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fundamental importance in the chemical synaptic transmission
throughout the nervous system (1– 4). Defects in the AChR
function could affect the transmission of nerve signals across
synapses and cause pathological diseases such as the congenital
myasthenic syndromes (5). The AChR is composed of five
homologous membrane-spanning subunits, 2␣1␤1␦⑀, assembled quasi-pentamerically around a central axis, forming a cation-selective ion channel (6). Each subunit contains a large
hydrophilic extracellular N terminus, 4 putative transmembrane domains of 19 –25 amino acids denoted as M1–M4, a
large cytoplasmic loop between the M3 and M4 domains, and a
short extracellular C terminus (7). The M1 and M2 domains
form the ion channel pore (8, 9), whereas the M3 and M4
domains form the outer contour, having the largest contact
with the lipid membrane (10), and are distant from the ion
channel pore and from the ligand binding sites (6).
Different experimental approaches have revealed dynamic
information about agonist-induced conformational changes of
the pore forming domains (M1 and M2) (8, 11–14). It is noteworthy that a recent study suggested that there is no significant
movement of the pore lining domains during channel activation of the AChR (14). However, a previous study found significant structural differences in the membrane domains of the
AChR channel lumen among resting, open, and desensitized
states (11). A great deal of information about the conformational changes of the ion pore-forming domains of the AChR
has been obtained from single channel kinetics, which have
been mainly obtained from studies in the muscle-type AChR
(15, 16). Until now, a high resolution structure of the AChR
remains elusive; however, the Torpedo marmorata AChR structure from cryoelectron microscopic images (6) has been widely
used as a model to establish structure-function relationships of
the muscle-type AChR data. Along this line, the structural and
functional differences in the transmembrane domains between
the Torpedo and muscle-type AChRs remain to be established.
The lipid-exposed transmembrane domains (M3 and M4)
have been implicated in the dynamics of the AChR (17–37);
however, it remains unclear how these domains move during
the acetylcholine (ACh)-induced activation and their contribution to the AChR gating. A list of photolabeling affinity studies
has clearly demonstrated that there is a large change in the
degree of lipid contact of the lipid-exposed transmembrane
domains between the resting and agonist-induced desensitized
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Membrane proteins constitute a large fraction of all proteins,
yet very little is known about their structure and conformational
transitions. A fundamental question that remains obscure is
how protein domains that are in direct contact with the membrane lipids move during the conformational change of the
membrane protein. Important structural and functional information of several lipid-exposed transmembrane domains of the
acetylcholine receptor (AChR) and other ion channel membrane proteins have been provided by the tryptophan-scanning
mutagenesis. Here, we use the tryptophan-scanning mutagenesis to monitor the conformational change of the ␣M3 domain of
the muscle-type AChR. The perturbation produced by the systematic tryptophan substitution along the ␣M3 domain were
characterized through two-electrode voltage clamp and 125Ilabeled ␣-bungarotoxin binding. The periodicity profiles of the
changes in AChR expression (closed state) and ACh EC50 (openchannel state) disclose two different helical structures; a thinner-elongated helix for the closed state and a thicker-shrunken
helix for the open-channel state. The existence of two different
helical structures suggest that the conformational transition of
the ␣M3 domain between both states resembles a spring motion
and reveals that the lipid-AChR interface plays a key role in the
propagation of the conformational wave evoked by agonist
binding. In addition, the present study also provides evidence
about functional and structural differences between the ␣M3
domains of the Torpedo and muscle-type receptors AChR.
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FIGURE 1. Sequence alignments of the ␣M3 domain and functional response of wild type and ␣M3-mutant AChRs. A, LFTMVFVIASIIITVIVI (highlighted in
yellow) were examined in the current study. MFVAI (blue font) and MLFTMIF*V*IS*S*II (highlighted in turquoise) were studied using tryptophan-scanning
mutagenesis and patch clamp (32). V (violet font and italic) and F (blue font and italic) were studied using site-directed mutagenesis and patch clamp (23, 31).
F and S were labeled as lipid-exposed using photolabeling affinity (10). YMLFTMIF*V*IS*S*III*T*VVVINTHHR (italic) were studied using NMR spectroscopy (79).
*V*, *S*, and *T* were revealed as residues that form stable hydrogen bonds among them using NMR spectroscopy (79). KHHR (red font) are basic amino acids.
V283I, A287S, and I294V are non-conserved residues. The numbers at the bottom indicate the position in the mouse skeletal muscle ␣1-subunit. B shows
representative families of macroscopic ionic current traces evoked by 1–300 M ACh and recorded through voltage clamp. C and D display dose-response
curves that were standardized to 125I-labeled ␣-bungarotoxin (fmol) bound to AChR expressed on the oocyte surface membrane (C) and that were normalized
to maximum ionic current (D).

states, therefore suggesting that these domains display a substantial conformational change upon agonist-induced activation of the AChR (10, 12, 13, 38, 39). A recent study reported
structural and conformational changes in the third transmembrane domain of a homologous receptor, the ␣M3 domain of
the ␥-aminobutyric acid type A receptor (40). In the present
study we used the tryptophan-scanning mutagenesis (TrpScanM) approach to monitor the conformational changes
MARCH 23, 2007 • VOLUME 282 • NUMBER 12

experienced by the muscle-type AChR ␣M3 domain (Fig. 1A).
This approach has been used successfully for inward rectifier
potassium channels (41– 43), voltage-activated potassium
channels (44 –50), nicotinic AChR channels (25, 32, 34, 35),
glutamate receptor channels (51), ␥-aminobutyric acid type A
receptor channels (52, 53), voltage-gated sodium channels (54),
N-methyl-D-aspartate receptor channels (55), P2X4 receptor
channels (56), mechanosensitive channels MscL (57), human
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ether-a-go-go-related gene (HERG) K⫹ channels (58), and epithelial Na⫹ channels (59). The present TrpScanM approach
allowed us to construct structural models of the muscle-type
AChR ␣M3 domain in both the closed- and open-channel
states and to compare between Torpedo and muscle-type
AChRs. The interpretation of these structural models led us to
postulate a spring model. The spring model proposes that channel gating could be linked to the helical structure stability of the
lipid-exposed transmembrane domains in the open-channel
state. Further examination of the spring model in other ion
channels will open new avenues that could potentially increase
our understanding on how lipid-exposed domains regulate ion
channel function in general. Finally, the comparison of the TrpScanM data between the ␣M3 domain of the muscle-type and
Torpedo AChRs also reveals localized conformational differences that could contribute to the functional differences
between these receptors.

EXPERIMENTAL PROCEDURES

I 共 nA兲 ⫽ Imin ⫹

Imax ⫺ Imin
1 ⫹ 10共log EC50 ⫺ log[ACh]) ⫻ Hill slope

(Eq. 1)

where I is the macroscopic peak ionic current at a given ACh
concentration, Imin and Imax are the smallest and the largest
currents observed, respectively, EC50 is the concentration of
acetylcholine that provokes a response halfway between Imin
and Imax, and the Hill slope is the steepness of the dose-response curve.
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X standardized 共fmol/Å3兲 ⫽

Xmutant
VTrp ⫺ VWT

(Eq. 2)

where Xmutant is the expression of the ␣M3 mutant AChRs, and
VTrp and VWT are the volumes of the tryptophan and original
residues, respectively. Amino acid volume values (VTrp and
VWT) are from crystallographic studies (60). Periodicity profiles
were plotted with ACh EC50 or AChR expression as function of
their tryptophan substitution position along the ␣M3 domain.
Periodicity curves were created through the cubic spline
method with 3000 segments using the GraphPad Prism 4 program. The number of residues per helical turn of the periodicity
profiles was estimated as the number of amino acids between
the adjacent maximums and minimums peaks.
Helical Net Diagrams—Helical net diagrams were built using
the number of residues between the adjacent maximum and
minimum peaks of the periodicity profile for the open-channel
state (see Fig. 2D). Rotation angle (⍀) per residue for each helical turn was calculated as,
⍀ 共 degree兲 ⫽

360°
n

(Eq. 3)

where n is the number of residues per helical turn. Helical rise
per residue (d) for each helical turn was determined using,
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General Experimental Procedures—Xenopus laevis oocytes
were microinjected with the mouse muscle adult-type AChR
complementary RNAs (see also Refs. 25, 32, 34, and 35). Mutations were engineered with the QuikChange威 site-directed
mutagenesis kit (Stratagene) and were confirmed by automated
DNA sequencing. All mutagenic primers were designed with
the tryptophan codon (TGG) instead of the wild type (WT)
codon at the desired position. Muscle-type AChR cRNA transcripts were synthesized with the mMESSAGE mMACHINE威
kit (Ambion). Oocytes were incubated for 3–5 days with fresh
liquid medium at 19 °C.
Voltage Clamp—Macroscopic ACh-induced currents were
recorded with a whole-cell two-electrode voltage clamp configuration using the Gene Clamp 500B amplifier (Axon Instruments) at room temperature. Electrodes were filled with 3 M
KCl, resistances were ⬍2 megaohms. Impaled oocytes were
automatically perfused with MOR-2 buffer (82.5 mM NaCl, 2.5
mM KCl, 5 mM MgCl2, 1 mM Na2HPO4, 0.2 mM CaCl2, 5 mM
HEPES, and 0.5 mM EGTA (pH 7.4)) at a rate of 0.43 ml/s using
a Perfusion Valve Controller VC-8 (Warner Instruments).
Membrane potential was held at ⫺70 mV. Membrane currents
were filtered at 100 Hz and digitized at 1 kHz using a DigiData
1322A interface (Axon Instruments). Data acquisition was conducted through the Clampex 9.2 program (Axon Instruments).
Dose-response curves were generated from macroscopic peak
currents (I) obtained from 7 different ACh concentrations (1, 3,
10, 30, 55, 100, and 300 M ACh). Dose-response curves were
fitted through the sigmoidal dose-response equation with variable slope using the GraphPad Prism 4 program (GraphPad),

I-Labeled ␣-Bungarotoxin Binding Assays—125I-Labeled
␣-bungarotoxin (125I-labeled ␣-BgTx) (PerkinElmer Life Sciences) binding assays were performed immediately after the
voltage clamp measurement for the same intact oocytes.
Oocytes were incubated in 20 nM 125I-labeled ␣-BgTx, 5 mg/ml
bovine serum albumin, MOR-2 without EGTA, and in the
absence of agonist at room temperature for 2 h. Non-injected
oocytes were incubated under the same conditions to measure
nonspecific binding. The excess of toxin was removed by washing each oocyte with 25 ml of MOR-2 without EGTA. Calibration curves were plotted with radioactivity (counts/min) as a
function of concentration 125I-labeled ␣-BgTx (fmol). Calibration curves were used to determine the AChR expression levels
in each oocyte. Radioactivity was measured using a Beckman
5500 ␥ counter (Beckman Coulter).
Normalized Macroscopic AChR Response—The normalized
response (nA/fmol) of each oocyte was assessed as the ratio of
the macroscopic peak current (nA) generated at 300 M ACh to
the superficial 125I-labeled ␣-BgTx binding (fmol).
Statistical Analysis—Each ␣M3-mutant was compared
against the WT for each parameter using a one-way analysis of
variance with Dunnett’s post-test performed in the GraphPad
Prism 4 program (see Table 1). The mean of the number of
residues per turn of the closed- and open-channel states was
compared using an unpaired t test with Welch’s correction
through the GraphPad Prism 4 program.
Periodicity Profiles—The number of residues per helical turn
for the closed- and open-channel states was determined by the
AChR expression and ACh EC50 periodicity profiles, respectively (see Fig. 2, A–D). The AChR expression of each mutant
was standardized to the change in amino acid volume (Å3)
caused by each tryptophan substitution (fmol/Å3). Standardized expression (Xstandardized) was calculated as,
125
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TABLE 1
Biophysical parameters of the wild type and ␣M3-mutant AChRs

Values are given as the mean ⫾ S.E. for each parameter and was calculated using 15–27 oocytes. ND means no detectable current.
AChR type

Expression level

EC50

fmol

M

2␣1␤1␦⑀ (wild type)
2␣1(L279W)␤1␦⑀
2␣1(F280W)␤1␦⑀
2␣1(T281W)␤1␦⑀
2␣1(M282W)␤1␦⑀
2␣1(V283W)␤1␦⑀
2␣1(F284W)␤1␦⑀
2␣1(V285W)␤1␦⑀
2␣1(I286W)␤1␦⑀
2␣1(A287W)␤1␦⑀
2␣1(S288W)␤1␦⑀
2␣1(I289W)␤1␦⑀
2␣1(I290W)␤1␦⑀
2␣1(I291W)␤1␦⑀
2␣1(T292W)␤1␦⑀
2␣1(V293W)␤1␦⑀
2␣1(I294W)␤1␦⑀
2␣1(V295W)␤1␦⑀
2␣1(I296W)␤1␦⑀

0.33 ⫾ 0.02
0.5 ⫾ 0.1
0.12 ⫾ 0.03
0.4 ⫾ 0.1
0.24 ⫾ 0.02
0.26 ⫾ 0.06
0.20 ⫾ 0.01
0.13 ⫾ 0.02
1.1 ⫾ 0.2c
0.30 ⫾ 0.03
0.1 ⫾ 0.2
0.66 ⫾ 0.09c
0.34 ⫾ 0.01
1.28 ⫾ 0.09c
0.08 ⫾ 0.03
0.05 ⫾ 0.04b
0.07 ⫾ 0.04b
0.21 ⫾ 0.05
0.29 ⫾ 0.04

46 ⫾ 2
3 ⫾ 1c
50 ⫾ 2b
ND
ND
16 ⫾ 1c
10 ⫾ 1c
ND
41 ⫾ 1c
37 ⫾ 1c
ND
4 ⫾ 1c
16 ⫾ 1c
22 ⫾ 1c
ND
ND
42 ⫾ 1b
ND
ND

Normalized responsea

Hill coefficient

Imax
⫺nA

⫺nA/fmol

1.5 ⫾ 0.5
1.4 ⫾ 0.6
1.3 ⫾ 0.3
ND
ND
1.3 ⫾ 0.2
1.0 ⫾ 0.6
ND
2.7 ⫾ 0.5c
1.4 ⫾ 0.6
ND
0.9 ⫾ 0.2
1.4 ⫾ 0.6
1.2 ⫾ 0.1
ND
ND
2⫾1
ND
ND

2402 ⫾ 288
855 ⫾ 53c
743 ⫾ 82c
ND
ND
61 ⫾ 3c
2923 ⫾ 276c
ND
9190 ⫾ 427c
4005 ⫾ 345c
ND
310 ⫾ 21c
6692 ⫾ 174c
6093 ⫾ 195c
ND
ND
558 ⫾ 68c
ND
ND

5649 ⫾ 625
3374 ⫾ 367c
8514 ⫾ 1526c
ND
ND
406 ⫾ 36c
10046 ⫾ 536c
ND
10084 ⫾ 735c
9178 ⫾ 490c
ND
538 ⫾ 36c
13418 ⫾ 276c
4847 ⫾ 189b
ND
ND
4444 ⫾ 735c
ND
ND

The normalized response (nA/fmol) of each oocyte was assessed as the ratio of the macroscopic peak current (nA) generated at 300 M ACh to the superficial 125⌱-labeled
␣-BgTx binding (fmol).
b
0.01 ⱕ p ⬍ 0.05.
c
0.001 ⱕ p ⬍ 0.01.
a

p
⫻⌬⫹b
n

RESULTS
(Eq. 4)

where ⌬ is the number of amino acids between the positions of
the residue and anterior peak, b is the magnitude of the maximum rise in the anterior helical turn (thus, the rise at 360°), and
the helical pitch (p) per helical turn was estimated through p
(Å) ⫽ ⫺1 ⫻ n ⫹ 9 (n is the number of residues per helical turn).
Molecular Modeling—The structural models of the closedand open-channel states were built with the periodicity profile
data using the Deep Viewer/Swiss-PdbViewer 3.7 program
(Swiss-Pdb Viewer). The backbone of each helical structure was
adjusted to the number of residues per helical turn determined
by periodicity profiles using,
3 cos ⍀ ⫽ 1 ⫺ 4 cos2

冉 冊
⫹
2

(Eq. 5)

where ⍀ is rotation angle per residue, and  and  are backbone
dihedral angles. The helical structures were energetically minimized. The backbones of the helical structures were superimposed to compare their structure. The quality of the superimposition between two helical structures was evaluated by
calculating the root mean squared deviation. The mobility of
the backbone atoms between helical structures was displayed
using B-factor in the superposed models. The length (h), helical
pitch (p), and helical rise per amino acid (d) of the helical structure were calculated through the Deep Viewer/Swiss-PdbViewer 3.7 program. The radio (r) of the helical structure was
estimated using r2 ⫽ (p/2)2 ⫹ d2, considering the helical structure as a cylinder. The volume (V) of the helical structure was
assessed using V ⫽ r2h. Molecular graphics generated in the
Swiss-PdbViewer program were exported to the PyMOLTM
Molecular Graphics System program (DeLano Scientific LLC)
(see Fig. 3) to produce images of the highest quality.
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Functional Characterization of the ␣M3 Mutations—All the
␣M3 mutants showed different AChR expression levels (Table
1). Two of the ␣M3 mutations (V293W and I294W) displayed a
significant reduction in the AChR expression levels compared
with WT. Although the other four mutations displayed an
apparent reduction in AChR expression levels (i.e. F280W,
V285W, S288W, and T292W), a detailed statistical analysis
shown in Table 1 suggests that the expression of these mutants
is not significantly different from WT. The other three mutations (I286W, I289W, and I291W) showed 200 – 400% higher
AChR expression levels compared with WT, suggesting a facilitation of oligomerization and/or assembly induced by these
mutations. The remaining nine mutations (L279W, T281W,
M282W, V283W, F284W, A287W, I290W, V295W, and
I296W) exhibited similar AChR expression levels as WT. These
expression results have demonstrated that a bulky side chain
can be accommodated along the ␣M3 transmembrane
domain of the muscle-type AChR, although eight mutations
(T281W, M282W, V285W, S288W, T292W, V293W,
V295W, and I296W) were incapable of eliciting ACh-induced currents (Fig. 1B and Table 1). This loss of ion channel
function in the aforementioned mutations could be a consequence of the steric hindrance introduced by the bulky tryptophan side chain.
All the mutations that produced functional AChRs showed a
typical sigmoidal ACh dose-response curve except I286W and
I289W, which exhibited steeper and shallower curve profiles,
respectively (Fig. 1C). The dose-response behavior of I286W
and I289W suggests a notable change in the allosteric properties of the AChR. Four mutations (I286W, A287W, I290W, and
I291W) enhanced the maximum macroscopic response by
150 – 400% compared with WT (Table 1). The remaining six
mutations (L279W, F280W, V283W, F284W, I289W, and
I294W) significantly reduced the maximum macroscopic
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Five mutations (F280W, F284W,
I286W, A287W, and I290W)
showed the highest normalized
response with low (i.e. F280W) or
normal AChR expression levels and
typical sigmoidal AChR response
(Fig. 1D), except I286W, which considerably increased the AChR
expression level and the functional
response (Table 1). Three of those
mutations (F280W, I286W, and
A287W) exhibited normal potency
(ACh EC50 values) relative to WT;
on the contrary, A287W and I290W
displayed the lowest ACh EC50 values. Mutations with the same AChR
expression level as WT showed both
a lower (i.e. V283W) and a similar
(i.e. S279W) macroscopic response
relative to WT. The normalized
response results of the ␣M3 mutations have demonstrated that the
tryptophan effect on the ion channel function of the AChR seems to
depend on the mutation itself rather
than in the variation of the AChR
FIGURE 2. Periodicity profiles of AChR expression and ACh EC50 of the Torpedo and muscle-type AChRs. expression levels (25, 34).
A and C show the periodicity profiles of the muscle-type AChR ␣M3 domain (red line) in the closed- (A) and
Structural Characterization of
open-channel (C) states. The values inside the boxes indicate the number of residues per helical turn between
the adjacent maximums and minimums peaks. B and D illustrate the different oscillatory patterns of the the ␣M3 Domain—The periodicTorpedo (black dashed line) and muscle-type (red line) AChRs in the closed- and open-channel states. B displays ity of AChR expression (fmol/Å3)
the muscle-type AChR plot with a magnification factor of 10 times (⫻10).
revealed structural information of
the ␣M3 domain for the closed state
response, except F284W, which displayed a response similar to given that oocytes are incubated in an excess of toxin (⬃2 ⫻
WT. Although the normalized macroscopic response was 107-fold) to assure that all AChR in the oocyte surface are comincreased by five mutations (F280W, F284W, I286W, A287W, pletely blocked by the toxin (see “Experimental Procedures”).
and I290W), it was drastically decreased by V283W and I289W Moreover, after ␣-BgTx incubation, oocytes do not display
(Table 1). The remaining three mutations (L279W, I291W, ACh-induced currents at any concentration of the agonist;
and I294W) displayed a normalized macroscopic response thus, this is a clear indication that under these conditions all of
analogous to WT. The potency to acetylcholine (as measured the AChRs on the oocyte surface are bound with 125I-labeled
by EC50) was enhanced by 6 mutations (L279W, V283W, ␣-BgTx. In contrast, the periodicity profile from ACh EC50
F284W, I289W, I290W, and I291W) from 200 to 1500% (M) values revealed structural information of the ␣M3 domain
compared with WT (Fig. 1C). The reduction in EC50 values for the open-channel state given that the EC50 value estimates
could be due to changes in affinity and/or efficacy of acetyl- the functional state of the AChR. The periodicity profile of the
choline. On the other hand, 4 other mutations (F280W, closed state showed an ordered oscillation at the middle and
I286W, A287W, and I294W) exhibited similar potency as rather disordered oscillation near its terminals, whereas the
WT. The present data suggest that tryptophan substitutions periodicity profile of the open-channel state displayed an
at positions ␣Leu-279, ␣Val-283, and ␣Ile-289 produce a ordered oscillation along all positions of the ␣M3 domain (Fig.
negative allosteric modulation given that these three muta- 2, A and C). The ordered oscillatory pattern observed at the
tions exhibit a decrease in macroscopic currents response center of the closed state (i.e. positions ␣Val-285 through ␣Ilewhile displaying increased AChR expression levels and ACh 289) is consistent with a 310 helical motif (61). Similar oscillapotencies (Table 1). In contrast, mutations F284W, I287W, tory patterns of 310 helical structures containing 3– 6 amino
I290W, and I291W displayed a gain-of-function response; acids have been found in membrane-spanning domains of sevtheir EC50 values shifted to lower ACh concentrations, eral membrane protein structures such as complex (oxireducwhile the peak currents and/or the normalized responses tase/antibody) (62, 63), hydrolase (64, 65), lipid transporter
were larger than WT. Interestingly, residues ␣Phe-284 and (66), mechanosensitive channel (67), membrane protein (68),
␣Ile-287 have been labeled as exposed to the membrane lip- oxidoreductase (69), oxireductase (70, 71), photosynthesis proids (10); therefore, these residues are believed to be hydro- tein (72), signaling protein (73–77), and transport protein (78).
The irregular oscillatory pattern presented at the ends of the
phobic allosteric sites (25, 32).
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of the muscle-type AChR. In addition, the helical net diagrams built
with the periodicity profile data of
the open-channel state (Fig. 2C)
localize the ␣M3 mutants that produced gain-of-function and nonfunctional AChRs in different
ranges of rotation angle (Fig. 4, A
and C). The ␣M3 mutants that produced non-functional AChRs display an oscillation of ⬃3.5 residues/
turn in the periodicity profile (Fig.
2C), are confined within a range of
180° (rotation angle) in the helical
net diagrams (Fig. 4, A and C), and
are clustered in the same face of the
“open-channel state model” (Fig. 4,
B and D). Together these data indicate that the ␣M3 domain preserves
a helical secondary structure in the
open-channel state. An apparent
outlier is I289W, which is found in
the region where all the non-functional AChRs are clustered; however, this mutant exhibits one of the
lowest macroscopic peak currents.
FIGURE 3. ␣M3 structural models of the muscle-type AChR. A and B show the helical structure of the ␣M3 The fact that all the non-functional
domain in the closed- (A) and open-channel (B) states using the data of the periodicity profiles of the closedmutants are oriented toward the
and open-channel states, respectively (see Fig. 2, A and C). Purple dashed dots represent hydrogen bonds.
C shows the B-factor of the superposition between ␣M3 models. The B-factor is an atomic displacement same face of the helix suggests a
parameter that reflects the degree of mobility of an atom in the protein structure (82). The colors and thickness higher degree of packing within this
emphasize the conformational change of the backbone atoms in the superposed helical structures of the ␣M3
models. The root mean square deviation of the fit was 3.307 Å in 72 atoms. The root mean square deviation region of the helix, presumably
parameter estimates the quality of the fit between two superposed protein structures.
toward the interior of the protein. It
is noteworthy that ␣Leu-279 and
periodicity profile for the closed state suggests a disorganized ␣Ile-296, which are localized at the extremes of the periodicity
helical structure of the ␣M3 domain. These findings agree with profile of the open-channel state, cannot be taken as real minthe NMR model of the ␣M3 peptide from Torpedo AChR that imum and maximum oscillatory peaks, respectively (Fig. 2C).
presented fewer constraints in both termini of the helical struc- As a consequence, in the helical net diagrams, the last helical
ture (79). It is noteworthy that the NMR model of the ␣M3 turn of the maximum oscillatory peaks diagram (upper segment,
peptide might not necessary reflect the structure of the ␣M3 Fig. 4A) and the first helical turn of the minimum oscillatory
domain in the native receptor. The periodicity profiles of the peaks diagram (lower segment, Fig. 4C) does not represent an
␣M3 domain in the closed- and open-channel states illustrate accurate location of the gain-of-function and non-functional
oscillatory patterns of 2.36 ⫾ 0.33 and 3.25 ⫾ 0.72 amino acids mutants, respectively. This particular observation shows the
per helical turn, respectively, revealing a thinner-elongated hel- limitation of the helical net diagram analysis at the extremes of
ical structure for the closed state and a thicker-shrunken helical the helix, where it is very difficult to extrapolate a maximum
structure for the open-channel state (Figs. 2, A and C, and 3, A and/or minimum oscillatory peak.
Structural Differences between the Torpedo and Muscle-type
and B). The difference in oscillation patterns between the periodicity profiles of the closed- and open-channel states was ␣M3 Domains—In the study by Guzman et al. (32) there are not
observed to be about ⬃1.0 amino acid per helical turn, indicat- enough amino acid positions in the C terminus side of the Toring a substantial conformational change (p value ⫽ 0.0041) pedo AChR ␣M3 domain to allow for a complete comparison
along the ␣M3 domain as a consequence of channel activation with the muscle-type AChR. However, we compared the ␣M3
of the AChR (Fig. 3C). The observed structural alteration could domains from ␣Leu-279 through ␣Ile-290, which include the N
potentially affect the formation patterns of internal hydrogen terminus and a large fraction at center of the helix. The closed
bonds, the structural stabilization of the helix, the lipid-protein state profiles for both AChR species displayed similar harmointeractions, and/or the structural constraints with other trans- nized oscillatory patterns at residues ␣Val-283 through ␣Alamembrane domains (Fig. 3, A and B). Similarly, the different 287 (Fig. 2B). In contrast, in the region of the N terminus and at
sizes of helical structures of the ␣M3 domain for the closed- and residues ␣Ser-288 through ␣Ile-290, the oscillatory patterns are
open-channel states suggest that the helical structure displays a markedly different in both AChR species (Fig. 2B), suggesting
spring motion between the different conformational states that these two AChR species have different space requirements
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␣M3, ␣M4, ␤M3, ␥M3, and ␥M4
lipid-exposed domains of the AChR
(25, 27, 32–35). Here, we provide
both functional and structural
interpretations for the ␣M3 TrpScanM in correlation with previous
TrpScanM studies, photolabeling
affinity studies (10, 12), and the
most recent T. marmorata AChR
structure (6). In addition, we examine the functional and structural differences between the ␣M3 domains
of the Torpedo and muscle-type
receptors AChR.
Functional Interpretation of the
␣M3 Tryptophan Scanning—In
contrast to our previous studies (25,
27, 32–35), we have found 6 mutations (␣F280W, ␣V285W, ␣S288W,
␣T292W, ␣V293W, and ␣I294W)
that produce significant reductions
in the AChR expression levels, suggesting a reduced efficiency of
assembly and/or oligomerization of
the AChR. Previously, 3-trifluoromethyl-3-(m-[125I]iodophenyl)diazirine) photolabeling studies in the
Torpedo californica AChR suggested that these residues are oriented toward the AChR interior,
away from the lipid membrane (10).
Consistent with the study performed in the T. californica AChR
␣M3 domain (32), the mutations
␣F280W, ␣V285W, and ␣S288W
also displayed dramatic reductions
in the AChR expression levels, sugFIGURE 4. Localization of the ␣M3-mutants of the muscle-type AChR in the open-channel state. A and C gesting that these positions are critexhibit the helical net diagrams of the amount of amino acids per helical turn between the adjacent maximum
(A) and minimum (C) oscillatory peaks of the periodicity profile of the muscle-type AChR ␣M3 domain in the ical to the AChR assembly and/or
open-channel state (see Fig. 2C). The gray box delimits the area of the ␣M3-mutants that produced non- oligomerization.
functional (blue circle) and gain-of-function (green circle) AChRs using the data of the open-channel state
The high number of mutations
profile (see Fig. 2C). B and D display the ␣M3 mutants that produced non-functional (cyan stick with surface
that
resulted in non-functional
side chains) and gain-of-function (green stick with sphere side chains) AChRs using the open-channel state
model (see Fig. 3B).
AChRs (ND in Table 1) suggests
that the ␣M3 domain is more tightly
at these regions. The open-channel state profiles showed syn- packed toward the AChR interior than our previous TrpScanM
chronized oscillatory patterns with a prominent shift at the studies (25, 32, 34, 35). According to the cryoelectron microlower half region, from ␣Val-285 to ␣Ile-289 (Fig. 2D). In this scopic data, the high density of non-functional mutations from
region, the Torpedo AChR displayed a larger periodicity (4.39 ␣Thr-292 to ␣Ile-296 residues is expected due to a highly conresidues per helical turn) than the muscle-type AChR (3.56 res- stricted space among all the AChR transmembrane domains
idues per helical turn), suggesting that Torpedo has a wider near the cytoplasmic side (6). Of the eight non-functional
helical turn than muscle-type in the open-channel state. In mutations, four mutations (␣V285W, ␣S288W, ␣T292W, and
addition, Torpedo AChR also present an additional hydroxyl ␣V293W) displayed very low AChR expression levels, which
group from the ␣Ser-287 residue, which could generate a dif- could lead to the observed loss of ion channel function of the
AChR. Three of these mutations (␣V285W, ␣S288W, and
ferent pattern of hydrogen bond in this region (Fig. 1A).
␣T292W) are localized at positions that have been previously
DISCUSSION
proposed to form two extremely stable internal hydrogen
In previous studies we have demonstrated that the trypto- bonds; therefore, we suggest that the disruption of these bonds
phan residue, the biggest amino acid, can be inserted along the could lead to destabilization of the helical structure and the
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␣M3 superimposition model displays moderate conformational changes (helical thickness) along the ␣M3 domain of the
muscle-type AChR. These localized conformational changes
could be a consequence of the number of internal hydrogen
bonds that are broken and/or formed in the helical structure
(Fig. 3, A–C). Also, the colors in the ␣M3 superimposition
model suggest a disorganized pattern of structural displacements between the closed- and open-channel ␣M3 conformations (Fig. 3C). In addition, the open-channel state model presented a 20% larger volume than the closed state model,
suggesting structural displacements by the ␣M3 domain in
the open-channel state of the AChR (Fig. 3, A and B). Therefore, the expansion of the ␣M3 helical structure will further
increase the structural constrain at the membrane-spanning
region of the AChR in the open-channel state. The open statechannel model also shows that all the “non-functional” and
gain-of-function residues are clustered in opposite sides of the
helix; however, the non-functional positions cover ⬃50% of the
circumference surface of the helical structure (Figs. 4, A–D).
These findings suggest that the movement of the bulky tryptophan side chain at these positions during gating transitions of
the AChR will affect key helix-helix contacts; thus, the present
model built from periodicity profile data is consistent with the
functional data gathered from the TrpScanM approach.
Comparison between Torpedo and Muscle-type ␣M3
Domains—Although the ␣M3 domain is the most conserved
among lipid-exposed transmembrane domains, a homology
sequence alignment of the ␣M3 domains showed three residues
(␣Val-283, ␣Ala-287, and ␣Ile-294) that are not conserved
between Torpedo and muscle-type AChRs (Fig. 1A). Also, we
previously found functional divergence between these receptors at positions ␣Phe-284, ␣Ala-287, and ␣Ile-290 (32, 33). In
the present study the prominent periodicity shift in the periodicity profile of the open-channel state that occurs from positions ␣Val-285 to ␣Ile-289 is consistent with these functional
divergences (Fig. 2D). Moreover, the S288W mutant in the Torpedo receptor displayed a reduced functional response, whereas
for the muscle-type receptor it leads to a non-functional AChR
(Table 1). However, the I289W mutant in the muscle-type
receptor led to a reduced functional response, whereas the
same mutation in the Torpedo receptor produced a non-functional AChR (32). We suggest that at this particular region there
could be differences in helical packing, pattern of internal
hydrogen bonds, and/or stability of the helical structure (conformational rigidity) in the open-channel state that could contribute to divergence in the ion channel function of both AChR
species.
Concluding Remarks—The present ␣M3 TrpScanM demonstrates that the ␣M3 domain plays a pivotal role in the ion
channel gating of the muscle-type AChR. These results support
the notion that the ␣M3 domain undergoes a spring motion
during ion channel activation indicating a significant conformational change. There are remarkable functional and structural differences between the ␣M3 muscle type and the Torpedo AChR (32, 33). We suggest that some of the localized
structural differences in the ␣M3 between these two receptors
could contribute to these functional differences.
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functional dynamics of the ␣M3 domain (79). The loss of ion
channel function of the remaining four mutations (␣T281W,
␣M282W, ␣V295W, and ␣I296W) that displayed similar AChR
expression levels as WT could be due to intra- and/or intertransmembrane interactions that stabilize the open-channel
state of the AChR. Also, the non-functionality of two of these
mutations (␣M282W and ␣V285W) agree with the previous
␣M3 Torpedo study (32), thus suggesting that ␣Met-282 and
␣Val-285 are critical constraint positions in both AChR species.
Furthermore, previous mutations at the ␣Val-285 position
revealed that changes in stereochemistry and volume at this
site affect the ion channel function of the AChR (23, 32, 33).
We have previously demonstrated that a single tryptophan
substitution in the lipid-exposed domains can enhance the ion
channel function of the AChR (17–21, 24, 25, 27, 32–35). In
contrast, the introduction of the tryptophan residue significantly reduced the macroscopic response in five mutations
(␣L279W, ␣F280W, ␣V283W, ␣I289W, and ␣I294W), suggesting an impaired ion channel function of the AChR. Moreover,
␣L279W, ␣V283W, and ␣I289W resulted in a significant inhibition of the ion channel function, producing sufficient AChR
expression levels; therefore, the reduced peak currents were
very likely due to the lock up of AChRs in a dysfunctional conformation. Another possible explanation is that the fraction of
these mutated receptors in the resting conformation was significantly reduced compared with WT. On the other hand,
␣F280W and ␣I294W showed a significant decrease in the peak
currents and in the AChR expression levels, which suggests a
decrease in the efficiency of assembly and/or oligomerization of
the receptor.
The increase in the macroscopic response of four mutations
(␣I286W, ␣A287W, ␣I290W, and ␣I291W) suggests an
enhancement in the modulation and/or ion channel properties
of the AChR. In a previous study ␣S287W and ␣I290W were
also identified as gain-of-function mutations in the muscletype AChR (33). The enhancement of ion channel function by
␣I286W and ␣I291W could be related to the observed increase
in the AChR expression levels despite having different ACh
EC50 values and normalized responses. Overall, the functional
data of the ␣M3 mutations have demonstrated that the ␣M3
domain plays a pivotal role in the ion channel gating of the
muscle-type AChR.
Structural Interpretation of the ␣M3 Domain; Closed- Versus
Open-channel States—In the present study the tryptophan
periodicity profiles of the ␣M3 domain display distinctive
structural differences between the closed- and open-channel
states of the muscle-type AChR. These profiles indicate two
different helical structures; a thinner-elongated helix for the
closed state (Fig. 3A) and a thicker-shrunken helix for the openchannel state (Fig. 3B). The number of amino acids per helical
turn of the tryptophan periodicity profiles served as a template
to build the “closed-” and “open-channel state” models (Figs. 2,
A and C, and 3, A and B). The superimposition of the closedand open-channel state models provided information of the
conformational change of the ␣M3 domain during channel
activation of the AChR. The comparison between the structural
models revealed the conformational changes undergone by the
␣M3 domain, emphasized in colors and thickness (Fig. 3C). The
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One hypothetical model that could be considered based on
the present results is that the helical structure in the closed state
could be tilted with respect to the membrane bilayer and/or to
its actual position in the open-channel state. The main argument to support this hypothetical model is based on the estimated length of the helix, which suggests an expansion in the z
axis of ⬃8 –10 Å in the closed state. The longitudinal expansion
in the z axis predicts that the helix within a lipid bilayer of
constant thickness (80) could be tilted to minimize the exposition of the terminal hydrophobic amino acid residues into an
aqueous environment. This hypothetical model is supported by
two independent studies. First, in the positive hydrophobic
mismatch condition, i.e. a protein hydrophobic length that is
greater than the thickness of the lipid hydrophobic region, simulated of transmembrane peptides in lipid bilayers, can adopt
various tilt angles to reduce the exposure to polar environment
(81). Second, the highest number of incorporation sites by a
photoactivable hydrophobic probe, 3-trifluoromethyl-3-(m[125I]iodophenyl)diazirine, into the lipid-exposed domains of
the AChR in the absence of carbamylcholine (agonist analogue)
indicates that the surface of the lipid-AChR interface in the
resting state is larger than in the desensitized state (12). These
3-trifluoromethyl-3-(m-[125I]iodophenyl)diazirine-labeling data
are consistent with the tilted helix in the closed state given that
the ␣M3 domain has a greater longitudinal surface area to make
contact with the membrane lipids (12).
Our long-term goal is to extend the same analysis to the
entire lipid-exposed transmembrane domains (i.e. M3 and M4)
of the AChR to test the proposed model of a spring motion in
the ␣M3 domain. A detailed analysis of these domains will provide information to establish potential differences in spatial orientation, allosteric sites, constraint sites, and helical patterns of
each domain in the closed- and open-channel states. Nevertheless, from the previous TrpScanM studies (25, 32, 34, 35), it
seems evident that this ␣M3 domain has a unique pattern that
is consistent with a spring motion. The proposed spring model
suggested in the present study represents a framework for comparative studies with other ligand-gated ion channel receptors.
Ultimately, decoding the complex network of lipid-protein
interactions may lead to an understanding of the dynamics of
conformational transitions of membrane proteins.
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