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Computer-modeling techniques have been used to generate docked complexes for a series of â
adrenergic agonists and antagonists with a three-dimensional model of the â2 adrenergic
receptor. For all ligands tested, it proved possible to dock low-energy conformers in the receptor
model, with sensible electrostatic, steric, and hydrogen-bonding interactions, many of which
are supported by experimental studies of the â2 receptor. Our results illustrate the power of
molecular modeling techniques, when coupled with appropriate experimental methods and data,
to investigate structure-function properties of integral membrane receptor proteins that cannot
yet be studied by direct structural methods.

Introduction
Integral membrane proteins often play a key role in

signal transduction across membranes. The G-protein-
coupled receptors (GPCR) represent a physiologically
and pharmacologically important class of membrane-
bound receptor proteins.1-3 Several hundred proteins
in organisms ranging from Drosophila to humans have
been identified as members of this family. Nearly all
GPCR identified to date appear to have a transmem-
brane domain composed of seven R-helical segments,
and they bind endogenous ligands ranging from epi-
nephrine to small proteins. After the visual pigments,
the adrenergic neurotransmitter receptors are probably
the best-characterized GPCR.4 Many of these receptors
have become important pharmacological targets in
treatment of a variety of disease states, due to their key
role in control of numerous physiological processes. For
example, many therapeutic agents utilized in treatment
of asthma, hypertension, and various cardiac conditions
exert their effects via interactions with adrenergic
receptors. Detailed knowledge about the function of
GPCR and their interactions with ligands would en-
hance significantly our understanding of cell-signaling
processes and would also be of great value in develop-
ment of improved therapeutic agents and treatment
strategies for many disease states. Atomic-resolution
structures of these proteins would contribute greatly to
our understanding of receptor function and ligand
interactions, but numerous technical problems prohibit
the determination of atomic-resolution structures for
most membrane proteins at present.
There is a growing body of indirect structural data

available for some GPCR from various biophysical,
ligand-binding, and site-directed mutagenesis experi-
ments. In favorable cases, these indirect structural data
may be used to construct crude three-dimensional (3D)
models for GPCR. For example, numerous 3D models
have been constructed for adrenergic receptors and
other GPCR.5-17 Many are based on the electron
diffraction structure of bacteriorhodopsin,18 although
there is no significant sequence similarity observed

between bacteriorhodopsin and GPCR identified to date.
The rationale for use of bacteriorhodopsin as a template
structure for model building invokes general functional
similarity between bacteriorhodopsin and rhodopsins
from higher organisms and the fact that the rhodopsins
are members of the G-protein-coupled receptor family.
As has been pointed out previously, however, bacterio-
rhodopsin and the rhodopsins are not functional ana-
logs.19 Bacteriorhodopsin is a light-activated proton
pump, while the rhodopsins are G-protein-coupled pho-
toreceptors. The retinal chromophore is different in
these two protein families (all-trans-retinal in bacterio-
rhodopsins and 11-cis-retinal in rhodopsins), and the
photoisomerization reactions differ as well. Recent
modeling studies also raise questions regarding the
validity of bacteriorhodopsin as a reference structure,
on the basis of alternate sequence alignments or mod-
eled ligand-receptor complexes.9,15,20 In particular,
these studies suggest that the helix bundle arrangement
may be quite different from that observed in bacterior-
hodopsin. As we have discussed in detail previously,21
various hypotheses used to suggest sequence (and by
implication, structural) homology between bacterio-
rhodopsins and GPCR generally propose either a gene
duplication event for a small, primordial helix bundle
protein,22 or an exon-shuffling event that led to rear-
rangement of helices in the bundle, such that there is
no clearly observable collinear sequence homology be-
tween the two families.20 A detailed sequence compari-
son of all halobacterial retinal proteins and a number
of G-protein-coupled receptors refutes both these hy-
potheses, however.23 When the entire halobacterial
retinal protein family is examined simultaneously with
a large number of G-protein-coupled receptors, no data
exist to support either hypothesis or any sequence
homology between the two families. This suggests that
either (1) the halobacterial retinal protein family (in-
cluding bacteriorhodopsin) and the G-protein-coupled
receptor family are the products of a highly divergent
evolution from an ancient common ancestor or (2) these
two protein families are the result of a convergent
evolution event, i.e., evolutionary pressures have yielded
two unrelated protein families that possess a similar
tertiary structure (presumably because a seven-helix
bundle is physically stable and functionally adaptable
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in a lipid bilayer environment). While conclusions
drawn from sequence analysis and modeling studies are
not unequivocal, recent low-resolution electron diffrac-
tion structures for bovine and frog rhodopsins show
clearly that there are significant differences in the
transmembrane helix bundle-packing arrangements for
rhodopsin versus bacteriorhodopsin.24,25 The diffraction
structure is not of sufficient resolution to evaluate the
details of any particular model structure, but it does
provide the first direct experimental evidence that
bacteriorhodopsin is not the ideal template for G-
protein-coupled receptor model-building studies. There-
fore, we believe that it is essential that three-dimen-
sional models for GPCR be constructed without any a
priori assumption of similarity to bacteriorhodopsin.
We have reported previously the use of de novomodel-

building techniques to construct 3D models for â2
adrenergic receptor.9,21,26 Our modeling procedure does
not presume any sequence or structural relationship
with bacteriorhodopsin. Instead, we started with two
assumptions: (1) the transmembrane domain consists
of seven R-helical segments, as suggested by an assort-
ment of secondary structure prediction methods and
antipeptide antibody-mapping experiments,27 and (2)
the seven R-helices are all oriented approximately
perpendicular to the plane of the bilayer, in a continuous
bundle arrangement as observed for bovine and frog
rhodopsins.24,25 Given these assumptions, the seven
putative transmembrane R-helical segments are first

constructed as idealized helices. These seven helices
are then packed into bundle arrangements that segre-
gate most polar residues in the bundle interior, with
predominantly hydrophobic residues on the exterior
(e.g., lipid-exposed) surface of the bundle. Multiple
sequence alignments for a collection of GPCR provide
important clues for helix orientation. These alignments
reveal sides, or faces, in the transmembrane helices that
possess the expected profile for a lipid-exposed surface;
specifically, these lipid-exposed helix faces exhibit a
complete lack of residue conservation, except that amino
acid substitutions are restricted to hydrophobic resi-
dues. Unlike most other reported GPCR-modeling
exercises, we also include extracellular and cytosolic
loops in our model structures. While we can only
generate physically sensible, but not unique, loop
conformations in our models, inclusion of loops has
proven to provide useful topological constraints in some
cases. For example, some interhelical loops in â2
receptor and many other GPCR are quite short and
dictate that the attached helices must pack next to each
other in a bundle. Only those bundle arrangements that
satisfy these general topological and physical property
constraints and congregate residues shown to be im-
portant for ligand binding in a localized region of the
bundle interior (i.e., form a putative ligand binding
pocket) are retained for further consideration and model
refinement. Topological and physical property con-
straints and constraints from site-directed mutagenesis

Figure 1. Stereoview of the complete â2 adrenergic receptor model complexed with epinephrine, after energy minimization and
molecular dynamics relaxation.28 The receptor backbone is shown in green, the ligand is blue, and side chains in the ligand
binding site are displayed in red. A contact pair between Asp-79 and Asn-322 is highlighted in yellow: (A) top view and (B) side
view. Note the marked kinking in helices at the sites of conserved proline residues.

3D Models for Complexes with â2 Receptor Journal of Medicinal Chemistry, 1996, Vol. 39, No. 22 4407



and biophysical studies enable us to reduce the number
of helix bundle candidate structures from ∼1500 (the
number of packing arrangement permutations for an
approximately circular seven-helix bundle) to only 10-
20 structures in most cases. These best-candidate
structures are then subjected to energy minimization
and molecular dynamics refinement,28 yielding receptor
models that display noticeably kinked and distorted
helices packed in an array comparable to the rhodopsin
projection map structures. For the â2 adrenergic recep-
tor, there is adequate experimental data to permit us
to reduce the helix bundle model candidates to two
general classes: a clockwise and a counterclockwise
helix bundle arrangement. Both general models are
consistent with most available experimental data, al-
though the clockwise model appears to better explain
stereoselective ligand binding data.9 The relaxed clock-
wise model with epinephrine docked in the putative
binding site is shown in Figure 1.
To test further the reasonableness of our three-

dimensional â2 receptor models, we have now performed
ligand-docking studies for a wide range of â2 ligands
that vary in size and functional group substitution
(Figures 2 and 3). If our initial 3D receptor models are
reasonable, they should accommodate a wide range of
ligands with little or no adjustment of the receptor
models. We present here the results of these ligand-
docking exercises.

Results and Discussion

Since all ligands share at least some common fea-
tures, we will not present a detailed analysis of each
complex here. Instead, we will describe features com-
mon to all ligand complexes studied and then present

in detail those ligand complexes that are representative
of a group or else unique in some key aspects.
It proved possible to dock all ligands shown in Figures

2 and 3 in the â2 receptor model with energetically
reasonable conformations. All share some common
featuresse.g., each ligand forms a charge-pair-rein-
forced hydrogen bond between protonated amine and
Asp-113 from transmembrane helix 3 of the receptor,
as expected from previous modeling work9 and experi-
mental studies.29 The chromophore of each ligand
stacks between Trp-286 and Phe-290 from helix 6 as
reported previously.9 The presence of Gly-315 in helix
7 also appears to be important. Our models suggest
that a larger residue at this position in helix 7 would
introduce significant steric restrictions in the ligand
binding pocket. This glycine is highly conserved among
GPCR that exhibit measurable binding for catechol
ligands (e.g., adrenergic, dopaminergic, and serotonergic
receptors). The â2 receptor exhibits rather dramatic
stereoselectivity for chiral ligands, and the preferred
stereoisomer for typical agonists and antagonists is
shown in Figure 4. All ligands docked in our clockwise
helix-bundle model form a good hydrogen bond with Ser-
319 or an alternate residue from helix 7. Ligands
docked in the counterclockwise helix-bundle model form
a hydrogen bond with Thr-164 from helix 4. Most other
features are particular to either agonists or antagonists,
and a number of ligands display certain unique receptor
site interactions.
Agonists. Each agonist studied possesses one or two

hydroxyl groups on the aromatic ring system capable
of forming hydrogen bonds with conserved serines 204
and/or 207 in helix 5. Experimental data suggest that
the p-hydroxy group of catechols forms a hydrogen bond
with Ser-207, while them-hydroxy group interacts with

Figure 2. â Adrenergic agonists: (a) epinephrine {1-(3,4-dihydroxyphenyl)-2-(methylamino)ethanol}, (b) isoproterenol {1-(3,4-
dihydroxyphenyl-2-(isopropylamino)ethanol}, (c) terbutaline {2-(tert-butylamino)-1-(3,5-dihydroxyphenyl)ethanol}, (d) Isoetharine
{1-(3,4-dihydroxyphenyl)-2-(isopropylamino)-1-butanol}, (e) albuterol {2-(tert-butylamino)-1-[4-hydroxy-3-(hydroxymethyl)phenyl]-
ethanol}, (f) clenbuterol {1-(4-amino-3,5-dichlorophenyl)-2-(tert-butylamino)ethanol}, (g) nylidrin {1-(4-hydroxyphenyl)-2-[(1-methyl-
3-phenylpropyl)amino]-1-propanol}, (h) ritodrine {1-(4-hydroxyphenyl)-2-[[2-(4-hydroxyphenyl)ethyl]amino]-1-propanol}, (i) fenoterol
{1-(3,5-dihydroxyphenyl)-2-[[(4-hydroxyphenyl)isopropyl]amino]ethanol}, (j) 8-hydroxy-5-[2-(tert-butylamino)-1-hydroxyethyl]-2-
oxoquinoline, and (k) TA-2005 {8-hydroxy-5-[1-hydroxy-2-[[2-(4-methoxyphenyl)-1-methylethyl]amino]ethyl]-2-oxoquinoline}.
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Ser-204.30 Most agonists that possess only one hydroxyl
group have it substituted in the para position of the
aromatic ring (see Figure 2); these ligands invariably
formed a hydrogen bond with Ser-207 in our relaxed
structures. Interestingly, in a previous MD simulation
for an epinephrine-receptor-bilayer complex, it ap-
pears that the p-OH/Ser-207 hydrogen bond is much
more stable than hydrogen bonds involving Ser-204.28
These specific hydrogen bonds for m- and p-hydroxyl
groups, together with the charge interaction between
the protonated amine and Asp-113, form a three-point
attachment that greatly restricts the rotational freedom
of catecholamine ligands in the receptor binding pocket.
For smaller agonists (e.g., terbutaline, Figure 2c;

isoetharine, Figure 2d), the ligand-receptor interactions
are quite similar to those for epinephrine reported
previously.9 In addition to common features listed
above, the N-alkyl substituents from these ligands
(-CH3, -CH(CH3)2, -C(CH3)3) interact with Val-117 in
helix 3 and neighboring hydrophobic residues. For the
bulky tert-butyl group in terbutaline, the Val-117 side
chain had to be rotated to a new conformation to avoid

serious steric overlap with the ligand. Among the small
agonists, isoetharine was probably the most difficult to
dock because the ethyl group in the R-position of the
side chain presents additional possible steric conflicts.
However, all the small agonists can be docked in low-
energy conformations (only ∼1-3 kcal/mol above the
global minimum found in systematic search). A typical
complex with the R isomer of epinephrine is shown in
Figures 5 and 6.
The larger agonists (e.g., ritodrine, Figure 2h) pre-

sented greater steric challenges during docking exer-
cises. When ionic and hydrogen bond contacts described
above are imposed, and the chromophore is stacked
between Trp-286 and Phe-290, the large 2-phenylethyl
N-substituent must lie in a pocket formed by residues
from helices 2 and 7. In this orientation, the aromatic
ring of the N-substituent stacks nicely with Met-40 from
helix 1 and Phe-89 from helix 2, the ethyl fragment
packs against Val-117 from helix 3, and the p-OH group
of the phenethyl substituent forms a hydrogen bond
with Asn-318 from helix 7, as seen in Figures 7 and 8.
Interestingly, there is some experimental data to sup-
port a role for Asn-318 in agonist interactions.31 In the
case of ritodrine and related compounds, a slightly
higher energy conformer (∼5 kcal/mol above the global
minimum) fits best in the binding site. Most other large
agonists have considerable structural similarity with
ritodrine, and their binding interactions with the recep-
tor are comparable. The variations in methyl substitu-
tion patterns around the amine group in compounds
2g-i,k do not alter substantially the nature of the
ligand-receptor complexes because the ethyl chains are
reasonably flexible (our models predict that substituents

Figure 3. â Adrenergic antagonists: (a) ICI-118,551 {erythro-1-[(7-methylindan-4-yl)oxy]-3-(isopropylamino)-2-butanol}, (b)
spirendolol {4′-[3-(tert-butylamino)-2-hydroxypropoxy]spiro[cyclohexane-1,2′-indan]-1′-one, (c) Propranolol {1-(isopropylamino)-
3-(1-napthyloxy)-2-propanol}, (d) IPS-339 {9-[[3-(tert-butylamino)-2-hydroxypropyl]oximino]fluorene}, (e) pronethalol {1-(2′-
naphthyl)-2-(isopropylamino)ethanol}, (f) timolol {1-(tert-butylamino)-3-[(4-morpholino-1,2,5-thiadiazol-3-yl)oxy]-2-propanol}, (g)
1-[(3-isopropylamino)-2-hydroxypropoxy]-4b,6,7,8,9,9a-hexahydro-5H-benzo[3,4]cyclobuta[1,2]cyclohepten-4b-ol, (h) sotalol {N-[4-
[1-hydroxy-2-(isopropylamino)ethyl]phenyl]methanesulfonamide} (i) alprenolol {1-(isopropylamino)-3-[2-(2-propenyl)phenoxy]-2-
propanol}, (j) pindolol {1-(1H-indol-4-yloxy)-3-(isopropylamino)-2-propanol}, and (k) [p-(bromoacetamido)benzyl]carazolol {4-[2-
hydroxy-3-[[2-[4-bromoacetamido)phenyl]-1,1-dimethylethyl]amino]propoxy]carbazole}.

Figure 4. Preferred stereoisomers for â2 adrenergic agonists
and antagonists: (A) (R)-epinephrine, a typical catecholamine
agonist, and (B) (S)-propranolol, a typical antagonist in the
phenylpropanolamine series. Note that the absolute configu-
ration of each molecule is the same.
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larger than a methyl group would likely produce more
significant steric clashes with receptor side chains,
altering the docked ligand conformation substantially
and/or lowering binding affinity due to unfavorable van
der Waals interactions).
In general, it was rather easy and straightforward to

dock all the agonists in the receptor models with low-
energy conformations. The antagonists presented greater
challenges, due to a generally much larger size of these
compounds (Figure 3).
Antagonists. Unlike the agonists, none of the an-

tagonists possess suitable functional groups on the
chromophore to form hydrogen bonds with serines in
helix 5. As we observed previously, this is one key
feature that is consistently different for agonists versus
antagonists and is likely significant.9 Smaller antago-
nists like propranolol (Figure 3c) and pronethalol (Fig-
ure 3e) can be docked rather easily in the receptor
models. As with the smaller agonists, the N-alkyl
substituents are positioned to form favorable van der
Waals interactions with Val-117 and other nearby
hydrophobic residues. Propranolol forms a complex

Figure 5. Stereoviews of the (R)-epinephrine complex with the clockwise â2 receptor model after limited energy minimization
and molecular dynamics refinement. These images are stereoviews of a thin slice through the center region of the seven-helix
bundle that comprises the ligand binding site. The R-carbon backbone is shown in green, the ligand is colored blue, and key
binding site residues are displayed in red and include Asp-113 in helix 3, Ser-204 and Ser-207 in helix 5, Trp-286 and Phe-290
in helix 6, and Tyr-316 in helix 7. The contact pair formed between Asp-79 from helix 2 and Asn-322 from helix 7 is highlighted
in yellow. (A) Top view from the extracellular side: Helices 1, 3, 5, and 7 project into the plane of the figure (amino terminus to
carboxy terminus), while helices 2, 4, and 6 project out of the page in the amino to carboxy direction. (B) Side view. Figures 5, 7,
9, 11, and 13 were generated with the Molscript program.54

Figure 6. Detailed stereoview of the epinephrine binding site. Only key binding site residue side chains are displayed (Asp-113,
Ser-204, Ser-207, Trp-286, Phe-290, Gly-315, and Tyr-316), and key ligand-receptor contact distances are highlighted with dashed
lines. The orientation is similar to that shown in Figure 5A.
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typical of the small molecule antagonists and is shown
in Figures 9 and 10. The propranolol chromophore
stacks between Trp-286 and Phe-290 and forms ad-
ditional contacts with Cys-116 from helix 3 and Tyr-
316 from helix 7. TheN-isopropyl substituent interacts
with Met-40 from helix 1, Phe-89 from helix 2, and Val-
117 from helix 3. Note that for propranolol (and all
other antagonists in the phenylpropanolamine series),
the S isomer is the preferred stereoisomer and that (S)-
propranolol has the same absolute configuration at the
chiral side chain carbon as does (R)-epinephrine (Figure
4).
Several antagonists have quite bulky chromophores,

and spirendolol (Figure 3b) is perhaps most dramatic.
This compound has a large chromophore with an at-
tached cyclohexyl ring that projects into a hydrophobic

pocket formed by residues in helices 3 and 4. Cys-116
and Val-117 from helix 3, Trp-286 and Phe-290 from
helix 6, and Tyr-316 from helix 7 form the primary
favorable contacts with the cyclohexyl ring and chro-
mophore, while the tert-butyl substituent interacts with
Met-40 from helix 1, Val-86 and Phe-89 from helix 2,
and Val-117 from helix 3, as shown in Figures 11 and
12.
With the exception of carazolol, we were able to dock

the lowest-energy conformer of each antagonist into the
binding site with little or no receptor structural adjust-
ments. Carazolol is by far the largest ligand we have
attempted to dock, and the best fit to date requires a
conformer that is ∼7-8 kcal/mol above the global
minimum found in the systematic search. While this
energy threshold is somewhat higher than we have

Figure 7. Stereoviews of the ritodrine complex with the clockwise â2 receptor model after limited energy minimization and
molecular dynamics refinement. The orientation and color coding is as listed for Figure 5. Key active site residues, shown in red,
include Met-40 from helix 1, Phe-89 in helix 2, Asp-113 and Val-117 in helix 3, Ser-207 from helix 5, Trp-286 and Phe-290 in
helix 6, and Tyr-316 and Asn-318 from helix 7: (A) top view and (B) side view.

Figure 8. Detailed stereoview of the ritodrine binding site. Only key binding site residue side chains are displayed (Met-40,
Phe-89, Asp-113, Val-117, Ser-207, Trp-286, Phe-290, Gly-315, Tyr-316, and Asn-318), with key ligand-receptor contacts highlighted
by dashed lines. The orientation is similar to that shown in Figure 7A.

3D Models for Complexes with â2 Receptor Journal of Medicinal Chemistry, 1996, Vol. 39, No. 22 4411



permitted for all other ligands, it is still within the
guidelines employed by others in conformational search
and docking procedures.32 The final carazolol-receptor
complex is quite similar to the docked structure reported
previously.9 The ionic interaction is formed with Asp-
113, and the chromophore stacks between Trp-286 and
Phe-290. The large p-(bromoacetamido)benzyl substitu-
ent on the nitrogen projects into a pocket formed by
helices 2 and 7, similarly to ritodrine and other large
agonists. The benzyl aromatic ring stacks with Met-36
and Met-40 from helix 1 and Phe-89 from helix 2, and
the bromoacetamido group is positioned to be suscep-
tible to nucleophilic attack by Ser-92 or His-93 in helix
2, as documented previously in experimental studies.33
The refined carazolol complex is shown in Figures 13
and 14. It should be noted that this docking orientation

is the only obvious possibility for carazolol in our models.
Only the Asp-113/ligand amine interaction and ligand
chromophore stacking with Trp-286 and Phe-290 were
imposed as constraints in the docking exercises. The
placement of the alkylating side chain near Ser-92 and
His-93 is essentially dictated by the clockwise helix-
bundle model and the criteria listed above.
Manual versus Automated Docking. Since we

have good experimental data concerning some key
ligand-receptor interactions, we can use this informa-
tion as constraints when we construct ligand-receptor
complex models. In fact, some constraint information
is necessary to make a manual docking exercise feasible.
Without constraint information, there are generally too
many viable docking options to consider and evaluate
with manual docking techniques. However, manual

Figure 9. Stereoviews of the propranolol complex with the clockwise â2 receptor model after limited energy minimization and
molecular dynamics refinement. Orientations and color schemes are as described for Figure 5. Key binding site residues include
Met-40 from helix 1, Phe-89 in helix 2, Asp-113, Cys-116, and Val-117 in helix 3, Trp-286 and Phe-290 in helix 6, and Tyr-316
and Ser-319 in helix 7: (A) top view and (B) side view.

Figure 10. Detailed stereoview of the propranolol binding site. Only key binding site residue side chains are displayed (Met-40,
Phe-89, Asp-113, Cys-116, Val-117, Trp-286, Phe-290, Gly-315, Tyr-316, and Ser-319), with key ligand-receptor contacts highlighted
by dashed lines. The orientation is similar to that shown in Figure 9A.

4412 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 22 Kontoyianni et al.



model-building exercises always require some subjective
decisions, and there is the danger that personal biases,
ambiguous experimental data, or inappropriate inter-
pretation of experimental data could corrupt the manual
ligand-docking exercises. To address these issues, we
have used an automated docking procedure to determine
the “best” binding locations and orientations for several
ligands and compared these results with our manually
constructed complexes.
We employed the automated ligand-docking program

DOCK34 to generate receptor complexes with epineph-
rine (Figure 2a), ritodrine (Figure 2h), and spirendolol
(Figure 3b), and details of these docking exercises are
reported elsewhere;35 6-10 top-scoring docked com-
plexes were examined carefully for each ligand. In each

case, the best DOCK-generated complexes (as deter-
mined by both simple steric and potential energy
function scores) were structurally indistinguishable
from our manually constructed complexes. DOCK-
generated complexes that exhibit an alternate binding
model (i.e., a binding site that is not located between
Asp-113 from helix 3 and Phe-290 from helix 6, or a
model with ligand orientations distinctly different from
any we developed in manual docking exercises) score
much worse than the best DOCK-generated models.
These results from the automated docking calculations
give us confidence that our manually generated models
are not influenced unduly by personal biases or failure
to consider alternate options.
General Features. We have also performed a

Figure 11. Stereoviews of the spirendolol complex with the clockwise â2 receptor model after limited energy minimization and
molecular dynamics refinement. Orientations and color schemes are as described for Figure 5. Key binding site residues displayed
include Met-40 from helix 1, Val-86 and Phe-89 in helix 2, Asp-113, Cys-116, and Val-117 in helix 3, Trp-286 and Phe-290 in helix
6, and Tyr-316 and Ser-319 in helix 7: (A) top view and (B) side view.

Figure 12. Detailed stereoview of the spirendolol binding site. Only key binding site residue side chains are displayed (Met-40,
Val-86, Phe-89, Asp-113, Cys-116, Val-117, Trp-286, Phe-290, Gly-315, Tyr-316, and Ser-319), with key ligand-receptor contacts
highlighted by dashed lines. The orientation is similar to that shown in Figure 11A.
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detailed comparison of the clockwise and counterclock-
wise (i.e., bacteriorhodopsin-like) helix-bundle models
for the â2 receptor with several ligands. As reported
previously,26,28 both models satisfy most physical prop-
erty evaluation criteria equally well. Most ligand-
receptor side chain interactions are also comparable in
the two models. For example, the counterion/Asp-113
interaction, chromophore stacking, and specific catechol
hydrogen bonds with serines 204 and 207 are common
to both models. The most significant difference in these
two models involves the receptor hydrogen bond partner
for the hydroxyl attached to the chiral side chain carbon
in each ligand. This interaction is significant because
it is probably the principal determinant for stereose-
lective binding of ligands. The three-point attachment

described above for catecholamines, involving the pro-
tonated amine interaction with Asp-113 and specific
hydrogen bonds between them-hydroxy group and Ser-
204 and the p-hydroxy group and Ser-207, eliminates
the possibility of much rotational and/or translational
freedom for the ligand in the binding pocket. Thus, the
three-point attachment model determines the orienta-
tion of the side chain hydroxyl group in the ligand
binding site and greatly restricts the number of possible
hydrogen-bonding partners from the receptor. In the
clockwise models, the side chain hydroxyl projects
toward helix 7, and the best candidate hydrogen bond
partner is Ser-319 or Tyr-316. In the counterclockwise
models, the side chain hydroxyl projects toward helix
4, and the most probable side chain partner is Ser-161,

Figure 13. [(Bromoacetamido)benzyl]carazolol complex with the clockwise â2 receptor model after limited energy minimization
and molecular dynamics refinement. The orientation and color schemes are as described in Figure 5. Key binding pocket residues
include Met-36 and Met-40 from helix 1, Phe-89 in helix 2, Asp-113 and Cys-116 from helix 3, Trp-286 and Phe-290 in helix 6,
and Ser-319 in helix 7. Also shown in yellow are Ser-92 and His-93 from helix 2. These residues are the sites of alkylation for the
bromoacetamido group, which sits directly adjacent to these two residues in the model: (top) top view and (bottom) side view.

Figure 14. Detailed stereoview of the carazolol binding site. Only key binding site residue side chains are displayed (Met-36,
Met-40, Phe-89, Ser-92, His-93, Asp-113, Cys-116, Trp-286, Phe-290, Gly-315, and Ser-319), with key ligand-receptor contacts
highlighted by dashed lines. The orientation is similar to that shown in Figure 13, top.
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Thr-164, or Ser-165 (Figure 15). Previous experimental
studies have shown that mutation of Ser-161 to alanine
has no effect on ligand binding,30 and multiple sequence
alignments show that Thr-164 is conserved only in â2,
but not â1, â3, or R adrenergic receptors, so these
residues are not good candidates for the stereoselective
hydrogen bond partner. Attempts to mutate Ser-165
to alanine yielded a â2 receptor that does not appear to
fold and insert into the membrane.30 There is some
experimental data to suggest that mutation of Ser-319
to alanine diminishes agonist binding affinity.30 How-
ever, this mutation does not appear to affect antagonist
binding, and there is no evidence that it has any
profound effect on stereoselectivity. Recent molecular
dynamics simulations for epinephrine and propranolol
receptor complexes in an explicit lipid bilayer model28
suggest that Tyr-316 from helix 7 might form a strong,
stable hydrogen bond with the epinephrine side chain
hydroxyl, as shown in Figures 5 and 6. During these
simulations, we observed that the hydroxyl/Ser-319
hydrogen bond in the original clockwise model broke and
was replaced quickly by a good hydrogen bond with Tyr-
316 that persisted for the duration of the simulations.
This tyrosine is located approximately one turn earlier
in the helix and can easily swing into position to form
a hydrogen bond with the ligands. Recent experimental
studies to probe residues from helix 4 indicate that

mutation of Thr-164 to alanine reduces the stereose-
lective binding preference for some agonists and an-
tagonists, with no measurable effect on others.36 Fi-
nally, a recent (counterclockwise) â2 receptor model
based on the low-resolution bovine rhodopsin projection
map suggests that Asn-293 from helix 6 functions as
the stereoselective hydrogen bond partner.16 Both our
clockwise and counterclockwise models indicate that
Asn-293 does indeed project into the proposed ligand
binding pocket, although in our models it is too far away
from the ligands to form a good hydrogen bond. How-
ever, Asn-293 is conserved only in â adrenergic receptors
and is generally a nonpolar residue in all other adren-
ergic receptors. If the incorrect stereoisomer for any
ligand is docked so as to maintain the charge-pair
interaction between the protonated amine and Asp-113
and the side chain hydroxyl hydrogen bonds with
residues in helix 7 (clockwise model) or helix 4 (coun-
terclockwise model), the specific catechol hydrogen
bonds with serines 204 and 207 are swapped and
generally degraded (poorer geometries and/or hydrogen-
bonding distances). This is in direct conflict with the
experimental results30 and forms the basis of our
hypothesis for stereoselectivity in the receptor models.
In an attempt to gain some additional insight into the

nature of ligand-receptor contacts and the stereoselec-
tive hydrogen-bonding interaction in particular, we have
used multiple-sequence alignments for a large collection
of adrenergic and other amine neurotransmitter recep-
tors, some of which are shown in Figure 16. Given the
assumption that R1, R2, and all â adrenergic receptors
have similar ligand receptor sites,16 we hoped to derive
additional clues about the nature of ligand-receptor
interactions from this analysis. As can be seen in
Figure 16, the alignment appears to rule out certain
residues as candidates for the stereoselective hydrogen
bond partner. In particular, Asn-293 from helix 6 is not
conserved in R adrenergic receptors, and Thr-164 from
helix 4 is not even conserved among all â adrenergic
receptors. In contrast, residues like Ser-165 from helix
4 or Ser-319 from helix 7 are too highly conserved, that
is, these two positions are highly conserved in many
GPCR (data not shown), including other amine neu-
rotransmitter receptors, peptide receptors, etc., that do
not bind ligands which require a stereoselective hydro-
gen-bonding interaction. This high degree of conserva-
tion for Ser-165 and Ser-319 in many diverse GPCR
strongly suggests that they play an important structural
role in the GPCR superfamily. The experimental data
cited above for mutation of Ser-165 and Ser-319 in the
â2 receptor are consistent with this hypothesis.
The multiple-sequence alignments do not pinpoint a

single residue as a clear, best candidate for the stereo-
selective hydrogen-bonding partner. However, other
interesting and exciting patterns are observed. A
number of residues proposed to comprise the binding
pocket and interact with ligands in our clockwise â2
receptor models exhibit systematic variations among
adrenergic and other amine neurotransmitter receptors.
For example, position 293 in the â2 receptor (and the
corresponding position in all other adrenergic receptors)
is always asparagine in â receptors, tyrosine in R2
receptors, and specific hydrophobic residues in different
R1 receptor subtypes. Extension of this analysis reveals
other positions that appear to display systematic se-

Figure 15. Clockwise and counterclockwise models for the
â2 adrenergic receptor helix bundles after structural relaxation
with energy minimization and molecular dynamics. Each
bundle is viewed from the extracellular surface, and all
extracellular and cytosolic loops have been removed for clarity.
Helices are numbered consecutively. (A) Clockwise model with
a docked (R)-epinephrine molecule: Asp-113 from helix 3 and
Tyr-316 from helix 7 are shown as key anchor and stereose-
lective hydrogen-bonding residues in this model. The Asp-79/
Asn-322 contact pair is clearly evident in the clockwise model.
(B) Counterclockwise model: Asp-113 from helix 3 and Thr-
164 from helix 4 are shown as the principal anchor and
stereoselective hydrogen-bonding residues, respectively, in this
model. Asp-79 and Asn-322 do not form a contact pair in the
counterclockwise model, as seen clearly here.
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quence variation from one receptor subtype to another,
in the adrenergic receptor family and in other receptor
families we have analyzed, including histaminergic,
dopaminergic, serotonergic, and even opioid receptor
families. Each of these positions is also localized in the
putative ligand binding pocket in our clockwise receptor
model. We believe these systematic sequence pattern
variations at specific locations in the helix bundle may
provide a qualitative structural explanation for receptor

subtype ligand selectivities in the adrenergic receptor
family, and possibly in other GPCR families as well.37

While static model construction can be quite enlight-
ening, our limited molecular dynamics (MD) studies for
a few ligand-receptor complexes with lipid bilayer
environments have provided additional information not
easily inferred from static models.28 Of most interest
is a proposed Asp-Asn interaction in the helix bundle.
After limited MD simulations of epinephrine-receptor

Figure 16. Multiple-sequence alignments for the predicted transmembrane regions (TM-1-TM-7) of representative R2, R1, and
â adrenergic receptors. Blackened blocks indicate positions conserved in all receptors shown in this alignment, dark gray blocks
highlight positions conserved within a receptor group (e.g., R2 or R1 receptors), and light gray blocks signify positions where
conservative substitutions are observed. This figure was generated with Alscript 2.0.55
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complexes with several different simulation protocols,
we observed that Asp-79 from helix 2 is well positioned
to form hydrogen bond interactions with Asn-322 from
helix 7 in the clockwise model, as shown in Figure 5
(this interaction was not present in our original static
models). These two residues are highly conserved in
the GPCR family, but multiple-sequence alignments
reveal an interesting swap (D79N and N322D) of these
residues in a few receptors, such as gonadotropin
releasing hormone (GnRH) receptor from various mam-
malian species. Recently, Sealfon and co-workers mu-
tated these two residues in mouse GnRH receptor to
probe this possible interaction.38 When either residue
is mutated independently (D79N or N322D), the recep-
tor is unable to bind hormone or antagonists. When
both residues are mutated simultaneously, i.e., “swapped”
for each other, the double-mutant receptor binds both
hormone and antagonists with essentially wild-type
affinity (G-protein-coupling efficiency was diminished
somewhat for the double-mutant versus the wild-type
receptor, however). Comparable results have been
observed more recently for the 5-HT2A receptor,39 which
has significant sequence similarity to â adrenergic
receptors. The 5-HT2A receptor displays binding affinity
for a number of â2 adrenergic ligands, implying consid-
erable similarity in the binding pocket of these two
receptors. These experimental results, plus the multiple-
sequence alignment data, strongly suggest the Asp-79/
Asn-322 interaction is real and significant. While our
clockwise model displays a classic Asp-Asn interaction
between these two residues, all counterclockwise models
we have examined have these two residues well sepa-
rated and oriented inappropriately for favorable inter-
action with each other (Figure 15). This putative Asp-
Asn pair is the first piece of experimental data not
directly related to ligand chirality and binding data that
appear to favor our clockwise helix-bundle model over
other alternatives. We cannot rule out the possibility
that rather different counterclockwise helical bundle
arrangements would accommodate this Asp-Asn inter-
action. However, there are no obvious rearrangements
we can make in our counterclockwise models to create
this Asp-Asn pair interaction that do not significantly
degrade other well-established interactions and distort
helices 2 and 7 dramatically.
Some caution must be exercised in interpreting these

mutation data for Asp-79 and Asn-322, however. Recent
results from Barak and co-workers provide somewhat
contradictory, and confusing, data for the â2 receptor.
They find that nonconservative substitutions of Asn-
322 completely disrupt agonist binding and G-protein
coupling, as would be expected if this contact pair is
important, but that an N322D mutation improves
receptor coupling with no adverse effects on other
receptor properties.40 The analogous Asn to Asp muta-
tion in helix 7 of rat cholecystokinin B receptor had
absolutely no effect on ligand binding or G-protein
coupling.41 These observations are radically different
from the results seen for GnRH and 5-HT2A receptors
and strongly suggest that it may not be valid to
extrapolate results of point mutation studies from one
G-protein-coupled receptor to another, even in the case
of two closely related receptors such as 5-HT2A and â2
adrenergic receptors.
Recently, a series of R2/â2 chimeric adrenergic recep-

tors was generated by Kobilka and co-workers to probe
specific interactions in these receptors, in an attempt
to resolve the topology (i.e., clockwise versus counter-
clockwise) of the seven-helix bundle.42 These chimeric
receptors probe in particular the interactions of three
residues in helix 7 of the â2 receptor: Leu-310, Leu-
311, and Asn-312. All three residues are phenylalanine
in R2 receptors (see Figure 16), and earlier experimental
studies have suggested specific interactions between
Asn-312 and residues in helices 1 and/or 2.43 The
results of these experiments suggest that Asn-312 does
indeed interact with residues in helix 1 or 2, while
Leu-311 interacts with residues in helices 3 and 6.
Helix swapping in these chimeric receptors has no
impact on Leu-310, and this residue is assumed to be
on the exterior surface of the helix bundle. Kobilka and
co-workers concluded that these results are more con-
sistent with a counterclockwise arrangement of the
helical bundle. However, our models are not completely
consistent with this interpretation. Both our clockwise
and counterclockwise models predict that Leu-310 is on
the exterior of the helix bundle, as do most other models.
However, our clockwise model positions Asn-312 in a
favorable orientation to interact with residues from
helix 2. In fact, this position is one of our signature
residues that vary systematically from one receptor
class and subtype to another.37 Only the data for
Leu-311 seem to fit our counterclockwise model some-
what better than the clockwise model. However, the
effects of the Leu-311 mutation are compensated only
by substitution of two complete helices in these experi-
ments, and we cannot easily predict what other struc-
tural changes such a dramatic alteration of the receptor
may produce. Because of these uncertainties, we have
never used full helix substitution data to either support
or rule out any particular model. However, helix-bundle
chimeras can suggest additional point mutations that
should be explored. For example, it would be quite
useful if specific residues could be identified in indi-
vidual helices that compensate the mutation of Leu-311.
Clearly, there is still not adequate data to provide

conclusive support for either a clockwise or a counter-
clockwise helix-bundle model. Most previous models
have assumed a counterclockwise helix-bundle arrange-
ment, either because the models were based directly on
a bacteriorhodopsin template or because an evolutionary
relationship with bacteriorhodopsin was assumed. As
discussed previously, it has been shown that there is
no solid basis for either of these assumptions. We must
then ask whether it is conceivable that two families of
integral membrane proteins (GPCR and halobacterial
retinal proteins) could both possess seven-helix-bundle
motifs but display different helical bundle topologies,
i.e., clockwise versus counterclockwise packing arrange-
ments. There are certainly examples of soluble, globu-
lar proteins with similar 3D structural motifs but no
obvious sequence homology. For example, a four-R-
helix-bundle motif is observed in many globular pro-
teins.44,45 A number of globular proteins with this motif
exhibit similar 3D structures, although there is little
or no obvious sequence homology. It is also noteworthy
that known four-helix-bundle structures are about
evenly split between left- and right-handed structures.
While it is not reasonable to make any direct extrapola-
tions, observations such as these for well-characterized
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globular proteins suggest that a similar situation is at
least feasible for seven-helix-bundle integral membrane
receptors, i.e., they may not all be related or even exhibit
the same handedness for bundle-packing arrangements.

Conclusions

The results presented here indicate clearly that
reasonable 3D models for ligand-â2 receptor complexes
can be generated, even when rather stringent model
construction criteria are applied. We are especially
pleased that we can dock a diverse collection of agonists
and antagonists, with little or no adjustment to our
original receptor models. It is also quite obvious that
these models are still severely underdetermined, as
there is insufficient definitive experimental data to
resolve differences among various proposed models.
Perhaps the most dramatic example of the underdeter-
mined nature of these models is the inability to select
one of the several possibilities for the stereoselective
hydrogen-bonding residues in the receptor. As a result,
there are at least three general models proposed by
various groups to explain stereoselective binding, and
each model has attractive features and weaknesses.
Clearly, the experimental data available presently are

inadequate to discriminate among the numerous 3D
models regarding precise helix-bundle arrangement or
receptor stereoselective determinants. It is rather
striking that many aspects of all â2 receptor models are
quite similar, with the notable exception of the proposed
stereoselective hydrogen-bonding residues. Undoubt-
edly, this is due to the amount and quality of data
available from experimental probes of the receptor
binding site, which nearly all researchers use to aid in
3D model construction.
The underdetermined nature of these receptor models

highlights their primary utility; underdetermined facets
of the models indicate exactly where experimental effort
should be focused. As new data are generated, the
models can then be corrected and refined to yield better
approximations to the true structure. The models can
also be used to suggest which techniques may be suited
to probe poorly characterized regions of the receptor
protein. For example, our relaxed clockwise models
indicate that Tyr-316 from the seventh transmembrane
helix might function as the stereoselective hydrogen
bond partner for â adrenergic ligands. This residue has
been mutated previously to alanine. However, this is
not a particularly conservative mutation and may well
disrupt side chain packing appreciably in that region
of the receptor. It would be quite interesting to test a
tyrosine to phenylalanine mutation at position 316. This
mutation should have minimal effects on receptor
structure but noticeable impact on ligand binding and
stereoisomer discrimination, if indeed Tyr-316 functions
as the key stereoselective determinant.
As we have seen frequently in our model construction

exercises, some techniques such as site-directed mu-
tagenesis will often yield rather ambiguous data, espe-
cially when general 3D structural models are as uncer-
tain as these.21 Recent studies have also shown that
mutations at supposedly homologous positions some-
times yield quite different results in different GPCR,
so extreme caution must be exercised when extrapolat-
ing results between GPCR. Furthermore, much site-

directed mutagenesis work to probe the ligand binding
site yields data of marginal utility in model construction.
For example, when mutation of a proposed key hydrogen-
bonding residue alters ligand binding and/or stereose-
lectivity by only a factor of 2-5, it can be dangerous to
assume that these data reflect a direct, specific interac-
tion between the mutated residue and ligand. Unfor-
tunately, many mutated residues yield ligand-binding
effects of this magnitude, so there are still many fine
details of ligand-receptor interactions that we cannot
yet deduce from the experimental data and our model-
ing exercises. Clearly, detailed biophysical studies for
multiple GPCR are needed to provide unambiguous
structural information for these receptors. Photoaffinity
labeling and cross-linking methods, spin label incorpo-
ration for EPR studies, and solid-state NMR spectro-
scopic techniques can all yield detailed structural data
that will facilitate construction and refinement of better
3D models for GPCR. It may well prove impossible to
characterize many structural features of these receptors
with anything less than high-resolution X-ray diffraction
structures for a variety of GPCR. Since high-resolution
structures for even a few GPCR are not likely soon,
modeling studies coupled with biophysical structural
probes will be needed to advance our understanding of
these important receptors.

Experimental Section

Low-energy conformers of each ligand were docked manually
in the â2 receptor models generated previously9 and in an
alternate counterclockwise helix-bundle model using interac-
tive molecular graphics modeling techniques. For each com-
plex, key ligand-receptor contacts inferred from experimental
studies were maintained (e.g., protonated amine/Asp-113
counterion interactions, hydrogen bonds, etc.). We made an
initial assumption that most or all agonists share a similar
binding motif, which seems reasonable given their structural
similarity and the available structure-activity relationship
data. Multiple-sequence alignment data for an assortment of
R and â adrenergic receptors, used previously to aid in
construction of 3D receptor models, were employed to identify
additional residues that might be involved in direct ligand
interactions. Adjustments to the receptor to accommodate any
particular ligand were restricted to isolated amino acid side
chain rotations in the binding site region, and rotations were
further restricted to allowable rotamers tabulated for protein
side chains by Ponder and Richards.46

Low-energy conformers for each ligand were generated using
a systematic conformational search strategy. All rotatable
bonds were varied systematically in 30° increments, and all
conformers with impossible steric clashes were eliminated.
Conformers with energies greater than 10 kcal/mol above the
global minimum energy located in the search were also
eliminated. All remaining conformers were minimized with
torsion constraints on the rotatable bonds. Conformers for
subsequent docking exercises were then chosen from the subset
of conformers within 3-5 kcal/mol of the “global” minimum
structure. For a few of the smaller ligands, we also performed
semiempirical (AM1) and/or ab initio (3-21G) quantum me-
chanical calculations (single-point and full geometry optimiza-
tions) to verify that the lowest-energy conformers had indeed
been selected in the systematic search procedure.
After manual docking, limited energy minimization and MD

were used to relieve any residual bad steric contacts. The
entire receptor-ligand complex was allowed to move during
refinement. Explicit waters were not included in the mini-
mization or dynamics calculations. However, for some of the
dynamics calculations, explicit lipid bilayer models and a
continuum aqueous solvent model were included.28 The final
docked complexes were examined to insure that receptor
models still possessed sensible side chain conformations and
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packing interactions as described previously.9 The quality of
ligand-receptor interactions was assessed for steric, charge-
charge, and hydrogen-bonding interactions. Hydrogen bonds
were considered “good” if donor-acceptor distances were
∼2.8-3.2 Å and donor-hydrogen-acceptor angles were ∼0.0
( 20°. As reported previously, a few selected ligand complexes
were also studied with MD simulations using several recep-
tor-ligand-bilayer models and protocols.28 As a further test
of our manual ligand docking protocol, we also used an
automated docking procedure to probe probable binding site
orientations for a few ligands.35

Standard AMBER all-atom potential functions were used
for all minimization and MD calculations.47 Partial charges
for all ligands were derived from ab initio electrostatic
potential calculations with Gaussian 9048 using a 3-21G basis
set. The final partial charges were fitted using the CHELPG
program.49 Systematic conformational searches were per-
formed with InsightII.50 Multiple-sequence alignment and
analyses were performed with the AMPS and AMAS pro-
grams.51 Manual docking and visual analysis of complexes
were performed using PSSHOW and MD-DISPLAY pro-
grams.52,53 The DOCK package was used for all automated
docking exercises.34
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