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ABSTRACT
Inflammatory bowel disease (IBD) is a serious, complex disease that is challenging to treat
effectively and affects over 5 million people globally. Current treatment goals for both
subtypes of IBD, Ulcerative Colitis (UC) and Crohn Disease (CD), focus on attaining and
maintaining remission through anti-inflammatory agents, immunomodulators, or
biologics. In spite of these treatments, more than 25% of patients require devastating
surgical removal of part of their colon due to severe inflammation. Recent advances in our
understanding of serotonergic effects beyond the central nervous system (CNS) provide
encouragement for IBD treatment. The newest member of serotonin receptor family, the 5HT7 subtype, is involved in the release of pro-inflammatory cytokines following
stimulation by serotonin in the gastrointestinal tract (GIT). Khan et al have shown that
inflammation associated with the DSS and DNBS mouse models of IBD is significantly
attenuated in knock-out mice lacking the 5-HT7 receptor or mice treated with 5-HT7
selective antagonists. Previously reported 5-HT7 receptor antagonists (e.g., SB-269970)
readily crosses the blood brain barrier (BBB) and are therefore not good choices for IBD
treatments. Our group has identified a novel series of arylpiperazinyl lactones with high
affinity and excellent selectivity for the 5-HT7. The aim of this project is to design,
synthesize, and characterize new gamma-butyrolactone-based 5-HT7 ligands with high
affinity, good selectively, acceptable drug-like properties, with limited access to the
CNS. A total of 18 compounds were successfully synthesized and evaluated as potential
new lead compounds for the treatment of IBD.
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CHAPTER 1
BACKGROUND AND INTRODUCTION

1.1 Inflammatory Bowel Diseases (IBD)
Inflammatory Bowel Diseases (IBD) includes ulcerative colitis (UC), Crohn’s
disease (CD) and IBD type unclassified (IBDU). IBD has been greatly ignored and
misunderstood for decades. Only recently has increased attention been given to IBD as
the numbers of IBD patients continues to rise and has hit 5 million people globally. This
increase has led to numerous scientific studies trying to better understand the etiology,
progression and treatment of the disease1. These studies have also resulted in better
classification of the disease and how it can be distinguished from similar conditions such
as Irritable Bowel Syndrome (IBS). In 2013, North America alone had an annual
incidence of UC reported to be 19.2 per 100,000 person/years and for CD the incidence
was 20.2 per 100,000 person/years. The reported prevalence values for IBD in North
America for the same year were 249 per 100,000 persons and 319 per 100,000 persons
for UC and CD respectively 2. These data are the highest levels reported in North
America to date. On the other hand, data regarding IBDU prevalence is limited since it is
hard to categorize. Studies show that IBDU cases do not exceed 15% of the overall
newly diagnosed IBD cases with a prevalence of 3-7 per 100,000 person/years. These
cases usually progress and ultimately fall under UC or CD after a few years 3,4.

1.1.1 Etiology and pathogenesis of IBD
The etiology of IBD is not well understood but one factor that is believed to play
a role is genetics. Genome-wide association studies (GWAS) have identified 163 loci that
1

are associated with UC and CD. With a focus on UC, more than 50% of the 163 genetic
loci identified were associated with UC5. These GWAS loci include IL12B (encodes p40
subunit of IL-12 and IL-23), IL23R, JAK2 (that controls production of new blood cells
from hematopoietic cells)6, and STAT37. All cytokines and transcription factors encoded
by these genes are intimately involved in the immune system and play a role in
inflammation. Smoking is a risk factor for IBD and has been shown to induce variations
in NOD2 gene which is expressed in leukocytes and encodes proteins that recognizes
bacterial structures and initiates an immune response on contact with bacteria 8. But
further studies showed a minor role of genetic factors contributing to the disease
pathogenesis hence the continual search for the major contributor of IBD development.
Lifestyle and environmental factors (cold climate) are also believed to play a role. For
example, a study published by Jantchou, et al involving 67,581 participants,
demonstrated an association between a diet high in animal and fish protein with an
increased risk of IBD9. The microbiota also plays a major role in the etiology of IBD
according to a review by Yuqian Yang, et al10 that showed that adherent-invasive
Escherichia coli (AIEC) had the ability to adhere to the endothelium and trigger
inflammatory pathways through various virulent genes

11

. Dysregulation of the immune

system is central to many of the hypotheses regarding IBD etiology. One theory states
that IBD is caused when proinflammatory signals of the immune system outweigh the
anti-inflammatory signals thus keeping the immune cells in the stimulated state12.
Another theory states that rather than an imbalance between proinflammatory and antiinflammatory signals, the disease is caused by a continuous stimulation of the immune
response possibly by many factors involved since permeability of intestines is affected in

2

a phenomenon called “leaky gut” thus many toxins and pathogens that are not supposed
to pass the intestinal barrier now able to pass and cause this continuous stimulation of
immune system 13. In either case, a major contributor to the resultant inflammation is the
cytokine Tumor Necrosis Factor (TNF-α). Upon secretion from immune cells (e.g.,
dendritic cells and macrophages), TNF-α contributes to the development of persistent
inflammation that lead to the symptoms observed in IBD patients. Common symptoms
observed in IBD patients include, abdominal pain, vomiting, diarrhea, and rectal
bleeding.
Diagnosis of different IBD subtypes often is dependent on endoscopy and
histological assessments. Recently, E. Mossotto, et al published attempts to accurately
classify IBD in pediatric patients using machine learning algorithms which will help
healthcare professionals in decision making with regards to this complex disease

14

. In

general, factors considered in diagnosis include whether inflammation is transmural,
mixed with healthy cells, and extends to the whole digestive tract (especially small
intestine in the case of CD) or is the inflammation continuous, limited to the colon, and
extending to the innermost lining of the colon (in the case of UC)15. Since inflammation
is a key aspect underlying all types of IBD, mucosal healing (MH) of damaged tissue is a
critical diagnostic element, an important area of study, and a goal of treating IBD 16. It is
important to remember that IBD is a chronic, recurring disease that can cause disturbing
complications within and outside the GIT. These complication include, arthritis,
psoriasis, hair loss, autoimmune chronic active hepatitis, retinal vascular disease, and
even growth retardation in children

17

. Probably the most feared complication of this

chronic disease is the increased risk of developing colorectal cancers 18.

3

On the cellular level, the inflammation observed in IBD is characterized by
mucosal recruitment of activated cells from the innate and adaptive immune systems. In
addition to the cells of immune system associated with IBD, changes in serotonin (5HT7)-producing enterochromaffin cells (EC cells) have been reported in IBD patients, as
well as, in animal models of the disease. The role of 5-HT7 in the etiology of the disease
will be discussed in more detail below. Pro-inflammatory cytokines that have been
associated with the pathology of IBD include, IL-6, IL-1β, IL-18, and TNF-α. TNF α is a
cytokine secreted from monocytes, macrophages and T-cells. It is responsible for the
impairment of the epithelial barrier structure by altering its tight junctions. Cytokines
such as IL-6 regulate T-helper (Th)1 activation thus initiating apoptosis to contribute to
the progression of inflammation and disease complications. A recent study on samples
from both UC and CD patients provided evidence that the release of IL-1β, IL-18, and/or
TNF-α by monocytes and proinflammatory M1 macrophages directly cause paracellular
leakage and thus greatly impair the epithelial barrier 19. On the other hand and completely
independent on adaptive immune responses by T and B cells, granulocyte macrophage
colony-stimulating factor (GM-CSF) such as sargramostim have shown to improve colitis
in DSS induced models since GM-CSF stimulates white blood cells (especially
neutrophils and in this case plasmacytoid DCs (pDCs)) production from bone marrow 20.
This suggests that stimulating the right immune response may pose a big difference in the
progression of IBD to replace the impaired immune cells rather than shutting down the
whole immune system.

1.1.2 IBD Treatment
Current IBD therapy is based on disease management and controlling symptoms
4

to minimize surgical intervention. In patients with mild to moderate disease antiinflammatory aminosalicylates (e.g. 5-ASA) are often used. An example of a commonly
used non-biologic drugs for IBD are the Mesalamine containing drugs AsacolⓇ, PentasaⓇ
, SalofalkⓇ, and LialdaⓇ. Mesalamine is a derivative of aminosalicylic acid that has been
a mainstay of therapy for mild to moderate cases for decades. Acute corticosteroid
therapy can be used in more severe cases. The steroidal drug Entocort has budesonide as
the active ingredient and has been shown effective in the treatment of IBD. However,
long term corticosteroid therapy is not practical due to adverse effects associated with
chronic use. Therapies more appropriate for chronic use to suppress symptoms include
immunomodulatory drugs (6-mercaptopurine, azathioprine, cyclosporin A, and
methotrexate) and anti-TNF-a monoclonal antibodies (e.g. Remicade, Humira). These
immunosuppressive agents are effective for many patients but are also known to be
associated with serious adverse effects. Examples of biologic drugs marketed for IBD
include; certolizumab pegol (RemicadeⓇ), adalimumab (HumiraⓇ), infliximab (CimziaⓇ),
and natalizumab (TysarbiⓇ)21. The first three biologic drugs act as TNF blocking agents
where they bind to TNF-α preventing it from binding to its receptors and continuing its
proinflammatory actions

22

. Tysarbi has a unique mechanism that involves the α4-

subunit of α4ꞵ1 and α4ꞵ7 integrins expressed on the surface of all leukocytes except
neutrophils. Through the drug’s effect on integrins, the migration and adhesion of
leukocytes to the site of inflammation is inhibited thereby acting as an anti-inflammatory
agent

23

. A summary of mechanisms of action at different inflammation targets is

summarized by Duk Hwan Kim and Jae Hee Cheon in Figure 1.
Regarding antibody therapies, reports by Edoardo Savarino and co-workers
5

indicate that better disease management can be achieved with these agents. They found
that approximately 93 percent of patients maintained on antibody based therapeutics
stayed in remission compared to only 36 % of patients treated with small molecule
therapeutics

24

. Such findings are very promising but there are serious risks associated

with the use of monoclonal antibody therapies. These adverse effects include, increased
risk of infection, reactivation of latent infections (e.g., hepatitis B and tuberculosis),
progressive multifocal leukoencephalopathy (PML)25, and an increased risk of certain
types of cancer (e.g. lymphoma). Another drawback of the biological therapies being
developed is the need for parenteral administration. Clearly there are serious concerns
surrounding the current IBD therapies, yet the global IBD market is estimated to be over
$6.2 billion. And in spite of the various treatment options for IBD patients, nearly 80 %
of CD patients require surgery while greater than 25% of UC patients require surgery.
Surgical interventions in CD such as restorative proctocolectomy with ileal-pouch-analanastomosis (IPAA) is considered the only definitive treatment option for many patients.
Aside from the considerable costs of such surgeries, patient quality of life is dramatically
impacted. The treatment of IBD using currently available therapies is clearly insufficient.
There is a critical need for safer, orally administered, more convenient therapies that can
slow or stop disease progression. Orally administered drugs like those being developed
herein could lead to safer, less costly, and more convenient option for IBD patients.

6

Figure 1. Mechanism of action of different IBD current treatment 26

1.2 Serotonin and Serotonin receptors
Serotonin (also known as 5-hydroxytryptamine, or 5-HT) is an innate
neurotransmitter discovered in the early 1900’s. It acts on a wide variety of serotonin
receptor subtypes and plays a role in many biological and biochemical functions
including; depression, anxiety, pain, sleep, appetite and others

27

. More recently, 5-HT

receptors role in irritable bowel syndrome (IBS) and inflammatory bowel diseases (IBD)
were explored

28,29

. To date, approximately 145,905 articles were published about

serotonin and/or its receptors, 1,908 of which were published this year (pubmed search).
For decades, interest in serotonin was focused on its central actions related to a wide
variety of CNS disorders. However, the brain’s share of total serotonin in the body

7

accounts for only ~5% while the remaining 95% is in the gastrointestinal tract (GIT)30.
Before discussing the many actions of 5-HT in the CNS and the periphery, a closer look
at its structure, properties and biochemical processes related to 5-HT will be undertaken.

1.2.1 Serotonin structure and biosynthesis
5-HT (Figure 2) is a polar neurotransmitter with structural features that include; 1)
a primary amine, 2) an aromatic indole
ring and 3) a hydroxyl group. It is

a

biosynthesized endogenously from the
essential

amino

acid

L-tryptophan

administered in the diet. The synthesis is
a

two

step

transformation

that

b

is

catalyzed by tryptophan hydroxylase
(TpH) and a decarboxylase. The first
step, conversion of L-tryptophan to 5-

Figure 2. Structure of Serotonin (5hydroxytryptamine or 5-HT). a) 2D structure,
b) 3D views

hydroxytryptophan catalyzed by by tryptophan hydroxylase (TpH), is the rate limiting
step of the pathway. Tryptophan hydroxylase (TpH) exists in two isoforms, TpH1 and
TpH2. The second step involves the decarboxylation of 5-hydroxytryptophan to 5hydroxytryptamine. The 5-hydroxytryptamine (5-HT) is then stored in granules until its
release is stimulated by a variety of the internal or external stimuli. Due to its diverse
role, 5-HT is highly conserved and regulated by both TpH1 and TpH2. TpH1 regulates
the synthesis of serotonin primarily in the periphery, including the GIT. TpH2 is
responsible for the synthesis of 5-HT primarily in the CNS.

Another important

regulatory element in the GIT that has received a lot of attention is the microbiota.
8

According to Jessica M. Yano and co-workers, the microbiota (especially spore forming
bacteria) produces metabolites such as alpha-tocopherol, arabinose, azelate, butyrate,
cholate, among others. These molecules signal for the colonic enterochromaffin cells
(ECs) to increase TpH1 expression and thus increase serotonin biosynthesis. This
increase in 5-HT concentrations stimulates 5-HT7 receptors on dendritic cells leading to
the release of pro-inflammatory cells. 5-HT also plays a role in regulating gut motility
and influences microbiota activity 31. These findings align with the fact that inflammation
associated with IBD is localized in the colon and emphasizes the importance of serotonin
in the GIT.

1.2.2 Serotonin function
Serotonin has been associated with many biological and physiological responses.
5-HT does not cross the blood brain barrier but is synthesized enzymatically in the CNS
via TpH2.

As discussed above, the synthesis of 5-HT in the periphery is catalyzed by

TpH1. Therefore, a variety of actions that serotonin is responsible for can be categorized
into those observed primarily in the central nervous system (CNS) and those observed
primarily in the periphery.
1.2.2.1 Serotonergic effects in CNS
The effects of serotonin in the CNS are wide ranging and very important to the
neurochemical balance of neurotransmitters in the brain. The role of serotonin in the
CNS is enormous despite the fact that only 5% of the total serotonin in the body is
synthesized there. Imbalances in serotonin levels have been associated with depression,
schizophrenia, Alzheimer's Disease, loss of appetite, insomnia, anxiety, epilepsy, pain,

9

and certain brain tumors. A well-known example of drugs modulating serotonin are the
serotonin selective reuptake inhibitors (SSRIs) which are one of the most commonly used
drugs for depression and anxiety. The raphe nuclei of the brainstem secretes the majority
of serotonin in the CNS but its neurons are distributed widely and in a complex manner,
making it important to many functions from early development to adulthood 32. Because
my research project focuses on 5-HT7 ligands for the treatment of IBD, this introduction
will focus on role of 5-HT in the GIT. Specifically, our focus is on how binding of 5-HT
to 5-HT7 receptors in the GIT may be involved in the release of proinflammatory
cytokines leading to the inflammation associated with IBD.
1.2.2.2 Serotonergic effects in periphery
The original discovery of serotonin (first discovery on 1935) was based on its
action in the periphery. Serotonin was first isolated from enterochromaffin cells (EC)
which produces about 90% of GIT serotonin33,34. Serotonin functions in the periphery
include; lipid and glucose metabolism, immune system activation, cardiovascular
functions, respiratory functions, and endocrine functions.
More specifically, serotonin has been shown to inhibit weight gain associated
with high fat diets in mice.

These effects were attributed to increased oxygen

consumption and shifting in the muscle fibers to be more oxidative states and increased
mRNA expression of peroxisome proliferator-activated receptor coactivator 1α (PGC1α)-b and c in soleus muscle 35. It was also reported that mice lacking TpH1 have lower
amounts of insulin secretion and thus have higher blood glucose levels 36. In liver fibrosis
studies, significant reductions in liver enzymes (ALT and AST) and other hepatic

10

biomarkers were noted upon treatment with the 5-HT7 inhibitor SB-269970 leading to
increases survival rate and improved fibrotic scores37.
In pain control and nociception, studies show that activation of any of the
excitatory 5-HT subtypes present on the peripheral C-fibers, leads to pronociceptive
effects and thus play important role in neuropathic pain38. The 5-HT3 subtype is known to
play an important role in controlling nausea and vomiting associated with many
chemotherapy treatments (chemotherapy-induced nausea and vomiting; CINV).
Destruction of ECs from chemotherapeutic agents leads to release of the large serotonin
reservoir which in turn acts on 5-HT3 receptors on vagal nerves in the gut. Antagonists at
the 5-HT3 receptor have thus been shown to improve nausea and vomiting in CINV39,40.

1.2.3 Serotonin receptors subtypes
There is a total of 14 5-HT receptor subtypes that have been identified and
classified under seven families. Among these 14 subtypes, five are expressed within the
GI tract

41

. Of all the subtypes, only one receptor (5-HT3) is a ligand gated ion channel

while the rest are G-protein coupled receptors (GPCRs)42,43. All serotonin receptors are
excitatory except the 5-HT1 and 5-HT5 families.

The 5-HT1 and 5-HT5 subtypes are

coupled via a Gi/Go-protein that decreases the cellular levels of cAMP thus producing an
inhibitory postsynaptic potential. The 5-HT4, 5-HT6, and 5-HT7 subtypes are Gs- protein
coupled which results in an increase in cAMP levels while the 5-HT2 receptor is Gq/G11
coupled resulting in increased cellular levels of IP3 and DAG. Finally 5-HT3 is the only
ligand-gated sodium and potassium channel that depolarizes plasma membranes. Table 2
shows the location and examples of roles for each receptor subtype. The first serotonin
family is 5-HT1 which is further divided into 5-HT1A, 5-HT1B, 5-HT1D, and 5-HT1F.
11

These subtypes are presynaptic and generally reduce the normal actions of serotonin in
different organs. The 5-HT1A subtype has been a drug target for many conditions

44

. For

example, agonists of this subtype have been investigated to treat depression, anxiety,
schizophrenia, addiction, and hypertension.

Ligands for both 5-HT1B and 5-HT1D

subtypes have been investigated for CNS effects especially in treating migraines where
agonists such as ergotamine have been used. Very recently, 5-HT1F agonists were shown
to have cardiac sympatho-inhibition role which means stimulation of 5-HT1F would lead
to decrease in neurotransmission release going to the heart thus decrease tachycardia
produced in noradrenaline injected mice in addition to some proposed effects in treating
migraines 45,46.
The 5-HT2 receptors are an important receptor target in many marketed drugs.
This is due in part to the fact that it was one of the earliest subtypes identified and has
been the subject of decades of studies related to its CNS effects. In addition to
antidepressant actions
treating diabetes

48

47

, another important role for 5-HT2 antagonists has emerged in

. As mentioned above, serotonin regulates metabolism and numerous

mechanisms by which it can modulate insulin secretion and glucose metabolism. Many
studies have shown that acting specifically on 5-HT2 can be utilized to control the
disease. These actions can be explained by mechanisms involving the control of hepatic
phosphofructokinase (PFK), and activation of PI3K and PLC–PKC pathways49.
The 5-HT3 receptors are unique since they are the only ligand-gated channel in
the serotonin receptor family. It is located in many areas of CNS and PNS but has distinct
activity in the vomiting reflex area of the brainstem 50. Drugs acting as 5-HT3 antagonists
(ex. Bemesetron, palonosetron and ondansetron) are indicated for the treatment of emesis

12

especially associated with cancer chemotherapy (e.g., cisplatin therapy)51,52. Other
indications have also recently emerged including fibromyalgia, anxiety, nociception, and
addiction53,54,55.
5-HT5 receptors are located almost exclusively in the brain and shows mostly
presynaptic presence for regulation 56. A role it possibly plays is in learning and memory
where studies showed that blockers of 5-HT5A receptor impair memory consolidation

57

.

Other inconclusive studies suggest that it may play a role in mood disorders,
schizophrenia, circadian rhythms and sleep 58. 5-HT6 have caught more recent attention in
the pharmaceutical industry because of its promising enhancement of cognitive functions
making it a good target for treating Alzheimer’s disease

59

. Some 5-HT6 antagonists are

already in phase 2 and 3 clinical trials for AD as it significantly enhanced short-term
memory 60.
5-HT7 receptor was cloned and characterized in 1993 and it is located in many
areas thus playing a wide variety of functions in both CNS and periphery and extensively
reviewed in literature 61. In the CNS, it plays important roles in learning, memory, stress,
sleep, epilepsy, thermoregulation and cognitive functions 62. In the brain, it is distributed
on; the thalamus and hypothalamus, hippocampus, amygdala, and cortex. While in the
periphery, it is highly expressed in the GIT and cardiovascular system. Levels of mRNA
for 5-HT7 were detected in ileum, spleen, arteries, smooth muscles as well as endocrine
glands. Studies showed that 5-HT7 antagonists show an antinociceptive effect thus can be
used for pain treatment

63

. More importantly, the effects of these antagonists on

inflammation and immune responses have been rising, suggesting a possible role in many
inflammatory and immune disorders (see section 1.3).

13

Table 1.
Serotonin receptor subtypes
Subtype

Location

Function

5-HT1A

CNS

Neuronal inhibition, thermoregulation, behavioral (sleep, feeding, and
anxiety)

Vascular

Blood pressure control

CNS

Presynaptic inhibition and behavioural effects

Vascular

Pulmonary vasoconstriction, Thermal hypersensitivity 64

CNS

Anxiety

Periphery

Nociception

5-HT1E

CNS and Vascular

not known

5-HT1F

CNS, CVS

Migraine, cardiac sympatho-inhibition

5-HT2A

CNS

Anxiety, hallucination, learning and memory, mood, sleep

Periphery

Vasoconstriction/vasodilation, platelets aggregation, inflammation 65

CNS

Presynaptic inhibition of serotonin release, reduces all behavioral
effects of serotonin

Periphery

Pulmonary vasoconstriction, stomach fundus, regulate serotonin
levels

CNS

Behavioral (Anxiety, addiction, mood, sleep and appetite),
thermoregulation

Periphery

GI motility, penile erection

5-HT3

Sensory and
enteric nerves,
CNS and GIT

Emesis, anxiety, learning and memory, GI motility

5-HT4

CNS

Behavioural (Anxiety, addiction, mood, sleep and appetite)

Myenteric neurons

GI motility

5-HT1B

5-HT1D

5-HT2B

5-HT2C

14

Table 1, continued
5-HT5A

CNS

Presynaptic (negative feedback mechanism)

5-HT5B

Rodents

not known

5-HT6

CNS

Behavioral (Anxiety, mood, sleep and appetite)

5-HT7

CNS

thermoregulation, circadian rhythm, and neuroendocrine regulation

Blood vessels

control of blood pressure

GIT

ileum peristalsis, micturition reflex

1.2.4 Structural features of 5-HT7 receptor subtype
The main focus of this thesis is the development of selective ligands for the 5-HT7
receptor subtype in order to investigate the role of the receptor in IBD (See section 1.3).
Before getting into the pharmacological action of this subtype, some structural properties
should be highlighted. The 5-HT7 receptor has three identified isoforms 5-HT7(a), 5HT7(b) and 5-HT7(d)66. These isoforms differ structurally only at the C-terminus and
studies show that there are no pharmacological differences between these splice variants
67

.
To compare structure similarities between 5-HT7 and closely related receptors, a

BLAST (an algorithm for comparing primary biological sequence information) search
was performed. In this case, primary amino acid sequences are compared to identify
similarities at the primary structure level. Figure 3 shows data output from this BLAST
search as a graphical bar representation. The graphic representation is an overview of the
database sequences aligned to the query sequence. These are represented by horizontal
bars colored coded by score and showing the extent of the alignment on the query
sequence. The top three bars in the figure represent the sequences of the 5-HT7 isoforms
15

which are consistent with literature findings. Highly similar structures within the
serotonin superfamily are 5-HT1A, followed by 5-HT1F then 5-HT1D. Expanding to other
families, alpha adrenergic receptors (1B, 1A, and 1C) showed a very close similarity
score (>35%). Some dopamine receptors (D3 and D1) were revealed to have significant
structural similarity (identity threshold score of 35% and 37% respectively); as did the
β2-adrenergic receptors with an identity threshold score of 33% (See table 2). Figure 4
represents the same data in a tree representation showing the close relationship of
sequences of top hits and arranges different receptors according to familial relation to
other receptors. We can deduct from this figure the similarity between 5-HT7 isoforms,
their close relationship to 5-HT1 and 5-HT5 families, and that the familial relations extend
to other families that include dopaminergic and adrenergic receptors.
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Figure 3. Graphical distribution of the top 56 BLAST Hits on 100 subject sequences
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Figure 4. Tree representation of sequence similarity between top blast search hits
Table 2
BLAST results of closely related primary amino acid sequences with detailed score and identity threshold
Description

Max
score

Total Query
E value
score cover

Ident

5-hydroxytryptamine receptor 7 isoform d [Homo sapiens]

990

990

100% 0

100%

5-hydroxytryptamine receptor 7 isoform a [Homo sapiens]

892

892

90%

0

99%

5-hydroxytryptamine receptor 7 isoform b [Homo sapiens]

891

891

90%

0

100%

5-hydroxytryptamine receptor 7 isoform X1 [Homo sapiens] 585

585

58%

0

100%

seven transmembrane helix receptor [Homo sapiens]

294

294

51%

7.00E-93

65%

5-hydroxytryptamine receptor 1A [Homo sapiens]

224

224

74%

2.00E-67

33%

5-hydroxytryptamine (serotonin) receptor 1F [Homo
sapiens]

222

222

67%

3.00E-67

37%

5-hydroxytryptamine receptor 1F [Homo sapiens]

222

222

67%

4.00E-67

37%

unnamed protein product [Homo sapiens]

223

223

74%

1.00E-66

33%

G protein coupled receptor

219

219

74%

2.00E-65

33%

unnamed protein product [Homo sapiens]

219

219

74%

2.00E-65

33%

alpha-1B adrenergic receptor [Homo sapiens]

222

222

67%

2.00E-65

37%

alpha adrenergic receptor subtype alpha 1b [human, heart,
Peptide, 516 aa]

222

222

67%

2.00E-65

37%

alpha-1B adrenergic receptor [Homo sapiens]

222

222

67%

2.00E-65

37%

adrenergic, alpha-1B-, receptor [Homo sapiens]

222

222

67%

3.00E-65

37%

alpha 1C adrenergic receptor isoform 3 [Homo sapiens]

217

217

77%

1.00E-64

36%

alpha-1A adrenergic receptor isoform 3 [Homo sapiens]

217

217

77%

2.00E-64

36%

5-hydroxytryptamine receptor 1D [Homo sapiens]

215

215

66%

3.00E-64

39%
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Table 2, continued
alpha-1C-adrenergic receptor [Homo sapiens]

217

217

77%

4.00E-64

36%

adrenergic, alpha-1A-, receptor, isoform CRA_b [Homo
sapiens]

217

217

77%

4.00E-64

36%

alpha1C adrenergic receptor [Homo sapiens]

217

217

77%

4.00E-64

36%

alpha 1C adrenergic receptor isoform 2 [Homo sapiens]

218

218

77%

4.00E-64

36%

Adrenergic, alpha-1A-, receptor [Homo sapiens]

217

217

77%

4.00E-64

36%

adrenergic, alpha-1A-, receptor, isoform CRA_d [Homo
sapiens]

217

217

77%

4.00E-64

36%

alpha-1A adrenergic receptor isoform 4 [Homo sapiens]

216

216

77%

5.00E-64

36%

alpha-1A adrenergic receptor isoform 1 [Homo sapiens]

217

217

77%

5.00E-64

36%

alpha-1A adrenergic receptor isoform 2 [Homo sapiens]

217

217

77%

6.00E-64

36%

alpha 1A adrenergic receptor isoform 4 [Homo sapiens]

216

216

77%

6.00E-64

36%

adrenergic, alpha-1A-, receptor variant 2 [Homo sapiens]

217

217

77%

8.00E-64

36%

adrenergic receptor alpha-1a [Homo sapiens]

216

216

68%

1.00E-63

38%

alpha adrenergic receptor subtype alpha 1c [human, heart,
Peptide, 466 aa]

215

215

77%

2.00E-63

36%

alpha1C adrenergic receptor [Homo sapiens]

214

214

77%

6.00E-63

36%

5-hydroxytryptamine receptor 1B [Homo sapiens]

210

210

66%

2.00E-62

38%

unnamed protein product [Homo sapiens]

209

209

66%

9.00E-62

38%

Chain A, Crystal structure of the chimeric protein of 5HT1B-BRIL in complex with ergotamine (PSI Community
Target)

206

206

66%

1.00E-60

37%

alpha-1B adrenergic receptor isoform X1 [Homo sapiens]

210

210

67%

1.00E-60

34%

5-hydroxytryptamine receptor 1E [Homo sapiens]

202

202

62%

1.00E-59

38%

5-hydroxytryptamine (serotonin) receptor 1E [Homo
sapiens]

202

202

62%

1.00E-59

38%

5-hydroxytryptamine receptor 5A [Homo sapiens]

201

201

67%

3.00E-59

36%

5-hydroxytryptamine (serotonin) receptor 5A [Homo
sapiens]

201

201

67%

3.00E-59

36%

alpha 1c-adrenoceptor, alpha 1c-AR [human, prostate,
Peptide Partial, 349 aa]

200

200

71%

5.00E-59

36%

alpha-1B adrenergic receptor isoform X5 [Homo sapiens]

198

198

55%

2.00E-58

38%

alpha-1A-adrenergic receptor [Homo sapiens]

203

203

65%

2.00E-58

35%

alpha-1B adrenergic receptor isoform X6 [Homo sapiens]

198

198

55%

2.00E-58

38%

alpha-1B adrenergic receptor isoform X4 [Homo sapiens]

199

199

55%

2.00E-58

38%

alpha-1D adrenergic receptor [Homo sapiens]

204

204

65%

4.00E-58

35%

alpha adrenergic receptor subtype alpha 1a [Homo sapiens]

203

203

65%

5.00E-58

35%

alpha-1B adrenergic receptor isoform X2 [Homo sapiens]

199

199

55%

6.00E-58

38%

alpha-1B adrenergic receptor isoform X3 [Homo sapiens]

198

198

58%

1.00E-57

36%

alpha-1A adrenergic receptor isoform X5 [Homo sapiens]

195

195

55%

1.00E-57

39%

alpha 1A adrenoceptor isoform 5a [Homo sapiens]

194

194

55%

2.00E-57

39%
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Table 2, continued
alpha-1A adrenergic receptor isoform X4 [Homo sapiens]

194

194

55%

3.00E-57

41%

alpha-1A adrenergic receptor isoform 7 [Homo sapiens]

195

195

55%

3.00E-57

41%

alpha 1A adrenoceptor isoform 6 [Homo sapiens]

195

195

55%

3.00E-57

41%

alpha-1A adrenergic receptor isoform X3 [Homo sapiens]

194

194

55%

5.00E-57

41%

alpha-1A adrenergic receptor isoform 5 [Homo sapiens]

196

196

55%

5.00E-57

41%

alpha-1A adrenergic receptor isoform 6 [Homo sapiens]

195

195

55%

9.00E-57

41%

5-hydroxytryptamine (serotonin) receptor 4, isoform CRA_d
[Homo sapiens]
193

193

69%

6.00E-56

37%

5-hydroxytryptamine receptor 4 isoform a [Homo sapiens]

193

193

69%

8.00E-56

37%

5-hydroxytryptamine receptor 4 isoform b [Homo sapiens]

193

193

69%

8.00E-56

37%

5-HT4 receptor [Homo sapiens]

192

192

77%

9.00E-56

35%

5-hydroxytryptamine 4 receptor subunit b [Homo sapiens]

192

192

69%

9.00E-56

37%

5-hydroxytryptamine4 receptor [Homo sapiens]

192

192

69%

1.00E-55

37%

5-hydroxytryptamine receptor 4 isoform c [Homo sapiens]

193

193

69%

1.00E-55

37%

5-hydroxytryptamine receptor 4 isoform d [Homo sapiens]

192

192

69%

1.00E-55

37%

5-hydroxytryptamine receptor 4 isoform i [Homo sapiens]

193

193

69%

2.00E-55

37%

5-hydroxytryptamine receptor 4 isoform g [Homo sapiens]

191

191

69%

2.00E-55

37%

D(3) dopamine receptor isoform e [Homo sapiens]

187

187

64%

6.00E-54

37%

5-hydroxytryptamine (serotonin) receptor 4, isoform CRA_a
[Homo sapiens]
188

188

69%

8.00E-54

35%

5-HT4 receptor [Homo sapiens]

188

188

69%

8.00E-54

35%

DRD3 protein [Homo sapiens]

184

184

64%

3.00E-52

35%

unnamed protein product [Homo sapiens]

181

181

64%

4.00E-51

35%

beta-1 adrenergic receptor [Homo sapiens]

182

182

66%

6.00E-51

35%

beta-1-adrenergic receptor [Homo sapiens]

182

182

66%

8.00E-51

35%

D(3) dopamine receptor isoform a [Homo sapiens]

179

179

64%

2.00E-50

35%

RecName: Full=D(3) dopamine receptor; AltName:
Full=Dopamine D3 receptor

179

179

64%

2.00E-50

35%

Dopamine receptor D3 [Homo sapiens]

178

178

64%

5.00E-50

35%

dopamine D3 receptor

177

177

64%

6.00E-50

35%

D-1 dopamine receptor [Homo sapiens]

178

178

64%

1.00E-49

37%

D(1A) dopamine receptor [Homo sapiens]

178

178

64%

1.00E-49

37%

DRD1 [Homo sapiens]

178

178

64%

1.00E-49

37%

dopamine receptor D1, isoform CRA_a [Homo sapiens]

178

178

64%

2.00E-49

37%

dopamine receptor D1

177

177

64%

4.00E-49

36%

RecName: Full=Beta-1 adrenergic receptor; AltName:
Full=Beta-1 adrenoreceptor; Short=Beta-1 adrenoceptor

177

177

62%

4.00E-49

35%

histamine H2 receptor isoform X2 [Homo sapiens]

174

174

68%

5.00E-49

33%

RecName: Full=Histamine H2 receptor; Short=H2R;
Short=HH2R; AltName: Full=Gastric receptor I

174

174

68%

5.00E-49

33%
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Table 2, continued
histamine H2 receptor isoform X1 [Homo sapiens]

175

175

68%

8.00E-49

32%

serotonin receptor [Homo sapiens]

176

176

66%

1.00E-48

33%

histamine H2 receptor [Homo sapiens]

174

174

68%

1.00E-48

32%

5-hydroxytryptamine receptor 2A isoform 1 [Homo sapiens] 176

176

66%

2.00E-48

33%

histamine H2 receptor [Homo sapiens]

172

172

68%

2.00E-48

32%

beta2-adrenergic receptor [Homo sapiens]

171

171

66%

4.00E-47

33%

5-hydroxytryptamine receptor 6 [Homo sapiens]

171

171

79%

4.00E-47

31%

dopamine D3 receptor [Homo sapiens]

169

169

64%

7.00E-47

34%

unnamed protein product [Homo sapiens]

170

170

66%

8.00E-47

33%

beta-2 andrenergic receptor [Homo sapiens]

169

169

71%

2.00E-46

32%

Chain A, Crystal Structure Of The Human Beta2
Adrenoceptor

167

167

66%

2.00E-46

32%

beta-2-adrenergic receptor [Homo sapiens]

169

169

71%

2.00E-46

32%

Chain A, Crystal structure of a Methylated beta2 Adrenergic
Receptor-Fab complex
167

167

66%

2.00E-46

32%

beta-2 adrenergic receptor [Homo sapiens]

169

66%

2.00E-46

33%

169

Since most serotonin receptors are transmembrane receptors, they are very
difficult to crystallize. The 5-HT7 receptor is similar to all GPCRs and has 7
transmembrane helices (TMH1, TMH2, TMH3, TMH4, TMH5, TMH6, and TMH7) and
three extracellular loops (EL1, EL2 and EL3) where most variations occur. The helices
are usually very mobile and adopt many conformations which make it challenging to
study the exact interactions occurring with different ligands. Another point to consider is
the conformations of the receptor can differ greatly and affect the binding mode to
different drug classes. Therefore, there is no fixed binding pocket that can be identified
but rather, interactions occur in an induced fit manner where different ligands interact in
different ways according to cavities formed from different conformations of the
transmembrane helices.
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Due to lack of an available crystal structure for the 5-HT7 receptor, computational
attempts were published aimed to get more insight about the receptor structure and how
ligands interact with it. Both structure-based and ligand-based molecular modeling
studies have been utilized based on Molecular dynamics calculations, docking on
homology models for 5-HT7R, pharmacophore mapping, and other prediction tools. Since
only 5-HT1B and 5-HT2B have been co-crystallized, attempts to base homology models on
these were tested but failed due to lack of appropriate ligands for these subtypes. Thus,
homology models for 5-HT7 are either based on the β-2 adrenergic template

68

or on a

dopaminergic D3 receptor template (figure 5)69. The D3 template showed more promising
results since its primary structure is more similar to 5-HT7 as pointed out in the BLAST
sequence search. Each model has its cons and pros and it is important to note that while
the range of similar structures whether based on this simple primary amino acid sequence
similarities or from further complicated similarity studies that considers the 3D structures
of those templates and the availability of diverse set of ligands crystalized to them, is
quite wide (25% - 40% sequence identity)70, those homology models only aid in getting
more insights about where and how ligands would be hypothesized to bind in the 5-HT7
receptor. Those insights are helpful in designing and optimizing steric and electrostatic
features of new ligands but do not assure that the ligands would bind to the same pocket
nor with the same kind of interactions.
Studies by Impellizzeri et al., adopted a homology model from the unpublished
data of professor Ingebright Stylteś’ group to study how this transmembrane receptor
varies in the active, inactive and mutated states. The homology model used was based on
the β-2 adrenergic template and it provided insights about the importance of salt bridges
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formed in different states of the receptor. It appeared that in the active state, the 5-HT7
receptor has an important salt bridge between Asp3.49 and Arg3.5 while in the inactive
state, this salt bridge breaks and a new one is formed between Arg3.5 and Ser2.3971.

Figure 5. Homology model of 5-HT7 and 5-HT1A aligned with their template D3 receptor
(PDB ID :3PBL). Top view on the left and side view on the right. “Reproduced
from Intagliata, Sebastiano, et al. Bioorganic & medicinal chemistry 2017;25
number(3):1250-1259. Copyright © 2014 Elsevier Masson SAS. All rights reserved.”

Docking studies involving the 5-HT7 homology model adopted from a D3
template showed important interactions that included a salt bridge formed between
protonated amines (e.g., piperazine moieties) and Asp3.32, ortho-substitution on phenyl
piperazines interacting with Cys3.36, a hydrogen bond with Ser6.55 and finally a halogen
bond that significantly increases affinity at the meta position of the phenyl piperazine
moiety 72. According to nature, a halogen bond is “the attractive, non-covalent interaction
that can form between an electrophilic region of a halogen atom in a molecule and a
nucleophilic region of a molecule.”73 Halogen bonds have gained more attention recently
since they have shown to be of more strength than a conventional hydrogen bond and
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since many pharmaceutical active ingredients contains halogens, it becomes more
important to pay attention to the contribution halogen bonds can impose to binding
affinities 74

1.3 IBD relationship with serotonergic effects

1.3.1 Inflammatory responses on the cellular level
Despite the extensive research in the area, scientists still struggle to unravel the
secrets of the immune system and how it works. As more of the complexities of the
immune system are revealed, numerous cellular responses have been shown to be
involved in inflammatory signals that play an important role in our defense system.
Naturally, when an external pathogen or any unknown material penetrates the first line of
defense (the skin and mucous membranes), the affected cells release signals via chemical
messages. The cytokines released in response to a xenobiotic soon reach neighboring
immune cells such as mast cells that in turn release “histamine”. Histamine causes
vasodilation of the capillary endothelial cells, and loosen the tight junctions of capillaries
and/or endothelial cells of nearby blood vessels allowing immune cells such as
neutrophils, B-cells and T-cells to diffuse to the source of the signals. This process is
known as marginalization. As the immune cells move through the vessels they adhere to
the endothelial wall and roll on the wall until they can squeeze out from the more porous
areas that were dilated/loosened by the action of histamine. This process is known as
diapedesis or extravasation. Neutrophils are considered reinforcements being called to the
battle in response to the foreign invasion. Neutrophils and other immune cells engulf the
source of the attack (bacteria, a virus, or some other invader) via phagocytosis. A
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secondary action that occurs simultaneously in many cases is the activation of the
complement system. The compliment signaling system is composed of plasma proteins
that are usually inactive until they receive the signal and get activated by specific
enzymes at the site of inflammation. In the gut, intestinal macrophages and dendritic cells
(DCs) reside in the lamina propria (LP). The LP is the thin layer of mucosal cells
connecting the basal membrane lining with the vasculature and is known to be rich in
immune cells. This proximal position allows for continuous sampling of the intestinal
luminal contents and thus makes it the first line of defense and main cause of local
inflammation responding to GIT changes. Whether LP cells signal to induce
inflammation or not is complex and depends on the type and level of cytokines released
as reviewed by Erin C. Steinbach and Scott E. Plevy75.
Chemicals involved in the inflammatory response can be either secreted from
storage vesicles or synthesized de novo on demand. Histamine is among the first
responders. It is stored in vesicles inside mast cells and is released when there is a
stimuli (physical or chemical). Serotonin functions in a manner similar to histamine to
help recruit other immune cells and promote the inflammatory cascade. Platelets secrete
serotonin on activation from dense granules. Despite having the largest serotonin reserve,
platelets are incapable of synthesizing serotonin (unlike mast cells) and store it following
an active reuptake mechanism (SERT)76,77. T cells and monocytes/macrophages do have
the capacity to synthesize 5-HT de novo.
An important way that serotonin is involved in the inflammatory cascade is by
acting on a previously mentioned 5-HT receptor subtype (5-HT7). Studies show that
stimulation of the 5-HT7 receptor results in increased production of interleukin 6 (IL-6)
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by upregulating its transcription via the activation of protein kinase C (PKC) and p38
MAPK 78. Once released into the circulation, IL-6 induces Th17 cells to differentiate and
produce other cytokines such as IL-17 and IL-22. The role of Th17 cells are actually
controversial and some hypothesize that not all Th17 cells are the same and their actions
differ based on many factors. In general, proinflammatory sequences occur depending on
which cytokines are secreted and in what order.. If regulatory T cells (Treg) did not
produce anti-inflammatory cytokines, more T helper cells (mainly Th17 and Th1) will
reproduce and recruit more immune cells. This results in an increase in inflammation to
the point that immune cells attack healthy cells and contribute to the complications of
IBD. Blocking the 5-HT7 receptor with antagonists such as SB 269970 has been shown to
attenuate the release of IL-6 and the cascade of events that follows.
As stated above, the pathophysiology of IBD is poorly understood but recent
evidence suggests that 5-HT and serotonin receptors may play a role.

It is known that

the innate and adaptive immune systems play important role in IBD. Changes in the
mucosal layer and ulcerative lesions associated with IBD are accompanied by infiltration
of activated innate and adaptive immune system cells. The inflammation of the intestinal
wall is linked to substantial increases in enterochromaffin cells (EC), the cells where 5HT is synthesized.
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Figure 6. Mechanisms of inflammation in IBD20
The increase in EC populations results in a rise in serotonin (5-HT) concentration.
5-HT is released from EC cells which are in close proximity to intestinal dendritic cells
(DCs). DCs are critical to immune responses and intestinal inflammation and are known
to release proinflammatory cytokines (e.g., IL-1, IL-6) and that cytokine release is
increased by activation of 5-HT receptors on DCs. The release of these proinflammatory
cytokines contributes to the inflammation observed in IBD. Based on this cascade of
events, we hypothesize that blocking 5-HT receptors on DCs will decrease inflammatory
cytokine release, attenuate immune cell activation, decrease inflammation, and slow or
stop the progression of IBD.
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1.3.2 In vivo studies of 5-HT7 antagonism in animal models of IBD
There are many available murine models to study various mechanisms of gut
inflammation in IBD. Some of them focus on specific genetic defects such as; (Muc2,
MDR1a, TRUC, NEMO, SAMP1/Yit, XBP1, STAT3, IL-22 deficiency, and IL-7
transgenic mice). In those models, very specific aspects of the disease are mimicked like
the loss of epithelial function, enhanced intestinal permeability, lack of specific signaling
(ex. IL-10 or NF-KB), overexpression of some signaling systems (IL-7) or inducing
severe chronic inflammation at exact site of the disease lesions in humans (ex. terminal
ileum in CD). Other more common models focus on a certain function rather the genetic
cause such as; Epithelial barrier function (DSS model), Immunoregulation and Treg cells
function (Cell transfer models), Immunoregulation and macrophage function (IL-10
knockout model), UC specific models (oxazolone) or models testing efficacy of anticytokine therapies (TNBS)79. Preclinical studies of IBD are dependant on those variety of
animal models that attempt to mimic the disease state and its progression. Several of the
commonly used models that serve the purposes of this project are highlighted below.
1. DSS model: In dextran sulfate sodium (DSS) colitis, the administration of the
sulfated polysaccharide to mice in their drinking water for a short period of time
directly induces toxicity to the epithelium in the colon leading to cellular injury.
This model is useful as over a short period of time a very reproducible acute
inflammation limited to the colon is induced mimicking erosions/ulcers, loss of
crypts, and infiltration of granulocytes 80,81.
2. TNBS model: in this model, intrarectal administration of a haptenating agent such
as 2,4,6-trinitrobenzene sulfonic acid (TNBS) transforms colonic proteins to be
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immunogenic to the host immune system thus sparks immune responses leading to
colitis in susceptible mouse strains 82.
3. Adoptive Transfer model: A major development in murine models of intestinal
inflammation came with the availability of the CD4+ transfer model of IBD. This
model became the gold standard for transitioning of new drug candidates into the
clinical phases and is designed to explore the impact of CD4+ T on the
pathogenesis of IBD. These cells which are known for their ability to differentiate
like stem cells and either produces excessive amounts of interferon-gamma or
become unable to produce it which leads to the disease progression. Lymphopenic
(SCID or Rag−/−) mice receiving naïve CD45RBhigh T cells, cannot generate Treg
cells for prevention of inflammation mediated by effector T cells. Thus alone
cannot prevent the progression of the disease unless it transferred with mature
CD45RBlow T cells. This model aids in separating the effects of Treg from Teffector allowing better disease modeling 83.
As stated above, inflammation plays a critical role in the pathophysiology of IBD
via activated innate and adaptive immune cells in the gut. For this reason, the models of
IBD mimic the disease through a variety of effects on both the innate and adaptive
immune systems.

Dextran sulfate sodium (DSS) mice models are among the most

commonly used model of colitis. The inflammation induced in the model results in an
increase in the intestinal enterochromaffin cells (ECs). Since 95% percent of serotonin
synthesis in the GIT occurs in ECs via ThP1. Serotonin levels increase, 5-HT binds to
5HT7 receptors, causing the release of pro-inflammatory cytokines. The result of this
cascade of events is continuous inflammation in LP and colonic inflammation. Models
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lacking ThP1 (the rate-limiting enzyme in serotonin synthesis), have been shown to result
in a significant reduction in UC progression in DSS-induced mice models of IBD. In
addition, 5-HT7 antagonists were used by our collaborator Dr. Khan and his group to
study the effect of blockage of the 5-HT7 receptor subtype. Treatment of mice in the
DSS-induced model with the selective 5-HT7 inhibitors SB-269970 (GSK) and
MC170073 (our group) reduced the disease activity index and lowered IL- 6, IL-16 and
TNF-ɑ. A decrease in myeloperoxidase (MPO; a biomarker for IBD), a lysosomal
protein present in neutrophils was also reduced. The histology of the gut wall was also
shown to be improved in the animals treated with 5-HT7 antagonists (see figure 7).
Finally, genetic deletion of this receptor also mitigated intestinal inflammation in two
independent murine models of colitis (DSS and DNBS induced)84. A very recent study by
Luis Arreola-Peralta et al, supports the hypothesis that antagonizing 5-HT7 would reduce
inflammation by showing that using agonists (LP-44) produces inflammation in the rat
hind paw model 85.
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Figure 7. Comparison of vehicle and 5-HT7 antagonist SB-269970 treated mice in acute DSSinduced colitis model. A.) Disease activity index, B.) Macroscopic score, C.) Histological score,
D.) Light micrographs of H&E-stained colon sections, E.) Levels of inflammatory biomarkers
(MPO, IL-1β, TNF-α and IL-6) in colonic tissue samples 84

The results above support our hypothesis that blocking the 5-HT7 receptor with
high affinity, highly selective, antagonists will decrease inflammatory cytokine release,
attenuate immune cell activation, decrease inflammation, and slow or even stop the
progression of IBD. Further experiments using our novel 5-HT7 antagonists to further
test the hypothesis will be discussed below. Before presenting those data, a review of the
currently available 5-HT7 antagonists reported by other groups is included.

1.4 Review of existing 5-HT7 ligands
There are many ligands reported to act non-selectivity and selectively at the 5HT7 receptor. Some produce a stimulating effect on the receptor and are considered
31

agonists or partial agonists (See figure 8) while others bind but produce no effect and are
therefore considered antagonists (table 3). The 5-HT7 antagonists block normal functions
by binding in a competitive (orthosteric) or non-competitive (allosteric) manner.
Examples

of

non-competitive

antagonists

include

risperidone,

paliperidone,

bromocriptine, and listuride.

LP-211 (Ki = 0.58 nM)

E-55888 (Ki = 2.51
nM)

LP-12 (Ki = 0.13 nM)

AS-19 (Ki = 0.58 nM)

LP-44 (Ki = 0.25 nM)

Figure 8. Agonists and partial agonists acting on 5-HT7 86,87,88
The ligands referred to in table 3 have mostly been reported to target other targets
originally and found to hit 5-HT7 as well. Clozapine for example is a 5-HT2A/2C
antagonists while aripiprazole acts on D2, 5-HT1A as a partial agonist in addition to being
a 5-HT7 antagonists. The rest of newly reported compounds are still under study. Some of
which have been shown good potency but lack selectivity, while those who are reported
to be most selective such as GSK’s SB-269970, are designed to target CNS disorders and
thus mostly lipophilic and able to penetrate blood brain barrier which in this project
would be undesirable. Despite many reported ligands in the literature to act on 5-HT7,
there is not enough data on ligands studied for the treatment of IBD thus more carefully
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designed ligands with optimized potency, selectivity and ADME properties need to be
developed specifically for targeting GI tract 5-HT7 receptor rather than the CNS.
Table 3.
Examples of reported 5-HT7 antagonists
Name
Structure

Ki 5-HT7 (nM)

Reference

PCC0104005

50

(Yanan Xu, et
al. 2018)

SB-258719

31.6

GSK

Clozapine

17.95

PDSP

LY-215840

14.7

(Daniel
Cushing, et al,
1996)89

DR-4446

Aripiprazole

33

10

Meiji Seika90

10.3

(David A
Shapiro, et al.
2003)

Table 3, continued
50

8.5

(Ali Ates, et al.
2018)

JNJ-18038683

8.19

(Pascal
Bonaventure, et
al. 2012)

Risperidone

6.6

(Jessica Knight,
et al, 2009)91

3

(Gniewomir et
al, 2018)92

2

SB-656104

1.99

GSK

DR-4004

1.9

Meiji Seika

SB-269970

1.2

(Vittorio
Canale, et al.
2016)

Lurasidone

0.49

(Tadashi, et al,
2010)93
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Table 3, continued
PZ-766

0.31

Jagiellonian
Univ.
Med.
College

PZ-766

0.3

(Vittorio
Canale, et al.
2016)

0.26

(Zheng-Song, et
al. 2018)
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1.5 Preliminary results by our group
The discovery of the first series of substituted piperazinyl lactone-based 5-HT7
antagonists originated with the work of Dr. Rong Gao. Dr. Gao was originally interested
in the development of novel subtype selective ligands for muscarinic receptor subtypes 94.
A broader screen of those ligands at the
Psychoactive Drug Screening Program
(PDSP) revealed that the compounds
possessed high affinity for 5-HT receptors,
Figure 9. Lead compound MC170085

especially 5-HT7. At approximately the
same time, new findings reported by Kahn et al implicated the 5-HT7 receptor subtype in
the inflammation associated with IBD (see section 1.3). Given the results of the 5-HT7
antagonist described above, our group set out to extend those preliminary findings and
design novel selective 5-HT7 antagonists based on the structure of Gao’s original series.
The lead compound MC170085 (Figure 2) had the following affinities for 5-HT receptor
subtypes: 5-HT7, Ki = 21; 5-HT1A = Ki = 63; 5-HT2A, Ki = 453; 5-HT2B Ki = 521.
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The general pharmacophoric elements of 5-HT7 antagonists have be adapted from
both unpublished Structure Activity Relationship (SAR) data from our group and from
the literature as shown in figure 3. Binding may be impacted by changes in at least four
portions of the molecules. The first portion to be evaluated in our SAR study is on the far
left of the molecules and contains a hydrogen binding moiety in the form of a lactone
ring. Analogs with different substitutions were designed and synthesized to study the
effect of alkyl substitution on potency, selectivity, stability and physicochemical
properties.

Hydrogen
Bonding

PI interaction

Linker

Aromatic

R

Figure 10. General Pharmacophore of 5-HT7 antagonists

The middle portion of the structure (linker region) was also varied. Based on the
SAR data where n = 1, 2, and 3, it was concluded that a 2 carbon linker chain is optimum
for affinity, selectivity, and physicochemical properties. Adjacent to the linker a nitrogen
containing ring is essential for binding to serotonin receptors and believed to form a salt
bridge with amino acid residue Asp 162 in the 5-HT7 receptor binding site. Different
bioisosteres for the piperazine ring were also studied. The six-membered piperazine ring
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was found to be the optimum ring size for efficient binding (Kevin Blattner, unpublished
data). Finally to the far right, a wide variety of substituents on the aromatic ring were
tested. The SAR data collected thus far indicate that an aromatic ring is necessary for
efficient binding. However, there is no clear dependence on electronic properties,
lipophilic properties or steric properties of the substituents on the aromatic
ring. Additionally, there were few analogs prepared with multiple substituents. Thus, the
present work set out to focus on aromatic substitution and prepare aromatic and
heteroaromatic moieties with one or more substituents to better understand the SAR for
this portion of the molecule. The goal was to identify the optimal substitution pattern on
the ring for high affinity, high selectivity, and improved drug-like properties.
Table 4 shows structures of the most promising candidates (42) (prepared by Dr.
Rong Gao and/or Mr. Kevin Blattner) in terms of 5-HT7 binding and selectivity as
described in table 5. The challenge with all the previous candidates is balancing the
selectivity and binding profile with the physicochemical properties and mouse liver
microsomal stability (MLM). The most potent (Ki = 8.2) and moderately selective
candidate (MC230101), for example, has shown poor MLM (2 min). Notably, only 7 out
of the 42 compounds in Table 4 demonstrated MLM stability T1/2 greater than 30
min. These 7 stable compounds have either poor subtype selectivity or physicochemical
properties issues.
Five compounds (MC230163, MC160166, MC230169, MC230168, MC170073)
showed a generally acceptable profile but each had some drawbacks. MC230163 has a Ki
of 68 nM at 5-HT7, but it lost some selectivity as it shows binding to 5-HT2A and 5-HT2B
(Ki = 1448 and 1376 nM respectively) with a potency towards 5-HT7 of 68 nM
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(ki). MC160166 showed a loss of selectivity due to its affinity for 5-HT2B (Ki = 362 nM)
as well as against 5-HT2A (Ki = 732). MC230168 and MC230169 showed a some loss of
selectivity. MC230168 had ki values for 5-HT1A, 5-HT2A and 5-HT2B = 742, 478 and 444
nM respectively, while MC230169 had ki values of 374, 726 and 396 nM for 5-HT1A, 5HT2A and 5-HT2B, respectively. Compounds MC230169 and MC230168 have better
druglike properties however they show slight loss of potency with ki values for 5-HT7 of
81 and 93 nM, respectively. It is important to note that both MC230163 and MC160166
also had low TPSA values of 42 and 32.8 respectively. Finally, MC170073 demonstrates
excellent selectivity profile, good binding to 5-HT7 however a major drawback is having
its TPSA and cLogP values risk high CNS penetration. Because we are targeting the GIT
and trying to avoid CNS penetration, those values are not optimal (for optimal target
values see section 2). In order to achieve a balance between potency, selectivity,
physicochemical properties and MLM stability more SAR studies are needed.
Table 4.
Previously synthesized ligands
MC# Structure
230101

MC# Structure
230086

MC# Structure
230095

230071

160135

170117

170090

230093

160166

230081

170106

230073
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Table 4, continued
170116

230199

230169

230087

160132

170115

230166

230090

230115

160161

170074

160148

230091

230057

170073

170085

230055

230063

230100

230079

230168

230080

230104

160140

230045

230105

160156

160129

230003

230163
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Table 5
Preliminary results of 5-HT7 antagonists
MC#
230101
230071
170090
230081
170116
230087
230166
160161
230091
170085
230100
230080
230045
160129
160156
230086
160135
230093
170106
230199
160132
230090
170074
230057
230055
230079
230104
230105
230003
230163
230095
170117
160166
230073
230169
170115
230115
160148
170073
230063
230168
160140

TPSA
55555555-HT
cLogP 5-HT7
5-HT3
5-HT6 Sol MLM
_NO
HT1A HT1B HT1D HT1E HT2A HT2B HT2C
5A
29.5
4.0
8.2
282 10000 10000 10000 10000 1268 10000 10000 686 10000 200.0
2
29.5
4.1
9.9
307 10000 10000 10000 10000 373 10000 10000 1768 10000 151.0
2
32.8
3.8
10
523 10000 855 10000 651.5 295 10000 10000 10000 10000 200.0
2
32.8
3.5
12
38
10000 10000 10000 967.5 642 10000 10000 693 10000 200.0 2.1
29.5
4.0
13
575 10000 10000 10000 10000 10000 10000 10000 889 10000 194.0
2
32.8
3.8
18
584 10000 10000 10000 745
413 10000 10000 10000 10000 200.0 3.5
36.0
4.1
18
10000 10000
10000 690
143 10000 10000 10000 10000 155.0 2.4
61.5
4.2
19
3.5 10000 153 10000 10000 274
5013 10000 1175 10000 191.0 10.6
45.7
2.6
20
22
10000 10000 10000 10000 435 10000 10000 10000 10000 197.0 2.3
32.8
3.5
21
63
10000 10000 10000 453
521 10000 10000 352
1043 200.0
2
29.5
4.0
24
1106 10000 10000 10000 10000 528 10000 10000 1586 10000 176.0
2
32.8
3.5
26
149 10000 10000 10000 1026. 1147 10000 10000 683 10000 200.0 2.4
32.8
2.9
29
195 10000 2642 10000 836
404 10000 10000 10000 10000 200.0 25.6
32.8
3.6
33
134 10000 10000 10000 393
303
2308 10000 597 10000 186.0
2
54.9
2.6
35
329 10000 10000 10000 1407
509
3258 10000 10000 10000 199.0 2.1
32.8
3.8
39
733 10000 1033 10000 660
402 10000 10000 10000 10000 199.0 2.1
32.8
4.2
40
883 10000 917 10000
79
374
2556 10000 1786 10000 61.6
2.6
42.0
3.4
40
25
10000 2145 10000 1831
356 10000 10000 10000 10000 186.0 2.1
45.7
2.6
46
55
10000 10000 10000 10000 600 10000 10000 805 10000 200.0
2
98.8
1.8
46
7.5 10000 301 10000 10000 10000 10000 10000 4330 10000 200.0
60
53.0
3.2
49
15
10000 10000 10000 657
316 10000 10000 3008 10000 130.0
2
45.7
2.6
49
97
10000 10000 10000 10000 851 10000 10000 1510 10000 198.0
2
75.9
3.3
54
10000 10000 1749 10000 10000 10000 10000 10000 10000 10000
2.6
32.8
3.9
55
43
10000 1719 10000 768 948.5 10000 10000 1737 10000 182.0 2.3
32.8
4.4
61
26
10000 10000 10000 482 743.7 10000 10000 1219 10000 169.0
2
53.0
3.1
61
10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 200.0
13
42.4
2.6
64
829 10000 10000 10000 10000 1039 10000 10000 10000 10000
3.3
32.8
3.7
64
10000 10000 10000 10000 10000 10000 10000 10000 10000 10000
2
45.7
2.5
67
459 10000 10000 10000 923
179 10000 10000 8076 10000 200.0
4
42.0
2.1
69
10000 10000
10000 1448 1376 10000 10000 10000 10000 198.0
35
53.0
3.1
72
106 10000 10000 10000 10000 2757 10000 10000 10000 10000 192.0
2
56.6
2.3
74
43
10000 10000 10000 10000 10000 3886 10000 10000 8511
2.9
32.8
2.9
76
732 10000 10000 10000 10000 362 10000 10000 10000 10000 200.0 28.6
45.7
2.3
79
59
10000 409 10000 1369
377 10000 10000 10000 10000 200.0 2.6
62.3
2.5
81
374 10000
10000 726
396 10000 10000 10000 10000 195.0 33.1
32.8
5.4
83
595 10000 10000 10000 1013
89
10000 10000 10000 1555 36.0
2
32.8
4.1
86
23
10000 1304 10000 585 10000 258 10000 10000 10000 200.0
2
48.6
3.3
88
244 10000 706 10000 156 486.5 10000 10000 10000 10000 185.0 36.5
53.0
3.1
89
10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 168.0 18.4
45.7
3.0
93
20
10000 2638 10000 10000 659 10000 10000 10000 10000 200.0
2
70.2
1.5
93
742 10000 10000 10000 478
444 10000 10000 10000 10000 61.1
60
53.0
3.2
96
10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 200.0
10

Note. (Green= Acceptable, Yellow= Intermediate, Red= Poor)
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CHAPTER 2
SPECIFIC AIMS
Specific Aim 1: Based on SAR from previously prepared compounds and SAR data from
the literature, a series of lactone-based 5-HT7 ligands were designed to explore the effects
of

varying

aromatic

substituents

on

physicochemical,

pharmacokinetic,

and

pharmacodynamic properties.
Specific Aim 2: Devise synthetic routes for the preparation of novel 5-HT7 ligands
and then synthesize, purify and characterize the target compounds.
Specific Aim 3: a) Have the physicochemical properties and specific ADME properties
of test compounds determined. b) Have the binding to 5-HT7 receptors determined. c)
Have the active test compounds evaluated in the 5-HT7 receptor functional assay.
Specific Aim 4: Evaluate data and draw conclusions in order to improve our
understanding of the SAR for this series of ligands.

Specific Aim 1
Design a series of lactone-based 5-HT7 ligands
As mentioned in the introductory chapter above, the aim of this 5-HT7 program is
to identify ligands that are antagonists at the serotonin 5-HT7 receptor subtype. These
ligands will be designed, synthesized and tested for affinity, selectivity, and microsomal
stability before entering in vivo models of IBD described briefly above. In this thesis, the
focus is on the butyrolactone-based series. Extrapolating the previous work of our
group, the aim is to fine tune the aromatic substitutions in the series to generate ligands
that bind with high affinity, are selective and have better drug-like properties.
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Figure 11 shows the structures and ki values for lead compounds MC170090 and
MC230168 from which the new series of compounds reported herein were extended
from. Based on our previous SAR studies, the incorporation of the methyl sulphonyl on
the nitrogen of the piperidine ring was important for achieving higher Total Polar Surface
Areas (TPSA) for our ligands. MC230168 also maintained good 5-HT7 binding, moderate
selectivity and enhanced MLM stability. Our previous work with 230168 and its analogs
showed that the simple alkyl chains/rings found in 170090 (and 160129) were not
essential and having a heteroatom at this position was tolerated. As for the linker size in
our series, a 2 carbon linker was selected due to its optimal affinity and selectivity as
mentioned in section 1.5. The salt bridge that is hypothesized to form between the 5-HT7
receptor anionic aspartate and the ligand’s piperazine cationic nitrogen is very crucial for
binding to serotonin receptors in general. In the serotonin structure this interaction
occurs between the primary amine binding through salt bridges at the binding site. A
piperazine ring seems to preserve this salt bridge between its basic nitrogen and amino
acid Asp 162

95

. Thus, the aim for this thesis is to design a second generation lactone-

based series that maintains the methyl sulfonamide moiety, linker size, and piperazine
moiety while modifying aromatic substituents to evaluate the effect on binding,
selectivity, and stability.
Table 6 shows the next generation of the lactone-based methyl sulfonamides. The
majority of the earlier series of ligands were synthesized with substituents at the 4
position of the phenyl ring. This was done because this position showed optimal activity
(~10 nM) and stability (e.g., MC170090 shown in figure 3b).

42

a)

b)
MC170090

MC230168

Figure 11. Selected Lead compounds. a) MC170090, b) MC230168

The activity of MC230168, the sulfonamide analogue of MC170090 (Figure 3a),
was not as potent as the parent but its affinity was sufficient (< 100 nM) to move
forward. We were also encouraged by the enhanced ADME properties achieved from
having the methyl sulfonamide group at this position on the molecule. The design process
was executed on two phases. In the first phase, 8 ligands were designed for synthesis and
screening (table 6) based on earlier SAR data. In the second phase, another set of ligands
(table 7) were designed based on data generated from the phase 1. This approach
permitted a more insightful strategy towards optimization of aromatic substitution in this
series of 5-HT7 antagonists.
From preliminary results, substituents at the 4-position of the phenyl ring were
shown to have good binding affinity and sub-type selectivity. It was unclear if the
electronic nature of the group had a significant impact on the affinity of the
compounds. Thus a range of different substituents were designed in set 1 to test if having
different electronic and steric effects would change a compound’s profile. Insights from
the literature included the possible involvement of the Ser6.55 residue in the binding site
of 5-HT7 in an “extra” hydrogen bonding interaction.
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Table 6
Designed ligands set 1
MC#
Structure
110018

MC#
Structure
110022

110019

110023

110020

110024

110021

110025
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Halogens incorporated as aromatic substituents were included to determine if a
halogen bond forms with this serine residue and increase 5-HT7 binding affinity. Thus,
substituents at the 4 position with either a H-bond acceptor or a halogen was an essential
element of the design of these novel compounds.
Screening this primary set (see chapter 4 for detailed experimental procedures),
indicated that MC110022 and MC110024 had high binding affinity at the 5-HT7 receptor
(Ki = 452, 81 nM respectively). This indicated that in this series, halogens would be
tolerated (see chapter 3 for results and discussion) at the para position. Thus in the second
set of ligands, either a chlorine or a fluorine atom was incorporated in the 4-position.
Another aspect of the design which we were interested in exploring was the
replacement of the phenyl ring with other aromatic ring systems. A thiazole ring
(MC110028) and a substituted pyridine (MC110031) were explored to investigate the
impact of an aromatic heterocycle on binding. This change resulted in an increase in
TPSA which brought us closer to our desired target of 80-100. Unfortunately, these
changes did not favorably alter the binding or selectivity profile of the ligands. Finally,
from previous docking studies discussed above, the proposed active site includes an
Arginine residue (Arg 367) that acts as a gate that opens and closes in the pocket. Kim
et al showed that small ligands such as the majority of the 5-HT7 agonists cannot reach
out to interact with that residue, but they suggested that it could be of importance in the
case of antagonists 96. Thus, it was hypothesized that an acidic moiety would interact with
this residue in the binding pocket. This hypothesis led to the design of MC110035 which
has a carboxylic acid in the 2 position of the phenyl ring.
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Table 7.
Designed ligands set 2
MC#
Structure
110026

MC#

110027

110032

110028

110033

110029

110034

110030

110035

110031

46

Structure

Specific Aim 2
Devise synthetic routes for the preparation of novel 5-HT7 ligands and then synthesize,
purify and characterize the target compounds

2.2.1 Retrosynthetic analysis of Lead compound
Ligands in this butyrolactone series (1) can be broken down retro-synthetically
into their synthetic equivalents as shown in scheme 1. A wide range of commercially
available substituted piperazines (2) and intermediate scaffold (3) are reacted via an SN2
mechanism similar to the Delépine Reaction where the nucleophilic nitrogen’s lone pair
attacks the alkyl halide side chain forcing the halide to leave. This forms a quaternary salt
which can be deprotonated and released by a base (in this case the second equivalent of
the piperazine) Intermediate (3) can be further broken down to its precursor (4) via a
modified prins reaction. Compound (4) can then be synthesized from the commercially
available

Boc-protected

ethyl

piperidine

carboxylate

(5)

through

a

deprotonation/alkylation using Lithium base and allyl iodide, followed by conversion of
the Boc group to a methyl sulfonyl group using standard appel reaction conditions.
Scheme 1. Retro-synthetic analysis for butyrolactone series
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2.2.2 Synthetic routes to novel 5-HT7 ligands
Scheme 2 below shows the detailed synthetic route previously proposed for lead
compounds from the preliminary series

97

. This scheme was designed to be flexible and

to permit the derivatization of ligands on both ends of the core structure to produce
structurally diverse ligands. While this scheme provides the target compounds in
acceptable yields, a challenging aspect of the route is the number of steps involved and
the extensive protection and deprotection of functional groups required. Since the aim of
this thesis is to explore and expand only the aromatic moiety and to preserve the methyl
sulfonamide group on the left side, a shorter chemical synthetic route was investigated
(scheme 3).
The first step in the new synthetic route involves the alkylation of the Boc
protected ethyl piperidine carboxylate (5) at 78 oC with allyl bromide after the bocprotected precursor is deprotonated by Lithium bis(trimethylsilyl)amide at the α-position
of the ester. The mixture was stirred and allowed to warm to room temperature
overnight. Workup of the reaction as described in the experimental section afforded the
allylic ester (6) in acceptable yield. Compound (6) was then deprotected with 0.1 M HCl
in methanol. This is followed by the addition of methyl sulfonyl chloride and
triethylamine in methylene chloride at 0oC to provide intermediate (4). Compound (4) is
then reacted under previously reported modified prins reaction conditions to afford
compound (7)98.
In an attempt to shorten the synthetic scheme further, scheme 6 shows a change in
the order of key reactions. Instead of beginning with Boc protected ethyl piperidine
carboxylate (5), an unprotected one was used (5a) and directly treated with methyl
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sulphonyl chloride to provide intermediate (6a). This step was successful, but the
following alkylation reaction of the piperidinyl ester did not produce the desired
product. Based on 1H NMR analysis of this step, the failure was explained by the
unexpected deprotonation of the methyl group on the sulphonamide by either LDA or
LiHMDS. The competing sites of deprotonation is believed to contribute to the lack of
the alkylation at the 4-position of the piperidine ring. Based on my experimentation with
these synthetic routes, the synthetic route described in Scheme 3 was used for the
synthesis of the ligands reported herein.
Scheme 2. Previously reported synthetic route for the designed 5-HT7 ligands
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Reagents and conditions: (a) BnBr, EtOH, TEA, 0 oC to r.t; (b) LDA, allyl bromide, THF, -78oC to r.t, 12h;
(c) CH3COOH, H2SO4, Paraformaldehyde (PFA), 70oC, 12h; (d) 30% NaOH in H2O, reflux, 2h; (e) Im,
CH2Cl2, TBDMS-Cl; (f) Pd/C, MeOH, r.t, 1 atm H2 (ballon); (g) 0oC to r.t, TEA, [(CH3)3COCO]2O; (h)
THF, TBAF; (i) CBr4, PPH3, THF, 0oC to r.t; (j) 0.1M HCl/MeOH, 3h; (k) MeSO2Cl, NEt3, CH2Cl2, 0oC;
(l) ACN, microwave at 120oC, 2h.

Scheme 3. Optimized Synthetic Route for the designed 5-HT7 ligands

Reagents and conditions: (a) LiHMDS, allyl bromide, THF, -78oC to r.t, 12h; (b) 0.1M HCl/MeOH, 3h; (c)
MeSO2Cl, NEt3, CH2Cl2, 0oC; (d) CH3COOH, H2SO4, Paraformaldehyde (PFA), 70oC, 12h; (e) 30% NaOH
in H2O, reflux, 2h; (f) CBr4, PPH3, THF, 0oC to r.t; (g) ACN, microwave at 120oC, 2h.

Based on the described modified prins method, the reactive cation is captured as
an acetate and the remaining hydroxyl is protected in the form of the caprolactone in
Scheme 4 with detailed mechanism in scheme 5. Sequential aqueous base and then acid
treatment of the resulting seven-membered lactone yields the desired hydroxyethyl
lactones.
There is only one chiral center in this series. Since all those designed synthetic
routes are achiral, thus all produced compounds are racemic mixtures. Separation of
enantiomers will be considered for select compounds following in vivo evaluation.
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Scheme 4. Modified Prins reaction step with intermediate

Scheme 5. Proposed mechanism of the modified prins reaction steps
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Scheme 6. Alternative synthetic route for the designed 5-HT7 ligands

Specific Aim 3
Determine physicochemical properties, ADME, and evaluate binding and selectivity to 5HT7 receptor

2.3.1 Physicochemical properties and ADME
To improve success rates in the preclinical phase of drug discovery, it is important
to evaluate physicochemical and ADME properties of ligands to ensure that they possess
drug-like properties. Only promising candidates that meet commonly accepted standards
(for example cLogP, TPSA, solubility, stability in MLMs, and inhibition of common
CYP enzymes) would be selected to move forward to in vivo assays. Consequently, in
vitro ADME assays, as well as, assays to determine physicochemical properties are
performed routinely as part of all medicinal chemistry projects at the Moulder Center for
Drug Discovery Research. Our goal regarding the physicochemical properties of our
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compounds is is to limit brain penetration while maintaining enough permeability to cross
plasma membranes and access ECs and other cells in the GI tract. According to Hansch
and Leo, blood-brain barrier penetration is optimal when LogP values are in the range of
1.5-2.7. Another analysis of small molecules recommends that for drugs to be absorbed
well and penetrate the blood brain barrier, the LogD values should be between 0-399,100.
As for molecular weight (MW), the optimal MW for absorption and brain penetration has
been proposed by Pajouhesh to be less than 400 molecular weight for efficient blood
brain barrier penetration while others such as Fichert allow the minimum cutoff to reach
450. However, a survey of the mean molecular weight of currently marketed drugs that
pass the blood brain barrier is 310101. Because we believe our primary target is ECs in the
GIT, our target molecular weights are between 400 and 500 in order to be consistent with
Lipinski’s rule of 5 for drug-like properties. As for cLogP and TSPA, our target for
cLogP is 1.5 to 3.5 and for TPSA it is to achieve values of 80 or above. These criteria
should limit CNS penetration of our candidate ligands and limit possible adverse CNS
effects. The methods described below are used to determine the properties described
above:
1. Solubility in PBS at pH 7.4 is assessed with Millipore MultiScreen Solubility
filter system and determined by LC/MS/MS Analysis methods.
2. Mouse liver microsome (MLM) assays: Compounds are assessed by incubating
compounds with mouse liver microsomes and a regenerated NADPH system at
37oC.
3. CYP3A4, 2D6, and 2C9 inhibition to be measured with expressed enzymes to
minimize non-specific binding and membrane partitioning issues. The 3A4 assay
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uses testosterone as a substrate and LC/MS/MS methods, while the 2D6 and 2C9
enzyme assays use fluorescent substrates and an Envision plate reader analysis
method.

2.3.2 Binding studies
The primary goal of this project is to generate effective 5-HT7 antagonists that
bind with high affinity to 5-HT7 receptors and have poor or no binding towards other
serotonin subtypes. Thus 5-HT binding studies are critical for moving the lead
compounds forward in the drug discovery and development process. The following
binding and functional assays will be used to determine the activity of the test
compounds:
1. PDSP-NIMH, Psychoactive Drug Screening Program (PDSP) at University of
North Carolina (UNC):
The PDSP provides screening data on more than 60 drug targets including hERG. First,
compounds undergo a preliminary radioligand binding assay in which the percent
inhibition of radioligand binding at a fixed concentration of 10 μM is determined. If the
compound shows moderate to high % inhibition values (> 50%), the candidate moves to
the secondary assay with a traditional concentration gradient to determine Ki values. The
protocols used for these assays are described in the methods chapter.
2.

5-HT7

Receptor

Binding

(Moulder

Center

for

Drug

Discovery

Research; MCDDR)
In addition to sending candidates to PDSP - NIMH, the binding of selected ligands at the
5-HT7 receptor is measured in house at the MCDDR facility and IC50 determined from
dose response curves compared to reference ligand.
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3.

Functional Screening for 5-HT Receptor at (MCDDR)
7

Finally, functional data for ligands that exhibit good 5-HT7 receptor binding are
generated in house at the MCDDR facility using a GPCR luminescence assay (details of
the protocol described in experimental chapter). KB values of key compounds are
determined based on the shift in the concentration-response curves for 5-HT. A
competitive antagonist will shift the potency to the right without affecting the maximum
activity (Emax) or the number of binding sites (Bmax). The observed functional activity
of a ligand is driven by its ability to antagonize the effects of 5-HT to its receptors. As the
antagonist concentration increases, apparent agonist potency decreases as the receptor
reserve decreases.

Specific Aim 4
Evaluate data and continue to improve our Structure Activity Relationship (SAR) data
Data received from our collaborators at the Moulder Center for Drug Discovery
Research (MCDDR; Dr. Gordon and Dennis Colussi) at Temple University School of
Pharmacy or from the Psychoactive Drug Screening Program (PDSP) at University of
North Carolina at Chapel Hill will be evaluated in order to further our understanding of
the SAR for this series. The main goal is to screen for compounds that have good binding
to our target (5-HT7; < 150 nM), good sub-type selectivity (> 50 folds selective),
acceptable physicochemical (cLog P of 1-3.5; TPSA of 70-140; Molecular Weight of
400-500) and in vitro ADME properties (Solubility at pH 7.4; > 100 ug/mL; t1/2 of 60 min
or longer; Little or no effect on CYP enzymes of < 30% inhibition @ 10 uM) in order to
move a compound forward in the drug discovery and development process. The short
term goals are to identify a compound or compounds for entry into acute and chronic
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DSS models, followed by the DiscoverX toxicity screen and ultimately the CD4 Transfer
Model.
While these tests are beyond the scope of this thesis project, the results from this
series will provide good insights on the SAR for better drug candidates targeting 5-HT7
receptor and possibly supply a candidate for in vivo models. In any case, more detailed
structure activity relationship studies provide better understanding on which moieties can
be modified or eliminated to keep optimal activity while maintaining good drug-like
properties. These drug-like properties have nothing to do with the target itself but rather
aid the drug in reaching the target following oral administration. In the present case, the
drug must be absorbed, distributed and avoid metabolism in order to reach its target in the
GIT. It must accomplish all of this and have minimal penetration of the blood brain
barrier. Finding the balance between all of these properties is necessary for a promising
drug candidate to move forward. A detailed discussion of the structure activity
relationship of compounds in this series provided in Chapter 3.
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CHAPTER 3
RESULTS AND DISCUSSION
Aim 1 involved the design of a novel series of lactone-based 5-HT7 ligands based
on the extensive SAR data available from previous work performed by our
group. Therefore, the focus here is on extrapolating the previous data with the aim of
fine tuning the aromatic substitutions in the series to generate promising new ligands with
high affinity, selectivity and with drug-like properties.
The lead compounds used as starting points were ligands MC170090 and
MC230168. The new series of compounds designed here were extended from these leads.
Incorporation of a methyl sulphonyl on the nitrogen of the piperidine ring achieved
higher Total Polar Surface Areas (TPSA) and maintained good 5-HT7 binding, moderate
selectivity and enhanced MLM stability. A 2 carbon linker was selected due to its optimal
affinity and selectivity as shown previously. A piperazine ring preserved the salt bridge
between its basic nitrogen and amino acid Asp 162102 in the 5-HT7 binding pocket. In
conclusion, aim 1 succeeded in designing novel lactone-based ligands that maintain the
methyl sulfonamide moiety, linker size, and piperazine moiety while modifying aromatic
substituents to evaluate the effect on binding, selectivity, and stability.
The design process was achieved in two phases in order to better target active
compounds. The first phase involved the design synthesis and testing of 8 ligands. In the
second phase, another set of ligands (Table 7 above) were designed based on data
generated from the phase 1 compounds.
In the first phase, H-bond acceptor and halogens were incorporated as aromatic
substituents to determine if binding interactions form with a serine residue (Ser 6.55) in
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the binding pocket to increase affinity. Thus substituents at the 4 position with either a
H-bond acceptor or a halogen was an essential element in the design of this series.
After screening this initial set (see chapter 4 for detailed experimental
procedures), MC110022 and MC110024 were shown to have promising activity at the 5HT7 receptor. These results suggest that among this series, electron withdrawing halogens
are tolerated at the para position. In the second set of ligands, either a chlorine or a
fluorine atom were incorporated. Replacing the aromatic ring with heterocyclic groups
was also investigated. MC110028 incorporated a thiazole ring while a substituted
pyridine was used in the case of MC110031. This change was found to increase TPSA
but these changes did not favorably alter the binding or selectivity profiles of the ligands.
Lastly, docking studies suggested that the active site possessed an Arginine residue (Arg
367) that acts like a gate that opens and closes in the binding pocket. Kim et al
hypothesized that while small 5-HT7 agonists are not able to reach out to interact with
this residue, larger antagonists are capable of reaching this residue103. Thus, an acidic
moiety was hypothesized to interact with this residue in the binding pocket. MC110035
with a carboxylic acid in the 2 position of the phenyl ring was designed in order to
interact with this residue.
The goal of specific aim 2 was to design synthetic routes to the target compounds
and to use those routes to prepare the designed 5-HT7 ligands. The compounds were
prepared by employing different modifications on original synthetic schemes as described
in section 2.2 above. A total of 18 compounds were successfully synthesized for
screening purposes and SAR analysis. All resulting compounds are racemic mixtures
since the current synthetic routes do not allow synthesis of single enantiomer thus chiral

58

resolution would be required for the compounds of interest. The preferred
stereochemistry of compounds will be better determined for compounds that show
potential for moving forward into animal studies.
Specific aim 3 had three sub-aims. The first sub-aim was to determine
physicochemical properties and specific in vitro ADME properties of test compounds.
This sub-aim was achieved with the help of Dr. Gordon at the MCDDR and the results
are shown in table 8. As mentioned in the introduction chapter, the most challenging
aspect of the project is enhancing the physicochemical properties and MLM without
compromising the 5-HT7 affinity. This is important because our target area is the ECs in
the GIT and since serotonin receptors are widely distributed in the body and different
isoforms of same receptor do not have significant structural differences. It is therefore
very challenging to control the receptor selectivity (as explained in details in section 1.2)
of newly developed ligands. Once selectivity has been achieved, it is important to modify
physicochemical properties of the drug to allow permeability but limit CNS
penetration.

In the present work compounds were designed to have sufficient

lipophilicity to reach EC cell of the GIT but also high enough TPSA to limit CNS
penetration. A target Total Polar Surface Area was set at 80 or higher, the cLogP target
was set to 0.5 - 1.5 and the molecular weight would be between 400 and 500. All
physicochemical parameters seems to align well with drug-like properties and Lipinski’s
rule of 5 except for MC110023 which had a molecular weight of 547.45. MC110024,
MC110028 and MC110031 have slightly lower molecular weights than the project
target. However, the MWs are above 400 which is the cutoff followed by many in the
pharmaceutical industry for efficient brain penetration (as explained in section 2.2).
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Chlorinated compounds have higher cLogP and lower TPSA values which could
impact their ability to penetrate the blood brain barrier. The iodinated analog, MC110023
possessed largest number of parameters outside of our target range (MW, cLogP, TPSA
and solubility). Most compounds prepared and tested here have very good solubility
(above 20 µM), good MLM stability testing (half-life > 20 min), and no interaction with
CYP3A4. This is important since this metabolic enzyme that is responsible for a large
number of drug-drug interactions.
The second sub-aim for specific aim 2 was to determine the binding affinity to 5HT7 receptor. High affinity and subtype selectivity are very important factors in
determining whether a lead compound moves forward. Affinity and potency towards the
target determines the efficacy of the drug, and its pharmacological actions. With the aid
of our collaborators at the MCDDR Mr. Dennis Colussi, under the supervision of Dr.
Jacobson were able to generate 5-HT7 binding data for the candidate compounds as
described in the experimental chapter. Results of IC50 experiments are shown in Table 9.
From a preliminary screen on the newly designed set 1 (Table 6), it was concluded that
halogenation of the phenyl piperazine in the 4-position with small to moderately sized
halogens (i.e. Cl and F) is the most promising in terms of binding to 5-HT7 receptor.
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Table 8
Physicochemical properties of all compounds

MC#

110018
110019
110020
110021
110022
110023
110024
110025
110026
110027
110028
110029
110030
110031
110032
110033
110034
110035

R

4-OMePh
4-CF Ph
4-CNPh
4-NO Ph
4-ClPh
4-IPh
4-FPh
4-SO MePh
3,4-di FPh
2,4-di FPh
1,3 thiazole
3-Cl, 4-FPh
2,3-di ClPh
4-F, Pyr
2-Cl, 4-FPh
2-CN, 4FPh
3-ClPh
2-CO H, 4FPh
3

2

2

2

MW

cLogP

TPSA

Sol.
(µM)

MLM t
(min)

1/2

451.58
489.55
446.56
467.56
456
547.45
439.54
499.64
457.53
457.53
428.57
473.99
490.44
440.53
473.99
464.56

1.18
2.21
0.94
1.09
1.84
2.32
1.32
1.42
1.42
0.44
1.15
1.94
2.46
0.41
1.94
1.04

79.4
70.2
93.9
110.5
70.2
70.2
70.2
70.2
70.2
104.3
83
70.2
70.2
83
70.2
93.9

200
1.9
35.2
7
8.6
<2
183
192
196
200
200
168
94.4
200
173
197

>60
39.4
>60
>60
44.5
36.4
>60
>60
>60
>60
>60
>60
13.1
>60
30.5
43.5

456.00
483.56

1.84
0.52

70.2
107.5

100
97.6

35.7
>60

CYP IC (nM)
CYP
CYP
2C9
2D6
50

CYP
3A4
>10000
>10000
>10000
>10000
>10000
>10000
>10000
>10000
>10000
2030
>10000
>10000
>10000
>10000
>10000

>10000

>10000

>10000
>10000
>10000
>10000
>10000
>10000
>10000
>10000

>10000
>10000
>10000
>10000
>10000
>10000
>10000
>10000

>10000
>10000

>10000
>10000

This aligns with molecular modeling studies (described in the introduction
chapter) and supports the hypothesis that a halogen bond would enhance binding in the
active site and increases affinity. MC110022 and MC110024 were the most active
compounds from that preliminary screen with IC50 values of 452 and 81 nM,
respectively. A point that must be considered regarding the decreased binding affinity of
several compounds in the new series is the large molecular size compared to the diethyl
lactone series. It possible that the smaller diethyl groups at the α-position of the lactone
ring of the lead series fit better in the binding pocket than the larger spiropiperidine
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series. All of these observations will be taken into consideration when designing future
sets of ligands (Table 7).
Considering all the 5-HT7 binding data for the newly designed ligands (supplied
by Dr. Jacobson’s lab; see Table 9), MC110034 was the most potent compound with an
IC50 of 34.3 nM. This result suggests that the original hypothesis regarding substituents
at the 4- position of the phenyl piperazine is not necessary true for our gammabutyrolactone series. Having a chlorine at the 3-position in that case supports the
importance of a halogen bond for 5-HT7 binding. MC110024, which had good binding
affinity (81 nM) and high antagonist potency (38 nM), suggesting that the small fluorine
is tolerated in the 4-position better than larger halides. Having a second fluoro substituent
in MC110026 and MC110027 did not enhance potency. In contrast, a 4 fold loss of
potency was observed by adding a second fluoro substituent either in the 3- position or
the 2- position respectively. Introduction of a second chloro substituent (MC110029,
MC110030 and MC110032) also showed some loss of potency. Interestingly, the Cl in
the 3- position in the presence of an F in the 4- position in the case of MC110029 showed
greater loss of potency (more than 80 fold) compared to the most potent 3-Cl substituted
phenyl piperazine analog (MC110034). This suggests that the difference in
electronegativity might impact the halogen bond strength that is hypothesized to form
between the receptor and this portion of the molecule. Having the Cl closer to the F had
lower potency MC110029 compared to MC110032 which had the Cl in the 2-position. In
general, a second substitution with an EWG whether in ortho or meta position seems to
cause a decrease in potency into the micromolar range. Since F has a strong inductive
effects, it may dominate and strongly withdraw electrons and weaken the
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electronegativity of the Cl. This significant loss of potency is not seen when both
substituents are the same (i.e di-F or di-Cl in compounds MC110026 and MC110030,
respectively). However, having two halogens in general appears to lower potency.
Another aspect of the SAR to be explored was the incorporation of an electron
withdrawing group at the 2 position (ex. CN and COOH in MC110031 and MC110035
respectively). As discussed earlier, an arginine is hypothesized to act as a gate that opens
and closes in the binding site. Docking studies suggest that this arginine is deep within
the binding pocket as mentioned in section 1.4. Thus an electron rich group at the far end
of the ligand was explored hoping that it would reach that arginine residue to form an
ionic interaction or even a hydrogen bond. Also preliminary results from other series
showed some activity when a morpholine ring is incorporated in the 2- position. Nitrile
group seems to have had a moderate potency when added to the 4-F substituted
compound (MC110033) with an IC50 of 183 nM. This suggests that the desired
interaction might have occurred but having two deactivating substituents might not be the
most effective way to accomplish this. The carboxylic acid derivative derivative
demonstrated low affinity for 5-HT7, suggesting that either it is too big to be tolerated in
the binding pocket or it may be in the wrong position so that the oxygen blocks crucial
interactions with the piperazine nitrogen. The aromatic ring of the arylpiperazine-based
ligands has been shown to be efficient for binding. In the present work, bioisosteric
replacements for the phenyl ring were explored through the incorporation of 2
heterocyclic rings. Ligands MC110028 and MC110031 contained a 1,3 thiazole ring and
a 4-F-pyridine ring, respectively. The former compound seems to have much less activity
(>10 uM) while the later showed a moderate activity of 191 nM. Compared to its closely
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related analog, MC110024 with a 4- fluoro phenyl, about 2-fold loss in potency was
observed. These results suggest that electronic effects may play a role in fine tuning the
binding.
Table 9
IC50 and KB values for test compounds at the 5-HT7 receptor
MC#
Structure
IC50a(nM)
110018
> 10000

KB b(nM)
-

110019

> 10000

-

110020

> 10000

-

110021

> 10000

-

110022

362

-

64

Table 9, continued

110023

~10000

-

110024

99.6

34

110025

> 10000

-

110026

423

-

110027

473

-

110028

> 10000

-

110029

2970

-

65

110030

246

503

110031

191

58.4

110032

1130

-

110033

183

65.2

110034

34.3

20.9

110035

>> 10000

a

IC50 values obtained from binding assay at MCDDR compared to control MC170073
(52% inhibition at 25 nM) Green= Acceptable, Yellow= Intermediate, Red= Poor
b
KB values obtained from functional assay at MCDDR
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Table 10
Selectivity profile expressed as IC values
50

MC
#
1100
18
19
20
21
22
23
24

5-HT IC (nM)
55HT2
HT2
A
B
10
10
10
3395
10
10
10
10
1327
1302
2064
757
613
10
50

5HT7

5HT1
A
2693
1851

5HT1
D
10
10
10
10
10
10
10

10
10
10
10
10
10
362*
142
10
335
99.6
194
*
* Tested in-house at MCDDR
4
4
4

4

4

4

4
4
4
4
4

4

4
4

5HT1
E
10
10
10
10
10
10
4
4
4
4
4

4

4

4

4
4

4

4

4

4

5HT2
C
10
10
10
10
10
10
10
4
4
4
4
4
4
4

Green= Acceptable, Yellow= Intermediate, Red= Poor
all others are tested at PDSP
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5HT
3
10
10
10
10
10
10
10
4
4
4
4
4
4
4

5HT
4
10
10
10
10
10
10
10
4
4
4
4
4
4
4

5HT5
A
10
10
10
10
10
10
10
4
4
4
4
4
4
4

5HT
6
10
10
10
10
10
10
4
4
4
4
4
4

Sigma
-1

Sigma
-2

596
10
1555
3110
553
363
388

10
1532
10
10
2162
1376
10

4

4

4
4

4

Figure 12. Dose response curves and IC values of best candidates compared to the
control lead compound MC170073 (52% inhibition at 25 nM)
50
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Figure 13. Functional Data for h5HT7 Antagonists
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Summary and Conclusions
In summary, a more efficient method for the preparation of substituted ℽbutyrolactone derivatives has been developed and employed to produce 18 structurally
related analogs. The racemic compounds were prepared in moderate to good yields in
fewer synthetic steps from inexpensive, commercially available precursors. The
compounds prepared using this efficient method were then screened for affinity to the 5HT7 receptor.
The majority of compounds prepared in this project had acceptable showed
physicochemical properties (cLog P of 1-2; TPSA of 70-140; Molecular Weight of 400500; solubility at pH 7.4; > 100 ug/mL;) and in vitro ADME properties ( t1/2 of 60 min or
longer; little or no effect on CYP enzymes, < 30% inhibition @ 10 uM). Five of the novel
compounds had good binding to 5-HT7 receptors with IC50 values < 250 nM.
Evaluation of the SAR for the series suggest that steric effects are operative on the
phenyl ring that are dependent on the position of the substituent on the ring (larger
substituents had significant loss of binding; as in case of MC110019). Regarding
electrostatic effects, efficient binding to the receptor appears to favor the presence of one
electron withdrawing group at the 3- or 4- position on the aromatic moiety as in
MC110034 and MC110024 respectively. Di-substitution did not significantly enhance
binding. However, substituents with the same electronegative properties (e.g. 2 F atoms)
were favored over those with different properties (e.g. one F atom and one Cl atom) as in
case of MC110026. The position and proximity of the substituents also impacted affinity
(3,4-disubstituted in MC110026 were superior to 2,3-disubstituted as in MC110027).
Finally, a limited number of phenyl bioisosteres (2 heteroaromatic rings) did not
demonstrate an improvement in potency. Additional bioisosteres will need to be
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evaluated to draw meaningful conclusion regarding the impact of this change on the SAR
for the series.
Future plans for this work should include a follow up on a select few of the most
promising ligands (MC110024, MC110030, MC110031, MC110033, and MC110034)
identified herein. This should include further in vitro studies (human microsomal
stability, plasma protein binding, cellular permeability such as Caco, MDCK and
PAMPA) and a complete sub-type selectivity profile. In addition, in vivo studies in
murine models of IBD should be performed on the most promising compound. This
might include the acute and chronic DSS models, as well as, the CD4+ transfer mouse
models. Secondly, a molecular modeling studies to study the binding modes of current
ligands and gain more insights on in silico affinity to 5-HT7 should be conducted. Third,
more compounds should be designed and synthesized based on SAR evaluation to further
our understanding of this series of compounds and how they interact with the target
receptor. This will include further molecular modifications and an examination of how
the resultant changes in steric, lipophilic, and electronics properties impact the binding,
selectivity, and physicochemical properties of this series. Lastly, separation of
enantiomers for the most promising racemic compounds will be performed in order to
evaluate

the

effect

of

stereochemistry
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on

activity.

CHAPTER 4
EXPERIMENTAL

6
Preparation of 1-(tert-butyl) 4-ethyl 4-allylpiperidine-1,4-dicarboxylate: this
reaction must be performed in oven-dried glassware and under N2. To a solution of ethyl
N-Boc-piperidine-4-carboxylate (1 g, 4.35 mmol, 1 equiv) and dry THF (1 mL), lithium
Bis(trimethylsilyl)amide (8.7 M, 2 eq) in dry THF was added dropwise at -78 oC over 15
min. Then the mixture is allowed to stir at this temperature for 1 hour before allyl iodide
is added dropwise. The reaction was stirred and allowed to cool to r.t overnight then
quenched with saturated aqueous solution of ammonium chloride at 0 oC until neutral pH.
The organic layer was separated and the aqueous layer was extracted with ethyl acetate (3
x 50 mL). The combined organic layer was dried over sodium sulfate and filtered over a
plug of silica then concentrated in vacuo to be taken to the next step without further
purification.

4
Preparation of ethyl 4-allyl-1-(methylsulfonyl)piperidine-4-carboxylate: to the
crude product of 1-(tert-butyl) 4-ethyl 4-allyl piperidine-1,4-dicarboxylate, a mixture of
0.1 M HCl in methanol was added and stirred at r.t for 3 hours to deprotect the piperidine.
The resulting ethyl 4-allyl piperidine-4-carboxylate was dissolved in anhydrous
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dichloromethane and cooled to 0 oC before methanesulfonyl chloride (0.64 mL, 8.27
mmol, 1.3 equiv) was added dropwise over 10 min while stirring under N2. Then
triethylamine (1.33 mL, 9.54 mmol, 1.5 equiv) was added one portion then mixture was
allowed to cool to r.t overnight while stirring. Product was extracted in ethyl acetate :
deionized water (1:1), organic layer washed with deionized water, separated, dried over
sodium sulfate and concentrated in vacuo.

7
Preparation of 3-(2-hydroxyethyl)-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan
-1-one: A mixture of glacial acetic acid (53.6 equiv), paraformaldehyde (3.0 equiv), and
sulfuric acid (0.57 equiv) was stirred for 30 min at 70 oC before ethyl 4-allyl -1(methylsulfonyl)piperidine -4-carboxylate (1.817 mmol, 1.0 equiv) was added dropwise.
The reaction mixture was maintained stirring at 70~80 oC overnight. Acetic acid was
removed in vacuo and the reaction was quenched with 10% NaHCO3 solution. The
product was then extracted with ethyl acetate (3 x 50 mL) and the combined organic
phase was concentrated in vacuo to give a crude oil (500 mg, 1.817 mmol, 1 equiv)
which was refluxed with 30 % NaOH (290.69 mg NaOH, 7.268 mmol, 4 equiv) for 2-12
hours. After cooling to 0 oC, excess 30 H2SO4 was added until pH < 2. Product is then
extracted with ethyl acetate (3 x 50 mL). The combined organic layer is washed with 10
% sodium bicarbonate (50 mL) until pH is 8-9. Then it is dried over MgSO4 and
concentrated in vacuo. The crude oil is purified at this step by column chromatography
using ethyl acetate/hexanes, 10% ~ 40%. White solid (30% yield). 1H NMR (400 MHz,
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CDCl3) δ 4.68 (m, 1H), 3.79 (dd, J= 5.7 Hz, 2H), 3.64 (m, 1H), 3.32 (t, J= 5.4 Hz, 2H),
3.28-3.19 (m, 1H), 2.78 (s, 3H), 2.29 (q, J= 7, 5.9 Hz, 1H), 2.04-1.95 (m, 3H), 1.95-1.67
(m, 5H); MS (LC/MS, M+H+): 277.34.

3
Preparation of 3-(2-bromoethyl)-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan 1-one: A solution of 3-(2-hydroxyethyl)-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan
-1-one in THF is cooled to 0 oC before triphenylphosphine is added, followed by addition
of carbon tetrabromide. The reaction mixture was allowed to stir overnight then filtered
and concentrated in vacuo then suspended in diethyl ether, filtered and filter cakes was
washed with diethyl ether (2X). The product was purified using column chromatography
(ethyl acetate/dichloromethane, 0% ~ 40%). 1H NMR (400 MHz, CDCl3) δ 4.71 (m, 1H),
3.65 (m, 1H), 3.52 (dd, J= 5.3, 2.3 Hz, 2H), 3.46-3.27 (m, 3H), 2.8 (s, 3H), 2.31 (q, J=
7.2, 6 Hz, 1H), 2.27-2.12 (m, 1H), 2.1-1.98 (m, 3H), 1.83-1.71 (m, 3H); MS (LC/MS,
M+H+): 340.23.

MC110018
Preparation

of

3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: A solution of 3-(2-bromoethyl) -874

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one (50 mg, 0.147 mmol, 1 equiv), 1-(4methoxyphenyl)-piperazine (59.33 mg, 0.308 mmol, 2.1 equiv) and acetonitrile (2 mL)
was microwaved for 1 hour at 120 oC. The solvent was then evaporated in vacuo and the
product was washed with saturated NaHCO3 and extracted in dichloromethane (3 x
15mL). The combined organic phase was dried over Na2SO4 and concentrated in vacuo to
give a crude mixture that was then dissolved in dichloromethane and purified by column
chromatography (MeOH/DCM, 0% ~ 10%). White solid (54% yield). 1H NMR (400
MHz, CDCl3) δ 7.4 (d, J= 9.2 Hz, 2H), 6.5 (d, J= 9.2 Hz, 2H), 4.61 (m, 1H), 3.77 (s, 3H),
3.67 (m, 1H), 3.36 (m, 2H), 3.29 (m, 1H), 3.1 (t, J= 7.1 Hz, 4H), 2.8 (s, 3H), 2.62 (m,
4H), 2.56 (t, J= 7.1 Hz, 2H), 2.29 (dd, J= 7.2, 6 Hz, 1H), 2.05 (m, 2H), 1.99-1.71 (m,
6H); MS (LC/MS, M+H+): 452

MC110019
Preparation

of

3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8 -azaspiro[4.5]decan-1-one: The title compound was prepared
and purified according to the procedure for 3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)
ethyl)-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. White solid (89% yield). 1H
NMR (400 MHz, CDCl3) δ 7.5 (d, J= 8.76 Hz, 2H), 6.94 (d, J= 8.7 Hz, 2H), 4.64 (m,
1H), 3.68 (m, 1H), 3..46-3.28 (m, 7H), 2.83 (s, 3H), 2.67-2.55 (m, 6H), 2.3 (dd, J= 7.1,
6.1 Hz, 1H), 2.11-2.01 (m, 2H), 2.0-1.74 (m, 5H); MS (LC/MS, M+H+): 490
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MC110020
Preparation of 4-(4-(2-(8-(methylsulfonyl)-1-oxo-2-oxa-8-azaspiro[4.5]decan-3 yl)ethyl)piperazin-1-yl)benzonitrile: The title compound was prepared and purified
according to the procedure for 3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl)-8 (methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one except that triethylamine (0.06 mL,
0.44 mmol, 3 equiv) was added in the microwave mixture. Yellow-orange solid (81%
yield). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J= 8.4 Hz, 2H), 6.85 (d, J= 8.4 Hz, 2H),
4.61 (m, 1H), 3.65 (m, 1H), 3.43-3.26 (m, 7H), 2.81 (s, 3H), 2.64-2.52 (m, 6H), 2.28 (dd,
J= 6.8, 5.9 Hz, 1H), 2.02 (m, 2H), 1.96-1.74 (m, 5H); MS (LC/MS, M+H+): 447

MC110021
Preparation of 8-(methylsulfonyl)-3-(2-(4-(4-nitrophenyl)piperazin-1-yl) ethyl)-2oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
according to the procedure for 3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one except that it was microwaved for
1.5 hours at 120 oC. Yellow-orange solid (83% yield). 1H NMR (400 MHz, CDCl3) δ 8.13
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(d, J= 9.3 Hz, 2H), 6.82 (d, J= 9.3 Hz, 2H), 4.62 (m, 1H), 3.66 (m, 1H), 3.46-3.36 (m,
4H), 3.36-3.28 (m, 3H), 2.8 (s, 3H), 2.67-2.5 (b, 6H), 2.28 (dd, J= 6.8, 5.9 Hz, 1H), 2.081.98 (m, 2H), 1.95-1.72 (m, 5H); MS (LC/MS, M+H+): 467

MC110022
Preparation of 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)-8-(methylsulfonyl) 2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
according to the procedure for 3-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one except that it was microwaved for 2
hours at 120 oC. White solid (45% yield). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J= 8.9
Hz, 2H), 6.82 (d, J= 8.9 Hz, 2H), 4.6 (m, 1H), 3.65 (m, 1H), 3.42-3.26 (m, 3H), 3.15 (t,
J= 4.9 Hz, 4H), 2.8 (s, 3H), 2.66-2.52 (m, 6H), 2.27 (dd, J= 6.8, 5.9 Hz, 1H), 2.07-1.98
(m, 2H), 1.97-1.7 (m, 5H); MS (LC/MS, M+H+): 456

MC110023
Preparation of 3-(2-(4-(4-iodophenyl)piperazin-1-yl)ethyl) -8-(methylsulfonyl)-2oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
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according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. White solid (55% yield). 1H NMR
(400 MHz, CDCl3) δ 7.49 (d, J= 8.8 Hz, 2H), 6.65 (d, J= 8.8 Hz, 2H), 4.58 (m, 1H), 3.64
(m, 1H), 3.4-3.24 (m, 3H), 3.15 (t, J= 4.8 Hz, 4H), 2.79 (s, 3H), 2.62-2.5 (m, 6H), 2.26
(dd, J= 6.8, 6 Hz, 1H), 2.0-1.96 (m, 2H), 1.95-1.69 (m, 5H); MS (LC/MS, M+H+): 548

MC110024
Preparation of 3-(2-(4-(4-fluorophenyl)piperazin-1-yl)ethyl)-8-(methylsulfonyl) 2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. White solid (91% yield). 1H NMR
(400 MHz, CDCl3) δ 6.94 (m, 2H), 6.85 (m, 2H), 4.59 (m, 1H), 3.65 (m, 1H), 3.4-3.24
(m, 3H), 3.1 (t, J= 4.8 Hz, 4H), 2.8 (s, 3H), 2.65-2.5 (m, 6H), 2.27 (dd, J= 6.7, 5.9 Hz,
1H), 2.0 (m, 2H), 1.97-1.69 (m, 5H); MS (LC/MS, M+H+): 440

MC110025
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Preparation of 8-(methylsulfonyl)-3-(2-(4-(4-(methylsulfonyl)phenyl) piperazin1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and
purified according to the procedure for 3-(2-(4-(4-chlorophenyl) piperazin-1-yl)ethyl)-8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow crystals (81% yield).

1

H

NMR (400 MHz, CDCl3) δ 7.76 (d, J= 9 Hz, 2H), 6.92 (d, J= 9 Hz, 2H), 4.61 (m, 1H),
4.11 (q, J= 7.2, 2H), 3.65 (m, 1H), 3.43-3.27 (m, 7H), 3.0 (s, 3H), 2.81 (s, 3H), 2.64-2.53
(m, 6H), 2.28 (dd, J= 6.9, 5.9 Hz, 1H), 1.94-1.71 (m, 5H); MS (LC/MS, M+H+): 499.64

MC110026
Preparation

of

3-(2-(4-(3,4-difluorophenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared
and purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)
-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow crystals (67% yield). 1H
NMR (400 MHz, CDCl3) δ 7.0 (dd, J= 9.8 Hz, 1H), 6.66 (m, 1H), 6.55 (m, 1H) 4.59 (m,
1H), 3.63 (m, 1H), 3.38-3.23 (m, 3H), 3.1 (t, J= 4.5 Hz, 4H), 2.78 (s, 3H), 2.64-2.51 (m,
6H), 2.26 (q, J= 7, 6 Hz, 1H), 2.05-1.96 (m, 2H), 1.95-1.68 (m, 5H); MS (LC/MS,
M+H+): 457.53.
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MC110027
Preparation

of

3-(2-(4-(2,4-difluorophenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared
and purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)
-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow crystals (74% yield). 1H
NMR (400 MHz, CDCl3) δ 6.88 (m, 1H), 6.78 (m, 1H), 4.59 (m, 1H), 3.65 (m, 1H), 3.34
(m, 2H), 3.27 (m, 1H), 3.04 (t, J= 4.5 Hz, 3H), 2.8 (s, 3H), 2.56 (m, 3H), 2.62-2.53 (m,
3H), 2.28 (q, J= 6.9, 6 Hz, 1H), 2.07-1.9 (m, 3H), 1.9-1.7 (m, 6H); MS (LC/MS, M+H+):
457.53.

MC110028
Preparation of 8-(methylsulfonyl)-3-(2-(4-(thiazol-2-yl)piperazin-1-yl)ethyl) -2oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. White solid (71% yield) 1H NMR
(400 MHz, CDCl3) δ 7.16 (d, J= 3.6, Hz, 1H), 6.55 (d, J= 3.6, Hz, 1H), 4.58 (m, 1H),
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3.63 (m, 1H), 3.47 (m, 4H), 3.37-3.22 (m, 3H), 2.78 (s, 3H), 2.54 (m, 6H), 2.26 (q, J= 7,
6 Hz, 1H), 2.0 (m, 2H), 1.9-1.68 (m, 5H); MS (LC/MS, M+H+): 428.57.

MC110029
Preparation

of

3-(2-(4-(3-chloro-4-fluorophenyl)piperazin-1-yl)ethyl)

-8-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared
and purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)
-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow solid (69% yield). 1H
NMR (400 MHz, CDCl3) δ 7.64 (dd, J= 5.5, 2.8 Hz, 1H), 7.52 (m, 1H), 7.44 (m, 1H), 4.7
(m, 1H), 3.65 (m, 1H), 3.4 (m, 3H), 3.15 (t, J= 4.5 Hz, 4H), 2.8 (s, 3H), 2.66-2.51 (m,
3H), 2.62-2.53 (m, 3H), 2.3 (q, J= 7, 6 Hz, 1H), 2.19-1.96 (m, 4H), 1.84-1.69 (m, 3H);
MS (LC/MS, M+H+): 490.44.

MC110030
Preparation

of

3-(2-(4-(3,4-dichlorophenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared
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and purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)
-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow solid (53% yield). 1H
NMR (400 MHz, CDCl3) δ 7.64 (dd, J= 5.5, 2.8 Hz, 1H), 7.52 (m, 1H), 7.44 (m, 1H), 4.7
(m, 1H), 3.65 (m, 1H), 3.4 (m, 3H), 3.15 (t, J= 4.5 Hz, 4H), 2.8 (s, 3H), 2.66-2.51 (m,
3H), 2.62-2.53 (m, 3H), 2.3 (q, J= 7, 6 Hz, 1H), 2.19-1.96 (m, 4H), 1.84-1.69 (m, 3H);
MS (LC/MS, M+H+): 473.99.

MC110031
Preparation

of

3-(2-(4-(5-fluoropyridin-2-yl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: A solution of 3-(2-bromoethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one (25 mg, 0.075 mmol, 1 equiv), 1-(5fluoropyridin-2-yl)piperazine hydrochloride (27.96 mg, 0.154 mmol, 2.1 equiv), K2CO3
(50.77 mg, 0.367 mmol, 5 equiv) and acetonitrile (5 mL) were added together and
refluxed for 2-3 days. Mixture allowed to cool to r.t then filtered and washed with ACN.
The solvent was then evaporated in vacuo and the product that was then dissolved in
dichloromethane and purified by column chromatography (MeOH/DCM, 0% ~ 10%).
Yellow solid (74% yield) 1H NMR (400 MHz, CDCl3) δ 8 (d, J= 3 Hz, 1H), 7.24 (m,
1H), 6.59 (dd, J= 5.9, 3.1 Hz, 1H), 4.6 (m, 1H), 3.65 (m, 1H), 3.45 (t, J= 4.5 Hz, 4H),
3.4-3.24 (m, 3H), 2.8 (s, 3H), 2.55 (m, 6H), 2.27 (q, J= 7, 6 Hz, 1H), 2.06-1.97 (m, 2H),
1.97-1.69 (m, 6H); MS (LC/MS, M+H+): 440.53.
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MC110032
Preparation

of

3-(2-(4-(2-chloro-4-fluorophenyl)piperazin-1-yl)ethyl)-8

-

(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared
and purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)
-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Off-white solid (60% yield) 1H
NMR (400 MHz, CDCl3) δ 7.1 (dd, J= 5.5, 2.8 Hz, 1H), 7.01-6.89 (m, 2H), 4.59 (m, 1H),
3.65 (m, 1H), 3.4 (m, 3H), 3.15 (t, J= 4.5 Hz, 4H), 2.8 (s, 3H), 2.66-2.51 (m, 3H), 2.622.53 (m, 3H), 2.27 (q, J= 6.7, 6 Hz, 1H), 2.07-1.9 (m, 3H), 1.9-1.7 (m, 4H); MS (LC/MS,
M+H+): 473.99.

MC110033
Preparation of 5-fluoro-2-(4-(2-(8-(methylsulfonyl)-1-oxo-2-oxa-8-azaspiro[4.5]
decan-3-yl)ethyl)piperazin-1-yl)benzonitrile: The title compound was prepared and
purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. White solid (59% yield) 1H NMR
(400 MHz, CDCl3) δ 7.26 (dd, J= 4.2, 3.2 Hz, 1H), 7.21 (m, 1H), 6.99 (q, J= 4.5 Hz, 1H),
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4.59 (m, 1H), 3.65 (m, 1H), 3.41-3.25 (m, 3H), 3.15 (t, J= 4.5 Hz, 4H), 2.8 (s, 3H), 2.63
(m, 3H), 2.62-2.53 (m, 2H), 2.27 (q, J= 6.7, 6 Hz, 1H), 2.07-1.9 (m, 2H), 1.9-1.7 (m, 6H);
MS (LC/MS, M+H+): 464.55

MC110034
Preparation of 3-(2-(4-(3-chlorophenyl)piperazin-1-yl)ethyl)-8-(methylsulfonyl) 2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared and purified
according to the procedure for preparing MC110031 (3-(2-(4-(5-fluoropyridin-2-yl)
piperazin-1-yl)ethyl)-8-(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one). White solid
(45% yield). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J= 8.9 Hz, 2H), 6.82 (d, J= 8.9 Hz,
2H), 4.6 (m, 1H), 3.65 (m, 1H), 3.42-3.26 (m, 3H), 3.15 (t, J= 4.9 Hz, 4H), 2.8 (s, 3H),
2.66-2.52 (m, 6H), 2.27 (dd, J= 6.8, 5.9 Hz, 1H), 2.07-1.98 (m, 2H), 1.97-1.7 (m, 5H);
MS (LC/MS, M+H+): 456.

MC110035
Preparation of 5-fluoro-2-(4-(2-(8-(methylsulfonyl)-1-oxo-2-oxa-8-azaspiro[4.5]
decan-3-yl)ethyl)piperazin-1-yl)benzoic acid: The title compound was prepared and
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purified according to the procedure for 3-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl) -8(methylsulfonyl)-2-oxa-8-azaspiro[4.5]decan-1-one. Yellow solid (28% yield).

Functional Screening for 5-HT7 Receptor at (MCDR)
Potency of all ligands as 5-HT7 receptor antagonists is measured using the cAMP
HunterTM eXpress GPCR luminescence assay (DiscoveRx, 95-0163E3) by following the
manufacturer’s protocol. Cryopreserved U2OS cells expressing human 5-HT7D are
thawed and seeded into a 96 well white–walled clear bottom tissue culture treated plate
(31250 cells in 100 uL cell plating media/well). After 24 hrs at 37°C in a humidified
incubator with 5 % CO2, media is removed and replaced with 30 uL cell assay buffer
(CAB) and 7.5 uL of 6X final concentration of 5 to 10 concentrations in duplicate of test
compounds (1/2-log serial dilutions to obtain a final concentrations of 10μM to 0.316
nM) in CAB. Cells are incubated @ 37°C for 15 minutes and then stimulated with the
full agonist 5-HT (7.5 uL of 900 nM) in CAB (final 5-HT concentration of 150 nM; an
EC80 concentration) added to all compound-treated wells and control wells (7.5 uL of
CAB added to basal cAMP wells) and the plate is incubated for 30 min. at 37°C. Relative
luminescence is determined by adding 15 uL of cAMP antibody/well, and 60 uL of
cAMP working detection solution/well, incubating for 1h at room temperature, adding 60
uL of cAMP solution A/well, incubating 16 or more hours at room temperature, and
reading luminescence with a multilabel plate reader. IC50’s of test compounds are
calculated using GraphPad’s Prism 5 nonlinear sigmoidal curve fitting program. Key
compounds will also be assessed to determine inverse agonist activity (inhibition of
forskolin-stimulated adenylate cyclase
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