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Introduction

The five muscarinic acetylcholine receptors (M1–M5) belong to
the family of G-protein-coupled receptors (GPCRs) and play a
critical role in a wide range of diseases, including cognitive
dysfunctions such as Alzheimer’s disease,[1] schizophrenia, and
Parkinson’s disease,[2] as well as smooth-muscle disorders such
as overactive bladder, irritable bowel syndrome, and chronic
obstructive pulmonary disease.[3] Significant effort has been fo-
cused on identifying M1 agonists and M2 antagonists as a po-
tential treatment of Alzheimer’s disease by stimulating the
cholinergic system.[1,4] The rationale for developing M1 ago-
nists is based on the role of acetylcholine in learning and
memory function and the finding that cholinergic neurons de-
generate in patients of Alzheimer’s disease. The development
of muscarinic M1 receptor agonists for the treatment of cogni-
tive dysfunctions resulted in a series of drug candidates, but
many were discontinued because of undesirable side effects
from cross-reactivity to other receptor subtypes.[1] Such rela-
tively poor selectivity of compounds displaying muscarinic ag-
onist activity might be expected in view of the high sequence
identity (63%) within the transmembrane (TM) regions among
the five human muscarinic receptor subtypes. To decrease
these side effects, it would be useful to apply structure-based

drug-design methods to develop drugs with improved subtype
specificity. Unfortunately there is currently no crystal structure
available for any muscarinic receptor subtype of any species.
The only GPCR for which there is an experimental 3D structure
is bovine rhodopsin,[5] but its sequence identity to the recep-
tors M1–M5 (16% overall and 21% in the TM regions for the
M1 receptor) is too low for homology methods to predict suffi-
ciently accurate structures to aid in structure-based drug
design. Consequently, the use of M1 homology models in vir-
tual ligand screening has led to poor hit rates for agonists and
antagonists.[6]
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The muscarinic acetylcholine G-protein-coupled receptors are im-
plicated in diseases ranging from cognitive dysfunctions to
smooth-muscle disorders. To provide a structural basis for drug
design, we used the MembStruk computational method to pre-
dict the 3D structure of the human M1 muscarinic receptor. We
validated this structure by using the HierDock method to predict
the binding sites for three agonists and four antagonists. The in-
termolecular ligand–receptor contacts at the predicted binding
sites agree well with deductions from available mutagenesis ex-
periments, and the calculated relative binding energies correlate
with measured binding affinities. The predicted binding site of all
four antagonists is located between transmembrane (TM) heli-
ces 3, 4, 5, 6, and 7, whereas the three agonists prefer a site in-
volving residues from TM3, TM6, and TM7. We find that
Trp157(4) contributes directly to antagonist binding, whereas
Pro159(4) provides an indirect conformational switch to position
Trp157(4) in the binding site (the number in parentheses indi-

cates the TM helix). This explains the large decrease in ligand
binding affinity and signaling efficacy by mutations of Trp157(4)
and Pro159(4) not previously explained by homology models. We
also found that Asp105(3) and aromatic residues Tyr381(6),
Tyr 404(7), and Tyr408(7) are critical for binding the quaternary
ammonium head group of the ligand through cation–p interac-
tions. For ligands with a charged tertiary amine head group, we
suggest that proton transfer from the ligand to Asp105(3) occurs
upon binding. Furthermore, we found that an extensive aromatic
network involving Tyr106(3), Trp157(4), Phe197(5), Trp378(6),
and Tyr381(6) is important in stabilizing antagonist binding. For
antagonists with two terminal phenyl rings, this aromatic net-
work extends to Trp164(4), Tyr179(extracellular loop 2), and
Phe390(6) located at the extracellular end of the TMs. We find
that Asn382(6) forms hydrogen bonds with selected antagonists.
Tyr381(6) and Ser109(3) form hydrogen bonds with the ester
moiety of acetylcholine, which binds in the gauche conformation.
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We report herein the 3D structure of human M1 muscarinic
receptor predicted with the MembStruk computational
method. MembStruk starts with the primary sequence for the
target and uses alignments with related GPCRs to predict the
seven transmembrane regions, including the hydrophobic
center for each TM region (used to determine the z position
for each TM in the same plane) and the amphoteric moment
used to orient the axis of each TM so that the hydro-
phobic parts project into the lipid environment.
These TM translations and orientations are combined
with the x,y positions and helical tilts from the low-
resolution structure (7 E) of frog rhodopsin[7] to
obtain a starting structure. This structure is optimized
by using a hierarchical strategy involving Monte
Carlo and molecular dynamics methods to optimize
the TM regions within a lipid environment, including
optimization of all internal coordinates. This proce-
dure (MembStruk 4.0) generates an ensemble of low-
energy favorable packing conformations of the TM
domains. Selection of these low-energy conforma-
tions is based on total energy calculated with an all-
atom force field, the number of interhelical hydrogen
bonds, and the number of salt bridges to determine
the rotational orientation of the TM regions.
We then used the HierDock method to predict the

ligand binding sites and energies for seven structural-
ly distinct agonists and antagonists of the M1 recep-
tor. The HierDock method makes no assumptions on
the binding site and performs an unbiased search of
the receptor space to predict the binding site and
calculate the binding energies. The MembStruk and HierDock
methods have been validated for bovine rhodopsin,[8,9] human
b2 adrenergic receptor,[10] human D2L dopamine receptor,

[11]

and mouse and human olfactory receptors,[12–15] for which the
predicted binding sites are in good agreement with the experi-
mental results.
The predicted ligand–protein structures were then validated

by comparison with extensive mutagenesis and ligand binding
data available for the muscarinic receptors, especially the M1
receptor,[16–21] for which there is excellent agreement for both
agonists and antagonists. The calculated relative binding ener-
gies also correlate well with measured ligand binding affinities.
Herein, we show the binding sites for each agonist and antag-
onist studied, including extensive comparisons with results
from known mutagenesis and binding experiments. In addi-
tion, we discuss possible mechanisms for receptor activation
by comparing the agonist and antagonist binding. We also
suggest new mutation candidates that we predict would affect
antagonist binding.
This study provides the structural insight for improved un-

derstanding of the M1 receptor and its binding sites. Similar
studies are underway for the other four subtypes of muscarinic
receptors. We anticipate that such results could enable the de-
velopment of subtype-specific agonists and antagonists with
diminished side effects.

Results

Predicted structure of the human M1 receptor

We predicted the 3D structure of M1 with the MembStruk 4.0
method described in the Computational Methods section. This
structure is shown in Figure 1 along with the binding site for a

classic antagonist, the S-(�) enantiomer of N-methylscopola-
mine (NMS), predicted with the HierDock method (discussed
below). The helical bending angles and helical tilt of the pre-
dicted M1 structure are listed in Table 1 of the Supporting In-
formation.
The hydrophobicity profile of the multiple sequence align-

ment used for predicting the boundaries of the TM regions of
the M1 receptor is shown in Figure 1 of the Supporting Infor-
mation. The position of maximum hydrophobicity in the hy-
drophobicity profile of each TM helix is called the TM hydro-
phobic center. Table 1 lists the TM regions and the hydropho-
bic center of each helix predicted by MembStruk hydrophobic-
ity profiling and capping procedures.[9] To validate the predict-
ed structure, we used the HierDock 2.0 method[8] to predict
the binding sites and binding energies for three agonists and
four antagonists (Table 2).

Predicted binding sites for agonists and antagonists in the
human M1 receptor

Scanning the entire M1 receptor for binding sites

To locate the binding region of the agonists and antagonists,
the void space in the entire receptor structure was partitioned
into 27 regions (each 10J10J10 E3), and the method for scan-
ning the entire receptor for binding sites (Computational
Methods, below) was used to determine the preferred binding

Figure 1. a) Side view of antagonist NMS binding to M1. b) Top view of NMS binding to
M1. c) Residues within 4 E of the binding site of NMS. The numbers in parentheses refer
to the TM helix to which the residues belong. Distances (E) of the important interactions
between NMS and the M1 binding site residues are indicated.
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region of agonists and antagonists. The ligands used for deter-
mining the binding region included NMS, QNB, acetylcholine,
tetramethylammonium, and 4-DAMP. For each ligand, we con-
sidered the five most stable conformations; among those, at
least 80% of the ligand surface area was buried. This was used
to select the best binding region for subsequent docking of all
ligands. Next, we docked all agonists and antagonists into this
best-binding region, leading to a detailed binding site with as-
sociated binding energies that were calculated with HierDock
2.0.

Predicted binding site for the antagonist
N-methylscopolamine (NMS)

Figure 1 shows the HierDock-predicted binding site of the bio-
logically active (S)-(�) enantiomer of the NMS antagonist in
the predicted M1 receptor structure. Figure 1a and 1b show
that NMS binds between TM helices 3, 4, 5, 6, and 7. Figure 1c
shows the residues within 4 E of the NMS ligand. The charged
quaternary ammonium head group forms an electrostatic in-
teraction with Asp105(3) at a distance of 3.5 E. NMS interacts
with surrounding aromatic residues, including Tyr404(7),
Tyr408(7), Trp101(3), and Tyr381(6) through cation–p interac-
tions.[22] The hydroxymethyl group on the tropic acid side
chain of NMS is hydrogen bonded to Asn382(6) at a distance
of 2.9 E. The carbonyl group of the ester moiety is hydrogen
bonded to Ser109(3) at a distance of 2.8 E. The phenyl group
at the tropic acid side chain of NMS interacts with the sur-
rounding aromatic residues Tyr106(3), Trp157(4), Trp378(6),
and Phe197(5). (Figure 3c highlights the favorable aromatic–
aromatic interactions between the negatively charged carbon
atoms at the NMS phenyl group and the positively charged hy-
drogen atoms of Tyr106(3) and Trp157(4) aromatic rings.)

Predicted binding site for the antagonist 4-DAMP

The binding site of the antagonist 4-diphenylacetoxy-N-meth-
ylpiperidine methiodide (4-DAMP) is located between the TM
helices 3, 4, 5, 6, and 7, as indicated in Figure 2a, which shows
the 4-E binding site of 4-DAMP. The quaternary ammonium
head group forms a weak electrostatic interaction (distance=
3.8 E) with Asp105(3) as expected for a quaternary ammonium
group. The surrounding aromatic residues Tyr404(7), Tyr408(7),
and Tyr381(6) interact with the ligand head group through
cation–p interactions (Figure 2a). The carbonyl group of the
ester moiety forms a hydrogen bond to Ser109(3) (d=2.9 E).
Ser109(3) also forms an interhelical hydrogen bond with
Tyr381(6) (d=2.9 E). The two phenyl groups of 4-DAMP and
its surrounding aromatic residues Tyr106(3), Trp157(4),
Trp378(6), Phe197(5), and Tyr381(6) form an aromatic network
that stabilizes the 4-DAMP binding site.

Predicted binding site for the antagonist quinuclidinyl
benzilate (QNB)

Figure 2b shows the residues within the 4-E binding site of
(�)-QNB, which is located between helices 3, 4, 5, 6, and 7.

Table 1. The predicted TM regions and hydrophobic centers (bold) of
each helix.

Helix Number of
Residues

Sequence

N term. 22 MNTSAPPAVSPNITVLAPGKGP
TM1 29 WQVAFIGITTGLLSLATVTGNLLVLISFK
IC1 6 VNTELK
TM2 31 TVNNYFLLSLACADLIIGTFSMNLYTTYLLM
EC1 6 GHWALG
TM3 28 TLACDLWLALDYVASNASVMNLLLISFD
IC2 21 RYFSVTRPLSYRAKRTPRRAA
TM4 23 LMIGLAWLVSFVLWAPAILFWQY
EC2 16 LVGERTVLAGQCYIQF
TM5[a] 28 LSQPIITFGTAMAAFYLPVTVMCTLYWR
IC3 25 IYRETENRARELAATFSLVKEKKAA
TM6[a] 28 RTLSAILLAFILTWTPYNIMVLVSTFCK
EC3 5 DCVPE
TM7 21 TLWELGYWLCYVNSTINPMCY
C term. 43 ALCNKAFRDTFRLLLLCWDKRRWRKIPKRPGSVHRTPSRQC

[a] The third intracellular loop between TM5 and TM6 was truncated to 25
residues with residues 225–353 deleted; it corresponds to the dLoop mu-
tation structure that was shown experimentally to have minimal effect on
ligand binding.[41]

Table 2. The seven ligands used in this study.

Agonists Antagonists
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The charged protonated tertiary amine group forms a salt
bridge (d=2.7 E) with Asp105(3). The hydroxy group of QNB
is hydrogen bonded (d=2.9 E) to Asn382(6). The ester moiety
of QNB is hydrogen bonded (d=2.9 E) to Ser109(3). As in 4-
DAMP, the QNB phenyl ring is caged by the surrounding aro-
matic residues Tyr106(3), Trp157(4), Trp378(6), and Phe197(5),
thus stabilizing the binding site.

Predicted binding site for the antagonist pirenzepine

Figure 2c shows the 4-E binding site of pirenzepine, which in-
volves residues from TM helices 3, 4, 5, 6, and 7. The charged
protonated tertiary amine head group of pirenzepine forms a
salt bridge (d=2.9 E) with Asp105(3). The lactam group of pir-
enzepine forms a hydrogen bond (d=2.9 E) with Asn382(6).
As in other ligands for M1, the pirenzepine benzene ring and
the surrounding aromatic residues Tyr106(3), Trp157(4),
Phe197(5), Trp378(6), and Tyr381(6) form an aromatic cage
that stabilizes the binding site.

Predicted binding site for acetylcholine: the endogenous
ligand

The predicted binding site of acetylcholine is located between
TM helices 3, 6, and 7, as shown in Figure 3a. The quaternary
ammonium head group of acetylcholine forms an electrostatic

interaction with Asp105(3) at a distance of 3.9 E. The head
group is also stabilized by the surrounding aromatic side
chains Tyr381(6), Tyr404(7), and Tyr408(7) through cation–p in-
teractions (Figure 3A). Trp101(3) is also in close proximity to
the acetylcholine head group. The carbonyl group of the ester
moiety of acetylcholine is hydrogen bonded to both Tyr381
(d=2.9 E) and Ser109 (d=2.8 E).

Predicted binding site for the agonist oxotremorine-M

Figure 3b shows the 4-E binding site of the agonist oxotre-
morine-M. This agonist binds between helices 3, 6, and 7 in a
location similar to that of acetylcholine. There is an electrostat-
ic interaction (d=3.9 E) between Asp105(3) and the quaterna-

Figure 2. Residues within 4 E of the binding site of a) antagonist 4-DAMP;
b) antagonist QNB; and c) antagonist pirenzepine. The numbers in parenthe-
ses refer to the TM helix to which the residues belong.

Figure 3. Residues within 4 E of the binding site of agonists a) acetylcholine;
b) oxotremorine-M; and c) tetramethylammonium. The numbers in paren-
theses refer to the TM helix to which the residues belong. The residues that
are in close proximity but not within 4 E from the ligands are shown in
blue.

ChemMedChem 2006, 1, 878 – 890 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 881

Predicted Acetylcholine Receptor Structures

www.chemmedchem.org


ry ammonium head group of oxotremorine-M. The head group
is also stabilized by the surrounding aromatic side chains in-
cluding Tyr381(6), Tyr404(7), and Tyr408(7) through cation–p
interactions (Figure 3B). The carbonyl group of the ester
moiety of oxotremorine-M is hydrogen bonded to both
Tyr381(6) and Ser109(3) with a distance of 2.9 E.

Predicted binding site for the agonist tetramethylammonium

The tetramethylammonium ion, N ACHTUNGTRENNUNG(CH3)4
+ , is also an agonist

(pIC50=2.9
[17]) and binds similarly to the acetylcholine head

group (Figure 3c). The tetramethylammonium ion is stabilized
by both the electrostatic interaction with Asp105(3) (d=3.6 E)
and by cation–p interactions with the surrounding aromatic
residues Tyr381(6), Tyr404(7), and Tyr408(7). The distances of
the cation–p interactions are shown in Figure 3c.

Discussion

Antagonist binding: comparison of the NMS binding site
with mutagenesis data

The results of alanine scanning mutagenesis[16,23] experiments,
in which a single residue in TM2, TM3, TM4, TM5, TM6, or TM7
was mutated to Ala, revealed eight residues for which muta-
tion to Ala caused a greater than 25-fold decrease in NMS af-
finity (Kd=125 pm).

[17] Of these, seven are in the predicted 4-E
NMS binding site (Figure 1c). These residues include
Asp105(3), Tyr106(3), Trp157(4), Tyr381(6), Asn382(6),
Tyr404(7), and Tyr408(7), for which Ala substitution decreased
the NMS binding affinity by a factor of 100, 63, 123, 800, 1000,
25, and 48, respectively.
In addition, the Ala substitution experiment for Pro159(4)

caused a 63-fold decrease in NMS affinity,[19] but our calcula-
tions found that the mutation Pro159(4)!Ala causes only a
very small reduction (less than 3%) in calculated binding
energy to NMS. However, our predictions found that Pro159(4)
induces a bend in TM4 that helps to position Trp157(4) at the
NMS binding site. Our calculations started with the predicted
native structure; after mutation of Pro159 to Ala, the resulting
structure was energy-minimized. We did not do a full Memb-
Struk prediction of the mutated structure. We believe that in a
full re-prediction of the structure, such a mutation would likely
lead to a dramatic change in the bend of the TM4 helix, which
would likely change the packing of the helices. In particular, it
would change the interaction with Trp157(4), which we found
to be directly involved in binding to antagonists in M1. Muta-
tion of Trp157(4)!Ala caused a 123-fold decrease in NMS
binding,[19] a 132-fold decrease in 4-DAMP binding,[21] and a
330-fold decrease in QNB binding affinity.[19] As we have not
re-predicted the structure for the Pro159(4) mutation, we con-
sider that our structure explains seven of the eight mutation
experiments.
Placement of TM4 in the predicted M1 structure is critical to

explaining the experimental observations on Trp157. In the
MembStruk-predicted M1 structure, Trp157(4) is located next
to Tyr106(3) at the predicted binding site, whereas in homolo-

gy models, Trp157(4) was placed near the N-terminal end of
TM3, close to Asp99(3). As the homology model did not ex-
plain the effect of Trp157 mutation experiments, it was postu-
lated that Trp157 might form a putative secondary docking
site before ligands enter the main binding site.[16,19] However,
the MembStruk-predicted structure suggests that Trp157(4) in-
teracts directly with the antagonists at the central binding site
through aromatic–aromatic interactions. Our results provide a
structural basis for explaining the strong effects of these muta-
tions on ligand binding. The step of the MembStruk procedure
that optimizes the relative translation of the helices by aligning
the hydrophobic centers (the position of the maximum hydro-
phobicity as shown in Table 1) for each helix into a plane is es-
sential in determining the ligand binding sites as shown by
Trp157(4)

Common features of antagonist binding sites

Antagonists with a charged quaternary ammonium head
group

Many M1 antagonists, including NMS and 4-DAMP (Ki=
900 pm),[21] have a charged quaternary ammonium head
group. We find that at the binding sites for both NMS and 4-
DAMP, the ligand head group was stabilized by the negatively
charged Asp105 of TM3 and the surrounding tyrosine residues
(Tyr381, Tyr404, and Tyr408) of TM6 and TM7 primarily though
cation–p interactions.

Binding site of the charged tertiary amine group in
antagonists

Antagonists QNB (Kd=16 pm)
[17] and pirenzepine (Ki=

4.4 nm)[24] have a tertiary amine rather than the quaternary am-
monium head group characteristic of other ligands. The calcu-
lated energy of interaction for each residue in the binding site
suggests that Asp105(3) plays a much more significant role in
binding antagonists with a charged tertiary amine head group
than those with a quaternary ammonium head group. (In
these calculations, we used the charges from Hartree–Fock cal-
culations (6-31G** basis set).) For quaternary ammonium, we
found extensive delocalization of the positive charges onto the
four surrounding methyl groups (leading to a net charge of
�0.45 on the N atom and 0.17 on each of the 12 H atoms),
whereas the positive charges in a tertiary amine are more con-
centrated on the protonated hydrogen atom (0.33 on H, �0.46
on N). This leads to predicted structures with a salt bridge be-
tween the terminal oxygen atoms of the carboxylate group of
Asp105(3) and the amine group of QNB (d=2.7 E) and piren-
zepine (d=2.9 E) as shown in Figure 2b and 2c. This explains
the dramatic experimental results, in which mutation of
Asp105(3) to Ala causes a 6000-fold decrease in QNB binding,
but only a 100-fold decrease in affinity for NMS.[20] In the NMS
binding site, the M1 aromatic residues interact with the quater-
nary ammonium head group of NMS through cation–p interac-
tions. We predict that the Asp105(3)!Ala mutation will also
have a significant effect on pirenzepine binding. As the QNB
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head group is mainly stabilized by the electrostatic interaction
with Asp105(3), whereas the NMS head group is primarily sta-
bilized by the surrounding aromatic residues (Tyr381(6),
Tyr404(7), and Tyr408(7)) through cation–p interactions, our
prediction is consistent with the mutagenesis studies in which
it was found that the Ala substitutions of Tyr381(6), Tyr404(7),
and Tyr408(7) have a strong effect on the affinity for NMS but
not QNB.[17,19]

Owing to the hydrophobic nature of the antagonist binding
sites, we used quantum mechanics (B3LYP with the 6-31G**
basis set) to calculate the optimum position of the hydrogen
atom upon interaction of QNB with Asp105(3). Starting with
the docked geometry, we obtained the results listed in Table 3

which suggest that in a hydrophobic environment (cyclohex-
ane with a dielectric constant of 2.0 and benzene with a die-
lectric constant of 2.3), the proton transfers from the QNB terti-
ary amine to the carboxylate group of Asp105(3), leading to
two neutral species hydrogen bonding. In contrast, hydrophilic
environments (methanol with a dielectric constant of 33.6 and
water with a dielectric constant of 80.4) favor a protonated
QNB, which forms a salt bridge with Asp105(3). As the QNB
head group is surrounded by aromatic residues, we consider
that the environment is similar to benzene, suggesting that
proton transfer occurs upon QNB binding.
A second piece of evidence to support the proposal that the

proton transfers to form neutral Asp105 is that the
Asp105(3)!Asn mutation diminishes QNB binding to an unde-
tectable level, whereas it decreases NMS affinity by only 100-
fold.[25] This result is consistent because the Asp105!Asn mu-
tation eliminates the possibility of proton transfer that contrib-
utes to the stabilization of the QNB binding site. Antagonists
with a quaternary ammonium head group such as NMS lack
the proton that can transfer to Asp105(3) upon binding, and
this explains why Asp105(3) is more important in binding terti-
ary antagonists than quaternary antagonists.

The aromatic cage that stabilizes the ligand–receptor complex

It has been shown experimentally that the phenyl group at the
end of the NMS tropic acid side chain is essential for high-affin-

ity NMS binding.[17] Our predicted structure shows that this
phenyl group is stabilized by the surrounding aromatic resi-
dues including Tyr106(3), Trp157(4), and Trp378(6) (Figure 1c).
As described above, the Ala substitution mutations of both
Tyr106(3) and Trp157(4) significantly decrease NMS binding, as
expected. Another study[21] found that the NMS binding was
decreased 115-fold for the Trp378(6)!Ala mutation, whereas
the Trp!Phe mutation had negligible effect (1.8-fold). This
confirms the importance of aromatic character in this residue.
In the predicted NMS binding site, an aromatic cage is formed
by the NMS phenyl group, Tyr106(3), Trp157(4), Trp378(6), and
additional aromatic residues including Phe197(5) and
Tyr381(6) that contribute to the stability of the receptor–NMS
complex. The aromatic–aromatic interactions present in our
predicted binding site are similar to those commonly observed
in many protein crystal structures for which the positively
charged hydrogen atoms at one aromatic ring lie close to the
negatively charged carbon atoms at another aromatic ring,
forming favorable edge–face or parallel-displaced interac-
tions.[26, 27]

The predicted binding sites of QNB and 4-DAMP show that
similar aromatic–aromatic interactions are also critical for the
binding of QNB and 4-DAMP, both of which contain two
phenyl groups that interact with the M1 aromatic residues.
The available mutagenesis results and the effect on 4-DAMP
and QNB binding confirm the importance of these aromatic
residues in the binding site. The known mutations include
Trp378(6)!Ala which reduced 4-DAMP binding 288.2-fold,[21]
Trp157(4)!Phe mutation which reduced 4-DAMP binding
131.9-fold,[21] Trp157(4)!Ala mutation which reduced QNB
binding 330-fold,[19] and Tyr106(3)!Ala mutation which re-
duced QNB binding 31-fold.[20] All these residues are within 4 E
of the binding sites of 4-DAMP and QNB. We predict that the
mutations of these aromatic residues should affect the binding
affinity of pirenzepine by similar amounts.

Role of aromatic residues on the EC2 loop and the
extracellular end of TM helices

The aromatic residues that participate in the aromatic network
in addition to those mentioned above include:

· Trp164(4) near the extracellular end of TM4;
· Tyr179 ACHTUNGTRENNUNG(EC2) on the second extracellular (EC2) loop; and
· Phe390(6) near the extracellular end of TM6.

In particular, Trp164(4) and Phe390(6) are within 5 E of 4-
DAMP and interact with the upper phenyl group of 4-DAMP
(Figure 4a). This extended aromatic network explains why the
addition of an extra phenyl group at the end of the antagonist
increases the ligand binding affinities significantly.[17]

In contrast, the above aromatic residues do not lie immedi-
ately next to QNB, which also has two terminal phenyl groups.
In the crystal structure of bovine rhodopsin, it was observed
that the extracellular loop 2 (the EC2 loop) is closed to form a
roof over the binding site of 11 cis-retinal. To further optimize
the EC2 loop and to examine the effect of closing the EC2

Table 3. Results from quantum mechanics (B3LYP/6-31G**) geometry op-
timization for a complex with the QNB head group and the Asp side-
chain fragment.[a]

Environment Dielectric
Constant

Proton
Transferred

vacuum 1.0 yes
cyclohexane 2.0 yes
benzene 2.3 yes
methanol 33.6 no
water 80.4 no

[a] The Poisson–Boltzmann continuum solvent method was used to in-
clude solvent effects; the result indicates that in hydrophobic environ-
ments, the proton from the QNB head group transfers to Asp105 of M1.
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loop, we conducted extensive annealing dynamics, allowing
the EC2 residues, the antagonist QNB, and the terminal four
residues at the extracellular end of TM4 and TM5 to move
(while keeping all other residues fixed). We observed that the
EC2 loop moves closer to the binding site, adopting a curved
conformation similar to the EC2 loop in the bovine rhodopsin
crystal structure. Figure 4b compares this EC2 closed structure
with the original structure with an open EC2 loop (built using
the MODELLER homology modeling program[28]). Closing the
EC2 loop brings Tyr179 ACHTUNGTRENNUNG(EC2) and Trp164(4) to within 5 E of
QNB, allowing these aromatic residues to participate in the ar-
omatic network that stabilizes the QNB binding site. The pre-
dicted structure suggests that the alanine mutations of
Trp164(4) (conserved across M1–M5), Tyr179 ACHTUNGTRENNUNG(EC2), or
Phe390(6) would decrease the binding affinities of QNB and 4-
DAMP. Such studies would help to validate the proposed role
of these aromatic residues in antagonist binding.

The role of Asn382 of TM6 in antagonist binding

In the predicted NMS binding site, Asn382(6) forms a hydro-
gen bond with the hydroxymethyl group in the tropic acid
side chain of NMS (Figure 1c). Mutation of Asn382(6) to Ala
decreased NMS affinity by greater than 1000-fold, indicating its
importance to NMS binding.
Pirenzepine binds to M1 with its lactam group forming a hy-

drogen bond to Asn382(6) (Figure 2c). This hydrogen bond
and the salt bridge with Asp105(3) anchor pirenzepine to M1
from both ends. This is consistent with the strong effect of the
Asn382(6)!Ala mutation on pirenzepine binding, reducing
the binding affinity by 7700-fold in M1.[24] QNB binds to M1
with its hydroxy group forming a hydrogen bond with
Asn382(6) (Figure 2b). Indeed, mutation of Asn382(6) to Ala
caused a 90-fold decrease in QNB affinity. QNB has two termi-
nal aromatic rings that can interact with the aromatic residues
in the binding site, whereas NMS has only one aromatic ring.

This explains why mutation of Asn382(6) to Ala had
a stronger effect on NMS binding affinity (decreasing
it over 1000-fold) than on QNB affinity (decreasing it
by 90-fold).

The binding site of the ester moiety of antagonists

For all the antagonists except pirenzepine, our pre-
dicted binding sites have the carbonyl oxygen atom
of the ester moiety hydrogen bonded to the hydroxy
group of Ser109(3). However, the calculated interac-
tion energy of these ligands with the residues in the
binding site (within 5 E) suggests this to be a rela-
tively weak hydrogen bond. For example, the calcu-
lated non-bond interaction energy is �1.3 kcalmol�1
between NMS and Ser109(3), and �2.0 kcalmol�1 be-
tween QNB and Ser109(3). In comparison, the inter-
action energy between NMS and Asn382(6) is calcu-
lated to be �6.8 kcalmol�1, which explains why the
Ala mutation of Ser109(3) did not have a significant
effect on NMS and QNB binding.[20] Because the ester

acts as a relatively weak hydrogen bond acceptor,[29] we sus-
pect that anchoring the two ends of an antagonist is sufficient
for its high-affinity binding. This view is consistent with the
crystal structure complex of carbamylcholine bound to acetyl-
choline-binding protein,[30] a water-soluble homolog of the
ligand-binding domain of the nicotinic acetylcholine receptor.
In this crystal structure complex, there is no hydrogen bond
between the receptor and the carbamylcholine ester moiety
(Figure 5).

The agonist binding site in the M1 receptor

The binding site of the charged quaternary ammonium head
group: comparison with the nicotinic acetylcholine binding
site

Although acetylcholine is the endogenous agonist for the mus-
carinic acetylcholine receptors, its binding affinity to M1 is only

Figure 4. a) The extensive aromatic network at the 4-DAMP binding site. b) The structure
in purple has a closed EC2 loop obtained after extensive annealing dynamics that allow
the EC2 residues, the antagonist QNB, and several residues at the extracellular end of
TM4 and TM5 to move, while keeping all the other residues fixed. The original structure
(open loop) is shown in cyan. The closure of the EC2 loop brings Tyr179 of the EC2 loop
and Trp164 at the extracellular end of TM4 to within 5 E of QNB. These aromatic resi-
dues extend the aromatic cage at the QNB binding site described earlier.

Figure 5. Acetylcholine binding to nicotinic acetylcholine receptor; the
cation–p interaction distances (E) which stabilize the acetylcholine head
group are highlighted.
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17 mm.[17] Oxotremorine-M is an agonist with a binding affinity
of 9.9 mm.[21] In the predicted binding sites (shown in Figure 3a
and 3b), the quaternary ammonium head group of both ace-
tylcholine and oxotremorine-M are stabilized through electro-
static interaction by the negatively charged Asp105(3) as well
as through cation–p interactions by the surrounding aromatic
residues Tyr381(6), Tyr404(7), and Tyr408(7). These residues
were shown experimentally to be important in acetylcholine
binding. For example, acetylcholine mustard, an analogue of
acetylcholine in which the head group is replaced by a chemi-
cally reactive aziridinium moiety, selectively labeled Asp105.[31]

In addition, the Ala substitution mutations of Tyr381(6),
Tyr404(7), and Tyr408(7) each decreased acetylcholine binding
affinity by about 30-fold.[17,19] The distances between the ace-
tylcholine head group and the surrounding aromatic rings (Fig-
ure 3a) are similar to those observed in the crystal structure[30]

of the nicotinic acetylcholine receptor binding site (Figure 5).
Similar distances between the quaternary ammonium group
and the phenyl rings were also observed in the binding sites
of antagonists (NMS and 4-DAMP) that have a quaternary am-
monium head group (Figure 1c and Figure 2a).

Binding site of the ester moiety of acetylcholine leads to
breaking the interhelical hydrogen bond between TM3 and
TM6

In the predicted binding site in M1, the carbonyl group of the
acetylcholine ester moiety and the analogous carbonyl group
at the oxotremorine cyclic amine are hydrogen bonded to
both Tyr381(6) and Ser109(3) (Figure 3a and 3b). This is con-
sistent with the observation that mutation of Tyr381(6) and
Ser109(3) to Ala decreased acetylcholine affinity by 30- and
10-fold, respectively.[17, 20] In addition, it has been shown[17] that
the hydroxy group of Tyr381(6) is important in acetylcholine
binding in M1 because the mutation of this residue to Phe de-
creased acetylcholine affinity by a magnitude similar to that of
an Ala mutation (while having negligible effects on NMS bind-
ing). In M2, the analogous mutation (Tyr403!Phe) also has a
differential effect on agonist and antagonist binding. This mu-
tation reduced the NMS and QNB affinities 2.5- and 1.7-fold, re-
spectively, but decreased acetylcholine affinity 280-fold.[32]

To test this differential effect on agonist and antagonist
binding in the predicted M1 structure, we mutated Tyr381(6)
to Phe at the NMS, QNB, and acetylcholine binding sites and
recalculated the binding energy. We observed a small decrease
(6%) in binding energy for NMS and no change in binding
energy for QNB. However, there is a significant decrease (44%)
in binding energy for acetylcholine, which parallels the experi-
mental data.
Our predicted structure has an interhelical hydrogen bond

(2.9 E) between Tyr381(6) and Ser109(3). Binding of the ago-
nists (acetylcholine and oxotremorine-M) to this site breaks
this interhelical hydrogen bond; the molecules wedge be-
tween the two residues and compensate by making a hydro-
gen bond with both the ester moiety of TM3 and Tyr381(6) of
TM6 (Figure 6b). The interhelical hydrogen bond between
Tyr381(6) and Ser106(3) is not broken upon antagonist bind-

ing to this site (Figure 6a). The breakage of this interhelical hy-
drogen bond upon agonist binding might contribute to the re-
ceptor activation by weakening the intramolecular contacts be-
tween TM3 and TM6.

The internal torsional conformation of docked acetylcholine

Our predicted binding site has acetylcholine in the gauche con-
formation with an N�C�C�O torsion angle of 598. This is the
lowest-energy conformation determined from the extensive in-
ternal conformational sampling of the HierDock simulated an-
nealing procedures used for predicting the binding site. This
predicted torsion angle corresponds extremely well to the ex-
perimentally observed value (an N�C�C�O torsion angle of
608) in a transferred NOE NMR study of the acetylcholine ana-
logue (S)-(+)-acetyl-b-methylcholine bound to the ground
state of the M2 receptor.[33] The same experiment also suggest-
ed that the conformation of bound acetylcholine in the activat-
ed state of the receptor is trans with an N�C�C�O torsion
angle of 1328. This result suggests that our predicted structure
might correspond to the inactive state of the receptor.

The role of TM5 in agonist and antagonist binding

In the rotational optimization of the helical orientations (Com-
putational Methods and Figure 11 of the Supporting Informa-
tion), two possible low-energy orientations were found for
TM5. We refer to them as 08 and 908 structures. Above, we dis-
cussed the 08 rotation structure because it is lowest in energy
in the rotational energy scans for TM5. This structure has TM5
at the distal end of the binding site with Ala193(5) pointing
toward the binding site. This rotational orientation of TM5 cor-
responds well to the experimental results reported by Allman
et al. ,[18] who mutated each of the residues Ile188(5)–Ala196(5)

Figure 6. The interhelical hydrogen bond a) between Tyr381(6) and
Ser109(3) is not disrupted by antagonist binding (QNB, for example) ; it
breaks b) upon agonist (such as acetylcholine) binding.
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to Cys and found that only the Ala193!Cys mutation affected
the binding affinity (a decrease of 3.6-fold). Additionally, the
sulfhydryl reagent N-trimethyl-2-aminoethyl methanethiosulfo-
nate reacted selectively with Ala193(5) and the residues on
both sides of Ala193 (Phe190(5) and Thr192(5)) when they
were mutated to Cys.[18]

Allman et al. also proposed that an agonist-induced rotation
of TM5, in which Thr192(5) points toward the binding site,
might accompany the receptor activation.[18] This is consistent
with our observed second-energy minimum in TM5 at the ori-
entation in which TM5 is rotated 908 clockwise (as observed
from the extracellular side). This puts Thr192 toward the bind-
ing site, which is exactly the TM5 orientation of the active
state suggested by Allman and co-workers.[18]

The role of Trp157(4) in agonist binding

The Trp157(4)!Ala mutation that most significantly affected
antagonist binding also decreased acetylcholine binding affini-
ty 90-fold. In the predicted structure, Trp157(4) is within 5.5 E
of the bound acetylcholine (Figure 3a) and is a part of the aro-
matic network. Thus we expect that mutation of Trp157(4) to
Ala would affect the packing of the binding site residues in-
cluding its immediate neighbor, Tyr106(3), which interacts with
acetylcholine. With TM5 rotated 908, which we believe might
correspond to the orientation in the activated state, the resi-
dues Thr189(5), Thr192(5), and Ala196(5), of which the Ala mu-
tation selectively decreased acetylcholine binding by 5–10-fold,
are located immediately next to Trp157(4). This suggests a
possible role of Trp157(4) in acetylcholine binding in the
active state of the receptor.

Comparison of agonist and antagonist binding sites

A comparison of the structures of M1 agonists and antagonists
shows that acetylcholine, oxotremorine-M, and many other ag-
onists can be superimposed on the structure of the antago-
nists NMS and 4-DAMP. They share the quaternary ammonium
head group and the ester moiety; however, acetylcholine lacks
the two phenyl groups of 4-DAMP and the hydroxymethyl and
phenyl group at the end of the NMS tropic acid side chain that
can form aromatic–aromatic interactions or hydrogen bonds
with the binding site residues of TM3, TM4, TM5, and TM6. We
suspect that it is through this stronger interaction with the TM
helices that antagonists keep the receptors from activation,
whereas agonists allow the conformational flexibility required
for activation. A similar view was suggested earlier.[34]

The antagonist nature of benzilylcholine[17] also supports the
above view on activation. In benzilylcholine, two phenyl
groups and a hydroxy group (as observed in QNB) replace the
terminal methyl group (next to the ester) of acetylcholine,
which switches it from an agonist to an antagonist. Figure 7
summarizes the binding regions of antagonists and agonists
reported herein. The binding regions for agonists and antago-
nists overlap between TM3, TM6, and TM7, whereas the antag-
onist binding region extends to TM4 and TM5.

Comparison of the calculated ligand binding energies and
experimental dissociation constants

The calculated binding energies of the ligands used in this
study are compared with the experimental dissociation con-
stants (either �logKd, �logKi, or �log IC50) in Figure 8 (R2=
0.85). We consider this to be a good correlation, as these mole-

cules represent a diverse set of ligands, including both ago-
nists and antagonists. Our calculations ignore many important
effects likely to be important to total binding energy, including
contributions the changes in entropy upon binding and the
effect of thermal vibrations on the binding site. However, we
believe that the nature of the best binding site is accurately
predicted.

Additional validations

It has been observed experimentally that substitutions of
Leu116(3), Phe374(6), and Asn414(7) with one or more His res-

Figure 7. Comparison of the binding regions for antagonists (blue) and ago-
nists (red). There is a significant overlap of the two binding regions in TM3,
TM6, and TM7, but the binding region for antagonists extends to TM4 and
TM5.

Figure 8. Comparison of calculated relative binding energies (Eb) for the
seven ligands studied with the experimental dissociation constants for the
M1 receptor. The strongest binders are in the upper right-hand region. No
corrections to the binding energies were made for zero-point energy, dy-
namics, or entropy.
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idues lead to the formation of a Zn2+ binding site in the
ground state of the M1 receptor.[35] Our predicted structure has
Leu116(3), Phe374(6), and Asn414(7) in close proximity. The
predicted a-carbon distances among these three residues are
7.7, 8.4, and 11.0 E (Figure 9a). For the imidazole side chains to
coordinate a metal ion, the a-carbons of these three residues
must be separated by less than 13 E,[35] which is consistent
with the observed formation of the Zn2+ binding site (Fig-
ure 9a)

Mutation of Leu116(3) to Ala decreased the receptor expres-
sion level, increased agonist affinity, and raised constitutive ac-
tivity, a phenotype suggested for residues that form intramo-
lecular contacts important for stabilizing the inactive state but
not the activated state of the receptor.[16] The Ala substitution
of Phe374(6) and Asn414(7) also caused a 10-fold decrease in
the receptor expression level of M1. For the M5 receptor, the
Ala substitution of the residue analogous to Phe374(6) in M1
was also reported to induce constitutive activity.[16] These ex-
perimental results are consistent with our predicted structure,

in which these three residues contact each other at the core of
the receptor.
Among other residues for which Ala substitution increased

acetylcholine affinity and basal signaling activity (but to a
lesser extent) are the following:

· Trp405(7), which forms an interhelical hydrogen bond with
Thr32(1) in the predicted structure (Figure 9b);
· Ala160(4), which forms hydrophobic interactions with
Thr192(5) (Figure 9c), a residue shown to affect agonist but
not antagonist binding.[24] As discussed earlier, TM5 might
adopt different rotational orientations in the active and in-
active states. The mutation of Ala160(4) would disrupt its
hydrophobic interaction with Thr192(5) which might con-
tribute to the stabilization of the other energy minimum
corresponding to the active state in our scanning result ;
· Ser120(3), which points toward the core of the receptor
and contacts both Leu116(3) and Phe374(6).

In addition, several residues that are highly conserved
among GPCRs are predicted to be located at positions similar
to the respective positions in bovine rhodopsin. For example,
the conserved Trp150(4) is located near both TM2 and TM3.
Asp71(2), the most conserved aspartic acid residue across
many GPCRs on TM2, is hydrogen bonded to Asn43(1). The
compatibility of our predicted structure with the roles for the
various considered residues and with the Ala mutagenesis re-
sults gives further credence to the accuracy of the predicted
structure.

Conclusion

The predicted 3D structure of the human M1 receptor and the
predicted binding sites of various agonists and antagonists are
consistent with the effects on ligand binding in a large variety
of mutagenesis experiments. In particular, the predicted bind-
ing sites provide a structural basis to explain:

· the large decrease in ligand binding affinity and signaling
efficacy by mutations of Trp157 and Pro159 on TM4 which
was previously unexplained. (Trp157(4) contributes directly
to ligand binding at the binding site. Pro159(4) provides an
indirect conformational switch to position Trp157(4).) ;
· the differential effect of the Tyr381(6)!Phe mutation on
agonist and antagonist binding;
· the stronger decrease in binding affinity by the
Asp105(3)!Ala mutation for antagonists with a tertiary
amine head group; and
· the larger effect of the Asn382(6)!Ala mutation on NMS
than on QNB binding.

We suggest several further mutation studies that would test
the predictions, including:

· Trp164 at the extracellular end of TM4 (for its effect on the
binding affinities for antagonists with two terminal phenyl
groups) and

Figure 9. Interhelical interactions in the predicted structure of the M1 recep-
tor. a) In the predicted structure, Leu116(3) Phe374(6) and Asn414(7) are lo-
cated in close proximity. This is confirmed by experiments in which these
three residues, upon mutation to His, were observed to form a Zn2+ binding
site in the ground state of the M1 receptor.[35] b) The predicted interhelical
hydrogen bond between Trp405(7) and Thr32(1) is suggested to contribute
to the stabilization of the inactive state of the receptor. c) Ala160(4) is pre-
dicted to interact with Thr192(5) through hydrophobic interactions. The dis-
ruption of this interaction might contribute to the stabilization of the active
state of the receptor.
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· additional aromatic residues (Phe197(5), Tyr179 ACHTUNGTRENNUNG(EC2), and
Phe390(6)) that are part of the aromatic network stabilizing
the antagonist binding sites.

The predicted binding site for all four antagonists studied is
located between TM helices 3, 4, 5, 6, and 7, whereas the pre-
dicted binding site for the three agonists involves residues
from helices 3, 6, and 7. In addition to the critical Asp105(3),
aromatic residues Tyr381(6), Tyr404(7), and Tyr408(7) are im-
portant for binding the quaternary ammonium head group of
the ligand through cation–p interactions. For ligands with a
charged tertiary amine head group, we suggest that proton
transfer from the ligand to Asp105(3) occurs upon binding.
Moreover, we find that an extensive aromatic network involv-
ing Tyr106(3), Trp157(4), Phe197(5), Trp378(6), and Tyr381(6)
is important in stabilizing the binding of antagonists. For an-
tagonists with two terminal phenyl rings, this aromatic net-
work extends to Trp164(4) and possibly Tyr179 ACHTUNGTRENNUNG(EC2) and
Phe390(6) located at the extracellular end of the TMs.
Asn382(6) forms hydrogen bonds with selected antagonists.
Tyr381(6) and Ser109(3) form hydrogen bonds with the ester
moiety of acetylcholine, which binds in the gauche conforma-
tion.
The validated detailed structure of M1 and its binding sites

provides the basis for initiating structure-based drug design of
these systems. It would be most useful at this point, to carry
out similar studies to predict the structures and ligand binding
affinities of the other four muscarinic receptor subtypes. To-
gether these five structures would serve as targets to design
subtype-selective agonists and antagonists.

Computational Methods

Structure prediction of GPCR : The MembStruk method : We used
MembStruk method (version 4.0) to predict the M1 structure. A de-
tailed description of the MembStruk method (version 3.5) has been
published.[9] This procedure (MembStruk 4.0) generates an ensem-
ble of low-energy favorable packing conformations of the TM do-
mains. Selection of these low-energy conformations is based on
total energy calculated by using an all-atom force field, the
number of interhelical hydrogen bonds, and the number salt
bridges to determine the rotational orientation of the transmem-
brane (TM) regions. This resulting ensemble of conformations in-
volving various rotational orientations of the helices is used to de-
termine the ligand binding sites. Details of the MembStruk 4.0
method are given in reference [36].
The accuracy of structure prediction using MembStruk has been
validated by comparison with the crystal structure of bovine rho-
dopsin.[8,9] Furthermore, for several other GPCRs, the structure has
been validated by predicting the binding sites of strongly bound
agonists and antagonists, and comparing these against the avail-
able mutation data. This has been done for the human dopamine
D2L receptor

[11] and for the human b2 adrenergic receptor.[10] Addi-
tionally, predictions of the structure and odorant binding sites in
olfactory receptors are supported by experimental data on odor-
ants that elicit response from olfactory receptors.[12–15] These valida-
tions show that the structures of GPCRs predicted with MembStruk
are sufficiently accurate to predict binding sites for ligands to
GPCRs. These methods serve as an alternative to the earlier ap-

proach of constructing GPCR models from homology to the crystal
structure of bovine rhodopsin; the earlier approach requires sub-
stantial experimental mutagenesis data as constraints in construct-
ing the GPCR model.

All energy and force evaluations were conducted with the DREID-
ING force field[37] and CHARMM22 charges[38] for the protein. The
following section describes the details of the various steps as ap-
plied to prediction of the human M1 structure.

TM prediction (TM2ndS): We predicted each TM region by using a
BLAST search, which found 51 sequences with sequence similarities
to M1 in the range between 24 and 99%. This set includes 45 M1–

M5 sequences from various species, four sequences from histamine
receptors, and two from octopamine receptors. The M1–M5 recep-
tors share over 40% sequence identity overall and 60% sequence
identity in the TM regions. The histamine and octopamine recep-
tors identified by BLAST have the highest sequence identity to M1
from outside of the muscarinic receptor family. Histamine and M1
receptors have 29% sequence identity overall and 37% sequence
identity in the TM regions, whereas octopamine and M1 receptors
have 24% sequence identity overall and 35% sequence identity in
the TM regions. The inclusion of sequences with lower homology
to M1 improved the resolution in identifying the boundary be-
tween TM2 and TM3 (the EC1 loop), which is highly hydrophobic
in all receptors M1–M5. We then calculated the average hydropho-
bicity for every residue position over all the sequences in the mul-
tiple sequence alignment (performed using ClustalW[39]) and aver-
aged over window sizes of 12–20 residues. The baseline for this
profile served as the threshold value for determining the TM re-
gions (Figure 1). As a helix can extend past the membrane surface,
we carried out an additional helix-capping step as described by
Trabanino et al.[9] based on properties of known helix breaker resi-
dues to further refine where each predicted TM region ends.

Optimization of the translational orientation of the helices : TM2ndS
also predicts the position of maximum hydrophobicity known as
the “hydrophobic center” for each helix. The seven canonical a he-
lices were built with the predicted TM sequences, and the helical
axes were positioned based on the 7.5-E density map of frog rho-
dopsin.[7] Relative translational orientation of the helices was opti-
mized by fitting the hydrophobic centers of the TM helices to a
common plane.

Optimization of helical bends and kinks : We constructed canonical
helices for the predicted TM segments and optimized the individu-
al helices by using energy minimization followed by Cartesian mo-
lecular dynamics (MD) at 300 K for 500 ps. The best energy struc-
ture was chosen for each helix from the MD trajectory. This proce-
dure optimizes the bends and kinks in each helix.

Optimization of rotational orientation of the helices :

Step 1, hydrophobic moment: The rotational orientation of the
helices was determined according to the hydrophobic moment of
the middle portion of each helix to point the moment of each
helix towards the lipids.

Step 2, Monte Carlo optimization (RotMin): In this procedure, each
of the seven TMs was optimized through a range of rotations one
at a time while the other six helices were re-optimized in response.
After each 58 rotation, the side-chain rotamers were reassigned for
all the residues of all seven helices in the TM region using
SCWRL.[40] The potential energy of the rotated helix was then mini-
mized in the field of all the other helices. This procedure was car-
ried out for a grid of rotation angles (every 58 for a range of �258)
to determine the optimum rotation of each helix. Once the helix
was rotated to its optimum rotation, the helix was kept fixed while
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allowing each of the other six helices to be rotated and optimized.
The optimization of these six helices was done iteratively until the
entire grid of rotation angles was searched. This method optimized
the rotations locally.

Step 3, Energy scan: This step is a recent refinement over the
MembStruk 3.5 procedure. It is included only in MembStruk 4.0
and is described in detail in reference [36]. We took the structure
generated from Step 2 as the initial structure and rotated each in-
dividual helix while fixing the other six helices. We rotated the
helix in 58 intervals for 3608 and calculated the energy of the rotat-
ed helix after reassigning the side-chain conformation (with
SCRWL) and minimizing the energy of the entire protein.[40] We
also calculated the number of interhelical hydrogen bonds and salt
bridges to identify favorable interhelical interactions. Step 3 allows
the identification of additional low-energy rotation orientations for
each helix, assuming that Steps 1 and 2 predicted good rotational
orientations for other helices.

We conducted energy scans for each of the seven helices. Subse-
quently, the conformation corresponding to the minimum energy
found from the scans for each helix was taken, and a TM bundle
was assembled. We repeated the energy scan procedure until we
reached a structure for which the minimum for each of the seven
helices is within 158 of its lowest-energy minimum from the previ-
ous scan, indicating convergence to a minimum. For the case of
M1 receptor, we had to perform two iterations for convergence.
The energy scanning results are shown in Figures 2–15 of the Sup-
porting Information; the 08 rotational orientation represents the
final conformation of each helix. As Steps 2 and 3 are more impor-
tant for optimizing helix 3, which is less amphipathic owing to its
location near the center of the bundle, we docked ligands to both
the 08 conformation and the conformation of its second-lowest-
energy minimum, where TM3 was rotated 208 clockwise from its
lowest minimum (at 08). Whereas most ligands dock very well to
the 08 structure, the antagonist NMS, which has a larger head
group than acetylcholine and other ligands, does not dock as well
in the 08 structure as it did in the 208 structure. Therefore, the 208
structure was selected and reported herein.

Loop building and optimization of the final model : The loops were
added to the helices by using the loop builder in the MODELER ho-
mology modeling program.[28] We omitted the amino terminal
region before TM1 and carboxyl terminal region after TM7. In addi-
tion, the third intracellular loop (154 residues) between TM5 and
TM6 was truncated to 25 residues by deleting residues 225–353
(the dLoop mutation) because such large loops are so flexible that
they lead to a multiplicity of conformations with similar energies. It
has been shown experimentally that the dLoop mutation had little
effect on ligand binding affinities[41] and should have little effect on
the structure of the TM region.

Disulfide linkages were created between Cys98ACHTUNGTRENNUNG(TM3)–Cys178 ACHTUNGTRENNUNG(EC2).
We then performed side-chain replacement with SCWRL and opti-
mized the final structure with conjugate gradient minimization of
all atoms in the structure.

Functional prediction of GPCRs : The HierDock protocol : The li-
gands used in this study were described with the DREIDING force
field and Gasteiger charges.[42] To locate their binding sites, we
used the HierDock 2.0 procedure,[8] a ligand-screening protocol
that follows a hierarchical strategy to identify the most favorable
ligand-binding conformations. This method has been tested for
various GPCRs,[8–15] outer membrane protein A,[43] and globular pro-
teins.[44–47] The HierDock protocol is described in detail in these ref-
erences. In brief, the parameters used for ligand binding site pre-
dictions in M1 are as follows:

Scanning the entire receptor for binding sites : We first scanned and
docked the five representative ligands (NMS, QNB, 4-DAMP, acetyl-
choline, and tetramethylammonium) to the TM3 08 structure (see
Step 3 energy scan above) to search for binding sites. The void
space in the entire receptor was mapped with the SPHGEN DOCK
4.0 utility.[48] The entire set of spheres was divided into 27 regions
for scanning and locating the binding site of ligands without any
prior bias. In each of these regions, we carried out DOCK 4.0 to
generate and score 500 conformations, of which 50 were selected
by using a buried surface area cutoff of 85% and energy scoring
from DOCK 4.0.

In Step 2, these 50 best conformations were subjected to all-atom
minimization using the DREIDING force field, keeping the protein
fixed, but the ligand movable. The five best-scoring conformations
based on the potential energy of the ligand in the protein were se-
lected from each of the 27 regions. We then examined which
boxes contained these top five hits and selected the best boxes
based on results from all the ligands. We merged the spheres in
the top two scoring boxes as the putative binding region for the
next step (Figure 7). The same steps were repeated using the same
set of ligands for the TM3 208 structure. The scanning procedure
identified the same binding site for both structures.

Optimizing the binding sites : Once the plausible binding regions
were determined, we docked these five representative ligands
shown in Figure 6 into the putative binding region using the Hier-
Dock 2.0 protocol. The best five bound structures for each ligand–
M1 receptor complex were chosen. All five ligands except for NMS
docked well with the TM3 08 structure. Therefore, we scanned and
docked the antagonist NMS to a second low-energy structure: the
TM3 208 structure. The result suggests that NMS fits well in the
binding pocket of this structure. Owing to the similarity of the two
structures, the coordinates of the other four ligands originally
docked in the 08 structure were used as a starting point for further
optimization in the 208 structure, as described below. We opti-
mized the binding site using the SCREAM side chain replacement
program (V. W.-t. Kam, N. Vaidehi, W. A. Goddard, unpublished
data) to reassign side chains for the residues within 4 E of the
ligand. Finally, we performed simulated annealing dynamics to op-
timize the binding sites, allowing both the receptor side chains
and the ligands to move. Specifically, we ran annealed dynamics
for a total of 120 ps, cycling between 300 and 700 K for 300 cycles
for all docked ligands, allowing the ligands and the side-chain
atoms within 5 E from the ligands to move freely while keeping
the main-chain atoms fixed.

The remaining two ligands, pirenzepine and oxotremorine-M, were
matched to the optimized QNB and acetylcholine docked struc-
tures at the binding site, respectively, because of their structural
similarity with these ligands. The matched binding site was further
optimized for pirenzepine and oxotremorine-M with the side-chain
replacement and simulated annealing dynamics procedure de-
scribed above.

Binding energy calculation : We calculated the binding energy (Eb)
of each ligand using the equation Eb= (Ep,Protein)�(Ep,Solvent) as the dif-
ference between the potential energy (Ep) of the ligand in the pro-
tein and the potential energy of the ligand in water. The energy of
the ligand in water was calculated by using DREIDING force field
and the surface generalized Born continuum solvation method.[49]
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