Check for
updates

CHEMISTRY g

A European Journal

Accepted Article

Title: Selective inhibitors of a human prolyl hydroxylase (OGFOD1)
involved in ribosomal decoding

Authors: Cyrille C Thinnes, Christopher T Lohans, Martine | Abboud,
Tzu-Lan Yeh, Anthony Tumber, Radostaw P Nowak, Martin
Attwood, Matthew E Cockman, Udo Oppermann, Christoph
Loenarz, and Christopher Schofield

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Chem. Eur. J. 10.1002/chem.201804790

Link to VoR: http://dx.doi.org/10.1002/chem.201804790



http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201804790&domain=pdf&date_stamp=2018-11-14

Chemistry - A European Journal

10.1002/chem.201804790

WILEY-VCH

Selective inhibitors of a human prolyl hydroxylase (OGFOD1)

involved in ribosomal decoding

Cyrille C. Thinnes,? Christopher T. Lohans,® Martine I. Abboud,® Tzu-Lan Yeh,® Anthony Tumber, "
Radostaw P. Nowak,” Martin Attwood,' Matthew E. Cockman,’ Udo Oppermann,®™ Christoph

Loenarz® and Christopher J. Schofield*?!

Abstract: Human prolyl hydroxylases are involved in the modification
of transcription factors, procollagen, and ribosomal proteins, and are
current medicinal chemistry targets. To date, there are few reports on
inhibitors selective for the different types of prolyl hydroxylases. Here
we report a structurally informed template-based strategy for the
development of inhibitors selective for the human ribosomal prolyl
hydroxylase OGFOD1. These inhibitors did not target the other
human oxygenases tested, including the structurally-similar hypoxia-
inducible transcription factor prolyl hydroxylase, PHD2.

Introduction

In humans and other animals, prolyl hydroxylases (PHs) play
critical roles in collagen biosynthesis and hypoxia sensing.'™
The PHs are Fe(ll) and 2-oxoglutarate (20G) dependent
oxygenases, which normally produce succinate and CO, as
coproducts.) The procollagen PHs (CP3H and CP4H)
hydroxylate either C3 or C4 of prolyl residues; the latter is
essential for maintenance of the collagen triple helix secondary
structure (Figure 1A).[5’6] In humans, the prolyl hydroxylase
domain enzymes (PHD1, 2, and 3) act as oxygen sensors in the
chronic response to hypoxia by catalysing oxygen-limited
hydroxylation of prolyl residues in the hypoxia-inducible factor-a
(HIFa) subunits of HIF transcription factors, leading to HIFa
degradation in aerobic conditions (Figure 1A).1"

The human 20G oxygenase OGFOD1 has been recently
shown to hydroxylate Pro-62 of the ribosomal protein RPS23.7"%
Pro-62rps23 is situated in the ribosomal decoding site, which is
responsible for ensuring the fidelity of mMRNA codon recognition
by tRNA and release factor proteins during protein synthesis.""'?
While the role of this hydroxylation in human and animal cells is
not yet understood, the Saccharomyces cerevisiae OGFOD1
homologue Tpa1p is proposed to catalyze dihydroxylation of the
corresponding prolyl residue, and to regulate translational
accuracy in  an mRNA sequence context-dependent
manner.’®'%14
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Figure 1. Prolyl hydroxylase reactions and structures. (A) Regio- and
stereoselectivity of hydroxylations catalyzed by different types of prolyl
hydroxylases. Each hydroxylation is coupled to the conversion of 2-oxoglutarate
(20G) and O; into succinate and CO,. OGFOD1 acts on ribosomal proteins, the
CPHs act on procollagen, and the PHDs act on the hypoxia inducible factor
(HIF) transcription factors.””’ (B) Structures of 20G and the 20G analogue N-
oxalylglycine (NOG). (C, D) Views from the crystallographically observed active
sites of OGFOD1 (PDB 4NHX)"” and PHD2 (PDB 5L9R)" showing the
interactions between active site residues, the bound metal [Mn(ll) substituting
for Fe(ll)], and NOG.

OGFOD1 PHD2

Of the ~60-70 human 20G oxygenases, some are current
medicinal chemistry targets, including enzymes involved in
chromatin modification and lipid metabolism.*'® Inhibition of the
procollagen hydroxylases is under consideration as a target to
limit the overproduction of collagen associated with certain
cancers and fibrotic diseases."! The PHDs are presently being
targeted for the treatment of hypoxia-related diseases, with
inhibitors in late-stage clinical trials for anaemia.'® If OGFOD1 is
indeed involved in mRNA codon recognition, as suggested based
on studies of yeast homologues,®'® small molecule-mediated
inhibition of ribosomal hydroxylation could prove useful for the
treatment of diseases such as muscular dystrophy that are
caused by premature stop-codons through nonsense
suppression."” However, due to the uncertainty regarding the
specific roles of OGFOD1 and OGFOD1-catalysed hydroxylation
in animals, it is unclear how exactly its inhibition might manifest.
Thus, such OGFOD1 inhibitors are also of interest as chemical
probes to decipher the biological role of RPS23 hydroxylation, as
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well as those of other recently reported ribosome-associated
hydroxylations.2*%%

As the 20G oxygenases are involved in diverse biological
processes, developing inhibitors selective for a particular
oxygenase is an important therapeutic consideration. The
available biophysical evidence, principally from crystallography,
implies that key features in the active sites of the different types
of human PHs are substantially, but not completely, conserved.”!
Therefore, there is the potential that inhibitors targeting OGFOD1
could also interfere with hypoxia sensing and collagen
biosynthesis through inhibition of other PHs (or vice versa). To
date, no detailed evidence for inhibitors selective for the different
types of human PHs have been reported. Here, we establish the
viability of a structure-guided template-based approach for the
development of selective OGFOD1 inhibitors which do not target
the other human oxygenases tested, including the human
hypoxia-sensing enzyme PHD2.

Results

In order to assess the viability of developing inhibitors
selective for particular PHs, with a focus on OGFOD1, we first
compared crystal structures of OGFOD1 and PHD2.!'%%%
Although there are differences in the OGFOD1 and PHD2 active
sites, the binding modes of 20G [and 20G analogue N-
oxalylglycine (NOG)] are conserved (Figure 1B-1D). The 2-
oxoacid group of 20G (or NOG) binds to the metal in a bidentate
manner, while the 20G C-5 carboxylate is positioned to interact
with conserved tyrosine and arginine residues (Tyr169 and
Arg230in OGFOD1, Tyr329 and Arg383 in PHDZ2; Figure 1C, 1D).
These comparisons, along with those shown for other human
oxygenases,”” suggest that inadvertent inhibition of the PHDs
may represent a challenge in developing selective OGFOD1
inhibitors, and vice versa.

10.1002/chem.201804790
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Figure 2. Oxygenase inhibitors and their binding modes. (A) Structures of
inhibitors of 4-hydroxyphenylpyruvate dioxygenase (HPPD) and PHD2. Like
OGFOD1 and PHD2, HPPD is an Fe(ll)-dependent 2-oxoacid oxygenase, but
from a different structural family. (B) Comparison of the common chelation
motifs of sulcotrione 2, GSK1278863 6, and FG2216 7. The structures of
sulcotrione 2 and GSK1278863 6 were modelled onto the crystallographically
observed structure of PHD2 with bound FG2216 7 (PDB 3HQU).” A larger
version is shown in Figure S5. (C) In silico binding model of GSK1278863 6 with
OGFOD1 (PDB 4NHX)""” and PHD2 (PDB 5L9R).I"™ The tricarbony! is expected
to interact with the bound metal, while the N-cyclohexyl groups likely occupy the
substrate binding position.

6in OGFOD1 1256 & &

Given the conserved elements of the OGFOD1 and PHD2
active sites,'” and evidence for induced fit and conformational
movements in prolyl hydroxylase catalysis,”"® we contemplated a
structurally informed template-derivatization approach for
developing OGFOD1 inhibitors.”® We first considered the 4-
hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor nitisinone
1 (which is clinically used for the treatment of tyrosinaemia)®” and
related plant growth inhibitors sulcotrione 2, mesotrione 3,
prohexadione-calcium 4, and trinexapac-ethyl 5 (Figure 2A).2%
These compounds are related to the ‘tricarbonyl’ chemotype
found in the PHD inhibitor GSK1278863 6, which is currently in
clinical trials for the treatment of anaemia.'® In addition to
GSK1278863 6, we tested PHD inhibitors FG2216 7, FG4592 8,
and 10X2 9.2%%9

These inhibitors were screened for binding to OGFOD1 and
PHD2 by differential scanning fluorimetry (DSF) and for inhibition
using matrix-assisted laser desorption ionisation time-of-flight
mass spectrometry (MALDI-TOF MS) (Figure S1-S4).B"%% As
expected based on previous studies,®® PHD inhibitors FG2216 7,
FG4592 8, and I0X2 9 inhibited OGFOD1 (Figure S1). Notably,
triketone-based HPPD and plant growth inhibitors 1-5 (Figure 2A),
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related to GSK1278863 6, displayed moderate inhibition of
OGFOD1, while not inhibiting the activity of PHD2 within our limits
of detection (Figure S2). Additionally, these inhibitors increased
the apparent thermal stability of OGFOD1, as observed by DSF
(Figure S3, S4). The inhibition of OGFOD1 by prohexadione-
calcium 4 and trinexapac-ethyl 5 (Figure S2) suggests that further
investigation of these agrochemicals is warranted, given their
potential interactions with other human 20G oxygenases.

GSK1278863 6 and sulcotrione 2 were modelled into the
crystallographically-observed OGFOD1 and PHD2 active sites,
with consideration for potential metal-chelating properties, salt
bridge interactions, and crystallographic studies of PHD2 with
inhibitors (such as FG2216 7; PDB 3HQU) (Figure 2B, S5).°
These analyses imply that both 6 and 2 will engage in Fe(ll)
chelation via an enolate form of their 1,3-diketone motif (Figure
S5). Similarly to the C-5 carboxylate of 20G/NOG,""” and the
carboxylate of FG2216 7,%% the GSK1278863 6 carboxylate is
predicted to interact with Tyr169 and Arg230 of OGFOD1. The
OGFOD1:6 model suggests that the inhibitor ring systems bind in
two approximately perpendicular planes, one comprising the
diketone ring and glycinamide side chain, and the other formed
from the cyclohexyl rings (Figure 2C). The model also implies that
the cyclohexyl rings engage differently with the OGFOD1 and
PHD2 active sites (Figure 2C). By contrast, compounds based on
an isoquinoline chemotype (e.g., FG2216 7) are predicted to bind
in a more co-planar manner'® and were considered less likely to
readily lead to OGFOD1-selective inhibitors.

While many reported PHD2 inhibitors possess a glycinamide
side chain, the triketone plant growth/HPPD inhibitors do not
(Figure 2A). Modelling results suggest that the sulcotrione 2
methyl sulfonyl group and the nitro group of mesotrione 3 and
nitisinone 1 may mimic the 20G/glycinamide side chain binding
at their active sites (Figure 2B). It is possible that the enzyme
active site may accommodate the side chains of nitisinone 1,
sulcotrione 2, and mesotrione 3, which are bulkier than the
glycinamide side chain of FG2216 7; however, in the absence of
structural information, we cannot preclude the possibility that
these inhibitors with bulky side chains interact with the enzyme in
an alternate orientation.

10.1002/chem.201804790
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Both the barbiturate-based PHD inhibitors (e.g., 6) and the
HPPD/plant growth inhibitors (e.g., 1-5) have a tri-carbonyl motif.
However, triketones 1-5 are likely more conformationally flexible
than the barbiturates. Notably, the DSF results suggest that the
triketones stabilize OGFOD1 more than PHD2 (Figure S3),
whereas the glycinamide-containing PHD2 inhibitors (e.g., 6-9)
stabilize PHD2 more than OGFOD1 (Figure S4). We thus
explored whether modification of the barbiturate/cyclohexane-1,3-
dione-based ring scaffolds could be exploited in the development
of selective OGFOD1 inhibitors.
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Figure 3. Fragment-based screening approach for OGFOD1 inhibition. (A)
Structures of diketones, triketones, and structurally related compounds used for
fragment-based screening. (B) Inhibitory effect of the fragments on the
hydroxylation activity of OGFOD1 (1 uM). The plotted data represent the mean
percentage inhibition for the experiment performed in triplicate, while the error
bars indicate the standard deviation.

Diketones  (e.g., diethyl malonate 10 and 2-
acetylcyclohexanone 11), triketones (e.g., triacetylmethane 12
and substituted 1,3-cyclohexanediones 13-15), and structurally-
related compounds (e.g., 2',6'-dihydroxyacetophenone 16 and
barbituric acid 17) were screened for OGFOD1 inhibition (Figure
3). The preliminary results suggested that the degree of OGFOD1
inhibition may in part relate to the propensity for inhibitor
enolization. Thus, while the diketones tested (i.e., 10, 11) were
poor inhibitors, the triketones (e.g., 12-15) were more potent
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(Figure 3B). However, the phenolic triketone ‘mimic’ 2',6'-
dihydroxyacetophenone 16 was a relatively poor OGFOD1
inhibitor. The most potent template identified for OGFOD1
inhibition was manifested in the C-5 substituted barbiturate
derivatives (18-20); such compounds are readily enolized, which
is likely beneficial for metal chelation. N-Methylation of the
barbiturate ring (e.g., 20) improved potency, as did the
introduction of an acyl substituent on C-5 of the barbiturate core
(e.g., 18 compared to 17). Replacement of the C-2 oxygen with
sulfur (thiobarbituric acid 19) did not substantially increase the
potency relative to the oxygen analogue (i.e., 18), while
replacement of the oxygen at C-4 with a nitrogen (e.g., 21)
abolished any inhibitory activity (Figure 3B). We therefore focused
on obtaining selective OGFOD1 inhibitors by modifying the C-5
position of a 1,3-dimethyl barbiturate core. Notably, compounds
22 and 23, which combine a barbiturate core with a glycinamide
ethyl ester side chain, did not manifest selectivity for OGFOD1
over PHD2 (Figure 4; Figure S6).
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Figure 4. Optimization studies of barbiturate inhibitors. (A) Structures of the
barbiturate glycinamide ethyl esters tested against OGFOD1 and PHD2. (B)
Panel of phenyl-substituted N,N'-dimethylbarbiturates, demonstrating the
impact of increasing acyl chain length on OGFOD1 inhibition. (C) Panel of
barbiturates synthesized with different N-alkyl substituents. (D) Panel of C-5
substituted N,N'-dimethylbarbiturates based on lead compound CCT3 (26).
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Therefore, 24 was prepared, in which structural features of 22
are ‘merged’ with HPPD/plant growth inhibitors 1-3, by introducing
a C-5 aromatic acyl substituent in place of a glycinamide. To
investigate the optimal spacing between the barbiturate and the
aromatic side chain, the initial screen encompassed a 1,3-
dimethyl barbiturate core bearing acetyl 20, benzoyl 24,
phenylacetyl 25, and hydrocinnamoyl 26 (or CCT3) substituents.
The resulting aromatic compounds potently inhibited OGFOD1,
with an increase in potency being observed upon extending the
carbon chain length from 24 (ICso = 30 uM) to 25 (ICso = 2 M),
and from 25 to 26 (CCT3) (ICso = 0.7 yM; assays performed using
1 uM OGFOD1; Figure S7). Extending the side chain further (e.g.,
27, 28) did not provide a substantial increase in potency.
Importantly, this series displayed no observable PHD2 inhibition
at concentrations up to 100 uM (Figure S8). These results suggest
that the C-5 substituent is important for obtaining selectivity
between OGFOD1 and PHD2.

The importance of the N-alkyl substituents on inhibition was
examined with barbiturates bearing C-5 cyclopentyl substituents
(Figure 4C). Analogues bearing N,N'-dimethyl (29), N,N'-diethyl
(30), and N,N'-dicyclohexyl (31) groups were prepared (Figure
4C); these analogues were less potent, suggesting that
substituents larger than methyl groups may not be favourable for
OGFOD1 inhibition (Figure S9). Note, however, that
GSK1278863 6 potently inhibits OGFOD1 despite the presence
of N,N'-dicyclohexyl groups (Figure 2A).5%
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Figure 5. Selectivity of lead compounds against 20G oxygenases. (A)
Comparison of inhibition data for compounds CCT3 and CCT4 against
OGFOD1 and other human 20G oxygenases. NI: no inhibition observed. (B)
Western blot (antibody specific for HIFa) showing the lack of impact of CCT3
and CCT4 on the activity of PHD enzymes in HelLa cells.* By comparison, the
known PHD inhibitor 10X4 inhibits the hydroxylation of HIFa, preventing
proteasomal degradation.[34] (C) Extent of displacement of 20G from the active
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site of OGFOD1 (blue) and PHD2 (black) by CCT3 and CCT4 as observed by
CPMG-edited 'H-NMR. See Figure S15 for additional details.

Modelling suggests that the aryl side chains of 25 and CCT3
likely do not fit in the OGFOD1 20G binding site due to steric
constraints; instead, the aryl ring may bind in the substrate binding
site, potentially contributing to the selectivity of these inhibitors.
Varying the C-5 side chain with different mono- and bicyclic
aromatic and saturated substituents (32-45) did not have a
substantial impact on potency (Figure 4D, Figure S10). Similarly,
changing the nature of the C-5 link from a ketone to an amide,
and extending the carbon chain length beyond two carbons
between the carbonyl and the substituent (i.e., 46) had little effect.

On the basis of these SAR studies, in particular those
examining the impact of the C-5 and barbiturate N-alkyl
substituents, the sub-micromolar potency inhibitors CCT3 (26)
and CCT4 (42) were selected for further characterization (Figure
4, S11). These two inhibitors were screened for inhibitory activity
against a panel of human 20G oxygenases (Figure 5A). Of the
human enzymes screened, including the HIF prolyl hydroxylase
PHD2, the ribosomal oxygenases MINA53 and NO66 (which
hydroxylate histidinyl residues in ribosomal proteins)®® and the
asparaginyl hydroxylase factor-inhibiting HIF (FIH), CCT3 and
CCT4 only potently inhibited OGFOD1 (with ICs, values of 0.73
MM and 0.69 uM, respectively). Additionally, these compounds
showed poor, or no, inhibition of more distantly related 20G
oxygenases, such as the histone demethylases KDM4A,
JARID1B, and JARID1C (Figure 5A). CCT3 and CCT4 did
potently inhibit the structurally close yeast OGFOD1 homologues
Tpalp and Ofd1 (which hydroxylate RPS23 prolyl residues;
Figure S12), consistent with the high levels of similarity between
the homologous active sites."” It is also notable that the
sensitivity of the current hydroxylation assay is a limitation for
ranking the activities of the potent inhibitors, as the ICsq values
obtained are close to the OGFOD1 concentration used (i.e., the
minimum ICs value that can be measured is 0.5 pM); thus, these
inhibitors may be more potent than represented by the currently
reported ICs values.

To validate the in vitro inhibition results, direct binding
interactions between inhibitors CCT3 and CCT4 and OGFOD1
and PHD2 were assessed by NMR. While both inhibitors were
observed to strongly bind to OGFOD1, as observed using 'H
Carr-Purcell-Meiboom-Gill (CPMG) analyses (Figure S13), only
weak binding to PHD2 was observed by water-Ligand Observe
Gradient Spectroscopy (WLOGSY) experiments (Figure S14).
Competition experiments between the inhibitors and enzyme-
bound 20G were conducted by monitoring the recovery of the
enzyme-free 20G methylene peak at 2.35 ppm using CPMG-
edited 'H-NMR upon addition of the inhibitor.*® The results
indicate that CCT3 and CCT4 are capable of displacing bound
20G from the active site of OGFOD1, but not from that of PHD2
(Figure 5C, S15).

We examined the potential inhibition of PHD enzymes by
CCT3 and CCT4 in the HeLa human cell line.*® As compared to
the known PHD inhibitor 10X4,° CCT3 and CCT4 did not
stabilize HIFa (Figure 5B). PHD-catalyzed hydroxylation targets
HIFa for proteasomal degradation, indicating that these

10.1002/chem.201804790
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compounds do not inhibit the PHDs in cells. Based on a MDR1-
MDCK assay (performed by Cyprotex, UK; see the Supporting
Information), CCT3 and CCT4 demonstrate good cell permeability
properties, and are predicted to be permeable to the blood brain
barrier. Liver microsome stability studies indicate only low levels
of clearance of CCT3 and CCT4 (Cyprotex, UK).

Discussion

Our results demonstrate the viability of a template-based
approach for the development of selective 20G oxygenase/prolyl
hydroxylase inhibitors capable of differentiating between closely
related active sites, such as those of the human prolyl
hydroxylases OGFOD1 and PHD2. Furthermore, the optimized
inhibitors also did not inhibit the other 20G oxygenases tested,
including other ribosomal oxygenases, as well as histone
demethylases. The results suggest that specific inhibitor
‘templates’ may be preferred for certain oxygenases or
oxygenase subfamilies, as supported by work implying differential
selectivity between PH and JmjC histone demethylase
inhibitors.®” This preference for particular templates may even
extend to enzymes with closely related active sites. Appropriately
modified barbiturate-based inhibitors may selectively inhibit
OGFOD1 because of their ability to support substituents which
extend towards active site residues present in OGFOD1 but not
in PHD2. By contrast, the glycinamide side chain present in many
PHD2 inhibitors (including several compounds in clinical trials,
e.g., 6 and 7) is clearly not required for potent OGFOD1 inhibition.
It should also be noted that potent PHD2 inhibitors without a
glycinamide side chain are known.?**! In future work, it will be of
interest to further explore the selectivity of the compounds
reported here. In this regard, studies with the procollagen C-4
(and C-3) prolyl hydroxylases are of particular interest, especially
as the procollagen C-4 PHs are potential therapeutic targets.”®

There is considerable academic and pharmaceutical interest
in developing chemical probe compounds to investigate the
biological functions of 20G oxygenases.® Our results suggest
that the development of leads based on known pharmaceutical
and agrochemical ‘templates’ (some of which can penetrate the
blood-brain barrier) with well-studied physicochemical properties,
such as barbiturates, will be a productive strategy. The
combination of the tricarbonyl barbiturate template of the PHD2
inhibitor GSK1278863 6 with the side chains of agrochemical
oxygenase inhibitors (e.g., prohexadione-calcium), followed by
subsequent optimization, yielded potent and selective OGFOD1
inhibitors. Future work can now be focused on applying these
OGFOD1 inhibitors to investigate the biological roles of OGFOD1,
and applying a similar inhibitor development strategy to other
ribosomal oxygenases. Based on what is observed in these
functional studies, further optimization of these inhibitors may be
warranted (e.g., if penetration of the blood-brain barrier is
desirable).

It is important to note that many PHD2 inhibitors reported in
the literature, including those screened in this work, and those
currently in clinical trials, also inhibit OGFOD1.B Indeed, they
may also inhibit other human prolyl hydroxylases and 20G
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oxygenases, including those for which assays are currently not
available."**! From a clinical perspective, it is also important to
note that the barbiturate-related ‘triketone’ HPPD inhibitor
nitisinone, which is used in the treatment of type | tyrosinaemia,[27]
is an OGFOD1 inhibitor, something that might be taken into
consideration if nitisinone successors with improved properties
are pursued. In the present work, we have demonstrated that it is
possible to attain selectivity between different 20G oxygenases,
with lead compounds that inhibit OGFOD1, but not PHD2. Such
‘biochemical selectivity’ is not necessarily an issue with clinical
applications as the desired pharmacological effect/safety profile

may be achieved by controlling metabolism and tissue distribution.

However, we propose that, at least for chronic applications,
biochemical selectivity could and should be optimized during the
development of 20G oxygenase inhibitors. We also hope that
inhibitors selective for particular 20G oxygenases may enable
their biological roles to be deciphered.
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Humans have 60-70 20G-dependent oxygenases, of which some are important
therapeutic targets. A priority in the development of oxygenase inhibitors is to
identify scaffolds selective for a particular enzyme, made challenging by the highly-
conserved oxygenase active sites. Here, we describe the development of potent
inhibitors for the oxygenase OGFOD1 which do not inhibit related enzymes, such as
the physiologically important oxygenase PHD2.
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