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Abstract

Rapid increase of obesity and diabetes in modern society increases the
risk of other complications, such as cardiovascular diseases, blindness, renal
failure and even cancer. Orlistat is the only drug approved currently by the US
Food and Drug Administration (FDA) for the treatment of obesity. Other drugs
previously approved were suspended due to side effects. Sulfonylureas,
thiazolidinediones, and meglitinides are available in the market as the drugs
for type 2 diabetes mellitus but they are not kept a distance from side effects.
Science communities have been focusing attention on the development of
novel drugs that are safer and more efficient in treating obesity and diabetes.
Protein tyrosine phosphataselB (PTP1B) is an enzyme closely related with
these diseases. PTP1B is a negative regulator of leptin and insulin signaling
pathways. Genetic deletion of PTP1B in mice improved both leptin and
insulin signaling, resulting in the resistance to diet-induced obesity and the
enhancement of insulin sensitivity and glucose tolerance. The enhancement of
leptin signaling reduced food intake and increased energy expenditure,
resulting in weight loss in mammals. Increased PTP1B expression has also
been observed in insulin-resistant states associated with obesity. These results
established PTP1B as a target for the treatment of both obesity and type 2

diabetes.

The aim of this research is to develop low molecular weight inhibitors
of PTP1B which have a good inhibitory potency, selectivity and favorable
pharmacokinetics for the development of antidiabetic and antiobesity drugs.
Barbituric acid was selected as a scaffold for the derivatization. A series of
derivatives containing a single substitutuent were synthesized and their
efficacy to inhibit PTP1B activity was determined. The most potent compound
I1-5e showed ICsp of 11 uM against PTP1B and 27 uM against VHR. The

X1V



nature of inhibition by compound Il-5e was investigated by steady-state
kinetic experiments with PTP1B, VHR and YPTP1l. When the mode of
inhibition was examined by the Lineweaver-Burk plot analysis of the kinetic
experiments, 11-5e inhibited PTP1B and YPTP1 noncompetitively and VHR

competitively.

XV



1714

S

B U] S.A4) 2

3)

9l
SHEEE!

SR e

74070,

A ol

st

5to]

<]

o}

spolo}E 2l glrtol

= o]

2 1B (PTP1B)

"

Py

T
| .

PTP1B

B

Al A st

=
=

AFA N PTP1B F3#k

#tt.  PTPIB

&t

Fd E

HE o 2 PTP1B+ HIRH2} 29

AReE oA A

ok A= A

&

PTP1Bel

] o
]

L
=

79

A

=

PTP1B

o 59

Fod

9]

7HA =

=
=

2| 2HA|

of &

].

110

27 uM

1A=

Fol ICs0 3©] 11 pM ©]9l3 VHRY| U3

S

PTP1Be| o

XVi



H =
aasd s ARddH wesxE dds F
Rbes i A9 das selsid-wa = e s A% Ay I-
e PTPIB® YPTP1E HZAAHO=® VHRe AAHoR

o} A 8% .

xvil



CHAPTER |

1. General Introduction
1.1. Phosphorylation
1.1.1. Reversible Phosphorylation

In both prokaryotic and eukaryotic organisms, reversible
phosphorylation is indispensible because of its regulatory mechanism in a
myriad of cellular functions.* Contribution of kinases (phosphorylation) and
phosphatases (dephosphorylation) makes this processes balanced. Many
enzymes and receptors are activated or deactived by the conformational
changes in their structure induced by reversible phosphorylation. Addition of
phosphate moieties to side chains of amino acid residues makes significant

changes in local charge and hydrophilicity of proteins.
1.1.2. Types of Phosphorylation

Phosphorylation usually occurs on serine, threonine, tyrosine and
histidine residues in eukaryotic proteins. Histidine phosphorylation of
proteins appears to be much more frequent than tyrosine phosphorylation in
eukaryotic cell.? In prokaryotes, protein phosphorylation occurs on serine,
threonine, tyrosine, histidine, arginine, and lysine residues.>* Histidine and
aspartate phosphorylations occur in prokaryotes as part of two-component
signaling and in some cases in eukaryotes in some signal transduction

pathways.*
1.1.3. Importance of PTKases and PTPases

Reversible phosphorylation controls a diverse of cellular functions

including cell growth, tissue differentiation, mitogenesis, gene transcription,


http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Tyrosine
http://en.wikipedia.org/wiki/Histidine
http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Tyrosine
http://en.wikipedia.org/wiki/Histidine
http://en.wikipedia.org/wiki/Arginine
http://en.wikipedia.org/wiki/Lysine
http://en.wikipedia.org/wiki/Histidine
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http://en.wikipedia.org/wiki/Prokaryotes
http://en.wikipedia.org/wiki/Two-component_regulatory_system
http://en.wikipedia.org/wiki/Two-component_regulatory_system
http://en.wikipedia.org/wiki/Eukaryotes

inter and intracellular communications.” Kinases and phosphatases are
mutual partners in regulating signaling responses; kinases often control the
amplitude of a signaling response, and phosphatases play a role in
controlling the duration of response.® Among them, protein tyrosine kinases
(PTKases) and protein tyrosine phosphatases (PTPases) are often considered
more critical in signaling pathways because they are in most cases involved
in the upstream of the pathways. Protein tyrosine phosphorylation can create
novel recognition motifs for protein interactions and cellular localization,
affects protein stability, and regulates enzyme activity. Proper control of
phosphotyrosine (pTyr) phosphorylation is critical for maintaining cellular
functions. Above all, abnormal functionalities of PTKases and PTPases are

associated with numerous diseases in human.
1.2. Protein Tyrosine Phosphatases

All together 107 PTPase genes were identified in human genome, and
81 of them was known to encode active phosphatases.” All the PTPases are
characterized by a conserved active site sequence (H/V)C(X)sR(S/T), termed
as PTPase signature motif, in which the cysteine residue functions as a

nucleophile and is essential for catalysis.®
1.2.1. Diverse Family of PTPases

Most of the PTPases have approximately 250 amino acid long
catalytic domain which is also a characterization of PTPases. PTPases can be
divided into three subfamilies; classical tyrosine-specific PTPases, dual-
specific PTPases and low molecular weight PTPases.’'® Compared to the
other two PTPases which are specific to pTyr residues, dual-specific
PTPases (DUSPases) are capable of dephosphorylating phosphoserine (pSer)

and phosphothreonine (pThr) residues as well as pTyr residues. Tyrosine-



specific PTPases can be further divided into two groups: transmembrane
receptor-like and cytosolic PTPases (Figure I-1). Receptor-like PTPases
(RPTPases) have an extracellular putative ligand-binding domain, a single
transmembrane segment, and a cytoplasmic domain. The cytosolic domain
contains one or, less frequently, two catalytic domains.

Plasma membrane

Cytosol

| PTP domain

. SH2 domain

PTPB

PTP Pseudophosphatase
domain

PTP1B SHP1
CD45 TC-PTP  SHP2

— ——

Receptor —like PTPase Cytosolic PTPase
Figure 1-1: Diverse family of PTPase

On the other hand, cytosolic PTPases contain single catalytic domain
and additional flanking regions with roles in regulation of catalytic activity,

protein-protein interactions and subcellular targeting.**
1.2.2 PTPases as Potential Targets for Human Diseases

About 4% of ‘druggable genome’ is thought to be phosphatases.
Among those, numerous PTPases are implicated in a variety of human
diseases (Table I-1).



Table 1-1 Examples of PTPases as Potential Therapeutic Targets

Human Diseases PTPases

Obesity and diabetes PTP1B '

Infectious diseases SHP-1, SHP-2 '#13
Autoimmune diseases CD45"

Cancer PTP- a, PTP- ¢, Prl-3, Cdc25™ 1
Inflammation PTP-B (VE-PTP), PTP-¢ !’
Neurodegeneration PTP 1B, PTP- ¢ 8%
Osteoporosis GLEPP-1 (PTP-oc), PTP- ¢ 22

1.2.3 Catalytic Mechanism of PTPases

The cleft in the active site of PTPases is surrounded by four loops,
which contain residues essential for catalysis and substrate recognition. The
cleft depth ensures the specificity towards pTyr by preventing the shorter

side chain of pSer and pThr residues reach the bottom of the cleft.??

The role of cysteine is critical in the catalytic mechanism of PTPases.
The cysteine residue takes phosphate moiety from pTyr residues and forms a
phosphocysteine intermediate. The latter is then hydrolyzed to release water
molecule and to form free cysteine for another cycle of catalysis. As such,
the common catalytic mechanism by PTPases involves two steps. Details are
described in 1.3.2.

1.3. Protein Tyrosine Phosphatase 1B

Protein-tyrosine phosphatase 1B (PTP1B) is a founding member of
the PTPase family. In humans, it is encoded by the PTPN1 gene. PTP1B is a

negative regulator of the insulin signaling pathway and is considered as a


http://en.wikipedia.org/wiki/Gene

promising potential therapeutic target for the treatment of type 2 diabetes.
1.3.1. Structure of PTP1B

PTP1B is a 50 kD protein which is the first PTPase to be isolated in a
pure form from human placental tissue.”® PTP1B is a cytosolic PTPase and
composed of 435 amino acids. The catalytic domain contains 249 amino acid
residues (amino acid number 30-278) and the 35 carboxyl terminus residues
target the enzyme to the cytosolic face of the endoplasmic reticulum.?* The
structure of PTP1B was first elucidated as a tungstate ion bound form by X-
ray crystallography in 1994.> PTP1B has the most, if not all, of the
conserved structural features that are common to classical PTPases. Catalytic
active site, the WPD loop and the P-loop are the main structural features of
PTP1B.

Thr 177 - Prol85
(WPD Loop)

Val287 - Ser295
(Alpha-7 Helix)

X

Glul86 - Glu200
(Alpha-3 Helix) {

> ' 4 .
Ser201 - Gly209 ‘CNE
(S-Loop) g

His214 - Arg221

Ala264 - I1c281 (Active Site)

(Alpha-6 Helix)


http://en.wikipedia.org/wiki/Type_2_diabetes

Figure 1-2: Structural Features of PTP1B. The active site His214-Arg221
lies within the pTyr substrate binding pocket. The essential reduced Cys215
lies within this sequence. The WPD loop is a flexible region which is in an
‘open’ conformation in the absence of substrate and closes once the pTyr
substrate binds. Closure is required for catalysis, and a hydrogen bond
appears to form between the amino acids Trpl79 in the WPD loop and
Arg221 in the active site. Inhibitors which reduce the mobility of the WPD
loop may block substrate binding and/or decrease catalytic activity. The S-
loop, Ser201-Gly209, also influences WPD loop mobility and may itself also
be inhibited by inhibitor binding.*®

Active site: A loop of eight amino acid residues from 214-221 forms
the active site of PTP1B (P-loop, His-Cys-Ser-Ala-Gly-lle-Gly-Arg). The
loop forming cradle-like structured coordinates to the aryl-phosphate moiety
of the substrate and contains the catalytic Cys215. Nucleophilic attack of
Cys215 results in cleavage of the P-O bond and formation of a
phosphocysteine intermediate which is hydrolyzed to give the final products.
Aspl8l1, Phel82, Tyr46, Val49, Lys120 and GIn262 form the sides of the
catalytic cleft assist catalysis and structure recognition. The active site is
located within a crevice (8-9 A) on the protein surface. The much deeper
active site pocket in the PTPases selects exclusively pTyr-containing

22,27

substrates““" while the shallower active site cleft for the dual specificity

28,29

phosphatases (DUSP) may accommodate both pTyr and pSer/pThr.

Second aryl-phosphate-binding site: Second aryl-phosphate-
binding site is located just next to the catalytic site on PTP1B.* The second
site is catalytically inactive, and provides weaker binding interactions

compared with the primary site. Nevertheless, it has important implications

6



for inhibitor design. It opens the possibility of using the strategy of finding
molecules that bind to each site independently, then linking them together to
get more potent inhibitors.®*

The WPD loop: The WPD loop (amino acid residue numbers 79—
187) moves up to 12 A to close down on the phenyl ring of the substrate,
which maximizes hydrophobic interactions. Asp181 moves into a position
where it can act as a general acid to protonate the tyrosyl leaving group.
Arg221 also reorientates into a position to optimize salt-bridge interactions
with the substrate phosphate. In this conformation, Cys215 is in a position to
undergo a nucleophilic attack on the substrate phosphorous atom. As there
are two conformations of PTP1B (open and closed) inhibitors could be
designed to target either conformation.*?

1.3.2. Catalytic Mechanism of PTP1B
A. Formation of Cysteinyl-phosphate Intermediate

The catalytic cysteine residue makes a nucleophilic attack on the
phosphate moiety resulting in a cysteinyl-phosphate intermediate. Protonated
form of an invariant aspartic acid in the flexible loop acts as a general acid

catalyst providing a proton to the leaving phenolic group of the substrate.
B. Hydrolysis of Cysteinyl-phosphate Intermediate

The same aspartic acid in step A now acts as a general base by
abstracting a proton from the water molecule in the active site for the
hydrolysis of cysteinyl-phosphate intermediate. In this step, a hydrogen bond
between Ser222 and the Cys215 compensates the negative charge developing

on the S atom of the cysteine.
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Figure 1-3: Catalytic Mechanism of PTP1B.
1.3.3. PTP1B as a Negative Regulator in Insulin Signaling

The insulin receptor is a transmembrane receptor that is activated by
insulin.®* Two alpha subunits and two beta subunits make up the insulin
receptor. The alpha subunits are involved in ligand binding while the two
intracellular tyrosine kinase beta-subunits participate in transducing the
signal into the cell. The alpha subunits are linked by disulphide bonds to the
beta subunits.***> Activation of the insulin receptor (IR) after ligand binding
is a multi-step process involving structural changes in both the ligand and the
receptor. The binding of insulin to IR results in autophosphorylation of the

receptor on a number of crucial tyrosine residues. This causes activation of

8
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the insulin receptor tyrosine kinase, followed by phosphorylation of various
insulin receptor substrate (IRS) proteins to propagate the insulin-signaling
event further downstream and mediate various biological effects. The
phosphorylation on tyrosine residues in IR and IRS proteins develops
docking sites for other enzymes and effector molecules containing SH2 or
phosphotyrosine-binding (PTB) domains to propagate insulin signal.*>*°

Insulin
Glucose ] |/_ Insulin receptor
Plasma membrane O O
/ Y

Akt/PKB IV

‘ ‘ PP P ‘
IRS1 I—-PTPlB

T

MAPK—— General gene expression

SIl)
ICEC)

|
|
—

Figure 1-4: View of the Role of PTP1B in Metabolic Insulin Signaling
Pathway. IRS1: Insulin receptor substrate 1; PI3K: phosphatidylinositol 3-
kinase; PKB: Protein kinase B; MAPK: Mitogen-activated protein kinase.

Insulin  signaling is known to be attenuated through
dephosphorylation by PTPases. Among those, PTP1B is a key player that
negatively regulates insulin signaling. Several in vivo and in vitro

experiments revealed the relationship of PTP1B and insulin receptor.®’*

Insulin stimulates cells to take up glucose and store it as glycogen,



and to inhibit hepatic glucose production. The effect of PTP1B on the
metabolic arm of the insulin signaling pathway is thought to be mediated

upstream of phosphatidylinositol 3-kinase (PI13K)®**°

and is capable of
interacting with and removing tyrosine phosphates from both IR and IRS
proteins.®’*%** The schematic view of role of PTP1B in metabolic insulin

signaling pathway is represented in Figure 1-4.

At the cellular level, insulin resistance is manifested either as reduced
capacity or reduced sensitivity to promote glucose transport and
metabolism.*” The mice lacking PTP1B gene have enhanced insulin
sensitivity and are resistant to diet—induced obesity.*® In addition, several
studies have depicted that increased expression of PTP1B results in insulin-
resistant states associated with obesity. The insulin resistance observed in
type 2 diabetes and obesity is due to the disequilibrium in enzyme activity
between IR and PTPases.?** As a fascinating phosphatase for the treatment
of obesity and type 2 diabetes, PTP1B has been a subject of keen interest to
the researchers for numerous screenings and development of specific

inhibitors.
1.3.4. PTP1B Functions as a Negative Regulator of Leptin Signaling

Leptin is a 16 kD protein hormone that plays a key role in regulating
energy intake and energy expenditure, including appetite and metabolism. It
is one of the most important adipose derived hormones. It is produced in
white adipose tissue throughout the body, including epididymal,
parametrical, perirenal and inguinal but lesser extent in brown adipose
tissue.** Hypothalamus is known as the primary site of action of leptin where
it signals to inhibit feeding.* Leptin receptor (LepR) is a type | cytokine
receptor that associates with Jak2.“° Upon leptin binding, Jak2 becomes

activated and phosphorylates itself and LepR. LepR then recruits signal relay
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molecules such as Stat3.*’ The transcription of target genes is regulated when
tyrosylphosphorylated Stat3 is dimerised and translocated into the nucleus.

Leptin

—1 [ Leptin receptor

_> 4@
e | @
o

Lipid homeostasis

Figure 1-5: View of Role of PTP1B in Leptin Signaling Pathway. JAK2:
Janus Kinase 2.

An important cause of obesity is improper leptin signaling which
would ultimately results in leptin resistance. Leptin levels acutely depend on
feeding. Leptin cuts food intake, heightens energy expenditure and thus
results in weight loss in mammals. Chronic intake of high fat diets without
compensatory increase in energy expenditure causes obesity. Treatment of

leptin deficient mice with leptin significantly reduces food intake and body
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weight gain and corrects metabolic defects. Mice with mutations of the leptin
receptor genes have elevated levels of circulating leptin and experience
hyerphagia and obesity.

Dephosphorylation of Jak2 by PTP1B blocks the phosphorylation of
LepR and Stat3. Dephosphorylated form of Stat3 is unable to exert
transcriptional control over its target genes. It is widely known that PTP1B
knockout mice display resistance to high fat diet-induced obesity. This could
be due to increased energy expenditure.** PTP1B deficient mice show
enhanced sensitivity for exogenous leptin to suppress food intake.*®
Inhibitors of PTP1B augment the beneficial effects of leptin on food intake,
body weight regulation and metabolism in normal and leptin resistant
individuals. These observations indicate that PTP1B is a potential target for
the prevention of obesity. PTP1B action in leptin signaling pathway is

depicted in Figure I-5.

1.3.5. PTP1B is a Potential Target for the Treatment of Obesity and Type
2 Diabetes

Solely in the United States, nearly 3 hundred thousand individuals die
per year because of obesity and most of these deaths are due to the effect of
obesity promoting diseases like hypertension, cardiovascular disease and
varieties of cancer.*® In 2003, 194 million populations were diagnosed with
diabetes worldwide and assumed to extend up to 333 million by 2025.%°
Ninety percent of diabetic patients are victims of type 2 diabetes (T2DM)
caused by a disturbance in insulin signaling. In medical field, obesity is
defined as a condition of gaining body weight by depositing adipose tissues.
Deposition of adipose tissues creates type 2 diabetes,>*** hypertension,>
coronary heart disease,™ certain type of cancer,”® bone joint disease,”’ sleep

apnea,”® nonalcoholic fatty liver disease,® and psychological problems.®
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However, both diabetes and obesity are currently difficult to cure completely.
Thus, a research associating obesity is important to relieve a large population
from a health calamity.

Biological role of PTP1B as a regulator of body weight and glucose
homeostasis was studied by genetic ablation of PTP1B in mice and the
experiments with the PTP1B-knockout mice established the rationale for
PTP1B inhibition as one of the therapeutic target for obesity and diabetes.
Both homozygotic (PTP1B™) and heterozgyotic (PTP1B*") mice were born
and grew healthy reducing the worry for the toxicity.®* PTP1B knockout
mice exhibited enhanced insulin sensitivity in skeletal muscle and liver, and
resistance to diet induced obesity.**** Genetic deletion of PTP1B in mice did
not affect normal development, fertility, and the risk of cancer. This result
was surprising because PTP1B is expressed in all tissues and controls a
number of growth factor signaling pathways. Excessive energy obtained by
PTP1B-deficient mice was apparently dissipated as heat, rather than being
stored as fat. The lower metabolic efficiency was not due to the increase of
UCP expression, a most common mechanism of heat production. In PTP1B-
deficient mice, leptin levels in serum were maintained low, consistent with
their decreased adiposity. Interestingly, PTPB” mice on a HFD had leptin
levels much lower than those of the wild type control on a chow diet. In
addition to the resistance to diet-induced obesity, enhanced insulin sensitivity

was observed in PTP1B” mice, but not in PTP1B*" mice.

Numerous companies and academic laboratories have been working
to develop a potent cell permeable inhibitor for the control of obesity and

type 2 diabetes.

1.4. PTP1B Inhibitors
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Among PTPases, PTP1B is the most exploited phosphatase as a drug
target. Numerous screening and structural studies were carried out to develop
specific PTP1B inhibitors. There are two major hurdles in the development
of PTP1B inhibitors as drugs;

1) Highly conserved active site and

2) The regulation of multiple signaling pathways by a single PTPase
as well as the regulation of single pathway by diverse PTPases.

To defeat aforementioned difficulties, different research groups tried
to find additional structural features of PTPases.

1.4.1. PTP1B Inhibitors Reported in Literature
1.4.1.1. Vanadium-Based PTP1B Inhibitors

Vanadium (VO,®) in a proper oxidation state acts as a non specific
phosphatase inhibitor. Vanadium-containing compound®® has been shown
in human clinical trials to be potentially useful for treating insulin and non
insulin-dependent diabetes mellitus.®*® Bis(maltolate) oxovanadium (1V)
compound I-1 has been reported as a potent PTP1B inhibitor with a blood
glucose lowering effect in diabetic animal models.®® For the vanadium-based
inhibitors to be used as therapeutic agents, improvements should be made in

their selectivity, bioavailability and toxicity. ®’
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1.4.1.2 Natural Products and Their Derivatives as PTP1B Inhibitors

Some of the natural products acting as PTP1B inhibitors are shown

below.
Et\N,NO OMe
0S0O5”
2 Me. .NO N
N
HO

OH OH

OH OH OH

1-2 1-3 1-4 I-5

Figure 1-6: Natural Products as PTP1B Inhibitors

Table 1-2. 1Csoof Natural Products Inhibitors of PTP1B ¢’

Compound No. ICs0 (UM)
I-2 29.8
I-3 ~580
1-4 580
I-5 5800

Sulfircin 1-2, a compound isolated from water sponge is a moderate
inhibitor against PTP1B as well as other PTPases (VHR, cdc25A) with
slightly better potencies.®®

1.4.1.3. DFMP-containing Peptides as PTP1B Inhibitors

Zhang et al. reported a highly potent (Ki = 2.4 nM for PTP1B) and
selective (10-fold selectivity over TC-PTP) peptide 1-6 with two DFMP
moieties.*® Even being a highly potent inhibitor, the bis-anionic DFMP
compounds exhibit poor physiochemical properties like low oral

bioavailability and poor cell permeability.
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Figure 1-7: Peptide-based PTP1B Inhibitor Containing Two DFMP

Moieties
1.4.1.4. Nonhydrolyzable pTyr Mimics

Research has been emphasized on the development of non-peptide
low molecular weight inhibitors than the peptide backbone. The peptide
backbone inhibitors are inadequate for the development of effective drugs
due to lack of bioavailability and cell permeability.* Typical
nonhydrolyzable pTyr mimetics used in PTP1B inhibitors are described

below.
1.4.1.4.1. DFMP as pTyr Mimics

DFMP-containing PTP1B inhibitors were reported by Merck Frosst,
including napthyl 1-7 (I1Csp = 120 nM), benzotriazole 1-8 (ICso = 5 nM) and
aryketone 1-9 (ICso = 120 nM).**"* Compound 1-7 and 1-9 exhibited an
antidiabetic effect in an oral glucose tolerance test (0GTT) with diet induced
obese (DIO) mice. These inhibitors revealed the modest degree of cell

permeability and oral bioavailability in rodents.
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Figure 1-8: Nonhydrolyzable DFMP as pTyr Mimics

A ketophosphonate scaffold as in 1-10 (ICsp = 600 nM) and a
sulfonamide scaffold as in 1-11 were also reported as PTP1B inhibitors’

without the selectivity data.
1.4.1.4.2. Sulfamic Acid as a Phosphate Mimic

A high throughput screening (HTS) identified a sulfamic acid
compound as a pTyr mimic. On optimization these compounds showed
extremely good inhibitory potency against PTP1B but the membrane

permeability was not reported.
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Figure 1-9: Sulfamic Acid as a Phosphate Mimic
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Table 1-3. 1Cso of Some Sulfamic Acid Phosphate Mimic

1Cs0 (M)
Compound No. PTP1B Research group
PTP1B TC-PTP Selectivity
over TC-PTP
1-12 48 [9.4 1.9 Proct.&Gamble™
1-13 0.007 | NA NA Proct.& Gamble™

1.4.1.4.3. Carboxylic Acid as a Phosphate Mimic

PTP1B inhibitors containing dicarboxylic acid were reported potent

but poorly cell permeable. Some of the examples are shown below.
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Figure 1-10: Carboxylic Acid as a Phosphate Mimic

Table I-4. 1Cs of Carboxylic Acid as a Phosphate Mimic

150 (UM) g;Zit?vity

Compound No oTp 18| T.pTp | over TC-pTP | Research Group
I-14 0.018 0.065 3.6 Abbott ™
1-15 9.0 182 20 Abbott "®
1-16 8.4 >200 >23 Abbott
1-17 2.1 >30 >15 Abbott ¢
1-18 0.081 NA NA Novo Nordisk’’
1-19 3.2 NA NA Kyorin Pharma’®
1-20 0.016 NA NA Inst. Pharm. Dis."
1-21 0.004 0.005 1.0 Wyeth

1.4.1.4.4. TZD and 1ZD as pTyr Mimics

The discovery of the TZD and isothiazolidione (1ZD) heterocycle as
effective pTyr mimics provided additional scaffolds for the development of
novel inhibitors of PTP1B. A de novo structure-based design derived TZD
and 1ZD that mimic pTyr and bind competitively to the active site of PTP1B.
TZD and (S)-1ZD were efficient pTyr mimics for PTP1B inhibition with
better membrane permeability compared to the carboxylic acid and DFMP
containing inhibitors. These mimetics still requires improvements in oral

bioavailability and cellular penetration to increase in vivo efficacy.
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Figure I-11: TZD or 1ZD-containing PTP1B Inhibitors

Table I-5. 1Csq of Some of the TZD or 1ZD Containing PTP1B Inhibitors

IC 50 (UM) PTP1B

Selectivity
PTP1B TC-PTP | yver TC-PTP

Compound No. Research Group
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1-22 6.0 NA NA Astra Zeneca®!
1-23 2.50 NA NA AstraZeneca®
1-24 0.14 0.5 1.0 Incyte®®

1-25 0.02 0.5 0.8 Incyte®

1-26 0.27 NA 1.0 Incyte®

1-27 0.023 NA 1.0 Incyte®

1-28 4.30 NA NA Incyte®’

1-29 0.104 NA NA Novartis®
1-30 0.126 NA NA Novartis®®

1.5. PTP1B Inhibitors Reported from our Laboratory

To find lead compounds for the development of PTP1B inhibitors,

1120 molecules in ‘The Prestwick chemical library’ were examined in our

laboratory. Among the 1120 small molecules, 90% were drugs and 10% were

bioactive alkaloids or related compound.®® Nine novel inhibitors of PTP1B

were identified through a computer-aided drug design protocol involving

structure-based virtual screening with docking simulations process. Effects

of ligand solvation were considered in the scoring function. These inhibitors

were structurally diverse and revealed potencies with 1Cs, values ranging 10-

50 uM. The initial hits thus obtained from the Prestwick library could be

used as starting points for structural optimization to improve the potency.®

O
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Figure 1-12: Novel PTP1B Inhibitors Identified from Virtual Screening.

A series of compounds containing a thiazolidinedione moiety was
synthesized and measured for their PTP1B inhibitory activity. Most of the
thiazolidinedione series compounds exhibited 1Csq values in below 10 pM
against PTP1B. Compounds 1-41 and 1-42 exhibited the significant potency
(2.3 uM and 5 uM respectively) for PTP1B inhibitors. Therefore, these two

compounds were examined for antihyperglycemia and antiobesity effects in
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vivo test. Feeding compounds 1-41 and 1-42 to the HFD-induced
obese/diabetic mice suppressed HFD-induced body weight gain and
improved glucose tolerance effect. Plasma levels of triglyceride, total
cholesterol and free fatty acids were also lower compared to the HFD-fed
control group.

CF3

Me
1-41
CFs3
o} 0 N \
HN = H ,
N N
e, OO
CFy O HOOC
1-43 1-44

Figure 1-13 A. PTP1B Inhibitors Reported from our Laboratory

LB plot analysis revealed that compound 1-36 behaves as a
competitive inhibitor of PTP1B and compound 1-37 as a non-competitive
inhibitor of PTP1B

A series of barbituric acid derivatives was also synthesized and
examined for their potency and mode of inhibition steady-state Kinetic
experiments were performed for PTP1B and YPTP1 with compound 1-43.
The mode of inhibition was determined by the LB plot analysis. The
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compound 1-43 showed a noncompetitive mode of inhibition for PTP1B and
a mixed type noncompetitive inhibition for YPTP1. Noncompetitive
inhibition of PTP1B might be explained by the possible binding of the
barbituric acid moiety in the secondary aryl phosphate-binding site, present
near the active site of PTP1B.

The mixed-type noncompetitive inhibition of YPTP1 by 1-38 could
hardly be explained on the same basis, because no aryl phosphate—binding
site distinct from the active site has been known on YPTPI1.
Nondiscriminative inhibition of the three structurally diverse PTPases by I-
44 also implicates the possible similarity of the inhibitor binding sites on this
PTPases. Explanation of these apparently conflicting observations and
considerations requires additional studies including X-ray crystallographic
structure determination of the enzyme-inhibitor complex. Enzyme-inhibitor
interaction yet to be explained at the molecular level, barbiturate moiety was

proven to be a promising scaffold for the design of PTPase inhibitors.

By modifying the structure of compound 1-37, several disubstituted
barbituric acid compounds were synthesized to improve the inhibitory

potency against PTP1B.

1-45 1-46
Figure 1-13 B: PTP1B Inhibitors Reported from our Laboratory

LB plot analysis revealed that compound 1-45 inhibited PTP1B and

YPTP1 in a noncompetitive fashion. On the other hand, compound 1-45
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exhibited a competitive inhibition pattern for VHR phosphatase, which
indicates that the inhibitor competes with the substrate in binding on VHR
phosphatase. The compound 1-44 was synthesized as an analogue of
compound 1-33. On the basis of inhibitory action and Kinetic study, the
compound 1-44 was proved as a promising competitive inhibitor of PTP1B.
Further modification of compound 1-44 is in progress.

COOH COOH

COOH COOCH HO OH
HO O O OH O O

1-48 1-49
on
HOOC
1-51

1-52 1-53
Figure 1-13 C. PTP1B Inhibitors Reported from our Laboratory

PTP1B inhibitors reported from our laboratory also include
formylchromone derivatives,® disalicylic acid derivatives,® and pyrogallol

derivatives.®* Compound 1-47 was the most potent from formylchromone
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derivatives with 1Cso in 1 pM. It showed good selectivity over several
PTPases including TC-PTP and inhibited PTP1B irreversibly.

Disalicylic acid derivatives were also synthesized and examined for
the inhibitory activity against diverse PTPases. The three potent compounds
1-48, 1-49 and 1-50 from disalicylic acid derivatives demonstrated about 10-
fold selectivity over TC-PTP and two of the compounds 1-48 and 1-50 were
proved to be reversible PTP1B inhibitors. Feeding compounds 1-48 and 1-50
to DIO mice significantly reduced body weight gain compared with that of
the untreated HFD control group without suppressing food intake.*
Disalicylic acid derivatives with a longer chain, 1-51 (ICso =5 puM) and 1-52
(ICso = 0.5 pM), also showed PTP1B inhibitory effect. Compound 1-51
exhibited in vivo effects by lowering glucose level and improving glucose

tolerance in HFD- induced diabetic mice.*®

Compound 1-53, the most potent among pyrogallol derivatives, was
7-fold selective for PTP1B over TC-PTP. The compound I-53 showed ICs
value up to 2 pM and Ki value of 1.1 pM against PTP1B. Oral
administration of the compound 1-53 improved glucose tolerance in DIO

mice without observable toxicity.*
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Chapter 11

2. 1-Phenyl Barbituric Acid Containing N-Substituted Indole
Derivatives as a Non-Competitive Inhibitor against PTP1B Enzyme

2.1. Introduction

Barbiturates generally refer to derivatives of barbituric acid.
Barbituric acid was first synthesized in 1864 by condensing urea and diethyl
malonate, an ester derived from an acid obtained from apples. The principal
mode of action of barbiturates is believed to be their binding to the GABAAa
receptor. GABA is the principal inhibitory neurotransmitter in the
mammalian central nervous system (CNS). Barbiturates bind to the beta
subunit of the GABAAa receptor at a site distinct for GABA itself.
Barbiturates intensify the effects of GABA binding at this receptor. In
addition to this GABA-ergic effect, barbiturates also block the AMPA
receptor, a subtype of glutamate receptor. Glutamate is the principal
excitatory neurotransmitter in the mammalian CNS. Taken together, the
findings that barbiturates potentiate inhibitory GABAAa receptors and inhibit
excitatory AMPA receptors can explain the CNS-depressant effects of
barbiturates. At higher concentration, they inhibit the Ca**-dependent release
of neurotransmitters. Barbiturates produce their pharmacological effects by
increasing the duration of chloride ion channel opening at the GABAA
receptor. Whereas benzodiazepines increase the frequency of the chloride ion

channel opening at the GABAA receptor.

Commonly used barbiturates like phenobarbital and secobarbital have
substituents at the 5 position on this basic skeleton. CNS functions of
barbiturates have been used to treat medical conditions such as epileptic

seizures and as anesthesia for surgical procedures.” Beside the effects as
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CNS depressants, barbiturates have been shown to exhibit wide variety of
other biological activities, including anti-tumor activities, immuno-
modulating activities, herbicidal or insecticidal activities, PPARy agonistic
activities, and inhibitory activities against mucosal addressin cell adhesion
molecule-1 interactions.?®™® Notably, barbiturates, including phenobarbital
and secobarbital, were also found to inhibit the phosphatase activity of
calcineurin, a protein Ser/Thr phosphatase.'®* In view of this observation, the
barbituric acid moiety was considered as a candidate scaffold for the design
of PTPase inhibitors in this study.
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2.2. Aim of the Research

The objective of this work is to seeking a potent and selective
inhibitor of PTP1B. PTP1B is a negative regulator of insulin and leptin
signaling. Inhibition of its activity is the strategy for the development of

diabetes and obesity drug.

The specific objectives of the research were;
1. To synthesize a series of disubstituted barbituric acid derivatives
2. To evaluate their inhibitory potency against PTPases

3. To study the kinetics of inhibition
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2.3. Results and Discussion
2.4. Experimental Section
2.4.1. Materials for Chemical Synthesis

Commercial reagents were purchased from Aldrich Chemical Co.
(Milwaukee, WI), TCI (Tokyo, Japan) and Alfa Aesar (Johnson Matthey
Company, Germany). All the chemicals and solvents were analytical grade
and used without further purification. Chemical reactions were monitored by
thin-layer chromatography (TLC) using precoated silica gel plates (Silica gel
60 F2s4, Merck) and spots were visualized with UV light (254 nm). Column
chromatography was done with silica gel 60 (mesh 0.063-0.200 mm, Merck).

Melting points were determined on a MEL-TEP Electro-thermal
apparatus and the readings were uncorrected. *H NMR was recorded on a
Varian Gemini 2000 (200 MHz) and Varian Inova 400 (400 MHz)
spectrometers. Chemical shifts (o) are expressed in part per million relative
to internal tetramethylsilane, coupling constants (J) are in Hertz (Hz) and
signals are designated as follows: s, singlet; d, doublet; t, triplet; g, quartet;

m, multiplet; brs, broad singlet.
2.5. Synthesis of Compounds

The series of barbituric acid derivatives were synthesized as
described in Scheme 11-1 and they are shown in Table 11-1. Commercially
available aniline derivatives, Il1-1a-i, was treated with sodium isocyanate to
obtain urea derivatives, which are further converted to monosubstituted

barbiturate derivatives, 11-3a-i.

Knovenagel condensation of the latter compounds (11-3a-i) with N-

substituted imidazole (l11-4j-p) afforded disubstituted barbituric acid
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derivatives I1-5a-0.
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Where,
a=H f=4-F k = 1-phenyl
b =4-OCHjs g = 3-OCHgs | = 3-chlorophenyl
¢ =3-NO; h = 4-(4-chlorophenoxy)  m = 1-(4-methoxy)napthyl
d=3-Cl i =3,5-(CF3): n = 1-(4-bromo)napthyl
e = 3-CF; Jj = 1-napthyl 0 = 2-napthyl

p = 4-methoxyphenyl

Scheme I1-1. Synthetic Strategy of the Synthesis of Barbituric Acids
derivatives I1-5a-0. Reagents and conditions: (a) NaOCN, AcOH/H,0, 37
°C, 2-3 h; (b) Diethyl malonate, Na/EtOH, 70-80 °C, Overnight; (c) DMF,
60-70 °C, 6 h.

First set of compounds 11-5a-g was prepared with R; fixed to H and
varying R, as shown in the upper part of Table 11-1. The final products were

obtained as mixtures of (E) and (Z)-isomers. These compounds were

31



examined for their inhibitory activity against PTP1B. Among the various
substituted phenyl and naphthyl derivatives, compound I1-5a and 11-5e with
a 1-naphthyl and 1-(4-bromo)naphthyl moiety for R, gave the lowest 1Csg
values against PTP1B. Among the two, 1-(4-bromo)naphthyl moiety was
selected for R, due to the smaller molecular weight compared to the
corresponding naphthyl moiety. The second set of compounds 11-5h-0 was
then prepared with R, fixed to 1-naphthyl moiety. Various derivatives of 11-3
were subjected to condensation reaction with 11-4 as the counterpart. Among
the 1-naphthyl series of compounds, Il-5e proved to be the most potent
inhibitor of PTP1B.

R1
Compound I1-5a-0

Table 11-1. Barbituric Acid Derivatives Synthesized in This Study

Compounds Ry R2
Il-5a H 1-naphthyl
11-5b H 1-phenyl
11-5¢ H 3-chlorophenyl
11-5d H 1-(4-methoxy)naphthyl
11-5e H 1-(4-bromo)naphthyl
11-5f H 2-naphthyl
11-5g H 4-methoxyphenyl
11-5h 4-methoxy 1-naphthyl
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11-5i 3-NO, 1-naphthyl

11-5j 3-Cl 1-naphthyl
11-5k 3-CF3 1-naphthyl
11-51 4-F 1-naphthyl
11-5m 3-methoxy 1-naphthyl
11-5n 4-(4-chlorophenoxy)  1-naphthyl
11-50 3,5-(CF3); 1-naphthyl

Synthesis of 11-4j-p was accomplished by the Sn2 reaction between
11-4j-p, and indole-3-carbaldehyde (Scheme 11-2). 11-6 was obtained by the
reduction of aldehyde using NaBH, as a reducing agent. Compound 11-7 was
prepared by treatment of 11-6 with PBrs. The mechanism involves initial
activation of the alcohol oxygen by the electrophilic phosphorus, followed

by an S\2 substitution at the alcohol carbon.

11-7j,0,p
11-4j,0,p
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Scheme 11-2. Synthetic Strategy for the Synthesis of Indole Derivatives
(11-4k-n). Reagent and conditions: (d) Indole, KOH, DMSO, rt, 2 h; (e)
NaBH,4, EtOH, rt, 10 min; (f) PBr3, DCM, 0°C, 2 min; (g) AIBN, NBS,

Benzene, reflux, 3 h.
2.5.1. Chemical Synthesis of Compound I1-2a-i
Urea Formation Reaction

Sodium cyanate (260 mg, 4 mmol) in water (8 mL) was added
gradually to a stirred solution of aniline (4 mmol) in a mixture of acetic acid
(8 mL) and water (16 mL) at 35 °C. After 2 h, the reaction mixture was
cooled to the room temperature and dissolved in ethyl acetate (30 mL),
washed with water (25 mL x 2) and brine (20 mL) successively, dried over
anhydrous sodium sulfate, filtered, and concentrated under reduced pressure.

The crude product was recrystallized in ethyl acetate to obtain yellow
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crystals of phenylurea.

1-phenylurea (11-2a). White crystalline solid (407 mg, 74% yield):
m.p. 150-151 °C; R = 0.6 (EtOAc w/ 1% EtsN); *H NMR (DMSO-ds, 400
MHz) 6 5.8 (s, 2H), 6.8 (m, 1H), 7.2 (m, 2H), 7.3 (m, 2H), 8.5 (s, 1H).

1-(4-methoxyphenyl)urea (I11-2b). White solid (206 mg, 63% yield):
m.p. 162-163 °C; Rt = 0.6 (EtOAc w/ 1% EtsN); *H NMR (DMSO-ds, 400
MHz) ¢ 3.6 (q, J = 15.6 Hz, 3H), 5.8 (s, 2H). 6.7 (d, J = 8.8 Hz, 2H), 7.2 (m,
2H), 8.6 (s, 1H).

1-(3-nitrophenyl)urea (I1-2c). Yellow crystal (391 mg, 35% yield):
m.p. 193-194 °C; R = 0.7 (EtOAc w/ 1% EtsN); *H NMR (DMSO-ds, 400
MHz) 6 6.0 (s, 2H), 7.5 (t, J = 8.4 Hz, 1H), 7.6 (m, 1H), 7.7 (m, 1H), 8.4 (t, J
=2 Hz, 1H), 9.0 (s, 1H).

1-(3-chlorophenyl)urea (11-2d). White needle shaped crystalline
solid 586 mg, 57% vyield): m.p. 151-152 °C; Rf = 0.5 (EtOAc w/ 1% Et3N);
'H NMR (DMSO-ds, 400 MHz) 6 5.9 (s, 2H), 6.9 (m, 1H), 7.1 (m, 2H), 7.6
(t, J=2Hz, 1H), 8.7 (s, 1H).

1-(3-(trifluoromethyl)phenyl)urea (11-2e). White solid (580 mg,
71% yield): m.p. 100-101 °C; R¢ = 0.45 (EtOAc w/ 1% EtsN); 'H NMR
(DMSO-ds, 400 MHz) 6 5.9 (s, 2H), 7.2 (br., 1H), 7.4 (m, 2H), 7.9 (s, 1H),
8.8 (s, 1H).

1-(4-fluorophenyl)urea (11-2f). White crystalline solid (470 mg,
51% vyield): m.p. 189-190 °C; Rt = 0.4 (EtOAc w/ 1 % Et;N); 'H NMR
(DMSO-ds, 400 MHz) 6 5.8 (s, 2H), 7.0 (m, 2H), 7.3 (m, 2H), 8.5 (s, 1H).

1-(3-methoxyphenyl)urea (11-2g). White crystalline solid (736 mg,
73% vyield): m.p. 129-130 °C; R¢ = 0.44 (EtOAc w/ 1% Et3N); 1H NMR
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(DMSO-dg, 400 MHz) 6 5.7 (s, 2H), 6.4 (s, 1H), 6.8 (s, 1H), 8.4 (s, 1H).

1-(4-(4-chlorophenoxy)phenyl)urea (11-2h). White solid (817 mg,
78% yield): m.p. 153-154 °C; Ry = 0.5 (EtOAc); *H NMR (DMSO-ds, 400
MHz) 6 5.8 (s, 2H), 6.9 (m, 4H), 7.4 (m, 4H), 8.5 (s, 1H).

1-(3, 5-bis(trifluoromethyl)phenyl)urea (11-2i). White (550 mg, 33
% yield): mp 195-196 °C; R¢ = 0.37 (EtOAc: Hexane, 9: 1); 'H NMR
(DMSO-ds, 400 MHz) 6 6.2 (s, 2H), 7.5 (s, 1H), 8.0 (s, 2H), 9.2 (s, 1H).

2.5.2. Chemical Synthesis of Compound 11-3a-i
Cyclization Reaction

Sodium (60 mg, 2.61 mmol) was added into a two-necked round
bottom flask containing anhydrous ethanol (2 mL) fitted with a reflux
condenser and a calcium chloride tube. When the sodium has disappeared,
phenylurea (2.14 mmol) and diethyl malonate (2.2 mmol) in anhydrous
ethanol (2 mL) was added sequentially. After 12 h at 70-80 °C, the reaction
mixture was cooled to room temperature and concentrated to ~1-2 mL by
rotary evaporator. The reaction mixture was dissolved in water (20 mL) and
washed with ethyl acetate (15 x 3 mL). 1 M hydrochloric acid (5 mL) was
added to the reaction mixture and was extracted with ethyl acetate (15 mL x
3). The combined organics were washed with water (15 mL x 3) and brine
(15 mL) successively, dried with anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure. A pure solid (by TLC) thus obtained

was the desired product.

1-phenylpyrimidine-2,4,6-trione (11-3a). Yellowish white solid (130
mg, 29% yield): m.p. 234-235 °C; R¢ = 0.3 (EtOAc: Acetone, 1: 1); *H NMR
(DMSO-dg, 400 MHz) 6 3.7 (s, 2H), 7.2-7.4 (br, 5H), 11.4 (s, 1H).
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1-(4-methoxyphenyl)pyrimidine-2,4,6-trione (11-3b). White solid
(347 mg, 43 % vyield): m.p. 208-209 °C; R = 0.45 (EtOAc: Acetone, 1: 1);
'H NMR (DMSO-ds, 400 MHz) ¢ 3.6-3.7 (m, 5H), 7.0-7.1 (m, 4H), 11.3 (s,
1H).

1-(3-nitrophenyl)pyrimidine-2,4,6-trione (11-3c). Yellow solid (368
mg, 36% yield): m.p. 231-232 °C; R¢ = 0.4 (EtOAc: Acetone, 1: 1); '"H NMR
(DMSO-dg, 400 MHz) 6 3.7 (d, J=8 Hz, 2H), 7.75-7.67 (m, 2H), 8.15-8.2
(m, 2H), 11.58 (s, 1H).

1-(3-chlorophenyl)pyrimidine-2,4,6-trion (11-3d). Light yellow
solid (356 mg, 75% yield): m.p. 179-180 °C; R = 0.3 (EtOAc); 'H NMR
(DMSO-dg, 400 MHz) 6 3.6 (s, 2H), 7.3 (b, 4H), 11.5 (s, 1H).

1-(3-(trifluoromethyl)phenyl pyrimidine-2,4,6-trion (11-3e). White
solid (196 mg, 72% vyield): m.p. 86-87 °C; Rs = 0.45 (EtOAc); 'H NMR
(DMSO-ds, 400 MHz) 6 3.6 (s, 2H), 7.5-7.7 (m, 4H), 11.5 (s, 1H).

1-(4-fluorophenyl) pyrimidine-2,4,6-trion (11-3f). White solid (174
mg, 78% yield): m.p. 223-224 °C; R; = 0.24 (EtOAc w/ 1% Et;N); 'H NMR
(DMSO-ds, 400 MHz) 6 3.6 (s, 2H), 7.3 (m, 4H), 11.4 (s, 1H).

1-(3-methoxyphenyl)pyrimidine-2,4,6-trion (11-3g). Yellow solid
(440 mg, 94% vyield): m.p. 163-164 °C; Rt = 0.26 (EtOAc); ‘H NMR
(DMSO-ds, 400 MHz) ¢ 3.7 (t, J = Hz, 5H), 6.7 (d, J = 8.4 Hz, 2H), 6.9 (d, J
= 6.8 Hz, 1H), 7.3 (t, J = 8 Hz, 1H), 11.4 (s, 1H).

1-(4-(4-chlorophenoxy)phenyl)pyrimidine-2,4,6-trion (11-3h).
White solid (122 mg, 80% vyield): m.p. 232-233 °C; R¢ = 0.25 (EtOAc); 'H
NMR (DMSO-ds, 400 MHz) 6 3.6 (s, 2H), 7.1 (9, J=8.8 Hz, 4H), 7.2 (d, J =
8.4 Hz, 2H), 7.4 (t, J = 6.8 Hz, 2H), 11.4 (s, 1H).
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1-(3, 5-bis(trifluoromethyl)phenyl)pyrimidine-2, 4, 6-trion (11-3i).
Yellow solid (395 mg, 58% yield): m.p. 148-149 °C; R¢ = 0.33 (EtOAc); *H
NMR (DMSO-ds, 400 MHz) 6 3.7 (s, 2H), 8.0 (s, 2H), 8.2 (s, 1H), 11.6 (s,
1H).

2.5.3. Chemical Synthesis of Compound 11-5a-0
Knoevenagel Condensation

Compound 11-3a-i (0.95 eq., 0.038 mmol) was added into an
Eppendorf tube containing compound 11-4j-p (0.04 mmol) in DMF (100 pL).
The mixture was heated at 70-80 °C. After 6 h, the solid that formed in the
reaction vessel was washed with i-PrOH (100 pL x 2). The yellow solid thus
obtained was the target compound. The condensation products were obtained

as mixtures of (E) and (Z)-isomers.

(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1-
phenylpyrimidine-2,4,6-trione (11-5a). Yellow solid (17 mg, 88% yield):
mp >300 °C; Rf = 0.55 (EtOAc: Hexane, 1: 1); *H NMR (DMSO-dg, 400
MHz) 6 6.19 (d, J = 10 Hz, 2H), 6.78 (d, J = 6.8 Hz, 1H), 7.21-7.58 (m,
11H), 7.79-8.13 (m, 4H), 8.33 and 8.71 (2s, rotamers, 1H), 9.49 and 9.55 (2s,
rotamers, 1H), 11.31 and 11.47 (2s, rotamers, 1H).

(2)-5-((1-benzyl-1H-indol-3-yl)methylene)-1-phenylpyrimidine-
2,4,6-trione (11-5b). Yellow solid (15 mg, 86% yield): m.p. 298-299 °C; R¢ =
0.38 (EtOAC: Hexane, 2: 1); *H NMR (DMSO-ds, 400MHz) 6 5.68 (d, 2H, J
=11.2 Hz), 7.2-7.9 (m, 14H), 8.46 and 8.71 (2s, rotamers, 1H), 9.57 and 9.67
(2s, rotamers, 1H), 11.40 and 11.48 (2s, rotamers, 1H).

(2)-5-((1-(3-chlorobenzyl)-1H-indol-3-yl)methylene)-1-
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phenylpyrimidine-2,4,6-trione (I1-5c). Yellow solid (12 mg, 64% vyield):
m.p. 279-280 °C; R = 0.5 (EtOAc: Hexane, 1: 1); 'H NMR (DMSO-ds, 400
MHz) 6 5.7 (d, J = 12.4 Hz, 2H), 7.94-7.13 (m, 13H), 8.72 and 8.81 (2s,
rotamers, 1H), 9.58 and 9.62 (2s, rotamers, 1H), 11.42 and 11.49 (2s,
rotamers, 1H).

(2)-5-((2-((4-methoxynaphthalen-1-yl)methyl)-1H-indol-3-
yl)methylene)-1-phenylpyrimidine-2,4,6-trione (I1-5d). Yellow solid (16
mg, 78% yield): m.p. >300 °C; R¢ = 0.6 (EtOAc: Hexane, 1: 1); 'H NMR
(DMSO-dg, 400 MHZz) ¢ 3.9 and 4.0 (2s, rotamers, 3H), 6.0 (d, J = 12.4 Hz,
2H), 6.8,6.9and 7.0 (3d, J =8 Hz, J =8 Hz, J = 8 Hz, rotamers, 2H), 7.2-7.6
(m, 10H), 7.8-7.9 (m, 2H), 8.0-8.2 (m, 1H), 8.64 and 8.80 (2s, rotamers, 1H),
9.4 and 9.5 (2s, rotamers, 1H), 11.3 and 11.4 (2s, rotamers, 1H).

(2)-5-((2-((4-bromonaphthalen-1-yl)methyl)-1H-indol-3-
yl)methylene)-1-phenylpyrimidine-2,4,6-trione (I11-5¢). Yellow solid (18
mg, 80% yield): m.p. > 300 °C; R; = 0.6 (EtOAc: Hexane, 1: 1); 'H NMR
(DMSO-ds, 400 MHz) 6 6.2 (d, J = 8.4 Hz, 2H), 6.9 (d, J = 7.2 Hz, 1H), 7.0
(d, J =7.6 Hz, 1H), 7.3-8.2 (m, 13H), 8.7 and 8.8 (2s, rotamers, 1H), 9.5 and
9.6 (2s, rotamers, 1H), 11.34 and 11.48 (2s, rotamers, 1H) .

(2)-5-((1-(naphthalen-2-ylmethyl)-1H-indol-3-yl)methylene)-1-
phenylpyrimidine-2,4,6-trione (I11-5f). Yellow solid (17 mg, 83% yield):
m.p. > 300 °C; R = 0.53 (EtOAc: Hexane, 1: 1); *H NMR (DMSO-ds, 400
MHz) ¢ 5.85 (d, J =10.8 Hz, 2H), 7.3-7.9 (m, 16H), 8.7 and 8.8 (2s,
rotamers, 1H), 9.6 and 9.7 (2s, rotamers, 1H), 11.4 and 11.5 (2s, rotamers,
1H).

(Z2)-5-((1-(4-methoxybenzyl)-1H-indol-3-yl)methylene)-1-
phenylpyrimidine-2,4,6-trione (11-5g). Yellow solid (16 mg, 78% vyield):
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m.p. >300 °C; Rf = 0.6 (EtOAc: Hexane, 1: 1); 'H NMR (DMSO-ds, 400
MHz) 6 3.8 (dd, J = 0.4 Hz, 3H), 5.6 (d, J = 10 Hz, 2H), 6.8 and 6.9 (2
doublets, J = 7.2 Hz and 7.2 Hz, 3H), 7.2-7.9 (m, 11H), 8.7 and 8.8 (2s,
rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H), 11.3 and 11.4 (2s, rotamers,
1H).

(2)-1-(4-methoxyphenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-
indol-3-yl)methylene)pyrimidine-2,4,6-trione (11-5h). Yellow solid (16
mg, 78% yield): m.p. >300 °C; R¢ = 0.6 (EtOAc: Hexane, 1: 1); 'H NMR
(DMSO-ds, 400 MHz) 6 3.8 (dd, J = 0.4 Hz, 3H), 6.2 (d, J = 12 Hz, 2H), 6.8-
8.0 (m, 15H), 8.7 and 8.8 (2s, rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H),
11.3 and 11.4 (2s, rotamers, 1H).

(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1-(3-
nitrophenyl)pyrimidine-2,4,6-trione (11-5i). Yellow solid (19 mg, 90%
yield): m.p. >300 °C; Rs = 0.54 (EtOAc : Hexane, 1: 1); ‘H NMR (DMSO-
ds, 400 MHz) ¢ 6.2 (d, J = 6 Hz, 2H), 6.8 (d, J = 6.4 Hz, 1H), 7.2-8.3 (m,
14H), 8.7 and 8.8 (2 doublets, J = 2.4 Hz, and 2.8 Hz, 1H), 9.5 and 9.5 (2s,
rotamers, 1H), 11.4 and 11.6 (2s, rotamers, 1H).

(2)-1-(3-chlorophenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-
yl)methylene)pyrimidine-2,4,6-trione (11-5j). Yellow solid (17 mg, 82%
yield): m.p. >300 °C; Rs = 0.53 (EtOAc: Hexane, 1: 1); *H NMR (DMSO-
de, 400 MHz) 6 6. 2 (d, J = 14 Hz, 2H), 6.8 (d, J = 6.8 Hz, 1H), 7.2-8.1 (m,
14 Hz), 8.7 and 8.8 (2s, rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H), 11.4
and 11.5 (2s, rotamers, 1H).

(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1-(3-
(trifluoromethyl)phenyl)pyrimidine-2,4,6-trione (11-5K). Yellow solid (17
mg, 77% yield): m.p. >300 °C; R; = 0.58 (EtOAc: Hexane, 1: 1); ‘H NMR
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(DMSO-dg, 400 MH2z) 6 6.19 (d, J = 10.4 Hz, 2H), 6.8 (d, J = 6.8 Hz, 1H),
7.2-8.1 (m, 14H), 8.7 and 8.8 (2s, rotamers, 1H), 9.5 and 9.6 (2s, rotamers,
1H), 11.4 and 11.5 (2s, rotamers, 1H).

(2)-1-(4-fluorophenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-
yl)methylene)pyrimidine-2,4,6-trione (11-5I). Yellow solid (14 mg, 70%
yield): m.p. >300 °C; Rs = 0.4 (EtOAc: Hexane, 1: 1); 'H NMR (DMSO-dj,
400 MHz) ¢ 6.19 (d, J = 13.2 Hz, 2H), 6.8 (d, J = 7.2 Hz, 1H), 7.2-8.1 (m,
14H), 8.7 and 8.8 (2s, rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H), 11.3 and
11.5 (2s, rotamers, 1H).

(2)-1-(3-methoxyphenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-
indol-3-yl)methylene)pyrimidine-2,4,6-trione (I11-5m). Yellow solid (14
mg, 68% yield): m.p. 297-298 °C; Rs = 0.37 (EtOAc: Hexane, 1: 1 x 2); 'H
NMR (DMSO-ds, 400 MHz) ¢ 3.78 (dd, J = 0.4 Hz, 3H), 6.2 (d, J =13.6 Hz,
2H), 6.8-6.9 (m, 3H), 7.2-7.6 (m, 7H), 7.8-8.1 (m, 5H), 8.7 and 8.8 (2s,
rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H), 11.3 and 11.5 (2s, rotamers,
1H).

(2)-1-(4-(4-chlorophenoxy)phenyl)-5-((1-(naphthalen-1
ylmethyl)-1H-indol-3-yl)methylene)pyrimidine-2,4,6-trione(11-5n).
Yellow solid (17 mg, 70% yield): m.p. >300 °C; Rf = 0.35 (EtOAc: Hexane,
1:1x2); 'H NMR (DMSO-ds, 400 MHz) § 6.2 (d, J =18 Hz, 2H), 6.7 (d, J
=7.2 Hz, 1H), 7.0-7.1 (m, 4H), 7.2-7.6 (m, 10H), 7.8-8.2 (m, 5H), 8.7 and 8.8
(2s, rotamers, 1H), 9.5 and 9.6 (2s, rotamers, 1H), 11.3 and 11.5 (2s,

rotamers, 1H).

(2)-1-(3,5-bis(trifluoromethyl)phenyl)-5-((1-(naphthalen-1-
ylmethyl)-1H-indol-3-yl)methylene)pyrimidine-2,4,6-trione (11-50). Brick
red solid (23 mg, 92% yield): m.p. >300 °C; R¢ = 0.56 (EtOAc: Hexane, 1: 1
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x 2); 'H NMR (DMSO-dg, 400 MHz) ¢ 6.2 (d, J = 8.8 Hz, 2H), 6.8 (d, J =
6.8 Hz, 1H), 7.2-7.6 (m, 6H), 7.8-8.2 (m, 7H), 8.7 and 8.8 (2s, rotamers, 1H),
9.5 and 9.6 (2s, rotamers, 1H), 11.4 and 11.5 (2s, rotamers, 1H).

2.5.4. Chemical Synthesis of Compound I1-4j-p

Benzyl bromide or Bromomethylnapthalene (0.44 mmol), freshly
crushed KOH (4 eq., 1.76 mmol, 98 mg) and DMSO (1 mL) were taken in a
round bottom flask and the mixture was stirred at room temperature. After 1
h, Indole (1.5 eg., 0.66 mmol, 166mg) in DMSO (500 pL) was added then
the resulting mixture was stirred for an additional 1 h. After completing the
reaction, the mixture was dissolved in ethyl acetate (15 mL), washed with
water (15 mL x 3) and brine (15 mL) sequentially, dried with anhydrous
sodium sulfate, filtered, and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel using Hexane:

EtOAc mixture as a solvent system.

1-(naphthalen-1-ylmethyl)-1H-indole-3-carbaldehyde (11-4j).
White brownish crystal (110 mg, 77% vyield): m.p. 137-138 °C; R = 0.75
(EtOAc: Hexane, 1:1); *"H NMR (CDCls;, 200 MHz) 6 5.8 (s, 2H), 7.4 (m,
7.4-7.5, 8H), 7.8 -7.9 (m, 3H), 8.4 (m, 1H), 9.9 (s, 1H).

1-benzyl-1H-indole-3-carbaldehyde (I1-4k). White solid (777 mg,
83% yield): m.p. 105-106 °C; R; = 0.4 (EtOAc: Hexane, 1: 2); 'H NMR
(CDCls3, 200 MHz) ¢ 5.4 (s, 2H), 7.2-7.4 (br, 8H), 7.7 (s, 1H), 8.5 (m, 1H),
and 10 (s, 1H).

1-(3-chlorobenzyl)-1H-indole-3-carbaldehyde (11-41). White solid
(889 mg, 82% yield): m.p. 79-80 °C; R; = 0.6 (EtOAc: Hexane, 1: 2); 'H
NMR (CDCls, 200 MHz) ¢ 5.3 (s, 1H), 7.1-7.4 (br, 7H), 7.7 (s, 1H), 8.4 (d, J
= 6.2 Hz, 1H), 10 (s, 1H).
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1-(4-methoxynaphthalen-1-yl)methyl)-1H-indole-3-carbaldehyde
(11-4m). Brown solid (76 mg, 56% vyield): m.p. 107-108 °C; Rf = 0.8
(EtOAC: Hexane, 1: 2); 'H NMR (CDCls, 200 MHz) 6 4.1 (m, 3H), 5.7 (s,
2H), 6.8 (dd, J = 2.4 Hz, 1H), 7.45 (m, 7.2-7.7, 6H), 8.4 (m, 1H), and 9.9 (s,
1H).

1-((4-bromonaphthalen-1-yl)methyl)-1H-indole-3-carbaldehyde
(11-4n) Brown solid (134 mg, 74% yield): m.p. 120-121 °C; Rt = 0.56
(EtOAC: Hexane, 1: 2); *H NMR (CDCls, 200 MHz) 6 5.8 (s, 2H), 7 (d, J =
7.8 Hz, 1H), 7.6 (m, 7.3-7.9, 9H), 8.4 (m, 2H), 9.9 (s, 1H).

1-(naphthalen-2-ylmethyl)-1H-indole-3-carbaldehyde (11-40).
Brown crystal (203 mg, 71% yield): m.p. 114-115 °C; Rf = 0.54 (EtOAc:
Hexane, 1: 2); "H NMR (CDCls, 200 MHz) ¢ 5.5 (s, 2H), 7.3-7.9 (m, 11H),
8.4 (s, 1H), 10 (s, 1H).

1-(4-methoxybenzyl)-1H-indole-3-carbaldehyde (I1-4p). White
brownish crystal (219 mg, 82% yield): m.p. 125-126 °C; Rf = 0.57 (EtOAc:
Hexane, 1: 1); *H NMR (CDCls, 200 MHz) ¢ 3.8 (s, 3H), 5.3 (s, 2H), 6.9-7.4
(m, 8H), 7.7 (s, 1H), 8.3 (s, 1H), 9.8 (s, 1H).

2.5.5. Chemical Synthesis of Compound 11-6
(4-methoxynapthalen-1-yl)methanol

A round bottom flask (25 mL) was charged with 4-methoxy-1-
napthaldehyde (1.07 mmol, 200 mg), EtOH (15 mL), and NaBH, (2 eq., 2.14
mmol, 82 mg) respectively. The mixture was stirred at room temperature.
After 10 min, the reaction completion was monitored by TLC plate. The
reaction mixture was completely dried under reduced pressure. Water (15
mL), and ethyl acetate (25 mL) and 1M HCI (0.5 mL) were added to the
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reaction mixture. The combined organics were washed with H,O (15 mL x
3), brine (15 mL) successively, dried with sodium sulfate, filtered, and
concentrated under reduced pressure to afford (4-methoxynapthalen-1-
yl)methanol as a pale yellow gelatinous liquid (180 mg, 90% yield); m.p. 67-
68 °C; R¢= 0.5 (Hexane: EtOAc, 2: 1); *H NMR (CDCls, 200 MHz) 6 4.0 (s,
3H), 5.1 (s, 2H), 6.8 (d, J = 10Hz, 1H), 7.3-7.6 (m, 3H), 8.3 (dd, J = 7.6 Hz,
1H), 8.4 (dd, J = 7.6 Hz, 1H).

2.5.6. Chemical Synthesis of Compound 11-7
1-(bromomethyl)-4-methoxynapthalene

Phosphorus tribromide (0.33 eq., 89 mg, 62 ulL) was added drop wise
to a stirred solution of (4-methoxynapthalen-1-yl)methanol in
dichloromethane (5 mL) at room temperature. After 2 min, reaction was
quenched by saturated sodium carbonate (~ 3 mL). The reaction mixture was
dissolved in dichloromethane (15 mL), washed with water (15 mL x 3), and
brine (15 mL) sequentially, dried with sodium sulfate, filtered and
concentrated under reduced pressure. The crude product thus obtained was
purified by column chromatography on silica gel using Hexane: EtOAc as a
solvent system to obtain 1-(bromomethyl)-4-methoxynapthalene as a white
solid (20 mg, 30% yield): m.p. 139-140 °C; R = 0.5 (Hexane: EtOAc, 9: 1).
'H NMR (CDCls, 200 MHz) § 4.0 (s, 3H), 5.0 (s, 2H), 6.8 (d, J = 7.6 Hz,
1H), 7.5-7.7 (m, 4H), 8.1-8.4 (m, 1H).

2.5.7. Chemical Synthesis of Compound 11-8
1-bromo-4-(bromomethy)naphthalene

A two-necked round bottom flask equipped with a condenser, a

magnetic stirring and a calcium chloride tube was charged with N-
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bromosuccinamide (1.2 eq., 1.08 mmol, 192 mg), 2, 2’-azobisisobutyronitrile
(0.07 eqg., 0.06 mmol, 10 mg), anhydrous benzene (5 mL) and 1-bromo-4-
methylnapthalene (0.9 mmol, 200 mg, 141 ulL) sequentially. The reaction
mixture was refluxed for 3 h. Then, the mixture was dissolved in ethyl
acetate (25 mL), washed with water (15 mL x 3) and brine (15 mL)
successively, dried with anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure to obtain 1-bromo-4-(bromomethy)naphthalene as a
dirty white solid (245 mg, 91% vyield): m.p. 86-87 °C; R = 0.6 (Hexane:
EtOAc, 19: 1); *H NMR (CDCls, 200 MHz) 6 4.9 (s, 2H), 7.4 (d, J = 8 Hz,
1H), 7.6-7.7 (m, 3H), 8.1 (d, J = 8 Hz, 1H), 8.3 (m, 1H).

2.6. In vitro studies
2.6.1. Materials

PNPP, a substrate for the PTPase assay was purchased from Sigma
(St. Louis, USA) in a di(Tris) salt form. The absorbance was measured using
Novaspec-Il  spectrophotometer (Amersham Pharmacia) or DU650
spectrophotometer (Beckman Coulter). Catalytic domain of YPTP1, VHR

and the native form of PTP1B were expressed in E. coli expression systems.
2.6.2. Determination of 1Csg
General Procedure

The PTPase activities were measured in buffer A (50 mM Hepes, 5
mM EDTA, 2mM DTT, pH 7.0) at 37 °C with pNPP concentration of 2 mM.
Enzymes were diluted with enzyme dilution buffer (25 mM Hepes, 5 mM
EDTA, 1 mM DTT, 1 mg/mL bovine serum albumin, pH 7) and inhibitors
were dissolved in DMSO. The concentration of inhibitor that decreases the

rate of an enzyme-catalyzed reaction by 50% (1Csp) was determined by
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measuring PTPase activity in a range of inhibitor concentrations. The final
reaction mixture contained 5 uL of pNPP, 5 uL of diluted enzyme, 5 pL of
inhibitor solution, 10 uL of 5 x buffer A and 25 puL H,O. Enzyme and
inhibitor were incubated at 37 °C for 10 min before the initiation of the
reaction by addition of pNPP. After 3 min at 37 °C, the enzyme-catalyzed
reaction was quenched by addition of 0.5 M NaOH (0.95 mL) and the
absorbance at 405 nm was taken to measure the amount of p-nitrophenol
produced. For correction of non-enzymatic hydrolysis of pNPP, control
reaction rate was measured by adding NaOH prior to the addition of an
enzyme. The concentrations of PTPases in the assay mixture were 40 nM for
PTP1B, 15 nM for YPTP1 and 500 nM for VHR. The Kinetic data were
analyzed using GraFit 5.0 program (Erithacus Software).

2.6.3. IC5 of 11-5a-0

The Barbituric acid derivatives were evaluated for their inhibitory
activities against PTP1B and VHR with pNPP as the substrate. The enzymes
and compounds were preincubated for 10 min before the initiation of enzyme
reaction by addition of the substrate. The ICsy value for each of the

compounds determined under this condition is presented in Table 11-2.

Table 11-2. Inhibition of PTPases by Barbiturate Derivatives 11-5a-0

1Cs0 (UM)
Compounds PTP1B VHR
I1-5a 12+2 43+1
11-5b 28+4 66 £ 6
11-5¢ 234 45+ 10
11-5d 15+1 19+0
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11-5e 11+1 27 2

11-5f 24 2 46 £ 9
11-5¢ 25 + 3 66 + 11
1-5h 28+ 1 45+ 1
11-5i 14+3 24+ 1
11-5§ 18+1 36 +2
1-5k 18 +3 25+3
11-51 24 +2 25+ 7
11-5m 25 + 2 33+1
11-5n 14 +2 31+2
11-50 16 + 8 19+1

2.6.4. Nature of Inhibition
General Procedure

To determine the nature of inhibition, PTP1B-catalyzed hydrolysis of
PNPP in presence of 11-5e was measured at 37 °C in buffer A by modification
of the procedure used to determine ICso. In this case, the reaction was
initiated by addition of diluted enzyme (5 uL) to the reaction mixture (45
uL) containing various concentrations of pNPP (5 upL) and various fixed
concentrations of 11-5e (5 uL). The reaction was quenched 5 min later by
addition of 0.5 M NaOH (0.95 mL). The absorbance at 405 nm was
measured to quantitate the p-nitrophenol produced and the inhibition pattern

was evaluated by LB-plot analysis using GraFit 5.0 program.
2.6.5. Inhibition by 11-5e

The nature of inhibition by compound I1-5e was investigated by

steady-state kinetic experiment for two human PTPases, PTP1B (Figure Il-

47



1) and VHR (Figure 11-2), and a yeast PTPase, YPTP1 (Figure 11-3). The
mode of inhibition was determined by the LB plot analysis of the Kkinetic
experiments. Noncompetitive inhibition of PTP1B might suggest a possible
interaction of the compound with PTP1B on the second phosphate-binding
site near the active site. However, noncompetitive inhibition of YPTP1 is not
explained in the same way because the second phosphate-binding site is not
present in YPTP1. On the other hand, compound II-5¢ exhibited a
competitive inhibition pattern for VHR (Figure 11-3) indicating that the
inhibitor competes with the substrate in binding to the active site of VHR.

10 —

| | | T | T | T |
-0.5 0 0.5 1 1.5

1/[pPNPP] (mM-1)

Figure 11-1. Lineweaver-Burk Analysis for PTP1B Catalyzed Reaction
in the Presence of I1-5e. Phosphatase activity was measured against pNPP
in the presence of 11-5e; none (o), 25 uM (e), 50 uM (), and 100 uM (A).
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Figure 11-2. Lineweaver-Burk Analysis for YPTP1Catalyzed Reaction in
the Presence of 11-5e. Phosphatase activity was measured against pNPP in
the presence I1-5e; none (0), 25 uM (e), 50 uM (o), 75 uM (m) and 100 uM
(A). In the inset, the graph shows the plot of the data points at high pNPP

concentrations.
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Figure 11-3. Lineweaver-Burk Analysis for VHR Catalyzed Reaction in
the Presence of 11-5e. Phosphatase activity was measured against pNPP in
the presence 11-5¢; none (o), 25 uM (@), 50 uM (0), and 100 uM (A).

2.7. Summary and Conclusion

We synthesized several derivatives of barbituric acid and their
inhibitory activity against PTP1B and VHR was determined. The compounds
showed high potency to the PTP1B in the comparison with VHR.

Among them, compound I1-5e was the most potent and the nature of
inhibition was examined toward various phosphatases. Compound 11-5e was
demonstrated as a competitive inhibitor against VHR and a non-competitive
inhibitor against PTP1B and YPTP1.
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Chapter 111

3. Vaccinia Virus H1 Related Phosphatase
3.1. Introduction

Vaccinia virus H1 related phosphatase (VHR) was isolated from
human fibroblasts by Ishibashi et al.'® as the first identified dual specific
phosphatase (DUSPase). Being a DUSPase, it dephosphorylates pTyr as well
as pSer/pThr but preferably pSer/pThr. A positively charged crevice near the
active site may explain the enzyme's preference for the substrates with two
vicinally phosphorylated residues. DUSPases are known to regulate

mitogenic signal transduction and cell cycle.
3.2. Biological Function of VHR

Several studies have indicated that the human VHR phosphatase
would be involved in the regulation of cell-cycle progression.®® VHR was
suggested as a promising therapeutic target for cancer because the cells
lacking VHR are arrested at the G1-S and G2-M transitions of the cell cycle
with a decreased telomerase activity. The VHR activity has also been known

to be related with the immune response of activated T cells.®*
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3.2.1. VHR Downregulates INK Pathway in T Cell
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Figure 111-1. JNK Signaling Pathway
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VHR down-regulates the JNK signaling pathway at the level of INK
dephosphorylation. The c-Jun NHz-terminal kinase (JNK) pathway is one of
the downstream pathways of the mitogen-activated protein (MAP) kinase
and plays an important role in various inflammatory diseases, including
inflammatory bowel disease (IBD). The intestinal inflammatory disorder can
be treated by blocking the JNK pathway. Current data suggest that specific
JNK inhibitors hold promise as novel therapies for IBD.

Initially mammalian JNK were called stress activated protein kinase
(SAPK) because they are activated by a variety of environmental stresses.*®
Later, the JNK pathway was also found to respond to cytokines, such as
TNF-a and IL-1, and growth factors. JNK is a multi-functional kinase
involved in several physiological and pathological processes. Specific
stimuli trigger the activation of MAP3Ks, which then phosphorylate and
activate the MAP2K isoforms MKK4 and MKK?7, which in turn
phosphorylate and activate JNK.'®® JNK phosphorylates c-Jun at the NH.-
terminal Ser-63 and 73 residues, and thus termed JNK. However, recent
studies have shown that JNK can phosphorylate a variety of substrates,
including additional transcription factors, including JunB, JunD, c-fos, ATF2
and ATF3, and some non-nuclear proteins.'® The above mentioned
transcription factors and c-Jun form various heterodimeric transcription
factors, called activator protein-1 (AP-1), which regulates the expression of

a variety of genes.
3.2.2. VHR is Associated with Cervix Cancer

Cervical cancer is one of the most prevalent cancers in women
worldwide and is a leading cause of cancer death for women in developing
countries. Recent studies'®’ established the connection between VHR and

cervical cancer. VHR protein levels were upregulated in several cervix
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cancer cell lines as well as in cervix cancer biopsies, including squamous
intraepithelial lesions and squamous cell carcinomas of the uterine cervix.**’
Loss of VHR phosphatase causes cell cycle arrest in HeLa carcinoma cells,
suggesting that VHR inhibition may be a useful approach to halt the growth
of cancer cells. VHR expression is not induced in response to activation of
MAP kinases.’® Several reports showed that Hela cervix carcinoma cells
lacking VHR were arrested at the G1-S and G2-M transitions of the cell
cycle with initial signs of senescence. Loss of VHR increased the expression
of the cyclin-dependent kinase inhibitor p21Cip-wafl but downregulated
genes for cell cycle regulators, DNA replication, transcription, and mRNA

processing.**0

3.3. Catalytic Mechanism of VHR

DUSPases have the common active-site sequence motif
HCXXGXXRS(T). The cysteine residue is catalytically crucial for the

catalysis forming a covalent thiol-phosphate intermediate.™*

Activity of
VHR toward both pTyr and pSer/pThr residues is abolished when this
catalytic cysteine is replaced with serine, indicating that both pTyr and
pSer/pThr hydrolysis proceeds via a common active site.*** The conserved
acidic residue Asp92 in VHR serves as an apparent general acid in the
catalytic mechanism.™ The interaction between Ser131 and the thiolate
anion (Cys124) in the Michaelis complex [ES] is not significant. However,
Ser131 of VHR could hydrogen bond with Cys124 in the phosphoenzyme
intermediate and this interaction is critical for the hydrolysis of the
intermediate. Stabilization of the negative charge developing in the transition

state of the intermediate hydrolysis would make the thiolate a better leaving

group.
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Figure 111-2. Catalytic Mechanism of VHR

3.4. Potent VHR Inhibitors Reported in Literature.
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Figure 111-3. Potent VHR Inhibitors Reported in Literature.
3.5. Experimental Section

3.5.1. Overexpression of VHR Enzyme in our Laboratory
Materials to be Autoclaved

- Falcon tube 250 mL x 4

- Falcon tube 50 mL x 5

- Sticks

- Micropipette tips (200 pL and 1 mL each one box)

- Hard glass test tube x 5

- Hard glass test tube cover x 5

- LB medium 200 mL x 2

These above mentioned materials were wrapped with aluminium foil
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and autoclaved at 120 °C for 90 minutes.

Ingredients for LB Medium 200 mL

Particulars Quantity
Trypton 2gm
Yeast extraction 1gm
NaCl 2gm
Deionized H,0 200 mL

6 mL Medium Culture

A glycerol stock of the E. coli strain carrying a VHR expression
vector (pET-21A-VHR) was scrapped with a sterilized stick and dipped into
a glass test tube containing 6 mL of LB medium containing Amphicillin (30
pL, 10mg/mL). Resulting culture was incubated at 37 “C (Shaking incubator,
250 rpm) overnight.

Inoculation

The overnight culture was added into a LB medium (200 mL)
containing 400 pL of Amphicillin (50mg/mL) and the resulting mixture was
incubated at 37 ‘C (Shaking incubator, 250 rpm). When the optical density of
the culture at 590 nm reached 0.7, 200 pL of Isopropyl pB-D-1-
thiogalactopyranoside (IPTG, 950 mg/mL) was added to the culture, which
was then incubated at 37 °C (Shaking incubator, 250 rpm) for about 6 hours.

Before the harvest of the cultured cells, the culture was cooled on ice
for 15 minutes. The cold culture was centrifugated at 4 "C (3000 rpm, 10

min). The supernatant was discarded and the precipitated cells were
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transferred into a Falcon tube (500 mL). Buffer A (2.4 mL) and lysozyme (95
mg/mL, 130 pL) were added to the Falcon tube and mixed well. Freezing in
liquid nitrogen and thawing in warm water were repeated three times.
Thirteen pL of 1 M MgCl, and 7 pL of 16 mg/mL DNase | were added into
the tube and the whole mixture was incubated in a shaking incubator (30 °C,
250 rpm, 30 minutes). The DNase reaction was then quenched by addition of
67 pL of EDTA (0.4 M, pH 8) and 160 pL of 10% Triton x 100. After
centrifugation (4 "C, 10000 rpm, 30 minutes), the supernatant was collected
in an eppendorf tube (500 pL in each tube), frozen in lig. nitrogen and stored
at -50 "C. The crude lysate was analyzed for its specific activity and protein

concentration before purification.
3.5.1.1. Bradford Assay

A mixture of Bradford solution (1 mL) in an eppendorf tube and 5 pL
of 10-fold diluted crude lysate (diluted in buffer A) was kept at room
temperature for 10 minutes. The absorbance was measured at 595 nm to

determine the protein concentration.
3.5.1.2. pNPP Assay

A mixture containing H,O (30 pL), 10 puL of 5 x acetate buffer
(Sodium acetate 50 mM, Tris HCI 25 mM, Bis-tris propane 25 mM, pH 6),
1/10 diluted crude lysate (5 puL) and 200mM of pNPP (5 uL) was incubated
at 30 "C. The mixture was quenched by addition of 0.5 M NaOH (950 uL) at

1 or 2 minute time points. The absorbance was measured at 405 nm.
3.5.1.3. Purification of Crude Lysate

For the purification of the crude lysate, a column was loaded by resin
(1 x 8 cm, SP Sephadex C-50, Pharmacia LKB, Biotechnology AB, Uppsala,
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Sweden) in MES buffer (MES 20 mM, EDTA 1 mM, B-ME 1mM, pH 6).
The crude lysate was diluted 10 fold in MES buffer (pH 6). The diluted crude
lysate (1 mL) was loaded to the column and eluted with increasing NaCl
concentrations. The fractions were collected in separate tubes. Protein
concentration and specific activity of each tube were measured and the
fractions with significant pNPP hydrolase activity were selected.

To concentrate the purified enzyme solution, a membrane
concentrator (10,000 kD MWCO, Millipore Corporation, Bedford, MA) was
utilized. It was centrifugated at 4 "C, 4000 rpm to a concentration of about 1
mg/mL

3.5.2. Stability of VHR
3.5.2.1. Stability at 4 °C

It was noted that VHR enzyme could be stored at 4 “"C for more than a
week without significant loss of the enzyme activity."** To determine the
stability of the enzyme at 4 "C, VHR was stored at 4 ‘C and the protein
concentration and the specific activity of the enzyme were measured once a
day for a 10 days period. The storage experiment demonstrated that the
protein concentration and specific activity were maintained without

significant loss of the enzyme activity (Figure 111-4).
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Figure I11-4. Stability of VHR at 4 °C. Specific activity and protein
concentration were calculated from pNPP and Bradford assay. For pNPP
assay, a mixture of H,O (30 puL), 10 mL of 5 x acetate buffer (CH;COONa
50 mM, Tris HCI 25 mM, bis-tris propane 25 mM), 10 mM pNPP (5 uL),
1/10 fold diluted VHR (2.3 mg/mL) in MES buffer (MES 20 mM, EDTA 1
mM, B-ME 1mM) was incubated at 30 “C for 2 min. The reaction was
quenched with 0.5 M NaOH (950 pL) and the absorbance was measured at
405 nm. For Bradford assay, Bradford solution (1 mL) was added to an
eppendorf tube containing 5 pL of 10-fold diluted crude lysate (diluted in
buffer A). Resulting solution was kept at room temperature for 10 minutes
and the absorbance was measured at 595 nm to determine the protein

concentration. (Inset: Protein concentration vs. time)

3.5.2.2. Enzyme Activity of VHR in Various Enzyme Dilution Buffers
and Reaction Buffers

60



3.5.2.2.1. MES Buffer (w/ DTT) as an Enzyme Dilution Buffer and MES
buffer (w/ DTT, w/ p-ME, or w/o thiol) as a Reaction Buffer

To examine the effects of thiol reagents in enzyme reaction buffer on
the activity of VHR, the rate of VHR-catalyzed hydrolysis of pNPP was
measured with or without thiol reagents in the reaction buffer. In all cases,
VHR was dissolved in a buffer containing DTT. A MES buffer (MES 20
mM, EDTA1 mM, DTT 1 mM, pH 6) was used as an enzyme dilution buffer
and MES buffers with or without thiol were used as reaction buffers (MES
20 mM, EDTA 1 mM, pH 6, containing DTT 1 mM or B-ME 1mM or in the
absence of any thiol). A bulk solution was prepared by mixing 525 pL of
H,0, 210 pL of reaction buffer, 105 pL of 1/10 diluted VHR enzyme (diluted
in MES buffer, VHR concentration 0.23 mg/mL). Forty five pL aliquots of
the bulk solution were incubated at 30 ‘C for the given time periods before
starting the enzyme reaction by addition of 5 pL of 20 mM pNPP. The
enzyme reaction mixture was then incubated at 30 "C for an additional 3 min.
The reaction was quenched by addition of 0.5 M NaOH (950 pL) and the

absorbance at 405 nm was measured.
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Figure 111-5. Enzyme Activity of VHR with DTT in Enzyme Dilution
Buffer and with or without Thiol in Reaction Buffer. Enzyme dilution
buffer contained DTT in all cases but reaction buffer contained DTT, (m) or

B-mercaptoethanol (@), or did not contain DTT or B-mercaptoethanol (A).

3.5.2.2.2. MES Buffer (w/ DTT) as an Enzyme Dilution Buffer and 3
Component Buffer (Sodium acetate, Tris HCI, Bis-tris propane) with or
without DTT as a Reaction Buffer

The effects of thiol reagents in enzyme reaction buffer on the activity
of VHR was examined in a way similar to 3.5.2.2.1. but in a different
reaction buffer. In all cases, VHR was dissolved in a buffer containing DTT.
For this experiment, a MES buffer containing DTT (MES 20 mM, EDTA 1
mM, DTT 1 mM, pH 6) was used as an enzyme dilution buffer and 3
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component buffers with or without thiol were used as reaction buffers
(Sodium acetate 50 mM, Tris HCI 25 mM, Bis-tris propane 25 mM, pH 6,
containing DTT 1 mM or B-ME 1mM or in the absence of any thiol). The

experimental procedure was described in 3.5.2.2.1.
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Figure 111-6. Enzyme activity of VHR with DTT in Enzyme Dilution
Buffer and with or without Thiol in 3 Component Reaction Buffer.
Enzyme dilution buffer contained DTT in all cases, but reaction buffer
contained DTT, (m) or B-mercaptoethanol (e), or did not contain DTT or -

mercaptoethanol (A).

63



3.6. Summary and Conclusion

VHR was successfully overexpressed in an E. coli expression system.
VHR was also proved to be stable at 4 °C for at least 10 days. When the
enzyme was diluted in a buffer containing DTT, the enzyme activity of VHR
was essentially identical in different reaction buffers regardless of the
presence of an additional thiol reagent.
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APPENDICES

APPENDIX A: 'H NMR Spectra of Phenyl urea Derivatives (DMSO-ds,
400 MHz)
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1-(3-(trifluoromethyl)phenyl)urea (11-2¢e)
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1-(4-fluorophenyl)urea (11-2f)
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1-(3-methoxyphenyl)urea (11-29)
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1-(4-(4-chlorophenoxy)phenyl)urea (11-2h)
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1-(3,5-bis(trifluoromethyl)phenyl)urea (11-2i)
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APPENDIX B. 'H NMR Spectra of Monosubstituted Barbituric Acid
Derivatives (DMSO-dg, 400 MHz)

1-phenylpyrimidine-2,4,6(1H,3H,5H)-trione (11-3a)
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1-(4-methoxyphenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3b)
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1-(3-nitrophenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3c)
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1-(3-chlorophenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3d)
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1-(3-(trifluoromethyl)phenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3e)
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1-(3-fluorophenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3f)
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1-(3-methoxyphenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3g)
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1-(4-(4-chlorophenoxy)phenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3h)
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1-(3,5-bis(trifluoromethyl)phenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-3i)
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APPENDIX C. 'H NMR of 3-Formyl Indole Derivatives (CDCls, 400
MHz)
1-benzyl-1H-indole-3-carbaldehyde (11-4k)
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1-(3-chlorobenzyl)-1H-indole-3-carbaldehyde (11-41)
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1-((4-methoxynaphthalen-1-yl)methyl)-1H-indole-3-carbaldehyde (11-4m)
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1-((4-bromonaphthalen-1-yl)methyl)-1H-indole-3-carbaldehyde (11-4n)
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1-(naphthalen-2-ylmethyl)-1H-indole-3-carbaldehyde (11-40)
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1-(4-methoxybenzyl)-1H-indole-3-carbaldehyde (11-4p)
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APPENDIX D. 'H NMR of Disubstituted Barbituratic acid Derivatives
(DMSO-d6, 400 MHz)
(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1
phenylpyrimidine-2,4,6(1H,3H,5H)-trione (11-5a)
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(2)-5-((1-benzyl-1H-indol-3-yl)methylene)-1-phenylpyrimidine-

2,4,6(1H,3H,5H)-trione (11-5b)
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(2)-5-((1-(4-chlorobenzyl)-1H-indol-3-yl)methylene)-1-phenylpyrimidine-
2,4,6(1H,3H,5H)-trione (11-5c)
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(2)-5-((1-((4-methoxynaphthalen-1-yl)methyl)-1H-inden-3-yl)methylene)-1-
phenylpyrimidine-2,4,6(1H,3H,5H)-trione (11-5d)
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(2)-5-((1-((4-bromonaphthalen-1-yl)methyl)-1H-inden-3-yl)methylene)-1-
phenylpyrimidine-2,4,6(1H,3H,5H)-trione (11-5e)
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(2)-5-((1-(naphthalen-2-ylmethyl)-1H-indol-3-yl)methylene)-1-
phenylpyrimidine-2,4,6(1H,3H,5H)-trione (11-5f)
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(2)-5-((1-(4-methoxybenzyl)-1H-indol-3-yl)methylene)-1-phenylpyrimidine-
2,4,6(1H,3H,5H)-trione (11-5g)
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(2)-1-(4-methoxyphenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-
yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5h)
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(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1-(3-
nitrophenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5i)
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(2)-1-(3-chlorophenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-

yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5j)
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(2)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-yl)methylene)-1-(3-
(trifluoromethyl)phenyl)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5K)
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(2)-1-(4-fluorophenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-
yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5I)
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(2)-1-(3-methoxyphenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-3-
yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5m)

[
Lo
o
-
[
N
— )
=
a3
o
\ _— "
\ - el
-m
=
"
o o
" ———] 3"
"
e
o
L»
1aw
b
"
w
°
e
e
Les
148
]
1 e
1%
inwn =
lew
I
~ . 1
\ ba 17
o
' %
10 A\ i
Tua 5 14
i e
- 1%
@ 8
N
s == I
3 === j
o “
\ —
\
Le
| -
[ | .
a e 3 -
5 snee |
§ goeee - 15
£ 5016 —t o T - -
2 SE |8 i
L T08° 11—~ _ [ A
© a W | :

115

3.93

4.15 4.85.93 5.92

Jos3

1



(2)-1-(4-(4-chlorophenoxy)phenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-indol-
3-yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-5n)
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(2)-1-(3,5-bis(trifluoromethyl)phenyl)-5-((1-(naphthalen-1-ylmethyl)-1H-
indol-3-yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione (11-50)
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Appendix E. 'H NMR of Napthyl derivatives
(4-methoxynaphthalen-1-yl)methanol (11-6)
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1-(bromomethyl)-4-methoxynaphthalene (11-7)
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Br

1-bromo-4-(bromomethyl)naphthalene (11-8)
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