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Abstract

The neoclerodane diterpene salvinorin A is the major active component of the hallucinogenic mint
plant Salvia divinorum Epling & Jativa (Lamiaceae). Since the finding that salvinorin A exerts its
potent psychotropic actions through the activation of opioid receptors, the site of action of
morphine and related analogues, there has been much interest in elucidating the underlying
mechanisms behind its effects. These effects are particularly remarkable, because (1) salvinorin A
is the first reported non-nitrogenous opioid receptor agonist, and (2) its effects are not mediated
through the previously investigated targets of psychotomimetics. This perspective outlines our
research program, illustrating a new direction to the development of tools to further elucidate the
biological mechanisms of drug tolerance and dependence. The information gained from these
efforts is expected to facilitate the design of novel agents to treat pain, drug abuse, and other CNS
disorders.
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Introduction

The inability to adequately control pain is a major problem in medicine and society.1>
According to the Institute of Medicine, chronic pain affects about 100 million American
adults. This is more people than those affected by diabetes, heart disease and cancer
combined. It has been estimated that the associated costs of pain in the United States exceed
$600 billion dollars per year primarily due to medical treatment and lost productivity. While
these expenidtures are significant, the costs in terms of suffering and quality of life cannot
be adequately quantitated.

Opioid analgesics, such as morphine and its analogs, have been the mainstay for treatment
of pain for thousands of years and are currently the “gold-standard” for pain management.
However, clinicians are conservative in prescribing, and patients are conservative in taking,
opioids due to valid concerns about adverse effects (constipation, respiratory depression,
nausea, tolerance and dependence) as well as social and legal issues. As a result, pain is
often undertreated (more than 65% of patients in nursing homes report inadequate treatment
of pain)® and patients continue to suffer. Thus, the development of improved opioid
analgesics represents a critically important research objective.

J-Adapted from a David W. Robertson Award for Excellence in Medicinal Chemistry address, 244t National Meeting of the
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Opioid analgesics produce their effects by binding to and activitating opioid receptors.
Initially, it was believed that there was one opiate receptor.” As a result of intensive work
over the last 40 years, we now know that there are three major types of opioid receptors, mu
(p), delta (8), and kappa (x), and all are members of the G-protein coupled receptor
superfamily.8 Each opioid receptor type plays a role in antinociception, in addition to other
biological responses.? In addition, there is pharmacological evidence for the existence of
additional opioid receptor subtypes, as well as the formation of opioid receptor
heterodimers.19-15 However, current thinking is that clinically used opioids exert their
analgesic effectiveness mostly through their interactions with . receptors.16

In addition to . agonists, selective x and & receptor agonists have been explored as potential
analgesics that would not have the side effects of morphine and other . agonists. A number
of clinically used opioids have x agonist activity in addition to their effects at p receptors.
However, the use of selective x agonists is limited due to dose dependent neuropsychiatric
effects including sedation and dysphoria.1’-21 The development of chemical and biological
tools has helped to clarify the role of 6 receptors in various pain states, as well as mood
disorders.?2 23 However, no & selective agonist has reached the clinic but progress is being
made towards its development.24

Need for a New Direction

The chemistry and pharmacology of the opium alkaloids morphine (1), codeine (2), and
thebaine (3) (Figure 1) have been extensively investigated for many years.22: 26 While these
studies have produced many clinically useful agents and essential chemical probes for
opioid receptors, new agents are needed to provide greater insight into the mechanisms of
opioid antinociception and opioid addiction. At present, nearly all nonpeptide opioids are
derived from morphine. While the degree and severity may vary among individual members,
agents derived from morphine generally suffer from the same side effects including
tolerance, constipation, and respiratory depression.

As described elsewhere, the investigation of natural products has proven to be an excellent
source of clinical agents for a number of therapeutic areas including pain.2’ In addition,
much of what we know about pain processing can be directly attributed to the extensive
investigation of morphine and related compounds. Given that past accomplishments are
often a great predictor of future success, it was surmised that exploring nature might be a
fruitful approach for identifying new opioid receptor probes with the greatest potential for
reduced side effects. Assuming that a new natural product scaffold could be identified with
opioid activity, this would provide an opportunity for new chemical investigation.

Salvinorin A as an Atypical Opioid

Salvia divinorum Epling & Jativa (Lamiaceae) is a mint plant native to Oaxaca, Mexico that
has been used by the Mazatec Indians living there as a divinatory or psychotomimetic
agent.28. 29 The term hallucinogenic or psychotomimetic has been given to several classes of
agents including cannabinoids, lysergic acid derivatives, phenethylamines,
indolalkylamines, other indolic compounds, piperidyl benzilate esters, as well as
phenylcyclohexyl compounds.39 The common theme of all these classes of
pharmacologically active substances is that they alter consciousness, often in dramatic and
unpredictable ways, and in high doses may produce delirium, true hallucinations, loss of
contact with reality, and in some cases death.31 Although the effects of S. divinorum have
been known for centuries, it was not until 2002 that opioid receptors were implicated in its
actions.32
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The principal psychoactive constituent found in S. divinorum is the neoclerodane diterpene
salvinorin A (4) (Figure 2).33 34 Through large scale screening of human cloned GPCRs 4
was identified as a potent and selective x opioid receptor agonist.32 This activity was
striking, as it was the first example of a naturally occurring small molecule selective for x
opioid receptors. In addition, it did not structurally resemble other major classes of non-
peptide opioid receptor ligands, such as the epoxymorphinans, morphinans, orvinols,
benzomorphans, phenylpiperidines, anilidopiperidines, phenylmorphans, arylacetamides,
and nitrobenzimidazoles.3® The most striking structural difference between 4 and these
chemotypes was the lack of a basic nitrogen atom. Up until the discovery of 4, it was
generally accepted that the presence of a positively charged nitrogen atom represented an
absolute requirement for high affinity with opioid receptors.38 The conventional thinking
was that the cationic amino charge of the opioid ligand would form a salt bridge with the
side chain carboxyl group of an aspartate residue located in TM |11 of the opioid receptor.
However, 4 lacked the potential for this interaction. This suggested that there was a high
probability 4 interacts with opioid receptors in a manner qualitatively different than all other
known opioids. In fact, several recent crystal structures of the opioid receptors with selective
antagonists have nicely corroborated this thinking.37-32

The structure and potential mechanism of 4 as a psychotomimetic was also fascinating.
Previously known targets of psychotomimetics include cannabinoid receptors, NMDA
receptors, cholinergic receptors, and most notably serotonin receptors. As mentioned above,
4 had no appreciable affinity for these known targets. Furthermore, 4 had no structural
similarity to other psychotomimetics such as A%-THC, hyoscyamine, phencyclidine (PCP),
lysergic acid diethylamide (LSD), mescaline, dimethyltryptamine (DMT), and ibogaine
(Figure 3).

On the basis of its unique structure as an opioid and as a psychotomimetic, a program was
established to better understand the biological actions of 4 and related neoclerodanes as
opioid ligands and psychotomimetics. It was envisioned that by better understanding the
chemistry and pharmacology of neoclerodanes related to 4, one might be able to develop
novel treatments for pain, drug abuse, and other CNS disorders that lack the detrimental
effects associated with morphine like scaffolds.

It is well known that ionic bonds often provide a key anchoring interaction between ligands
and their target. The lack of a readily ionizable group in 4 suggested that hydrophobic
interactions and/or hydrogen bonding were likely to play an important role its interaction
with the x opioid receptor. However, it was not readily clear what, if any, groups were
necessary for the nature of the high affinity and selectivity of 4. Furthermore, given the lack
of a definitive binding site, as well as its relationship to known ligands, it was apparent that
previous structure-activity relationships of opioids were not likely to be useful. Thus, a
series of chemical probes based on 4 would need to be prepared and evaluated at opioid
receptors to investigate for their usefulness as potential opioid ligands.

In order to conduct a thorough medicinal chemistry campaign, the first initial question that
needed to be answered was how to obtain multigram quantities of the natural product needed
for chemical diversification. Two approaches were considered: (1) total synthesis and (2)
isolation from S. divinorum. Total synthesis is often a fruitful technique and has been used
previously to probe the structure-function of many different natural products. The major
advantage of this approach would be analogues not accessible by an isolation route could be
prepared for testing. However, the major disadvantage of the total synthesis approach was
that it would likely require many steps with a low overall yield. This has subsequently been
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shown in two published routes.*%-42 Furthermore, it was anticipated that this approach
would be time-consuming and the ability to more fully investigate the pharmacological
effects of 4 in vivo compared to traditional opioids or other hallucinogens would also be
inhibited. The alternative approach was isolation of the natural product from S. divinorum.
This approach has been used successfully as a starting point with the opium alkaloids and
many natural products with antibiotic or anticancer activity. The advantage of isolation
relies on using readily available S. divinorum leaves due to its largely unscheduled nature at
the time. This is no longer the case as several states including Kansas now treat S.
divinorum as a controlled substance. Further, extracting the source has the benefit of
identifying other naturally occurring congeners to add to structure-activity relationship
studies. Finally, this method was expected to provide information on the basic
pharmacology of 4 in a faster timeframe than total synthesis. Thus, it was decided to explore
methods to isolate 4 and other naturally occurring secondary metabolites from S. divinorum.

The second initial question that needed to be answered was what analogues could or should
be prepared based on 4. As mentioned above, the lack of a readily ionizable group in 4
suggested that hydrophobic interactions and/or hydrogen bonding were likely to play an
important role. Initial analogue design ideas focused on preparing analogues to selectively
probe the importance of existing hydrogen bonding groups, such as the 1-ketone, 2-position
acetyl group, 4-carbomethoxy group, 17-lactone carbonyl, and furanyl oxygen (Chart 1).
Unfortunately, the lack of a readily ionizable group and the presence of several ester
moieties in 4 also indicated that water solubility and metabolic stability were going to be
problematic and analogues with enhanced properties should be prioritized. Given there were
published methods for solubilizing CNS active molecules with poor water solubility
identified from the study of phytocannabinoids, we focused initially on finding analogues
with enhanced stability.

Development of Neoclerodanes

Initial phytochemical investigation of S. divinorum identified the neoclerodane diterpenes
salvinorin A (4) and salvinorin B (5) (Figure 4).33: 34 Later work by several different groups
of investigators isolated salvinorins C — 1,347 divinatorins A — F,4> 46.48 and and
salvidivins A — D.#6 Our own efforts working with commercially available S. divinorum
leaves identified salvinicins A (6) and B (7).4° The structures of these congeners were
elucidated by spectroscopic techniques and the absolute stereochemistry was assigned on the
basis of single-crystal X-ray crystallographic analysis of 6 and a 3,4-dichlorobenzoate
derivative of 5. Interestingly, 7 exhibited antagonist activity at . receptors with a , of > 1.9
M. This was the first report of a neoclerodane diterpene with opioid antagonist activity.

Having identified a practical method for extracting 4,50 we set out to explore the chemistry
associated with the natural product. Previous reports had indicated that it would be possible
to selectively hydrolyze the C-2 ester of 4 to 5.34 51 We were able to identify conditions
whereby the C-2 acetate is selectively removed while retaining the configuration of the
stereogenic centers by treating 4 with Na,CO3 in MeOH.%0 This particular transformation is
challenging/low yielding as epimerization of the C-8 position can occur due to breaking of
the C-8/C-9 bond via base-promoted cleavage.>1 52 A number of diverse organic and
inorganic bases have been tried but to date have not resulted in an overall improvement in
the synthesis of 5,52 53

With a reliable method for the conversion of 4 to 5 in hand, we set out to explore the
structure-activity relationships of the C-2 position. We initially focused on modifications to
explore the steric tolerance of the C-2 position.>* %5 Lacking a receptor-ligand crystal
structure to aid analogue design, we took the approach of systematically changing the
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structure of 4 and observing its effects on opioid affinity and efficacy. Our over-arching
hypothesis was that each neoclerodane was binding in an identical manner at the x opioid
receptor. While this may or may not be the case, we felt it was a good starting point for our
structure-activity relationship explorations. It was quickly learned that modification of the
C-2 position has clear effects on opioid receptor affinity and activity.%® In particular, we
found that the incorporation of an aromatic group to the C-2 position decreases affinity at x
receptors but increases affinity for . receptors.>* 57 This work identified herkinorin (8) as a
neoclerodane with . agonist activity. In addition, we and others found that the C-2 ester
could be effectively replaced by sulfonates and alkyloxymethyl ethers,52. 54 55, 58
Interestingly, the sulfonates appear to be binding a manner different than the corresponding
esters based on the observation that parallel changes in structure did not result in parallel
changes in affinity.% Also, the replacement of the C-2 ester moiety with an ethoxymethyl
ether (9) results in the most potent neoclerodane at x receptors to date.>8

In an attempt to generate more stable salvinorin A analogues, we explored the incorporation
of amides into the C-2 position.5” It was expected that the replacement of the ester linkage
with a corresponding amide would result in enhanced stability to plasma esterases as had
been indicated as a site of ex vivo metabolism.59 In addition, we felt this substitution was
likely to enhance aqueous solubility. Using a several step procedure, we were able to
convert 5 to the 2-amino analogue.>” This then allowed the preparation of various amides
and sulfonamides. Generally, we found that this biosiosteric replacement descreased affinity
for x opioid receptors. However, this modification did increase affinity for . opioid
receptors. Combining previous C-2 SAR, we identified benzamide 10 as the highest affinity
and most p selective neoclerodane described to date.

More recently, we have investigated the structural basis that underlies the increases in
affinity and potency seen with ethoxymethyl ether 9.60 Noting that the ether moiety at C-2 is
relatively flexible and can adopt different conformations when interacting with « receptors,
we applied the concept of conformational constraint in order to probe this phenomenon.61
We found that constraining the ethoxymethyl ether into a tetrahydropyran ring decreased
affinity for x opioid receptors. However when constraining the ether into a tetrahydropyran
ring, a new stereocenter is formed. Using a mixture of spectroscopic methods and X-ray
crystallography, we were able to assign the absolute stereochemistry for each epimer.
Biological evaluation revealed the eutomer (11) and distomer (12) and indicated a
preference for the hydrogen of the new stereocenter to be in the p position or /R
configuration. Further, we found tetrahydropyran 11 attenuated cocaine-induced drug
seeking behavior comparably to 4 representing the first modified neoclerodane that has
demonstrated anti-addictive capabilities.

It is widely known in medicinal chemistry that furan rings should be avoided in drug
development campaigns due to their potential for hepatotoxicity.52 Due to the presence of a
furan ring, 4 possesses the potential for toxicity. Furthermore, previous studies showed that
teucrin A (Figure 5), a neoclerodane present in germander ( 7eucrium chamaedrys L.,
Lamiaceae), produced hepatotoxicity in humans likely resulting from the formation of an
enedial formed during metabolism of the furan ring by cytochrome P450 enzymes.%3: 64 In
order to reduce the potential of forming reactive metabolites and increase the value of
neoclerodanes as in vivo biological probes for opioid receptors, we sought to find
replacements for the furan ring. Our studies and those of others indicate that the furan ring is
not required for biological activity.?® It should be noted, however, that complete removal of
the furan moiety results in a large reduction in x opioid receptor affinity compared to 4.5
We have identified conditions that enhance the reactivity of the furan ring in 4 to participate
in a Diels-Alder reaction.% Further, several of the cycloadduct analogues were themselves
useful as synthetic intermediates as they were able to undergo reductive elimination to
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afford their phenyl ring counterparts. More recently, we found a palladium catalyzed
Liebeskind-Srogl cross-coupling reaction of a thioester derived from 4 and a boronic acid
that occurs at neutral pH and ambient temperature to produce ketone analogs at C-12.57 To
the best of our knowledge, this was the first reported usage of the Liebeskind-Srogl
reaction®8 to diversify a natural product scaffold. Using this chemistry, we were able to
prepare the furan-2-yl analog of salvinorin A (13). Interestingly, 13 has similar affinity to 4
suggesting that a hydrogen bond exists from the furanyl oxygen of 13 to the same residue on
the x receptor as the furanyl oxygen of 4.

Having established a facile isolation of 4, we sought to further explore its in vitro and in
vivo pharmacology. Monkeys trained to discriminate 4 from saline generalized to a number
of structurally diverse x agonists.59 However, these animals did not generalize to . or &
opioid agonists, the classical hallucinogen psilocybin or the dissociative NMDA antagonist,
ketamine. The discriminative effects of 4 were blocked by the opioid antagonist
quadazocine, but not by the serotonergic antagonist ketanserin. This indicates that the
discriminative stimulus produced by 4 is mediated by agonism at x opioid receptors, and is
different from that elicited by classical hallucinogens. Recently, we found that the p-
glycoprotein inhibitor tariquidar enhances the concentration of 4 in the cerebrospinal fluid as
determined by LC/MS/MS.70 These are the first studies in vivo showing sensitivity of 4 to
modulation by the p-glycoprotein transporter, a major functional component of the blood-
brain barrier.

In collaboration with researchers at Johns Hopkins University, we have begun to evaluate
the dose-related effects of inhaled 4 in individuals with histories of hallucinogen use.”® 72 In
a double-blind, placebo-controlled study, inhaled doses of 4 from 0.375 g/kg to 21 pg/kg
resulted in orderly dose- and time-related participant ratings of drug strength.”! More
recently, 4 was found to produce a unique profile of subjective and cognitive effects,
including strong dissociative effects and memory impairment, which only partially overlap
with classical hallucinogens.” As seen previously, dose-related effects peaked at 2 min and
then rapidly dissipated. Collectively, the effects in humans complement those seen in non-
human primates and are relevant to understanding the neurobiology of the kappa opioid
system. In addition, these findings suggest that future studies of 4 can be conducted without
appreciable risk.

A growing body of pharmacological evidence has shown that structurally similar ligands
acting at the same receptor can elicit different signaling pathways.”3 This has been termed
“biased agonism” or “functional selectivity” and is thought to be due to differences in
ligand-induced receptor conformations.’4 7> Such differences at the mu opioid receptor
regulation are physiologically relevant as mice lacking p-arrestin2 display enhanced
antinociception, decreased tolerance, and greatly diminished side effects (constipation and
respiratory depression) following morphine treatment.”® Therefore, the development of
ligands that activate mu receptors in the absence of B-arrestin — p receptor interactions may
provide valuable tools for studying this pharmacology further and could possibly lead to the
discovery of novel compounds for the treatment chronic pain.

As described above, herkinorin (8) was identified as the first p selective ligand from the
neoclerodane scaffold.>* Surprisingly, 8 was also found to activate G protein coupling and
ERK1/2 in a naloxone reversible manner yet does not induce receptor-p-arrestin
interactions.’”’ Additional studies in non-human primates showed that 8 has opioid receptor
mediated effects using prolactin release as a neuroendocrine biomarker of opioid activity in
vivo.”® More recently, we reported that 8 has antinociceptive properties in the rat formalin
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paw withdrawal test, a model for peripheral antinociception in inflammatory pain.”® Further,
we found that 8 has a reduced tolerance profile and remains efficacious in rats made tolerant
to chronic morphine. These initial findings suggest that therapeutic efficacies may be
attainable and that herkinorin-like compounds may be useful in morphine-tolerant peripheral
pain treatment.

Future Perspective

The goal of identifying opioid analgesics with greatly reduced side effects relative to
morphine has remained elusive likely due to vast efforts exploring the morphine scaffold.
Even with the diversity of structures exhibiting affinity and activity at opioid receptors, there
is still ample opportunity for chemical investigation. With the recent publishing of the
crystal structures of the x, p, and & opioid receptors,37-39 as well as the nociception
receptor,89 a new era in opioid receptor research has begun. The ability to conduct structure-
based drug design on this important class of GPCRs is now possible. At present, all of the
structures have been established with antagonists crystalizing the inactive state of the
receptor. This will be especially useful for the identification of new selective antagonists.
Unfortunately, it may not be as useful for the identification of new agonists at opioid
receptors. However, the concominant use of molecular dynamics and the corresponding
crystal structure is likely to be a more fruitful approach. Regardless, it is easy to envision
new scaffolds being developed, as molecular probes to better understand the mechanisms of
opioid addiction.

The biological basis of how 4 exerts its potent psychotomimetic effects is not completely
understood. It is clear the discriminative stimulus effects of 4 are different than those elicited
by classical hallucinogens and dissociatives and similar to other x agonists. At present, there
are no animal models that selectively model the psychotomimetic effects of x agonists.
Whether, all neoclerodanes produce the same type of psychotomimetic effects is an
unresolved question.

As stated above, centrally active x agonists are currently limited by sedation and dysphoria.
One approach to circumventing these side effects is to identify peripherally restricted
compounds.81-85 The rationale for this approach is that peripherally restricted x agonists
would be devoid of the dysphoria and sedation seen with centrally acting agents but
analgesic efficacy would be maintained given that activation of peripheral « receptors also
produces antinociception.8% 87 Given that 4 appears to be a substrate for the p-glycoprotein,
neoclerodanes related to 4 might be a new scaffold for the development of peripherally
restricted x agonists.

Although the concept of functional selectivity was proposed almost 20 years ago,88 there are
few studies in physiologically relevant cell systems and in vivo. Just as selectivity for
different receptor subtypes became a valuable pharmacological property exploited by
medicinal chemists to specifically target a therapeutic effect and reduce off-target adverse
effects, ligand functional selectivity may become the next major advance in drug
development. In addition to receptor selectivity, ligands that have selectivity for certain
signaling pathways over others would be expected to have enhanced therapeutic efficacy
and fewer adverse effects.

As seen with 8, the development of opioid ligands that direct signaling of the receptors
toward G protein coupling without recruiting p-arrestins may be therapeutically advantages
for producing pain relief with reduced side effects. More recently, TRV130 (14) was found
to have robust G protein signaling, with potency and efficacy similar to morphine, but less
B-arrestin recruitment and receptor internalization.8? Interestingly, 14 was found to have less
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gastrointestinal dysfunction and respiratory suppression than morphine at equianalgesic
doses. The further development of functionally selective opioid ligands offers a new
approach to pain management, as well as to other disorders where opioid receptors have
been implicated.90. 91

In 1929, the eminent pharmacologist Reid Hunt stated that, “A thorough study of the
morphine molecule might show a possibility of separating the analgesic from the habit
forming property ... work along these lines would involve cooperation between the highest
type of organic chemists and pharmacologists.”92-94 While much excellent work has been
done under this directive, there are still many unanswered questions and research
opportunities. It is my sincere hope that continued research in this field may yet provide the
holy grail of opioids, a powerful analgesic drug devoid of the side effects associated with
morphine. 3>
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Figure 1.
Structures of opium alkaloids morphine (1), codeine (2), and thebaine (3).
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Figure2.
Structure of salvinorin A (4) and major classes of non-peptide opioid receptor ligands.
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Structures of salvinorin A (4), A°-THC, hyoscyamine, phencyclidine (PCP), lysergic acid
diethylamide (LSD), mescaline, dimethyltryptamine (DMT), and ibogaine.
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Figure4.
Structures of neoclerodanes 5 — 12 related to 4.
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Teucrin A

Figureb5.

Structures of teucrin A, neoclerodane 13, and TRV130 (14).
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Salvinorin A (4)

Chart 1.
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