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ABSTRACT: Salvinorin A, the most potent naturally occurring hallucinogen, has attracted an increasing
amount of attention since the «-opioid receptor (KOR) was identified as its principal molecular target by us
[Roth, B. L., etal. (2002) Proc. Natl. Acad. Sci. U.S.A. 99, 11934—11939]. Here we report the design, synthesis,
and biochemical characterization of novel, irreversible, salvinorin A-derived ligands suitable as active state
probes of the KOR. On the basis of prior substituted cysteine accessibility and molecular modeling studies,
C3157 was chosen as a potentlal anchoring point for covalent labeling of salvinorin A-derived ligands.
Automated docking of a series of potential covalently bound ligands suggested that either a haloacetate
moiety or other similar electrophilic groups could irreversibly bind with C315"-%. 22-Thiocyanatosalvinorin
A (RB-64) and 22-chlorosalvinorin A (RB-48) were both found to be extraordinarily potent and selective
KOR agonists in vitro and in vivo. As predicted on the basis of molecular modeling studies, RB-64 induced
wash-resistant inhibition of binding with a strict requirement for a free cysteine in or near the binding pocket.
Mass spectrometry (MS) studies utlhzmg synthetic KOR peptides and RB-64 supported the hypothesis that
the anchoring residue was C315"*® and suggested one biochemical mechanism for covalent binding. These
studies provide direct evidence of the presence of a free cysteine in the agonist-bound state of the KOR and

provide novel insights into the mechanism by which salvinorin A binds to and activates the KOR.

Salvinorin A, the active ingredient of the hallucinogenic plant
Salvia divinorum, is the most potent known naturally occurring
hallucinogen (Z, 2). In 2002, we discovered that the x-opioid
receptor (KOR)! was the molecular target for the actions of
salvinorin A in vitro (3). Studies with KOR knockout mice (4)
unequivocally demonstrated that the KOR was also the site of
action of salvinorin A in vivo, a finding which has been widely
replicated (see refs 5 and 6 for reviews). Subsequently, salvinorin
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A emerged as an attractive lead compound for drug discovery,
and over the past few years, hundreds of salvinorin A derivates
have been synthesized (6). Some of these analogues present
interesting pharmacological profiles, from full KOR agonist to
partial d-opioid receptor (DOR) or u-opioid receptor (MOR)
agonists and antagonists (7—11). However, most of the hundreds
of analogues displayed decreased affinity (or even no affinity) for
the KOR. The challenge now is to use the knowledge about
salvinorin A—KOR interactions (12, 13) to design unique
salvinorin A derivatives with novel pharmacological profiles
and therapeutic potential. In recent years, covalently bound
ligands emerged as a new class of receptor ligands with unique
pharmacological properties. The successful design of the cova-
lently bound ligands includes an allosteric modulator for the
GABA, receptor (/4), fluorescently tagged inhibitors for cal-
cium-bound protein arginine deiminase 4 (PAD4) (15), selective
kinase inhibitors (16, 17), estradiols for the estrogen receptor
(18, 19), and antagonists for the N-methyl-p-aspartate (NMDA)
receptor (a ligand-gated cation channel) (20). This covalent
labeling method takes advantage of the chemically reactive
amino acids inside or close to the ligand binding site, and the
reactive group is frequently a nucleophile. Because the recognition
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FIGURE 1: Molecular modeling reveals potential sites of adduct formation in the KOR. (A) The C-2 position of salvinorin A is in the proximity of
Y3137 and C3157¥ in the wild-type (WT) KOR. Ribbons (white) indicate the position of the backbone, and a Connolly channel surface (green)
describes the regions of steric accessibility within the activated receptor. An enlarged region of accessibility in the intracellular portion of the helical
bundle is indicative of an activated GPCR. (B) The RB-64 thiocyanate group is in the proximity of C315”-*. (C) The mechanisms for covalent
labeling of cysteine involve nucleophilic substitution at C-22 or the adjacent S atom. The molecular weight change for the modified peptides is

431 (i) or 463 (ii) depending on the site of substitution.

between the ligand and receptor is specific, proximity-accelerated
covalent labeling is expected to be highly selective. Introduction
of a proper electrophilic group into the ligand structure is the key
condition for promoting covalent labeling between the ligand and
receptor. However, the structural variety of receptors and ligands
creates uncertainty in choosing the optimal reactive group.
Among the common reactive groups, halomethylketones, haloa-
cetamides, isothiocyanates, Michael acceptors, aldol esters, nitro-
gen mustards, and other electrophilic moieties have been used for
covalently bound ligands because of their relatively high reacti-
vity under physiological conditions (e.g., pH 7.4).

Our prior molecular modeling studies predicted that a chemi-
cally reactive cysteine (C315"®*) would reside in or near salvinorin
A’s binding site in the agonist-bound state of the KOR (12, 13, 21).
Indeed, our prior studies showed there was a direct interaction
between the acetoxy group of salvinorin A and Y3137, a critical
residue inside the binding pocket (12) . Nearby, a water-accessible
C315"* is highly reactive to methanethiosulfonate (MTS) reagent
(Figure 1A), as reported in the substituted cysteine accessibility
method (SCAM) studies by Xu et al. (22, 23) and us (2/). Because
the C3157%S mutation did not significantly affect salvinorin A’s
binding affinity, we predicted that C3157* exists as a free
cysteine rather than as a contributor to disulfide bonds or the
global structure of the KOR. Theoretically, C315”* could
provide an anchoring point for covalent labeling.

In this paper, we describe molecular modeling studies which
predict that 22-substituted salvinorin A derivatives will interact
with C3157%. On the basis of these predictions, 22-thiocyanato-
salvinorin A (RB-64) and 22-chlorosalvinorin A (RB-48) were
synthesized and found to be extraordinarily potent, selective, and

apparently irreversible KOR agonists in vitro. In vivo studies
revealed RB-64 to be 20-fold more efficacious than salvinorin A.
Mutagenesis experiments and biochemical studies with purified
KOR peptides in vitro confirmed the mechanism of irreversible
binding to be nucleophilic substitution of C315”%, These studies
provide convincing evidence for a free cysteine in or near the
agonist-bound active state of the KOR.

EXPERIMENTAL PROCEDURES

Materials. Standard reagents were purchased from Sigma-
Aldrich (St. Louis, MO). Some of the salvinorin A used as a
standard in these studies was kindly provided by T. Prisinzano
(University of Kansas, Lawrence, KS).

Syntheses and Characterization of 22-Chlorosalvinorin
A (RB-48) and 22-Thiocyanatosalvinorin A (RB-64). Sal-
vinorin B (25 mg, 64 umol) and catalytic (dimethylamino)-
pyridine (DMAP) were dissolved in 5 mL of dichloromethane
(DCM). Chloroacetyl chloride (10 mg, 90 umol) was added, and
the reaction mixture was stirred at room temperature for 2 h.
Then the solvents were evaporated in vacuo, and the residue was
chromatographed on a silica gel (3:1 hexane/ethyl acetate) to
yield 22-chlorosalvinorin A (22.7 mg, 76% yield): white solid;
mp 216-218 °C; afy —27.5 (¢ 0.08, MeCN); HRESIMS m/z
[M + H]" 467.1457 (caled for Cy3H,7ClOg 466.1394); *C NMR
(100 MHz, CDCl;) 6 15.2, 16.4, 18.1, 30.5, 35.4, 38.1, 40.6, 42.1,
43.0, 51.2, 52.0, 53.3, 63.7, 71.9, 76.5, 108.5, 125.2, 139.6, 143.7,
166.6, 171.1, 171,4, 201.2; "H NMR (400 MHz, CDCls) ¢ 1.08
(s, 3H), 1.39 (s, 3H), 1.52—1.65 (m, 3H), 1.75 (m, 1H), 2.04—2.15
(m, 2H), 2.25-2.34 (m, 3H), 2.39 (dd, /=5, 13 Hz, 1H), 2.76
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Table 1: Pharmacological Profiles of Salvinorin Derivatives Substituted at C-22

K (nM) K (nM) ECs (nM) relative Ep.x (%)

salvinorin A 18+1.4 21+11 17+6 100
22-chlorosalvinorin A (RB-48) 2.140.87 32415 0.194£0.01 85+3
22-thiocyanatosalvinorin A (RB-64) 0.59+£0.21 39411 0.077+0.016 9542
22-bromosalvinorin A (RB-50) 1.5+£0.22 39.57+11.56 11+6 76+7
(22R,S)-22-chloro-22-methylsalvinorin A (RB-55) 21+3 189+70.12 35+ 17 83+ 10
(228)-22-chloro-22-methylsalvinorin A (RB-55-1) 30+15 269 +48 160 £ 80 99+ 12
(22R)-22-chloro-22-methylsalvinorin A (RB-55-2) 58+32 >3000 273+130 98+8
22-methoxysalvinorin A (RB-65) 57+1.2 431.3+54.13 67 +£22 9+11
22,22-dichlorosalvinorin A (RB-66) 911+170 > 10000 1678 320 103+ 14

“The affinity constants (K;) of the different compounds were determined in competition binding assays with ["HJU69593 and increasing concentrations of
unlabeled compounds. Each value is the mean of three independent experiments. ” The affinity constants (K;) of the different compounds were determined in
competition binding assays with [*H]diprenorphine. ¢ The functional potencies (ECso) of the different compounds were determined with an [3SS]GTPyS
assay. ¢ RB-48 exhibited a two-site binding curve, which gave another higher affinity in the subpicomolar range.

(m, 1H), 3.70 (s, 3H), 4.18 (ABq, /=15 Hz, 2H), 5.20 (m, 1H),
543 (dd, J =5, 12 Hz, 1H), 6.36 (s, 1H), 7.37 (br s, 1H), 7.39
(s, IH). 22-Chlorosalvinorin A (20 mg, 43 umol) was dissolved in
anhydrous ethanol (2 mL) with potassium thiocyanate (5.4 mg,
56 umol). The reaction mixture was refluxed for 5 h, allowed to
reach room temperature, and concentrated in vacuo. Water (2 mL)
was then added, and the reaction mixture was extracted with
chloroform (three 5 mL portions). Solvents were removed in
vacuo, and the mixture was separated by HPLC [C,g column,
MeCN/H,O (1:1), detection at 210 nm] to yield 22-thiocyanato-
salvinorin A (16.6 mg, 79% yield): semisolid; afy —32.5 (¢ 0.08,
MeCN); HRESIMS m1/z [M+H] " 490.1519 (caled for Co4H,,NOgS
489.1452); IR (neat) 2160 cm™' (SCN); *C NMR (100 MHz,
CDCl3) 6 15.2, 16.4, 18.1, 30.5, 34.5, 35.5, 38.1, 42.1, 43.3, 51.3,
52.0,53.3,64.0,71.9,76.9,108.4,110.3,125.2, 139.5, 143.8, 165.4,
170.9, 171,2, 200.6; "H NMR (400 MHz, CDCl3) 6 1.13 (s, 3H),
1.45(s,3H), 1.58—1.68 (m, 3H), 1.82 (m, 1H), 2.08—2.24 (m, 3H),
2.33—2.41 (m, 2H), 2.48 (dd, /=5, 13 Hz, 1H), 2.79 (m, 1H), 3.75
(s,3H),3.89 (s,2H), 5.22 (m, 1H), 5.53 (dd, /=5, 12 Hz, 1H), 6.40
(d, J=1Hz, 1H), 7.41 (m, 1H), 7.44 (s, 1H).

The other C-22-substituted salvinorin A derivatives (RB-50,
RB-55, RB-55-1, RB-55-2, RB-65, and RB-66) presented in
Table 1 were obtained in a manner analogous to that of RB-48
with the use of corresponding acyl chlorides.

(i) 22-Bromosalvinorin A (RB-50) was obtained in 55% yield
using bromoacetyl chloride: brownish solid; mp 214—215 °C dec.
RB-501s a highly unstable at room temperature. It shows spectral
features analogous to those of 22-chlorosalvinorin A (RB-4%),
but its instability makes the accurate spectral measurements
practically impossible. To minimize decomposition, the products
has to be stored in a deep-freezer prior to binding assays.

(if) (22R,S)-22-Chloro-22-methylsalvinorin A (RB-55) was ob-
tained in 83% yield using 2-chloropropionyl chloride: white solid;
mp 198—200 °C; HRTOFIMS m/z [M—H"] 479.1464 (calcd for
C»4Ha5ClOg 479.1467); °C NMR (100 MHz, CDCl3) 6 15.2,
16.4,18.1, 21.6, 30.6, 35.4, 38.1, 42.1, 43.3, 51.3, 52.0, 52.3, 53.4,
64.0, 72.0, 76.0, 108.4, 125.2, 139.5, 143.7, 169.1, 171.0, 171.4,
200.8; '"H NMR (400 MHz, CDCl3) 6 1.14 (s, 3H), 1.45 (s, 3H),
1.52—1.71 (m, 4H), 1.77 (d, /= 4.0 Hz, 3H), 1.78—1.83 (m, 2H),
2.08 (dd, /=11.5, 2.8 Hz, 1H), 2.13—2.22 (m, 2H), 2.37 (dd, J =
13.6, 7.1 Hz, 2H), 2.51 (dd, /=134, 5.1 Hz, 1H), 2.78 (m, 1H),
3.74 (s, 3H), 4.51 (ABq, /J=7.0 Hz, 1H), 5.17 (m, 1H), 5.52 (dd,
J=11.6, 5.1 Hz, 1H), 6.39 (s, 1H), 7.40 (br s, 1H), 7.42 (s, 1H).

RB-55 was chromatographically separated into individual 225
(RB-55-1) and 22R (RB-55-2) epimers. Both epimers had the
same spectral characteristic features. The structure of the 225

(RB-55-1) isomer was independently confirmed by X-ray crystal-
lography.

(iif) 22-Methoxysalvinorin A (RB-65) was obtained in 79%
yield using methoxyacetyl chloride: amorphous solid; HRTOFMS
m/z[M—H"]1461.1813 (caled for Co4Ha90, 461.1806); '*C NMR
(100 MHz, CDCl3) 0 15.1, 16.3, 18.1, 30.6, 35.3, 37.9, 42.0, 42.9,
51.0, 51.9, 53.2, 59.3, 63.5, 69.3, 71.9, 75.2, 108.5, 125.2, 139.5,
143.6, 169.4, 171.2, 171,5, 201.6; '"H NMR (400 MHz, CDCl3) 0
1.03 (s, 3H), 1.36 (s, 3H), 1.48—1.61 (m, 3H), 1.69 (dd, J=10.8,
8.0 Hz, 1H), 1.99—-2.11 (m, 2H), 2.19—2.28 (m, 3H), 2.38 (dd,
J=13.5,5.1Hz, 1H),2.73 (dd, J=15.4,7.4 Hz, 1H), 3.40 (s, 3H),
3.65(s,3H),4.09 (ABq, J=16.6 Hz, 2H), 5.19 (t, /=10.0 Hz, 1H),
543 (dd, J=11.7,5.0 Hz, 1H), 6.32 (s, 1H), 7.33 (br s, 1H), 7.36
(s, 1H).

(iv) 22-Dichlorosalvinorin A (RB-66) was obtained in 86% yield
using dichloroacetyl chloride: amorphous solid; '*C NMR
(100 MHz, CDCly) ¢ 15.1, 16.4, 18.1, 30.3, 354, 38.1, 42.1,
429, 51.2, 52.0, 53.2, 63.8, 71.9, 76.7, 108.5, 109.3, 125.1, 139.6,
143.7,163.8, 171.0, 171.2, 200.2; '"H NMR (400 MHz, CDCl5) 6
1.11 (s, 3H), 1.41 (s, 3H), 1.52—1.65 (m, 3H), 1.78 (dd, J=10.2,
2.5Hz, 1H),2.04—2.15 (m, 2H), 2.27 (s, 1H), 2.33—2.45 (m, 3H),
2.78 (m, 1H), 3.72 (s, 3H), 5.20 (t, J=10.0 Hz, 1H), 5.45 (dd, J =
11.7, 5.0 Hz, 1H), 6.07 (s, 1H), 6.38 (s, 1H), 7.39 (br s, 1H), 7.41
(s, 1H).

[*’S]GTPyS Binding Assay. Ten different concentrations of
testing compounds in appropriate concentrations were reached in
binding buffer [50 mM Tris-HCI, 100 mM NaCl, 10 mM MgCl,,
and | mM EDTA (pH 7.4)]. The [*S]JGTPyS assay was set up in
96-well sample plates (Wallac) designed for the 1450 MicroBeta
Counter (PerkinElmer). Then 50 uL of a drug solution, 50 uL of
[**S]GTPyS (PerkinElmer, 1250 Ci/mmol), and 50 uL of mem-
brane and 20 uM guanosine 5'-diphosphate (GDP) were added to
96-well plates and incubated for 20 min at room temperature, and
then 50 uL of beads (FlashBlue, PerkinElmer, 100 mg/mL stock,
110 uL of stock solution/plate) was added to the mixture. The
plates were shaken for 0.5 h on a titer plate shaker (Lab-line
Instruments, Inc.), spun down at 1000 rpm (~270g) for 2 min,
and counted using an *°S protocol with a 1450 MircoBeta
Counter (PerkinElmer).

Transient and Stable Expression of the KOR. HEK293 T
cells were grown in 15 cm culture dishes in medium with 10%
FBS in a humidified atmosphere consisting of 5% CO, at 37 °C.
The confluent cells were transfected with wild-type (WT) KOR-
pcDNA3.1(+) FLAG-KOR-Hisg (25 ug/15 cm dish), using
Fugene 6 transfection reagent (Roche). It contains an N-terminal
FLAG tag and a C-terminal Hisq tag. Another Flp-in CHO cell
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line (Invitrogen), stably expressing the hKOR without any
epitope tag, was used for studying the washing-resistant RB-64
labeling. The expression of KOR in these cells had been
characterized by various radioligand binding and Western blot-
ting assays. The affinity constants (K;) of the different com-
pounds were determined in competition binding assays with
[*H]U69593 and [*H]diprenorphine. The details have been de-
scribed in our previous reports (12, 13).

Labeling of Synthetic KOR Peptides. Synthetic peptides
were custom prepared by the Tufts University Core Facility and
incubated (1 mg/mL) together with RB-64 overnight at 37 °C
in PBS; peptides were then prepared for MS as previously
detailed (24).

Irreversible Binding Studies. After transfection for a total
of 48 h, cell medium was removed and the transfected cells were
washed with cold PBS; then the cells were labeled with RB-64 or
RB-48 for various periods of time (5 min to several hours) and at
various concentrations (from 0.1 nM to 30 uM) in ice-cold PBS.
Cells were detached and centrifuged. Cell pellets were then
extensively washed with standard binding buffer, centrifuged
at 15000g for 20 min at 4 °C, and prepared for subsequent
radioligand binding.

Mass Spectrometric Analysis. MS and MS/MS studies on
the labeled synthetic peptide (Tufts University Core Facility)
were performed on an Applied Biosystems 4800 Proteomics
Analyzer (MALDI-TOF/TOF), using CHCA as the matrix.

Prepulse Inhibition Animal Study. Adult naive male and
female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME)
were used in all experiments. Animals were maintained under a
14 h—10 h light—dark cycle in a humidity- and temperature-
controlled room with water and laboratory chow supplied. All
experiments were conducted in accordance with NIH guidelines
and under an approved protocol from the Institutional Animal
Care and Use Committee at Duke University and the University
of North Carolina.

Salvinorin A and RB-64 Disrupt Prepulse Inhibition
(PPI) in C57BL/6J Mice. Mice were treated with vehicle
[1% Tween 80 in Milli-Q water; 8 mL/kg, intraperitoneally (ip)]
or one of four doses of salvinorin A (0.25, 0.5, 1.0, or 2.0 mg/kg,
ip) or RB-64 (0.005, 0.01, 0.05, or 0.1 mg/kg, ip) immediately
before being placed into the PPI apparatus (Med-Associates). In
antagonist control studies, mice were treated with 10 mg of nor-
binaltorphimine (Nor-BNI)/kg ip, a long-acting selective KOR
antagonist, 24 h prior to administration of 2.0 mg of salvinorin
A/kg or 0.1 mg of RB-64/kg (n = 6). After being acclimatized to
62 dB white noise for 5 min, animals were subjected to 84 test
trials, beginning and ending with 10 trials each of startle-only
stimuli (40 ms, 120 dB white noise burst). The 64 remaining trials
were randomized between the following trial types: eight startle-
only trails, eight trials without any stimuli (null trials), 16 trials
with prepulse stimuli (4, 8, 12, and 16 dB above the 62 dB
background, four of each intensity, 20 ms in length) that were not
paired with startle stimuli (prepulse-only trials), and 32 trials of
prepulse stimuli (4, 8, 12, and 16 dB above the 62 dB background,
eight at each intensity) paired with the 120 dB startle stimulus
given 100 ms following the onset of the prepulse stimulus. Trials
were separated by a variable interval (§—15 ms), and the total test
time was 26—30 min for each animal. The data were analyzed
with SPSS 11 programs (SPSS Inc.) and are presented as means+
the standard error of the mean. Differences in treatment effects
on null activity, baseline startle responses, and overall PPI were
analyzed with ANOVA, with the main effects of dose nested
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within compound. Repeated measures ANOVA (RMANOVA)
was used to examine the effects of salvinorin A and RB-64 on
prepulse-dependent PPI, with prepulse intensity (4, 8, 12, and
16 dB) as the within subjects effect, and compound and dose
as the between subjects effects (dose nested within compound).
Differences between treatment groups were determined with
Bonferroni corrected pairwise comparisons. In all cases, a p of
<0.05 was considered statistically significant.

Molecular Modeling. Unless otherwise noted, all molecular
modeling procedures were conducted using SYBYL 8.1 (Tripos,
LP, St. Louis, MO) on an Irix-based SGI Tezro, a SuSE Linux
Enterprise Server-based SGI VSS40, or a Red Hat Enterprise
Linux-based Hewlett-Packard xw9400 workstation. The Balles-
teros—Weinstein amino acid residue numbering system (25) is
used to identify conserved residue positions within the TM helices
and is given as a superscript following the amino acid identifier,
e.g., C3157%,

The construction and refinement of the KOR—salvinorin A
interaction model have been previously described (12, 13, 21).
The docked RB-64—KOR complex was obtained by modi-
fying the C-22 position of salvinorin A with a thiocyanate
group followed by an energy minimization procedure (Tripos
Force Field; Gasteiger-Huckel charges; distance-dependent
dielectric constant ¢ = 4.0; termination criterion: energy gradient
of <0.05 kcal mol™" A™"). The +431 and 4463 salvinorin
A-labeled KOR models were constructed by manually joining
the docked salvinorin A C-22 atom to the KOR C3157** §” sulfur
atom with the appropriate linker, as these moieties were in the
proximity of one another (Figure 1B). This was followed by
energy minimization as described above. The +431 and +463
salvinorin A-labeled F3147°7C/C315"**S KOR mutant models
were obtained by mutating F314737 and C3157 to cysteine and
serine, respectively. This was followed by a clockwise rotation
(when viewed from the extracellular side) of residues L3097*—
A3177% by 100° to position C314™27 in the region of space
previously occupied by C3157%%. The interfacial regions between
the rotated TM7 segment and the unrotated parent KOR
structure (T3025°—13097%? and A31774°—$32374) were then
remodeled using loop searches. This was followed by reposition-
ing of the side chains in the rotated segment using SCWRL
3.0 (26). Finally, the ligand was covalently bound to C314"7 as
described above for the WT KOR and energy-minimized. The
stereochemical quality of the models was assessed using PRO-
CHECK (27) and the ProTable facility within SYBYL to verify
that the modifications did not abnormally distort the receptor
structure.

RESULTS

Design and Synthesis of Extraordinarily Potent, Selec-
tive, and Potentially Irreversible Ligands for the k-Opioid
Receptor. Our previously reported (21) activated KOR—salvi-
norin A model (Figure 1A) showed C3157* to be accessible from
within the binding pocket and relatively close to the C-2 acetyl
group of salvinorin A. In this model, the C-2 acetyl group (C-22
atom) engages in van der Waals interactions with the aromatic
side chain of Y3137, an interaction that has been suggested (12,
13) to be an important contributor to the unusually high binding
affinity and efficacy of salvinorin A. By modifying the conforma-
tion of the C-2 acetyl group and switching the C315”** side chain
rotameric state from gauche— to gauche+, we may bring the C-22
and C3157% §7 atoms within 5 A of one another (Figure 1B).
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F1GURE 2: Comparison of the binding modes of salvinorin A and the +431 and +463 adducts. The colors of the backbone ribbons and displayed
carbon atoms identify the receptor—ligand complex. (A) WT KOR: salvinorin A (white), +431 adduct (green), and +463 adduct (magenta).
(B) F314737C/C315""8S KOR double mutant: +431 adduct (cyan) and +463 adduct (orange). (C) All receptor—ligand complexes displayed in the

same frame of reference. See the text for details.

This arrangement also allows a small substituent at C-22; the
electrophilic thiocyanate derivative RB-64 is shown in Figure 1B.

Experimental evidence obtained using the substituted cysteine
accessibility method (SCAM) by Xu et al. (22, 28) and us (21)
suggests that there is significant rotational flexibility in the
extracellular regions of both TM6 and TM7 about their helical
axes. Helical rotations are also thought to be important for
GPCR activation (see ref 29 for a current review) and are most
likely a property of transmembrane helices in general, especially
those containing proline (30) and/or glycine (37). This rotational
flexibility should facilitate nucleophilic attack by the C3157®
thiol at either C-22 or an adjacent electrophilic site without
requiring significant reorientation of the ligand. For RB-64, the
resulting labeled KOR receptor models result in either a thioether
(+431 label; substitution of a thiocyanato group) or a disulfide
(+463 label; substitution of a cyano group) linkage as shown in
Figure 1C.

Modeling of the +431- and +463-labeled WT KOR resulted in
ligand—receptor complexes whose conformation was minimally
perturbed compared to that of the unlabeled salvinorin A—KOR
complex (Figure 2A,B.) The change in position of the salvinorin
A heavy atoms (not including the C-2 substituent) was 0.63 A
for the +431 label and 0.52 A for the +463 label (Figure 2A). A
similarly small displacement of the KOR backbone in the

region of C3157** was also noted. These results suggest that
salvinorin A analogues substituted with electrophilic groups at C-
22 would be effective and selective affinity labels for the KOR.
On the basis of these considerations, several salvinorin A
derivatives substituted at the C-22 position were synthesized
and pharmacologically characterized. Of these, several emerged
as potent KOR ligands (Table 1) with the agonist 22-thiocyana-
tosalvinorin A (RB-64) demonstrating the highest affinity (0.59 nM).
22-Thiocyanatosalvinorin A also emerged as a subnanomolar
efficacy agonist in [**S]GTPyS binding assays. To the best of our
knowledge, RB-64 represents the most potent KOR agonist thus
far identified. No significant activity (K; values of >10000 nM) at
u- or 0-opioid receptors was revealed for these compounds (not
shown).

22-Thiocynatosalvinorin A Wash-Resistant Irreversible
Binding and Mutagenesis Studies of the KOR. Because
22-thiocyanatosalvinorin A and 22-chlorosalvinorin A were
predicted to be irreversible inhibitors on the basis of molecular
modeling considerations, we next determined if prolonged in-
cubations with either compound led to washing-resistant inhibi-
tion of binding. In preliminary studies, we found incubation at
4 °C with either 22-thiocyanatosalvinorin A or chlorosalvi-
norin A resulted in wash-resistant inhibition of binding but
that 22-thiocyanatosalvinorin A’s was more robust (not shown).
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A time course and dose—response study of 22-thiocyanatosalvi-
norin A disclosed a #;, of 0.4 h and an ECs, of 9 uM for wash-
resistant inhibition of binding (Figure 3A,3B) at 4 °C. Under
these conditions, radioligand binding was weakened, although
there was no change in total KOR protein as assessed by Western
blot analysis (not shown). For further experiments, the condi-
tions (3 h and 10 uM at 4 °C in PBS buffer) that gave highly
reproducible wash-resistant inhibition of binding were chosen.
Under these conditions, a maximum of 59% of the KOR could be
labeled by 22-thiocyanatosalvinorin A (Figure 3C). For controls,
identical incubations with either salvinorin A or naloxone did not
substantially alter radioligand binding. Longer incubation times
with higher concentrations of 22-thiocyanatosalvinorin A (e.g.,
10 h and 20 uM) achieved 82% wash-resistant inhibition of KOR
binding (not shown). Other high-affinity ligands (e.g., 22-bro-
mosalvinorin A) were also tested as potential affinity ligands,
although none exhibited significant irreversible inhibition of
binding.

As indicated previously, molecular modeling studies predicted
that 22-thiocyanatosalvinorin A would interact with C3157*,
Accordingly, the C315"*S single and F3147'C/C3157%S dou-
ble mutants were tested for wash-resistant inhibition of binding
(Figure 3D). As expected, C3157*S did not exhibit any apparent
reactivity with 22-thiocyanatosalvinorin A as compared to
naloxone. Significantly, F314¥7C/C315"S, which is predicted
to introduce a free thiol in the vicinity of the thiocyanato group,
produced significant apparent reactivity.

In the WT KOR—salvinorin A complex (Figure 1A), the
F3147% side chain is oriented away from the binding pocket.
However, the putative rotational flexibility of the extracellular

region of TM7 mentioned above allows position 7.37 to be
accessed by a ligand from within the binding cavity. In many of
the experimentally determined GPCR structures published to
date, TM7 contains an “overwound” section of 3;p-helix at
positions 7.41—7.46 followed by a conserved proline-induced
kink at positions 7.46—7.48. Residues on TM7 following position
7.48 (in the intracellular region) are involved in an H-bonding
network (“NPxxY”) that is highly conserved among rhodopsin-
like GPCRs. Thus, one possible explanation for the observed
pattern of enhanced accessibility (27) of the residues in the TM7
extracellular region is that this overwound section can become
“unwound”, resulting in an o- or m-helical geometry and a
corresponding clockwise rotation of the extracellular portion of
TM7 (as viewed from the extracellular side). The amount of
rotation needed to make position 7.37 ligand-accessible is
roughly 100° (3.6 residues per turn in a regular a-helix = 100°
per residue), which will introduce a bulge similar to the conserved
7-bulge observed in TMS5 of rhodopsin-like GPCRs (32). Such
“wide turn” regions are known to impart flexibility to transmem-
brane-spanning helices (33). In the KOR, the overwound region
also contains a glycine residue, G319”*, that will tend to increase
the local flexibility of the backbone because of the absence of a
side chain and further promote the rotation of the extracellular
region of TM7. RB64-labeled F31477C/C3157*S double mu-
tant KOR models were generated with these concepts in mind
and are shown in panels B and C of Figure 2.

Identification of a Potential Mechanism for Irreversible
Inhibition of Binding Using Model Peptide Substrates.
Covalently bound ligands can label the cysteine residue through
different chemical pathways. To explore the possible reaction
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pathways, a synthetic model peptide (Ac-YFCIALGY) was used
to mimic the covalent labeling between RB-64 and the KOR
protein. A parallel mass spectrometric examination of RB-64,
RB-48, and salvinorin A revealed the possible fragmentation
mechanisms of the parent compounds (Figure 4A,B). All of the
major product ions were assigned, including m/z 378, 373, 355,
and 350, and our control observations for salvinorin A are in
excellent agreement with prior studies (34, 35) while the results
with RB-64 and RB-48 are new.

After incubation of RB-64 with the model peptide at 37 °C
overnight, one major product (m/z 1475) was identified via MS
(Figure 5B). This indicated that free peptide labeling preferred
nucleophilic substitution of the cyano group with the formation
of a disulfide bond as shown in Figure 1C. This new pathway was
confirmed by the MS/MS analysis of m/z 1475 (Figure 5C).

22-Thiocyanatosalvinorin A Is Extraordinarily Potent in
Vivo. Prepulse inhibition (PPI) is a measure of sensory motor
gating (36—38), and a large number of studies have validated
disruption of PPI as an indicator of potential psychotimimetic
properties. Because salvinorin A is the most potent naturally
occurring hallucinogen (5), we predicted that both 22-thiocya-
natosalvinorin A and salvinorin A have effects on PPI. We

observed an extraordinarily high potency of RB-64 as compared
to that of salvinorin A. Salvinorin A and RB-64 produced
changes in activity during null trials (without any stimuli)
compared to vehicle-treated mice (Table 2). Mice treated with
salvinorin A showed significant increases in null activity with
0.5 mg/kg (p < 0.001) compared to all other doses of the com-
pound and vehicle controls. Effects of RB-64 were somewhat
different. The two smaller doses of RB-64 had little effect on null
activity, whereas the two largest doses resulted in increased
activity compared to the vehicle control (p < 0.001).

Mice treated with salvinorin A or RB-64 showed dose-depen-
dent parabolic changes in baseline startle activity (Figure 6A).
Overall PPI was affected by salvinorin A (Figure 6B) and
22-thiocyanatosalvinorin A (Figure 6C). Bonferroni corrected
pairwise comparisons found that overall inhibition was similar
for vehicle and 0.25, 0.5, or 1 mg of salvinorin A/kg, while 2 mg/
kg significantly suppressed inhibition (p <0.044). By comparison,
RB-64 at 0.01 and 0.05 mg/kg resulted in marked increases in the
overall level of inhibition compared to the vehicle control
(p<0.021). Mice given 0.1 mg of RB-64/kg showed a significant
reduction in the overall level of inhibition relative to vehicle-
treated mice (p < 0.046). Mice treated with vehicle showed
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Table 2: Null Activity Levels in Mice Treated with Vehicle, Salvinorin A,
or RB-64

treatment null activity (mA displacement)

10% Tween vehicle 11.16 £4.34
salvinorin A

0.25 mg/kg 19.44+5.83

0.5 mg/kg 28.79 £3.99¢

1.0 mg/kg 13.63 +3.65

2.0 mg/kg 13.76 +£3.65
RB-64

0.005 mg/kg 8.22+3.73

0.01 mg/kg 16.81+4.4

0.05 mg/kg 64.89 £ 10.88¢

0.1 mg/kg 51.6+12.16°

“p<0.05 compared to vehicle controls.

prepulse-dependent PPI. Salvinorin A or RB-64 disrupted pre-
pulse-dependent PPI at all prepulse intensities. Mice given 0.25,
0.5, or 1 mg of salvinorin A/kg had increased PPI to the 4 dB
prepulse, relative to vehicle (p <0.051) (Figure 6B); PPI responses
at the 8 and 12 dB prepulses were similar for animals treated with
vehicle or 0.25, 0.5, or 1 mg of salvinorin A/kg. However, mice
given 2 mg of salvinorin A/kg had marked reductions in PPI at
the 8, 12, and 16 dB prepulses compared to vehicle (p >0.011) or
all other doses of the compound (p < 0.047); responses to 4 dB
were unchanged from the vehicle control. When animals were
given 0.005, 0.01, or 0.05 mg of RB-64/kg, PPI to the 4 dB
prepulse was enhanced relative to vehicle (p <0.047) (Figure 6C).
By comparison, 0.005 mg RB-64 depressed responses to the 12
and 16 dB prepulses (p < 0.010). The 0.01 and 0.05 mg/kg doses
increased PPI to the 8 dB prepulse relative to the vehicle controls
(p < 0.031). Similarly, 0.05 mg of RB-64/kg strengthened the
responses to the 12 and 16 db prepulses (p < 0.052). Responses
to the largest doses of RB-64 were different from those for the
0.01 and 0.05 mg/kg doses. Here, responses to the 12 and 16 dB

prepulses were significantly depressed compared to the vehicle
control (p <0.003). In antagonist control studies, mice were trea-
ted with the selective KOR antagonist nor-binaltorphimine
(Nor-BNI) (10 mg/kg) prior to administration of 2.0 mg of
salvinorin A/kg or 0.1 mg of RB-64/kg (Figure 6D,E). Nor-BNI
antagonized salvinorin A and RB-64-induced disruption of PPI,
indicating the behavioral responses of both compounds are
mediated by KOR.

DISCUSSION

In this paper, we report the successful modeling-based design,
synthesis, and pharmacological characterization of novel salvi-
norin A-derived KOR affinity ligands. Diffusible ligands bind to
receptors mainly through noncovalent interactions, such as
electrostatic forces, hydrogen bonds, van der Waals forces, and
hydrophobic effects. In contrast, affinity ligands can directly link
to the receptor protein and thus can present with unique
biophysical and pharmacological properties. As is evident, RB-
64 displays high affinity, potency, and selectivity for the KOR
(Table 1), and this indicates that affinity ligands can significantly
improve the efficacy and selectivity for their corresponding
receptors without the introduction of off-target effects. As an
apparent affinity ligand, RB-64 shows great potential as a
molecular probe for exploring x-opioid receptor structure and
function. To the best of our knowledge, RB-64 represents the first
selective agonist affinity ligand for KORs. These studies also
provide the first direct evidence of a reactive cysteine in the
binding pocket of the KOR in support of many prior modeling
and biochemical studies.

On the basis of our previous binding site model (12, 13, 21), the
C-2 position of salvinorin A is in the proximity of Y313"%, so
that residues C3157¢ and F3147" are in a favorable position for
covalent labeling. Our rational design of affinity ligands based on
the structure of salvinorin A further confirmed the proposed
binding mode interaction between the KOR and salvinorin A.
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Interestingly, in the labeling experiment, RB-64 can undergo two
different chemical reaction pathways (Figure 1C). In a restricted
biological environment, such as the binding pocket of KOR,
multiple factors (e.g., ligand orientation, space restriction, etc.)
will not allow all of the possible chemical reactions to occur.
Indeed, the mass spectrometric analysis of the short synthetic

peptide (YFCIALGY) revealed a substitution of the cyano
group, and in future studies, it will be important to determine
if this reaction mode is conserved in the intact KOR.

These studies are significant because they clearly demonstrate
that the modeling-based synthesis of affinity ligands can be highly
successful. Our ability to predict the orientation and mode of
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binding of the various salvinorin A derivatives we prepared was
highly dependent on prior studies in which we applied a variety of
approaches, including molecular modeling, directed mutagenesis,
substituted cysteine-accessibility mutagenesis, and salvinorin A
analogue synthesis to arrive at a testable model of binding of
agonist to the KOR.

Our synthetic design of salvinorin A-derived irreversible
affinity labels assumed the introduction of electron-withdrawing
groups at C-22 to increase the electrophilicity of this center and
make it capable of forming a covalent bond with the SH group of
C315. We selected halogen atoms (e.g., chlorine and bromine) for
this purpose because of their good leaving group character for
nucleophilic substitution with thiols. Several salvinorin A deri-
vatives having one or two chlorine atoms at C-22 were synthe-
sized (see Table 1). In this group of compounds, 22-bromo- and
22-chlorosalvinorin (RB-48) were comparable to salvinorin A in
KOR binding affinity. Interestingly, replacement of the chlorine
atom with an electron-donating methoxy group only slightly
lowered the affinity. Finally, introduction of a thiocyanate group
via a simple reaction with potassium thiocyanate afforded us a
ligand which apparently covalently bound to the KOR and
activated the receptor with exceptionally high potency. The
difference between the binding affinity at room temperature with
purified membranes (39 nM at the [*H]diprenorphine-labeled
KOR) and the ECs, for apparent irreversible labeling in intact
cells (1200 nM) is commonly seen with affinity ligands and has
been previously reported with opioid affinity ligands (39—42).

The thiocyanate group is not commonly used in affinity
labeling. Indeed, only a few futile attempts of using this group
are known. Much more commonly used isothiocyanates pro-
vided good labels in the formation of covalent bonds with free
amino group of proteins in addition rather than substitution
reactions. Reactions of isothiocyanates with cysteine residues,
although known, are much less common. Another advantage of
thiocyanato derivatives over isothiocyanates is the simplicity of
the synthesis from corresponding chloro derivatives. 22-Thio-
cyantosalvinorin (RB-64) is a solid and stable compound and
may be stored for a prolonged period of time without decom-
position. Finally, it is evident that thiocynatosalvinorin (RB-64)
is considerably more potent than salvinorin A at disrupting
sensory motor gating in vivo, and these results are in good
agreement with its enhanced agonist potency in vitro.

In conclusion, we describe the first successful model-based
design and synthesis of agonist affinity ligands for the KOR—
thiocynatosalvinorin (RB-64) complex. We also provide a rea-
sonable model describing RB-64’s mode of interaction with KOR
via mutagenesis studies and high-resolution proteomics studies of
model KOR membrane protein synthetic peptides. These studies
provide the first direct evidence of the presence of a free cysteine
in the agonist-bound state of the KOR and provide novel insights
into the mechanism by which salvinorin A and its analogues bind
to and activate the KOR.
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