1 segments may also
contribute to the channel lining (Akabas and Karlin, 1995;
Zhang and Karlin, 1997). Isolated peptides of the M2
transmembrane (TM) helix self assemble in lipid bilayers,
and can form cation-selective ion channels, however,
suggesting that the M1 segments may not be critical for
ion permeation (Oiki et al., 1988; Opella et al., 1999).
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Recently, an image of the AChR channel came from
sophisticated cryo-electron microscopy (EM) experiments on
tubular crystals and reveals the basic architecture of the
protein at 4 A resolution (Miyazawa et al., 2003). Based on
their low-resolution electron density map, Miyazawa et al.
proposed a preliminary model of the membrane domain in-
cluding the channel (Protein Data Bank (PDB) code 10ED).
No refinement was carried out on the model, however, and
side-chain details are difficult to see at this resolution. Thus,
it is appropriate to validate the model with other available
data. We found the cryo-EM model is incompatible with the
solid-state NMR data on M2 peptides (Opella et al., 1999),
and appears to be inconsistent with some of the chemical
modification experiments conducted on the full-length pro-
tein (Leonard et al., 1988; Pascual and Karlin, 1998).

We built a structure of the M2 channel-lining segments
using a method we have developed for modeling trans-
membrane helical bundles. The M2 segments in our model
differ substantially from those of the cryo-EM model in
helical tilt, the identity of the pore-lining residues and the
helix-helix packing interactions. Our model shows excellent
agreement with the solid-state NMR data and is consistent
with much of the other experimental data (Leonard et al.,
1988; Revah et al., 1991; Pascual and Karlin, 1998; Opella
et al., 1999). The atomic detail of our M2 channel model
identifies residues that are pore lining, external, and helix-
helix packing. Our model also provides possible explana-
tions for the channel gate and for the cation specificity of the
pore.

METHODS
Generation of the channel model

We built an AChR M2 channel model using our algorithm that was shown to
accurately model the structures of TM helix homo-dimers, tetramers, and
pentamers (Kim et al., 2003). We first built M2 TM helix monomers from
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the Torpedo marmorata sequences (Fig. 1 a) using the InsightIl Biopolymer
package (Accelrys, San Diego, CA) and backbone torsion angles of ¢ =
—65° and ¢y = —40° (Smith et al., 1996). The side-chain rotamers were
chosen using the backbone-dependent rotamer library program, SCWRL
(Bower et al., 1997). To find the best helix orientations, we began with 400
pairs of helices in random positions and optimized their packing with
a Monte Carlo (MC) minimization procedure using a softened van der Waals
potential. This optimization resulted in 400 well-packed helix pair
structures. The internal backbone and side-chain positions were kept fixed
during the minimizations, but the relative positions of the helices were given

a
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FIGURE 1 Amino acid sequences and the model structure of AChR M2
channel. (@) The sequences of M2 segments from Torpedo marmorta. The
numbers above the sequence are the a-subunit numbering and the
corresponding numbers (—2'-20") shown at the bottom are used in the
manuscript. The pore-lining (pink) and helix packing (blue) residues of the
M2 pentameric channel are indicated. (b) The packing between pairs of
helices. The external residues are green. (c) The AChR M2 model viewed
down the fivefold axis from the cytoplasm.
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all six degrees of freedom. The simulations were stopped after 100,000 MC
steps or if 15,000 steps occurred without moving to a lower energy. All six
orientation parameters were changed during a step and the same step was
repeated, if the previous step resulted in lower energy. The step size in each
parameter was randomly selected. The temperature was initially set at 500 K
and decreased linearly to 0.1 K over the first 50,000 steps.

After the MC simulations, the dimer structures were filtered to remove
structures incompatible with the pentameric symmetry. That is, we selected
only those helix pairs in which the difference in the angles of rotation about
the two helical axes was 108° = 10°. We then clustered the remaining
structures by Ca RMS distances using NMRCLUSTER (Kelley et al.,
1996). The median model from the largest cluster was selected as our final
predicted structure. From the 400 MC optimized structures of the -subunit,
five were consistent with the pentameric symmetry. These structures formed
a single cluster and are essentially identical having a Cae RMSD spread of
0.2 A. Separate simulations with c-subunit M2 helices resulted in an
identical structure having a Ca RMSD of only 0.15 A to the &-structure.
Thus, we found the same structure for both the a- and 6-M2 helices.

To build the pentameric M2 channel structure, we duplicated the
structure of the helix pairs by overlaying one helix of the dimer with the
other three times. This duplication creates a five-fold rotational symmetry
axis, which represents the center of the pore. We calculated the positions of
the pore axis by averaging the positions of the equivalent Ca atoms in the
five subunits. Optimization of the pentamers was performed in vacuo by the
crystallography and NMR system (CNS version 1.1, Brunger et al., 1998).
The inter-helical Ca-Ca distances <7.5 A between the modeled helix pairs
were used as restraints for the pentamer structures with additional restraints
to maintain the helical backbone. We energy minimized the structures with
three rounds of 200 steps using a dielectric constant of 1 and the nonbond
cutoff of 13 A.

2D solid state NMR PISEMA data simulation

PISEMA (polarization inversion spin exchange at the magic angle)
experiments demonstrated remarkable sensitivity to the topology of
transmembrane peptides through correlated spectra of anisotropic dipolar
and chemical shift interactions (Wu et al., 1994; Marassi and Opella, 2000;
Wang et al., 2000). 2D solid state NMR PISEMA spectra were simulated
from the a-helical coordinates of the M2 models as described (Kim and
Cross, 2002). The pore axis of the pentamer channel was assigned to be the
axis of the bilayer normal and consequently the axis of the magnetic field.
We used the principal values of the '’N chemical shift tensors (633 = 64
ppm, 65, = 77 ppm, 8;; = 217 ppm) from the published solid state NMR
data (Ramamoorthy et al., 1995) and a dipolar magnitude value of 10.735
kHz, although it should be noted there are some variations in tensor element
magnitudes within a helix (Chekmenev et al., 2004). The values take into
account some modest local dynamics of the peptide planes. A typical relative
orientation (6) between the §;; chemical shift tensor element and v of the
dipolar tensor equal to 17° was used (Marassi and Opella, 2000; Wang et al.,
2000). The solid state NMR experimental data for the AChR M2 peptide in
oriented lipid bilayers is taken from the data of Marassi et al. (1999). To
facilitate comparisons, we used ideal helices aligned to the M2 helices in the
PDB file 10ED to create the PISA wheel pattern for the cryo-EM model.

RESULTS AND DISCUSSION
The model structure of the M2 channel

The AchR subunits are homologous and the M2 helices
show significant sequence identity (Fig. 1 a). The numbering
used here and that of the a-subunit are also shown. We
decided to model the structure of a &-subunit M2
homopentamer, because the M2 peptide from this subunit
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can form a cation selective pore and clearly adopts a defined
structure in lipid bilayers (Opella et al., 1999). The sequence
similarity of the subunits indicates that the structures formed
with different subunit compositions should be essentially
identical to the d-subunit homopentamer.

We modeled the pentameric, AChR M2 segment using our
recently developed algorithm that is effective at predicting
homo-oligomeric TM helix bundles (Kim et al., 2003).
Without aid of experimental data, this method successfully
built the TM helix dimer structure of glycophorin A, the
tetramer structure of the influenza virus M2 proton channel
and the pentamer structure of phospholamban (Kim et al.,
2003). We built the AChR M2 §-pentamer utilizing the
following steps: 1), Starting with two &-subunit helices in
random positions, a collection of 400 well-packed helix pairs
was generated using an MC minimization. 2), The structures
lacking the pentameric symmetry were eliminated. 3), The
remaining structures were clustered and a representative of
the largest cluster was selected. And 4), the pentameric
channel was built by replicating the selected helix pair
structure around a pore axis and the pentamer was energy
minimized.

Our model of the homo-pentameric M2 5-subunit channel
is shown in Fig. 1. The helices have a helix-crossing angle of
+15° (Fig. 1 b), which is among the most favorable packing
angles between helices in membrane proteins (Bowie, 1997).
This positive crossing angle gives the pore a left-handed
twist. The pore-lining residues are Ser-2’, Ile-5', Leu-9’,
Ala-12’, and Leu-16" (pink). The helix-helix packing
residues are Ser-6’, Leu-8', Val-13’, and Leu-15" (blue).
Ser-6" and Val-13" on one helix interact with Leu-8’ and
Leu-15" on the adjacent helix. The helical packing residues
are identical in different subunits of M2 segments (except
Ile-13" in +y-subunit), which indicates that the homo-
pentameric model is compatible with hetero-pentameric M2
pore assemblies. The external residues are Thr-3', Ala-4’,
Val-7’, Ala-10’, GIn-11', Phe-14’, Leu-17’, and Thr-18’
(green). The external residues place their side chains away
from the pore and would interact with other helices in the
full-length receptor. The narrowest constriction in the pore
occurs at Leu-9’ (aLeu-251), which closes pore with side
chain to side chain packing interactions (Fig. 2, a and c).
Leu-9’' is a key residue in maintaining the closed form of the
channel (Revah et al., 1991; Unwin, 1993,1995; Labarca
et al, 1995). In general, the pore-lining residues are
hydrophobic, which would create an apolar seal and prevent
the passage of ions.

Comparison of the AChR M2 channel models

Our model of the M2 segments differs considerably from the
M2 structure proposed by Miyazawa et al. based on their
low-resolution cryo-EM electron density map (Miyazawa
et al., 2003) (PDB code 10ED). The Caw RMSD between the
structures is 5.1 A. As shown in Fig. 2, b and d, the cryo-EM
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model displays a smaller tilt with respect to the bilayer (5°
vs. 12°). Moreover, the helix-helix packing angle is near 0°
(parallel) in the cryo-EM model, which is rarely seen in
membrane proteins (Bowie, 1997). A 0° helix packing angle
is generally not compatible with close side-chain packing for
long helices (Crick, 1953; Chothia et al., 1981). Indeed the
cryo-EM model is more loosely packed and has a less tightly
closed pore (see below). The orientations of the side chains
are quite different in the two structures, as illustrated by the
orientation of Leu-9’ (Fig. 2).

Comparison of the M2 channel structure with
solid-state NMR data

Solid-state NMR (ssNMR) spectroscopy on oriented lipid
bilayer samples can determine the backbone conformation of
the peptides (a-helix or B-sheet) and their orientation in the
membrane (Ketchem et al., 1993; Opella et al., 1999; Kim
et al., 2001; Wang et al., 2001). With ssNMR one can
determine the rotational orientation of a helix about its axis
and the helical axis tilt angle with respect to the bilayer
normal (i.e., magnetic field). The values for these two
parameters can be calculated from the '°N chemical shift and
"H-'>N dipolar coupling frequencies measured from a 2D
PISEMA spectrum. For helical proteins, these spectra exhibit
characteristic circular patterns of resonances called PISA
(polarity index slant angle) wheels. The helix tilt angle with
respect to the bilayer normal is reflected in the size and the
location of the PISA wheels (Marassi and Opella, 2000;
Wang et al., 2000). The rotation of resonances around the
wheel reflects the rotation of the helix around its axis (Opella
et al.,, 1999; Wang et al., 2001). If the helix-helix crossing
point and the helix-helix separation distance are also known,
a unique structure can be built of the helical bundle. Thus,
the PISA wheel can provide powerful constraints for model
building, but does not uniquely define a helical bundle
structure.

In Fig. 3 we compare the experimentally determined
PISEMA spectrum of the AchR M2 §-subunit peptide
(Marassi et al., 1999) with spectra derived from our model
and the cryo-EM model. The PISEMA spectrum of an ideal
helix should be elliptical. The experimental PISEMA
spectrum (Fig. 3 a) shows some distortions, however. These
deviations arise either from slight variations in the backbone
dihedral angles or '°N chemical shift tensors, but there is no
sign of a kink in the AchR M2 §-peptide (Opella et al.,
1999). As can be seen in Fig. 3, the size, location, and
rotation of the PISA wheel derived from our model more
closely matches the experimental spectrum than the wheel
from the cryo-EM model. According to Opella and co-
workers, the experimental spectrum is consistent with a helix
tilt angle of 12° from the lipid bilayer normal, in perfect
agreement with our model (12°), but not with the cryo-EM
model (5°). The wheel rotation based on our model also
shows excellent agreement with the experimental PISA
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New M2 model

wheel. The pore-lining residues (shaded) lie on the upper,
left side of the wheel derived from our model and the
experimental spectrum. These residues, however, make up
the lower, left portion of the cryo-EM wheel, implying that
that cryo-EM structure has a helix axis rotation angle
different from the ssSNMR observations. Even though our
model is based solely on helix packing interactions, the
helical orientations are perfect agreement with ssNMR data,
suggesting that the helical tilt and rotation of M2 peptide is
derived from inter-peptide interactions, not from the in-
teraction between the peptides and the lipids.

Comparison with the chemical
modification results

Karlin and co-workers determined the reactivity of cysteines
substituted in the M2 channel to thiol-modifying reagents
(Pascual and Karlin, 1998). This method is referred to as
the substituted-cysteine accessibility method (SCAM). The
reaction rates were quantified for nine residues in the
presence and absence of the Ach, which opens the channel.
Because reaction rates can be affected by a number of
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FIGURE 2 Comparison of the models of AChR M2
channel. (a and ¢) The closed form of M2 channel from
our modeling. A residue critical to the channel
function, Leu-9’ (alLeu-251) is the closest residue to
the pore axis and is directed inward, helping to seal the
ion pore. (b and d) The M2 segments from the cryo-EM
model (PDB code 10ED).

factors, correlation of SCAM results with structural data is
complex. Nevertheless, one would expect that reaction rates
should be reasonably correlated with residue accessibility.

For the closed form of the channel, residues al.-245(3")
through «l-258(16") reacted relatively slowly with
MTSEA, but residues aT-244(2") and aE-262(20") reacted
rapidly. These results are consistent with our model. As
shown in Fig. 4, position 2" and 19’ are the last pore-lining
residues and would be accessible to solvent. Residues 5’
through 16, however, form a tightly packed, hydrophobic
seal that would be inaccessible to the water-soluble reagent.
In contrast, the pore of the cryo-EM model is relatively open.
An MTSEA molecule would not necessarily be excluded and
fits within the pore near Leu-9’ or at other pore depths (Fig.
4, right panel).

Of the nine residues tested by SCAM, three showed low
accessibility in both the closed and open form of the channel
{al-245(3"), aS-248(6') and «S-252(10")}. These results
suggest that 3',6’, and 10’ positions are likely to be pointing
away from the channel or involved in helix packing. These
residues are circled in Fig. 5, which shows the distances from
the Ca atoms to the pore axis. In our model, Thr-3’ and Ala-
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FIGURE 3 Experimental and simulated ssNMR PISEMA spectra of M2.
(a) The experimentally determined PISEMA spectrum of residue 4 to 17’
of the M2 peptide in oriented lipid bilayers (Marassi et al., 1999). (b) The
simulated PISEMA spectrum created from our M2 model. The spectrum
shows a match of rotation of the PISA wheel to the experimental spectrum
and the helix tilt angle of 12°. (¢) The simulated PISEMA spectrum created
from the cryo-EM model. Residues are presented according to pore lining
(gray) and external (black).

10’ point externally and Ser-6 is a helix-packing residue
(Fig. 5, a and ¢). In contrast, these residues are all pore-lining
residues in the cryo-EM model (Fig. 5, b and d).

The other six residues tested in the SCAM experiments
showed significantly increased reactivity upon channel
opening and are outlined with diamonds in Fig. 5, @ and b.
These residues should be close to the channel lining,
assuming a relatively modest structural change opens the
pore, which is suggested by cryo-EM electron density maps.
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FIGURE 4 M2 channel models viewed perpendicular to the pore axis and
in slices along the pore axis. (Left) Views of our M2 model. The molecular
surface rendering and the slices show the constriction of the pore by the Leu-
9’ side chains and other side chains. (Right) Views of the cryo-EM model.
The size of the pore is almost equivalent from extracellular side (fop) to the
intracellular side (bottom). An MTSEA molecule is docked into the pore and
shown in the slice with Leu-9’. The surfaces were generated using the
program insightIl (Accelrys) with probe radius of 1.4 A.
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FIGURE 5 Comparison of SCAM
results to the structures. (a) The Ca-to-
pore-axis distances from our model. The
pore-lining residues have shorter dis-
tances (closer to the axis) and the lipid-
facing residues have longer distances.
The helix-packing residues have inter-
mediate distances. In the SCAM experi-
ments (Pascual and Karlin, 1998), Thr-
3’,Ser-6',and Ala-10’ (circles) showed
low accessibility in both closed and
open forms of channel and would be
expected to be exterior residues (large

Both models are reasonably consistent with this SCAM data,
except that Leu-16’ is external in the cryo-EM model. Thus,
our model appears to be more consistent with the SCAM
results than the cryo-EM model.

The role of alLeu-251

alL-251(9") is the most conserved residue in the M2 helix
(Unwin, 1993) and has been identified as a key residue in the
function of the pore (Revah et al., 1991; Labarca et al., 1995).
Mutations at Leu-9’ increase the opening sensitivity of the
channel (Revah et al., 1991; Labarca et al., 1995). Photo-
labeling experiments by Blanton et al. (1998) also indicate
that Leu-9' is located in the pore lining. Their hydrophobic
photolabel efficiently reacted with the residues of the pore,
specifically the Leu-9’ position. They suggest that Leu-9’ is
involved in a key symmetric hydrophobic interaction that
closes the gate. Our model is consistent with this hypothesis.

Although we did not impose any structural restraints on
the Leu-9’ position, the narrowest part of the pore occurs at
Leu-9’ in our model (Figs. 2 a and 4, left panel). Leu-9' has
the shortest Cae-to-pore-axis distance of any residue (Fig. 5
a) and makes tight, side chain to side chain packing
interactions. In the cryo-EM structure, however, Ser-6' is
the closest residue to the pore axis and Leu-9’ is the fifth

distances). Potential channel-lining res-
idues are marked with diamonds. The
key position, Leu-9’, is shaded. (b) The
Ca-to-pore-axis distances from the
cryo-EM  model; the three residues
inaccessible to SCAM reagents in both
the closed and the open forms, Thr-3',
Ser-6", and Ala-10’ (circles) have small
Ca-to-pore-axis distances and line the
channel. (c and d) A comparison of our
model (¢) and the cryo-EM model (d)
viewed down the pore axis showing the
location and accessibility of Thr-3’, Ser-
6’, and Ala-10’, which are oriented
away from the pore axis in our model in
accord with the SCAM data.

closest residue. The position and tight packing of Leu-9’ in
our model explains why this residue is conserved and why
mutations of Leu-9’ would destabilize the closed form of the
channel and thereby enhance channel opening.

The channel gate

The position of the gate in the AchR channel has been
controversial. ®L.-251(9") has been suggested as the channel
gate based on its strong sequence conservation and its
sensitivity to mutations. This position is also been proposed
to form a constriction, or gate, based on cryo-EM images.
SCAM results from Karlin and co-workers suggested that the
gate is more intracellular, however, and near residue aT-
244(2"). Their results indicate that position 2’ is accessible
from the extracellular side of the membrane in the closed
state. In our model, we would expect that ions could not pass
beyond residue 16’ from the extracellular side or residue 5’
from the intracellular side. We propose that the gate is
comprised of a multilayer hydrophobic seal involving the
close packing of residues 5’, 9, 12’, and 16’.

lon selectivity

Our model contains a ring of negatively charged residues at
position —2" and 20’, which is at the both intracellular and
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extracellular mouth of the pore. Specifically, the side chain
of position —2’ is pointing toward the pore on the
intracellular side. Position 20’ on the extracellular side,
although not pointing directly into the pore, also contains
negatively charged side chains, which would be expected to
limit the anion flow. These anionic rings were proposed to
impart cation selectivity based on early electrophysiology
experiments, and mutations at both these positions affected
the rate of cation transport (Imoto et al., 1986,1988). In the
heteropentameric AChR channel («, a, 3, v, and 0 subunits),
position —2’ contains four Glu and one GIn. At the
extracellular side of the pore, position 20’, contains two
Glu, one Asp, and two Gln residues (Fig. 1 a). Thus, our
model suggests the mouth of the pore of both intracellular
and extracellular sides are electrically negative charged and
could act as the energy barrier for anion entry into the pore
(Kienker et al., 1994).

Our model is also consistent with results indicating that
position 2’ (aT-244) plays a role in cation selectivity. In
particular, mutations at position 2’ are known to affect the
conductance of different monovalent cations (Imoto et al.,
1991; Villarroel et al., 1991). Changes in side-chain volume
affected the conductance of the larger cations (Rb™ and Cs™)
more than that of Na™. In our model, the pore is wider at
position 2’ than near Ile-5’, Leu-9’ and Leu-16" (Fig. 4, left
panel). An increase in side-chain volume at position 2’
would be expected to constrict the pore and interfere with the
conductance of the larger ions.

CONCLUSION

Our model is based on a peptide and it is possible that the
peptide structure differs from the channel in the full-length
protein. Thus, the differences between the cryo-EM model
and ours may reflect genuine structural differences between
the peptide and the full-length protein. Alternatively, the
protein may adopt partially open form in the crystals, which
would be consistent with the relatively open channel in the
cryo-EM model. The results obtained from ssNMR results
on the peptide, as well as mutagenesis, electrophysiology
and chemical modification experiments on the full-length
protein all seem consistent with our model, however.
Moreover, we have shown that our method can correctly
model the structure of peptides extracted from full-length
proteins (Kim et al., 2004). As we did not use any of the
experimental data in building the model, they provide
independent validation of the model. Thus, we believe our
model is likely to represent the structure of the closed form of
the channel and should therefore be useful in designing and
interpreting future studies on the AChR structure and
function.
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