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We investigated the potential of symplocomoside (1) and symponoside (2), glycosides isolated
from the bark of Symplocos racemosa to inhibit thymidine phosphorylase (TP) activity and
associated angiogenesis. Compound 1 was a reversible, noncompetitive inhibitor of
deoxythymidine binding to TP (IC50 ¼ 65.45 ^ 5.08mM; Ki ¼ 62.83 ^ 2.10mM) and 2 was
a reversible, uncompetitive inhibitor (IC50 ¼ 94.17 ^ 4.05mM; Ki ¼ 101.95 ^ 1.65mM).
Molecular modeling analysis indicated that both compounds bound at the active site of the
enzyme but not solely to amino acid residues involved in catalysis. Both compounds were
active in in vitro angiogenic assays inhibiting endothelial cell migration and invasion in
Matrigel, but did not inhibit growth factor-induced proliferation and were not cytotoxic.
Compound 1 may have potential as an anti-angiogenic and anti-tumor agent.
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1. Introduction

Angiogenesis, the growth of new blood

vessels from the existing vasculature, is

associated with physiological and pathologi-

cal processes. Angiogenesis is particularly

important in the development of solid

tumors that are restricted to a size of

approximately 1 mm3 in the absence of a

blood supply.

Thymidine phosphorylase (TP, E.C.2.4.

2.4), also called platelet-derived endothelial

cell growth factor, is an angiogenic factor that

catalyses the phosphorolysis of deoxythymi-

dine (dThd) to thymine and 2-deoxy-D-

ribose-1-phosphate [1]. TP activity is raised

in the sera and tissues of cancer patients for

example in colorectal, non-small cell lung,

and breast cancers [2]. Increased angiogen-

esis and poor prognosis are associated with

increased TP protein expression in colorectal

and endometrial cancers [3].

The mechanism by which TP induces

angiogenesis is uncertain. It appears chemo-

tactic for endothelial cells (ECs) in vitro and

angiogenic in vivo. Inhibiting TP may be a

therapeutic option in cancer treatment, since

tumor cells depend heavily on a salvage

pathway catalyzed by TP for their supply of

nucleosides and thus for proliferation. Many

50-substituted acyluridines have been found to

inhibit pyrimidine nucleoside phosphorylases

but are more active against uridine phos-

phorylase than TP.

We have recently reported the isolation of

the salirepin glycosides compounds 1 and 2
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(Figure 1) from the bark of Symplocos

racemosa RoxB, which inhibit the activity

of TP [4]. We hypothesized that they may

have anti-angiogenic properties and have

determined their activity against TP using

kinetic and in vitro angiogenic assays.

2. Results

We investigate the activity of the glycosides

against TP and TP-induced EC migration and

invasion, the key events in angiogenesis.

2.1 Kinetic analysis of TP

Kinetic studies showed that 1 was a more

effective inhibitor of TP than 2. Initial analysis

was performed by varying [dThd] and main-

taining [Pi]. The Ki (the dissociation constant

of the enzyme–inhibitor complex) and IC50

values (the concentration causing 50% inhi-

bition of enzyme activity) were lower for 1

than for 2 (Table 1; Figures 2(A) and 3(A)). A

further analysis was performed by varying

[Pi] and maintaining [dThd] and the Ki and

IC50 values were determined for 2 (Table 1;

Figures 2(C) and 3(C)). Determination of the

type of inhibition indicates the mechanism and

in conjunction with molecular modeling, the

site of binding of the inhibitor. Competitive

inhibition involves substrate and inhibitor

binding at the same site, while in noncompe-

titive inhibition they bind at different sites in a

random, reversible manner. Compound 1

showed noncompetitive inhibition and 2

showed uncompetitive inhibition that is

characterized by the binding of the substrate

leading to a conformational change in the

enzyme allowing subsequent binding of the

inhibitor. Both compounds showed reversible

inhibition (Figures 2(B) and 3(B)).

2.2 Molecular modeling

Molecular modeling was used to elucidate the

kinetic studies. A comparison with the data

for docked thymine [5] indicated that 1 and 2

bound to the active site with limited

interactions with residues involved in cata-

lysis. Compound 1 bound to residues adjacent

Figure 1. The structures of symplocomoside (1) and symponoside (2).
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to the active site, His116, Gly120, Ser144,

Arg146, His150, Thr151, Thr154, Gly155,

and Tyr199 through hydrogen bonding and

made hydrophobic contacts with residues

Val208, Ile214, Leu148, Gly149, Val241,

Ala240, Gly119, Asp123, Ser117, Ser126,

and Gly152 (Figure 4). Compound 2 bounds

among others, to residues 114–120, Lys157,

Arg202, Val208, Asp209, Ile214, and Ser217

(data not shown). The method was validated

by docking 7-deazaxanthine, which bound at

the active site in a low-energy complex with

hydrogen bonds to residues His116, Ser117,

Tyr199, Ser217, and Asp233 and hydro-

phobic bonding to Thr118, Gly119, and

Leu148.

Table 1. A summary of the kinetic parameters for 1 and 2.

Mean ^ SEM (mM)

Compound Substrate IC50 Ki Type of inhibition

1 dThd 65.45 ^ 5.08 62.83 ^ 2.10 NC
Pi 94.17 ^ 4.05 101.95 ^ 1.65 NC

2 dThd 225.67 ^ 3.79 231.73 ^ 3.28 UC
Pi 182.15 ^ 2.67 165.05 ^ 2.38 UC

NC, noncompetitive; UC, uncompetitive inhibition.

Figure 2. (A) Lineweaver–Burk plot of TP inhibition by different concentrations of 1. (B) Reversible
enzyme inhibition was determined by incubating 0.2–1 U of TP in the presence of 0–300mM of 1.
(C) Lineweaver–Burk plot of TP inhibition by different concentrations of 1 in the presence of variable
concentrations of Pi demonstrating noncompetitive enzyme inhibition.
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The octanol–water partition coefficient

showed that 1 was more hydrophobic (log

p ¼ 3.05) than 2 (log p ¼ 2.85).

2.3 Effect of 1 and 2 on TP-induced
angiogenesis

Angiogenesis was assayed by assessing EC

proliferation, migration, and invasion in the

presence of TP and the test compounds.

Preliminary studies showed that 1 and 2

produced no significant inhibition of FGF-2-

or VEGF-induced proliferation (p . 0.05 in all

cases, results not shown). VEGF and FGF-2 are

the principal in vivo mediators of angiogenesis

and the result indicates that the test compounds

did not inhibit them. However, both

compounds inhibited TP-induced EC migration

in a dose-dependent manner with IC50 values of

980 and 930 nM, respectively ( p , 0.01;

Figure 5), and invasion through a Matrigel

layer (IC50 ¼ 16.6 mM for 1; p , 0.01;

ANOVA, Figure 6).

Neither compounds showed significant

cytotoxicity over the concentration range

used (Figure 7).

3. Discussion

TP stimulates EC migration (in vitro) and

angiogenesis (in vivo) [6] and overexpression

accompanies tumor growth and metastasis

[7]. Most clinically useful TP inhibitors are

Figure 3. (A) Lineweaver–Burk plot of TP inhibition by different concentrations of 2 showing
uncompetitive enzyme inhibition. (B) Reversible enzyme inhibition was determined by incubating 0.2–1 U
of TP in the presence of 0–300mM of compound 2. (C) Lineweaver–Burk plot of TP inhibition by
different concentrations of 2 in the presence of variable concentrations of Pi demonstrating uncompetitive
enzyme inhibition.
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analogs of pyrimidines, pyrimidine nucleo-

sides, or purine bases, for example

6-(phenylalkylamino) uracil derivatives,

5-chloro-6-(aminoalkyl) uracils, 7-deazax-

anthine, and 50-O-trityl-inosine [8,9] with

IC50 values of 53–110mM and Ki values

between 17.6 and 940mM against mamma-

lian TPs. We found that the IC50 values for

our test compounds fell in the same range.

However, the most effective inhibitor of TP is

a 5-halogenated pyrimidine, TPI [10] with a

Ki of 1.7 £ 1028 M.

Figure 4. A ball-and-stick model of the active site of TP occupied with 1. Hydrogen bonding and
hydrophobic interactions with residues in or near the active site are shown. All distances are in angstorm.
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Molecular docking showed the test com-

pounds interacted with some of the amino acid

residues at or adjacent to the active site and

acted noncompetitively or uncompetitively.

The crystal structure of human TP shows that it

is a dimer with an a-domain containing six

a-helices, and a mixed a/b domain with

a mixed b-sheet connected by three polypep-

tide loops [11]. The phosphate-binding site is

located on the a/b and the thymidine-binding

site on the a-domain [11]. Studies have

suggested that binding of a phosphate residue

results in the formation of a hydrogen bond

between residues His116 and Gly205 causing

an 88 rotation of the a/b-domain and sub-

sequent binding of dThd allows an additional

rotation to form a closed active site [11].

Our docking studies showed that the

compounds bound to residues 115–120, 202,

and 208, which may modulate this confor-

mational change. The catalytic residues of

TP are His116, Ser118 and 117, and Lys221

[11]. Neither compounds interacted with

these residues, which is consistent with the

inhibition data. However, residues Val208,

Ile214, Tyr199, Arg202, and Ser217 are also

located at the active site and both com-

pounds did bind to these through hydrogen

bonding and hydrophobic interactions. The

reliability of our docking data was supported

by the use of a known inhibitor (7-deazax-

anthine) that was shown to dock to residues

at or near to the active site in a low-energy

conformation.

The greater effectiveness of 1 as an

inhibitor of TP may relate to its increased

hydrophobicity. One defect of established

inhibitors of TP is the presence of ionic

Figure 5. Effect of 1 and 2 on TP-induced human
umbelical vein endothelial cell (HUVEC) migration.
HUVEC were added to the upper layer of the Boyden
chamber and TP and different concentrations of the
test compound to the lower. The total number of
migrated cells was counted. Control columns:
(A) DMSO, (B) TP (100 ng/ml), and (C) compounds
1 and 2 (1.8mM). Remaining columns show effect of
test compounds on TP-induced migration.
Significant differences (p # 0.05) shown by * are
compared with column 2.

Figure 6. Effect of test compounds on HUVEC invasion in Matrigel. Compounds 1 and 2 were incubated
with or without TP (control) at the concentrations shown. Values represent the mean of three experiments
and values significantly different from TP alone are indicated by *.
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groups that adversely affect pharmokinetic

properties, a problem not encountered by the

compounds, which lack such groups.

Kinetic studies by other groups suggest

that the phosphate group binds to the enzyme

before dThd. Our data showed that the Ki of

the inhibitors with respect to thymidine was

lower than that with respect to phosphate,

which may indicate that the inhibitors have a

greater effect on the binding of dThd to the

active site than that of Pi. This is supported by

our docking studies.

We were able to show that TP was pro-

angiogenic and induced HUVEC migration

and invasion. Angiogenesis involves a series

of coordinated events: proliferation of ECs,

migration and invasion to distal sites, cell

realignment and vessel formation, and pro-

duction of a new basement membrane. Both

compounds inhibited TP-induced EC migra-

tion and invasion in a dose-dependent manner

but had no effect on FGF-2- or VEGF-

induced proliferation or migration.

4. Experimental

4.1 Angiogenic inhibitors

Compounds 1 and 2 were isolated from the

bark of S. racemosa Roxb and characterized

as previously described [4].

4.2 In vitro TP assays

Human source TP, thymidine (dThd), and all

other chemicals were purchased from Sigma

(Poole, Dorset, UK). TP was assayed by the

method of Krenitsky and Bushby [12].

Briefly, TP (0.05 U) and test glycosides in

5ml of DMSO were mixed in a 96-well

microplate to a final volume of 200ml and

pre-incubated for 30 min at 258C. The reaction

was initiated by the addition of dThd (20ml;

1.5 mM in 200 mM potassium phosphate

buffer, pH 7.0). The change in absorbance

was monitored at 290 nm, for 10–30 min with

a 96-well plate reader (Molecular Devices

Corporation, Sunnyvale, CA, USA). All

experiments were performed in triplicate

and at least twice.

Enzyme inhibition was investigated by

varying the concentration of glycosides and

enzyme as described previously [13]. The

IC50 value was determined as the mean of at

least three determinations from the inhibition

data using the EZ-FIT enzyme kinetic

program (Perella Scientific, Inc., Amherst,

MA, USA). Varying concentrations of

glycosides were used in the presence of

dThd (0–5.0 mM) and TP (0.002–0.01 U) in

200ml of reaction mixture (145ml potassium

phosphate buffer, 5 ml test compound,

20 ml substrate, and 30 ml of enzyme).

The concentration of inorganic phosphate

Figure 7. HUVECs (7.5 £ 103 cells) were incubated with compounds 1 or 2 for 72 h and viability
assessed by the MTT assay.
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was 10 mM. The conversion of dThd to

thymine was determined as described above.

The assay was also performed with

inorganic phosphate (2 – 20 mM) in the

presence of a range of concentrations of the

inhibitors. The saturating concentration of

dThd was fixed at 5 mM.

4.3 Cell culture

HUVECs and the appropriate medium were

purchased from TCS CellWorks (Bucking-

ham, UK) and were cultured and maintained

according to the supplier’s instructions at

378C and in 2.5–15% serum and were used at

passage numbers 2–10.

4.4 Angiogenesis assays

The determination of the effect of the test

compounds on FGF-2- and VEGF-induced

HUVEC proliferation was determined as

described elsewhere [14]. Control wells

were treated with 5ml of DMSO.

The effect of 1 and 2 on HUVEC

migration was measured using a Transwell

chamber with 8.0mm polycarbonate filter

inserts (TCS CellWorks, Buckingham, UK)

[14]. The filter was coated overnight with

0.1% gelatine; then cells (1 £ 105) were

placed in the upper part of the filter and test

compounds and growth factors in the lower.

Cells were incubated for 6 h at 378C and the

filter removed and the upper side containing

nonmigrated cells wiped. Migrated cells on

the lower side were fixed in 4% paraformal-

dehyde, stained with Giemsa and counted.

Cell invasion was assessed using a

Transwell chamber with 6.5mm polycarbo-

nate filters coated with Matrigel (Becton-

Dickinson, Oxford, UK, 30mg/ml). Cells

(1 £ 105) were added to the upper chamber

and test compounds with and without growth

factor to the lower in serum. After 24-h

incubation at 378C, cells in the lower chamber

were treated as above and counted. All

experiments were performed in triplicate and

at least twice.

4.5 Molecular docking studies

Molecular docking studies with inhibitors and

TP were performed using the AutoDock and

FlexX software programs (Scripps Research

Institute, La Jolla, CA, USA) [15]. AutoDock

was used to deduce the conformation and

orientation of ligands in the active site of TP.

The charges of ligands were calculated by

using the standard RESP procedure. A radius

of 6 Å was used to define active site

interaction points. Computational studies

were performed with the LINEX SUSE 8.2

(Kernel 2.4) operating system. To evaluate

the software, a standard noncompetitive

inhibitor of TP, 7-deazaxanthine was docked.

The SdQSAR program (Tripos, St Louis,

MO, USA) was used to determine the

octanol–water partition coefficient and the

relative hydrophobicity of the compounds.

4.6 Toxicity assays

The toxicity of test compounds was deter-

mined using the trypan blue and MTT assays

as described elsewhere [14]. The assay was

performed in triplicate and at least twice.

4.7 Statistical analysis

Statistical analysis was performed using

one-way analysis of variance.
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