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ABSTRACT. Salvinorin A is a naturally occurring hallucinogenic diterpenoid from the [abtia dizinorum

that selectively and potently activatesopioid receptors (KORSs). Salvinorin A is unique in that it is the
only known lipid-like molecule that selectively and potently activates a G-protein coupled receptor (GPCR),
which has as its endogenous agonist a peptide; salvinorin A is also the only known non-nitrogenous
opioid receptor agonist. In this paper, we identify key residues in KORs responsible for the high binding
affinity and agonist efficacy of salvinorin A. Surprisingly, we discovered that salvinorin A was stabilized

in the binding pocket by interactions with tyrosine residues in helix 7 (Tyr313 and Tyr320) and helix 2
(Tyr119). Intriguingly, activation of KORs by salvinorin A required interactions with the helix 7 tyrosines
Tyr312, Tyr313, and Tyr320 and with Tyr139 in helix 3. In contrast, the prototypical nitrogenous KOR
agonist U69593 and the endogenous peptidergic agonist dynorphin—A3jlshowed differential
requirements for these three residues for binding and activation. We also employed a novel approach,
whereby we examined the effects of cysteine-substitution mutagenesis on the binding of salvinorin A and
an analogue with a free sulfhydryl group, 2-thiosalvinorin B. We discovered that residues predicted to be
in close proximity, especially Tyr313, to the free thiol of 2-thiosalvinorin B when mutated to Cys showed
enhanced affinity for 2-thiosalvinorin B. When these findings are taken together, they imply that the
diterpenoid salvinorin A utilizes unique residues within a commonly shared binding pocket to selectively
activate KORs.

Salvinorin A (Figure 4) is the major active ingredient of
Sabia divinorum a hallucinogenic plant that has been used
historically in the traditional shamanic practices of the
Mazatec people of Oaxaca, MexicA—<3). We recently
discovered that salvinorin A, a neutral diterpenoid, activates
k-opioid receptors (KOR$)(4) and is unique in that it
represents the only known lipid-like small molecule that
selectively and potently activates a peptidergic G-protein
coupled receptor (GPCR)Y,(6). Salvinorin A is highly
selective for KOR and has no significant activity.atd, or
ORL1-opioid receptors4( 7) nor other tested GPCRs,
neurotransmitter transporters, or ion channd)s Because
of its unique structure and selectivity for a single GPCR,
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KOR Binding _ mechanisms§—10), and we and others have used these
N Egg a'?égpe approaches with great success for biogenic améyel1)
100+ v KOR Y139F and peptldez(_, 12) receptors. Historically, attention has beep
80 + KORY312A focused on ionic interactions and hydrogen-bond-type in-
.,\; 60 e KORY312F teractions between ligands (either small molecule or pepti-
£ * KORY313A dergic) and highly conserved charged residues (e.g., Asp and
§ 404 z Egg iﬂg’; Glu) or residues capable of forming hydrogen bonds (e.g.,
204 v KOR Y119F Tyr and Arg) for anchoring and orienting ligands in the
o- o KOR Y320A binding pocket (see re for a review). Because salvinorin
— T y X KORY320F A possesses no ionizable groups, ionic interactions cannot

provide stability in the binding pocket, although it is
conceivable that hydrogen-bond-type interactions could be
Ficure 2: Effects of various mutations on salvinorin A binding to  inyolved @).

KORs reveals the importance of Y313. Shown are representative .

competition binding isotherms for inhibition of 3H-diprenorphine N the current study, we examined the molecular and
binding to cloned KORSs transiently expressed in HEK-293-T cells. atomic features essential for the binding and activation of
Curves represent the theoretical fits for a single binding site model. KORs by salvinorin A. Previous computer modeling pre-

are omitted but were typically 10%. salvinorin A binding to KOR: Tyr313, GIn115, Tyr312, and

Log[salvinorin A], nM

Calcium flux Tyrl39 @). To determine if these residues are involved in
salvinorin A binding, KOR mutants were constructed and
= KOR Wild-type the binding site between salvinorin A and KOR was in-
A KOR Y139A vestigated via radioligand binding and functional and mo-
v KOR Y139F lecular modeling studies. We also employed a novel com-
¢ KORY312A bined chemical-mutagenesis approach, whereby the effects
® KORY312F of cysteine-substitution mutageneses were evaluated for a
* KORY313A novel salvinorin A analogue that possesses a free sulfhydryl
o KOR Y313F group.
A KORY119A
-2500 S — v KOR Y119F

EXPERIMENTAL PROCEDURES
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Log[salvinorin A], nM . .
ol ! Materials.Standard reagents, unless stated otherwise, were

FIGURE 3: Activation of wt and mutant KORs by salvinorin A.  purchased from SigmaAldrich (St. Louis, MO). BH]-
Shown are representative desesponse studies for activation of Diprenorphine K¢ = 0.2 nM to KOR; 50 Ci/mmol) was

wt and mutant KORs transiently expressed in HEK-293 cells (see - . . .
the Experimental Procedures for assay details). Curves represenPbtalned from PerkinElmerLifeScience Inc. The XL2-Blue

the theoretical fits for the parameter estimates provided in Table ESCherichia colistrain was purchased from Stratagene (La
3; for purposes of clarity, error bars are omitted but were typically Jolla, CA). Two sources of salvinorin A were used for the

<10%. studies described here: Biosearch and3Shkia dizinorum
Research and Information Center, Malibu, CA.

The human KOR cDNA was obtained from the Guthrie

— R Research Foundation (GenBank accession number NM000912)
0 and subcloned into the eukaryotic expression vector
1 salvinorin A H cJ\o/ pIRESNEO (Invitrogen, Carlsbad, CA)..& was obtained
3 5 : .
from the Guthrie Research Foundation; both constructs were
P verified by automated dsDNA sequencing (Cleveland Ge-
2 2-hiosalvinorin B HS nomics, Inc., Cleveland, OH) before use. A stable line
expressing the human KOR (hKOR-293) was obtained by
transfecting a hKOR expression vector (hKOR-pIRESNEO)
into human embryonic kidney-293 cells and selecting in 600
ug/mL G418. The cells were maintained and transfected as
i Tyr-Gly-Gly-Phe-Leu-Arg-Arg- previously detailed4). Surviving clones were expanded and
“NT o lle-Arg-Pro-Lys-Leu-Lys characterized with one (hKOR-293) that expressed high
N | levels of hKOR (ca. 1 pmol/mg) used for further studies.
Q 2-Thiosabinorin B SynthesisSalvinorinyl chloride (16
U69593 Dynorphin A (1-13) mg, 40umol) was placed in DMF (2 mL) containing sodium

o hydrogen sulfide (6.4 mg, 114mol), and the mixture was
FiGURE 4: Structures of salvinorin A and other compounds used heated to 3540 °C for 1 h. Brine water (2 mL) was added
in the current studies. . . . !
and the mixture was extracted 3 times with ethyl acetate (5
The binding pocket of the KOR will not be known with  mL). The combined organic extracts were concentrated in
certainty until the structure of a KORigand complex is vacuo, and the residue was redissolved in acetone (HPLC
solved. In the absence of direct structural information, grade, 1 mL) and separated by HPLG {Column, MeCN/
combined molecular modeling/mutagenesis studies can pro-H,O 1:1, detection at 210 nm). 2-Thiosalvinorin B (6.9 mg,
vide testable models for ligand interactions and activation 44% yield) was collected &; = 8.9 min. Complete details
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of synthesis and chemical characterization will be reported rected as necessary. Model minimizations were performed
separately 13) (Stewart et al., manuscript in preparation)  using the Tripos Force Field using Gasteigkluckel charges
Site-Directed Mutagenesi§he mutations were introduced with a distance-dependent dielectric constant4 and
using the Quickchange mutagenesis kit from Stratagenenonbonded cutof= 8 A to a gradient of 0.05 kcal/(mol A).
according to the recommendations of the manufacturer. The The KOR model was further modified by minimization
presence of the mutations was verified by automated dsDNAwith an ensemble of known agonists (bremazocine, mor-
sequencing (Cleveland Genomics, Inc., Cleveland, OH) phine, MPCB, U69593, and'®NTI) docked into the
before use. Clones expressing high and comparable levelgeceptor. The ensemble of structurally diverssonists was
of KOR mutants were studied by radioligand saturation and created by successive superimposition of ligands according
competition binding experiments as described later. to previous suggestions based on known structure activity
Radioligand Binding Assay®adioligand binding assays relationships in addition to obvious structural similariti&$, (
were preformed as previously detailed).(In brief, crude 20). A model of a complex between the antagonist nor-BNI
cell membranes were prepared by lysing transfected HEK-T and KOR served as the starting point for subsequent
cells in binding buffer (50 mM Tris-Cl, 10 mM Mggland superimpositions. This initial complex was generated by
0.1 mM EDTA at pH 7.40) and centrifugation at 30@00 interactive docking of nor-BNI in a fashion consistent with
for 20 min. Membrane pellets were then stored-&0 °C probable interactions with H291, D138, and E297 of the
until use in binding assays. Binding assays were conductedKOR (21—23).
in total volumes of 0.2 mL in 96-well plates in a binding To explore the inherent flexibility of the e2 loop and the
buffer containing 0.2-0.2 nM3H-diprenorphine with 1M effects of the e2 loop in limiting ligand access to Tyr313,
naloxone to determine nonspecific binding for a total of 60 molecular dynamics (MD) simulations were performed. The
min at room temperature. Assays were terminated by N terminus of the rhodopsin structure folds over thaurn
harvesting over GF-C Whatman filters, which had been pre- of the e2 loop. It has been previously shown that the
equilibrated with 0.01% polyethyleneimine and 3 quick N-terminal region is not necessary for binding to the MOR
washes with ice-cold binding buffer. After the filters had (24, 25). In addition, there was little similarity in sequence
dried, they were counted by liquid scintillation spec- or length between the N termini of rhodopsin and the KOR.
trometrometry K; determinations were performed by using Thus, in preparation for the MD simulations, the N terminus
six concentrations of unlabeled ligand spanning a 10 000- of the KOR was removed so as not to constrain the e2 loop
fold dose range. The raw data was analyzed by Prism 4.01during the simulation. The residues deleted included all those
(GraphPad Software, Inc., San Diego, CA) to gievalues up to but not including Pro56. The orientation of the Tyr313
reported as the meah standard error of the mean (SEM). side chain in the original KOR model was directed away
Functional Assayd-unctional assays using wild-type and from the interior of the recepton{ = 67.8). To explore
mutant KORs were performed as previously detailed).( the possibility of direct ligand interaction with Tyr313, its
Briefly, wild-type and mutant receptors were cotransfected side-chain position was adjusted so that it would be acces-
with Goye into HEK-293 cells, and measurements of agonist- sible from the interior of the KORyg = 275.0). In its new
induced intracellular Ca release were monitored using a position, Tyr313 is projected toward and can potentially
Molecular Devices FLEXSTATION Il (see refl5 for interact with residues in the e2 loop, including Val205,
details). The raw data were analyzed by Prism 4.01 (Graph-Asp206, 11e208, and Glu209. An MD simulation was
Pad Software, Inc., San Diego, CA) to give &5@nd Enax performed for 100 ps using the default settings of the MD
values. routine within SYBYL and maintaining all residues except
k-Opioid Receptor Modeling and Ligand Dockirgodel- the e2 loop (Val195Asp223) as an aggregate to observe
ing studies were performed using SYBYL (version 6.9.2, the behavior of the loop. The position of the backbone of
2004, Tripos Associates, Inc., St. Louis, MO), and a new residues Cys210, Ser211, and Leu212 during the MD run
KOR model was constructed using a rhodopsin template remained close to the interior cavity of the receptor, and their
essentially as previously described for the 5;KTeceptor positions in the averaged structure are relatively close to the
(15). An unambiguous alignment of the rhodopsin and KOR corresponding backbone atoms in the original KOR. At no
sequences was performed manually by matching the highlytime during the simulation did the e2 loop completely exit
conserved residues in transmembrane helices previouslythe interior cavity of the KOR. An average KOR structure
identified (16, 17). Because the sequences of the KOR and was then generated from individual MD conformations and
rhodopsin are similar in length, there are very few insertions was subsequently energy-minimized. In addition, a snapshot
(four) and deletions (two) evident in the alignments of the from the MD run at 2225 fs when the loop was farthest from
KOR and rhodopsin sequences in the structurally important the binding pocket and Glu209 was hydrogen-bonded to
extra- and intracellular loops; the helical segments contained Tyr313 was selected and minimized, providing a KOR model
no insertions or deletions. The COMPOSER module of with a greater accessibility to Y313 (Figure 1).
SYBYL was used to construct an initial model from an ~ GOLD version 2.2 26, 27) was used to dock salvinorin
experimental bovine rhodopsin structure (A chain of 1F88) A and 2-thiosalvinorin B into the MD-averaged and mini-
(17). Amino acid side-chain geometries for the KOR receptor mized KOR model and into the minimized MD snapshot
model were established from backbone-dependent librariesmodel. Prior to docking, the CONCORD routine within
of rotamer preference using SCWRLLE]. The helix SYBYL was used to assign initial conformations to salvinorin
backbone geometry of rhodopsin was transferred without A and 2-thiosalvinorin B. Several GOLD studies were
change in this procedure. The PROTABLE facility within performed, representing three distinct GOLD configurations.
SYBYL was used to identify sites of unusual and sterically In the first GOLD configuration, standard default settings
clashing side-chain geometries that were interactively cor- (no speed-up) for the genetic algorithm (GA) and annealing
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Table 1: Residues within Specified Heavy-Atom Distances between RESULTS
th_e S_alvinorin A Ligand and the KOR Receptor for the Proposed Radioligand Binding and Functional Parameters of Nati
Binding Mode and Mutant KORs Resal Differential Modes of Agonist
3.0A 35A 40A 45A 50A Binding and Actiation. We performed site-directed mu-
none 1135 Y66 M112 Y139 tagenesis studies and characterized the binding and functional
D138 Y119 A298 p215 parameters of the mutated KORs. All of the mutants were
(E:gcl)g \s/,%ﬁ expressed at high levels in HEK 293T cells and all had
1294 1212 comparable affinity for the antagonistH]-diprenorphine
Y313 F214 (Table 2) and natural agonist dynorphin A{13), with the
1316 E297 exceptions of the Y139F (8-fold attenuation), Y119F and
Y320 Y312 Y320F (6-fold attenuation each), and Y119A (4-fold attenu-

* Receptor atoms may be part of the backbone or the side chain. ation). These results demonstrate that the mutations studied
did not significantly alter KOR receptor expression nor

parameters were used and 10 individual GA runs were significantly perturb the topology of the receptor because
performed. A large active-site radius of 25.0 A about the binding for the high-affinity antagonist and endogenous
Aspl138y-carbon atom was used to define the receptor site, agonist dynorphin were not greatly attenuated (esd.0-
thus allowing for the possibility of direct interaction of fold change in affinities).
salvinorin A with distant residues, including Tyr313. In the In 4 of 10 of the studied KOR mutants, the affinity for
second GOLD configuration, the GA and annealing param- salvinorin A was not significantly altered from wild-type
eters corresponding to thex3speedup option in GOLD were  KOR (Table 2). However, a dramatic decrease in the affinity
used and 30 individual GA runs were performed. A of salvinorin A was obtained by introducing a single
somewhat more focused 15-A radius about the Tyr313 side-mutation, Y313A on TM7 ; = 694 nM, 22-fold decrease),
chain oxygen atom was used to define the receptor site. Aa smaller effect was seen for U69369 binding, and no
third configuration, used only with the minimized MD significant effect was seen for dynorphin A«{13). These
snapshot at 2225 fs, was identical to the second configurationresults were predicted by our previously published modeling
with the exception that a 20.0-A radius was used. In each studies 4). To elucidate the molecular mechanism(s) re-
GOLD configuration, cavity detection and ring corner sponsible for the selective interaction of salvinorin A with
flipping were enabled and the GoldScore scoring function Tyr313, we examined a Y313F mutation that should maintain
was used to rank the docked solutions. Final docked hydrophobic interactions and should abolish hydrogen-bond-
complexes were evaluated interactively, and ligand rotatabletype interactions between theOH of Tyr313 and salvinorin
bonds and amino acid residue side-chain torsion angles weréA. Surprisingly, the Y313F mutation caused no loss of the
scanned manually to estimate the probability that dipolar binding affinity, indicating that hydrophobic interactions
ligand—side-chain interactions could occur in a stereoelec- between salvinorin A and Tyr313 provide stabilization of
tronically favorable fashion. The complexes were then salvinorin A in the binding pocket.
energy-minimized to identify and resolve any remaining  Of the other tested mutations, the mutations at the Tyr119
strain within the system. From among all top-ranked docked and Tyr320 loci had significant effects, while mutations at
solutions, one distinct family of docked complexes was the Tyrl39 locus had modest effects1(0-fold change) on
selected to represent the dominant binding mode based orthe affinity of salvinorin A for KOR. It appears that the
its ability to account for all of the observed mutation effects primary mode of interaction at Tyr119 and Tyr320 is via
described in this work. The final model was selected from a hydrogen bonding: in each case, the majority of the affinity

study representing the third GOLD configuration. was lost on the mutation from Tyr to Phe; little additional
All molecular modeling was carried out on IRIX 6.5-based perturbation resulted from the Tyr to Ala mutation. The
Silicon Graphics, Inc. workstations. affinities of U69593 and dynorphin A (113) were, in

Table 2: Affinity (K, nM) of Salvinorin A, U69593, and Dynorphin A {113) Binding to the Wild-Type KOR and Mutants Transiently
Expressed in HEK 293 T Cells

salvinorin A U69593 dynorphin A (£13)
KOR Kg (nM)2 Bmax (Pmol/mg}y Ki (nM)P ratio® Ki (nM)® ratio® Ki (nM)P ratio®

wild type 0.25+ 0.02 5.8+ 2.0 31.6+ 6.5 11.7+£ 34 1.75+ 0.35
Y139A 0.26+ 0.07 8.3+ 2.5 53.9+ 13.9 2 20.6£ 4.0 2 1.98+ 0.41 1
Y139F 0.59+0.28 5.0+ 1.0 193+ 38 6 101+ 29 9 13.3+ 4.6 8
Y312A 0.55+0.10 2.7£0.4 88.6+ 10.9 3 52.6+ 11.3 4 1.79+ 0.28 1
Y312F 0.18+ 0.03 4.4+ 0.6 65.1+ 11.0 2 53.0+ 125 5 1.3%H 0.22 1
Y313A 0.72+0.18 14.9+- 0.8 694+ 106 22 104 32 9 410+ 0.78 2
Y313F 0.26+ 0.03 7.0£0.1 63.3+ 15.2 2 37.0+ 5.0 3 0.93+0.14 1
Y119A 0.19+ 0.004 1.41+ 0.02 342+ 40 11 59.9+2.4 5 6.71+ 0.89 4
Y119F 0.32+ 0.09 3.6+ 0.2 233+ 66 7 90.7+£ 5.3 8 11.3t 4.8 6
Y320A 0.92+ 0.004 1.3+ 0.1 380+ 103 12 195+ 34 17 3.15+ 0.82 2
Y320F 0.82+ 0.33 1.7+ 0.6 301+ 75 10 276+ 88 24 9.68f 2.84 6

2 Saturation binding ofH-diprenorphine to the wild type and mutants was performed. Data represent, in4n&&M form, two or three
independent experimentsThe affinity constantsi;) of the different compounds were determined in competition binding assay&itiprenorphine
and increasing concentrations of unlabeled compounds. Each value is the mean of three or four independent experiments (see the Experimental
Procedures for details).For each compound, the ratio Kmutant/Kiwild —type)
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Table 3: Agonist Potency (&g nM)? and Relative Agonist Efficacy (Normalizehay)?® of Salvinorin A, U69593, and Dynorphin A {113)
for the Wild-Type KOR and Mutants Transiently Expressed in HEK 293 Cells

salvinorin A U69593 dynorphin A (£13)

KOR EGso (NM) ratio? Emax(RFU) ECso (NM) ratio? relative Emax ECso (NM) ratio® relative Emax
wild type 45.8+ 8.1 3232+ 728 23.6+ 6.4 1.13+0.19 343+ 54 1.534+0.26
Y139A 240+ 44 5 4893+ 795 140+ 38 6 1.13+0.29 10444+ 258 3 1.07+ 0.15
Y139F 47.0+ 22.2 1 5265+ 952 13.3+ 3.6 1 1.00+£ 0.15 369+ 98 1 1.17+0.18
Y312A 189+ 46 4 4667+ 589 451+ 225 19 0.93+:0.12 416+ 86 1 0.87+ 0.18
Y312F 68.3+ 22.1 1 4308+ 526 98.0+ 33.4 4 1.03+ 0.09 1724+ 39 1 1.30+0.12
Y313A 275+ 53 6 5124+ 705 43.9+ 3.3 2 1.17+0.12 233+ 44 1 1.23+0.19
Y313F 49.6+ 15.6 1 512°H 747 48.9+ 12.1 2 0.94 0.42 91+ 3.4 0.3 1.1A4 0.52
Y119A 4344+ 163 9 5004+ 718 358+ 181 15 0.80+ 0.26 1290+ 634 4 0.80+ 0.26
Y119F 43.5+ 14.7 1 3880+ 770 35.9+ 13.5 2 0.80+ 0.15 276+ 99 1 1.03+0.03
Y320A ND* ND ND ND ND ND
Y320F ND ND ND ND ND ND

aECsp and relativeEmax were determined from calcium flux assays as described under the Experimental Procedures. The results represent the
average of three independent experiments with normalizedzalues in meas: SEM form.” For each compound, the ratio is &utandE Csowiid-typey
¢ND = no detectible agonist activity; mutants Y320A and Y320F have no response to salvinorin A, U69593, or dynorphib3A (1

general, only modestly affected by the various mutations, of Leu309 and Ser210, while Tyr312 and Tyr313 are located
with the possible exception of Y320A and Y320F. Interest- more remotely near the top of the binding cavity. Table 1
ingly, the single mutation, which had the greatest effect on lists the distances between heavy atoms of salvinorin A and

the affinity of salvinorin A (Y313A) attenuated the affinity
of U69593 9-fold and had an insignificant effect on dynor-
phin A (1—13) affinity (Table 2).

nearby amino acid residues in the KOR. Mutations of some
of the residues within a distancé 4 A have been shown
by others to affect the binding of conventional KOR ligands.

We next determined the agonist potencies and efficaciesThese include Aspl38, the putative ammonium-binding

of salvinorin A, U69593, and dynorphin A {113) at wild-
type and mutant KORs (Table 3). As expected, the Y313A
mutation significantly attenuated the potency of salvinorin
A (6-fold), while the Y119A mutation decreased agonist
potency 9-fold. Surprisingly, several other mutations attenu-
ated the potency of salvinorin A for activating KORs:
Y139A (5-fold) and Y312A (4-fold). These results were
intriguing because Y139A and Y312A did not affect binding
of salvinorin A to the KOR. The most severe effect was
found by mutations Y320A and Y320F. They abolished
agonist-induced activation of KOR by all three tested
compounds: salvinorin A, U69593, and dynorphin A-(1
13). Aside from the Y320 mutations, Y139A (3-fold) and
Y119A (4-fold), dynorphin A (+13) tolerated mutations
without losing agonist efficacy. U69593 showed a dramatic
loss of potency for activation for the Y312A (19-fold) and
Y119A (15-fold) mutations. As with the other compounds,
the agonist potency of U69593 was diminished by Y139A
6-fold. In contrast to salvinorin A (6-fold), Y313A only has
a 2-fold effect on the ability of U69593 to activate KOR.
Molecular Modeling PredictionsA family of docked
solutions was generated for salvinorin A using automated

residue 28); Cys210, the e2 loop disulfide-forming cysteine
(29); and 1le294, which has been implicated in a SCAM study
(30). While present in the binding cavity, Tyrl39 was not
predicted to interact significantly with the docked ligand.
Cys Substitutions Enhance the Binding of 2-Thidsalrin
B. To more fully elucidate the binding mode of salvinorin
A, we examined the binding of a newly synthesized
salvinorin A analogue, 2-thiosalvinorin B)at the wild type
and Cys-substituted KOR mutants. We reasoned that Cys
substitutions should show enhanced affinity for 2-thiosalvi-
norin B if the Cys residue was in close proximity to th&H
moiety of 2-thiosalvinorin B. Because the KOR has a single
Cys in the binding pocket (Cys31530), we initially
characterized C315S. As shown in Table 4, the C315S did
not significantly alter the binding of either salvinorin A or
2-thiosalvinorin B. On the basis of the salvinorin A binding
model, we constructed several cysteine substitutions in the
background of C315S, including Y119C, 1294C, E297C,
L309C, S310C, and Y313C (Table 4) of which lle294,
Glu297, Leu309, Ser310, and Tyr313 are unique to KORs.
As predicted by the salvinorin A binding model, the Y313C
mutationpreseredthe affinity of 2-thiosalvinorin B because

docking techniques (see the Experimental Procedures forthe —SH group is predicted to be in close proximity to the

details); this family is represented by the model shown in
parts A—C of Figure 5. The closest sites of interaction are
between salvinorin A and TM13, TM6, TM7, and the
extracellular loop e2 of the receptor model. In our model,
the 2-acetoxy group of salvinorin A is positioned between
the e2 loop and the top of TM7 near Tyr313 and the furan
ring hydrogen-bonds with Tyr320 in TM7 and Tyr119 in
TM2. The 4-methyl ester group is oriented toward the top
of TM6. Other models representing different families of

docked solutions were also obtained, although they did not
account for as many of the observed mutational effects (not

shown).
All of the mutated residues in the current model point
approximately toward the central cavity, with the exceptions

Cys substitution at the 313 locus in the C315S background.
In contrast, the affinity of salvinorin A for the Y313€
C315S double mutardecreasedy 14.2-fold, presumably
because the 2-acetoxy group of salvinorin A cannot form
interactions with C313 as effectively or as strongly as
2-thiosalvinorin B. Additionally, 1294 and E297, when
mutated to Cys, gave rise to significantly enhanced affinities
for both salvinorin A and 2-thiosalvinorin B.

DISCUSSION

The major finding of this paper is the discovery that a
diterpenoid (salvinorin A) utilizes a novel mode for pepti-
dergic GPCR (KOR) binding and activation. We also provide
new molecular models that provide reasonable atomic-level
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Ficure 5: Modeling salvinorin A-KOR interactions. (A) Two-dimensional representation of the proposed interactions between salvinorin
A and various side chains in the KOR-binding site. (B) Proposed bhinding mode of salvinorin A in the KOR, looking through the extracellular
side of the helical bundle. Tyr313 and Tyr320 in TM7 are nearest to the viewer. The KOR is color-coded based on the assignment of the
secondary structure using the Kabs@ander 84) algorithm (red= helix, blue= f sheet, violet= turn, and yellow= coil). The ligand

is rendered as a CPK-style space-filling model. (C) View of the proposed binding model of salvinorin A looking from the extracellular side
of the KOR beyond the e2 loop to the binding pocket. For clarity, the intracellular portion of the KOR is not displayed. The ligand is
rendered as a ball-and-stick figure, and important nearby residues are rendered as capped stick figures.

Table 4: Effect of Cys-Substitution Mutatichen Salvinorin A and 2-Thiosalvinorin B Binding to KORs

salvinorin A 2-thiosalvinorin B U69593

KOR Ki (nM)P ratio® Ki (nM)° raticf ratio? Ki (nM)P ratio®
wild type 39.6+ 14.5 1574+ 40 4.0 15.4+ 3.2
C315S 37.6-17.6 202+ 72 5.4 54.3+ 8.2
C3155-Y313C 5364 66 14.2 2194+ 57 1.1 0.4 59.6: 6.5 1.1
C315S-Y119C 178+ 54 4.7 226+ 49 1.1 1.3 220k 83 4.1
C3155-1294C 6.6442.71 0.2 43.3: 3.8 0.2 6.5 8.26-1.78 0.2
C315S-E297C 4.214-0.89 0.1 36.3t 2.1 0.2 8.6 4,88 1.89 0.1
C3155-L309C 20.3+: 8.9 0.5 92.74-38.8 0.5 4.6 194 97 3.6
C315S-S310C 34.9+ 8.9 0.9 347+ 83 1.7 10.0 78.221.1 1.4
C3155-Y320C NA NA NA
C3155-Y66C 66.9+ 21.2 1.8 214+ 30 1.1 3.2 180k 42 3.3

@ The double mutants were based on C315 (7.38), which is conserved among the opioid receptor family and is differentially accessible [Xu, et
al. (2000)Biochemistry 3913904-13915]. The affinity constantsK;) of the different compounds were determined in competition binding assays
with 3H-diprenorphine and increasing concentrations of unlabeled compounds. Each value is the mean of two or three independent experiments (see
the Experimental Procedures for detaifdyor each compound, the ratiodgmuanyKicaissy ¢ For each compound, the ratiokz-miosavinorin 8fKigsanvinorin Ay

explanations for the highly selective binding of a diterpenoid, sulfhydryl moiety. These results are important because they
salvinorin A, to a peptide receptor, the KOR. We also report demonstrate that the exquisitely potent and efficacious
a novel approach, whereby a designed cysteine-substitutioninteractions of salvinorin A with KORs are due to novel

mutagenesis is shown to differentially affect the affinity of modes of binding within a common three-dimensional space
salvinorin A and of a salvinorin A derivative with a free shared by structurally diverse agonists, each of which utilizes
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different residues for binding and activating KORs. group to form a weak hydrogen bond with Tyr139; the donor-
Molecular Modeling ConsiderationsThe e2 loop of hydrogen-acceptor (B-H—A) angle is roughly 130when
rhodopsin and most likely all family A GPCRs are connected the ligand carbonyl oxygenTyrl39 side-chain oxygen
to a Cys residue near the extracellular side of TM3 by a distance is 3.0 A. However, for this hydrogen bond to be
disulfide bond. In the proposed salvinorin-AOR binding formed, the Tyr13%; torsion angle must assume values that
model, the ligand is docked near the extracellular opening give rise to higher energy eclipsed conformations, consistent
of the binding pocket. One of the most unanticipated featureswith the modest 6-fold increase in th& observed for the
of the rhodopsin structure is that tfenairpin of the e2 loop ~ Y139F mutation. The Y139A mutation (only 2-fold decrease
lies deep in within the helix aggregate and actually comprisesin affinity) suggests that an amino acid side chain that is a
part of the retinal-binding site. It has been argued that this small hydrophobic group, rather than a large hydrophobic
feature is unlikely to be conserved in aminergic GPCRs group, is beneficial when the interaction takes place with a
because it may limit access of reversibly bound ligands to hydrophilic group on the ligand. Both mutations of Tyr320
the binding site 31). However, a recent SCAM investigation result in the loss of affinity for salvinorin A by about 10-
of the e2 loop of the dopamine D2 receptor suggests that itsfold, suggesting hydrogen-bond involvement. Our proposed
structure is rhodopsin-like1Q). In addition, it has been  model interacts with Tyr320 via hydrogen bonding with the
shown that His319 of TM7 and Asp216 of the e2 loop of furanyl substituent of salvinorin A. However, this hydrogen
the u-opioid receptor are responsible for the’Zmediated bond is expected to be somewhat weaker than a normal
sensitivity of ligand affinity, indicating that these residues hydrogen bond because the accepting lone-pair electrons of
are in reasonably close g Cp, 6 A) proximity (32). The the oxygen atom are partially delocalized in the furan ring.
distance between the cognate residues, Tyr313 and Glu209The interatomic distance between the furan oxygen atom in
in the rhodopsin-like e2 loop of the KOR models presented salvinorin A and the Tyr320 side chain oxygen is 3.0 A.
here is approximatgl8 A (C8—CpB). These observations, Mutation of Tyr119 to either Phe or Ala decreases the affinity
coupled with the demonstration of the necessity of a disulfide of salvinorin A for the KOR but to a somewhat lesser extent
bond with the e2 loop,29) imply that the modeled loop  than for the analogous Tyr320 mutations, again indicating
structure is accurate. that hydrogen-bond interactions are involved. As with
In the salvinorin A binding model described here, the Tyr320, our proposed salvinorin A model interacts with
mutated residues pointed toward a central cavity, although Tyr119 via hydrogen bonding with the furanyl substituent
some are clearly less sterically accessible to bound ligands,of the ligand. It places the furan ring oxygen atom somewhat
particularly Tyr312 and Tyr313. Neither Y312A nor Y312F farther away from Tyr119 (3.6 A) than from Tyr320 (3.0
mutations affect the affinity of salvinorin A for the KOR. A), potentially explaining the slightly greater decrease in
This is consistent with the proposed model, which indicates binding affinity for the Tyr320 mutation when compared to
only a weak interaction with Tyr312. Interestingly, the the analogous Tyrl19 mutation.
Y313A mutation has a large effect on affinity (22-fold), while To further explore the interactions of the salvinorins with
Y313F has no significant effect. The results of the Y313A the KOR, we employed a novel approach, whereby we
and Y313F mutations are consistent with Tyr313 stabilizing combined cysteine-substitution mutagenesis with an evalu-
the ligand via a hydrophobic-type interaction and with our ation of the binding of 2-thiosalvinorin B and salvinorin A.
docked salvinorin A model, which predicts a direct hydro- We reasoned that, if residues mutated to Cys were in close
phobic interaction with Tyr313. Although potentially acces- proximity to the thiol of 2-thiosalvinorin B, there should be
sible to small molecules, Tyr313 was positioned in a more an enhancement (or at least a retention) of the affinity of
remote area at the top of the binding cavity interacting with 2-thiolsalvinorin B for the KOR, while the affinity for
residues in the e2 loop. Tyr313 was previously proposed to salvinorin A would likely decrease. An inspection of the
provide a hydrogen bond to the 2-acetoxy carbonyl of salvinorin A binding model disclosed that Tyr313, when
salvinorin A @) based on docking studies performed using mutated to Cys, would yield a Cys residue that is predicted
a de nao model developed by Mosberg’'s group3}. The to be in close proximity to the free thiol of 2-thiosalvinorin
current model that is based explicitly on the experimental B. In addition, mutating other nearby residues in a similar
rhodopsin crystal structure shows a substantial difference infashion would produce Cys residues nearer to other positions
the disposition of Tyr313. The fact that Y313F has no effect on the salvinorin molecule. If our proposed model is correct,
on ligand affinity but Y313A reduces affinity by 22-fold has mutations at these non-Tyr313 positions should affect the
compelled us to modify our original model, wherein we binding of salvinorin A and 2-thiosalvinorin B roughly
proposed that Tyr313 interacted with salvinorin A primarily equally, because salvinorin A and 2-thiosalvinorin B differ
via hydrogen-bonding-type interactions. On the basis of our only at the 2 position. The results of these experiments are
current findings, we propose that a hydrophobic interaction presented in Table 4 and agree with the predictions.
is more likely. In the proposed salvinorin A binding model, In our model of the KOR, the side chain of Cys315 is
the 2-acetoxy group of salvinorin A provides the requisite located in the interface between helices TM6 and TM7;
hydrophobic interaction with Y313, so that salvinorin A therefore, it is not surprising that the mutation C315S did
retains affinity for the Y313F mutation but loses affinity (22- not result in a statistically significant change in the binding
fold decrease) for the Y313A mutation. affinity for either salvinorin A or 2-thiosalvinorin B (Table
Mutations at other residues also had significant effects on 4). The most significant result from the Cys-substitution
the binding of salvinorin A. Although accessible, the closest mutation studies is that the double-mutant C31¥S13C
Tyr139 side-chairtligand distance is at leagt A away, KOR has 14.2-fold less affinity for salvinorin A than does
consistent with the weak effect of either Tyr139 mutation. the C315S single-mutant KOR, whereas the affinity of the
In our proposed binding model, it is possible for the 17-oxo double-mutant KOR for 2-thiosalvinorin B is largely unaf-
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fected compared to the single-mutant C315S KOR. This A,
would suggest that it is indeed the 2 position of the
salvinorins that interact with Tyr313, because an SH-acetoxy
interaction (in the case of salvinorin A) would be very weak
and would increase thk; significantly, whereas an SH
SH interaction (in the case of 2-thiosalvinorin B) would be
stronger because of hydrophobic interactions and/or disulfide
bond formation and would allow the double mutant to retain
affinity for 2-thiosalvinorin B. We believe disulfide bond
formation is unlikely because preliminary studies have
demonstrated that prolonged exposure to 2-thiosalvinorin B
does not lead to an irreversible loss of binding (data not
shown). Our proposed model also positions the 4-methyl ester
group in very close proximity to both 1le294 and Glu297.
The double mutations C315$294C and C315SE297C . TM1
each affect both salvinorins roughly equally, increasing the
affinity of both by 5-10-fold. Because both salvinorins are
affected equally, it is probable that a substituent that is
common to both (the 4-methyl ester group in this case, not
the 2-position substituent) is interacting at 11e294 and Glu297.
The nature of these interactions is unclear, because bott
hydrophobic and hydrophilic hydrogen-bond acceptor regions
are present. However, visual inspection of space-filling
models reveals that the terminal methyl of the ester group
at the 4 position of salvinorin A can interact with hydro-
phobic portions of the 11e294 and Glu297 side chains. The
lipophilic interaction between 1294 and E297 and the 4
position is shown fairly clearly in Figures 5 and 6. Mutation
of either of these residues to Cys would retain some
hydrophobic interaction potential and perhaps more impor-
tantly would remove some of the steric bulk in the region,
allowing the 4 position to more effectively associate with
the side chains at positions 294 and 297. The double
mutations involving Leu309 and Ser310 did not significantly
alter the binding affinity of either salvinorin, and this is
consistent with our proposed model complex in that these
residues are not part of the ligand-binding site. No data could
be obtained for the C315Sr320C double mutation, because
this mutation was inactive. 2-Thiolsalvinorin B can be docked
into the KOR in an orientation similar to the proposed model
for salvinorin A (see Figure 6).

When these findings are taken together, they support aFicure 6: Proposed binding modes of 2-thiosalvinorin B in the
mode of binding whereby salvinorin A and 2-thiosalvinorin  KOR. (A) Proposed binding modes of 2-thiosalvinorin B in the
B interact with the KOR via residues that are not utilized KOR, looking through the extracellular side of the helical bundle.

: : ) : . The KOR is color-coded based on the assignment of the secondary
by conventional KOR peptide and non-peptide agonists [e'g"structure using the Kabsch-Sande4)(algorithm (red= helix, blue

dynorphin A (1-13) and U69593, respectively]. These = gsheet, violet= turn, and yellow= coil). A view of the proposed
residues probably line a putative binding pocket that overlaps binding model of 2-thiosalvinorin B looking from the extracellular
in three-dimensional space with that used by nitrogenous side of the KOR beyond the e2 loop to the binding pocket.
KOR agonists. Thus, compounds such as U69593 are
predicted to bind in approximately the same three-dimen-
sional space but do so by utilizing different residues. It is
likely that the extraordinary selectivity and potency for KORs
of salvinorin A are due to the fact that it uses these “unusual”
and generally nonconserved residues for ligand binding.
Residues with which our proposed model interacts (namely,
lle294, Glu297, and Tyr313) are unique to the KOR. In REFERENCES
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