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Abstract—Recently resolved X-ray crystal structure of HIF-1a prolyl hydroxylase was used to design and develop a novel series of
pyrazolopyridines as potent HIF-1a prolyl hydroxylase inhibitors. The activity of these compounds was determined in a human
EGLN-1 assay. Structure-based design aided in optimizing the potency of the initial lead (2, ICsq of 11 pM) to a potent (111,
190 nM) EGLN-1 inhibitor. Several of these analogs were potent VEGF inducers in a cell-based assay. These pyrazolopyridines

were also effective in stabilizing HIF-1a.
© 2006 Elsevier Ltd. All rights reserved.

Hypoxia inducible factor (HIF) is a transcriptional com-
plex that plays a key role in mammalian oxygen homeo-
stasis and regulates a host of hypoxic response genes
that regulate angiogenic, glycolytic, and erythropoietic
processes.! The subunit components, HIF-loo and
HIF-18 (ARNT) are constitutively expressed and
regulation is achieved by the selective destruction of
HIF-1a. HIF-1a is a major regulatory point of cellular
response to hypoxia (decreasing partial pressure of
oxygen).

In the presence of oxygen, a family of non-heme iron
containing prolyl hydroxylases (EGLN-1, EGLN-2,
and EGLN-3) effects post-translational modification of
HIF-1a by hydroxylation of proline®®* and proline**
in the oxygen dependent degradation domain (ODD)
via a reaction that requires 2-oxoglutarate (20G) and
ascorbate.*® Proline hydroxylation then targets HIF-
loo subunits for proteasomal degradation via binding
to the VHL (Von Hippel Lindau tumor suppressor pro-
tein), elongin C/B, Cul2, Rbx1 ubiquitin ligase complex.
Since the post-translational hydroxylation of HIF-1a is
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controlled by oxygen concentration, under hypoxia the
hydroxylation of HIF-1a is inhibited, and HIF-1a binds
to ARNT to form a functional transcriptional activator
that turns on genes with hypoxic response elements (e.g.,
VEGF, EPO, glycolytic enzymes).” Therefore, inhibition
of HIF-1la prolyl hydroxylases, resulting in HIF-1a sta-
bilization and has a potential to be a viable therapeutic
approach for ischemic diseases including myocardial
infarction, stroke, peripheral arterial disease, heart fail-
ure, diabetes, and anemia.

Neither crystal structure of the procollagen nor that of
HIF prolyl hydroxylases has been reported in the litera-
ture. However, atomic resolution structures have
been obtained for other 2-oxoglutarate dioxygenases
including bacterial proline 3-hydroxylase, deacetoxy-
cephalosporin C synthase, clavaminate synthase, and
asparaginyl hydroxylase.® The similarity of cofactor
requirements for the catalytic step suggests that these
structural data should provide significant information
concerning the active site of HIF prolyl hydroxylase to
aid synthesis of small molecule inhibitors.

We sought to identify suitable small molecule HIF-1a
prolyl hydroxylase inhibitors based on structure-based
design approach utilizing the recently solved crystal
structure of EGLN-1° in complex with the isoquinoline
inhibitor 1'° (Fig. 1).
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Figure 1. Binding of compound 1 to the catalytic domain of EGLN-1.

Among the key interactions between compound 1 and
the EGLN-1 active site are the salt bridge between the
terminal carboxylic acid and Arg383, the coordination
of iron by the isoquinoline nitrogen and the side chain
amide, and also the hydrogen bond between the pheno-
lic hydroxyl of the inhibitor and Tyr303.

In our structure-based drug design approach, pyrazolo-
pyridine 2 emerged as a possible lead for novel HIF-1a
prolyl hydroxylase inhibitors. The predicted binding
mode of this compound is shown in Figure 2. In this
binding orientation the nitrogens in the pyridine and
pyrazole bind to iron, while the carboxylate interacts
with Arg383.

The reasonable binding mode of pyrazolopyridine 2
(Fig. 2) prompted us to probe this structural class more
carefully. The synthesis of 2 is outlined in the scheme be-
low (Scheme 1).

Additional analogs beginning with 6 were prepared
according to the scheme shown below (Scheme 2). The
commercially available, 2-chloro-5-hydroxymethylpyri-
dine 6 was protected as its benzyl ether and, in a similar
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Figure 2. The predicted mode of binding between 2 and EGLN-1.

procedure to the synthesis of 2, was condensed with eth-
yl pyrazole 4. However, this reaction did not go to com-
pletion, and the separation of the product and the
starting material was extremely difficult. Conversely,
pyridine N-oxide 8 reacted with pyrazole 4 and pro-
duced desired condensed product 9 in good yields.
Hydrogenation of 9 under microwave conditions
cleaved both the benzyl ester and the N-oxide. Alkyl-
ation of 10 followed by the hydrolysis of the ethyl ester
generated the analogs 11a-h (Table 1).

The benchmark isoquinoline 1 has an ICsy of 1.4 uM in
the EGLN-1 enzyme assay. In comparison, compound 2
showed reasonable activity in the assay (12 uM) spur-
ring us to initiate a structure-based medicinal chemistry
program around the novel pyrazolopyridine scaffold.
Figures 2 and 3 show that by reaching out toward the
outer region of the active site, ligands can interact favor-
ably with the active site residues Tyr310, Arg322,
Met299, and GIn239. The modeling studies suggested
that an appropriate substitution placed at the 5-position
of the pyridyl nucleus has the ability to interact with
these residues, and therefore, brings about the optimal
binding energy of the ligands and the active site of
EGLN-I.

One such analog (compound 11a) is expected to have a
strong coordination to the iron using both the pyridyl
and pyrazole nitrogens, while the oxygen atom on the
side-chain ether linkage builds a hydrogen bonding
interaction with OH of Tyr310. The phenyl ring inter-
acts with the side chain of GIn239 in a lipophilic fashion

(Fig. 3).

The pyrazolopyridine analogs were screened in an
EGLN-1 enzyme assay (Table 1). The activity of these
compounds was then measured in cell-based VEGF
induction assay, which measures events downstream of
HIF-1a stabilization (Table 1). In this study, we focused
our structure-activity relationship development on the
phenyl ring of the distal ether linkage. As suggested by
the modeling studies at the outset, the analog 1la
showed good activity against EGLN-1. A range of ring
substitutions (both electronic and positional) was toler-
ated by the enzyme. Thus, both electron-donating and -
withdrawing substituents displayed good activity. The
meta- and para-substitutions both showed comparable
activity; however, in the case of the chloride substituent,
the para-substituted pyrazolopyridine 11b had improved
activity as compared to the ortho- and meta-substitu-
tions (11c¢ and d). Compound 111, in which the distal
phenyl ring was substituted with a 2-cyano-phenyl
group, had nanomolar activity against the enzyme. In
addition to the interactions within the active site, de-
scribed earlier, we judiciously positioned the nitrile
group at the 2-position to build a hydrogen bonding
interaction with Trp258 at the top of the active site
(Fig. 4). Interestingly, the amide linkage at the 5-posi-
tion of the pyridyl nucleus had an adverse effect on the
activity against EGLN-1 (data not shown).

In the cell-based VEGF assay, these pyrazolopyridines
were able to induce significant VEGF induction. In
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Scheme 1. Reagents and conditions: (a) Cs,CO3/DMF/140 °C (65%); (b) KOH/EtOH/water (90%).
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Scheme 2. Reagents and conditions: (a) BnBr/THF/NaH (75%); (b) MeReOs/H,0,/CH,Cl, (75%); (c) Cs,COs/DMF/ethylpyrazole-3-carboxylate/

140 °C/30 min/MW (80%); (d) Pd(OH)u/cyclohexene/EtOH/120 °C/20 min/MW (70%); (¢) 1—RX/NaH/THF (65-70%), 2—KOH/EtOH/water
(80%).

Table 1. Biological activity of pyrazolopyridines against EGLN-1 and Tyr 303 Arg 383

" Tyr 329
Met 299
Entry R EGLN-1-ICs,  VEGF ECs, — ;
(uM) (M) W /\(j
11a H 2.7 25 ' B aml
1lb  p-Chloro 0.58 74 N e
11c m-Chloro 1.7 3.8 Arg 322 11a
11d 0-Chloro 2.4 na Asp 315 His 374
11e p-Methoxy 2.4 1.0
11f m-Methoxy 1.6 >100
11g p-Cyano 1.6 na Figure 3. The predicted mode of binding between 11a and EGLN-1.
11h m-Methyl 2.1 na
11i m-Trifluoromethyl 2.9 11 Ile 256 Tyr 303 Arg 383
11j p-Isopropyl 1.7 na Gln 239
11k 3,5-Dimethoxy 2.8 na N
111 0.19 >100 Trp 258
o 7,
E Met 299
(P P f Tyr 329
. .
* Py 5 -.‘ ....‘

addition, these EGLN inhibitors were effective in stabi-
lizing HIF-1a. Therefore, this study serves to establish
our initial hypothesis of stabilization of HIF-la via
inhibiting HIF-1a prolyl hydroxylase and subsequently

leading to increase in VEGF induction. Potency changes Arg322 c o . S
noted in the enzyme assay were not consistently seen in Asp 315 O /\(:L
the cell-based VEGF induction assay. The apparent O m " ’Z’N}/COzH

discrepancies probably reflect the difficulties of reconcil-
ing the physical properties of the compounds and Figure 4. The predicted mode of binding between 111 and EGLN-1.
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compatibility with differing conditions and requirements
of isolated enzyme and cellular assays.

In summary, this study indicates the ability to design po-
tent, nonpeptidic, HIF-1a prolyl hydroxylase inhibitors
using a structure-based drug design approach. This nov-
el class of pyrazolopyridines is currently under investiga-
tion for its PK and in vivo properties. The results will be
disclosed elsewhere.

EGLN-1 activity assay. The EGLN-1 enzyme activity
was determined using mass spectrometry (matrix-assist-
ed laser desorption ionization, time-of-flight MS, and
MALDI-TOF MS). The HIF-1a peptide corresponding
to residues 556-574 (DLDLEALAPYIPADDDFQL)
was used as substrate. The reaction was conducted in
a total volume of 50puL containing Tris—Cl (5 mM, pH
7.5), ascorbate (120 uM), 2-oxoglutarate (3.2 uM),
HIF-1a (8.6 uM), and bovine serum albumin (0.01%).
EGLN-1, quantity predetermined to hydroxylate 20%
of substrate in 20 min, was added to start the reaction.
Where inhibitors were used, compounds were prepared
in dimethylsulfoxide at 10-fold final assay concentra-
tion. After 20 min at room temperature, the reaction
was stopped by transferring 10 pL. of reaction mixture
to 50 pL of a mass spectrometry matrix solution (a-cya-
no-4-hydroxycinnamic acid, 5 mg/mL in 50% acetoni-
trile/0.1% TFA, 5mM NH4PO,). Two microliters of
the mixture was spotted onto a MALDI-TOF MS target
plate for analysis with an Applied Biosystems (Foster
City, CA) 4700 Proteomics Analyzer MALDI-TOF
MS equipped with a Nd:YAG laser (355 nm, 3 ns pulse
width, 200 Hz repetition rate). Hydroxylated peptide
product was identified from substrate by the gain of
16 Da. Data defined as percent conversion of substrate
to product were analyzed in GraphPad Prism 4 to calcu-
late IC5, values.

VEGF ELISA. HEK293 cells were seeded in 96-well
poly-lysine coated plates at 20,000 cells per well in
DMEM (10% FBS, 1% NEAA, and 0.1% glutamine).
Following overnight incubation, the cells were washed
with 100uL of Opti-MEM (Gibco, Carlsbad, CA) to re-
move serum. Compound in DMSO was serially diluted
(beginning with 100 uM) in Opti-MEM and added to

the cells. The conditioned media were analyzed for
VEGF with a Quantikine human VEGF immunoassay
kit (R&D Systems, Minneapolis, MN). Optical density
measurements at 450 nm were recorded using the Spec-
tra Max 250 (Molecular Devices, Sunnyvale, CA). Data
defined as % of DFO stimulation were used to calculate
ECsq values with GraphPad Prism 4 software.
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