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Abstract

Fumagillin, an irreversible inhibitor of MetAP2, has been shown to potently inhibit growth of malaria
parasites in vitro. Here, we demonstrate activity of fumagillin analogs with an improved
pharmacokinetic profile against malaria parasites, trypanosomes, and amoebas. A subset of the
compounds showed efficacy in a murine malaria model. The observed SAR forms a basis for further
optimization of fumagillin based inhibitors against parasitic targets by inhibition of MetAP2.

The sesquiterpene fumagillin 1, produced by Aspergillus fumigatus, has been extensively
studied for its antimicrobial activity.! While toxic, it is employed in veterinary applications
and to a limited degree in humans, particularly in immunocompromised individuals. A renewed
interest in fumagillin, driven by recognition of its anticancer properties, led to identification
of its molecular target, methionine aminopeptidase-2 (MetAP2).2 MetAP2 is a cytosolic
enzyme which removes methionine from the amino terminus of newly synthesized proteins
for subsequent post-translational modifications (e.g. myristoylation), which are required for
stability, activity, and intracellular localization.3: 4 A related isoform, MetAP1, can process
many of the same substrates, but its relative activity differs from that of MetAP2 based on the
nature of the amino acid residues flanking the cleavage site, primarily the residue immediately
adjacent to the N-terminal methionine. Fumagillin and structural analogues, such as TNP-470
(AGM-1470), 2a, selectively inhibit MetAP2 enzymatic activity through irreversible, covalent
bond formation with histidine-231 in the active site of the enzyme.5: 6
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Previously, we showed that fumagillin and TNP-470 inhibited the in vitro growth of
Plasmodium falciparum and Leishmania donavani, and speculated that their mode of action
might stem from the inhibition of MetAP2.” Moreover, we reported the cloning of the MetAP2
gene of P. falciparum, the most lethal and common source of malaria infection, and found a
40% sequence homology with the murine and human enzymes. Importantly, fumagillin and
TNP-470 showed potent activity against four strains of P. falciparum, including the
chloroquine resistant strains W2 and C2B. On average, TNP-470 was approximately 10 times
better as an inhibitor (IC5q 0.3 — 1.66 ng/mL). These results suggested that the activity of
fumagillin could be optimized further. We additionally described the anti-trypanosomal
activity of ovalicin, whose structure closely resembles that of fumagillin, and ovalicin
analogues.8 Evidence for a direct interaction of PfMetAP2 with fumagillin was also recently
reported.®

The concept of MetAP enzymes as anti-infective targets is further validated by the data that a
family of structurally related inhibitors containing a 2-(2-pyridinyl)-pyrimidine core was
effective therapeutically against malaria in vitro and in mouse models.1? These compounds
target specifically PfMetAP1b. In this communication, we disclose new fumagillin analogs
that show broad spectrum antiparasitic efficay against malaria parasites, trypanosomes, and
amoebae. Moreover, two analogs showed in vivo efficacy against the rodent malaria parasite
P. berghei in mice. The results validate fumagillin and its analogues as inhibitors of these
parasites, and provide initial SAR for further optimization.

We previously described a strategy to improve the pharmacokinetic and safety profile of
fumagillin and TNP-470 by modifying the structure of the substitutent at C6 on the cyclohexane
ring, which is a polyolefinic acid in fumagillin and a reactive chloroacetylcarbamate in
TNP-470 (Scheme 1).11 Crystallographic studies demonstrated that the primary interactions
between fumagillin and MetAP2 involve the reactive spiroepoxide moiety as well as the prenyl
containing substituent at C4, whereas the ester chain at C6 extends through a narrow
hydrophobic channel to the protein exterior.? Thus, alterations at C6 should preserve the
spiroepoxide scaffold forming the key inhibitory contacts while modulating the physical
properties of the molecule and allowing additional interactions with the active site cleft and
solvent. We found that incorporation of alkyl carbamate functionalities at this position yielded
potent inhibitors of MetAP2 and HUVEC proliferation, resulting in the discovery of PP1-2458
(2b), an orally active fumagillin analog effective in rat models of arthritis.12 The set of
compounds chosen for the current study contain basic and acidic groups at a range of distances
and orientations from the fumagillin core. Synthesis was accomplished from commercially
available fumagillin as described previously.
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For our initial set (Table 1, 5 — 9) we examined whether the activity of TNP-470 could be
maintained in nonlabile, compact carbamate derivates containing a range of functional groups.
With few exceptions, compounds from this set potently inhibit all three parasite classes at a
level similar to that of fumagillin and TNP-470. Hydrazide 5 and carboxylate 7 show the best
activity across the panel, indicating that either basic or acidic functionalities are tolerated. Both
compounds are also highly efficient inhibitors of hMetAP2, as determined by the level of
residual free MetAP2 activity remaining following 8h incubation with compound. In contrast,
hydration of the prenyl double bond in 9 causes nearly complete loss of enzyme inhibition, and
little to no antiparasitic activity is observed.

A follow-up set of compounds (Table 2) extended the carbamate moiety with conformationally
constrained amino acyl residues as spacers. The effect of this extension is marginal on T.
brucei and P. falciparum (D2 strain), but resulted in a 10 — 100 fold loss of activity against E.
histolytica. However, little correlation with MetAP2 activity is seen. It is possible that the
insertion of the spacer residue lowers the permeability of the compounds in amoeba. Finally,
compounds 5 — 14 were also tested against Leishmania donovani, but with the exception of
7, showed no activity at concentrations < 100 pg/mL.

Compounds 12 and 13 (PP1-2788 and PPI-2791) were additionally tested in mice infected with
malaria P. berghei (Figure 1). Controls treated with PBS did not survive beyond 7 days post
infection, whereas both 12 and 13 were highly protective to 12 days. These results show that
significant in vivo efficacy can be achieved with these prototype compounds.

This work builds on earlier studies demonstrating the efficacy of fumagillin and ovalicin
analogues against the parasites responsible for chloroquine resistant malaria and sleeping
sickness. Based on the homology of human and Plasmodium MetAP2, we hypothesized that
fumagillin analogues would potently inhibit parasitic MetAP2’s and demonstrate efficacy in
vivo resulting from blockage of an essential housekeeping enzyme. Separately, we showed that
the toxicity and poor pharmacokinetics of TNP-470, the most potent inhibitor described for
MetAP2, could be remedied by replacement of the chloroacetamido side chain with a carbamate
functionality.11: 12 This work also demonstrated a cytostatic, rather than cytotoxic,
antiproliferative effect for this inhibitor class against sensitive cell types.12 Following this
strategy, the carbamates tested here combine favorable PK properties, including oral
bioavailability, with high potency against a panel of parasites, thus laying a basis for further
optimization.! It is evident that the side chains of both fumagillin and TNP-470 can be replaced
by groups which are compact and nonlabile. The complete lack of activity shown by a closely
related compound, 9, where the essential MetAP2 binding region is modified further supports
the conclusion that the efficacy of this compound class in vivo is linked to inhibition of this
enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Effect of MetAP2 inhibitors 12 and 13 on survival of mice infected with malaria P. berghei.
Following infection on Day 1, mice were dosed subcutaneously with 25 mg/kg compound
every 12 hours, or with PBS as a control. Each data point was the mean of triplicates.
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Scheme 1.

Design and synthesis of fumagillin analogs. Reagents and conditions: (a) NaOH, MeOH,
H,0, 0 °C; (b) DSC or 4-NO phenylchloroformate, TEA, CH3CN, 25 °C; (c) X, DIEA,
CH3CN or EtOH, 25 °C.
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