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Abstract—Analogues of the naturally occurring cyclic hydroxamate dealanylalahopcin, which is an inhibitor of procollagen prolyl-
4-hydroxylase, were synthesised and shown to be inhibitors of the human hypoxia-inducible factor prolyl hydroxylases.
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Hypoxia-inducible factor (HIF) is a heterodimeric
o,B-transcription factor present in higher organisms.!
Under normoxic conditions, the level of the B-subunit
remains constant, but levels of the «- subunit are sup-
pressed due to proteasomal degradation. Under hypoxic
conditions, levels of HIF-« rise, allowing dimerisation
with HIF-B. In the nucleus, the dimer mediates activa-
tion of the array of genes involved in the hypoxic
response, including those for vascular endothelial
growth factor and erythropoietin.?

Degradation of the HIF-a subunits is triggered by post-
translational hydroxylation of specific prolyl-residues
that enable binding of HIF-a to the von Hippel-Lindau
tumour suppressor protein (pVHL).>* pVHL is part of
a large ubiquitinylation complex that targets the HIF-a
for transport to the proteasome and subsequent
destruction.>® A sub-family of the Fe(II) and 2-oxoglu-
tarate (2-OG) dependent oxygenases (PHDI1, PHD?2,
and PHD?3 isozymes in humans) catalyses dioxygen
dependent 4-hydroxylation of two prolyl residues in the
oxygen dependent degradation domains of HIF-o.”1°
Recently, hydroxylation of an asparagine residue in the
C-terminal activation domain of HIF-1a has also been
demonstrated;'!!? this is proposed to mediate an
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hypoxic response via blocking of the interaction
between HIF-o and the nuclear protein p300.

The HIF hydroxylases belong to the superfamily of
2-OG dependent non-heme iron enzymes that also con-
tains bacterial proline hydroxylases and mammalian pro-
collagen prolyl-4-hydroxylase (CPH).!3 Since the PHD
isozymes play an integral role in oxygen homeostasis, their
inhibition is attractive from the perspective of developing
pharmaceuticals that induce a pro-angiogenic response
for the treatment of, for example, heart disease.

In recent years several crystal structures for 2-OG
dependent oxygenases have been reported.'*~!7 Toge-
ther with kinetic and spectroscopic studies they imply a
mechanism proceeding via oxidative decarboxylation of
2-0OG resulting in a (Fe(IV)=O0O«Fe(ll)-O-) inter-
mediate that mediates ‘prime’ substrate oxidation.!®
They also reveal that in the enzyme.Fe(Il).2-
OG.(Lsubstrate) complexes, the 2-OG is bound in a
bidentate fashion to the iron and in an extended con-
formation that allows a salt bridge to form between the
S-carboxylate and a conserved arginine residue (pre-
dicted to be Arg-367 in PHDI1, Arg-205 in PHD?3).

Alahopcin and Analogues

Alahopcin (1) and dealanylalahopcin (2) are natural
products first isolated from a sub-species of Streptomyces
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albulus.'® Syntheses of alahopcin and dealanylalahopcin
using azetidinone-2-carboxylate as a chiral template
have been described.?® In addition to the antibiotic
properties of 1, both it and 2 are reported to inhibit
CPH in 2-OG decarboxylation assays.'>?! We proposed
that 2 may resemble a conformationally restrained inert
analogue of 20G, in which the hydroxamic acid coor-
dinates the iron and the side chain carboxylate interacts
with the arginine as shown in Figure 1. This proposal
was investigated by the synthesis of cyclic hydroxamic
acid analogues (3), (4), and (5), and assay of their inhi-
bitory potential against HIF-o hydroxylation.

Thus, 3 and 4 were prepared in two steps from tri-
carballylic acid (6) and citric acid (7), respectively.
Reflux of 6 or 7 with equimolar amounts of O-benzyl-
hydroxylamine hydrochloride and pyridine in toluene
under Dean-Stark conditions, yielded the cyclic
N-hydroxysuccinimide systems (8) and (9), respectively.
In the latter case a ca. 15% yield of the 6-membered
ring compound (10) was also isolated. The N-benzyl-
succinimides 8 and 9 were subsequently deprotected by
palladium-catalyzed hydrogenation in near quantitative
yield (Scheme 1).

Analogue 5 was prepared according to a literature pro-
cedure.??> Thus, reflux of 2-methylenesuccinic acid and
O-benzylhydroxylamine yielded the O-benzylated cyclic
hydroxamic acid (11), which was quantitatively deben-
zylated by palladium-catalysed hydrogenation to give 5.
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Figure 1. Dealanylalahopcin and structural related compounds, and
the proposed method of iron binding by dealanylalahopcin.
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Scheme 1. Synthesis of the dealanylalahopcin related compounds (3)
and (4): (i) O-benzylhydroxylamine hydrochloride, pyridine, Dean-
Stark; (ii) Pd(II)acetate, H,.

Initially, inhibition of PHD isozymes present in mam-
malian cell extract (RCC4) was evaluated using a con-
struct of HIF-la (residues 549-582), containing the
more C-terminal of the two target prolyl residues, and a
Gal affinity tag that enabled immmobilisation of the
peptide on agarose beads. Beads were treated with
RCC4 cytoplasmic extract (made by lysing cells in 20
mM Tris pH 7.5; 5 mM KCI; 1.5 mM MgCl,; 1 mM
dithiothrietol at 4°C using a Dounce homogeniser, fol-
lowed by clarification at 13,000 g for 15 min) in the pre-
sence of 100 uM FeCl, both in the presence and absence
of candidate inhibitors at 2 mM. The beads were then
treated with 33S-radiolabelled pVHL and washed exten-
sively. The amount of radioactive pVHL captured by the
hydroxylated product was analysed by denaturing
PAGE electrophoresis and autoradiography (Fig. 2).

Hydroxamic acids are well-known iron-chelators in
solution and at sufficient concentrations would be
expected to inhibit the hydroxylation activity via simple
non-selective chelation of iron. In this regard, the
O-benzylated compounds 8, 9 and 11 were altogether
ineffective as inhibitors in the cell extract assay, prob-
ably due to absence of an N-hydroxyl group. The activ-
ity of the deprotected analogues containing the
N-hydroxyl function varied significantly, suggesting that
a mechanism other than, or in addition to, simple iron
chelation was involved. Compound 3 was clearly a more
potent inhibitor than the other compounds tested,
including 5 which is a close analogue with a shorter side
chain. Since 5 and N-hydroxysuccinimide (12) are
expected to chelate iron as well as 3, and exhibited no
and weak inhibition of hydroxylase activity, respectively
(Fig. 2 and data not shown), simple iron chelation in
solution can be ruled out as a mechanism by which low
levels of inhibition may be seen. It cannot be ruled out
that transport phenomena play a role in the differing
levels of inhibition observed in vivo. No inhibition was
seen when compound 4 was tested in a similar manner
using a purified fusion of maltose binding protein with
PHDI1 to modify a HIF-1a substrate (data not shown).

Compounds 3, 4 and 5 were further investigated in in
vitro assays using a purified fusion of maltose binding
protein with PHDI1 as enzyme and a 19-residue syn-
thetic peptide containing the target Pro-564 (residues
556 — 574 from HIF-la) as substrate. Analyses on a

untreated
Tris buffer
DMSO
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Figure 2. Autoradiographs of pVHL capture by modified HIF-o
fragment immobilised on beads. Peptide not treated with mammalian
cell extract is not recognised by pVHL (far left lane). Treatment of
peptide with RCC4 extract and Tris buffer or DMSO shows recogni-
tion by pVHL (second and third lane), and treatment with various
compounds at 2 mM varies the extent of recognition. Compounds 3
and 8 were controlled with Tris buffer, compounds 5, 9, and 11 with
DMSO.
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Figure 3. Comparison by HPLC, with monitoring at 214nm, of the
19mer peptide after incubation under standard conditions, except for

iron(Il), which was at 800 pM, with and without inhibitor. (a) with
compound 3, (b) with compound 4, (c) with compound 5.

reversed phase C4 hplc column (150x4.6 mm, Phenom-
enex) were carried out as described.?? The results sup-
ported the in vivo results in that the actions of 3 and 5
were not solely due to simple iron chelation (Fig. 3) and
gave an approximate ICsq value for 3 of ImM. That the
inhibition by 4 was weaker than that of 3 may suggest
that the methylene carbons of 2-OG are bound by rela-
tively tight hydrophobic interactions, as in clavaminic
acid synthase'* and taurine dioxygenase.!” The sig-
nificant difference in activity between 3 and 5 may
reflect the different side chain length of the two com-
pounds, that is, the former is a better analogue of 2-OG
and bridge more effectively between the arginine and the
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Scheme 2. Inferred binding of 3 and 5 to iron in the active site of the
PHD isozymes. Compound 3 has the same length carbon skeleton as
2-OG but is conformationally restricted, whereas the carboxylate
group of compound 5 is unsuitably positioned and cannot therefore
bind so effectively.

iron in the active site (Scheme 2). Previous work has
been carried out on the parallel/combnatorial synthesis
of acyclic hydroxamates for screening as enzyme inhi-
bitors.?*2> Although the ICs, value of 3 for inhibition of
the HIF PHDs is weak, it suggests that further structure
activity work on cyclic hydroxamates may be profitable
with respect to developing inhibitors of HIF prolyl
hydroxylases and other metallo-enzymes.
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