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How drugs bind to their receptors—from initial association,
through drug entry into the binding pocket, to adoption of the
final bound conformation, or “pose”—has remained unknown,
even for G-protein-coupled receptor modulators, which constitute
one-third of all marketed drugs. We captured this pharmaceutically
critical process in atomic detail using the first unbiased molecular
dynamics simulations in which drug molecules spontaneously
associate with G-protein-coupled receptors to achieve final poses
matching those determined crystallographically. We found that
several beta blockers and a beta agonist all traverse the same
well-defined, dominant pathway as they bind to the β1- and β2-adre-
nergic receptors, initially making contact with a vestibule on each
receptor’s extracellular surface. Surprisingly, association with this
vestibule, at a distance of 15 Å from the binding pocket, often pre-
sents the largest energetic barrier to binding, despite the fact that
subsequent entry into the binding pocket requires the receptor to
deform and the drug to squeeze through a narrow passage. The
early barrier appears to reflect the substantial dehydration that
takes place as the drug associates with the vestibule. Our atomic-
level description of the binding process suggests opportunities
for allosteric modulation and provides a structural foundation for
future optimization of drug–receptor binding and unbinding rates.
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Systematic determination of drug efficacy dates to Ehrlich’s
experiments that culminated in the discovery of the first che-

motherapeutic “magic bullet,” Salvarsan. In the ensuing century,
such measurements of drug efficacy and—once the molecular tar-
gets of drugs, or “receptors,” were identified—of drug–receptor
affinity have become de rigueur (1, 2). Affinity measurements are
increasingly augmented by characterization of the kinetics of
drug–receptor interaction, for several reasons: fast drug binding
increases opportunities to capture transiently accessible receptor
conformations; fast unbinding may confer safety advantages;
and slow unbinding leads to long drug–receptor residence times
that can dramatically enhance therapeutic efficacy at equivalent
affinity (3, 4).

In stark contrast, essentially nothing is known about the pro-
cess by which drugs bind to their receptors. By what pathway, or
pathways, do drugs enter and exit the receptor binding pocket?
Must drugs first associate with regions outside the binding pocket
to bind? Might drugs sometimes bind (perhaps transiently) in
more than one orientation or conformation within the binding
pocket? Additionally, what factors determine binding and un-
binding rates? Despite the innovative variety of experimental
and computational techniques that have been applied to study
binding mechanisms (5–16), these questions have proven extre-
mely difficult to address, in part because they involve unstable
structural states that are occupied only transiently.

G-protein-coupled receptors (GCPRs) represent the largest
class of drug targets, and one-third of all drugs act by binding
to GCPRs. Recent advances have yielded crystal structures that
reveal the dominant GPCR-bound conformations, or “poses,” of
several drugs and related ligands (17). These ligands all lie buried

within a deep binding pocket—the canonical “orthosteric” site that
is cradled within a characteristic bundle of seven transmembrane
helices—that is typically accessed from the extracellular side of the
receptor. These advances have left unresolved, however, both the
process by which drugs bind to GPCRs and the precise location
and nature of alternative, allosteric binding sites (18).

Here, we used unbiased molecular dynamics (MD) simulations
to capture the entire process by which several drugs bind to two
archetypal GPCRs. Despite the fact that our simulations lacked
any “knowledge” of the binding site, and thus required the drugs
to spontaneously “discover” the binding pocket, they resulted in
bound conformations that recapitulate crystallographic poses to
subangstrom accuracy. These binding events occur on microse-
cond timescales that, until very recently, were beyond the reach
of atomistic MD simulations.

Our results reveal not only the predominant pathway into the
binding site, but also the energetic barriers that govern drug bind-
ing and unbinding kinetics. We found that drugs encounter two
major barriers on the binding pathway: the “expected” barrier
suggested by receptor geometry, proximal to the binding pocket,
and also an unexpected, earlier barrier at the receptor surface.
This early barrier coincides with, and appears to be tied to,
substantial drug–receptor dehydration that occurs far from the
binding pocket.

Results
We performed all-atom MD simulations in which four distinct
ligands bound spontaneously to the β2-adrenergic receptor
(β2AR): three antagonists (the “beta blocker” drugs propranolol
and alprenolol, used to treat hypertension and angina pectoris,
and dihydroalprenolol, a key experimental tool) and one agonist
(isoproterenol, used to treat bradycardia and heart block).
We also simulated the binding of dihydroalprenolol to the
β1-adrenergic receptor (β1AR). We performed 82 simulations
lasting from 1 to 19 μs each, resulting in a total of 21 spontaneous
binding events (Tables S1 and S2).

All simulations were completely blind to the location of the
binding site, and did not incorporate any artificial guiding or bias-
ing forces. Ligands were initially positioned at least 30 Å from the
binding pocket and 12 Å from the receptor surface. They diffused
extensively about the receptor before entering the binding pocket
(Fig. 1A); once bound, ligands remained bound for the remainder
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of the simulation. Binding rates in simulation were comparable
with experimentally observed rates: our simulations suggest an
on-rate of 3.1 × 107 M−1 s−1 for alprenolol and dihydroalprenolol
binding to β2AR at 37 °C, close to the experimentally derived va-
lue of approximately 1.0 × 107 M−1 s−1 (19; see SI Text). Likewise,
the dihydroalprenolol–β2AR binding energy determined by free-
energy perturbation calculations, −13.4 � 1.6 kcal∕mol, is within
error of the experimentally derived value of −12.2 kcal∕mol
(20; see SI Text).

We describe first the binding of (S)-alprenolol and
(S)-dihydroalprenolol to β2AR (Fig. 2A). These ligands interact
essentially identically with β-adrenergic receptors both in our
simulations and in biochemical studies (20, 21); we refer to both
ligands simply as “alprenolol” except where otherwise indicated.
We then turn to the other ligands and β1AR, noting extensive
similarities in the binding mechanism.

Bound Pose Matches Crystal Structure. In 6 of the 12 simulations in
which alprenolol bound to β2AR, it adopted a pose matching the
alprenolol-bound β2AR crystal structure (Fig. 1B), with a 0.8-Å
root-mean-squared deviation (rmsd) between the average simu-
lation pose and the crystallographic pose (22; SI Text). Once
adopted, this pose remained stable for the duration of these
6 simulations; more simulations ended with alprenolol in the crys-

tallographic pose than in any other. The other 6 simulations were
terminated with alprenolol in the binding pocket in one of two
alternative, metastable poses (Fig. 2, poses 4′ and 4′′). These al-
ternative poses, which were also observed transiently in several
simulations that ended in the crystallographic pose, are likely less
energetically favorable binding poses that convert slowly (relative
to the timescale of our simulations) to the crystallographic pose.

A Dominant Binding Pathway. Alprenolol bound to β2AR along a
single dominant pathway. In 11 of the 12 simulations in which
alprenolol bound to β2AR, it entered via a strikingly similar path-
way, not only following the same spatial route but also pausing at
common, metastable intermediate conformations. Alprenolol
passed between extracellular loops 2 and 3 (ECL2/ECL3) and
then through the crevice between ECL2 and transmembrane
helices 5, 6, and 7 to reach the binding pocket (Fig. 2A and
Movie S1). In the single remaining simulation, alprenolol instead
entered between ECL2 and helices 2 and 7. In our simulations,
as in experiments (23), the alprenolol hydrophobic group (i.e., the
2-allyl[propyl]-benzene) tended to partition into the lipid bilayer,
remaining there for a majority of the simulation; despite this, al-
prenolol never entered the binding pocket from the lipid bilayer.

The dominant alprenolol binding pathway comprises two ma-
jor steps. First, alprenolol associated with a surface region we
term the “extracellular vestibule,” which is enclosed by ECL2,
ECL3, and helices 5–7. The alprenolol hydrophobic group bound
to the extracellular vestibule surface, contacting hydrophobic sur-
faces of residues such as Tyr3087.35, Phe193ECL2, Ala2005.39,
His2966.58, and Val2976.59. [Superscripts refer to Ballesteros–
Weinstein residue numbering (24)]. Alprenolol typically spent
several hundred nanoseconds in the vestibule, where it assumed
several distinct poses (Fig. 2A). In the most common (Fig. 2,
pose 2), the alprenolol ammonium group formed a salt bridge
with Asp300ECL3. This pose was often followed, temporally, by
a pose in which the ammonium bound instead to the backbone
carbonyl oxygen atom of Asp192ECL2 (Fig. 2, pose 3).

Second, alprenolol moved from the extracellular vestibule into
the binding pocket by squeezing through a narrow passage
between ECL2 and helices 5, 6, and 7. In some binding events,
alprenolol immediately adopted the crystallographically observed
pose upon entering the binding pocket. In others, it transiently
adopted one of several alternative poses (Fig. 2, poses 4, 4′,
and 4′′)—all of which possessed the alprenolol ammonium–

Asp1133.32 carboxylate salt bridge—before relaxing into the crys-
tallographic pose (Fig. 2, pose 5). In the simulation trajectory
illustrated in Fig. 2, for example, alprenolol initially bound with
its aliphatic chain twisted near the beta-hydroxyl group (Fig. 2,
pose 4; see also Fig. S1); after 2.6 μs in this pose, it relaxed into
the crystallographic pose, allowing the beta-hydroxyl to form a
hydrogen bond with Asn2936.55.

The Primary Barrier to Binding Lies Far Outside the Binding Pocket.
Our simulations indicate the presence of two major energetic
barriers along the binding pathway, corresponding to the two
steps described above (Fig. 3). As might be expected, one of these
barriers coincides with the passage leading from the vestibule
to the binding pocket, by far the narrowest point alprenolol en-
counters along the binding pathway (Fig. 3 A and C).

Surprisingly, however, we found that alprenolol traverses the
highest barrier prior even to its entry into the extracellular vesti-
bule. Data obtained from two distinct simulation approaches
support this conclusion. First, analysis of the unbiased binding
simulations described above, all of which were initiated with
alprenolol far from the receptor surface, indicated that once the
hydrophobic group of alprenolol moved from bulk solvent into
the vicinity of the extracellular vestibule—that is, it moved across
the gold surface shown in Fig. 3A—the alprenolol molecule was
more likely to bind than to escape back into bulk solvent. It is

Fig. 1. Alprenolol binds spontaneously to β2AR in unbiased molecular
dynamics simulations, achieving the crystallographic pose. (A) The path taken
by an alprenolol molecule as it diffuses about the receptor and then binds.
The final, bound alprenolol is shown as a stick figure (purple carbon atoms);
the protein as a tan cartoon; and the lipid bilayer as white spheres. (B) Close-
up view of the simulated alprenolol pose shown in (A) superimposed on the
alprenolol–β2AR crystal structure (gray ligand, green cartoon; PDB entry
3NYA). Data from simulation 1 (Table S2).
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notable that this “50% binding probability” surface lies, for the
most part, more than 15 Å away from the position of the alpre-
nolol hydrophobic group in its (final) bound pose. Second, for
each of four vestibule-bound alprenolol positions, two of which
are shown in Fig. 3A, Inset, we initiated ten to twenty additional
simulation trajectories, with random initial velocities. In each
case, the ligand entered the binding pocket more frequently than
it returned to bulk solvent. The relative frequency with which
alprenolol molecules found in the extracellular vestibule proceed
to bind or instead escape back into bulk solvent suggests that the
energy difference between the two barriers is small, on the order
of 1 kcal∕mol. Both of these analyses independently support
the conclusion that ligands in the metastable vestibule-bound
state have already surmounted the highest barrier on the binding
pathway.

Substantial Dehydration Accompanies Drug Entry into the Extracellu-
lar Vestibule. What accounts for the large barrier to alprenolol
entry into the extracellular vestibule? Ligand entry into the ves-
tibule does not require any noteworthy structural changes in the
receptor or alprenolol itself (Fig. S1), and we found no electro-
static barrier to vestibule entry (Fig. S2). Yet experimental
measurements have demonstrated that ligand–adrenergic recep-

tor binding rates are well below diffusion-controlled rates, with
correspondingly higher (enthalpic) barriers to binding (SI Text).

Our simulations suggest that this first barrier may be due
instead to dehydration of both the drug and the extracellular ves-
tibule as the drug enters the vestibule. High-affinity drug–recep-
tor interactions are frequently stabilized by hydrophobic contacts
that require substantial drug–receptor dehydration (25), and
alprenolol–β2AR is no exception. Alprenolol loses about 80% of
its hydration shell as it binds to β2AR. Significantly, the majority
of ligand dehydration (63%; Fig. 3D) occurs as alprenolol enters
the extracellular vestibule, far from the binding pocket. Ligand
entry into the vestibule, which leads to substantial hydrophobic
contacts and the burial of approximately 500 Å2 of hydrophobic
surface area (Table S3), coincides with the rapid evacuation of
approximately 15 water molecules from the vestibule within
500–1000 ps (Fig. S3), a signature of a dewetting transition (14,
15, 26). This concerted motion of the ligand and multiple water
molecules appears to represent a kinetic bottleneck to ligand
entry into the extracellular vestibule.

The second energetic barrier, which alprenolol crosses as it
moves from the extracellular vestibule into the binding pocket,
involves structural changes from the receptor’s crystallographic
conformation (Fig. 3C), but also dehydration. As alprenolol

Fig. 2. The alprenolol–β2AR binding pathway passes through several metastable states. (A) Pins indicate successive positions of an alprenolol molecule as it
binds to β2AR (the pin point is at the nitrogen atom position, and the round end is at the benzene ring center). Alprenolol moves from bulk solvent (red, pose
1), into the extracellular vestibule (green, poses 2 and 3), and finally into the binding pocket (blue, poses 4 and 5). Pose 5 matches the crystallographic pose
(Fig. 1B), whereas pose 4 and two poses observed in a different simulation (4′ and 4′′) represent alternative, metastable poses in the binding pocket. The
structures of ligands used in this study are shown at right. (B) Rmsd of alprenolol in simulation from the alprenolol-β2AR crystal structure, calculated after
aligning on protein binding pocket Cα atoms (SI Text). Poses 4′ and 4′′ from simulation 3; remaining data from simulation 1.
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passes into the binding pocket, Tyr3087.35 and Phe193ECL2 sepa-
rate enough for the ligand’s hydrophobic group to pass between
them, and the salt bridge between Asp192ECL2 and Lys3057.32

breaks. These events, however, do not appear to be rate-limiting:
while the ligand waits in the extracellular vestibule to enter the
binding pocket, Tyr3087.35 and Phe193ECL2 sometimes remain
separated for over 200 ns, with the Asp192ECL2–Lys3057.32 salt
bridge breaking and reforming hundreds of times during that
period (Fig. S4). The rate may instead be limited, at least in part,

by dehydration events: as the ligand enters the binding pocket, it
loses the majority of its remaining hydration shell, and 50–60% of
the water molecules in the binding pocket must also escape.

Similar Binding Pathways and Barriers for Other Drug–Receptor Pairs.
We also simulated the binding of the beta blocker (S)-proprano-
lol and the agonist (R)-isoproterenol to β2AR. Propranolol
adopted the expected pose, given those determined crystallogra-
phically for several structurally analogous antagonists (Fig. 4A)
(22, 27). Isoproterenol entered the binding pocket and formed
the expected salt bridge to Asp1133.32, but it exhibited much more
mobility than the antagonists when bound, likely reflecting the
fact that the receptor remained in its inactive conformation,
which has low agonist affinity. (Receptor activation takes place
on millisecond timescales (28), several orders of magnitude long-
er than our simulations.)

Our simulations of propranolol and isoproterenol binding
largely recapitulated our findings with alprenolol. These drugs
generally followed the predominant alprenolol binding pathway,
pausing in the extracellular vestibule before entering the binding
pocket (Fig. 4B); one propranolol molecule followed the alterna-
tive alprenolol pathway. Although the smaller number of simula-
tions and binding events (three events for propranolol and one
for isoproterenol) prevents an accurate assessment of the relative
barrier heights, the observed balance between escape from the
vestibule into bulk solvent and progression to the binding pocket
suggests that the two barriers are again of similar height. Like
alprenolol, propranolol and isoproterenol lost approximately
60% of their hydration shells upon association with the extracel-
lular vestibule; dewetting likely thus contributes to the vestibule
entry barrier for these drugs as well.

Finally, we simulated the binding of dihydroalprenolol to
β1AR, achieving a bound pose that matched crystallographic data
(Fig. S5A and refs. 22 and 29). The binding pathway was similar to
that observed for β2AR, with a metastable state in the extracel-
lular vestibule and with substantial dewetting taking place upon
ligand association with the vestibule (Fig. 4B). β1AR lacks the
extracellular salt bridge corresponding to Asp192ECL2–Lys3057.32
in β2AR, however, allowing the β1AR vestibule to extend further
toward helix 2. In addition, one of the alternative binding poses,
in which the dihydroalprenolol hydrophobic group interacts with
helix 2 (Fig. S5B; see also Fig. 2, pose 4′), was observed more
frequently with β1AR than with β2AR. Although this alternative
pose is likely transient, a mutagenesis study has suggested that a
pose with this orientation may represent an important binding
mode for β1AR antagonists under certain conditions (30).

Discussion
In the simulations of GPCR–drug binding we report here, diverse
drugs bound to two β-adrenergic receptors and adopted crystal-
lographically validated binding poses. Unlike standard docking
approaches (31), which search for the best pose within a prede-
fined binding site, our unbiased, atomistic MD simulations repro-
ducibly identified and maintained the correct pose without user
intervention or incorporation of any prior knowledge of the
binding site. Furthermore, our approach naturally revealed the
binding pathways and the energetic barriers encountered along
those pathways, while taking into account the significant flexibil-
ity of both drugs and receptors. Our simulations also allowed
determination of previously unknown binding sites, including
transiently populated sites that might be targeted by allosteric
modulators (Fig. 2A and Fig. S6). Direct simulation of the bind-
ing process thus provides access to information that is particularly
difficult to obtain experimentally.

The Binding Pathway: Barriers, Kinetics, and Dewetting. The three
beta blockers and the beta agonist we studied all bound to the
receptors along a predominant pathway involving entry into

Fig. 3. Alprenolol must traverse two primary energetic barriers to bind to
β2AR. (A) The first and largest barrier precedes association with the extracel-
lular vestibule. Alprenolol molecules for which the ring center has crossed the
“50% binding probability” surface (from bulk solvent into the extracellular
vestibule; above to below in this image) bind more often than they escape
back into the bulk. (Inset) In repeated simulations initialized with alprenolol
already in the vestibule, the ligand usually proceeded into the binding pock-
et. Binding/escape percentages are shown. (B) Schematic free-energy
landscape for binding. (C) Phe193ECL2 and Tyr3087.35 must separate for alpre-
nolol to move from the extracellular vestibule into the binding pocket. View
plane is indicated in light blue in (A). (D) Alprenolol loses more than half of
its hydration shell as it enters the extracellular vestibule, and most of the rest
as it enters the binding pocket (SI Text). Data from simulation 1.
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the extracellular vestibule, drug residence in the vestibule, and
finally drug entry into the binding pocket, where the drug often
took on one of several metastable poses before adopting the crys-
tallographically observed conformation. Unexpectedly, the bar-
rier to entry into the extracellular vestibule was comparable to
—and, at least in the case of alprenolol binding to β2AR, higher
than—the barrier for entry into the binding pocket, even though
the latter required traversal of a narrow passage with accompa-
nying deformation of the receptor structure. The barrier to entry
into the extracellular vestibule is associated with surprisingly

large dehydration of both drug and receptor that takes place
as the drug associates with the vestibule.

Our simulations of drug binding also illuminate the process of
unbinding: in the absence of external driving forces, the unbind-
ing process is the reverse of the binding process, following the
same pathway and traversing the same barriers in the opposite
order. Thus, as alprenolol unbinds, it first moves from the bind-
ing pocket into the extracellular vestibule, passing between
Tyr3087.35 and Phe193ECL2 (Fig. 3B, “Barrier 2”), and then exits
from the vestibule into the bulk solvent as water enters the ves-
tibule in a concerted fashion (Fig. 3B, “Barrier 1”). In a recent
computational study, carazolol was observed to exit the β2AR
binding pocket along many routes, with the extracellular vestibule
route ranking second (8); this difference from our results might
be due to the choice of ligand, but more likely it reflects the forces
applied in that study to evict carazolol from the binding pocket
within a few nanoseconds, a time period about 14 orders of mag-
nitude shorter than its experimental dissociation half-life (32).

By characterizing the binding pathway and the major energetic
barriers along it, our results provide a foundation for the rational
optimization of drug binding and unbinding kinetics, which are
now recognized to play a critical role in drug efficacy, selectivity,
and safety (3, 4). Because the two barriers are of similar height,
changes to either can substantially affect binding and unbinding
rates. Geometric factors, such as ligand size and flexibility, will
likely affect the barrier to binding pocket entry more than the
barrier to vestibule entry. Ligand hydrophobicity and other fac-
tors associated with dehydration may, however, contribute as
much to both barriers—particularly the vestibule entry barrier—
as geometry and electrostatics.

The dehydration observed early on the binding pathway, and
its connection to a major kinetic barrier, is particularly intriguing
given the widely recognized importance of ligand and binding-site
dehydration in drug–receptor affinity. Greater drug hydrophobi-
city usually leads to greater affinity, because changes in water
structure upon drug binding—in particular, the increased disor-
der of water molecules released from the binding pocket—often
dominate the binding free energy and thus make the largest
contribution to affinity (25). Our results suggest that this dehy-
dration, and the points on the binding pathway at which it takes
place, play an important role in determining binding kinetics as
well as affinity.

Beyond providing insight into elements of the binding process
that have proven difficult to probe experimentally, our simulation
results also suggest avenues for future experimental investigation.
Free-energy perturbation calculations indicate that dihydroalpre-
nolol binds to the β2AR extracellular vestibule—the main inter-
mediate we observe prior to ligand entry into the orthosteric
binding pocket—with a KD of about 5 μM (SI Text). Crystal struc-
tures determined with modified beta blockers, in which the ether
oxygen atom is substituted by selenium, may thus reveal anom-
alous scattering density peaks in the vestibule. Similarly, the
[19F]-NMR chemical shift of a semisynthetic β2AR in which a
vestibule hydrophobic residue is substituted by Cys-SCH2CF3

should be very sensitive to the binding there of aromatic ligands.
Blockade of the orthosteric site, by mutation or by presaturation
with a slowly dissociating beta blocker, may even render ligand
binding in the vestibule detectable by conventional means such
as a radioligand binding assay. By contrast, incorporation of suf-
ficiently large residues in the extracellular vestibule could block
the dominant binding pathway, slowing ligand association with
and dissociation from the orthosteric binding pocket.

Further investigation, perhaps using computational techniques
similar to those demonstrated here, will be necessary to deter-
mine the similarities and differences in the pathways, energetics,
and kinetics of ligand binding to different receptors. Detailed
binding pathways likely vary among GPCRs, and perhaps even
for a given GPCR in different conformational states. Several stu-

Fig. 4. Other drug–receptor pairs follow the same binding pathway.
(A) Bound pose of propranolol (purple), superimposed on the carazolol–β2AR
crystal structure (PDB entry 2RH1, gray) (data from simulation 15).
(B) Distance to binding pocket (ligand nitrogen atom to Asp3.32 Cγ ) and ligand
hydration for propranolol and isoproterenol binding to β2AR, and for alpre-
nolol binding to β1AR (data from simulations 13, 16, and 21). The insets illus-
trate a typical extracellular-vestibule-bound state for each simulation.
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dies have also suggested that highly hydrophobic ligands may
enter and leave certain GPCRs directly through the lipid bilayer
(9, 10). Nevertheless, the conserved architecture of the GPCR
family, with the binding pocket buried deep within a seven trans-
membrane helix bundle, suggests that many GPCRs likely share
similar binding pathways. Moreover, characteristics of the bind-
ing process we have observed here for β-adrenergic receptors,
including the presence of a major energetic barrier at the point
where the drug first associates with the receptor surface and its
connection to early drug–receptor dehydration, may even apply
beyond the GPCR family, particularly to other receptors with
deep, well-defined binding pockets.

Implications for Allosteric Modulation. Allosteric GPCR modula-
tors, which bind at sites distinct from the classical orthosteric
binding pocket, hold the promise of enhanced selectivity com-
pared to orthosteric GPCR drugs (33). The design of allosteric
drugs has been hindered, however, by a lack of structural infor-
mation. Although the orthosteric site was the dominant binding
site observed in our simulations—and the only site to which
ligands remained stably bound—we also observed several pre-
viously unknown, metastable binding sites (Fig. 2A and Fig. S6).
Unbiased simulations of ligand binding, such as those presented
here, may thus provide a means to identify the binding sites of
known allosteric modulators and to discover potential binding
sites for novel allosteric modulators.

Metastable drug binding to the extracellular vestibule (Fig. 2A)
is of particular interest in light of experimental data for the bind-
ing of allosteric modulators to muscarinic acetylcholine recep-
tors. Binding of gallamine and related compounds to these
receptors dramatically slows the association and dissociation of
orthosteric ligands (34). Mutagenesis data indicate that residues
in ECL2 and near the ECL3/helix 7 junction are involved in gal-
lamine binding (18). We speculate that gallamine binds in the ex-

tracellular vestibule. By “getting stuck” at this intermediate point
on the dominant binding pathway, gallamine would directly block
access to, or egress from, the orthosteric binding pocket. Recent
data suggests that orthosteric ligands can bind weakly in the same
position as gallamine (35), as would be expected if the gallamine
binding site represents a metastable point on the binding pathway
of orthosteric ligands.

As additional GPCR structures become available and as
advances in computer technology enable ever longer simulations,
the approach presented here will become applicable to more
receptors and ligands. Such simulations promise to complement
traditional experimental measurements by providing an atomic-
level description of the binding process for orthosteric and allos-
teric GPCR modulators, including the binding pathway and the
energetic barriers that control binding kinetics, both when the
binding site is known in advance and when it is not.

Methods
We performed molecular dynamics simulations of β1AR and β2AR, with lipids
and water represented explicitly, using the CHARMM force field (36) on
Anton (37), a special-purpose machine that accelerates such simulations
by orders of magnitude. Each simulation began with the receptor in the
crystallographic conformation [Protein Data Bank (PDB) ID entries 2VT4 for
β1AR (29) and 2RH1 for β2AR (27)], but with the cocrystallized antagonist
(cyanopindolol or carazolol) removed. Ten identical ligand molecules were
placed in the bulk solvent surrounding the receptor. No artificial forces were
applied to the ligands, which diffused throughout the simulated water and
lipids. Further details are provided in SI Text.
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