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Background: The �-opioid receptor can be activated by structurally diverse agonists.
Results: Four structurally diverse agonists differentially bound to and activated wild type and mutant �-opioid receptors.
Conclusion:The structural features of the agonists dictate how they interact with and stabilize Gi-signaling receptor conformations.
Significance: The results provide insights into the structural basis of opioid receptor ligand recognition and activation.

The crystal structures of opioid receptors provide a novel
platform for inquiry into opioid receptor function. The molec-
ular determinants for activation of the �-opioid receptor (KOR)
were studied using a combination of agonist docking, functional
assays, and site-directed mutagenesis. Eighteen positions in the
putative agonist binding site of KOR were selected and evalu-
ated for their effects on receptor binding and activation by
ligands representing four distinct chemotypes: the peptide
dynorphin A(1–17), the arylacetamide U-69593, and the non-
charged ligands salvinorin A and the octahydroisoquinolinone
carboxamide 1xx. Minimally biased docking of the tested
ligands into the antagonist-boundKORstructure generated dis-
tinct binding modes, which were then evaluated biochemically
and pharmacologically. Our analysis identified two types of
mutations: those that affect receptor function primarily via
ligand binding and those that primarily affect function. The
shared and differential mechanisms of agonist binding and acti-
vation in KOR are further discussed. Usually, mutations affect-
ing functionmore than binding were located at the periphery of
the binding site and did not interact strongly with the various
ligands. Analysis of the crystal structure along with the present
results provide fundamental insights into the activationmecha-
nism of the KOR and suggest that “functional” residues, along
with water molecules detected in the crystal structure, may be
directly involved in transduction of the agonist binding event
into structural changes at the conserved rotamer switches, thus
leading to receptor activation.

The three classic opioid receptors termed � (MOR),2 �
(DOR), and � (KOR) and the closely related nociceptin receptor

share 60–80% of their primary amino acid sequence (1) and are
the molecular targets for a large number of prescribed and
abused analgesic and psychoactive drugs. The structures of all
four opioid receptors in complexwith antagonists have recently
been solved, allowing invaluable insights into the specificity
determinants (2–5). Also, crystal structures of several class A
GPCRs in activated or partially activated states have revealed
conformational changes associated with the intracellular por-
tion of the transmembrane helices (particularly TM5, TM6,
and TM7) involving conserved amino acid motifs in the intra-
cellular TM helical bundle (6). These helical rearrangements
are modulated by a set of ligand-receptor interactions in the
orthosteric binding site located in the extracellular region of the
helical bundle. These ligand-dependent changes are usually
much smaller in scale and involve a variety of non-conserved
residues in different GPCRs, a consequence of the highly
diverse nature of the corresponding GPCR ligands (6–8).
Determining which binding site residues are responsible for
ligand recognition and activation is currently an area of intense
research. We have only recently begun to understand the com-
plex ways in which GPCRs, their ligands, and their intracellular
binding partners are able to differentially interact with one
another (9). Perhaps due to relatively small conformational
changes in the GPCR binding site upon activation, it has been
shown that an inactive crystal structure can occasionally be of
value in predicting agonist binding poses (10–13), revealing
initial “recognition motifs” that may be common to both ago-
nists and antagonists (6).
Previous studies (5, 14–18) have provided a wealth of infor-

mation regarding the binding affinities and efficacies of a vari-
ety of ligand chemotypes to KOR mutants. This type of work,
predominantly using antagonists (19), assisted in the descrip-
tion of a generic opioid binding site as well as specificity sites
that are unique for each opioid receptor type. The generic opi-
oid binding site is similar in all opioid receptors and is known as
the “message” region. The term “address” was used historically
to describe the specificity determinants of the different opioid
receptors (these terms illustrate the idea that a general opioid
message is being delivered to the specific address of KOR).
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However, the definition of the address determinants is by no
means invariant. For example, the KOR crystal structure, as
well as mutagenesis data, showed that the �-selective com-
pound JDTic does not bind to any of the previously described
address residues, indicating an expanded address determinant
for KOR. Although agonist binding and activation of KOR in
different mutant receptors have been previously reported with
a focus on different regions (5, 16, 20, 21), all of the available
data cannot be easily reconciled or compared because of differ-
ences in assay conditions, radioligands employed, and other
laboratory-specific variables. Here, to minimize such variabil-
ity, we performed a parallel study examining the effects of
mutations in 18 positions surrounding the KOR binding pocket
on radioligand binding and receptor activation by representa-
tives of four chemically distinct groups of KOR-selective ago-
nists. Dynorphin A, an endogenous KOR ligand, is a peptide
containing several basic amino acids. It is generally thought that
these basic residues interact specifically with acidic residues
unique to theKOR in the address region of the receptor (22, 23).
The other ligands are small molecules: U-69593, an oxaspiro
member of the arylacetamide class; salvinorin A, a highly
potent and selective, non-nitrogenous hallucinogenic neo-
clerodane diterpenoid (24); and compound 1xx, a recently
discovered non-basic full agonist octahydroisoquinolinone car-
boxamide with nanomolar potency as well as 700- and 2000-
fold selectivity for KOR over MOR and DOR, respectively (25).
Models of the different ligands bound to the KOR crystal struc-
ture were generated by minimally biased docking and assessed
in the context of our biochemical studies. Interestingly, the
mutagenesis data identified two types of mutated positions: 1)
positions that affect receptor function through ligand binding
and 2) positions that affect function more than binding. Muta-
tions in some of these residues had a different effect for differ-
ent ligands, whereas others had a similar effect on all of the
tested compounds. The consequences of these observations are
discussed in the structural framework of the docking models,
which provide fundamentally new insights into the chemotype-
specific modes of action of KOR agonists.

EXPERIMENTAL PROCEDURES

Radioligand Binding Assays—Radioligand binding assays
were performed as previously detailed (20). In brief, crude cell
membranes were prepared by lysing transfectedHEK-T cells in
binding buffer (50 mM Tris-Cl, 10 mM MgCl2, and 0.1 mM

EDTA at pH 7.40) and centrifugation at 30,000 � g for 20 min.
Membrane pellets were then flash-frozen in liquid nitrogen and
stored at �80 °C until use in binding assays. Binding assays
were conducted in total volumes of 0.25 ml in 96-well plates in
a binding buffer containing 0.3–0.6 nM [3H]diprenorphine for a
total of 60min at room temperature. Assayswere terminated by
harvesting over 0.3% polyethyleneimine-treated, 96-well filter
mats using a 96-well Filtermate harvester and three quick
washes with ice-cold binding buffer. The filter mats were dried,
and then scintillant was melted onto the filters, and the radio-
activity retained on the filters was counted in a Wallac Micro-
Beta TriLux plate scintillation counter. Ki determinations were
performed by using at least eight concentrations of unlabeled
ligand spanning a 10,000-fold dose range. Diprenorphine Kd

and receptor expression levels (Bmax) for the different mutants
were determined using homologous competition binding. The
rawdatawere analyzed by Prism5.01 (GraphPad Software, Inc.,
San Diego, CA) to give Kd, Bmax, and Ki values reported as the
means � S.E.
Functional Assays—Point mutations were introduced into

human KOR using the QuikChange site-directed mutagenesis
II kit (Agilent), and all mutations were verified by Sanger auto-
mated sequencing. HEK293T cells were co-transfected with
plasmids encoding the cAMP biosensor GloSensor-22F (Pro-
mega) and the different human KOR variants as described (26).
After an 18-h incubation at 37 °C, the cells were seeded (at
20,000 cells/20 �l/well) into white, clear bottom, 384-well tis-
sue culture plates precoated with poly-L-lysine (25 mg/liter;
Sigma). Cells were plated in DMEM containing 1% dialyzed
FBS. After a 24-h recovery, themediumwas replacedwith 20�l
of Drug Buffer (1� Hanks’ balanced salt solution, 20 mM

HEPES, pH 7.4), and the cells were treated with 10 �l of 3� test
or reference drug prepared in Drug Buffer. After 20min, cAMP
production was stimulated and detected by treatment with 10
�l of 1.2 �M (4�) isoproterenol in 8% (4�) GloSensor reagent.
Luminescence per well per secondwas read on aWallacMicro-
Beta TriLux plate scintillation counter. Data were normalized
to the isoproterenol response (0%), and the maximal salvinorin
A-induced inhibition (100%) and regressed using the sigmoidal
dose-response function built into GraphPad Prism 5.01.
Molecular Modeling—Modeling of the KOR-RB-64 complex

has been described previously (5, 20). GOLDSuite 5.1 (Cam-
bridge Crystallographic Data Centre, Cambridge, UK) was
employed to perform automated docking tasks, and SYBYL-X
version 1.3 (Tripos International, St. Louis, MO) was used to
perform all additional modeling. Default parameters were used
unless otherwise noted. All computing tasks were performed
on Intel Xeon-based or AMD Opteron-based Linux worksta-
tions running CentOS 5.5 or Intel Xeon-based Mac Pro work-
stations running Mac OS X 10.6 (Snow Leopard).
The structure of the KOR was prepared for docking by

extracting the “B” chain (protein only) from the Protein Data
Bank file (entry 4DJH), adding hydrogen atoms, and extracting
the JDTic ligand. Five water molecules (Wat1307, Wat1311,
Wat1313, Wat1314, and Wat1316) located in the B chain binding
site were also extracted and saved individually for use in the
docking exercises. The structures of the compounds to be
docked were sketched in SYBYL and energy-minimized using
the Tripos Force Field (Gasteiger-Hückel charges, distance-de-
pendent dielectric constant� 4.0; non-bonded interaction cut-
off � 8 Å; termination criterion � energy gradient � 0.05 kcal/
(mol � Å) for 100,000 iterations). To make the modeling
computationally tractable using automated docking routines,
only the first eight N-terminal residues of dynorphin A were
included; this truncated dynorphin retains low nanomolar
potency at KOR (26). For dynorphin A(1–8), the ligand was
initially prepared by sketching the sequence in a fully extended
�-strand conformation using the Protein Builder function of
SYBYL with charged termini. Using the crystal structure of the
KOR-JDTic complex as a guide, the two N-terminal residues of
dynorphin A (i.e. Tyr1 and Gly2) were manually aligned to the
peptide-like structure of JDTic, and an excellent agreement
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between the two structures was found. Specifically, the pheno-
lic ring of dynorphin A Tyr1 was then spatially aligned to the
phenolic portion of the tetrahydroisoquinoline fragment of
JDTic (B chain), and dynorphinAbackbone torsion angleswere
adjusted manually to match the JDTic “backbone” torsions for
the two initial dynorphin A residues (Tyr1-Gly2). This confor-
mation was used as a starting point for the docking of dynor-
phin A. The aligned Tyr1-Gly2 fragment was saved for later use
as a docking constraint in GOLD 5.1.
GOLD 5.1 flexible docking was performed without con-

straints for all ligands except dynorphinA(1–8).GoldScorewas
used as the scoring/fitness function. A binding site definition
consisting of a 15-Å radius sphere around the Asp138(3.32) C�

atom was employed. Two docking runs were performed for
each ligand. The first run involved keeping the side chain con-
formations as they were defined in the crystal structure. For the
second run, selected side chains (Gln115(2.60), Asp138(3.32),
Ile290(6.51), Ile294(6.55), Tyr312(7.35), Tyr313(7.36), and Ile316(7.39))
were allowed to be flexible during the docking run to reduce the
bias imposed by the “imprint” or “ghost” left behind by the
original JDTic ligand. Side chain flexibility for individual resi-
dues wasmodeled by incorporation of conformations (i.e. rota-
meric states) obtained from the Penultimate Rotamer Library
(27) in addition to the conformation found in the crystal struc-
ture. Because water molecules are very important participants
in the ligand binding process, five water molecules associated
with the ligand (Wat1307, Wat1311, Wat1313, Wat1314, and
Wat1316) in chain B were selected for inclusion in the docking
experiments. The two water molecules linking JDTic to the
imidazole ring of His291(6.52) (Wat1307 and Wat1311) were
included as part of the binding site. In addition, the remaining
water molecules (Wat1313, Wat1314, andWat1316) were allowed
to toggle on or off during the individual docking runs (i.e. these
waters were not automatically present in the binding site but
were included if their presence strengthened the interaction of
the ligandwith the receptor, as determined by the scoring func-
tion). Ten to thirty ligand poses were generated for each run.
While docking dynorphin A(1–8), the rotatable bonds in the
aligned portion of the peptide (Tyr1-Gly2) were kept rigid, and a
scaffold constraint (penalty � 5.0) was used to maintain the
original JDTic-aligned orientation of Tyr1-Gly2. GOLD was
then allowed to freely find optimal solutions for the Gly3–Ile8
portion of dynorphin A. The final receptor-ligand complex for
each ligand was chosen interactively by selecting the highest
scoring pose that was consistent with experimentally derived
information about the binding mode of the ligand. The chosen
solution(s) was thenmerged back into the KOR, along with any
necessary water molecules. Manual modification of some KOR
side chain and ligand torsion angles was performed after com-
pletion of the automated docking routines to further optimize
receptor-ligand interactions. These modifications involved
adjustment of the rotameric state of amino acid side chains in
the binding site to an alternative low energy rotamer that
enhanced the association of the receptor and the ligand. A typ-
ical example would be to “flip” the side chain amide of a gluta-
mine residue to allow formation of a hydrogen bond with the
ligand. Finally, the complexes were energy-minimized in
SYBYL using the previously stated parameters. The stereo-

chemical quality of the final models was assessed using
PROCHECK. As a control, docking experiments were per-
formedusing JDTic (the ligand co-crystallizedwith theKOR) to
assess the effectiveness of the docking algorithm. Under all
docking conditions used in this study, the top-scoring solution
reproduced the observed bindingmode towithin less than 1.0Å
root mean square deviation and also reproduced the ligand-
associated water molecules found in the crystal structure.

RESULTS

To study the agonist binding determinants of KOR, 18 posi-
tions around the orthosteric ligand binding site of KOR were
mutated to alanine and, in some cases, other amino acids. The
mutant receptors were then evaluated for radioligand binding
and functional Gi activity using a genetically encoded cAMP
biosensor as detailed previously (5). The compounds tested in
these assays represent four chemically distinct groups of KOR-
selective agonists ofwidely differing structural types and classes
(Fig. 1): the peptide dynorphin A(1–17), the arylacetamide
U-69593, and the non-charged ligands salvinorinA (24) and the
octahydroisoquinolinone carboxamide 1xx (25). We first
describe the effects that the different mutations have on the
affinities and potencies of the tested ligands and then describe
structural models of the bound ligands and propose structural
explanations for some of these effects.
The Effect ofMutations on the Binding andGi Signaling by the

Tested Ligands—The affinities and potencies of the four drugs
were tested inwild type (WT)KOR and 26 single pointmutants
(Tables 1 and 2 and Fig. 2). Expression levels and diprenorphine
affinity of the various mutants (Table 1, Kd and Bmax values)
were comparablewith those ofWT inmost cases, except for the
two lowest expressing mutants (L212A and I135A). The effects
of these extremely low expression levels on the apparent
potency of the receptor were taken into consideration, and we
avoid drawing conclusions on the effects of these mutations on
activity relative to WT. However, their relative effect on func-
tion (differential effects on the different ligands) and their
effects on ligand binding are still relevant. The data in Fig. 2
present the effects of the mutations relative to the WT KOR.
The affinities and potencies of the drugs in WT KOR are com-
parable with previously reported values (21, 25). All of the
tested mutations affected ligand binding and/or receptor acti-

FIGURE 1. KOR-selective agonists used in this study.
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vation to some degree. In our experiments, we could see a dif-
ferential effect on binding and activation by the various com-
pounds, with some of the mutations having a similar effect on
all or some of the ligands, whereas others had effects specific for
only one or two ligands.
Polar and Charged Residues—Asp138(3.32), whose acidic side

chain is responsible for the formation of a salt bridgewithmany
amine-containing ligands, wasmutated to alanine and to aspar-
agine. Both mutations severely impaired the binding and
potency of the basic ligands, which is consistent with the neces-

sity for ionic bond formation at Asp138(3.32) for basic ligands. At
the same time, our results unexpectedly revealed that these
mutations increased the binding affinity of both non-charged
ligands. The alanine mutation had a very small effect on the
potencies of non-charged ligands, whereas the asparagine
mutation had a strong positive effect on the potencies of both
non-charged ligands. The greater effect of the asparagine
mutant on the potency of the non-basic ligands compared with
the alanine mutation suggests a possible hydrogen bond inter-
action that is distinct from those possible with more classical

TABLE 1
Summary of competition binding in KOR mutants
Binding affinities (pKi � S.E.) of the tested ligands for the different mutants were measured using [3H]diprenorphine competition. Bmax values (pmol/mg � S.E.) and
diprenorphine affinities (pKd � S.E.) were determined by a homologous competition assay (n � 2–6).

Diprenorphine pKi

KOR variant Bmax Kd Salvinorin A U-69593 Dynorphin A(1–17) 1xx

pmol/mg
WT 4.79 � 0.88 8.97 � 0.16 7.9 � 0.09 7.65 � 0.2 8.1 � 0.08 6.65 � 0.1
Y66A (1.38) 5.07 � 1.05 8.85 � 0.06 7.57 � 0.09 6.56 � 0.11 7.11 � 0.1 6.26 � 0.03
Q115A (2.60) 3.88 � 0.93 8.88 � 0.03 6.23 � 0.29 6.94 � 0.02 6.91 � 0.12 6.24 � 0.21
Y119A (2.64) 6.96 � 0.23 8.56 � 0.02 6.58 � 0.06 6.55 � 0.04 6.69 � 0.18 5.26 � 0.12
Y119F (2.64) 5.36 � 0.39 8.73 � 0.08 7.61 � 0.09 7.48 � 0.18 7.8 � 0.3 6.28 � 0.06
I135A (3.29) 0.33 � 0.09 9.02 � 0.33 8.08 � 0.1 7.71 � 0.06 8.21 � 0.2 6.66 � 0.08
D138A (3.32) 5.94 � 1.03 8.31 � 0.08 8.45 � 0.11 5.54 � 0.04 5.28 � 0.01 7.52 � 0.06
D138N (3.32) 3.29 � 0.47 8.69 � 0.18 9.23 � 0.01 5.36 � 0 5.79 � 0.06 8.4 � 0.14
Y139A (3.33) 2.32 � 0.32 8.44 � 0.06 7.59 � 0 7.67 � 0.06 7.46 � 0.17 6.45 � 0.06
Y139F (3.33) 2.21 � 0.13 8.86 � 0.04 7.72 � 0.29 7.57 � 0.04 7.54 � 0.17 6.52 � 0.05
M142A (3.36) 1.16 � 0.21 8.33 � 0.07 7.24 � 0.03 7.66 � 0.05 7.79 � 0.12 7.69 � 0.11
K200A (ECL2) 1.56 � 0.16 8.76 � 0.08 8.03 � 0.21 7.95 � 0.14 8.32 � 0.14 6.75 � 0.03
L212A (ECL2) 0.18 � 0.06 8.84 � 0.35 8.08 � 0.1 8.48 � 0.17 8.27 � 0.2 6.99 � 0.16
M226A (5.38) 3.17 � 0.36 8.73 � 0.11 8.14 � 0.07 7.98 � 0.01 8.15 � 0.23 6.74 � 0.01
K227A (5.39) 2.62 � 0.39 9.32 � 0.3 8.36 � 0.07 8.61 � 0.1 8.66 � 0.23 7.29 � 0.04
H291A (6.52) 0.58 � 0.05 8.25 � 0.11 7.73 � 0.15 7.22 � 0.13 7.04 � 0.15 6.41 � 0.05
H291F (6.52) 0.59 � 0.12 8.43 � 0 8.11 � 0.05 8.12 � 0.03 7.76 � 0.05 7.19 � 0.07
I294A (6.55) 2.41 � 0.26 8.6 � 0.25 8.41 � 0.14 7.6 � 0.14 6.84 � 0.02 6.32 � 0.03
E297A (6.58) 3.84 � 0.28 9.01 � 0.19 8.14 � 0.08 7.94 � 0.1 7.32 � 0.05 6.96 � 0.05
Y312A (7.35) 2.21 � 0.44 9.15 � 0 7.7 � 0.09 6.93 � 0.08 7.96 � 0.23 6.41 � 0.19
Y312F (7.35) 3.05 � 0.24 9 � 0.17 7.73 � 0.23 7.13 � 0.17 7.71 � 0.26 6.47 � 0.12
Y313A (7.36) 4.95 � 0.33 8.28 � 0.69 5.85 � 0.09 7.39 � 0.1 7.35 � 0.05 5.65 � 0.29
Y313F (7.36) 3.42 � 0.54 8.84 � 0.47 7.51 � 0.04 7.23 � 0.16 7.9 � 0.18 6.29 � 0.22
I316A (7.39) 3.7 � 0.29 8.63 � 0.34 4.84 � 0.08 6.82 � 0.07 6.8 � 0.1 6.05 � 0.03
Y320A (7.43) 1.89 � 0.46 8.5 � 0.06 6.81 � 0.03 6.54 � 0.05 8.18 � 0.12 5.38 � 0.25
Y320F (7.43) 1.31 � 0.23 8.85 � 0.21 7.1 � 0.02 6.73 � 0.12 7.75 � 0.1 6.33 � 0.14

TABLE 2
Summary of functional assays in the tested mutants
A cAMP inhibition assay was used to measure the potencies (pEC50 � S.E.) of the tested ligands at the different mutants (n � 3–5). ND, not determined.

KOR variant Salvinorin A U-96593 Dynorphin A(1–17) 1xx

WT 9.87 � 0.05 8.49 � 0.08 8.32 � 0.06 7.29 � 0.09
Y66A (1.38) 9.01 � 0.05 7.75 � 0.05 7.98 � 0.06 6.81 � 0.04
Q115A (2.60) 8.58 � 0.05 8.5 � 0.04 7.19 � 0.06 7.14 � 0.05
Y119A (2.64) 8.41 � 0.04 8.04 � 0.05 7.26 � 0.06 6.23 � 0.04
Y119F (2.64) 9.28 � 0.03 8.09 � 0.06 8.42 � 0.04 6.86 � 0.04
I135A (3.29) 8.06 � 0.04 7.14 � 0.04 7.67 � 0.04 5.78 � 0.05
D138A (3.32) 9.6 � 0.13 ND ND 7.44 � 0.09
D138N (3.32) 10.6 � 0.03 5.16 � 0.25 5.72 � 0.05 8.04 � 0.05
Y139A (3.33) 8.14 � 0.05 7.55 � 0.07 6.93 � 0.04 6.4 � 0.07
Y139F (3.33) 9.72 � 0.04 8.48 � 0.04 7.65 � 0.06 6.86 � 0.05
M142A (3.36) 7.77 � 0.04 7.71 � 0.04 6.97 � 0.05 7.55 � 0.04
K200A (ECL2) 10.03 � 0.03 8.9 � 0.03 8.8 � 0.03 7.1 � 0.03
L212A (ECL2) 8.21 � 0.04 7.78 � 0.04 7.1 � 0.04 5.88 � 0.04
M226A (5.38) 10.43 � 0.05 9.73 � 0.05 8.86 � 0.05 7.37 � 0.05
K227A (5.39) 9.29 � 0.03 8.38 � 0.03 7.93 � 0.06 6.65 � 0.07
H291A (6.52) 8.14 � 0.06 6.87 � 0.06 6.58 � 0.07 6.05 � 0.08
H291F (6.52) 8.79 � 0.04 8.37 � 0.04 7.09 � 0.04 6.64 � 0.04
I294A (6.55) 10.06 � 0.06 8.33 � 0.08 7.14 � 0.05 6.46 � 0.07
E297A (6.58) 9.93 � 0.03 8.93 � 0.04 7.36 � 0.04 7.19 � 0.04
Y312A (7.35) 8.21 � 0.04 7.19 � 0.03 7.33 � 0.04 6.44 � 0.05
Y312F (7.35) 9.56 � 0.03 8.25 � 0.04 8.24 � 0.04 7.15 � 0.05
Y313A (7.36) 8.05 � 0.04 8.38 � 0.05 7.52 � 0.04 6.49 � 0.06
Y313F (7.36) 9.55 � 0.04 8.32 � 0.03 8.23 � 0.06 7.24 � 0.07
I316A (7.39) 6.6 � 0.11 7.72 � 0.05 6.9 � 0.05 6.4 � 0.04
Y320A (7.43) 6.45 � 0.05 6.08 � 0.1 7 � 0.08 ND
Y320F (7.43) 7.67 � 0.05 6.81 � 0.05 7.12 � 0.04 6.6 � 0.07
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ligands (see discussion below). The mutation Q115A (TM2)
had a variable effect; whereas the binding of salvinorin A and
dynorphin A was significantly decreased, the binding of 1xx
and U-69593 was altered to a smaller degree. The potencies of
salvinorin A and dynorphin A decreased substantially, but
those of 1xx and U-69593 were unaffected.
An alanine mutation in Lys227(5.39), at the entrance to the

binding site, had a uniformly small to moderate positive effect
on ligand binding while having a small negative effect on recep-
tor activation. Based on the crystal structure, Lys227(5.39) forms
a salt bridge with Glu297(6.58) at the extracellular end of TM6.
TM6 is known to be important for GPCR activation, and dis-
ruption of the Lys227(5.39)-Glu297(6.58) interaction may hamper
the ability of the KOR to adopt a Gi-interacting conformation.
E297A, one helical turn above Ile294(6.55) in TM6, affected only
the affinity and potency of dynorphin A and not the other three
compounds. Glu297(6.58) is one of the acidic residues found at
the opening of the binding site with which the basic residues in

dynorphin A have been proposed to interact and that also
serves as an “address” locus for classical morphinan-based
ligands (28).
Mutations in His291(6.52) lowered receptor expression (Bmax)

by about 8-fold (Table 1). An alanine mutation at this position
decreased receptor affinity for dynorphin A by more than 1
order of magnitude; however, for the rest of the tested ligands,
both alanine and phenylalanine mutations had only small
effects on ligand binding. The effect on receptor activation,
however, is uniformly profound for the alaninemutation (more
than 1.5 orders of magnitude). The phenylalanine mutation
decreased the potencies of salvinorin A and dynorphin A by
an order of magnitude and had a smaller effect on 1xx and
especially U-69593, which retained an almost WT-like
potency. A lysine mutation at this position resulted in a com-
plete lack of binding by any ligand, which could have been
due either to low expression or to disruption of the binding
site (data not shown).

FIGURE 2. Effect of the different mutations on binding affinity and potencies of the tested ligands. Histogram bar heights represent the difference
between the KOR mutant and WT KOR potency (�pIC50) and affinity (�pKi) of the tested ligands salvinorin A (red), 1xx (red with diagonal hash marks), U-69593
(light blue), and dynorphin A (dark blue). Asterisks indicate low expressing mutants; the effect on function is at least partially due to low expression levels.
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Tyrosine residues have an aromatic moiety and a polar
hydroxyl group, both of which may have an important role in
ligand binding and receptor activation. Therefore, in several
cases, these residues weremutated to an alanine, removing aro-
matic and polar interactions, or to phenylalanine, removing
only the polar interactions. Mutations at position Tyr119(2.64)
presented an interesting profile. The effect of the Y119Amuta-
tion on the binding of all ligands was larger than 1 order of
magnitude. The same mutant affected receptor activation of
the non-charged ligands by 1 order of magnitude or more,
whereas the basic ligands (dynorphin A and U-69593) were
affected by less than 5-fold. The phenylalanine mutation
impaired the binding of all ligands to a much lesser degree,
whereas its effect on activity was small and negative (decreased
potency) for three of the four ligands but small and positive
(increased potency) for dynorphin A. Both alanine and pheny-
lalanine mutations at Tyr139(3.33) had a very small effect on
ligand binding, but whereas the phenylalanine mutation had
almost no effect on potencies, the alanine mutant exhibited a
0.75–1.5-order of magnitude decrease in the potency of each of
the ligands. This suggests that decreased steric and/or hydro-
phobic interactions in the Y139A mutant compared with the
Y139F mutant hamper the receptor’s ability to adopt an active
Gi-recognizing conformation.
The mutagenesis of residues in TM7 revealed an interesting

pattern. Alanine and phenylalanine mutations at Tyr312(7.35)
had only a slight effect on the binding of U-69593; however, the
alanine mutation had a strong deleterious effect on the poten-
cies of all tested compounds, which was rescued in the pheny-
lalanine mutation. This result clearly points to an essential role
of Tyr312(7.35), and specifically its aromatic ring, in receptor
activation. Tyr313(7.36) had similar effects on both binding and
function, and in both tests, the phenylalanine rescued the phe-
notype of the alaninemutation. The Y313Amutationwas espe-
cially detrimental to salvinorin A binding and its ability to acti-
vate KOR. The Y320A mutation affected the binding of all
tested ligands except dynorphin A, with a similar but more
pronounced effect on function. Although the phenylalanine
mutation managed to rescue most of the binding affinities, the
potencies of all tested ligands were reduced, especially those of
salvinorin A and U-69593.
Although Tyr66(1.38) does not form a direct contact with the

ligand in the KOR crystal structure, an alanine mutation at this
position had a robust effect on the binding of U-69593 and
dynorphin A and only a small effect on the non-basic com-
pounds salvinorin A and 1xx. Interestingly, the effect on acti-
vation by all compounds was similar and small (�pEC50 � 1.0).
Non-polar Residues—Ile316(7.39) is oriented directly into the

binding site, and an alanine mutation in this position impaired
both binding and function for all tested ligands. The I135A
mutation on TM3 barely affected the binding of any ligand.
Although the comparison withWT for this mutant is problem-
atic because of its low expression levels, we observe that this
mutation affected the activation by uncharged ligands to a
higher degree than the basic ligands, suggesting that Ile135(3.29)
may be important for receptor activation by non-basic ligands,
perhaps by partially compensating for the absence of a salt
bridge normally formed with the ligand at Asp138(3.32) one hel-

ical turn below Ile135(3.29). The M142A mutation had no effect
(U-69593) or a small negative effect on the binding of all ligands
except 1xx; the affinity of this compound increased by an order
ofmagnitude, but its potency was not substantially altered. The
potencies of the remaining compounds were substantially
decreased, with that of salvinorin A being the most severely
impaired. The alanine mutation at Met226(5.38) did not have a
substantial effect on the affinity of any tested ligand and had a
small to moderate positive effect on the potency of all of the
tested ligands except 1xx, whichwas not affected.Met226(5.38) is
not directly in the binding site cavity; however, it is part of the
cluster of hydrophobic residues located at the junction of TM4,
ECL2, and TM5. The decreased size of the alanine relative to
themethionine side chainmay serve to destabilize inactive con-
formation(s) of the receptor. I294A, one helix turn above
His291(6.52), affected the binding and activity of dynorphin A
and 1xx but not salvinorin A and U-69593. The affinity of
dynorphin A was reduced by more than 1 order of magnitude,
and the potencies of both 1xx and dynorphin A were reduced
similarly.
Mutations in ECL2—Lys200(ECL2) and Leu212(ECL2) were

mutated with an attempt to understand the involvement of
ECL2 in binding and function. The K200A mutation did not
substantially affect the binding of any of the tested ligands, and
only a slight increasewas observed in the potency for dynorphin
A; this may be attributable to the removal of potentially unfa-
vorable interactions with basic residues in the full-length
dynorphin A(1–17).
The L212A mutation had a strong negative effect on the

expression of the receptor; however, the binding affinities were
not dramatically affected, and the potency shift of about 1 order
of magnitude can be attributed to the low expression levels.
Leu212(ECL2) is part of a conserved hydrophobic cluster located
at the top of TM4/TM5 that possibly serves to stabilize the
receptor in an inactive conformation (for discussions, see
below).
Prediction of a Putative Binding Mode for Dynorphin

A(1–8)—Dynorphin A utilized in this study is a KOR-prefer-
ring 17-residue peptide that contains the same Tyr-Gly-Gly-
Phe (YGGF) motif at the N terminus as is present in the �- and
�-selective endorphins and enkephalins. Because the tyrosine
residue is essential for activity, it is often speculated that the
phenolic ring of morphinan opioids and dynorphin A serve
similar functions (for a review of the dynorphin structure-ac-
tivity relationship, seeRef. 29). Alignment of the occupied bind-
ing sites of the KOR, MOR, and DOR using recently published
crystal structures (Protein Data Bank codes 4DJH, 4DKL, and
4EJ4, respectively) revealed that the phenolic rings of the opi-
oids occupy a position similar to that of the phenolic portion of
the tetrahydroisoquinoline ring of JDTic and most likely the
N-terminal aromatic residue of the opioid receptor-selective
neuropeptides (2). Using similar logic, the amino group of the
terminal tyrosine may mimic the basic amine of morphinans.
Until the crystal structures of the opioid receptors became
available, there appeared to be no concrete evidence to support
these assumptions, which, nonetheless have served as a conven-
ient working hypothesis for decades (30). The positively
charged C-terminal region of dynorphin A has been suggested
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to interact with acidic residues in the extracellular region of the
receptor, specifically with ECL2 (31). This notion strengthened
the idea of a general ligand-receptor complex topography in
which the N-terminal amino group of dynorphin A forms an
ionic interaction with the conserved Asp138(3.32), whereas the
C-terminal portion extends toward the extracellular loops and
perhaps beyond into the aqueous phase.
The truncated dynorphin, dynorphin A(1–8), �H3N-Tyr1-

Gly2-Gly3-Phe4-Leu5-Arg6-Arg7-Ile8-COO�, was used in the
docking studies to simplify the calculations. The truncated ana-
log retains the potency and selectivity (32) of the parent peptide
while containing the message (residues 1–5) and a portion of
the highly positively charged address C terminus (residues
6–8) (22, 29).
In the predicted KOR-dynorphin A(1–8) complex (Fig. 3),

chosen on the basis of docking score and agreementwith exper-
imental evidence, the YGGFmessage sequence remained in the
same location as JDTic and interacted extensively withmessage
residues in the lower portion of the binding site (Fig. 3). To our
knowledge, there is no conclusive evidence that the C-terminal
address sequence of dynorphin A shows any preference for reg-
ular secondary structure (in contrast to UFP-101, an orphanin
FQ analog (4)). The dynorphin A(1–8) C-terminal address res-
idues Leu5-Arg6-Arg7-Ile8 docked in an extended conforma-
tion, where the predicted binding pose created a network of
interactions with non-conserved or partially conserved address
residues at each position, including the important specificity-
conferring basic residues Arg6 and Arg7.
The docked dynorphin A model suggests a salt bridge

between the N-terminal tyrosine (Tyr1) amino group and the
Asp138(3.32) carboxylate (Fig. 3). The D138A and D138N muta-
tions both essentially eliminate the potency and affinity of
dynorphin A. Additional specific polar interactions were also
noted. However, although in our model the phenolic -OH
group of Tyr320(7.43) acts as a hydrogen bond donor to the
dynorphin AGly3 backbone carbonyl oxygen atom, its removal
has only a small effect on binding, whereas the effect on func-
tion is small relative to the effect of this mutation on the other
tested ligands. The amide side chain oxygen atomofGln115(2.60)
forms a hydrogen bond with the backbone NH group of dynor-
phin A Leu5, consistent with the large detrimental effect of the
Q115Amutation (more than 10-fold) on binding and function.
Glu297(6.58) is unique to the KOR and is largely responsible for
the selectivity of dibasic ligands, such as norbinaltorphimine
(33) and 5�-guanidinonaltrindole (34), over MOR and DOR.
Themodel shows an ionic interaction between the address gua-
nidinium group of dynorphin A Arg7 and the carboxylate of
Glu297(6.58), consistent with a substantially detrimental effect of
the E297Amutation and its specificity for dynorphin A (Fig. 3).
Although hydrophobic interactions are difficult to identify

using mutagenesis studies, they are likely to be important for
the affinity of dynorphin A for the KOR. In our model, Phe4 of
the YGGFmessage domain is located in a pocket delineated by
hydrophobic residues that are mostly conserved among KOR,
MOR, and DOR; these include Wat124(ECL1), Val134(3.28),
Ile135(3.29), and the disulfide linkage residue Cys210(ECL2).
Prediction of a Putative BindingMode forU-69593—The ary-

lacetamide class of small molecule KOR-selective opioids has

been extensively studied, and there are several well known
members, including U-69593, which is commonly employed as
a radiolabel in KOR competitive binding assays.
The predicted binding mode for U-69593 is shown in Fig. 4.

As with other basic amine-containing ligands, a salt bridge is
evident between the ammonium ion and Asp138(3.32). Muta-
tions at other nearby residues, includingM142A and I294A, are

FIGURE 3. Proposed binding mode for dynorphin A(1– 8). A, putative inter-
action of Arg7 of dynorphin A with Glu297(6.58) probably disturbs the stability
of a salt bridge formed between Lys227(5.39) and Glu297(6.58) (potential hydro-
gen bonds are indicated with green lines). This salt bridge may serve to atten-
uate G protein-mediated signaling by limiting the ability of TM6 to adopt an
active-like conformation, an effect that is probably analogous to the forma-
tion of the Ser222(5.43)–Asn344(6.55) hydrogen bond (and other nonpolar inter-
actions) upon binding of the �-arrestin-selective agonist ergotamine at the
5-HT2B receptor. B, putative binding mode showing KOR amino acid residues
within 4 Å of the ligand. Water molecules W1–W4 correspond to Wat1311,
-1307, -1316, and -1314, respectively.
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well tolerated. The oxaspiro ring is located in the same small
pocket as the N-cyclopropylmethyl group of the morphinan
ligands and is surrounded by Val108(2.53), Trp287(6.48), and
Tyr320(7.43). Mutation of Tyr320(7.43) to either phenylalanine or
(especially) alanine has a profound detrimental effect on the
potency of U-69593. However, the effect of these mutations on
binding is less profound, an observation consistent with the
high affinity of U-50488, which lacks the oxaspiro ring of
U-69593. These data, along with the model, suggest that the
hydrogen bond formed between Tyr320(7.43) and Thr111(2.56) is
somehow important for the proper function of the receptor in
this case. Interestingly, it also appears thermodynamically
favorable for a crystallographic water molecule to bridge the
oxaspiro oxygen atom and a side chain carboxylate atom from
Asp138(3.32).

Prediction of a Putative Binding Mode for 1xx—Some mem-
bers of the recently discovered octahydroisoquinolinone class
are specific KOR agonists with affinities in the low tomid nano-
molar range (5–200 nM) and are non-basic (25); one of the best
binding members (1xx) was chosen for study in the current
work. The putative binding mode was identified for 1xx from
the best scoring docked solution; the results for 1xx are pre-
sented in Fig. 5.
Examination of Table 1 and Fig. 2 shows that threemutations

substantially increase the binding affinity of 1xx: D138A,
D138N, and M142A. In the binding mode presented here, the
Asp138(3.32) carboxylate group is near the octahydroisoquinoli-

FIGURE 4. Proposed binding mode for U-69593. A, putative interaction of
U-69593 with Ile316(7.39) and Ile290(6.51), binding site residues at positions that
belong to a conserved network of key GPCR non-covalent interactions. Muta-
tion of either Ile316 or Tyr320(7.43) one turn above significantly reduces the
potency of all tested agonists, consistent with the importance of Ile316 for
proper GPCR structure and function. Structurally, a likely explanation for this
effect is that these mutations significantly hinder the ability of TM7 and its
NPXXY motif to adopt a G protein-recognizing conformation. A hydrogen
bond (shown as a green line) may be formed between Tyr312(7.35) and the
pyrrolidine ring nitrogen atom in an alternate ring puckering conformation. B,
putative binding mode showing KOR amino acid residues within 4 Å of the
ligand. Water molecules W1–W4 correspond to Wat1311, -1307, -1316, and
-1314, respectively.

FIGURE 5. Proposed binding mode for 1xx. A, putative interaction of 1xx
with Met142(3.36) at the bottom of the intrahelical ligand binding pocket.
Mutation of Met142 to alanine adversely affects the potency of all tested ago-
nists except 1xx, and the affinity of 1xx, unlike that of the other agonists, was
substantially increased in the M142A mutant. Because Met142 is directly adja-
cent to and interacts extensively with the His291(6.52) and Trp287(6.48), its muta-
tion to alanine disrupts the ability of the KOR to function. However, the puta-
tive binding mode of 1xx suggests that its bulky 4-chloro-3-trifluoromethyl
group, located directly adjacent to Met142, could maintain the signaling abil-
ity of the M142A mutant by preventing collapse in the region caused by the
missing methionine atoms. B, putative binding mode showing KOR amino
acid residues within 4 Å of the ligand. Water molecules W1–W4 correspond to
Wat1311, -1307, -1316, and -1314, respectively.
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none core, but it does not create a favorable interaction with it.
Our model predicts the existence of an extended hydrogen
bond network between Asp138(3.32), a bound water molecule,
and the amidemoiety of 1xx. However, this interaction is prob-
ably suboptimal, because bymutatingAsp138(3.32) to the smaller
and nonpolar alanine, the unfavorable desolvation cost associ-
ated with non-basic ligand binding to the charged Asp138(3.32)
may be removed (35), thus increasing binding affinity. Because
mutation of Asp138(3.32) to asparagine resulted in even greater
affinity for1xx, we propose that a favorable hydrogen bondmay
then be directly formed between Asn138 and the exocyclic
amide carbonyl oxygen atom (i.e.without the intermediacy of a
water molecule). The 4-chloro-3-trifluoromethylphenyl group
of 1xx is in close proximity to the Met142(3.36) side chain. The
M142A mutation resulted in a significantly higher binding
affinity, possibly due to removal of unfavorable stereoelectronic
interactions of the sulfur and halogen atoms in the WT recep-
tor. Alternatively, direct or indirect effects may change the
shape of the binding cavity to allow 1xx to bind more tightly.
There are threemutations that decrease the affinity of 1xx by

an order of magnitude or more: Y119A, Y313A, and Y320A. As
mentioned previously, Tyr119(2.64) is not directly in the binding
site but is part of an aromatic cluster of residues that probably
affects ligand binding indirectly. In the KOR crystal structure,
Tyr119(2.64) interacts directly with Tyr313(7.36) via edge-face aro-
matic interactions. When either residue is mutated to alanine,
the binding affinity drops markedly; however, the correspond-
ing phenylalaninemutants retain almost all of the binding affin-
ity of the WT KOR. These results suggest that Tyr119(2.64) and
Tyr313(7.36) act together to indirectly maintain the shape of the
binding cavity. In the proposed interaction mode for 1xx,
Tyr119(2.64) and Tyr313(7.36) are relatively far from the ligand.
The Y320A mutation nearly abolishes 1xx activity as well as
being very detrimental to its binding, whereas the phenylala-
nine mutation at this position restores almost all of its binding
affinity and functionality. This implies that the aromatic ring of
Tyr320(7.43) is important both for binding and activation, prob-
ably though hydrophobic interactions with the ligand. This is
consistent with the proposed model, in which Tyr320(7.43)
directly faces the octahydroisoquinolinone core.
Several other mutations decrease the binding affinity of 1xx

but to a lesser degree. Ile316(7.39), adjacent to the isoquinolinone
core in the proposed model, lowers the affinity by about half a
log unit when mutated to alanine. Ile294(6.55), unique to the
human KOR, is located near the 4-chloro-3-trifluoromethyl-
phenyl “arm” of 1xx. This is also where the Tyr1 residue of
dynorphin A is proposed to bind. TheN-benzyl “arm” of 1xx is
oriented toward the samehydrophobic pocket as the dynorphin
A Phe4 side chain and may also engage in �-stacking or NH-�
interactions with the Gln115(2.60) side chain, which when
mutated to alanine was found to reduce the affinity by about
half a log unit. His291(6.52) is located very near to the 1xx trifluo-
romethyl group. Interestingly, the H291F mutant was found to
have an increased affinity for 1xx by about half of a log unit.
This may be due to the increased hydrophobic character of the
phenyl compared with the imidazole group.
Prediction of a Putative Binding Mode for Salvinorin A—

GOLD docking of salvinorin A (Fig. 1) produced two likely ini-

tial interaction modes based on the JDTic-KOR structure.
However, one of these poses was more consistent with the
mutagenesis data, suggesting that it is closer to the actual bind-
ing mode. Examination of the proposed model (Fig. 6) reveals
intimate interactionswith Ile316(7.39) andGln115(2.60). The tricy-
clic core of salvinorin A binds in the same location as the phe-
nylpiperidine fragment of JDTic and is flanked primarily by
these residues, which is consistent with the effects of mutations
at these positions.Mutation of Ile316(7.39) to alanine has a highly
deleterious effect on binding affinity and potency. Q115A and
V118K were previously shown to have dramatically reduced
affinity for salvinorin A compared with WT, and in this work,
we show that both the binding affinity and potency of salvinorin

FIGURE 6. Proposed binding mode for salvinorin A. A, putative interaction
of salvinorin A with, among other residues, Ile316(7.39) and Ile290(6.51) in the KOR
orthosteric binding site. Like U-69593, the close association of the ligand with
TM7 probably interferes with the ability of TM7 to adopt a G protein-recog-
nizing conformation. B, putative binding mode showing KOR amino acid res-
idues within 4 Å of the ligand. Water molecules W1–W4 correspond to
Wat1311, -1307, -1316, and -1314, respectively.
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A for Q115A are substantially reduced. The 2-acetoxy group is
oriented toward TM5, TM6, and the associated “aromatic clus-
ter” (36, 37) and is directly adjacent to the highly conserved
Asp138(3.32). As with 1xx, the D138A mutation has increased
affinity for salvinorin A compared with WT, and the model
suggests that this is due to the removal of unfavorable desolva-
tion cost of the charged Asp138 residue. Additionally, both
affinity and potency are further increased for the D138N
mutant; the model suggests that this is due to hydrogen bond
formation between a 2-acetoxy oxygen atom acceptor and an
Asn138(3.32) side chain -NH donor. The Y320A mutation
reduces the affinity by about 10-fold, and Y320F reduces it by
5-fold, suggesting that both the aromatic ring and the hydroxyl
group of Tyr320(7.43) are important for optimal binding of salvi-
norin A. The 4-position methyl ester is located near the same
small pocket that is bounded in part by the conserved residues
Trp287(6.53) and Tyr320(7.43) and which is occupied by the iso-
propyl substituent in JDTic and by the N-cyclopropylmethyl
substituent of morphinan-based KOR ligands, such as norbin-
altorphimine and 5�-guanidinonaltrindole. In the proposed
model, the methyl ester group is �-stacked with Tyr320(7.43),
and a hydrogen bondmay be formed between its phenolic -OH
group and the ester group oxygen atoms.
Both the Y119A and Y313A mutations severely reduced the

binding of salvinorinA, the effects ofwhichwere reversed in the
Y119F and Y313F mutations. As mentioned previously,
Tyr119(2.64) is not directly accessible from the binding site, and
Tyr313(7.36) is located on its edge; the aromatic side chains of
these residues probably serve to stabilize an agonist-binding
conformation of the receptor. The binding of salvinorin A was
found to be particularly sensitive to the Y313A mutation. This
may be due to both the lack of a strong ionic receptor-ligand
interaction and its location or orientation(s) within the binding
cavity, because non-basic ligands, such as salvinorin A and 1xx,
would be more sensitive to small variations in the structure of
the receptor binding site.

DISCUSSION

In this work, we provide new insights into the selective rec-
ognition and activation mechanisms of distinct KOR agonist
chemotypes. Our data are consistent with models predicting
that GPCR agonists with distinct chemotypes will have differ-
ential and uniquemodes of binding and, consequently, receptor
activation. These results are likely to be of broad general signif-
icance to the field of GPCR research, because they clearly indi-
cate that structurally distinct agonists interact with both shared
and unique residues and that unitary models of agonist binding
and activation are not tenable.
Not surprisingly, the affinities and potencies of the basic

amine-containing compounds dynorphin A and U-69593 are
drastically reduced by D138A and D138N mutations (30). Sig-
nificantly, and in contrast to basic residue-containing agonists,
the affinities and potencies of the non-basic compounds 1xx
and salvinorin A were unaffected by D138A (16), whereas in
both cases, D138N caused a large increase in both affinity and
potency. The observed change in binding affinity follows a par-
allel trend; mutation to alanine modestly, and to asparagine
strongly, increases the affinity of 1xx and salvinorin A, whereas

the affinity of dynorphin A and U-69593 is reduced by at least
1000-fold. The progressively stronger interactions of D138A
and D138N for the non-basic ligands can be attributed to
reduced unfavorable desolvation cost and an increase in favor-
able hydrogen bond interactions with other portions of the
non-basic ligand, respectively. These data imply that the high
affinity and potency of salvinorinA and congeners ismostly due
to hydrophobic interactions as well as other polar interactions.
In biogenic amine receptors, mutation of Asp(3.32) typically
abolishes both ligand affinity and agonist activity (38–40), con-
sistent with its role as the ligand amino group binding site.
Other mutations also displayed differential effects on the

affinities and potencies of the various ligands. For instance, 1)
M142A had deleterious effects on all ligands except 1xx; 2)
E297A affected dynorphin binding more than any of the other
ligands; and 3) Y312A affected U-69593 and salvinorin A more
than the other two ligands, while 4) Y320A affected all small
molecule ligands to a much greater degree than the peptide
dynorphin. Modeling of the M142A mutation creates a new
cavity in the “wall” of the binding site that may allow 1xx to
dock more tightly and thereby stabilize an active state. The
docking positions of both salvinorin A and U-69593 are closer
to the extracellular portion of the binding site than the other
ligands, and their stability in the binding cavity depends to a
higher degree on the interactions with the tyrosine at position
312. Dynorphin interacts with a large network of residues;
therefore, its binding is less affected by some of the individual
mutations, such as Tyr320(7.43). On the other hand, the “classic”
address domain mutation E297A (5, 19) affects dynorphin
binding to a higher degree than any of the other tested ligands,
probably due to the important interaction of this residue with
the sixth arginine of dynorphin.
Differential Effects of Mutations on Binding and Function—

An analysis of the relationship between the effects of the vari-
ous mutations on ligand binding and function can provide
novel insights into both shared and distinctive features of
receptor activation by the different ligand scaffolds. However,
this analysis must be done carefully and take into consideration
that although receptor expression levels do not affect binding
affinity (41), they can affect the apparent potency of the recep-
tor in functional assays. Therefore, when we analyzed the rela-
tionship between the effect of mutations on binding and func-
tion (Fig. 7), we excluded from the analysis mutants with
extremely low expression levels (Leu212(ECL2) and Ile135(3.29))
and considered only differences in effects that are greater than
10-fold. In most cases, the effect of the mutations on binding
was roughly equivalent to their effect on function (within 1
order of magnitude), suggesting that the majority of the effect
on function is due to the mutation’s effect on ligand binding.
However, in some instances, the mutations had a larger effect
on function than on binding (by at least 1 order of magnitude).
Mutations in Tyr139(3.33), Met142(3.36), Tyr320(7.43), Tyr312(7.35),
and Lys227(5.39) affected receptor function by a mechanism
additional to, or different from, their direct effect on ligand
binding. One possibility for such amechanism is their potential
involvement in the transduction of the activation signal
through the receptor affecting some key residues (rotamer
switches) directly or indirectly.
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Several conserved residues have been postulated to be
involved in the transduction of agonist binding into signaling.
These conserved residues are part of larger motifs and are
thought to be “rotamer switches”; changes in these residues are
thought to be important for the propagation of signal. Some of
the important switches are the DRY motif in the intracellular
end of TM3, the NPXXYmotif at the intracellular end of TM7,
and the P-I-Fmotif connectingTM3, TM5, andTM6 (Fig. 8) (6,
42, 43). An analysis of the structural changes between the active
and inactive states of three different class A GPCRs revealed
that rotameric changes in these motifs correlated with the
larger scale movements of helices, predominately TM5, TM6,
and TM7, upon activation (6).
An examination of Figs. 2 and 7 reveals several mutations

that affect function differently than binding. Mutation of resi-
dues Tyr139(3.33), Met142(3.36), Tyr320(7.43), Tyr312(7.35), and
Lys227(5.39) did not have a marked effect on expression levels
relative to wild type. Tyr320(7.43) and Lys227(5.39) are involved in
intrahelical interactions in the antagonist bound state (5), and
their effect on function reflects the importance of these inter-
actions for the transduction of signal.Mutation of Lys227(5.39) to

an alanine had a positive effect on binding of all ligands but a
small negative effect on their ability to induce signal. This res-
idue interacts with Glu297(6.58) in a salt bridge (Fig. 8) and thus
was thought to be directly linked to the proposed movement of
TM6 during receptor activation (6, 42). However, amutation in
Glu297 did not have such an effect, and an examination of the
crystal structure reveals that, in the antagonist-bound state,
Lys227 interacted not only with Glu297 but also with a water
molecule that connects it to Tyr139 (Fig. 8), another position
that affected functionmore than binding. Taken together, these
data suggest that when Glu297 is mutated, the structured water
molecule may be able to stabilize the lysine in the correct posi-
tion and allow correct activation of the receptor.
Tyr320(7.43) is a conserved residue in many GPCRs, and it

interacts with the TM3Asp(3.32) in biogenic amine receptors as
well as in other opioid receptors (2–4, 43–45). The interaction
between TM3 and TM7 has been shown to be important for
receptor activation, although the details of this interaction
change between different receptors (6). In the JDTic-bound
KOR structure, Tyr320(7.43) forms a hydrogen bond with
Thr111(2.56) (5). This is a characteristic of the KOR-JDTic com-

FIGURE 7. The relationship between the effect of mutations on binding and function of the different ligands. The effect of mutations on binding affinity
(�pKi) is compared with their effect on function (�pIC50) for the tested ligands salvinorin A, 1xx, dynorphin A, and U-69593. The middle diagonal line indicates
identical effects on binding and function. The outside lines are 1 log unit above and below this “line of identical effect.” Gray points indicate mutations that
affected function more than binding. Black points outside the 1 log difference line belong to the low expressing mutations L212A and I135A.
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plex, and it is possible that, in other KOR complexes, this tyro-
sine behaves similarly to other receptors and interacts with
Asp(3.32), an interaction that can affect the movement of TM7
during activation as well as the DRY motif at the intracellular
end of TM3.
ACluster of Residues in the Interface of TM3, TM5, and TM6

Has a Distinct Functional Role in KOR Activation—Figs. 2 and
7 show that mutations in Tyr139(3.33), Met142(3.36), Lys227(5.39),
andHis291(6.52) affected receptor functionmore than binding in
most cases. The modest effect that the Y139Amutation had on
binding affinity suggests that it does not disrupt the binding site
directly but affects function in a binding-independent and
ligand-specific manner. An alanine mutation in Tyr139(3.33) can
disrupt the binding site, and it is conceivable that some chem-
ical moieties (like the methyl group at position 2 of salvinorin
A)may insert into this cavity and interfere with the signal prop-
agation via the TM3 rotamer switch (Fig. 8D). Although muta-
tions in His291(6.52) decreased receptor expression levels mark-
edly, they had a remarkable effect on function relative to

binding. This effect, along with its location at the interface of
TM3, TM5, and TM6, suggests that it may have a role in trans-
ducing the ligand binding event to a signal. Further examina-
tion of this region in the JDTic-bound crystal structure of KOR
reveals that Tyr139(3.33),Met142(3.36), Lys227(5.39), andHis291(6.52)
form a water-mediated network connecting the edge of the
binding site to the critical P-I-Fmotif (Fig. 8). This may suggest
a role in the transduction of the binding event into a signaling
event. These “functional” residues are close enough to the bind-
ing site to be affected by the binding event itself, and thus, subtle
changes in their conformation or polarity could result in
changes in the positions of watermolecules in the receptor (Fig.
8C). In the inactive state, Tyr139 supports the conformation of
Met142, thereby stabilizing the conformation of His291. A water
molecule is trapped between the imidazole ring of His291(6.52)
and Ile146(3.40), stabilizing the “inactive” rotameric state of the
P-I-Fmotif. The rotameric state of Ile(3.40) in the activated state
of serotonin receptors and adrenergic receptors (6, 42, 43) is
fairly conserved. Replacing the inactive rotamer of Ile146 in the

FIGURE 8. Proposed activation pathways in the �-opioid receptor. A, an overall view of the JDTic-bound KOR crystal structure with the important rotamer
switch motifs (green residues, DRY; orange residues, NPXXY; purple residues, P-I-F motif). B, focus on the interface between TM3, TM5, and TM6, showing the
proposed structural relationship between some of the tested positions and the P-I-F motif. C, the predicted changes in the rotameric state of Ile(3.40) and
Phe(6.44) (orange) upon activation (based on the analysis of the active state P-I-F motif in several GPCR structures) introduce a collision with the water molecule
trapped between Ile146 and His291 in the KOR crystal structure, suggesting that this water molecule is displaced upon KOR activation. D, a surface representation
of the binding site of KOR. Mutagenesis of Tyr139 can create a cleft in the wall of the binding site. Salvinorin A and 1xx are represented by thin white and yellow
sticks, respectively.
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crystal structure with the “active” rotamer would cause a clash
with thewatermolecule (Fig. 8C) and remove thewater from its
position. This analysis provides further support to the role of
Tyr139(3.33), Met142(3.36), and His291(6.52) in the activation of the
receptor, perhaps via water molecules.
Y312A is an interesting mutation; the potencies of all of the

tested agonists were similarly impaired (0.8–1.5 orders of mag-
nitude), but only the affinity for U-69593 was substantially
decreased. This decrease in affinity is maintained with the
Y312F mutation at the same position, although the receptor
activity is restored to nearly WT levels. Taken together, these
data suggest a direct interaction betweenU-69593 and the phe-
nolic group of Tyr312(7.35). However, this interaction is not crit-
ical for the role of the aromaticmoiety in receptor activation. In
ourmodel, the phenolic group is close to the heterocyclic amine
in a manner that can promote a hydrogen bond between them
(Fig. 4).
Collectively, our findings suggest specific roles of different

residues in the binding and activation of the �-opioid receptor
by agonistmolecules of distinct chemotypes. The ligands tested
here represent four divergent chemotypes, and although they
all share a similar docked position in the binding site, we were
able to predict some ligand-specific interactions as well as
interactions that are shared among all of the tested ligands. The
non-basic ligands have been shown to bind to KOR despite a
suboptimal contact with Asp138(3.32), although this interaction
can be dramatically improved by changing this acidic side chain
to asparagine.We have also suggested that residues in TM3, -5,
-6, and -7 may be directly involved in receptor activation in a
manner that does not affect binding.
Tremendous strides in understanding the active states of

GPCRs (5, 6, 9, 43, 45–47) have been reported recently, and in
this work, we explored the activities of chemically distinct ago-
nistmolecules that can use both shared and differentmolecular
determinants in the propagation of signals in the receptor.
Using the antagonist-bound structure of KOR and minimally
biased docking, we generated models to provide a structural
context for the initial interaction of these determinants. Ulti-
mately, however, agonist-bound crystal structures, perhaps in
complex with effectors, may be required to definitively delin-
eate signaling mechanisms and GPCR activation determinants.
Nonetheless, our findings highlight the complexity of both the
recognition and activationmechanism(s) for a singleGPCR and
provide new insights into how distinct chemotypes at a single
GPCR dictate their functions.
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