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Structurally diverse, sugar-modified, thymine-containing nucleoside phosphonic acids were evaluated
for their ability to inhibit thymidine phosphorylase (TP, EC 2.4.2.4) purified from spontaneous T-cell lym-
phomas of an inbred Sprague-Dawley rat strain. From a large set of tested compounds, among them a
number of pyrrolidine-based derivatives, 10 nucleotide analogues with ICso values below 1 uM were

selected. Out of them, four compounds strongly inhibited the enzyme with ICsq values lying in a range

Keywords:

Phosphonate

Pyrrolidine

Nucleotide analogues
Thymidine phosphorylase
Rat T-cell lymphomas

of 11-45 nM. These most potent compounds might be bi-substrate analogues.

© 2009 Elsevier Ltd. All rights reserved.

Thymidine phosphorylase (TP), the catabolic enzyme cleaving
thymidine by a phosphorolytic mechanism (Fig. 1), has attracted
the attention of many research groups.!™®

The enzyme, identical to the platelet-derived endothelial cell
growth factor (PDECGF),°~'2 is involved in angiogenesis and che-
motaxis in human tumors,'%'1314 and thus can be considered as
a target in cancer treatment. Elevated levels of TP found in colorec-
tal, ovarian, pancreatic, and breast tumors,*!> and at other hyper-
proliferative disease states such as rheumatoid arthritis'® and
psoriasis,!” correlate with increased hypoxia. The inhibition of TP
may result in reduction of tumor growth and metastasis,'®2° and
it also potentiates2® the antiproliferative effect of nucleoside drugs
such as 5-(E)-(bromovinyl)-2’-deoxyuridine, 2’-deoxy-5-trifluo-
romethyluridine, 2’-deoxy-5-iodouridine, and 5-fluoro-2’-deoxy-
uridine which are substrates of TP.2” As follows from the survey
of literature, the inhibition of TP represents a promising target in
cancer chemotherapy.?8-32

One of the most potent inhibitors of human TP is 5-chloro-6-[1-
(2-iminopyrrolidinyl)methyl]uracil hydrochloride 12! (TPI, Fig. 2)
which inhibits the enzyme competitively with Kj=17 nM.?° In
vivo, TPI increases the proportion of apoptotic cancer cells in TP-
positive tumors and suppresses the growth of the tumors in mouse
model.?!
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A recently published study on the inhibition of TP, purified from
rat T-cell lymphomas of Sprague-Dawley rat strain, by phospho-
nomethoxyalkyl derivatives of thymine (Fig. 2) 2a (FPMPT), 2b
(HPMPT), 2¢ (PMPT), and 2d (PMET) showed that these compounds
were competitive inhibitors of both thymidine and inorganic phos-
phate.® It suggests that these phosphonic acids are bi-substrate
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Figure 1. TP-catalysed thymidine cleavage.

0
HO, T HO o T o B
“ NH /P\\/\O I ‘
S SELCA (HO).P—(CHyp)g
N N (¢] O O
HNHCI  H 2aR=ChF R N
B 2¢ E - g::fOH T = thymin-1-yl :\P'(\)H 3aB=USBr

1 2dR=H 2 o// OH  3pp = x7-deaza

Figure 2. Examples of TP inhibitors.
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analogues. They possess considerable inhibitory potency towards
T-cell lymphoma TP but not to rat liver, Escherichia coli, and human
TPs. The competitive type of inhibition of compounds 2a-c to-
wards thymidine and inorganic phosphate resembles the character
of inhibition of 8-phosphonooctyl derivatives 3a and 3b towards
E. coli TP published by Perez-Perez and co-workers 3> In contrast
to compounds 2a-d and 3a, b, the nucleoside phosphonic acid 2e
(Fig. 2) was reported to be a potent inhibitor of human recombi-
nant TP with K; = 236 nM.243>

These findings prompted us to undertake a structure-activity
study on the inhibition of TP, purified from spontaneous T-cell
lymphomas of an inbred Sprague-Dawley rat strain,® with structur-
ally diverse thymine-containing nucleoside phosphonic acids.

About 200 compounds that were prepared during our studies
on various types of phosphonate analogues of nucleotides over last
years were tested as potential inhibitors of rat T-cell lymphoma
TP.® Out of this large pool of compounds, we selected those that re-
duced TP activity to at least 40% at the 1:10 ratio of the inhibitor
versus thymidine as substrate (Table 1). In order to select most po-
tent inhibitors, we measured the ICsq values of eleven promising
nucleoside phosphonates and uncovered 10 submicromolar-level
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Figure 3. T-lymphoma TP inhibition by selected phosphonates: determination of
ICsp values (for experimental conditions, see Table 1).

inhibitors. Among them, four very potent ones exhibited ICsq val-
ues within 11-45 nM range at 100 uM concentration of thymidine

Nucleoside phosphonic acids-based inhibitors of T-cell lymphoma thymidine phosphorylase
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b Inhibitor concentration 0-1 pM.
¢ Estimated value (see Fig. 3).
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(Table 1, Fig. 3). These potent inhibitors contain prolinol*®

rolidine nucleoside skeletons.3”-38

Chemistry: Compounds 4a-e were prepared according to Ref.
39, 5a-d according to Ref. 40, and 6a, 6b and 7 according to Ref.
37. The synthesis of compounds 8a-d and 9a-d is shown in the
Scheme 1. Both these groups of compounds were synthesized by
a two-step procedure. Diisopropyl esters 8a1-d1 and 9a1-d1 ob-
tained in the first step were treated, in the second step, with
bromotrimethylsilane to remove the alkyl groups from the
phosphonate.

Thus, condensation of diisopropylphosphonoacetic acid*' with
pyrrolidine nucleoside 108 by EDC in the presence of DMAP, yielded
the N-diisopropylphosphonoacetyl derivatives 8a1. Mannich reac-
tion*? of diisopropyl phosphite and aqueous formaldehyde with pyr-
rolidine nucleosides 10 and 11b resulted in the N-diisopropyl-
phosphonomethyl derivatives 8b1 and 9b1, respectively. The diiso-
propylphosphonocarbonyl derivatives 8c1, 9al, and 9c¢1 were
prepared by the reaction of the respective pyrrolidine nucleosides
10, 11a, and 11b with phenyl diisopropylphosphonoformate.*® Fi-
nally, methyl diisopropylphosphonodithioformate** afforded, by
the reaction with pyrrolidine nucleosides 10 and 11b, the N-diiso-
propylphosphonothiocarbonyl derivatives 8d1 and 9d1. All diiso-
propyl esters were treated with bromotrimethylsilane to afford
free phosphonic acids 8a-d and 9a-d. Compounds 6a, 6b, 7 and
9a-d were prepared as single diastereomers whereas compounds
8a-d were racemates.

Inhibition: Two compounds from the series 4a-e and 5a-d
exhibited promising inhibition effect in the selection assay (see
residual activity, Table 1) but ICso determination revealed that only
4e was a submicromolar-level inhibitor with ICsg = 750 nM (Fig. 3).
The profile of TP inhibition by the second compound, the phospho-
nate 5d, suggested that its IC59 value would probably be within
micromolar range. Interestingly, the common feature of 4e and
5d, and also of the inactive 4d, is the presence of phenyl ring close
to the phosphoryl moiety which suggests that suitable mutual po-
sition of these groups could influence the inhibitory properties of
the mentioned compounds.
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Scheme 1. Synthesis of pyrrolidine nucleoside phosphonic acids. Reagents and
conditions: (i) (iPrO),(O)PCH,COOH, EDC, DMF; (ii) Me5SiBr, DMF; (iii) (iPrO),(O)PH,

aq CH,0, 60 °C; (iv) (iPr0),(0)PC(0)OPh, DMF; (v) (iPrO),(0)PC

(S)SMe, DMF.

The transition state for thymidine phosphorolysis catalysed by
TP likely involves formation of a partial positive charge on both
04’ and C1’ atoms of the 2’-deoxyribosyl moiety.”> Supposing that
the similar mechanism takes place also in case of the rat lym-
phoma TP, we examined two types of nucleoside phosphonates
containing either prolinol (6a, 6b, 7) or pyrrolidine (8a-d, 9a-d)
rings, instead of the deoxyribose, bearing a phosphonate moiety at-
tached to the nitrogen atom of pyrrolidine ring (Table 1). The com-
mon feature of compounds 6-9 (except for 8a) was isostericity,
that is, the identical distance between N1 atom of the thymine
moiety and phosphorus atom, given by the number of bridging
atoms connecting these two positions. This arrangement allowed
us to correlate the inhibitory activities of compounds bearing
structurally diverse but isosteric phosphonate moieties with their
structure, and thus draw certain conclusions concerning the struc-
tural requirements of TP for inhibitor(s).

Prolinol- and pyrrolidine-based nucleotides with the N-phos-
phonomethyl moiety 6b, 7 and 8b, 9b, respectively, bearing a posi-
tive charge located on the pyrrolidine nitrogen atom, exhibited an
interesting inhibitory profile. Both the active compounds 9b
(ICs0 =45 nM) and 6b (ICso =250 nM) contain, in contrast to the
inactive 8b, a hydroxy group which is very important for further
interaction in a TP binding site. On the other hand, the compound
7 (related to 6b) was found to be inactive, probably due to a differ-
ent orientation of the thymine nucleobase.

An interesting comparison can be made between the inhibitory
activity of compounds 9a-d and 6a,b. The replacement of the N-
phosphonomethyl moiety in 9b for N-phosphonocarbonyl (com-
pound 9c¢) and N-phosphonothiocarbonyl (compound 9d) has led
to further decrease in ICsq values (11 nM and 15 nM for 9¢ and
9d, respectively). Similarly, the N-phosphonocarbonyl compound
6a is also a more potent inhibitor than the N-phosphonomethyl
derivative 6b. All three compounds 9b-d have the hydroxy group
cis-oriented to the thymine nucleobase, which is of key importance
for the inhibitory activity: the compound 9a, a trans congener of
9c¢, exhibited a more than one order of magnitude higher ICsq value
than that of 9c. In addition, 9¢,d are not positively charged like 9b,
due to the presence of amide or thioamide linkages. Both these
linkages can be viewed as hydrogen bond acceptors. Another dif-
ference between 9b and 9c¢,d is in the conformation of the phos-
phonate moieties attached to the pyrrolidine nitrogen, as found
by NMR spectroscopy. In contrast to the N-phosphonomethyl link-
age in 9b which is, surprisingly, predominantly trans-oriented to
the thymine nucleobase, the carbon atom of the carbonyl and thio-
carbonyl groups lies, together with pyrrolidine nitrogen and both
the neighboring carbon atoms, in one plane due to a conjugation
of nitrogen free electron pair and the electron-rich carbonyl and
thiocarbonyl groups. The importance of the cis-orientation of thy-
mine and the vicinal hydroxyl in compounds 9b-d for the inhibi-
tory activity is obvious when the activities of parent compounds
8b-d lacking the hydroxyl are compared. For 8c,d, we found that
the ICso values were more than one order of magnitude greater
than those for 9¢,d. The replacement of the N-phosphonocarbonyl
group in 8c for the N-phosphonoacetyl (compound 8a), which is
one methylene group longer, led to the loss of activity. The inhib-
itory activity was also tested with the positively charged prolinol
and pyrrolidine nucleosides 6, 7 (R' =H) and 8, 9 (R' =H) but no
inhibitory effect was observed. We can conclude that the presence
of a positive charge does not seem to play any crucial role in the
inhibition of the SD-lymphoma TP by nucleoside phosphonic acids.
Since no X-ray structure is known as yet of a complex of TP with
nucleoside phosphonic acid-based inhibitor, we can hardly make
more detailed conclusions on the structural requirements of TP
for inhibitor. The most active compounds 9c¢ and 9d were also
tested for inhibition of TP from E. coli, and human and rat liver.
However, no inhibitory activity was found.



P. Kocalka et al./Bioorg. Med. Chem. Lett. 20 (2010) 862-865 865

In conclusion, a study on the inhibition of thymidine phosphor-
ylase, purified from SD-lymphoma, by a large number of structur-
ally diverse nucleoside phosphonic acids revealed submicromolar-
level inhibitors with ICsq values in a concentration range of 11-
750 nM (measured at 100 pM thymidine and 200 ptM phosphate).
The most potent pyrrolidine nucleoside phosphonate-based inhib-
itors 6a, 9b, 9¢c, and 9d exhibited IC5y values of 45, 45, 11, and
15 nM, respectively, and they could be bi-substrate inhibitors. A
new class of potent SD-lymphoma TP inhibitors based on pyrroli-
dine nucleoside phosphonic acids was thus discovered. The struc-
tures of these most active pyrrolidine compounds 9b-d differ in
the type of phosphonate residue, that is, either N-phosphonometh-
yl, N-phosphonocarbonyl, or N-phosphonothiocarbonyl moieties.
The inhibitor 6a, on the other hand, is a prolinol nucleotide with
N-phosphonocarbonyl group. The structure-activity study re-
vealed that both the presence of the phosphonate moiety in the
N-C-P arrangement and a cis orientation of the vicinal hydroxyl
and thymine nucleobase in pyrrolidine nucleoside phosphonic
acids are necessary for a strong inhibition of SD-lymphoma TP.
Concerning 9c¢ and 9d as lead structures, a further improvement
of their inhibitory activity might be achieved by replacement of
the pyrrolidine ring by either azetidine or piperidine heterocycles.
Also, the replacement of the thymine nucleobase by a uracil moiety
substituted in the 5- or 6-position by an electronegative substitu-
ent, which increases the acidity of N1-H bond*® and thus the bind-
ing to the TP catalytic site (known in the case of human TP), could
be beneficial.

We found that the most active compounds 9c¢ and 9d, however,
did not inhibit the E. coli, human, and rat liver TPs. The explanation
for the observed inactivity of both compounds toward the TP iso-
lated from the liver of healthy rats may be important for under-
standing the processes connected with TP functions in tumors.
Experiments attempting to resolve whether this difference arises
due to spontaneous and unique mutation of the TP gene expressed
in tumor tissue are currently being considered.
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