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Abstract
The syntheses of a new class of barbiturate-based inhibitors for human and E. Coli Methionine
Aminopeptidase -1 (MetAP-1) are described. Some of the synthesized inhibitors show selective
inhibition of the human enzyme with high potency.
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Cellular protein synthesis starts with an N-terminal methionine in the eukaryotic cells or with
a formylmethionine in the prokaryotic cells. Removal of the methionine residue is essential
for proper folding, post-translational modifications and translocation of the synthesized
proteins.1 The metalloenzymes methionine aminopeptidases (MetAPs) catalyze the hydrolytic
removal of the N-terminal methionine residue from the newly synthesized proteins.1 While
the prokaryotic cells contain only the type-1 enzyme, eukaryotic cells contain both the type-1
and -2 enzymes in the cytosol.2 Deletion of the MetAP is shown to be lethal in various bacteria.
2

Since the discovery that the irreversible MetAP-2 inhibitor fumagillin prevents angiogenesis,
both reversible and irreversible inhibitors for this enzyme have been extensively studied as
potential anti-angiogenesis and anti-cancer agents.3 Selective inhibition of MetAP-1 in
bacteria (or in parasites) over the human enzymes has been shown to be a promising approach
in designing new antibacterial4 and antimalarial5 agents. The role of MetAP-1 in human cell
cycle progression has been elucidated recently.6 Selective inhibition of the human MetAP-1
(over MetAP-2) led to the arrest of cell division and induction of apoptosis in leukemia cells.
6

In contrast to MetAP-2, there are only a few reports in the literature on inhibition of human
MetAP-1. Peptide hydroxamic acids are reported to be competitive inhibitors for human
MetAP-1 with moderate potency.7 Substituted pyridines were identified as another class of
human MetAP-1 inhibitors using high-throughput screening of 175,000 small organic
molecules.3b Ovalicin, the highly-potent, non-competitive, natural product inhibitor for
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MetAP-2, was found to bind human MetAP-1 weakly.8 We have recently initiated a research
program to design and synthesize selective inhibitors for bacterial MetAP-1 as antibacterial
agents and selective inhibitors for human MetAP-1 as anti-cancer agents.

Under physiological conditions, the metal ions in the active site of MetAPs are not firmly
established. The active site binds to two divalent transition metal ions and the residues
responsible for binding to the metal ions are conserved.4 One of these two bound metal ions
undergoes a rapid exchange with free metal ions in solution.4 Since Co (II) ions activate all
MetAPs, usually the inhibitors are screened using Co (II) form of the enzyme. Besides Co (II),
Mn (II), Fe (II), Ni (II) and Zn (II) are proposed as possible metal ions under physiological
conditions.4 To complicate inhibitor design, the potency of MetAP inhibitors depend on the
identity of the metal ions in the active site of the enzyme.9 In addition, recent NMR
spectroscopic studies have demonstrated that in the absence of any substrate or inhibitor, the
enzyme in solution has several structures in dynamic equilibrium.4 For our studies, we added
CoCl2 (100 μM) in the assay buffer; hence the reported compounds are Co (II) coordinating
inhibitors.

All of the reported competitive inhibitors for MetAPs contain a Lewis base to coordinate to
the transition metal ions in the active sites of the enzymes. In pursuit of designing new types
of MetAP inhibitors, we noted that barbiturate-based potent inhibitors are known for the matrix
metalloproteinases10 and for other metallo-enzymes.11 Herein, we report that potent inhibitors
for MetAP-1 can be synthesized in one or two high-yielding steps starting from barbituric acid.
To the best of our knowledge, this is the first report of MetAP inhibition by the barbituric acid
derivatives.

We observed that barbituric acid, 2-thiobarbituric acid and 1,3-dimethylbarbituric acid were
weak inhibitors for recombinant E. Coli and human MetAP-1 (Ki > 100μM). Preliminary
docking studies suggested that barbituric acid is binding to one of the Co (II) ions in the active
site through the oxygen atom on C-2. Our goal was to introduce substituents on the barbiturate
moiety to produce more potent inhibitors. Knoevenegal condensation of aromatic aldehydes
appeared to be an attractive method to achieve this goal as the products will have alkenes
conjugated to the aromatic benzene ring. The general structures and the syntheses of the
barbiturate inhibitors are shown in Scheme 1.

We performed the Knoevenegal condensation by heating to reflux the barbituric acid (or
thiobarbituric acid) and the aromatic aldehydes in water.12 For 1,3-dimethylbarbituric acid,
the condensation reaction was more conveniently performed by grinding the two solid reactants
at room temperature in the presence of amidosulfonic acid.13 The residue was dissolved in
dimethylsulfoxide and poured into water to precipitate the crude products. The solids obtained
were recrystallized from dimethylformamide to give the pure products.

E. Coli and human MetAP-1 were expressed and purified as described previously, from
expression systems kindly provided by Dr. Anthony Addlagatta14 and Dr. Brian Matthews.
15 No attempt was made to remove the His-tags from either protein. Purity of the proteins was
confirmed by SDS-PAGE. Protein concentration was determined using a BCA protein assay
kit from Pierce, with BSA as the standard.

The inhibitory potencies of the synthesized compounds were determined by using the reported
chromogenic substrate for MetAPs, Met-Pro-p-nitroanilide.16 Proline aminopeptidase was
used as the coupling enzyme and we ascertained that the synthesized compounds are not
inhibiting this enzyme.17 The yields obtained during the syntheses of the barbiturate
derivatives and the measured inhibition constants with E. Coli and human MetAP-1 are shown
in Table 1.
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We observed that the barbituric acid derivatives were more potent inhibitors of MetAP-1
compared to the derivatives of 2-thiobarbituric acid or 1,3-dimethylbarbituric acid. Under the
enzyme assay conditions (25 mM HEPES buffer, pH = 7.5), the barbituric and thiobarbituric
acid derivatives are expected to exist as the corresponding conjugate bases.18 It is likely that
the conjugate bases from the compounds 1–20 are the active forms of these inhibitors. From
our preliminary modeling studies, it is anticipated that the oxygen atom at C-2 of the barbituric
acid moiety is binding to the active site metal ion of MetAP-1.

The barbituric acid derivatives 1–9 showed moderate to excellent potency in inhibiting the
enzyme. Some of these inhibitors were found to be selective for the human MetAP-1 over the
E. Coli enzyme. For example, compound 4 was 67 times more potent in inhibiting the human
enzyme (Ki = 5 μM) compared to the E. Coli MetAP-1 (Ki = 335 μM). In order to determine
the effect of an additional potential coordinating atom to the active site Co (II) atoms of MetAP,
we synthesized the barbiturate derivative of 2-hydroxy-4-methoxybenzaldehyde. However, the
resultant compound was found to be a weak inhibitor for both E. Coli and human MetAP-1
(Ki > 100 μM for both enzymes).

Inhibitors with substituents on the benzene ring were more effective compared to the molecule
containing the unsubstituted benzene ring. In general, for E. Coli MetAP-1, compounds with
electron releasing groups at the para-position of the benzene ring showed higher inhibitory
potency compared to compounds with electron withdrawing groups on the aromatic ring. We
did not observe any such trend for the inhibition of the human MetAP-1. Based on our
calculations employing the semi-empirical PM3 force field (Spartan 06, Wavefunction Inc.),
the charge densities at the oxygen atoms of the barbituric acid moiety are not perturbed by the
nature of the substituents on the benzene ring. Currently, we are performing quantitative
structure activity relationship studies with the synthesized inhibitors and MetAP-1 to determine
the origin of this observed selectivity.

All of the compounds excepting 10 were competitive inhibitors for both E. Coli and human
MetAP-1. Compound 10 was the most effective inhibitor synthesized (Ki = 50 nM and 10 nM
for the E. Coli and human MetAP-1, respectively) and it demonstrated a mixed mode of
inhibition for both of the enzymes. In fact, 10 is one of the most potent inhibitor reported for
human MetAP-1 so far. In addition to any electronic effect, the hydrophobic alkene moieties
also possibly contribute to the excellent inhibitory potency exhibited by compound 10.
Structurally, it appears that the addition of the alkenyl spacer to compound 7 (i.e., compound
10) leads to substantial improvement in the inhibitory potency. A similar trend was observed
for the inhibitors 1 and 9. Currently, we are evaluating the effect of this structural modification
on the inhibitory potency for the compounds 2 – 6 and 8.

In contrast, most of the thiobarbiturate derivatives synthesized did not inhibit MetAP-1. The
thiobarbiturate derivatives 18 and 20 showed weak inhibition of E. Coli MetAP-1 (Ki = 87 and
17 μM, respectively). Compounds 16 and 20 demonstrated moderate and selective inhibition
of human MetAP-1 (Ki = 6 and 1 μM, respectively). The synthesized derivatives of 1,3-
dimethylbarbituric acid (21–30) failed to inhibit the enzyme. We do not yet understand the
molecular basis for this lack of inhibition exhibited by this series of compounds. The
compounds 21–30 cannot deprotonate to generate the conjugate base under the enzyme assay
conditions. In addition, the two methyl groups on the barbiturate moiety may sterically interfere
with the binding process in the enzyme active site. Either of these two factors (or a combination)
may lead to the lack of inhibition of MetAP-1 by this class of compounds.

In conclusion, we have synthesized several derivatives of barbituric acid and demonstrated
their effectiveness in inhibiting MetAP-1. All of the reported inhibitors were synthesized in
one step from commercially available starting materials. One of the synthesized compounds
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(e.g., 10) showed excellent inhibitory potency for E. Coli and human MetAP-1 (Ki < 100 nM).
Another moderate inhibitor (e.g., 4) showed very good selectivity (> 60) for human MetAP-1
compared to the E. Coli enzyme. Detailed molecular modeling and cellular assay studies are
currently in progress and these results will be reported later.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
General structures and the syntheses of the barbiturate-based MetAP-1 inhibitors.
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