m Journal of

Pharmacy and Pharmacology

JPP 2007, 59: 537-547

© 2007 The Authors
Received March 6, 2006
Accepted December 11, 2006
DOI 10.1211/jpp.59.4.0008
ISSN 0022-3573

School of Pharmacy &
Pharmaceutical Sciences,
University of Manchester, Oxford
Road, Manchester, M13 9PL, UK

Virginia A. McNally, Mehdi
Rajabi, Abdul Gbaj, lan J.
Stratford, Philip N. Edwards,
Kenneth T. Douglas, Richard
A. Bryce, Mohammed Jaffar,
Sally Freeman

Morvus Technology Ltd, Building
115, Porton Down Science Park,
Salisbury, SP4 0JQ, UK

Mohammed Jaffar

Correspondence: S. Freeman,
School of Pharmacy and
Pharmaceutical Sciences,
University of Manchester, Oxford
Road, Manchester, M13 9PL, UK.
E-mail:
sally.freeman@manchester.ac.uk

Acknowledgements and
funding: We thank Oxford
Biomedica (VAM), The Medical
Research Council (1S, MJ) and
the Libyan Government (AG) for
funding. We also thank Simon T.
Barry and Richard W. A. Luke
from AstraZeneca (Alderley
Edge, UK) for providing the
X-ray crystallographic co-
ordinates of human TP.

Design, synthesis and enzymatic evaluation of
6-bridged imidazolyluracil derivatives as inhibitors
of human thymidine phosphorylase

Virginia A. McNally, Mehdi Rajabi, Abdul Gbaj, lan J. Stratford,
Philip N. Edwards, Kenneth T. Douglas, Richard A. Bryce,
Mohammed Jaffar and Sally Freeman

Abstract

A series of novel imidazolyluracil conjugates were rationally designed and synthesised to probe the
active site constraints of the angiogenic enzyme, thymidine phosphorylase (TP, E.C. 2.4.2.4). The lead
compound in the series, 15d, showed good binding in the active site of human TP with an inhibition
in the low ;v range. The absence of a methylene bridge between the uracil and the imidazolyl sub-
units (series 16) decreased potency (up to 3-fold). Modelling suggested that active site residues
Arg202, Ser217 and His116 are important for inhibitor binding.

Introduction

Thymidine phosphorylase (TP, dThPase, E.C. 2.4.2.4), which is identical to platelet-derived
endothelial cell growth factor (PD-ECGF), catalyses the phosphorolysis of thymidine (1) to
thymine (2) and 2-deoxyribose-1-phosphate (3) (Figure 1) (Krenitsky etal 1981). Early
therapeutic interest in TP was associated with its catalytic conversion of the cancer chemo-
therapeutic drug, 5-fluorouracil (4, 5-FU) to its metabolite 5-fluoro-2’-deoxyuridine, which
is then further metabolised to 5-fluoro-2’-deoxyuridine-1"-phosphate, the activated anti-can-
cer agent (Schwartz etal 1994).

TP has been associated with the bioactivation of many fluorinated anti-cancer prodrugs
(Figure 2), such as 1-(tetrahydro-2-furanyl)-5-fluorouracil (5, Tegafur) (Kono etal 1981;
Miwa etal 1986; Patterson etal 1995), 5’-deoxy-5-fluorouridine (6, Furtulon, doxifluridine,
5-DFUR) (Kono etal 1983) and N-4-pentyloxy-carbonyl-5’-deoxy-5-fluorocytidine (7,
capecitabine, Xeloda) (Ishikawa etal 1998). Conversely, the cytotoxicity of other anti-
cancer agents, such as 2’-deoxy-5-(trifluoromethyl)uridine (8, F;dThd) is reduced via an
inactivation process due to the presence/over-expression of TP (Ishikawa etal 1998).

Recent literature has indicated that TP is over-expressed in many solid tumours and its
over-expression is regulated by the hypoxic inducible factor 1 (HIF-1) (Griffiths &
Stratford 1997; Fukushima et al 2000). Its role as a pro-angiogenic enzyme has been investi-
gated, and studies suggest that TP is intricately involved in the growth, maintenance and
promotion of metastatic tumours, especially when associated with vascular endothelial
growth factor (VEGF) (Relf etal 1997; Brown & Bicknell 1998; Griffiths & Stratford 1998;
Toi etal 2005). TP has been associated with the metastatic capabilities of a number of
tumours, including gastric (Maeda etal 1997), bladder (O’Brien etal 1996; Shimabukuro
etal 2005) and colorectal (Takebayashi etal 1996). Its over-expression has also been impli-
cated in the growth of ovarian (Reynolds etal 1994), oesophageal and pancreatic cancers
(Takao etal 1998).

Although inhibition of TP may be incompatible with the inactivation of a variety of
fluoropyrimidine-based anti-cancer agents, it can be used to control the growth of tumours.
This is best illustrated by the fact that one of the most potent inhibitors of TP, 5-chloro-6-[1-
(2-iminopyrrolidinyl)methylJuracil hydrochloride (9, TPI, Figure 3), caused a substantial
reduction in tumour growth when administered to mice carrying tumours that
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Figure 1 Phosphorolysis of thymidine (1) to thymine (2) and 2-deoxyribose-1-phosphate (3) by TP.
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Figure 2 Fluoropyrimidine-based anti-cancer agents.

over-expressed human TP (Matsushita et al 1999). TP inhibi-
tors (e.g., TPI) can also be used successfully in combination
therapies with VEGF inhibitors to elicit an anti-angiogenic
response (Relf etal 1997).

In recent years, a number of TP inhibitors have been syn-
thesised (Figure 3). These include the 5- and 6-substituted
uracil analogues (e.g., 6-amino-5-bromouracil (10, 6A5BU))
(Langen etal 1967; Pan etal 1998), multi-substrate alkyl-
phosphonates (11, Y=alkyl chain) (Esteban-Gamboa etal
2000), transition-state analogues (Priego etal 2003) and the
methylene-bridged bicyclic compounds of type 12 (Klein et al
2001; Murray etal 2002; Yano etal 2004a, b). Prodrugs of
inhibitors of TP have also been synthesised in which 2-
nitroimidazolyluracil prodrugs (13) require bioactivation

under tumour conditions to form the active species, 2’-
aminoimidazolyluracils (14) (Cole etal 2003; Reigan etal
2004, 2005). One compound in particular, 6-[(2’-aminoimida-
zol-1-yl)methyl]-5-bromouracil hydrochloride (IC50 (the
concentration that inhibits the activity by 50%) 0.019 um),
was as potent an inhibitor of human TP as TPI (apparent IC50
0.023 ;M) (Reigan etal 2004, 2005). In addition, inhibitors
have been designed and synthesised with the aid of 3D-
homology models of Escherichia coli and human TP
(McNally etal 2003; Price etal 2003). Here we report the
design of bicyclic ligands (similar in structure to TPI) using
the X-ray crystal structure of human TP (Norman et al 2004)
to predict inhibitors by exploring the binding modes and ener-
getics of the ligands in the active site. We also describe the
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Figure 3 TP inhibitors.

synthesis of methylene-bridged and related conformationally
restricted uracil-imidazolyl conjugates and report on the abil-
ity of the compounds synthesised to inhibit TP by using a
multi-well enzymatic assay.

Materials and Methods

Materials

Nuclear magnetic resonance (NMR) spectra were recorded on
a Jeol INMR-EX270 270 MHz spectrometer or a Bruker
Avance 300 MHz spectrometer. 'H and '*C NMR spectra are
reported as ¢y parts per million (ppm) downfield from
tetramethylsilane for samples run in CDCl; and DMSO-dg.
Benzene was used as an internal standard for 'H and '3C
NMR samples dissolved in D,O. 3¢ NMR spectra were
assigned with the aid of Distortionless Enhancement through
Polarization Transfer (DEPT 135). Chemical peaks are indi-
cated by: s (singlet), brs (broad singlet), d (doublet), dd (dou-
blet of doublets), t (triplet), m (multiplet), q (quartet), p
(pentet) and Ar (aromatic). Mass spectra were determined by
the Chemistry Department, University of Manchester, using
Micromass Trio 2000, chemical ionisation (CI), using NH; as
an ionising gas. Electrospray (ES) mass spectra were
recorded on a Micromass platform spectrometer using ace-
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tonitrile-water (1:1) as the mobile phase. Melting points were
determined using a Gallenkamp MPD.350.BM2.5 instrument
and remain uncorrected. Reactions were routinely monitored
using thin-layer chromatography (TLC) on silica-gel plates
(precoated F,s4, Merck 1.05554) and spots were visualised
using 254nm UV light, KMnO, or DNP stain. Flash column
chromatography was performed using Prolabo silica gel 60
(35-75 um). Solvents for reactions were distilled from the
indicated drying agents, following standard procedures.
Chemicals were obtained from The Aldrich Chemical Co.
(Dorset, UK) and Lancaster Synthesis Ltd. (Lancashire, UK).
Human TP was a gift from AstraZeneca (UK).

Synthesis

5-Chloro-6-(chloromethyl)uracil (18)

Compound 18 was prepared from 17 and NCS as a colorless
powder (89%) by a literature method (Murray et al 2002): mp
266-268°C. (Lit. (Johnson 1943) 270-275°C); 'H NMR
(270 MHz, DMSO-dg) ¢ 4.46 (2H, s, CH,Cl), 11.59 (1H, s,
NH), 11.73 (1H, s, NH).

5-Bromo-6-(chloromethyl)uracil (19)

6-(Chloromethyl)uracil (17) (3.47 g, 21.70 mmol) was added
to a mixture of glacial acetic acid (80 mL) and acetic anhy-
dride (3mL). The suspension was heated at 80°C under N,
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for 15min. The suspension was cooled to 55°C and NBS
(4.80 g, 27 mmol) was added. After stirring for 4h at 55°C,
the mixture was poured onto iced water (300 mL). The pre-
cipitate was collected, washed with water and dried to give 19
(3.35g, 65%) as a colourless powder: mp>260°C (dec.); 'H
NMR (270 MHz, DMSO-dg) 64.47 (2H, s, CH,Br); 3¢ NMR
(67.9MHz, DMSO-d;) §41.4 (CH,Cl), 97.4 (C-5), 149.0 (C-6),
150.3 (C-2), 160.3 (C-4).

6-[(3-Methylimidazol-1-yl)methyl Juracil

chloride (15a)

1-Methylimidazole (0.68 mL, 8.53 mmol) was added to a
solution of 6-(chloromethyl)uracil (17) (0.46 g, 2.87 mmol) in
methanol (MeOH, 10 mL). The mixture was heated at reflux
for 16 h under N,. The reaction was monitored by TLC (10%
MeOH:DCM), which showed the presence of 6-(chlorome-
thyl)uracil, and a further portion of 1-methylimidazole
(0.3mL, 3.76 mmol) was added. The mixture was heated at
reflux for an additional 6 h. The reaction mixture was filtered
under N, and washed with hot MeOH to give 15a (0.50¢g,
72%) as a colourless solid: mp 272-276°C; 'H NMR
(270 MHz, DMSO-dy) 6 3.88 (3H, s, CH3), 5.22 (2H, s, CH,),
5.35 (1H, s, H-5),7.76 (1H, s, H-4" or H-5'), 7.82 (1H, s, H-4’
or H-5), 924 (1H, s, H-2"), 11.20 (2H, brs, 2xNH); 13C
NMR (67.9 MHz, DMSO-d,) 6 36.2 (CH3), 48.3 (CH,), 99.5
(C-5), 123.0 (C-4'), 124.2 (C-5"), 138.0 (C-6), 149.7 (C-2'),
151.5 (C-2), 164.0 (C-4); MS (ES+) 207 (M'H, 100%), 413
(2M*H, 13%, dimer); CHN: CgH;,CIN,O, expected: C
44.55,H4.57,N 23.09%. Found: C 44.41, H 4.90, N 23.08%.

6-[(3-Methylimidazol-1-yl)methyl Jthymine

chloride (15b)

1-Methylimidazole (0.3mL, 3.76 mmol) was added to a
solution of 6-(chloromethyl)thymine (21) (0.20 g, 1.2 mmol)
in chlorobenzene (3.5 mL). The mixture was heated at reflux
for 16 h under N,. The cooled suspension was filtered under
N, and washed with hot MeOH to give 15b (0.19 g, 62%) as
a colourless solid: mp 282-283°C (dec.); '"H NMR
(270 MHz, DMSO-dy) 6 1.87 (3H, s, CH3), 3.86 (3H, s, N-
CH3), 5.20 (2H, s, CH,), 7.75 (1H, d, 3JHHz 1.65Hz, H-4
or H-5"), 7.76 (1H, d, 3JHH:1.65 Hz, H-4" or H-5'), 9.17
(1H, s, H-2"), 10.94 (1H, brs, NH), 11.30 (1H, br, NH); 13C
NMR (67.9 MHz, DMSO-dg) 6 9.45 (CH3) 35.8 (N-CHj3),
46.5 (CH,), 109.1 (C-5), 122.4 (C-4"), 123.8 (C-5"), 137.0
(C-6), 141.1 (C-2"), 150.5 (C-2), 164.6 (C-4); MS (ES+) 221
(M*H, 100%).

5-Chloro-6-[(3-Methylimidazol-1-yl)methyl Juracil
chloride (15c¢)

1-Methylimidazole (0.25mL, 3.14 mmol) was added to a
solution of 5-chloro-6-(chloromethyl)uracil (18) (0.41g,
2.10mmol) in chlorobenzene (10mL). The mixture was
heated at reflux for 19h under N,. The reaction mixture was
filtered under N, and washed with hot MeOH to give 15¢
(0.53 g, 92%) as a pale grey solid: mp>310°C (dec.); 'H
NMR (270 MHz, DMSO-dy) 6 3.88 (3H, s, CH3), 5.36 (2H, s,
CH,), 7.77 (1H, d, 3Ty = 1.8 Hz, H-4' or H-5), 7.84 (1H, d,
3yn=1.8Hz, H-4 or H-5'), 9.26 (1H, s, H-2"), 11.79 (2H,
brs, 2x NH); 3C NMR (67.9 MHz, DMSO-d) § 36.1 (CH3),

46.9 (CH,), 107.9 (C-5), 122.9 (C-4), 124.1 (C-5"), 137.7 (C-
6), 143.8 (C-2), 150.0 (C-2), 159.9 (C-4); MS (ES+) 241
(M*H, 33C1, 100%), 243 (M*H, ¥'Cl, 47%), 481 (2M*H, 3°Cl,
15%, dimer), 483 (@M'H, *'Cl, 5%, dimer); CHN:
CoH;(C1,N,0, expected: C 39.01, H 3.64, N 20.22%. Found:
C 39.03, H 3.64, N 20.13%.

5-Bromo-6-[(3-Methylimidazol-1-yl)methyl Juracil
chloride (15d)

1-Methylimidazole (0.17mL, 2.13mmol) was added to a
solution of 5-bromo-6-(chloromethyl)uracil (19) (0.42 g,
1.75 mmol) in chlorobenzene (10 mL). The mixture was heated
at reflux for 16h under N,. The reaction mixture was filtered
under N, and washed with hot MeOH to give 15d (0.42 g, 88%)
as a pale grey solid: mp>300°C (dec.); 'H NMR (270 MHz,
DMSO-dg) §3.35 (3H, s, CH3), 5.32 (2H, s, CH,), 7.77 (1H, br
d, H-4' or H-5),7.81 (1H, br d, H-4" or H-5),9.22 (1H, br d, H-
2), 11.66, (1H, brs, NH), 11.76 (1H, br, NH); '*C NMR
(67.9MHz, DMSO-dy) ¢ 36.1 (CH3), 49.3 (CH,), 98.6 (C-5),
122.9 (C-4), 124.2 (C-5"), 137.6 (C-6), 145.4 (C-2'), 150.4 (C-
2), 160.2 (C-4); MS (ES+) 285 (M™H, "°Br, 77%), 287 (M'H,
81Br, 100%); CHN: CoH,,BrCIN,O, expected: C 33.62, H
3.13,N 17.42%. Found: C 33.56, H2.94, N 17.15%.

6-Chlorouracil (23)

Compound 23 was prepared from 2,4,6-trichloropyrimidine
(22) and NaOH as a colourless crystalline solid (83%) as
previously described (Cresswell & Wood 1960): mp 306—
308°C (Lit. (Marley & Plaut 1959) 301-302°C). '"H NMR
(300.1 MHz, DMSO-dy) 6 5.75 (1H, s, H-5), 11.28 (1H, brs,
NH), 12.04 (1H, brs, NH); '3C NMR (75.5 MHz, DMSO-d;)
6 100.2 (C-5), 145.1 (C-6), 150.7 (C-2), 163.0 (C-4); MS
(ES-) 145 (M-H, Cl, 100%), 147 (M-H, *'Cl, 27%).

5,6-Dichlorouracil (24)

Compound 24 was prepared from 6-chlorouracil (23) and
NCS as a pink solid (38%) as previously described (Murray
etal 2002): mp 309-312°C (dec.) (Lit. (Berg-Nielsen etal
1972) 302-305°C); '"H NMR (300.1 MHz, DMSO-dg) § 11.75
(2H, brs, 2xNH); *C NMR (75.5 MHz, DMSO-dg) § 105.7
(C-5), 142.7 (C-6), 149.2 (C-2), 159.2 (C-4); MS (ES-) 179
(M-H, 333Cl, 100%), 181 (M-H, 3>*'Cl, 75%), 183 (M-H,
3737C1, 2%).

5-Bromo-6-chlorouracil (25)

Compound 25 was prepared from 6-chlorouracil and Br, as
a colourless solid (52%) using a literature procedure
(Murray etal 2002): mp 298-300°C (dec.); '"H-NMR
(300.1 MHz, DMSO-dg) 6 11.68 (2H, brs, 2XxNH); B3¢
NMR (75.5 MHz, DMSO-dg) ¢ 95.5 (C-5), 144.4 (C-6),
149.2 (C-2), 159.2 (C-4); MS (ES-) 223 (M-H, "°Br *°Cl,
78%), 225 (M-H, 3'Br 3°Cl and 7Br 37Cl, 100%), 227 (M-H,
81Br37C1, 27%).

6-(3-Methylimidazol-1-yl)uracil chloride (16a)

1-Methylimidazole (0.18 mL, 2.26 mmol) was added to a
solution of 6-chlorouracil (0.22 g, 1.50 mmol) in chloroben-
zene (5mL). The mixture was heated at reflux for 16 h under
N,. The cooled suspension was filtered under N, and washed
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with hot MeOH to give 16a (0.29 g, 84%) as a colourless
solid: mp > 280°C (dec.); I'H NMR (300.1 MHz, DMSO-dj) 6
395 (3H, s, N-CHy), 6.07 (1H, s, H-5), 795 (1H, t,
Jun="Tyy=1.8Hz, H-4 or H-5), 8.19 (IH, t, *Jyy=
4Jun=1.8Hz, H-4’ or H-5"), 9.84 (1H, brs, H-2'), 11.45 (1H,
brs, NH), (1H, brs, NH); '3C NMR (75.5 MHz, DMSO-dg) 6
36.4 (N-CHy"), 93.1 (C-5), 120.6 (C-4" or C-5'), 124.2 (C-4
or C-5'), 137.1 (C-2"), 144.4 (C-6), 150.9 (C-2), 163.8 (C-4);
MS (ES+) 193 (M'H, 75%), 385 (2M*H, 100%, dimer);
CHN: CgH(CIN,O, expected: C 42.03, H 3.97, N 24.50%.
Found: C 41.93, H 4.00, N 24.37%.

5-Chloro-6-(3'-methylimidazol-1-yl)uracil

chloride (16¢)

Compound 16c¢ was prepared from 5,6-dichlorouracil (25)
and 1-methylimidazole using the method described for 16a.
The product was isolated as a colourless powder (56%): mp
276-278°C (dec.); '"H NMR (300.1 MHz, DMSO-dy) § 3.95
(3H, s, N-CHj), 7.81 (1H, t Ty =*Tyy= 1.9 Hz, H-4’ or H-
5%, 8.11 (1H, t, *Jyg="Tgy = 1.9 Hz, H-4 or H-5), 9.65 (1H,
brs, H-2), 10.41 (2H, brs, NH); '3C NMR (75.5MHz,
DMSO-dg) 6 36.1 (N-CHy), 91.4 (C-5), 121.7 (C-4’ or C-5),
122.9 (C-4 or C-5), 136.9 (C-2"), 150.6 (C-6), 155.9 (C-2),
162.3 (C-4); MS (ES+) 227 (M™H, ¥Cl, 100%), 229 (M*H,
311, 30%), 453 (2M*H, 3°Cl, 20%, dimer), 455 2M*H, 3'Cl,
7%, dimer); CHN: CgHgCl,N,O, expected: C 36.52, H 3.07,
N 21.03%. Found: C 36.83, H 3.42, N 21.56%.

5-Bromo-6-(3'-methylimidazol-1-yl)uracil

chloride (16d)

Compound 16d was prepared from 5-bromo-6-chlorouracil
(27) and 1-methylimidazole using the method described for
16a as a colourless powder (77%): mp 268-270°C (dec.); 'y
NMR (300.1 MHz, DMSO-dg) 6 3.94 (3H, s, N-CH3), 7.81
(IH, t, Tyu="Tqu=19Hz, H-4 or H-5), 8.11 (IH, t,
Jyu="Tyn=1.8Hz, H-4 or H-5), 9.64 (1H, brs, H-2),
10.40 (1H, brs, NH), 11.20 (1H, brs, NH); '3C NMR
(75.5 MHz, DMSO-dg) 6 36.2 (N-CH53'), 91.9 (C-5), 121.8 (C-
4’ or C-5'), 123.1 (C-4" or C-5"), 137.0 (C-2"), 144.3 (C-6),
155.7 (C-2), 162.2 (C-4); CHN: CgHgBrCIN,O, expected: C
31.24,H2.62, N 18.22%. Found: C 31.70, H 3.00, N 18.80%.

Thymidine phosphorylase inhibition assay

Enzyme rate spectral scans, studies of inhibition curves
and absorbance readings at fixed wavelengths were con-
ducted using a Peltier-thermostatted cuvette holder in a
Cary 4000 UV-visible spectrophotometer and Cary
Enzyme Kinetics Software. The assay contained in 1 mL
20 uM thymidine, 0.1 M potassium phosphate (pH 7.4), and
limiting amounts of human TP (0.22 U) (gift from Astra-
Zeneca). The reaction was initiated by addition of enzyme
and the change in absorbance was monitored at 265 nm at
25°C (Nakayama et al 1980; Reigan et al 2005). The IC50
values were generated by fitting each inhibition data set to
the competitive inhibition equation by non-linear regres-
sion analysis (GraFit version 3.0; Erithacus Software Ltd,
UK). All IC50 measurements were performed in duplicate
or triplicate.
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Statistical methods

Statistical analysis of the inhibition data were performed
using a one-way analysis of variance (http://web.umr.edu/
~psyworld/tukeyssteps.htm) using 8 different concentrations
of the inhibitor for at least two independent experiments. In
all cases, post-hoc comparisons of the means of individual
groups were performed using Tukey’s Honestly Significant
Difference Test. P<0.05 (F=3.49) denoted significance in
all cases.

Molecular modelling

Docking studies employed the X-ray crystal structure of
human thymidine phosphorylase in complex with the inhibi-
tor TPI and in the absence of phosphate (resolution 2.11 A,
PDB code 1UOU) (Norman etal 2004). The location of
hydrogen atoms were modelled into the structure using
SYBYL 6 (Tripos Inc.); location of the active site phosphate
molecule was performed via analogy with the crystal struc-
ture of B. stearothermophilus pyrimidine nucleoside phos-
phorylase (PyNP) where the phosphate group is present
(Pugmire & Ealick 1998). Three-dimensional structures of
the designed ligands 15a—-d and 16a—d were assigned using
ViewerLite (Accelrys Software Inc.). For computational
docking using the program DOCK 4 (Ewing etal 2001), the
protein was assigned Gasteiger-Marsili atom-centred partial
point charges (Gasteiger & Marsili 1980); treating the uracil
moieties as 2-oxy-anion-3,4-dihydro-4-oxopyrimidine, the
ligands were assigned charges consistent with the MMFF94s
force field (Halgren 1996). Ligands were docked flexibly into
the active site of TP, using an anchor-first search with auto-
mated matching; 500 orientations and 25 (pruned) configura-
tions per cycle were considered. Energy minimisation was
performed for 500 iterations, using a distance-dependent
dielectric of 1.5r.

Results and Discussion

Inhibitor design and molecular modelling

The chemical features of TPI and aminouracil analogues of
10 were used as a starting point for structural design due to
their ability to inhibit human TP. Based on initial
observations of the active site and its interactions with TPI,
imidazoyl-bridged uracil analogue series 15 and 16 were pro-
posed as putative TP inhibitors (Figure 4).

The computational docking of TPI and ligands 15 and 16
into the active site of TP was considered. In-silico docking
of TPI to the protein reproduced the crystallographically
observed binding mode (Table 1, Figure 5): the nucleotide
base interacted via hydrogen bonds with residues Ser217,
Arg202, Lys221 and His116; the substituent at position 5
projected into a lipophilic pocket formed by residues
Leul48, Val208, Ile214 and Val241; the NH, group of the
iminopyrrolidine ring interacted with an oxygen atom of the
bound phosphate group (O-*-H-N distance of 2.9 A). Com-
pounds 15a—-d were predicted to bind in an analogous orien-
tation to TPI in the active site, with the uracil moiety
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Table 1 The predicted binding modes of ligand series 15 and 16 in active site of TP. Selected inter-atomic distances in A
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N3-H-O~ Ser217 (2.1) 02-H-Ne His116 (2.3) Cl-H-C6'Leul48 (2.7)
N1-H-Ne His116 (2.0)
15d Br 04-H-Ni?Arg202 (2.4) 02-H-NeHis116 (2.2) Br-H-Cy'Val241 (2.7)
N3-H-O~ Ser217 (2.1) N1-H-NeHis116 (1.9) Br—H-Cs'Leul48 (3.0)
02-H-N(Lys221 (2.3) Br-H-Cs Ile214 (3.2)
16a H N3-H-O~ Ser217 (4.6) 02-H-NeHis116 (2.5)
N1-H-NeHis116 (2.2) N3’-01-P(3.1)
16b Me N3-H-O~ Ser217 (2.5) 04-Ni2Arg202 (3.1)
02-H-N¢ Lys221 (2.0, 2.7) N3’-O1-P (7.4)
N1-H-NeHis116 (2.4)
16¢ al 04-H-Np'?Arg202 (2.2, 2.3) 02-H-NeHis116 (2.2) Cl-H-Célle214 (2.5)
N3-H-O~ Ser217 (2.7) N1-H-NeHis116 (2.7) Cl-H-C6'Leu148 (2.7)
02-H-N¢Lys221 (2.1)
16d Br 04-H-N=Arg202 (2.2) 02-H-N¢Lys221 (2.3) Br—H-Cy'Val241 (2.6)
N3-H-O~ Ser217 (2.3) N1-H-NeHis116 (2.6) Br-H-Cs'Leu148 (2.7)
TPI — 04-H-Ny'? Arg202 (1.9, 2.4) 02-H-N&His116(2.2) Cl-H-C6'Leul48 (2.5)

N3-H-0+Ser217 (2.1)
02-H-N(¢ Lys221 (2.1)

N1-H-N&*His116 (2.0)
N2-01-P (2.9)

Cl-H-Cy'Val241 (2.9)

occupying the nucleoside binding pocket (e.g., compound
15c in Figure 5); similar inter-atomic distances to polar and
apolar residues were observed (Table 1). The imidazoyl ring
did not have a pendant NH, group; instead, in each of com-
pounds 15a—d, the N-methyl motif projected away from the
phosphate, forming contacts with hydrophobic residues
(Leul48 and Val241).

The computationally predicted binding modes of com-
pounds 16 (without a methylene group between the uracil and
imidazoyl rings) were also considered. Relative to the bind-
ing modes of TPI and 15, compounds 16a-d appeared dis-
placed towards the centre of the active site region (Table 1).
Interactions with the nucleoside binding pocket were still
formed, although a key interaction between N1 and H-N of
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Phosphate
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Thr151

Figure 5 Predicted binding mode of TPI (light) and compound 15¢ (dark) in active site of human TP. Selected inter-atomic distances between 15¢

and TP are shown (A).

His116 was weakened, with for example a distance of 2.7 A
in compound 16¢ (Table 1, Figure 6) compared with 2.0 A in
the corresponding methylene-bridged ligand 15c. Similarly,
the N3-H--- Oy of Ser217 distance was lengthened from 2.1
A to 2.7 A. For compound 16a, this effect was more pro-
nounced, with an increase in the N3-H.--O~ of Ser217 dis-
tance from 1.9 A to 4.6 A on removal of the methylene group
(Table 1). The docked conformations of compounds 16 also
appeared tilted with respect to TPI and 15—a consequence of
steric constraints arising from inflexibility due to the absent
bridging CH, group. These constraints centered around prox-
imity of the imidazoyl group to residues Ser117, Gly119 and
Thr151 (Figure 6), and may also have contributed to the pre-
dicted orientation of the N-methyl group of 16 towards the
phosphate, in contrast to 15.

Consequently, computational docking suggested that
compounds 15 interacted more completely than 16 with the
active site residues of TP. While recognising the limitations
of scoring functions used in docking to predict binding ener-
gies (relative to their good success with ligand—protein
geometries), the preference of TP for 15 over 16 was
reflected in the calculated binding affinity: the average
interaction energy for compounds 16 was 4.2 kcal mol™!
less favourable than for compounds 15 and 19.8 kcal mol™!
less than for TPI. Although indicative, quantitative predic-
tion of relative binding affinity here would require estimates

of contributions from solvation, entropy and other factors,
attainable through computationally costly thermodynamic
perturbation calculations.

Chemical synthesis

The syntheses of the 5-substituted-6-methylimidazolyluracil
analogues (15a-d) were achieved as illustrated in Figure 7
(Murray etal 2002; Yano etal 2004a, b). Treatment of the
commercially available 6-chloromethyluracil (17) with NCS
or NBS in glacial acetic acid for 15 h at elevated temperatures
gave the 5-chloro- (18) and 5-bromo (19) derivatives in good
yields (89% and 65%, respectively). Heating 18 or 19 with
1-methylimidazole in toluene for 16h under N, gave the
desired target compounds 15¢ (92%) and 15d (88%) in excel-
lent yields. Reaction of 17 with 1-methylimidazole in MeOH
for 16 h under N, gave the 5-unsubstituted analogue (15a) in
72% yield. The synthesis of the intermediate, 6-chlorometh-
ylthymine (21), was achieved in 3 steps from 20 as described
by Murray et al (2002). Similarly, addition of 1-methylimida-
zole with 21 heated at reflux with chlorobenzene gave the
6-methyl target compound 15b in 62% yield.

The conformationally-restricted 5-halogenated analogues
(16¢ and 16d) were synthesised in 3 steps from commercially
available 2,4,6-trichloropyrimidine (22) (Niemz etal 1997).
Briefly, 22 was treated with NaOH to give 6-chlorouracil
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Lys221
Leu148

His116 Whrm

Gly119

Phosphate /

Figure 6 In-silico docked binding mode of compound 16¢ in active site of human TP. Selected inter-atomic distances between 16¢ and TP are
shown (;\).
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Figure 7 Synthesis of 6-methylimidazolyluracil derivatives (15a—-d). Reagents and conditions: (i) AcOH, Ac,0, NCS or NBS, A, Nj; (ii) 1-meth-
ylimidazole, A, N,; (iii) Murray et al (2002).
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H H X
NZ o) N (i) or (i) N
cl N a o N cl o N cl
22 I I

H 23 (83%) H

24 X=Cl (38%)
25 X=Br (52%)

&v)
(iv)

16a X=H (84%)

0
16¢ XiCI (56‘;&) )\ |
16d X =Br (77%) o y N/E

| b8 fa®

H
\
Me

Figure 8 Synthesis of 6-imidazolyluracil analogues (16a, ¢ and d). Reagents and conditions: (i) NaOH, 16 h, (ii) AcOH, Ac,0, NCS, A, N,; (iii)

H,0, Br,, A; (iv) 1-methylimidazole, PhCI, 16 h, A, N,.

(23). Reaction of 23 with NCS or Br, with heating at reflux
gave the 6-halo-5-chlorouracil derivatives 24 and 25, respec-
tively. Conjugation of 24 and 25 with 1-methylimidazole at
the C-6 position by heating at reflux for 16h in chloroben-
zene gave the desired compounds 16¢ and 16d. Direct cou-
pling of 6-chlorouracil (23) with 1-methylimidazole gave the
S-unsubstituted analogue 16a (Figure 8).

TP inhibition
All the compounds were tested for their TP inhibitory activity
using recombinant human TP. A spectrophotometric assay
was used to measure the decrease in absorbance (at 265 nm)
of the natural substrate thymidine when the compounds were
added (Nakayama etal 1980; Reigan etal 2004). The experi-
mental IC50 values (the concentration of compound that
inhibits the activity by 50%) are presented in Table 2. The
compounds were compared with the known inhibitor TPIL.
The inhibition data suggest that an electron-withdrawing
substituent at the C-5 position of the uracil ring results in an
increase in inhibition (Cole et al 2003; Reigan etal 2004). For
instance, in the methylene-bridged series, 15d (X=Br) is
approximately 2.5-fold more potent as an inhibitor than 15a
(X=H). Similarly, in the conformationally-restricted conju-
gate series, 16d (X=Br) is 3-fold more potent than 16a
(X=H). This observation is consistent with previous studies,
which suggested that the improved active site—ligand
interaction is due to the 5-halo group being situated in a
lipophilic pocket of the enzyme (McNally etal 2003; Reigan
etal 2005). Alternatively, it may be attributed to the increased
acidity of the N1 for the halo derivatives (15¢, 15d, 16¢, 16d),
with the zwitterionic resonance, being bound to TP (as seen
in Table 1). However, the synthesised compounds showed
much reduced inhibition as compared with TPI, which could
be attributed to many reasons. Firstly, the enhanced activity
of TPI may be due to some extra flexibility of the iminopyrro-

Table 2 Inhibition of the methylimidazole uracil analogues 15 and 16
with human TP, and their pK, data

(o) (o]
Ha X HJ X
J N~NMe
N: &,
o 7 0™ °N N
I | 1
H H N
\
15 16 Me
Compound X 1C50 (um)? pK, (A270)b
15a H 42+55 e
15b Me 60+5.0 7.57+0.06
15¢ Cl 18+2.0 —c
15d Br 17+2.0 5.57+0.04
16a H 110+8.0 —c
16¢ cl 35+4.0 1.26+0.10
16d Br 38+3.0 1.30£0.10
TPI — 0.034+0.03 6.14

4P <0.05 Tukey’s HSD test. "Measured by UV spectroscopy at 25°C.
°Not determined. Rei gan et al (2005).

lidinyl ring (as compared with the planar imidazolyl ring in
15 and 16). Secondly, TPI has a (protonated) amino group on
C2’, appropriately positioned to hydrogen bond with a water
pocket associated with phosphate, in contrast to 15 and 16
whose positive charge is too far away from the water pocket.
Thirdly, the NH in TPI has a more appropriate pK, value to
give an anion on O(4) (Reigan et al 2005), resulting in a better
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mimic of the oxocarbenium transition state with tighter bind-
ing to the active site (Gbaj et al 2006).

Conclusions

The methylene-bridged series (15) were more potent inhibi-
tors than the non-bridged series (16), which may be due, in
part, to the more appropriate pK, values of N1 and N3 for the
methylene-bridged derivatives. This observation had been
discussed by Reigan et al (2005), suggesting that strong acids,
such as 16¢ and 16d, may result in poor binding to active site
residues (e.g. Ser217) contributing to a decrease in IC50 val-
ues. The most potent inhibitor was 15d with an IC50 of
17 M. Overall, this study suggests that the active site of
human TP is quite flexible and this revised model, which now
includes the phosphate group, can be used for designing other
inhibitors of TP.
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