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Structure-Activity Relationships of Phenylalkylamines as
Agonist Ligands for 5-HT,, Receptors

Antoni R. Blaazer,*™ Pieter Smid,"” and Chris G. Kruse*™®'

Agonist activation of central 5-HT,, receptors results in diverse ef-
fects, such as hallucinations and changes of consciousness.
Recent findings indicate that activation of the 5-HT,, receptor
also leads to interesting physiological responses, possibly holding
therapeutic value. Selective agonists are needed to study the full
therapeutic potential of this receptor. 5-HT,, ligands with agonist
profiles are primarily derived from phenylalkylamines, indolealkyl-
amines, and certain piperazines. Of these, phenylalkylamines,

Introduction

Wide-ranging physiological processes are mediated through
the serotonin (5-hydroxytryptamine, 5-HT, 1) system. 5-HT and
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its receptors are scattered throughout the body. Dysfunction
has been implicated in cardiovascular and digestive disorders
as well as numerous psychiatric disorders. Pharmacological
manipulation of the 5-HT system is believed to have therapeu-
tic potential, and therefore the subject of intense research.”
There are seven distinct families of 5-HT receptors (5-HT,_,),
and there is molecular and functional evidence for the exis-
tence of at least 14 different mammalian subtypes.”! With the
exception of the 5-HT; receptor, a ligand-gated ion channel, all
5-HT receptors are G protein-coupled receptors (GPCRs).*¥ The
5-HT, receptor family has three known subtypes, 5-HT,,, 5-HT 5
and 5-HT,,"*® with —~46-50% sequence identity."! Moreover,
the transmembrane domains of the 5-HT,, and 5-HT,. recep-
tors share 80% sequence identity, suggesting similar pharma-
cological profiles.”

In the central nervous system (CNS), 5-HT,, receptors are pri-
marily found in cortical and forebrain areas, various brainstem
nuclei, and the hippocampus.” The cellular localization of 5-
HT,4 receptors is primarily on the dendrites®® of cortical pyra-
midal glutamatergic projection neurons,"®™ local GABAeric in-
terneurons, and on cholinergic neurons."*"* A proportion of
5-HT,, receptors is believed to be located presynaptically on,
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most notably substituted phenylisopropylamines, are considered
the most selective agonists for 5-HT, receptors. This review sum-
marizes the structure-activity relationships (SAR) of phenylalkyla-
mines as agonist ligands for 5-HT,, receptors. Selectivity is a cen-
tral theme, as is selectivity for the 5-HT,, receptor and for its spe-
cific signaling pathways. SAR data from receptor affinity studies,
functional assays, behavioral drug discrimination as well as
human studies are discussed.

most probably, monoamine axons.”! Glial 5-HT,, receptors
have been identified also.”'® Peripherally, the 5-HT,, receptor
is found in platelets, vascular smooth muscle cells, and ocular
tissue."”'¥ In contrast, the 5-HT,; receptor is primarily found in
the periphery, such as the rat stomach fundus, and canine
lungs and smooth muscles.**?® Furthermore 5-HT,; receptors
are found in the hearts of primates and rats.?" The murine 5-
HT,g receptor is expressed in the stomach, intestine, pulmona-
ry smooth muscles, myocardium, and the brain, most notably
cerebellar Purkinje cells.”? Distribution of the 5-HT,¢ receptor
is primarily limited to the CNS." 5-HT,c mRNA is broadly dis-
tributed throughout numerous brain regions; this receptor
subtype is believed to be the principal 5-HT receptor in the
brain.?

Physiological Roles and Therapeutic Potential
of 5-HT, Receptors

Given their distribution pattern, 5-HT, receptors have diverse
physiological roles. Central 5-HT,, receptors modulate GABAer-
gic and glutamergic neurotransmission.'” Activation of 5-HT,,
receptors stimulates the secretion of various hormones.”¥ 5-
HT,, receptors play a physiological role in working memory,”*
the regulation of cognitive states, and associative learning.
Moreover, 5-HT,, receptors influence neuronal plasticity
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through brain-derived neurotrophic factor (BDNF)-mediated
processes.”” Intra-ocular pressure (IOP) is regulated by 5-HT,,
receptors.'®' Peripheral 5-HT,, receptors mediate diverse pro-
cesses such as vasoconstriction and platelet aggregation.' ¥ 5-
HT,; receptors mediate neural tube morphogenesis in the
embryo,”” and are important in the development of the cardi-
ovascular system.F%3" The 5-HT,c receptor is involved in di-
verse processes such as locomotor activity, anxiogenesis, and
neuro-endocrine functions."” Moreover, the 5-HT,c receptor
regulates various aspects of feeding and food intake,*? and is
implicated in sexual dysfunction in males.**** Both 5-HT,, and
5-HT.,z receptors were found to mediate liver regeneration in a
partial hepatectomy model.>”

Drugs that target 5-HT, receptors are used in the treatment
of various psychiatric disorders, including depression,®® anxi-
ety,?*) obsessive-compulsive disorders,”” and schizophre-
nia.”"*? Many antipsychotic drugs are 5-HT,, receptor inverse
agonists or antagonists.”>*? Activation of the 5-HT,, receptor
by agonist psilocybin (2) produces schizophrenia-like psychotic
symptoms in humans, which are significantly reduced by selec-
tive 5-HT,, antagonists.”? Psychotomimetic effects of halluci-
nogenic drugs such as psilocybin (2), d-lysergic acid N,N-dieth-
ylamide (LSD, 3), and mescaline (4) are primarily mediated by
5-HT,, receptors.®*? Mystical-type experiences of sustained
personal meaning have been reported to result from the use
of psilocybin in a controlled setting.*® Elucidation on how
these experiences arise in the brain could potentially have
therapeutic possibilities.”” The reduction in IOP by 5-HT,, ago-
nists has recently been recognized as an efficient treatment for
ocular hypertension and glaucoma.'®*"> Agonist activation of
5-HT,, and 5-HT, receptors results in liver regeneration,®
however clinical efficacy in liver regeneration following trans-
plantation remains to be demonstrated.”>*¥ 5-HT,; receptor
antagonists can be used to treat anxiety disorders, however,
their application is limited because of the role this receptor
plays in embryogenesis."” Drugs targeting both 5-HT,; and 5-
HT, receptors can be used to treat migraines.*** Drugs mod-
ulating 5-HT, activity are applicable in the treatment of obesi-
ty, erectile dysfunction and anxiety disorders.['”3?

5-HT, Receptor Agonist Ligands

Ligands for 5-HT, receptors belong to structurally diverse
chemical classes, most notably indolealkylamines, phenylalkyla-
mines, arylpiperazines, alkylpiperidines, alkylpiperazines, poly-
cyclic/tricyclic agents, among others.”® 5-HT, receptor subtype
ligands have been developed."”*”*® Agonist activation of 5-
HT, receptors has been the subject of recent studies, indicating
a growing interest in the therapeutic potential underlying acti-
vation of this class of receptors.!'®323%36:3840.501 5 1T receptor
agonists generally show little subtype selectivity, however,
some selective agonists have been designed for 5-HT,; and 5-
HT,c receptors.®>*¢ The identification of agonists with 5-HT,,
receptor subtype selectivity lags behind, and the need for their
development has been acknowledged.?*'” Agonists selective
for the 5-HT,, receptor and its associated signaling pathways
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are needed to research the full therapeutic potential of this re-
ceptor.

5-HT,, receptor agonists and partial agonists are primarily in-
dolealkylamines and phenylalkylamines.® Certain piperazines
have also been classified as agonists.”? Based on their struc-
tures, the indolealkylamines can be subdivided into trypta-
mines, ergolines and f-carbolines, and he phenylalkylamine
class includes phenethylamines and phenylisopropylamines
(amphetamines). Indolealkylamines generally show little sub-
type selectivity, binding multiple 5-HT receptor subclasses.”*
The most selective agonists for 5-HT, receptor subtypes are
found in the phenylalkylamine class, most notably the substi-
tuted phenylisopropylamines. The structure-activity relation-
ships (SAR) have been extensively studied generating a vast
number of phenylalkylamines with 5-HT,, binding potential
and functional activity.®**" The purpose of this review is to
summarize the SAR of the phenylalkylamines as agonist li-
gands for the 5-HT,, receptor, focusing on subtype and func-
tion selectivity. Signaling pathways, pharmacological methods,
site-directed mutagenesis and molecular modeling studies rel-
evant for 5-HT,, receptor research are described.

5-HT,, Receptor Signaling and Functional
Selectivity

The concepts used in receptor pharmacology are constantly re-
vised to fully describe the complexity of GPCR signaling.®¢”
Ligands are believed to induce conformational changes in the
GPCR resulting in differential activation of the associated signal
transduction pathways.”®’" Moreover, cellular conditions are
recognized as an important factor in determining drug action,
and the classical concept of “intrinsic efficacy” is no longer
supported.”? Detailed knowledge of downstream signaling
pathways coupled to 5-HT,, receptors is needed to study the
functional activity of these ligands. As a pleiotropic GPCR, the
5-HT,, receptor can couple to different G proteins, and has the
ability to show a broad array of responses, such as internaliza-
tion and desensitization.”*’¥ The ligand-induced differential
activation of downstream signaling pathways has been given
various names, such as “agonist-directed trafficking of receptor
stimulus”, “protean agonism” and “ligand-biased effica-
cy”; 7717578 however, it has been suggested that “functional
selectivity” is the most suitable term to refer to this concept.””

5-HT,, receptors coupled to heterotrimeric GTP binding pro-
teins regulate a variety of cell responses (Figure 1). The 5-HT,,
receptor activates phospholipase C (PLC) and phospholipase
A, (PLA,), and is involved in various other signaling cas-
cades.”® PLC-B is activated by the 5-HT,, receptor mainly
through coupling with Go,;, resulting in the release of inosi-
tol-1,4,5-triphosphate  (IP;) and 1,2-diacylglycerol (DAG)
through lipid hydrolysis of phosphatidylinositol-4,5-biphos-
phate (PIP,).E"% [P, is responsible for Ca®t release from intra-
cellular stores, whereas DAG is involved in protein kinase C
(PKC) activation.®*® Conversion of DAG to endocannabinoid
2-arachidonoylglycerol (2-AG) by DAG lipase (DGL) ®"% js
known to occur following 5-HT,, receptor activation in NIH 3T3
cells,” adding another level of complexity.
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Figure 1. Graphical representation of the known 5-HT,, signaling pathways. The 5-HT,, receptor couples to various downstream effectors enabling diverse
cellular responses following receptor activation. Some of the mediating proteins (MP) are omitted for clarity. Mediating proteins (MP1) in the Ga.,,/,5-RhoA-
p38 pathway most probably are PKN, MEKK, MKK3/6 and MKK4.% Shc, Grb2 and SOS are the proteins mediating (MP2) the Ras-Raf-MEK1,2-ERK1,2 pathway.
Receptor regulatory pathways (e.g. phosphorylation; internalization; desensitization) following agonist activation, are not shown. Note: the localization of pro-
teins and messengers in this Figure does not represent their localization in a functional cell.

The 5-HT,, receptor is responsible for PLA, activation and
subsequent arachidonic acid (AA) release through two parallel
signaling cascades.”®°" The Ras-Raf-MEK-ERK signaling path-
way is activated through Ga,, leading to phosphorylation of
cPLA, by ERK1,2. The other cascade involves a Ga,,;;-RhoA-
p38 pathway, which results in p38 mitogen-activated protein
kinase (MAPK)-mediated phosphorylation of PLA,.”" The 5-HT,,
receptor can also couple with monomeric G-protein ADP-ribo-
sylation factors (ARF) resulting in phospholipase D (PLD) activi-
ty."? Rho proteins (e.g. RhoA) are involved in PLD activation
also, in which PKC may function as a modulator.”® PLD promo-
tion, notably through ARF1, leads to hydrolysis of phosphati-
dylcholine (PC) to yield phosphatidic acid (PA) and choline.”**
PA is involved in regulation of numerous downstream cellular
processes.

As a consequence of the acute pharmacological responses
just described, 5-HT,, receptor activation results in altered
gene expression. Activation of 5-HT, receptors by known ago-
nist DOI (17) has been found to induce expression of immedi-
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4 X = OMe (mescaline) 8 X =OMe (TMPEA) 15 X = Me (DOM)

5 X = OEt 9 X =SMe (2C-T) 16 X =Br(DOB)
6 X = SMe 10 X = Me (2C-D) 17 X =1 (DOI)
7 X =SEt 11 X = Br (2C-B) 18 X = CF, (DOTFM)

12 X =1(2C-l)
13 X = Et (2C-E)
14 X = n-propyl (2C-P)

19 X = OMe (2,4,5-TMA)
20 X = H (2,5-DMA)

21 X = n-hexyl (COHXx)
22 X = benzyl (DOBz)
23 X = n-propyl (DOPR)
24 X = CN (DOCN)

ate early genes c-fos, ngfic, tis1 and arc in various rat brain re-
gions, whereas antagonists were able to block the expression
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patterns.”®® The expression of Fos in the rat cortex elicited
by DOI is mediated through 5-HT,, receptors; treatment with a
selective 5-HT,, antagonist completely blocked the response
while treatment with a 5-HT,¢ antagonist did not influence ex-
pression levels.” The genomic response to LSD (3), a halluci-
nogenic ergoline with a broad pharmacological profile,'® "
has also been studied."%*'%! More recent work reported the
use of transcriptome fingerprints elicited by 5-HT,, ligands as a
tool to distinguish between hallucinogenic and non-hallucino-
genic agonist effects; results indicated that c-fos expression
was a response to general 5-HT,, receptor activation, while in-
duction of erg-1, erg-2 and period-1 resulted from activation by
behaviorally active agonists."® This is hypothesized to result
from the ability of ligands to differentially regulate intracellular
signaling pathways.['*

Pharmacological Methods

The effects of structural modifications to ligands can be evalu-
ated by several pharmacological methods, of which binding af-
finity studies and functional assays are most relevant for the
SAR of 5-HT,, receptors. Binding affinities can be determined
by radioligand competition assays using rat brain homogenate
or cloned human receptors."* Several antagonist and agonist
radioligands, with known binding properties, are available for
competition assays at the 5-HT,, receptor.'”"'® Agonists and
antagonists display different affinities for various receptor
states,'” an observation accounted for by receptor theo-
ries.[70,111—113]

Functional assays measure the physiological response elicit-
ed by a drug in target cells or tissues."™ Efficacy can be de-
fined as the extent to which a ligand causes the receptor to
change its behavior towards the cell.” Several functional re-
sponses can be used to study the activation of 5-HT, receptors
in isolated tissue.”® Historically, smooth muscle contraction in
isolated vasculature was used as a model for receptor activa-
tion. Recent studies have used intracellular signals from down-
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stream pathways, such as those described above, to measure
receptor activation.”"

In vivo 5-HT-targeting drug evaluation has largely been car-
ried out in rodents, where 5-HT mimetics cause a state of be-
havioral excitation, described as serotonin syndrome.”® The
behavioral effects of phenylalkylamines have been investigated
in drug discrimination (DD) studies."™™ Rats are trained to dis-
criminate between injections of the training drug and saline in
a two-lever DD task.""® Substitution of the training drug, or
stimulus generalization, suggests that a drug with effects simi-
lar to the training drug has been administered.” The potency
of a drug, and the effective dose (ED) can also be established
in this paradigm. Drug-elicited behaviors, such as the head-
twitch response, are studied as well."™ A fair number of phe-
nylalkylamines have been examined in humans, and dosage
data is available.""” Numerous factors unrelated to the study
of receptor-ligand interactions can influence the in vivo effects
of a drug, hence the direct comparison of receptor binding
data with in vivo data is tentative.

Site-Directed Mutagenesis and Molecular Mod-
eling

Site-directed mutagenesis studies have been carried out to
identify the structural requirements for interactions in ligand-
receptor complexes,'™® and these studies have been reviewed
in depth.®>8 "9 Briefly, a protonated amine moiety is believed
to anchor the ligand in the transmembrane helix 3 (TMH3)
domain through an ionic interaction with the carboxylate
group of Asp 155(3.32).%! Phe340(6.52) is essential for agonist
binding and recognition. It is involved in stabilizing the aro-
matic ring of ligands, and mutations at this residue cause a
dramatic decrease in agonist affinity and efficacy."*''* Posi-
tions 5.42, 543, and 5.46 of transmembrane helix 5 (TMH5)
play important roles in ligand recognition and specificity.""®
The Ser159(3.36) residue interacts with the ligand through hy-
drogen bonding; this interaction may account for the differing
functional effects of structurally similar indolealkylamines.!*!
Other serine residues have been found to influence agonist
binding as well.'#7127

Three-dimensional templates based on a bacteriorhodopsin
model were able to explain some of the results from mutagen-
esis studies.®?'%'?)  Comparative molecular modeling of
ligand-GPCR interactions was greatly facilitated by the elucida-
tion of the bovine rhodopsin crystal structure,* and subse-
quent refinements.">''* The key role of Asp 155(3.32) as a ter-
minal amine anchor is in agreement with previous mutagene-
sis data."*” Molecular modeling of the 5-HT,, receptor, togeth-
er with detailed site-directed mutagenesis studies, suggests a
hydrophobic binding pocket surrounding the ligand, with aro-
matic residues Trp151(3.28), Phe243(5.47), Phe244(5.48),
Trp336(6.48), Phe339(6.51), Phe340(6.52), Trp367(7.40), and
Tyr370(7.43).% 738 polar moieties within agonists may interact
with Ser159(3.36), Thr160(3.37), Ser239(5.43), Ser242(5.46),
and Asn343(6.55) from the 5-HT,, binding site.'**'*” Docking
studies using a human 5-HT,, receptor homology-based
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model, created from an in silico activated bovine rhodopsin
crystal structure, confirmed these interactions.!>”

Different binding orientations of DOM (15) and 5-HT (1)
have been suggested using a rat 5-HT,, receptor model based
on the frog rhodopsin projection map."** The molecular mech-
anism of partial agonism and the relative efficacy of 5-HT,, re-
ceptor ligands are determined by the ligand interaction with
Ser159(3.36) and Ser242(5.46).* |t was concluded that spe-
cific interactions in TMH3 and TMH5 are responsible for the
varying degrees of receptor activation. Recently, Ser239(5.43)
was shown to be more critical for agonist binding and function
than Ser242 (5.46) within TMH5.1*% The oxygen atom at the 5-
position of phenylalkylamines forms a hydrogen bond with
Ser239(5.43). Ser242(5.46) is believed to act as a hydrogen
bond acceptor, interacting with N(1)H of the indole ring in in-
dolealkylamines, but not phenylalkylamines.

Classic Phenylalkylamines

Phenylalkylamines 4-24 were used in the early SAR studies. Re-
search focused on the nature of substituent X, para to the al-
kylamine side chain. In the case of 3,4,5-substituted phenethyl-
amine, escaline (5) is 5-8 times more potent in humans than
mescaline (4)."” ['*IIDOI (17) radioligand competition studies
using cloned human 5-HT,, receptors further confirm this find-
ing; the affinity of 5 (Ki=216 nm) exceeded the affinity of 4
(K;=551nm) for 5-HT,, receptors.™" It has been noted that
homologation beyond n-propoxy leads to diminished halluci-
nogenic activity of this series in humans."*? Replacing the
alkoxy substituents at the 4-position with alkylthio substituents
leads to a further increase in potency. The potency of 4-thio-
mescaline (6) is an order of magnitude greater than the parent
compound 4, and 4-thioescaline (7) is three times more potent
than 5.[142,143]

The same pattern is seen in 2,4,5-substituted phenethyla-
mines. For example, replacement of the 4-methoxy group in
TMPEA (8) by a 4-methylthio group (2C-T, 9) leads to a large in-
crease in potency in humans.""” Halogen and alkyl para-substi-
tuted phenethylamines, including 2C-D (10), 2C-B (11) and 2C-l
(12), are generally the most potent compounds of this
series."” 1% Homologation of the 4-alkyl group of 2C-D (10)
results in more potent agents such as the 4-ethyl (13, 2C-E),
and 4-n-propyl (14, 2C-P) analogues."*’

a-Methylation of the phenethylamines to their correspond-
ing phenylisopropylamines leads to the most potent com-
pounds, such as DOM (15), DOB (16), and DOI (17)."6-%81 A sig-
nificant increase in potency was observed from compound 10
(EDsp=5.6 umolkg™") to (£)-15 (EDs,=1.8 pmolkg™) in DD
studies,"* and in human clinical studies.""”"'*! However, an af-
finity study using rat brain [PHlketanserin labeled 5-HT, sites
showed that the affinity of compound 10 (K;=110 nm) is ap-
proximately equal to the affinity of its phenylisopropylamine
analogue (£)-15 (K;=100 nm)."*® Similarly, the binding affinity
of compound 18 (DOTFM, K;=1.5 nm) was close to that of its
phenethylamine congener (K.=1.1 nm)."®" A number of hy-
potheses account for the discrepancy between the binding af-
finities and in vivo potency of these compounds. The a-methyl
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group may increase the general lipophilicity of the molecule,
enhancing CNS distribution.®™ Alternatively, the a-methyl
group possibly contributes to metabolism inhibition by deami-
nation. A pharmacological mechanism also contributes to the
difference in potencies; the a-methyl group increases activity
at 5-HT,, receptors while having no effect at 5-HT,c sites."™"
Comparison of phenethylamines with their (4)-phenylisopro-
pylamine counterparts clearly demonstrated similar binding af-
finities yet significant differences in their ability to activate
second messenger systems.[>?

Higher a-alkyl homologues of phenylalkylamines, or a-dia-
Ikyl substituted analogues showed little or no activity."**""*® In-
corporation of a cyclopropyl ring in the side chain (e.g. 25) re-

OMe OMe
m "
v O O
OMe OMe

25 26

Y
OMe X OMe H
NH, N
R
Br X
OMe OMe
27 X = OMe 29 X=Br,Y=R=H
28 X = OH 30X=Br,Y=Br,R=H
3MX=Br,Y=I, R=H
32X=1, Y=H, R=0OMe
33X= Y=H R=0H

tained some activity, however, potency is diminished when
compared with its  phenylisopropylamine  counterpart
(15)."71%8 Docking studies of compound 25 using an activated
5-HT,, receptor homology-based model confirmed the role of
Asp155(3.32) in anchoring the protonated amine.™ The 2-
methoxy group forms a hydrogen bond with Ser159(3.36) and
Thr160(3.37) while the 5-methoxy group interacts with Ser239
(5.43). Moreover, the para substituent projects into a lipophilic
pocket formed by lle 206 (4.56), Leu215 (4.65) and Gly 238(5.42),
suggesting both a lipophilic and steric interaction."”

Early phenylalkylamine SAR studies concerned with substitu-
tion patterns revealed that a 2,4,5-trisubstitution pattern on
the aromatic ring leads to optimal activity in humans.!**'%”
This was clearly shown for the trimethoxyphenylisopropyla-
mine (TMA) analogues, of which 2,4,5-TMA (19) was the most
potent, followed by 2,4,6- and 2,3,6-TMA, while the least
potent were the remaining three trisubstitution configura-
tions."* A DD study using rats trained to discriminate DOM
(15) from saline showed a similar pattern of potency (3,4,5
<246 <2,4,5) This general pattern is in line with the rela-
tive affinity of these analogues for the 5-HT,, receptor. Com-
pound 19 (K;=1250 nm) showed greater affinity than 3,4,5-
TMA (K;=16500 nm) for the [*Hlketanserin labeled 5-HT,, re-
ceptor in rat brain homogenate."*? In contrast, only two of the
dimethoxy derivatives, 2,5-DMA (20) and 2,4-DMA, were found
to substitute for DOM (15)."°" 2,5-DMA (20),""” the most
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potent dimethoxy derivative, binds with a fivefold lower affini-
ty (K;=5200 nm) in comparison with compound 19.1'¢?

Studies on the homologation of phenylisopropylamines at
the 4-position found a decrease of in vivo hallucinogenic po-
tency beyond n-propyl."®¥ Yet later work using [*H]ketanserin
as a radioligand for 5-HT, receptors in rat brain homogenate
revealed significantly increased binding affinities with the
more lipophilic derivatives; n-hexyl and n-octyl derivatives
showed the highest binding affinity. After in vitro testing,
these derivatives were found to act as 5-HT, receptor antago-
nists.””) Using ['*’[IDOI labeled human receptor data, the high-
est binding affinity at 5-HT,, receptors was found for the 4-n-
hexyl analogue DOHx (21, K;=0.1 nm), followed by the 4-
benzyl analogue DOBz (22, K,=0.4 nm), DOB (16, K,=0.6 nm),
DOI (17, K=0.7 nm), and the 4-n-propyl analogue DOPR (23,
K,=0.9 nm).**

Continuing this line of reasoning, the 4-(3-phenylpropyl) de-
rivative 26 was expected to have an antagonist profile.”” How-
ever, later work using cloned rat 5-HT,, receptors, and
[PHlketanserin as a radioligand, showed a binding affinity of
K,=30 nm for 26, comparable to the affinity of DOB (16, K=
32 nMm), and revealed a partial agonist character in a phosphoi-
nositide (PI) hydrolysis assay.' Affinity studies on analogues
of compound 26 revealed that the 2,5-dimethoxy substitution
pattern is not optimal for 5-HT,, receptor affinity of 4-(3-phe-
nylpropyl)-substituted compounds. Monomethoxy and other
dimethoxy derivatives evaluated in the same assay had better
affinities than compound 26, the 3,5-dimethoxy-substituted
analogue was a partial agonist with 7.5-fold increased affinity
(Ki=4 nwm), and 10-fold increased selectivity for the 5-HT,, re-
ceptor. Various substitution patterns based on compound 26
have been synthesized and are mainly antagonistic in charac-
ter‘ﬁ 64,165]

Polar substituents at the 4 position generally show little af-
finity in the phenylalkylamine series.” Addition of a f-methyl
group to the side chain has been found to reduce in vivo ac-
tivity, and this applies to p-hydroxy and [-keto groups as
well.'%19! |nterestingly, certain B-methoxy-substituted phene-
thylamines retain some potency in humans.""”'*' The poor
ability of B-oxygenated agents to cross the blood-brain barrier
and enter the CNS is thought to account for the reduced in
vivo activity."® Addition of polar substituents on the B-posi-
tion of DOB (16) leads to an overall reduction in lipophilicity of
the molecule. Evaluation of (1R,2R)-27 revealed a high affinity
for ['*I]DOI labeled 5-HT,, binding sites (K;=0.3 nm), and a full
agonist character in a Ca?*-mobilization assay (ECs,=0.13 um;
93% of 5-HT stimulation). The parent compound R-(—)-DOB
(16) had a comparable affinity (K;=0.2 nm), and was a potent
partial agonist in the same assay (EC5,=0.02 pm; 51 % of 5-HT
stimulation). The more polar pB-hydroxy derivative (1R,2R)-28
was tested in a DD assay with DOM-trained rats, and substitut-
ed fully for the training drug (EDs,=4.3 umolkg™) at a poten-
cy 17-fold less than R-(—)-DOB (16, EDs,=0.25 umolkg™). Both
compounds (1R,2R)-27 and (1R,2R)-28 have diminished ability
to enter the CNS,"® which is therapeutically interesting in
treating ocular hypertension and glaucoma.!'®
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The stereochemical properties of the phenylisopropylamines
have also been investigated. An early study revealed that the
R-(—) isomer of 3,4-DMA was the more potent enantiomer."*”
The publication of a convenient synthesis"’” enabled other
phenylisopropylamines to be studied; the R-(—) isomers of 15—
17 were more potent than the S-(+) isomers.'”" Binding stud-
ies using [*HIDOB (16) as a radioligand indicated R-(—)-16 (K=
0.39 nm) as the highest affinity enantiomer, followed by (£)-16
(K,=0.79nm), and S-(+)-16 (K,=2.3 nm).'”? Similarly, a DD
assay in the same study found R-(—)-16 to be ~10 times more
potent than S-(+)-16. The same pattern was seen for com-
pound 17, where the R-(—) isomer is 2-3 times as potent as
the S-(4) enantiomer."®'” More recently, a study found R-(—)
isomers to be more potent and more efficacious at stimulating
human 5-HT,, receptor-mediated PLC activation.®? Clearly the
R-(—) isomers constitute the eutomeric series.

As seen with a-alkyl or p-alkyl homologues of phenylalkyla-
mines, side chain modifications greatly influence activity at 5-
HT,, receptors. N-alkylation or N,N-dialkylation proved detri-
mental to the potency of most phenylalkylamines.'7%'74173) An
exception was found in a series of N-benzyl substituted phe-
nylalkylamines;""’® affinity studies comparing 2C-B (11) with its
N-benzylated analogues (29-31) revealed an approximate two-
fold increase in binding affinity for ['*IIDOI labeled 5-HT,, re-
ceptors. Moreover compounds 29-31 showed increased sub-
type selectivity (>100 fold) for 5-HT,, over 5-HT,. receptors,
however the question whether 29-31 act as agonists or antag-
onists has not been addressed.'”® Another study showed that
a series of related N-benzyl analogues act as potent partial ag-
onists in vascular in vitro models."”7"7? The N-(2-methoxyben-
zyl) analogue 32 (251-NBOMe) of 2C-l (12) was an extremely
potent partial 5-HT,, agonist (EC5,=0.0813 nm; 30% of 5-HT
stimulation) compared with DOI (17, EC;,=7.41 nm; 68% of 5-
HT stimulation) in the same model."® A recent study evaluat-
ed a series of N-benzyl analogues in cell-based assays and ex-
panded previous findings.'"®" The affinity of 32 (K;=0.087 nm)
for cloned ['*I]IDOI labeled rat 5-HT,, receptors surpassed the
affinity of both 2C-I (12, K=0.62 nm), and DOl (17, K=
0.58 nm). In a functional Pl hydrolysis assay using cloned
human 5-HT,, receptors, 32 (EC;,=0.44 nm; 81 % of 5-HT stim-
ulation) exhibited an agonist character and potency well
above its parent compound 2C-I (12, EC5,=2.54 nm; 82 % of 5-
HT stimulation), while the N-(2-hydroxybenzyl) analogue 33
showed an even greater potency (EC;,=0.19 nm; 86% of 5-HT
stimulation). The N-substituted phenylalkylamines tested
showed a modest 5-HT,, versus 5-HT,. subtype selectivity. Vir-
tual docking of several N-benzyl phenylalkylamines to an acti-
vated human 5-HT,, receptor homology model confirmed the
previously identified interaction between the phenylalkylamine
pharmacophore and Phe340(6.52)."*”'®" The N-benzyl moiety
was predicted to interact with Phe339(6.51) through a m-m in-
teraction; site-directed mutagenesis experiments supported
this prediction."®" This study shows N-benzyl phenylalkyla-
mines to be a promising new group of 5-HT,, receptor ligands
with high affinity and potency.

Phenylalkylamines generally lack significant selectivity for
the 5-HT,, receptor over the other two subtypes. This has
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been demonstrated using ['*JDOI for 5-HT,, and 5-HT,, and
[®H]5-HT for 5-HT,; as radioligands at cloned human receptor
sites.®® Comparison of the binding affinities of 17 classical phe-
nylisopropylamines showed strong correlations at the three re-
ceptor subtypes. A near unity slope was found for 5-HT,, and
5-HT,c receptor affinity correlations, revealing a close corre-
spondence. The only exception was the 4-cyano analogue 24
(DOCN), with a 22-fold higher affinity for 5-HT,, (K;=45.7 nm)
over 5-HT,¢ (K;=1011 nm).

Recently, phenylalkylamines were evaluated for their func-
tional selectivity towards PLC- and PLA,-mediated signaling
pathways.'® PLC-mediated inositol phosphate (IP) accumula-
tion and PLA,-mediated AA release was measured using CHO-
K1 cells expressing human 5-HT,, and 5-HT,¢ receptors. Com-
pared with their phenethylamine counterparts, phenylisopro-
pylamines tested in this study showed an overall greater rela-
tive efficacy for both pathways at 5-HT,, receptors. DOI (17)
was found to be functionally selective for PLA, (relative efficacy
~65%) over the PLC pathway (relative efficacy ~45%). Also se-
lective for the PLA, pathway was 2,5-dimethoxy-4-nitrophene-
thylamine (2C-N), which did not activate the PLC cascade. On
the other hand, 2,5-DMA (20) was found to be fully selective
for the PLC pathway, not activating PLA, at all. In the same
assay, some of the other phenylalkylamines, including mesca-
line (4), 2C-l (12), DOM (15), showed no selectivity for either
pathway.

In summary, the 2,5-dimethoxy-substituted phenylisopropyl-
amines are generally the most potent of the classical phenylal-
kylamine 5-HT, receptor probes. Agonist activity increases as
the nature of the 4-substituent varies from H <OR <SR <R
<X, with R=alkyl, and X=halogen, while an antagonistic pro-
file emerges with higher 4-alkyl homologues (e.g. n-hexyl). Hy-
drophobic or electron-withdrawing substituents lead to in-
creased 5-HT, binding affinity. This led to a maximum with 4-n-
hexyl- followed by 4-benzyl- and 4-bromo-substituted agents
at 5-HT,, receptor sites. Phenylisopropylamine ligands dis-
played little 5-HT, receptor subtype selectivity. The highly
potent N-benzyl phenethylamines recently developed provide
new SAR data and are potential selective 5-HT,, receptor li-
gands. The differential activation of signal transduction path-
ways by various phenylalkylamines confirms the concept of
functional selectivity, allowing the design of agonists with sig-
nificant preference for a single 5-HT,, receptor-coupled signal-
ing cascade.

Novel Rigid Phenylalkylamines

Mutagenesis and molecular modeling studies can be used to
design ligands with extremely high affinity or the ability to ac-
tivate a specific signaling pathway. Furthermore, the steric re-
quirements of the 5-HT,, receptor binding pocket can be
probed through SAR studies of rigidified ligands. Incorporation
of methoxy substituents into rigid ring structures in phenylal-
kylamine has been used to investigate the active binding ori-
entation of these substituents; restricting the ligand flexibility
of DOM (15) through the synthesis of 2,3-dihydrobenzofuran
analogues showed that the LSD-like activity was greatly re-
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duced when the oxygen lone pair of the 5-methoxy group was
directed syn to the alkylamine chain (dihydrofuran 34)."% An-
other possible explanation for the diminished LSD-like activity

OMe OMe
NH, NH,
X
(0] (0]
34 35X=H
36 X =Br
(@] NH, o
NH,
Br |
OMe OMe
37 38

is unfavorable steric interactions between the ring structure
and the binding site.

Orienting the oxygen lone pair anti to the side chain gave
compound 35 and the 7-bromo analogue 36.'*¥ DD tests
showed full substitution for both compounds in rats trained to
discriminate LSD from saline, with the 7-bromo analogue 36
(EDs;=0.57 umolkg™") more potent than DOM (15, EDs,=
0.89 umolkg™") and equipotent to DOB (16). Binding affinity
and energy calculations confirmed that these rigid analogues
model the active binding conformation of DOM (15).% Using
a tetrahydro-1-benzoxepin scaffold, the oxygen lone pair of
the 2-methoxy group of DOB was oriented anti to the side
chain, giving agents with low affinity for 5-HT,, sites (e.g.
37).% These agents were around 15 times less potent than
their parent compounds, suggesting that the anti orientation
of the lone electron pairs could not be accommodated by the
agonist binding site. This led to the design and synthesis of
pharmacologically active compound 38, in which the oxygen
lone pair is syn to the alkylamine side chain.!'®

The rigid analogue approach was used to probe the location
of hydrogen bonds between phenylalkylamine ligands and the
5-HT,, receptor. The results of these studies led to the synthe-
sis and evaluation of compounds with both aromatic methoxy
groups incorporated into dihydrofuran rings."®® The most
potent ligand in this series was compound 39
(ED5,=0.061 umol kg™"), which was more potent than its parent

o o)
NH NH,
Br Br
o) o)
39 40 41

compound DOB (16, EDs,=1.12 umolkg™) in rats trained to
discriminate LSD from saline. The binding affinity of analogue
39 (K;=18 nm) was close to the affinity of DOB (16, K;=22 nwm)
at [*Hlketanserin-labeled 5-HT,, receptor sites from rat frontal
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cortex homogenate. At cloned human receptor sites labeled
with ['*I]DOI, compound 39 showed subnanomolar affinity for
5-HT,s (K;=0.48 nm) and 5-HT,¢ (K;=0.30 nm) receptors.®® The
fully aromatic analogue 40 has the highest affinity for ['*I]DOI-
labeled human 5-HT,, (K;=0.04 nm) and 5-HT,c (K;=0.02 nm)
receptors."®” Furthermore, a DD study showed that derivative
40 (EDs,=22 nmolkg™) was the first alkylamine derivative to
surpass LSD (EDs,=40 nmolkg™) in potency. Recently, benzo-
difuran analogues with decreased lipophilicity were synthe-
sized and studied for their ability to lower IOP to treat ocular
hypertension and glaucoma; while this has led to potent li-
gands, little subtype selectivity over the 5-HT,c receptor has
been achieved."®®

In a later study, conformationally restricted analogues were
evaluated for their functional activity at 5-HT,, receptors using
a Pl hydrolysis assay."® In this assay, parent compound (£)-
DOB (15, ECso=72 nM; 79% of maximal 5-HT stimulation) was
less potent than R-(—)-39 (ECs,=8.38 nm; 80% of maximal 5-
HT stimulation) while the most potent ligand was R-(—)-40
(EC5o=2.7 nM; 93% of 5-HT stimulation). As with the original
phenylalkylamines, the R-(—) enantiomer of these conforma-
tionally restricted analogues generally displayed increased ac-
tivity and binding affinity. ?HIDOB labeled 5-HT,, and ['*I]DOI
labeled 5-HT,c cloned rat receptors further confirmed this find-
ing."® None of the agents studied showed significant subtype
selectivity; the CF; analogue of R-(—)-39 was found to be the
most 5-HT,, subtype selective, showing approximately
2.5 times higher affinity for the 5-HT,, receptor over the 5-HT,¢
receptor. The 5-HT,, receptor is able to accommodate larger
hexahydrobenzodipyran analogues such as 41, although these
analogues show decreased functional activity."® Various other
analogues, designed using the same line of reasoning, have
been synthesized and evaluated, and none of them surpass
the properties of compound 40.""°" A recent study looking
at differences in hydrogen bond accepting capabilities, aroma-
ticity, and lipophilicity between compounds 40 and 39 found
that lipophilicity best explains the greater in vitro and in vivo
potency of 40."'"? Other ligands were included in the same
study, but 40 was found the most lipophilic, and potent ago-
nist.“”]

Clearly, some of the conformationally constrained ligands ef-
fectively map the active binding conformation of the 2,5-dime-
thoxy phenylalkylamine pharmacophore within the 5-HT,,
binding pocket. Initial elucidation of the binding modes and
structural analogy between 5-HT (1), LSD (3) and phenylalkyla-
mine hallucinogens, suggested a correlation between the A
ring of LSD (3) and the aromatic phenylalkylamine ring."™® A
DD study looking at the behavioral effects of a-methyl and N-
methyl substituents of indolealkylamine and phenylalkylamine
hallucinogens gave consistent data.' Another hypothesis
proposed that the aromatic phenylalkylamine ring and the pyr-
role ring B of LSD (3) are analogous."™ Both hypotheses were
initially supported by SAR studies on stereochemical selectivity,
and rigid DOM (15) analogues.!*”'%"]

Substituted tetrahydronaphthofurans have recently been
synthesized as phenylalkylamine-ergoline composite mole-
cules designed to mimic the A, B and C ring structure of ergo-
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lines."® Pharmacological evaluation of compound 42 revealed
binding affinities at ['*I]DOI-labeled cloned human 5-HT,, (K=
13.0 nm), and 5-HT,¢ (K;=5.96 nm) receptors, which is 20-30-

OMe OMe NH,
Br
B Br
oo/ H 5 //
42 43

fold less than the affinity of 39 for these sites. Moreover, these
compounds lacked LSD-like behavioral effects in a DD model.
Based on these results, further work on structural similarities
between ergolines and phenylalkylamines has ceased."*'* In-
vestigation into the 2-aminoalkyl side chain orientation led to
the synthesis of analogue 43, with a nonplanar side chain. The
affinity of compound 43 (K=2.6nm), for ['®IIDOI-labeled
cloned rat 5-HT,, receptors, was close that of DOB (16, K=
2.2 nm) and LSD (3, Kk=3.5 nm). In a functional assay measur-
ing IP; accumulation, compound 43 was shown to be a partial
agonist (EC;,=120 nm; 33% of 5-HT stimulation), and it dis-
played partial substitution in LSD and DOl-trained rats."* One
conclusion is that the side chain of ligand 43 might not pos-
sess the optimal dihedral angle for full receptor activation.
Extending previous work on indanalkylamine analogues of
DOM (15), a conformationally constrained 1-aminomethylin-
dan analogue (44) of mescaline (4) was recently designed®”

NH, OMe
MeO NH,
MeO Br
OMe OMe
44 45

using the aforementioned in silico activated 5-HT,, homology
model.*” Analogue 44 showed a threefold increase in affinity
(K;=130 nm), and a twofold increase in stimulating IP; accumu-
lation (EC5,=6100 nm) compared to mescaline (4, K, =360 nm;
EC;,=11300 nm). The R-(—)-44 enantiomer showed a twofold
increase in affinity (K,=69 nm) and potency (EC;,=3200 nm)
over the racemate (4)-44. Further testing showed both com-
pounds (+)-44 and R-(—)-44 are comparable to the parent
compound; both fully substituted for LSD (3) in a DD assay,
and their stereoselective profile was in line with docking ex-
periments. The 5-HT,, receptor binding site can accommodate
the out-of-plane conformation of the alkylamine side chain.
Subsequent work to elucidate the active binding orientation of
the side chain used rigid benzocycloalkyl-1-methylamines ana-
logues of 2C-B (11).*°" Ligand R-(—)-45 showed a threefold
higher affinity (K;=0.26 nm) for ['*IIDOI-labeled cloned human
5-HT,, receptor sites than its parent compound 2C-B (11, K=
0.88 nm). In a DD assay using LSD trained rats, enantiomer R-
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(—=)-45 (EDs,=24 nmolkg™") surpassed DOl (17, EDg,=
270 nmolkg™) and LSD (3, EDs,=38 nmolkg™). In rats trained
to discriminate DOl (17) from saline, LSD (3, EDs=
15 nmolkg™") was found to be more potent than R-(—)-45
(EDs; =24 nmolkg™"). These results, supported by receptor
docking simulations, suggest that when bound to the receptor,
the side chain lies in a perpendicular plane relative to the aro-
matic ring.°"

Evaluation of the functional activity of R-(—)-45 in NIH 3T3
cells expressing rat 5-HT,, receptors, revealed a 65-fold selec-
tivity for IP; accumulation (EC5,=18 nm; 97% of 5-HT stimula-
tion) over AA (EC5,=1180 nm), and 2-AG (EC5,=1120 nM) pro-
duction,®™" clearly showing functional selectivity for the PLC
pathway over the PLA, cascade. However, activation of the PLC
signaling pathway alone does not account for the stimulus ef-
fects of hallucinogens;?® PLA, stimulation by a ligand corre-
lates better with hallucinogenic properties.” Although com-
pound 45 fully substitutes the training drug in DD studies, hal-
lucinogenic effects in humans have not been confirmed. Simi-
lar phenylalkylamines with significant functional selectivity for
a single pathway may prove to be nonhallucinogenic selective
5-HT,, receptor agonists. In addition to PLC and PLA, signaling,
the role of PLD signaling in the behavioral effects of phenylal-
kylamines remains to be elucidated.”®'®? While the 5-HT,,-cou-
pled signaling pathways are complex, and a significant amount
of research into the functional selectivity of ligands remains to
be done, preliminary results show that it might be possible to
develop phenylalkylamine agonists selective for the 5-HT,,
subtype, and for a specific signaling pathway.

Conclusions and Future Directions

A large number of phenylalkylamine agonists for the 5-HT,, re-
ceptor are currently recognized. New ligands have been de-
signed through careful SAR evaluation of the phenylalkylamine
pharmacophore, facilitated by comparative molecular model-
ing of ligand-receptor complexes, and data from site-directed
mutagenesis studies. The rigid analogue approach proved
useful in probing the binding site, elucidating optimal binding
conformations, and has led to the synthesis of ligands with ex-
ceptional pharmacological profiles. As yet, none of the ligands
designed show significant selectivity for the 5-HT,, receptor
subtype, confirming the similarity with the 5-HT,. binding
pocket. Selectivity towards specific signaling pathways adds
another level of complexity.

5-HT,, receptor agonists are important research tools for
neuroscience and other disciplines, essential for the study of
neurochemistry, neurobiology and neurophysiology. Moreover,
subtype and functionally selective ligands may hold valuable
therapeutic potential. Functionally selective, signal pathway
specific ligands that are nonhallucinogenic in nature, might
eventually be used to augment pharmacological psychiatric
therapies for depression® and anxiety.*** In cognitive phar-
macology, these agents might prove useful in memory,®!
learning,* and BDNF-mediated processes.”” In the periphery,
ligands with reduced ability to enter the CNS may be used to
study the cardiovascular system,® and represent a novel ther-
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apy for glaucoma and ocular hypertension."® With the recogni-
tion of DOI-mediated liver regeneration,® the study of ligands
with an agonist profile at 5-HT,, receptors is far from over.
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