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Abstract: Human 5′-deoxy-5′-methylthioadenosine phospho-
rylase (MTAP) participates in the purine salvage pathway to
generate adenine and methylthioribose-1-phosphate, which in
turn is converted into adenine nucleotides and methionine.
Hence, inhibition of MTA phosphorylase may be an effective
target in the design of potential antiproliferative agents.
Presented herein is the synthesis of 2-(4-amino-5H-pyrrolo-
[3,2-d]pyrimidin-7-yl)-5-methylsulfanylmethylpyrrolidin-3,4-
diol (1), a potent inhibitor of MTAP.

Introduction. 5′-Deoxy-5′-methylthioadenosine phos-
phorylase (MTAP) catalyzes the reversible phosphoroly-
sis of 5′-deoxy-5′-methylthioadenosine (MTA) to adenine
and 5-methylthio-D-ribose-1-phosphate. MTA is a byprod-
uct of polyamine biosynthesis, which is essential for cell
growth and proliferation. This salvage reaction is the
principal source of free adenine in human cells.1 Be-
cause of the importance in coupling the purine salvage
pathway to polyamine biosynthesis, MTAP is a potential
chemotherapeutic target. Biochemical evidence suggests
that mammalian MTAP is a trimer made up of three
identical units of 32 kDa. Protein sequence analysis has
shown that human MTAP is about 25% identical with
members of the mammalian purine nucleoside phos-
phorylase (PNP) family of trimeric enzymes.2,3 While
PNP plays a role in the purine salvage pathway to
catalyze the phosphate-dependent cleavage of nucleo-
sides, MTAP is highly specific for 6-aminopurine nu-
cleoside substrates.4

The overall quaternary structure and subunit topol-
ogy of MTAP are somewhat similar to mammalian PNP
with some slight differences.5 The crystal structure of
human MTAP reveals that it is a trimer containing
three subunits related by C3 symmetry. The majority
of the trimer surface is exposed to the solvent channels
that make up a large percentage of the cell volume. The
subunit contacts within the trimer are extensive and
involve residues from strand â7 and the loop connecting
â7 to helix R2 and helix R3 and the loop connecting â9
to R3. At the trimer interface, there is hydrophobic
interaction of three Trp189 residues and hydrogen-
bonding network with three Thr118 residues. The active
site of MTAP contains three distinct regions or binding
pockets that correspond to the purine base, methylthio-
ribose, and sulfate/phosphate binding sites.

The loss of MTAP activity in several malignant
human cell lines has been identified as being due to
deletions on chromosome 9 of the MTAP and the p16/

MTS1 tumor suppressor gene.6,7 The absence of the
tumor suppressor gene leads to the onset of the malig-
nancy and development of cancer leading to loss of
MTAP activity. Upon loss of MTAP activity, cells are
unable to recycle adenine back to nucleotides. As a
result MTAP- cells would be more susceptible to the
growth inhibitory effects of chemotherapeutic drugs that
target the purine biosynthesis pathway. It has been
observed that cancer cell lines that lack MTAP are more
sensitive toward known chemotherapeutic drugs such
as methotrexate and azaserine in the presence of MTA,
whereas cancer cell lines with MTAP activity (MTAP+

cells) are not as severely affected. On the basis of these
observations, it is possible to enhance the treatment of
MTAP+ tumors with a potent MTAP inhibitor along
with traditional chemotherapeutic compounds that tar-
get the purine salvage pathway.8

Over the past 2 decades, various groups have identi-
fied several analogues of methylthioadenosine and
deazaadenosine as potent inhibitors of MTAP.9 Recently
Schramm et al. have investigated kinetic isotope effects
on PNP to predict the transition-state structure. This
analysis has led to the development of a novel class of
inhibitors that are very potent against PNP. These
compounds are aza-C-nucleosides, and one is currently
being developed as BCX-1777 by BioCryst Pharmaceu-
ticals, Inc.10,11 On the basis of the similarity of the
crystal structures of PNP and MTAP, we proposed that
a similarly designed BCX-1777 transition-state ana-
logue could be constructed for MTAP. We proposed that
the replacement of the 5′-hydroxy group with a 5′-
thiomethyl moiety and the 6-oxo with 6-amine could give
an inhibitor selective for MTAP because these groups
take advantage of the unique binding properties of
MTAP. Herein, we describe the synthesis of 2-(4-amino-
5H-pyrrolo[3,2-d]pyrimidin-7-yl)-5-methylsulfanylmeth-
ylpyrrolidine-3,4-diol (1) (Figure 1).

Chemistry. Several synthetic routes were attempted
to prepare 1. The target aza-C-nucleoside (1) was
successfully prepared using the methodology as outlined
in Scheme 1. Our ultimate selection of the route was
based on early work from our group in which a substi-
tuted aldehyde is used to construct a substituted ami-
nopyrrole, which is further elaborated to a pyrrolo[3,2-
d]pyrimidine derivative. This route was also used by
Schramm et al. in the first reported synthesis of BCX-
1777.11c Compound 2, synthesized by a previously
known method,11d was treated with a catalytic amount
of DMAP and excess triethylamine followed by p-
toluenesulfonyl chloride at ambient temperature. Upon
workup of the reaction, the crude tosylate was taken
directly to the next step without any further purifica-
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Figure 1. Inhibitor of MTAP, compound 1.
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tion. The thiomethyl group was introduced using sodium
thiomethoxide, which replaced the 5′-O-tosyl group.
Purification of the sample gave the desired compound
3 as a syrup in 96% yield (two steps). Treatment of 3
with tert-butoxy-bis(N,N-dimethylamino)methane (Bred-
ereck’s reagent) in DMF at 70 °C for 1 h gave the
enamine 4, which was used without any purification.
The crude enamine was subjected to mild acid hydroly-
sis to afford 5 as syrup (58%, two steps). The 1H NMR
spectra of 4 and 5 indicated that they were single
isomers. Compound 5 was treated with aminoacetoni-
trile and sodium acetate at ambient temperature and
chromatographed to give 6 as a mixture of E/Z diaster-
eomers, as indicated by NMR spectra. On the basis of
earlier experience, the enamine nitrogen had to be
protected to effect a cyclization to the pyrrole under
basic conditions. Conversion of 6 to 9 was conveniently
carried out as a one-pot reaction. Compound 6 was
temporarily protected as the carbamate by treatment
with ethyl chloroformate in the presence of 1 equiv of
DBU at 0 °C for 1 h. Addition of 1 equiv of DBU to the
same pot and stirring at ambient temperature gave the
pyrrole 8. Evaporation of the solvent followed by treat-
ment with sodium carbonate furnished 9 (60%, three
steps). Treatment of 9 with formamidine acetate fur-
nished 10 in quantitative yield. Finally, deprotection of
compound 10 under acidic conditions furnished the
target molecule 1 (85% yield). Compound 1, an inhibitor
of the MTAP enzyme, had an IC50 of 1.2 ( 0.3 nM and
was 100- to 1000-fold more potent than any other known
inhibitors.12,13 Compound 1 was evaluated in MOLT-4
(T-cells from an acute lymphoblastic leukemia patient),
which is an MTAP+ cell in the presence and absence of
methatrexate. Compound 1 did not inhibit the prolifera-
tion of MOLT-4 cells up to 10 µM. However, a combina-

tion of compound 1 in the presence of 3 µM MTA
demonstrated inhibition with an IC50 of 1 µM. A
combination of 100 nM methotrexate and 10 µM com-
pound 1 demonstrated no significant inhibition.

Inhibition of MTAP by Compound 1. A radio-
chemical enzyme assay was used to determine the
inhibitory potency of compound 1 against MTAP. En-
zyme activity was measured following the conversion
of 8-[14C]-5′-deoxy-5′-methylthioadenosine (MTA) to
8-[14C]-adenine. The reaction was started by the addi-
tion of human erythrocyte MTAP enzyme. The enzy-
matic product adenine was separated by chromatogra-
phy, and the radioactivity was measured.

Cell Proliferation Assay. MOLT-4 cells were incu-
bated with various concentrations of compound 1 in the
presence and absence of 3 µM methylthioadenosine. In
another experiment the MOLT-4 cells were incubated
with various concentrations of compound 1 and 100 nM
of methotrexate. After incubation for 72 h at 37 °C and
5% CO2, the cells were pulsed for 4 h with [3H]-
thymidine, harvested, and incorporated. The radioactiv-
ity was quantitated by a â-counter. The IC50 is defined
as the concentration of the drug at which 50% reduction
in proliferation is observed.

Supporting Information Available: Description of the
chemical synthesis and characterization of the intermediates.
This material is available free of charge via the Internet at
http://pubs.acs.org.

References
(1) Pegg, A. E.; Williams-Ashman, H. G. Phosphate-stimulated

breakdown of 5′-methylthioadenosine by rat ventral prostrate.
Biochem. J. 1969, 115, 241.

(2) Ragione, F. D.; Oliva, A.; Gragnaniello, V.; Russo, G. L. Palumbo,
R.; Zappia, V. Physiochemical and immunological studies on
mammalian 5′-deoxy-5′-methylthioadenosine phosphorylase. J.
Biol. Chem. 1990, 265, 6241.

(3) Toorchen, D.; Miller, R. L. Purification and characterization of
5′-deoxy-5′-methylthioadenosine (MTA) phosphorylase from hu-
man liver. Biochem. Pharmacol. 1991, 41, 2023.

(4) Sufrin, J. R.; Porter, C. W. Targeting 5′-deoxy-5′-methylthio-
adenosine phosphorylase by 5′-haloalkyl analogues of 5′-deoxy-
5′-methylthioadenosine. J. Med. Chem. 1991, 34, 2600.

(5) Appleby, T. C.; Erion, M. D.; Ealick, S. E. The structure of human
5′-deoxy-5′-methylthioadenosine phosphorylase at 1.7 Å resolu-
tion provides insights into substrate binding and catalysis.
Structure 1999, 7, 629.

(6) Ragione, F. D.; Zappia, V. 5′-Deoxy-5′-methylthioadenosine
phosphorylase and p16INK4 deficiency in multiple tumor cell
lines. Oncogene 1995, 10, 827.

(7) Nobori, T.; Carson, D. A. Genomic cloning of methylthioadeno-
sine phosphorylase: a purine metabolic enzyme deficient in
multiple different cancers. Proc. Natl. Acad. Sci. U.S.A. 1996,
93, 6203.

(8) Chen, Z.; Olopade, O. I.; Savarese, T. M. Expression of meth-
ylthioadenosine phosphorylase cDNA in p16-, MTAP- malignant
cells: restoration of methylthioadenosine phosphorylase-depend-
ent salvage pathways and alterations of sensitivity to inhibitors
of purine de novo synthesis. Mol. Pharmacol. 1997, 52, 903.

(9) (a) Lim, M.; Klein, R. S. Synthesis of “9-Deazaadenosine”: A New
Cytotoxic C-Nucleoside Isostere of Adenosine. Tetrahedron Lett.
1981, 22, 25. (b) Kikugawa, K.; Iizuka, K.; Higuchi, Y.; Hiraya-
ma, H.; Ichino, M. Platelet Aggregation Inhibitors. 2. Inhibition
of Platelet Aggregation by 5′-, 2-, 6-, and 8-Substituted Adeno-
sines. J. Med. Chem. 1972, 15, 387. (c) Kikugawa, K.; Ichiino,
M. Direct halogenation of sugar moiety of nucleosides. Tetrahe-
dron Lett. 1971, 2, 87. (d) Lim, M.; Ren, W.; Otter, B. A.; Klein,
R. S. Synthesis of “9-Deazaguanosine” and Other New Pyrrolo-
[3,2-d]pyrimidine C-Nucleosides. J. Org. Chem. 1983, 48, 780.
(e) Lim, M.; Klein, R. S.; Fox, J. J. A New Synthesis of Pyrrolo-
[3,2-d]pyrimidines (“9-Deazapurines”) via 3-Amino-2-carbo-
alkoxypyrroles. J. Org. Chem. 1979, 44, 3826. (f) Montgomery,
J. A.; Shortnacy, A. T.; Thomas, H. J. Analogs of 5′-Deoxy-5′-
(methylthio)adenosine. J. Med. Chem. 1974, 17, 1197.

(10) (a) Miles, R. W.; Tyler, P. C.; Evans, G. B.; Furneaux, R. H.;
Parkin, D. W.; Schramm, V. L. Iminoribitol Transition State
Analogue Inhibitors of Protozoan Nucleoside Hydrolases. Bio-

Scheme 1. Total Synthesis of MTAP Inhibitor 1a

a Reagents: (a) TsCl, TEA; (b) NaSMe, MeOH (96%, two steps);
(c) BuOCH(NMe)2; (d) THF/H+/H2O (58%, two steps); (e) NH2CH2C
N, NaOAc (E/Z mixture, 78%; (f) ethyl chloroformate, DBU; (g)
DBU; (h) 0.1 equiv, Na2CO3 (60%, three steps); (i) formamidine
acetate, EtOH (quantitative); (j) H+/MeOH (85%).

Letters Journal of Medicinal Chemistry, 2004, Vol. 47, No. 6 1323



chemistry 1999, 38, 13147. (b) Miles, R. W.; Tyler, P C.;
Furneaux, R. H.; Bagdassarian, C. K.; Schramm, V. L. One-third-
the-sites transition-state inhibitors for purine nucleoside phos-
phorylase. Biochemistry 1998, 37, 8615.

(11) (a) Evans, G. B.; Furneaux, R. H.; Gainsford, G. J.; Schramm,
V. L. Synthesis of Transition State Analogue Inhibitors for
Purine Nucleoside Phosphorylase and N-Riboside Hydrolases.
Tetraheadron 2000, 56, 3053. (b) Tyler, P. C.; Furneaux, R. H.
Improved Synthesis of 3H,5H-Pyrrolo[3,2-d]pyrimidines. J. Org.
Chem. 1999, 64, 8411. (c) Tyler, P. C.; Furneaux, R. H.; Limberg,
G.; Schramm, V. L. Synthesis of Transition State Inhibitors for
N-Riboside Hydrolases and Transferases. Tetraheadron 1997,
53, 2915. (d) Furneaux, R. H.; Tyler, P. C.; Schramm, V. L.
Transition State Analogue Inhibitors of Protozoa Nucleoside
Hydrolases. Bioorg. Med. Chem. 1999, 7, 2599. (e) Evans, G. B.;
Furneaux, R. H.; Hutchison, T. L.; Kezar, H. S.; Morris, P. E.;
Schramm, V. L.; Tyler, P. Addition of Lithiated 9-Deazapurine

Derivatives to a Carbohydrate Cyclic Imine: Convergent Syn-
thesis of the Aza-C-Nucleoside Immucillins. J. Org. Chem. 2001,
66, 5723.

(12) Pankaskie, M. C.; Lakin, D. D. Analogs of 9-Deazaadenosine:
Potent Inhibitors of Methylthioadenosine Phosphorylase. Bio-
chem. Pharmacol. 1987, 36, 2063.

(13) During the revision of the manuscript, the authors became aware
of an accelerated Web edition manuscript that described several
potent inhibitors of MTAP. The manuscript described several
inhibitors with picomolar activity as well as the compound
described in this manuscript. Singh, V.; Shi, W.; Evans, G. B.;
Tyler, P. C.; Furneaux, R. H.; Almo, S. C.; Schramm, V. L.
Picomolar Transition State Analogue Inhibitors of Human 5′-
Methylthioadenosine Phosphorylase and X-ray Structure with
MT-Immucillin-A. Biochemistry, in press.

JM030455+

1324 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 6 Letters


