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ABSTRACT: The 2-oxoglutarate (20G)/Fe(II)-dependent y- CIinicaIIyuOsedOPHD inhibitor

butyrobetaine hydroxylase (BBOX) catalyzes the final step in L- A o.
carnitine biosynthesis, ie., stereoselective C-3 oxidation of y- N
butyrobetaine (GBB). BBOX inhibition is a validated clinical
strategy to modulate L-carnitine levels and to enhance cardiovas-
cular efficiency. Reported BBOX inhibitors, including the clinically @
used cardioprotective agent Mildronate, manifest moderate

inhibitory activity in vitro, limited selectivity, and/or unfavorable S/\\j\/ OMe_ Me o f
physicochemical properties, indicating a need for improved BBOX ) >§W

inhibitors. We report that the clinically used hypoxia-inducible
factor-a prolyl residue hydroxylase (PHD) inhibitors Desidustat,
Enarodustat, and Vadadustat efficiently inhibit isolated recombi-
nant BBOX, suggesting that BBOX inhibition by clinically used
PHD inhibitors should be considered as a possible off-target effect. Structure—activity relationship studies on the Desidustat scaffold
enabled development of potent BBOX inhibitors that manifest high levels of selectivity for BBOX inhibition over representative
human 20G oxygenases, including PHD2. The Desidustat derivatives will help to enable investigations into the biological roles of L-
carnitine and the therapeutic potential of BBOX inhibition.
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B INTRODUCTION resulting in L-carnitine deficiency can cause cardiomyop-
athy. 1919

The concentration of L-carnitine in healthy cells is regulated

through dietary intake and endogenous biosynthesis;” "'

~25% of L-carnitine in human cells is produced from N*-

Mitochondrial f-oxidation of long-chain fatty acids giving
acetyl-coenzyme A (acetyl—CoA) is an important energy source
in eukaryotic cells."” The transport of fatty acids through the
mitochondrial membrane is mediated by L-carnitine via the

“carnitine shuttle”.’~> 1-carnitine thus contributes to regulating trimethyllysine (TML; Figure 1a), formed via degradation of
the ratio between free- and acyl/acetyl-CoAs within proteins that contain N*-trimethylated lysine residues.””** The
mitochondria, the tight control of which is required for final step of L-carnitine biosynthesis, i.e., the stereoselective C-
regulation of CoA-dependent processes, including glycolysis 3 hydroxylation of y-butyrobetaine (GBB), is catalyzed in the
and pyruvate oxidation.”® cytosol by the 2-oxoglutarate (20G)- and Fe(II)-dependent

A reduction in the intracellular concentration of L-carnitine oxygenase y-butyrobetaine hydroxylase (BBOX).>*~** Pharma-
limits fatty acid mitochondrial metabolism, leading to a shift in cological inhibition of BBOX is reported to reduce L-carnitine
cellular energy production from fatty acid f-oxidation to levels in cells and in vivo, which is of interest for the treatment
peroxisomal metabolism and glucose oxidation, a change which of cardiovascular diseases, and to investigate the biological
can improve cardiac efficiency, in particular under ischemic functions of L-carnitine.”?®?” In addition to its role in L-

conditions.””” Genome-wide association studies indicate a
correlation between L-carnitine and cardiovascular disease in
men,'’ potentially due to formation of its metabolite
trimethylamine N-oxide (TMAO), which is proposed to
promote atherosclerosis." "> However, the role of L-carnitine
in human health is incompletely understood and is likely
multifaceted.'® L-carnitine supplementation is also associated
with cardiovascular and other health benefits, e.g., improved
insulin sensitivity,"*~'” and mutations in the SLC22AS gene

carnitine biosynthesis, BBOX is proposed to contribute to
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Figure 1. The L-carnitine biosynthesis pathway and selected reported 20G oxygenase inhibitors. (a) L-Carnitine (red box) is endogenously
synthesized from Ne-trimethyllysine.”"*> The 2-oxoglutarate (20G) oxygenase y-butyrobetaine hydroxylase (BBOX) catalyzes B-hydroxylation of
y-butyrobetaine (GBB) to give L-carnitine.”> > (b) 20G and the reported BBOX inhibitors: Mildronate,”" compound 74,” compound 98,
AR692B,*® and AR780 (i.e, the n-octyl prodrug form of AR692B).*® (c) AR692B is crystallographically observed to chelate Ni (used as an inert
Fe(II) surrogate) at the BBOX active site and to interact with the side chain of Arg360, which binds the 20G C-$ carboxylate, via its carboxylate
group (in blue).>**° The clinically used PHD inhibitors Desidustat,*®**® Enarodustat,*"** Vadadustat,*>** Daprodustat,45’46 and Roxadustat*”*® are
observed or predicted to coordinate Fe(II) at the active sites of 20G oxygenases (Fe(II)-binding motifs are in red).*”™! These five PHD inhibitors
also contain carboxylate groups (in blue) observed or predicted to interact with PHD residues that bind to the 20G C-$ carboxylate (i.e., Tyr329
and Arg383).*~>' TMLH, N*-trimethyllysine hydroxylase; HTMLA, 3-hydroxy-N*-trimethyllysine aldolase; PLP, pyridoxal phosphate; TMABA-
DH, 4-N°*-trimethylaminobutyraldehyde dehydrogenase.

triple negative breast cancer (TNBC) cell growth through its studies investigating the effect of modifications to its
interactions with inositol-1,4,5-trisphosphate receptor type 3 trimethylammonium moiety, ethylene core, and carboxylate
(IP3R3); thus, BBOX is a potential target for TNBC group have identified Mildronate/GBB analogues with
treatment.”**’ improved BBOX inhibition potency (i.e, compound 74 and

The GBB analogue Mildronate (THP, MET-88, and compound 98; Figure 1b).” Nonetheless, the observations that
Meldonium), which is both a substrate and a GBB-competitive BBOX can accept Mildronate as a substrate to generate
BBOX inhibitor,” is used clinically as a cardioprotective multiple products, including (potentially toxic) formalde-
agent.”**"*> Mildronate is a relatively weak inhibitor/ hyde,” and that Mildronate/ GBB-derived BBOX inhibitors
competitive substrate of isolated BBOX in vitro (reported inhibit other GBB- and L-carnitine-interacting proteins,”***

ICsp: 62 uM);*”*® structure—activity relationship (SAR) highlights a need for mechanistically distinct BBOX inhibitors.
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Table 1. Inhibition of Human 20G Oxygenases by the Reported BBOX Inhibitors AR692B and Mildronate and by Selected

Clinically Used PHD Inhibitors

ICso [uM] !
Compound Structure
BBOX!®!|PHD2!Y| FIH | AspH'! |KDMA4A!!|JMID5E!
‘ N OHH o
L
i| AR692B36 N T O 052 1 o5 >50 >50 >50 >50
0 g Ny +0.08
‘ =
(o)
\
ii | Mildronate3! gk/\N,gi >50 | >50 >50 >50 >50 >50
H
042 | 13 21.7 9.9 483
H 38 50
iil| Desidustat £0.06 | £0.2% | £2.9%0 | x1.0%° | “1007 | 4050
0.10 | 0.38 10.9 9.6 28.9
. e 50
iv| Enarodustat £0.01 |£0.01% £1.7%0 | #0.5% | “1007 | 45 g%
0.28 | 0.99 4.4 41
43 51
v | Vadadustat +0.08 | +0.06 29 +0.45 n.r +0.467
SE:
OH
N N
vi | Daprodustat®® )\)K/SA\H/\CT 13 0.187° | >100% 111 >100%! 8.5
o7 N0 +10 | +1.7%8 +13
]
N OH
) STONTY 8.1 19.4 46.3
vii| Roxadustat?’ g(:H o £19 2.87° | >100% 4075 >100%! 307
: [6)

“ICq, values are means =+ standard deviation (SD) of independent duplicates (each composed of technical duplicates). bUsing 0.0S 4M BBOX, 400
M 20G, and 25 uM GBB. “Using 0.15 uM PHD2,g, 4,6, 10 uM 20G, and 5.0 uM HIF-1a CODDys4_s5,. " “Using 0.15 uM FIH, 10 uM 20G,
and 5.0 4M HIF-la C-TAD,g_gy,. ' “Using 0.05 uM Hisg-AspHs s_rss, 3 #M 20G, and 1.0 M of a human Factor X-derived cyclic peptide (hFX-
CPIOI_HQ).Gg sting 0.15 uM KDM4A, 10 uM 20G, and 10 uM of a H3,_,;K9me3 variant.”> #Using 0.15 yM JMJDS, 2 uM 20G, and 2.0 uM
RSP6,,5_145.°" Inhibition assays were performed using SPE-MS, as described in the Experimental Section. n.r.: not reported.

The 3-hydroxypyridine derivative AR692B (Figure 1b) is an
efficient 20G-competitive inhibitor of isolated BBOX that
manifests high levels of selectivity for inhibition of BBOX over
other human 20G oxygenases, including the hypoxia-inducible
factor-a (HIF-a) prolyl hydroxylase domain-containing
protein 2 (PHD2), factor inhibiting HIF-a (FIH), and JmjC
histone N°-lysine demethylases (KDMs).*® Although AR692B
provides a proof-of-concept that isolated BBOX can be
efficiently inhibited by 20G-competing inhibitors with high
selectivity, it does not interact with the GBB substrate-binding
pocket of BBOX, suggesting that more efficient BBOX
inhibitors can be identified. The thioether group of AR692B
may be susceptible to metabolic oxidation,”” which may impact
on its BBOX inhibitory activity in cells and/or whole
organisms. AR692B is substantially more potent (>10-fold)
in cells as its n-octyl ester prodrug form (AR780; Figure 1b),*°
indicating that the cellular efficacy of AR692B may be limited
by incomplete cellular uptake. Note that the use of AR780 is
likely limited to cell lines containing suitable esterases, since
hydrolysis of its n-octyl ester group is necessary for potent
BBOX inhibition.>® Thus, the combined evidence indicates

9779

that improved BBOX inhibitors are desirable in order to
support cellular and in vivo BBOX functional assignment
studies and investigate the therapeutic relevance of endoge-
nous L-carnitine depletion.

A search for novel BBOX inhibitors revealed that several
clinically used PHD inhibitors manifest efficient inhibition of
isolated recombinant BBOX and thus represent promising
scaffolds for BBOX inhibitor development, given their use as
therapeutics. Computationally guided structural optimization
enabled the discovery of potent 20G-competing BBOX
inhibitors derived from the approved PHD inhibitor
Desidustat.”® Mass spectrometric studies indicate that the
optimized Desidustat derivatives exhibit excellent levels of
selectivity over a representative panel of structurally diverse
20G oxygenases, including PHD2.

B RESULTS

Clinically Used PHD Inhibitors Efficiently Inhibit
BBOX In Vitro. AR692B is structurally related to PHD
inhibitors that are used clinically for the treatment of chronic
kidney disease (CKD)-associated anemia,”**"** including

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798
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Figure 2. Protein—ligand docking informs on potential strategies for optimizing the Desidustat scaffold for BBOX inhibition. (a—d) Active site
views from (a) the BBOX:Fe(II):Desidustat docking prediction, (b) a reported BBOX:Zn:N-oxalylglycine (NOG):GBB complex crystal structure
(PDB ID: 302G;* yellow: carbon-backbone of NOG; lime green: carbon-backbone of GBB), and (c,d) a reported BBOX:Ni:AR692B complex
crystal structure (PDB ID: 4C8R;*® magenta: carbon-backbone of AR692B). AR692B is crystallographically observed to adopt two distinct binding
modes within the BBOX 20G-binding site: (i) an “extended” conformation in which its pyridine-2-ylmethyl thioether side chain binds within a
hydrophobic pocket formed by BBOX active site residues Leu217, Ser229, and Phe340 (panel c); and (ii) a “U-shaped” conformation in which
intramolecular 7-stacking interactions are observed between its two pyridine rings (panel d). (ef) Active site views from (e) a reported
FIH:Zn:Desidustat complex crystal structure (PDB ID: 9IIF;*° ochre: FIH), and (f) the PHD2:Fe(II):Desidustat docking prediction (blue-gray:
PHD2). Protein—ligand docking was performed using GOLD 5.17° and BBOX/PHD2 receptor models derived from PDB IDs: 302G** and
4C8R™ (for BBOX) and PDB ID: 7UMP* (for PHD2), as described in the Experimental Section. (g) Strategies investigated to optimize the
Desidustat scaffold for BBOX inhibition. Color code: light gray: BBOX; green: carbon backbone of Desidustat; green: nickel; orange: iron; red:
oxygen; blue: nitrogen; gold: sulfur. w: water.
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Desidustat,*®*® Enarodustat,*""** Vadadustat,"** Daprodu-
stat,"*** and Roxadustat®”*® (Figure 1c). Like ARG692B,
these five PHD inhibitors contain both a bidentate metal-
binding motif, which is crystallographically observed or
computationally predicted to chelate Fe(II) at the active sites
of 20G oxygenases, and a carboxylate group, binding of which
mimics that of the C-$ carboxylate group of 20G.*~>"**

Since Desidustat, Enarodustat, Vadadustat, Daprodustat, and
Roxadustat manifest pharmacokinetic and toxicity profiles
suitable for clinical use,””**>° and their modular structures
are amenable to systematic derivatization, we envisaged that
they would be attractive lead scaffolds for the development of
improved BBOX inhibitors suitable for cellular and in vivo
applications. We therefore investigated the effect of these five
PHD inhibitors on the activity of isolated recombinant BBOX.
BBOX inhibition was evaluated using hydrophilic interaction
liquid chromatography (HILIC) solid-phase extraction
coupled to mass spectrometry (SPE-MS)-based BBOX
inhibition assays, which monitor the change in mass of GBB
(ie, +16 Da) upon its hydroxylation by BBOX. The HILIC
SPE-MS assays were preferred over reported fluoride-
detection-based fluorescence®®®’ and ligand-based NMR
BBOX assays,”' since they, unlike the fluorescence assays,
provide a direct measurement of BBOX-catalyzed GBB
hydroxylation while enabling a higher sample throughput
than the NMR assays.

The SPE-MS results indicated that all of the five tested PHD
inhibitors manifested BBOX inhibition, with ICs, values
ranging from ~0.1 to ~13 uM (Table 1). The most potent
BBOX inhibitor identified was Enarodustat (ICsy ~ 0.10 uM;
Table 1, entry iv), which is approved for the treatment of
CKD-associated anemia in Japan.”*®> Notably, Enarodustat
manifested ~5-fold more efficient BBOX inhibition in the SPE-
MS inhibition assays than AR692B (ICg, ~ 0.52 uM; Table 1,
entry i), and >500-fold more efficient BBOX inhibition than
clinically used Mildronate (ICs, > SO uM; Table 1, entry ii).
Desidustat,*®*® which is approved for clinical use in India and
China,***** and Vadadustat, which is approved for clinical
use in 37 countries,"”* also efficiently inhibited BBOX
catalysis (ICg, values: ~0.42 and ~0.28 uM, respectively;
Table 1, entries iii and v), while Daprodustat and Roxadustat
were identified as moderately potent BBOX inhibitors (ICq,
values: ~13 and ~8.1 uM, respectively; Table 1, entries vi and
vii).

We have previously investigated the ability of Enarodustat,
Desidustat, and Vadadustat to inhibit isolated human 20G
oxygenases other than PHD2, including representative protein
hydroxylases, ie, FIH, aspartate/asparagine p-hydroxylase
(AspH) and Jumonji-C domain-containing protein $
(JMJDS), and histone N°-methyllysine demethylase 4A
(KDM4A).>%3¥%7%% All three PHD inhibitors manifested
inhibition of AspH,’”®® FIH,***"** and JMJD5,°*®" in
addition to efficient PHD2 inhibition (Table 1, entries iii—
v). Notably, Vadadustat efficiently inhibits isolated AspH and
JMJDS (ICq, values: ~4.4 and ~4.1 uM, respectively; Table 1,
entry v). Importantly, the combined results indicate that
Enarodustat, Desidustat, and Vadadustat inhibit BBOX ~3—4-
fold more efficiently than PHD2 under SPE-MS assay
conditions (Table 1), suggesting that BBOX inhibition should
be considered a potential off-target effect of their usage. Note,
however, that BBOX is a dimer in solution,”® with both
monomers likely contributing in a cooperative manner to

9781

catalysis,”” a property which may complicate direct comparison
of ICy values.

For comparison, we investigated the 20G oxygenase
inhibitory activity of the clinically used BBOX inhibitor
Mildronate and AR692B (Table 1, entries i and ii). Consistent
with previous reports,**®® Mildronate and AR692B manifested
negligible inhibition of all tested 20G oxygenases. The
combined inhibition results thus indicated that AR692B is a
selective BBOX inhibitor, at least with respect to inhibition of
the other isolated human 20G oxygenases tested, and that
selective BBOX inhibitors for safe clinical use can potentially
be designed. Desidustat, Enarodustat, and Vadadustat were
observed to inhibit a broader subset of isolated 20G
oxygenases in vitro than AR692B.

Protein—Ligand Docking Predicts the BBOX Binding
Mode of Desidustat. The combined inhibition results (Table
1) imply that Desidustat, Enarodustat, and Vadadustat could
serve, at least in principle, as suitable scaffolds for the
development of selective cell-permeable BBOX inhibitors.
We chose to prioritize Desidustat for further optimization
studies, because its reported synthesis’> appeared more
amenable to late-stage derivatization than that reported for
Enarodustat,*! enabling streamlined SAR studies, and because
it inhibited AspH and JMJDS5 ~2- and ~10-fold less efficiently
than Vadadustat (Table 1),°”°° indicative of a potentially
higher selectivity for BBOX inhibition over inhibition of other
human 20G oxygenases.* However, the extent to which
biochemical inhibition potency translates to selectivity in cells
and in vivo is unclear.

Computational studies on the binding mode of Desidustat to
BBOX were performed to enable comparison with reported
crystal structures of BBOX in complex with AR692B,*° GBB,*
and the 20G analogue N-oxalylglycine (NOG) and to inform
on potential strategies for optimizing its BBOX inhibition and
selectivity profile. The potential binding mode of Desidustat to
BBOX was predicted by protein—ligand docking, using GOLD
5.1% and an ensemble model of reported BBOX:Ni:AR692B
(PDB ID: 4C8R*) and BBOX:Zn:NOG:GBB (PDB ID:
302G*") complex structures. Note that an ensemble model of
reported BBOX:inhibitor complex structures was used to best
replicate the reg)orted conformational dynamics of the BBOX
active site.’***%”

The docking studies predicted that Desidustat will interact
with the 20G binding pocket of BBOX in a manner similar to
that crystallographically observed for NOG and the 3-
hydroxyhippuric acid core of AR692B (Figure 2a—d),’**
including via bidentate metal coordination through the oxygen
atom of its exocyclic amide substituent (positioned trans to
Asp204) and the C-2 oxygen atom of its isoquinolinone core
(positioned trans to His347). The glycinamide side chain of
Desidustat is predicted to form electrostatic interactions with
the side chain of Arg360, in an analogous manner to the
glycinamide moieties of NOG and AR692B in complex with
BBOX.***

The predicted binding mode of Desidustat to BBOX is thus
similar to that of it in complex with FIH, as observed by
crystallography (PDB ID: 9IIF; Figure 2e).” Consistent with
the docking prediction, Carr—Purcell-Meiboom—Gill
(CPMG)-edited 'H NMR studies were performed using
isolated recombinant Pseudomonas sp. AK1 BBOX (PsBBOX
AK1),%"7® which shares ~30% sequence similarity with human
BBOX,”””® indicating that Desidustat competes with 20G for
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Table 2. Effects of the Desidustat Glycinamide Group on BBOX Inhibition

BBOX IC. BBOX IC
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R R
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H 9 +0.06 N I +0.3
£ e 0.08 4 0.42
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Y OoH
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Ho§ +0.13 fe ©

“ICs, values are means + SD of independent duplicates (each composed of technical duplicates). “BBOX SPE-MS assays were performed using
BBOX (0.05 uM), 20G (400 uM), L-ascorbic acid (LAA; S00 uM), (NH,),Fe(SO,),-6H,0 (FAS; 50 uM) and GBB (25 uM), as described in the
Experimental Section. “Chiral Desidustat analogues 8—12 and 16—19 were prepared as racemic mixtures.

binding to PsBBOX AK1 (Figure S7) and, by implication,
human BBOX.

In the predicted BBOX:Fe(II):Desidustat complex, the
methylene unit of the Desidustat glycinamide side chain is
orientated to face a pocket formed by the side chains of BBOX
active site residues Leu217, Ser229, and Phe340. By contrast,
analysis of both the reported FIH:Zn:Desidustat complex
structure (Figure 2e; PDB ID: 9IIF)*’ and the predicted
binding mode of Desidustat in complex with PHD2 (Figure
2£)* indicates that the Desidustat glycinamide side chain likely
binds to FIH and PHD?2 in close proximity to the side chains
of Ile281 and Phe207 (in FIH) and Ile327 and Leu343 (in
PHD2). This observation suggested that introducing sub-
stituents a to the Desidustat carboxylate group may enhance
the selectivity of Desidustat for BBOX inhibition over that of
FIH and PHD2. Accordingly, the thioether-linked pyridine
group of AR692B is proposed to prevent efficient binding of
ARG692B to FIH and PHD2 (Figures S5 and $6).*

The introduction of substituents at the NOG C-a position is
also reported to hinder binding to PHD2.”° By contrast, C-4-
substituted 20G derivatives and C-a-substituted NOG
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analogues (e.g., N-oxalyl-D-phenylalanine; NOFD) efficiently
inhibit FIH activity;”*’ however, crystallographic studies have
indicated that the coordination modes through which
Desidustat and NOG bind to the active site metal of FIH
are different.’®’**" While Desidustat occupies the metal
coordination sites trans to Asp201 and His279,”° NOG
binds via the coordination sites trans to Asp201 and
His199.””*" Thus, the hydrogens of the methylene group of
NOG face toward a vacant hydrophobic pocket formed by side
chains of FIH Tyr102, Tyrl4S, GInl47, and Leul86, unlike
that observed for Desidustat in complex with FIH.>*”*®!

The methylenecyclopropane group of Desidustat and the
phenyl ring of its quinolinone core are predicted to bind within
the BBOX substrate-binding pocket (Figure 2a), with the
phenyl ring positioned to form hydrophobic interactions with
the side chain of Trpl81, a residue that forms part of the
“aromatic cage” responsible for binding the GBB trimethy-
lammonium group (Figure 2b).** The methylenecyclopropane
group is predicted to bind proximal to the polar GBB-
interacting residues Tyrl77, Asn292, and Tyr366; thus, the
computational studies imply that there is scope to optimize the
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Scheme 1. Synthesis of Desidustat Analogues 8—19“

o] (o)
a / Q b
N-OH —— N-O R ——
o o
1 2

9a, 10a, 11a, 12a, 14a, 15a, 16a, 17a, 18a, 19a: R; = Me
8a, 13a: R; = Et

Boc
vAO,NHBOC c N
Vo
3

8a,8:R;=Me, R, =H
9a,9:R;=Et,R,=H

10a,10: Ry =iPr,R; = H

11a, 11: Ry =CF3, R, =H

12a, 12: R4 = cyclopropyl, R, = H
13a, 13: Ry =R, = Me

14a, 14: R4, R, = (CH,),

15a, 15: Ry, Ry = (CHy)3
16a,16: Ry =Ph,R;=H
17a,17: Ry = CH,Ph, R, = H
18a, 18: Ry = (CH;),Ph, R, = H
19a, 19: R; = CH,-(1H-indol-3-yl), R, = H

“Reagents and conditions: (a) (bromomethyl)cyclopropane, K,CO;, DMSO, S0 °C, 99%; (b) N,H,, CH,Cl,, 0 °C to rt; then: Boc,0, Na,CO;, 0
°C to rt, 98%; (c) ethyl 2-iodobenzoate, Cul, glycine, K,COj, toluene, reflux, 47%; (d) HCl/dioxane, 0 °C to rt, 99%; (e) ethyl malonyl chloride,
Et;N, EtOAc, 0 °C to rt, 93%; (f) NaOEt, EtOH, 0 °C to rt, 94%; (g) RNH,-HC], Et;N, dioxane, 120 °C (sealed tube), 26—96%; (h) 8a—10a and
12a—19a, LiOH, MeOH/H,0, 0 °C to rt, 33—65%; (i) 11a, HCl/AcOH, reflux, 34%. Note that all chiral compounds were prepared as racemates.

interactions between Desidustat and the BBOX substrate-
binding pocket, e.g, through the formation of electrostatic
interactions with the side chains of Tyrl77, Asn292, and/or
Tyr366. The targeting of specific residues within substrate
binding sites has proven a successful design strategy in the
development of efficient inhibitors for other 20G oxygenases,
including FIH,>*® PHD2,”° and the fat mass and obesity
associated protein (FTO).**

Based on the combined computational predictions, SAR
studies were initiated to systematically investigate the effect of
modifications to the main structural features of Desidustat on
BBOX inhibition potency and selectivity with respect to
inhibition of other human 20G oxygenases, ie, (i) the
glycinamide side chain, (ii) the quinolinone core, and (iii) the
methylenecyclopropane group (Figure 2g).

Effects of Substituents a to the Desidustat Carbox-
ylate Group on BBOX Inhibition Potency. The BBOX:Fe-
(I1):Desidustat complex docking model predicted a pocket
formed by Leu2l17, Ser229, and Phe340 proximal to the
position « to the Desidustat carboxylate (Figure 2). Thus, a set
of 12 Desidustat derivatives were synthesized to investigate the
effect of substituents « to the Desidustat carboxylate on BBOX
inhibition potency (8—19; Table 2) with the aim of enabling
stabilizing interactions with the vacant Leu217/Ser229/
Phe340 pocket. The glycinamide substituents investigated
included linear and branched aliphatic (i.e., 8—11 and 13),
carbocyclic (ie., 12, 14, and 15), and (hetero)aromatic (i.e.,
16—19) groups.

The synthesis of 8—19 was achieved from N-hydroxyph-
thalimide 1 in eight steps, following procedures reported for
the synthesis of Desidustat (Scheme 1).*%°*”® First, N-
hydroxyphthalimide 1 was alkylated with (bromomethyl)-
cyclopropane to afford 2. Hydrazine-mediated N-phthalimide
deprotection of 2, followed by N-Boc protection, generated N-
Boc hydroxylamine 3, which was then coupled with ethyl 2-
iodobenzoate via a Cu(I)-catalyzed Ullmann—Goldberg
reaction®” to give ester 4. Sequential N-Boc deprotection of
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4 and coupling with ethyl malonyl chloride gave malonate 6,
which was then cyclized using sodium ethoxide to afford ethyl
ester 7 as a common intermediate (overall yield: 39%). Ester 7
was directly reacted with commercially sourced a-amino acids
to afford glycine ester derivatives 8a—19a in 26—96% yield.
Note that a@-amino acids bearing a stereogenic center were
used as racemates. Finally, lithium-hydroxide-mediated ester
saponification of 8a—10a and 12a—19a generated carboxylic
acids 8—10 and 12—19. Note that attempted saponification of
trifluoromethyl intermediate 1la using LiOH resulted in
degradation; hence, 11 was synthesized from 11a using acidic
conditions.

The effects of 8—19 on the catalysis of isolated recombinant
BBOX were determined in vitro using SPE-MS assays (Table
2). The results reveal that Desidustat derivative 8, which bears
a methyl group at the C-a position, inhibited human BBOX
~5-fold more efficiently than Desidustat (ICy, ~ 0.08 uM;
Table 2, entry ii). This result may reflect enhanced
hydrophobic interactions of 8 with the BBOX 20G-binding
site, e.g., with the Leu217/Ser229/Phe340 pocket, as indicated
by the predicted BBOX:Fe(II):Desidustat complex (Figure
2a). Incremental increases in the steric bulk of the C-a alkyl
substituent to ethyl (9; IC5, ~ 0.33 uM), cyclopropyl (12;
ICsy ~ 1.2 uM), and isopropyl (10; IC, ~ 3.2 M) groups,
correlated with decreased inhibition potency, suggesting that
the a-substituent may sterically clash with residues in the
BBOX active site. By contrast, the trifluoromethyl derivative 11
inhibited BBOX with similar efficiency as the alanine derivative
8 (ICy, ~ 0.11 uM), ie., ~4-fold more efficient than
Desidustat and ~30-fold more efficient than isopropyl-
containing 10, although the trifluoromethyl substituent has
an A-value (~2.4 kcal/mol) comparable to that of an isopropyl
group (~2.2 keal/mol).***” This observation suggests that
factors other than the steric bulk of the C-a substituent may
also determine the inhibition potency.

Notably, the most efficient BBOX inhibitor identified in this
initial series was the a,a-dimethyl glycine derivative 13 (ICy, ~
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Table 3. Effects of Desidustat Carboxylate Isosteres on BBOX Inhibition

BBOX ICsp BBOX ICsp
Compound [uMm]25! Compound [uM]Eb!
R
0.42 OH 41
i | Desidustat vii 28 /\5
+0.06 CF3 +19
OH
i 23 +5245 vii | 29 /23 +5 iol
) 5 .
. . 1.
i | 28 S || 0 Amy g
27 AN 3.7
iv 25 +5 X 31 \’\? +1.9
NHMe 45 i N, 0.76
v 26 ’SO( 04 |¥| 32 ANW\NE £0.11
. 21
vi 27 Aen s14

“ICs, values are means + SD of independent duplicates (each composed of technical duplicates). “BBOX SPE-MS assays were performed using
BBOX (0.05 uM), 20G (400 uM), LAA (500 uM), FAS (50 M), and GBB (25 uM), as described in the Experimental Section.

0.0S uM; Table 2, entry vii), which inhibited isolated
recombinant BBOX ~10-fold more efliciently than both
Desidustat and AR692B (ICs, values: ~0.42 and ~0.52 uM,
respectively). Thus, 13 was >1000-fold more efficient at
inhibiting BBOX than the clinically used BBOX inhibitor
Mildronate (ICs, > SO uM; Table 1, entry ii). Substituting the
a,a-dimethyl group of 13 with cyclopropane (14; ICs, ~ 0.33
uM) or cyclobutane (15; ICs ~ 1.5 M) carbocycles reduced
the potency of BBOX inhibition relative to 13, by ~7 and ~30-
fold, respectively, an observation which may reflect the reduced
conformational flexibility of carbocyclic substituents compared
to the a,a-dimethyl substituent of 13. Note that 14, as well as
the phenylglycine (16; ICs, ~ 0.42 M) and phenylalanine
(17; IC4y ~ 0.50 uM) derivatives, manifested similar levels of
BBOX inhibition as Desidustat (Table 2, entries viii, x, and xi).
By contrast, 18 and 19, which contain sterically larger
homophenylalanine- and tryptophan-derived substituents,
respectively, were ~4-fold less efficient at inhibiting BBOX
that Desidustat (ICs, values: ~1.8 and ~1.9 uM). Note that
the Desidustat analogues 8—12 and 16—19 were prepared as
racemic mixtures, which may influence inhibitor potency, as
previously observed for AR692B and related 3-hydroxypyridine
derivatives, for which the (S)-enantiomers typically inhibited
isolated BBOX more efficiently than the corresponding (R)-
enantiomers.*

The effect of introducing substituents @ to the Desidustat
carboxylate group on BBOX inhibition potency contrasts
somewhat with that reported for 3-hydroxypyridine-based
BBOX inhibitors,*® despite the predicted similar BBOX
binding modes of AR692B and Desidustat. For instance, the
(S)-tryptophan-derived analogue of AR692B manifested ~10-
fold more efficient BBOX inhibition than its corresponding
glycine analogue, a result that contrasts with the ~6-fold
reduced inhibitory activity of 18 compared to Desidustat.*®
Note that the (S)-alanine derivative of AR692B is reported to
exhibit similar BBOX inhibition compared to its glycine
congener, while the (R)-alanine derivative of AR692B was
~10-fold less potent.36 By contrast, the introduction of a
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methyl substituent & to the Desidustat carboxylate (i.c., as in 8)
enhanced the BBOX inhibition potency by ~5-fold.

The observed differences in the SAR of AR692B and
Desidustat derivatives could reflect the different assay
conditions employed and/or subtle conformational differences
of AR692B and Desidustat derivatives in complex with BBOX,
in particular, since the pyridine-2-ylmethyl thioether side chain
of AR692B is observed to adopt two distinct conformations in
the reported BBOX:Ni:AR692B complex structure (Figure
2¢,d).”® The SAR data presented here on Desidustat
derivatives indicate that further modification of the AR692B
thioether-linked 2-pyridyl side chain may afford 3-hydroxypyr-
idine-derived BBOX inhibitors with improved inhibition
activity.

Derivatives 20—22 were then prepared to investigate the
effects of: (i) removing the glycinamide side chain (ie., 20),
(ii) replacing the glycinamide unit with a three carbon f-
alanine-derived side chain (i.e, 21), and (jii) the methylation
of the glycinamide N atom (ie, 22) on BBOX inhibition
(Scheme S1). While Desidustat derivatives 8—19 were
relatively efficient inhibitors of BBOX (ICsy < S uM; Table
2, entries ii—xiii), the primary amide 20 manifested no effect
on BBOX catalysis in the tested concentration range (ICs, >
S0 uM; Table 2, entry xiv), implying that the Desidustat
glycinamide side chain is important for efficient BBOX
inhibition, likely because its carboxylate group is positioned
to interact with the guanidinium side chain of Arg360 (Figure
2a).

The f-alanine derivative 21 inhibited BBOX ~14-fold less
efficiently than Desidustat (ICs, ~ 5.9 uM; Table 2, entry xv),
while the sarcosine derivative 22 did not inhibit within the
tested concentration range (ICs > S0 #M; Table 2, entry xvi).
In the modeled BBOX:Fe(Il):Desidustat complex, the
glycinamide NH group of Desidustat is predicted to form an
internal hydrogen bond with the C-4 oxygen atom of its
quinolinone core (Figure 2a). Analogous internal hydrogen
bonding interactions are observed crystallographically for
Desidustat in complex with FIH (Figure 2e)’° and for
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(@) gox:Fe:40

(b) BBOX:Fe:41

desidustat

Figure 3. Computational studies predicted that Desidustat derivatives may form hydrogen bonds with the side chains of GBB-binding residues in
the BBOX active site. (a—d) Active site views from docking predictions: (a) BBOX:Fe:40 (cyan: carbon-backbone of 40), (b) BBOX:Fe:41 (violet:
carbon-backbone of 41), (c) BBOX:Fe:44 (light pink: carbon-backbone of 44), and (d) BBOX:Fe:46 (green: carbon-backbone of 46). (e)
Structures of Desidustat and selected Desidustat analogues predicted to form hydrogen bonds with the side chains of residues within the BBOX
substrate-binding pocket. Color code: light gray: BBOX; orange: iron; red: oxygen; blue: nitrogen; gold: sulfur. w: water. Protein—ligand docking
was performed using GOLD S5.1° and a BBOX receptor model derived from reported BBOX:Zn:N-oxalylglycine (NOG):GBB and
BBOX:Ni:AR692B complex crystal structures (PDB IDs: 302G and 4C8R*®), as described in the Experimental Section.

quinolinone- and, structurally related, 3-hydroxypyridine-based
inhibitors (including AR692B) in complex with BBOX, PHD2,
FIH, and FTO.***"**%%%% This interaction is proposed to
restrict the conformational flexibility of the bidentate metal-
binding group of the inhibitor and thus to enhance metal
binding and may also aid in cell membrane penetration.
Effects of the Desidustat Carboxylate Group on
BBOX Inhibition Potency. The observation that Desidustat
derivative 20, which lacks the glycine unit of Desidustat, does
not efficiently inhibit BBOX (ICg, > SO uM; Table 2, entry
xiv) implies that the predicted salt bridge interaction of the
glycine carboxylate with the guanidinium group of Arg360 is
important for BBOX inhibition (Figure 2a). However, the
carboxylate group of AR692B in the reported BBOX:-
Ni:AR692B complex structure is positioned to form only a
single hydrogen bond interaction with Arg360 (Figure 2¢,d).*
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This observation indicates that it may be possible to replace
the Desidustat carboxylate with alternative hydrogen bond
acceptors, while maintaining efficient BBOX inhibition.

Since the Desidustat carboxylate is predicted/observed
crystallographically to form ionic interactions to Arg or Lys
residues within the active sites of, e.g, PHD and FIH (Figure
2e,f),”" we considered it possible that isosteric replacement of
the carboxylate group may enhance selectivity for BBOX
inhibition over that of other 20G oxygenases. Note that potent
small-molecule inhibitors of other 20G oxygenases,” "
including the clinically used PHD inhibitor Molidustat,”"°
have been developed which interact with protein residues
binding the 20G C-5 carboxylate via functional groups other
than carboxylic acids, e.g, a triazole in the case of
Molidustat.”>”® Replacement of the Desidustat carboxylate
group may improve physicochemical properties for future cell-
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Scheme 2. Synthesis of Desidustat Derivatives 40—51 with Altered N-Alkoxy Substituents”
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: Ry = CHy-pyridin-2-yl

: Ry = CHy-thiazol-4-yl

: Ry = CHy-isoxazol-3-yl

: Ry = CHy-(1-methyl-1H-imidazol-4-yl)
: Ry = CHy-pyridin-4-yl

: Ry = CH,-(tetrahydro-2H-pyran-4-yl)

40a-51a; R, = {Bu 46: Ry = CH,CF;
i |: 47: Ry = CHyPh
40-51; R, = H 48: Ry = CH,-cyclopenyl
49: R4 = CH,-cyclohexyl
50: Ry = CHy-naphthalen-1-yl
51: R, = CH,'Bu

“Reagents and conditions: (a) tert-butyl N-(benzyloxy)carbamate, Cul, glycine, K,CO;, toluene, reflux, 56%; (b) HCl/dioxane, 0 °C to rt, 66%; (c)
ethyl malonyl chloride, Et;N, EtOAc, 0 °C to rt, 74%; (d) NaOEt, EtOH, 0 °C to rt, 72%; (e) glycine tert-butyl ester hydrochloride, Et;N, dioxane,
120 °C (sealed tube), 82%; (f) H, Pd/C, MeOH, rt, 34%; (g) R,OH, di-2-methoxyethyl azodicarboxylate (DMEAD),'* PPhs, THE, rt, 33—98%;
(h) 2,2,2-trifluoroethan-1-ol, K,CO5, DMSO, 50 °C, 68%; (i) TFA, CH,Cl,, rt, 23—98%.

based and in vivo applications, including cell permeability.””
Thus, a further set of Desidustat derivatives (23—32) was
synthesized in which the carboxylate moiety was replaced with
different polar functional groups, e.g., ester (23 and 24), amide
(25 and 26), nitrile (27), alcohol (28 and 29), and
heterocyclic (30—32) groups (Schemes S2—S4).

By contrast with truncated Desidustat derivative 20 (Table
2, entry xiv), all of 23—32 inhibited BBOX under the SPE-
assay conditions employed, with ICy, values ranging from
~0.55 to ~27 uM (Table 3). Notably, the ethyl ester 24
efficiently inhibited BBOX, with an ICg, value in the range as
that for Desidustat (ICs, ~ 0.55 pM; Table 3, entry iii).
Hydrolysis of 24 under the assay conditions to form Desidustat
could account, at least in part, for the high potency of 24.
However, since methyl ester 23 should be more susceptible
toward saponification than 24, but inhibits BBOX ~7-fold less
efficiently than 24 (ICg, ~ 3.7 uM; Table 3, entry ii), the
combined results indicate that replacement of the Desidustat
carboxylate with an ethyl ester group is a viable strategy to
maintain efficient BBOX inhibition. It appears possible that the
Desidustat ester derivatives adopt a conformation in complex
with BBOX in which their ester carboxylate faces away from
the guanidinium group of Arg360, as crystallographically
observed for the carboxylate group of AR692B in the reported
BBOX:Ni:AR692B complex structure (Figure 2¢,d).*° Note
that inhibitors of PHD2"® and the lysine C-5 hydroxylase
JMJD6” have also been reported that contain ester groups.

The tetrazole derivative 32 inhibited BBOX with an ICjs,
value ~2-fold greater than that determined for Desidustat
(ICsy ~ 0.76 uM; Table 3, entry xi), while moderate levels of
BBOX inhibition were observed for N-methyl amide 26 (ICs,
~ 4.5 uM), trifluoroethanol analogue 28 (ICy, ~ 4.1 uM),
cyclic ether 29 (ICy, ~ 5.0 uM), and the triazole derivatives 30
(ICsy ~ 1.9 uM) and 31 (ICyy ~ 3.7 uM). Overall, the
inhibition results indicate that the Desidustat carboxylate
group is useful but is not essential for potent BBOX inhibition,
an observation that may be of interest for the design of
selective Desidustat-based small-molecule BBOX inhibitors for
cellular studies.
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Effects of the Desidustat N-Alkoxy Substituent on
BBOX Inhibition Potency. The BBOX:Fe(II):Desidustat
complex docking model predicted that the Desidustat
methylenecyclopropane group would project into the BBOX
substrate-binding pocket (Figure 2a). Hence, we employed
protein—ligand docking (using GOLD 5.17°) to identify groups
which may interact favorably with the BBOX GBB-binding site,
e.g, via formation of hydrogen bonding and/or enhanced
hydrophobic interactions, to improve the inhibition potency of
Desidustat. The computational studies predicted that three
different classes of substituents replacing the Desidustat
methylenecyclopropane group may enhance the binding
affinity of Desidustat to BBOX, ie, (i) ortho-substituted
heteroaromatic groups, which were predicted to form hydro-
gen bonds with the Asn292 side chain, mimicking the
crystallographically observed interaction between the Asn292
side chain and the GBB carboxylate (i.c., 40—43; Figure 3a,b);
(ii) heterocyclic groups, which were predicted to form
hydrogen bonds with the Tyrl77 phenolic hydroxyl group
(i.e, para-substituted pyridine 44 and tetrahydropyran 4S;
Figure 3c); and (iii) trifluoromethyl derivative 46 which was
predicted to hydrogen bond with the side chain of Asn292
(Figure 3d).

The Desidustat derivatives 40—46 were synthesized to probe
the three strategies mentioned above to target binding in the
BBOX substrate binding pocket. Additionally, phenyl, cyclo-
pentyl, cyclohexyl, naphthalene, and tert-butyl derivatives 47—
S1, which are unable to form hydrogen bonding interactions,
were synthesized as (likely) negative controls. A synthetic
route to 40—51 was developed that enabled the late-stage
incorporation of substituents onto the hydroxylamine group of
the Desidustat quinolinone core (Scheme 2). O-Benzyl
protected 1,2-dihydroxyquinolin-4-one 38 was synthesized
via an analogous route to esters 8a—19a (Scheme 1),
employing commercially sourced tert-butyl (benzyloxy)-
carbamate and phenyl iodide 33 as coupling partners in a
Goldberg—Ullmann reaction (Scheme 2).*> Hydroxylamine 39
was obtained in five steps (overall yield: ~5%) and was used as
a common intermediate for subsequent alkylations. The
hydroxylamine O-atom of 39 was efficiently alkylated under
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Table 4. Effects of the Desidustat N-Alkoxy Substituent and Quinolinone Core on BBOX Inhibition

O O o O
R1/X‘N ‘ H/WOH R1/X\N ‘ ”WOH
o BBOX IC. o BBOX IC.
Compound OH [pM][a'bslo Compound oH [pml[a,b?o
X R1 X R1
i | Desidustat | O A\)\ +O(')456 ix 47 0 ©\)\ +067290
Z 0.06 0.92
i 40 0o - 002 | X| 48 0 £0.20
s 0.02 . 7.4
i |41 0 QN]\)\ coor M| % 0 O\)\ o
o- g
v | 42 0 SN S || s 0 >
=N
v| a3 o | wen X s | S ki s 0 Bu A o
-
vi a4 o) N\ \ +06283 xiv| 52 CH, V)\ +7(',23
(0] 0]
41 . Ao oH 12
vii | 46 0 FiCA 10 V| 54 N&Lﬂﬁg £0.4
OH

“ICs, values are means + SD of independent duplicates (each composed of technical duplicates). PBBOX SPE-MS assays were performed using
BBOX (0.05 uM), 20G (400 uM), LAA (500 uM), FAS (50 M), and GBB (25 uM), as described in the Experimental Section.

Mitsunobu conditions to generate 40a—45a and 47a—Sla.
Trifluoromethyl derivative 46a was prepared via K,COj;-
mediated alkylation of 39 with 1,1,1-trifluoro-2-iodoethane,
because the attempted Mitsunobu reaction between 39 and
2,2, 2-trifluoroethan-1-ol was unsuccessful. Subsequent acid-
mediated tert-butyl ester cleavage of 40a—Sla afforded
carboxylic acids 40—51.

The ability of Desidustat derivatives 40—S51 to inhibit
isolated recombinant BBOX was investigated by SPE-MS
(Table 4). The results reveal that derivatives 40—43 bearing
ortho-substituted heteroaromatic rings which were predicted to
form hydrogen bonds with the side chain of Asn292 (Figure
3a)b), ie, to mimic the BBOX binding mode of the GBB
carboxylate,”” inhibited BBOX with high potency (Table 4,
entries ii-v). Notably, the pyridine 40 and thiazole 41
derivatives inhibited BBOX ~7- and ~20-fold more efficiently
than Desidustat, manifesting ICs, values close to the lower
intrinsic limit of the SPE-MS assay (ICs, values: ~0.06 and
~0.02 M, respectively). 40 and 41 were also ~7- and ~20-
fold more eflicient at inhibiting BBOX than AR692B and
>800- and >2500-fold more potent than Mildronate. By
contrast to 40 and 41, the corresponding phenyl and
cyclopentyl derivatives 47 and 48 inhibited BBOX ~2-fold
less efficiently than Desidustat (ICs, values: ~0.79 and ~0.92
uM), consistent with the prediction that the increase in
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inhibition potency observed for 40—43 is due to the formation
of hydrogen bonds with the BBOX substrate-binding site
(Figure 3a)b).

The pyridine derivative 44 was also more potent in
inhibiting isolated BBOX than both Desidustat and the phenyl
derivative 47 (ICg, ~ 0.20 uM; Table 4, entry vi), potentially
reflecting the formation of the computationally predicted
hydrogen bond between the pyridine ring N atom of 44 with
the phenolic OH group of Tyrl77 (Figure 3c). By contrast,
tetrahydropyran derivative 45, which was also predicted to
interact with Tyr177, inhibited BBOX ~2-fold less efficiently
than Desidustat (IC;, ~ 1.0 uM). Note, however, that 45
inhibited BBOX ~7-fold more efficiently than cyclohexane
derivative 49 (IC5, ~ 7.4 uM), indicating that steric effects
may be responsible for the observed reduction in potency
relative to Desidustat. Trifluoromethyl derivative 46, which
was predicted to interact with the side chain of Asn204 (Figure
3d), and naphthalene 50 also manifested reduced levels of
inhibition of BBOX compared with Desidustat (ICgos: ~4.1
and ~3.7 uM).

Desidustat derivatives 52—54 were synthesized to probe the
importance of the O-atom that links the Desidustat
quinolinone core and its methylenecyclopropane side chain
(Scheme SS) and of the quinolinone core phenyl ring (Scheme
S6), on BBOX inhibition. SPE-MS assays showed that
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Scheme 3. Synthesis of Desidustat Analogues 57 and 587

O Me Me

o o o
BnO.. BnO.. Et
no. okt . no.,, N)S(o
\ — |G
OH OH
37 55

O
) HO.,, N)S(oa .
—_ ‘ H o _
OH
56

O Me Me

57a; Ry = pyridin-2-yl, R, = Et
d 58a; Ry = thiazol-4-yl, R, = Et
57; R4 = pyridin-2-yl, R,

=H
58; Ry = thiazol-4-yl, R, = H

“Reagents and conditions: (a) glycine ethyl ester hydrochloride, Et;N, dioxane, 120 °C (sealed tube), 82%; (b) H,, Pd/C, MeOH, rt, 34%; (c)
ROH, DMEAD,'” PPh,, THF, rt, 40—42%; (d) LiOH, MeOH/H,0, 60 °C, 50—57%.

Desidustat derivatives 52 and 53 inhibited BBOX substantially
less efficiently than Desidustat (ICg, values: ~7.2 and ~35
#M), a result that indicates that the hydroxylamine linker of
Desidustat is important for efficient inhibition. The phenyl ring
of Desidustat’s quinolinone core is also important for BBOX
inhibition, since its removal (as in 54) led to a ~3-fold
decrease in potency compared with Desidustat, potentially
reflecting the loss of favorable hydrophobic interactions with
the side chain of Trp181 (Figure 2a).

Design of Optimized BBOX Inhibitors. The combined
structure activity relationship studies described above indicate
that the potency of Desidustat for BBOX inhibition can be
enhanced by structural modification of both its glycinamide
and methylenecyclopropane side chains (Tables 2 and 4). For
instance, derivative 13, which contains a a,a-dimethyl-
substituted glycinamide side chain, inhibited BBOX ~9-fold
more efficiently than Desidustat, while derivatives 40 and 41,
which contain pyridin-2-yl and thiazol-4-yl groups in place of
the Desidustat cyclopropyl group, were ~7- and ~20-fold
more potent than Desidustat. Consequently, Desidustat
derivatives 57 and 58 were synthesized that combine the
a,a-dimethyl glycine side chain of 13 with the pyridin-2-yl and
thiazol-4-yl groups of 40 and 41, to obtain highly optimized
inhibitors for functional assignment studies. Acids 57 and 58
were prepared in four steps from 37 via common intermediate
56, according to the synthetic route outlined in Scheme 3.
Ethyl ester analogues of 57 and 58, i.e,, $7a and 58a, were also
prepared, following the observation that ethyl ester 24
manifested BBOX inhibitory activity similar to that of
Desidustat.

Derivatives 57 and 58 inhibited isolated BBOX with similar
potency as their respective glycine analogues 40 and 41 (IC,
values: ~0.04 and ~0.02 uM; Table S entries xii and xiii) and
were substantially more efficient at inhibiting BBOX than
Desidustat and AR692B (ICs, values: ~0.42 and ~0.52 uM,
respectively). Thus, they were >1200-fold more efficient at
inhibiting BBOX than the clinically used BBOX inhibitor
Mildronate (ICs, > 50 uM; Table 1, entry ii). It should be
noted, however, that the BBOX ICs, values determined for 57
and 58 were close to the lower intrinsic limit of the SPE-MS
assay (BBOX concentration: 0.05 uM); thus, as with 40 and
41, it is possible that 57 and 58 are more efficient BBOX
inhibitors than those indicated by their ICs, values.

The ethyl ester derivatives 57a and 58a manifested similar
levels of BBOX inhibition (within experimental error) as the
carboxylic acids 40 and 41 (ICg, values: ~0.09 and ~0.03 uM;
Table S, entries x and xi). Thus, $7a and 58a manifested ~5-
and ~15-fold more efficient BBOX inhibition than both
Desidustat ethyl ester 24 and Desidustat itself. It should be
noted, however, that the ethyl ester groups of 57a and 58a are
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likely susceptible to cleavage by esterases in cells, which may
limit their suitability for cell-based studies.

20G Oxygenase Selectivity Studies. Reported SPE-MS
assays’”**’"> were employed to investigate whether the
structural modifications made to the Desidustat glycinamide
and methylenecyclopropane groups influenced the 20G
oxygenase selectivity profile of the Desidustat scaffold (Tables
S and S1). The selectivity studies revealed that the
introduction of substituents onto the glycinamide side chain
of Desidustat, at least for the compounds tested, substantially
reduced the level of PHD inhibition relative to Desidustat. For
instance, the alanine derivative 8 inhibited PHD2 ~10-fold less
efficiently than Desidustat (ICgy ~ 24.6 uM; Table S, entry iv),
while the a,a-dimethyl substituted analogue 13 did not inhibit
PHD? in the tested concentration range (ICs, > S0 #M; Table
S, entry v). This effect is similar to that reported for derivatives
of NOG, for which the introduction of groups adjacent to its
glycinamide carboxylate largely abrogated PHD2 inhibition,
while maintaining or improving FIH inhibition.””

In general, Desidustat analogues that contained substituents
at the C-a position of the glycinamide side chain manifested
reduced FIH inhibition relative to Desidustat, while a
negligible change in AspH inhibitory activity was observed
(Table S). For instance, 8 and 13 inhibited FIH > 2-fold less
efficiently than Desidustat, while both 8 and 13 inhibited
AspH with approximately similar efficiency to that observed for
Desidustat (ICg, values: ~8.2 uM and ~17 uM; Table S,
entries iv and v). The observed reduction in potency for FIH
inhibition contrasts with that observed for C-a-substituted
NOG analogues; for instance, the phenylalanine derivative
NOED is reported to inhibit isolated FIH with similar efhicacy
as NOG (ICy, values: ~0.36 uM and ~0.24 uM,
respectively).”””” Nonetheless, this apparent discrepancy likely
reflects the different FIH binding modes of Desidustat and
NOG.>>” NOG binds FIH with its pro-R methylene H atom
orientated toward a hydrophobic pocket formed by the side
chains of Tyr102, Tyr145, GLn147, and Leu186,”” while in the
reported FIH:Zn:Desidustat complex structure, the C-a atom
of Desidustat’s glycinamide unit is positioned proximal to the
side chains of Tle281 and Phe207.>” Note that both 8 and 13
did not inhibit KDM4A and JMJDS (ICy, > 50 uM; Table 5).

The tetrazole-containing Desidustat derivative 32 did not
inhibit the activities of PHD2 and KDM4A within the tested
concentration range (ICs, > SO uM; Table S, entry vi). By
contrast, 32 inhibited AspH and FIH ~4- and ~3-fold more
efficiently, respectively, than Desidustat (AspH ICgy ~2.3 uM;
FIH ICs, ~7.3 puM). Thus, tetrazole 32 may represent a
potential starting point for the development of efficient
Desidustat-based AspH and/or FIH inhibitors. Note, tetra-
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Table 5. Inhibition of Human 20G Oxygenases by Selected Desidustat Derivatives

ICso [LM] !
Compound Structure
BBOX"! | PHD2! | FIH!Y | AspHl! [KDM4A| JMID5!E!
e |
i |Mildronate g)k/\N,gi >50 >50 >50 >50 >50 >50
H
‘ N OHH o
A AL
. N <" OH 0.52 57
ii AR-692B d :\S N +0.08 >50 >50 +7 >50 >50
‘ =
. 1.3 21.7 9.9 <0 48.3
iii | Desidustat +0.2% | £2.9% | +1.0% >100 +0.150
. 25 8.2
iv 8 +1 >50 +3.4 >50 >50
\Y 13 >50 >50 7 >50 >50
+3
. 7.3 2.3
vi 32 >50 +1.0 +05 >50 n.d.
" 1.3 35 11
vii 40 +0.2 +2 +2 >50 >50
- 1.4 17
viii 41 +0.2 >50 +2 >50 >50
. 0.82 4.7 2.5 7.0
x 50 +008 | 09 | toa | 0 | 110
X 57a >50 >50 >50 >50 >50
Xi 58a >50 >50 >50 >50 >50
Xii 57 >50 >50 F; >50 >50
- 9.7 31
Xiii 58 >50 >50 +0.7 >50 +7

“ICq, values are means + SD of independent duplicates (each composed of technical duplicates). bUsing 0.05 uM BBOX, 400 uM 20G, and 25
UM GBB. “Using 0.15 uM PHD2 g, _4y¢, 10 uM 20G, and 5.0 yM HIF-1a CODD556_574.71 dUsing 0.15 uM FIH, 10 uM 20G, and 5.0 uM HIF-1a
C-TAD,gg_gp.* “Using 0.05 M Hisg-AspH; 5_rs5, 3 #M 20G, and 1.0 uM hFX-CPq,_,,6.°*/Using 0.15 4M KDM4A, 10 4M 20G, and 10.0 uM
of a H3,_,sK9me3 variant.”* £Using 0.15 pM JMJDS, 2 uM 20G, and 2.0 yM RSP6,55_145.° Inhibition assays were performed using SPE-MS, as
described in the Experimental Section. n.d.: not determined.

zole-containing derivatives of 20G have been developed as

KDM4 inhibitors.”**%!
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The replacement of the Desidustat methylenecyclopropane
side chain with heteroaromatic groups, as in 40 and 41, had
little effect on PHD2 inhibition potency (Tables S, entries vii

https://doi.org/10.1021/acs.jmedchem.5c00586
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Figure 4. Crystallographic studies reveal Desidustat derivative 58 binds to the FIH active site in a similar manner as Desidustat. (a) Active site view
from the FIH:Zn:58 (PDB ID: 9JTX; light gray: FIH) complex structure showing the OMIT electron density map (mFo-DFc) contoured to 4.0 ¢
around 58. (b) Superimposition of active site views from the FIH:Zn:58 complex structure (light gray: FIH) with a reported FIH:Zn:Desidustat
complex structure (PDB ID: 91IF;>® ochre: FIH; green: carbon-backbone of Desidustat). (c) Active site view from the predicted BBOX:Fe(II):58
complex structure (light blue: BBOX). (d,e) Superimposition of active site views from the predicted BBOX:Fe(II):58 complex structure (light
blue: BBOX) and reported (d) BBOX:Zn:NOG:GBB (PDB ID: 302G;>’ light cyan: BBOX; yellow: carbon-backbone of NOG; lime green:
carbon-backbone of GBB), and (e) BBOX:Ni:AR692B (PDB ID: 4C8R;* light green: BBOX; magenta: carbon-backbone of AR692B) complex
crystal structures. In (e), AR692B is shown in its “extended” BBOX binding mode. Protein—ligand docking was performed using GOLD 5.17° and a
BBOX receptor model derived from reported BBOX:Zn:N-oxalylglycine (NOG):GBB and BBOX:Ni:AR692B complex crystal structures (PDB
IDs: 302G’ and 4C8R*), as described in the Experimental Section. Note, the amide group of 58 was permitted to invert between cis- and trans-
conformations during the docking simulation. Color code: brown: carbon backbone of $8; gray: zinc; orange: iron; red: oxygen; blue: nitrogen;
green: chlorine; gold: sulfur. w: water.

and viii; S1). Desidustat derivatives 40 and 41 were therefore fold selectivity). Interestingly, ethyl ester derivatives 57a and
more selective for BBOX versus PHD2 inhibition than 58a manifested no inhibition of any of the other human 20G
Desidustat (~7- and ~23-fold more selective), although this oxygenases tested (Table S, entries x and xi).

effect was largely driven by their increased BBOX inhibitory Crystallographic Studies. To investigate the 20G
activity. The selectivity of 40 and 41 for the inhibition of oxygenase binding mode of Desidustat derivative 58, crystallo-
BBOX over FIH and AspH inhibition was also increased graphic studies were performed. Our attempts to crystallize 58
relative to Desidustat. In addition, 40 and 41 did not inhibit in complex with isolated recombinant BBOX and PsBBOX

KDMH4A in the tested concentration range (ICs, > SO uM). By
contrast with the heterocyclic analogues evaluated, naphtha-
lene derivative 50 was ~14-fold more selective for inhibiting
PHD2 over BBOX than Desidustat (Table S, entry ix), an
observation potentially of interest for the development of
Desidustat-based PHD inhibitors with improved PHD

selectivity over BBOX. Note, however, that 50 also exhibited ; ‘ OIS ) o }
increased FIH (~5-fold more potent), AspH (~4-fold) and coliand be isolated in high yield and purity; (ii) isolated FIH is

AK1 were unsuccessful. 58 was instead cocrystallized with
isolated recombinant FIH, using Zn(II) as a catalytically
inactive surrogate for Fe(Il). FIH has been used as a model
human 20G oxygenase to investigate the oxygenase binding
modes of 20G-competitive inhibitors (e.g, Desidustat),”>>"
because (i) FIH can be recombinantly expressed inEscherichia

JMJDS (~7-fold) inhibition compared with Desidustat. readily crystallized under robust sitting-drop vapor diffusion
The optimized BBOX inhibitors 57 and 58 manifested conditions; and (iii) the crystallographically observed FIH
excellent selectivity for inhibiting BBOX over other 20G binding modes of 20G-competing inhibitors are similar to
oxygenases tested (Table S, entries xii and xiii). For instance, those oblseé'ved in complex with other human 20G oxy-
the thiazole derivative $8 inhibited BBOX highly selectively genases,s ? reflecting the structural similarities between the
over inhibition of PHD2, FIH, and KDM4A (>2500-fold active sites of human 20G oxygenases, eg, in Fe(Il)- and

selectivity), AspH (~500-fold selectivity) and JMJDS (~1500- 20G-binding.'*
9790 https://doi.org/10.1021/acs.jmedchem.5c00586
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Crystals of FIH in complex with 58 and Zn(Il) were
obtained by cocrystallization and the structure was solved by
molecular replacement (MR) (PDB ID:9JTX; space group:
P4,2,2, resolution: 2.08 A). Analysis of the FIH:Zn:58
complex structure reveals that 58 binds to the FIH active
site in a similar manner to that observed for Desidustat (Figure
4a,b).50 Thus, 58 is observed to coordinate the active site
Zn(II) (substituting for Fe(Il)) of FIH through the C-2 O-
atom of its quinoline core and its amide O-atom. The
hydroxylamine O-atom of 58 is positioned to interact with the
side chain of Arg238, while its carboxylate group is oriented to
interact with the Tyr145, Thr196, and Lys214 side chains. The
thiazol-4-yl side chain of 58 is observed to extend into the FIH
substrate binding pocket and likely has multiple conformations
in complex with FIH; two major conformations were identified
during structural refinement (Figure 4a,b).

The glycinamide group of 58 occupies an unusual cis-
conformation in the FIH:Zn:58 complex structure, potentially
to avoid steric interactions between the a,a-dimethyl
glycinamide group of $8 and FIH residues Phe207 and
Ile281, the side chains of which are proximal to the Desidustat
glycinamide side chain in the FIH:Zn:Desidustat complex
structure.’® As a result, the amide NH of S8 is unable to
engage in intramolecular hydrogen bonding with the C-4 O-
atom of its quinolinone core, as observed for Desidustat in
complex with FIH (Figure 4). By contrast, protein—ligand
docking studies indicate that 58 may bind BBOX with its
amide group positioned in the trans geometry (Figure 4c). 58
is predicted to bind at the BBOX active site and compete for
binding with both 20G and GBB (Figure 4d), i.c., via a related
binding mode to that of AR692B in complex with BBOX
(Figure 4¢).%° In the predicted BBOX:Fe:58 complex model,
the a,a-dimethyl glycinamide group of 58 is positioned to
form hydrophobic interactions with the side chains of Leu217
and Phe340, while the phenyl ring of its quinolinone core is
positioned to form a hydrophobic contact with the Trpl81
side chain, a residue crystallographically observed to be
involved in binding of the GBB trimethylammonium moiety
(Figure 4d).”” The thiazole N-atom of 58 is predicted to form
a hydrogen bond with the side chain of Asn292 (Figure 4c), an
interaction that is analogous to the hydrogen bond observed
between Asn292 and the GBB carboxylate group in complex
with BBOX (Figure 4d).>” This predicted interaction implies
that the observed conformational flexibility of the thiazol-4-yl
side chain of 58 in complex with FIH is likely not
representative of that in complex with BBOX.

The combined crystallographic and computational studies
indicate that the substantial improvement in BBOX selectivity
observed for 58, relative to Desidustat, i.e, 58 inhibits BBOX
>2500-fold more selectively over PHD2 than Desidustat
(Table S), is likely a result of: (i) enhanced BBOX inhibition
due to improved hydrophobic interactions with residues within
the BBOX 20G-binding site (i.e, with the Leu217/Ser229/
Phe340 pocket); (ii) enhanced BBOX inhibition due to the
formation of electrostatic interactions with the BBOX
substrate-binding site (i.e, with the side chain of Asn292),
which mimic binding of the GBB carboxylate to BBOX;”” and
(iii) steric clashes with FIH (Phe207 and Ile281) and PHD2
(le327 and Leu343) active site residues that hinder efficient
binding of 58 to FIH and PHD2. It is important to note,
however, that the kinetics of BBOX catalysis are complicated
by dimerization,”” with both monomers likely contributing in a
cooperative manner to the binding of substrate and cosubstrate
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to the other monomer.”” Thus, empirical studies are required
to validate the proposed computational predictions.

B DISCUSSION

The development of efficient and selective BBOX inhibitors is
of interest from therapeutic perspectives, &gy for treatment of
cardiovascular disease”*®?” and TNBC,*** as well as to
enable studies that interrogate the (patho)physiological roles
of BBOX and 1-carnitine.”® Based on the observation that the
reported BBOX inhibitor AR692B is structurally related to
reported PHD inhibitor scaffolds,’**> we profiled a set of five
clinically used PHD inhibitors for BBOX inhibition. The
results reveal Desidustat,*®*" Enarodustat*"** and Vadadu-
stat*>** were potent BBOX inhibitors (ICs, values: ~0.1—0.5
uM; Table 1). Given that these, and structurally related, PHD
inhibitors are typically prescribed for long-term use to treat
CKD-associated anemia,””'*>'** the safety implications of off-
target BBOX inhibition by PHD inhibitors requires further
consideration. Pharmacokinetic studies conducted in rats
indicate Desidustat is rapidly distributed in the liver and
kidneys following oral administration.”* Since human BBOX
localizes in the cytosol and is highly expressed in both kidney
and liver tissue,'” it is possible that BBOX is exposed to PHD
inhibitors administered in vivo.

Investigations are required to establish whether BBOX
inhibition may contribute to phenotypes, particularly those
relating to cardiovascular function, observed following the use
of PHD inhibitors in cells and in vivo.'’® Notably, preclinical
studies indicate Enarodustat may attenuate cardiac hyper-
trophy, potentially offering cardioprotective benefits during
CKD-associated anemia treatment.'”’” By contrast, Vadadustat
treatment has been associated with increased risk of
myocardial infarction in some CKD patients, compared with
those treated with the e?’thropoiesis-stimulating agent (ESA)
darbepoetin alpha.'”*™"'" Desidustat demonstrates a compa-
rable cardiovascular safety profile to ESAs in CKD patients.**

Given that Desidustat, Enarodustat, and Vadadustat are
clinically used and that their modular structures are amenable
to systematic modification, all three compounds are attractive
starting points for the development of improved BBOX
inhibitors suitable for cell-based and in vivo studies. In this
study, computationally guided SAR studies enabled the
synthesis of potent and selective BBOX inhibitors derived
from the N-alkoxyquinoline scaffold of Desidustat. We
anticipate that the workflow described here for design of
selective BBOX inhibitors can likely also be applied to
Enarodustat, Vadadustat and related PHD inhibitors**”® to
generate selective BBOX inhibitors and/or selective inhibitors
of other 20G oxygenases which are current medicinal
chemistrz targets, ' including AspH,"'*”"'® JmjC
KDMs,'"”~"** and JMJDS."*

Notably, the thiazole-containing Desidustat derivative 58
manifested highly efficient inhibition of BBOX (ICg, ~ 0.02
uM; Table S, entry xiii) with an ICq, value ~25- and >2500-
fold more potent than the reported BBOX inhibitors AR692B
and Mildronate, respectively. Thiazole 58 inhibited BBOX
with high selectivity over inhibition of a representative panel of
structurally- and functionally diverse human 20G oxygenases,
including PHD2 (>2500-fold selectivity), FIH (>2500-fold),
KDM4A (>2500-fold), AspH (~500-fold), and JMJD3
(~1500-fold) (Table S, entry xiii). Considering the reported
cellular and in vivo efficacy of Desidustat for inhibiting the
PHDs,**°%%%12* jt s likely that 58 will be a valuable tool
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compound for cellular and in vivo studies into the functional
and (patho)physiological roles of BBOX and L-carnitine.

Protein—ligand docking predictions indicate that the
thiazole N-atom of 58 will be positioned to form a hydrogen
bonding interaction with the side chain of Asn292, in a manner
which mimics binding of the GBB carboxylate to BBOX,” and
which is likely responsible, at least in part, for the increased
inhibitory potency of 58 relative to Desidustat (Figure 4). The
methyl groups of the a,a-dimethyl glycinamide group of 58 are
predicted to bind favorably within a pocket formed by BBOX
residues Leu217, Ser229, and Phe340, which is unoccupied in
the predicted BBOX:Fe(II):Desidustat complex, and likely
prevent efficient binding of 58 to the active sites of FIH and
PHD?2, likely resulting in the high levels of selectivity manifest
by 58.

Interestingly, the ethyl ester derivatives of 58 and of its 2-
pyridyl-containing analogue 57 (ie, 58a and 57a) and of
Desidustat itself (i.e, 24) were also efficient inhibitors of
BBOX (ICg, values: ~0.03, ~0.09, and ~0.55 uM,
respectively; Tables 3 and S). Moreover, 24, 57a, and 58a
had no effect on the activities of all the other human 20G
oxygenases evaluated under the tested conditions (ICs, > SO
uM). It should be noted, however, that the ethyl ester groups
of 24, 57a, and 58a may be unstable in cells with respect to
esterase-mediated cleavage. Nonetheless, the inhibitory
activities of 24, 5§7a, and 58a demonstrate that the carboxylate
group of the Desidustat scaffold can be replaced without a
concomitant loss in BBOX inhibitory activity. It is likely that
additional Desidustat derivatives containing alternative groups
that replace the terminal carboxylate, including those with
improved metabolic stabilities, may be identified that also
manifest efficient BBOX inhibition.

The design of highly selective 20G oxygenase inhibitors, in
particular those that compete with 20G, is challenging, in part
likely reflecting the structural similarity observed between the
20G binding sites of many human 20G oxygenases.
Nonetheless, the results described herein showcase how the
use of structural and computational information can provide an
efficient workflow for identifying unique features of 20G
oxygenase (co)substrate binding sites that may be utilized to
generate highly selective 20G oxygenase inhibitors. Notably,
subtle, empirically guided chemical modifications were
responsible for substantial changes in inhibitor selectivity. It
is likely that these, at least in part, reflect dynamic
conformational changes during 20G oxygenase catalysis,
including those relating to the dimeric nature of BBOX and
the associated cooperative nature of cosubstrate/substrate
binding to BBOX.>”%” We envisage that similar strategies may
be employed to identify selective active-site-binding inhibitors
of other 20G oxygenases. In addition, the inhibition studies
described will likely inform the design of more efficient and
selective PHD inhibitors based on the Desidustat scaffold for
anemia treatment.

B EXPERIMENTAL SECTION

The synthesis and characterization of all novel compounds used in
this work are described in the associated Supporting Information.
Desidustat®®”® and AR692B*® were synthesized as reported. All
compounds were >95% pure, as determined by HPLC, '"H NMR, and
3C NMR analyses, unless stated otherwise. NMR spectra (for all
novel compounds) and HPLC traces (for final compounds) are
shown in the Supporting Information.

Production and Purification of Human Recombinant 20G
Oxygenases. BBOX,”” PsBBOX AKI (UniProt ID: P80193),’
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PHD2,g;_4 = FIH,* Hisg-AspH; g s, > >¢ Hisg-thioredoxin-
tagged JMJDS5,%” and His;-KDM4A, 55"~/ were prepared according
to established procedures. As described, the purified enzymes were
>95% pure as determined b?r SDS-PAGE and MS analyses and had
the anticipated masses;>>®”” 751237127 fregh aliquots were used for
all inhibition and crystallization studies.

BBOX SPE-MS Inhibition Assays. Solutions of the small-
molecules (original concentration: 20 mM in DMSO) were dry
dispensed across 384-well polypropylene V-bottom assay microplates
(Greiner) in an ~3-fold and 11-point dilution series (100 uM
inhibitor top concentration; 0.5%,,, final DMSO assay concentration)
using an ECHO 550 acoustic dispenser (Labcyte). DMSO and
Roxadustat’” (final assay concentration: 100 uM) were used as
negative- and positive-inhibition controls, respectively. Each reaction
was performed in technical duplicate in adjacent wells of the assay
plates.

(Co)-substrate/cofactor stock solutions were freshly prepared from
commercial solids (Sigma-Aldrich) on the day the assay was
performed. LAA: S0 mM in Milli-Q Ultrapure grade water; 2-
oxoglutarate (20G): 100 mM in Milli-Q Ultrapure grade water;
ammonium iron(I) sulfate hexahydrate (FAS, (NH,),Fe(SO,),:
6H,0): 400 mM in 20 mM aqueous HCl diluted to S mM in Milli-Q
Ultrapure grade water; y-butyrobetaine (GBB, (3-carboxypropyl)-
trimethylammonium chloride): 10 mM in Milli-Q Ultrapure grade
water.

The enzyme mixture, containing 0.1 gM full-length human BBOX
(ie, 2X assay concentration) in 50 mM Tris buffer (pH 7.5)
containing 200 mM KCl, was dispensed across the inhibitor-
containing 384-well plates (25 uL per well) by using a multidrop
dispenser (ThermoFischer Scientific) at room temperature under an
ambient atmosphere. The plates were centrifuged (1000 rpm, S s) and
incubated for 15 min at ambient temperature. The substrate mixture,
containing S0 #M GBB (i.e., 2X assay concentration), 800 uM 20G, 1
mM LAA, and 100 uM FAS, was then dispensed across the plates (25
uL per well) using the multidrop dispenser. The plates were
centrifuged (1000 rpm, S s) and incubated for 20 min at ambient
temperature. The enzyme reaction was then stopped by the addition
of 10%,,, aqueous formic acid (S uL per well) by using the multidrop
dispenser. The plates were then centrifuged (1000 rpm, 30 s) and
analyzed by MS.

Substrate hydroxylation was analyzed by MS using a RapidFire RF
365 high-throughput sampling robot (Agilent) attached to an iFunnel
Agilent 6550 accurate mass quadrupole time-of-flight (Q-TOF) mass
spectrometer operated in positive ionization mode. Assay samples
were aspirated under a vacuum for 0.6 s and loaded onto a HILIC-Z
(type H6) solid phase extraction (SPE) cartridge. After loading, the
SPE cartridge was washed with 0.1%,,, aqueous formic acid in 85/
15,/ acetonitrile/water (S s, 1.0 mL/min). The substrate and
hydroxylated product were eluted from the SPE cartridge with 0.1%,,
aqueous formic acid in 50/50,,, acetonitrile/water (S s, 0.5 mL/min)
into the mass spectrometer and the SPE cartridge re-equilibrated with
0.1%,,, aqueous formic acid in 85/15,, acetonitrile/water (1 s, 1.0
mL/min). The mass spectrometer was operated in positive ionization
mode with the following MS settings: drying gas temperature (280
°C), drying gas flow rate (13 L/min), nebulizer pressure (40 psig),
sheath gas temperature (350 °C), sheath gas flow rate (12 L/min),
capillary voltage (4000 V), nozzle voltage (1000 V), and fragmentor
voltage (365 V).

Peaks corresponding to the substrate (ie., GBB) and the
hydroxylated product (ie, carnitine) (m/z 1) were extracted
from the ion chromatogram and integrated using RapidFire Integrator
4.3.0 (Agilent). Peak area data were exported into Microsoft Excel
and were used to calculate the % reaction conversion using the
following equation

% conversion = 100(integral carnitine)/(integral GBB + integral
carnitine)

From the raw data, dose—response curves (normalized to the
positive and negative inhibition controls) were obtained by nonlinear
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regression (GraphPad Prism S), which were used to determine ICq,
values. Representative dose—response curves are shown in Figure S2.

PHD2, FIH, AspH, JMJD5, and KDM4A SPE-MS Inhibition
Assays. The in vitro PHD2,”' FIH,*® AspH,*® JMJDS,*” and
KDM4A”> SPE-MS inhibition assays were performed as reported
using purified recombinant human enzymes (PHD25,_4,¢, FIH, His,-
AspH; 5 753, Hisg-thioredoxin-tagged JMJDS, and His4-
KDM4A,_355). A summary of the conditions used for the in vitro
SPE-MS inhibition assays is given in Table S2. The synthetic peptide
substrates used were: HIF-1la C-terminal oxygen-dependent degra-
dation domain fragment (HIF-la CODDyy_s,,) for PHD2;”" HIF-
la C-terminal transactivation domain fragment (HIF-la C-
TAD,g5_g5,) for FIH;”' human Factor X-derived cyclic peptide
fragment (hFX-CPg;_;;5) for AspH;®® 40S ribosomal protein $6
fragment (RPS655_145) for JMJDS;®” histone 3 variant fragment
(H3,_;5K9(Me3) with Lys9 bearing three methyl groups at the N*
position, Lys4 being substituted by an Ala residue, and Lys14 being
substituted by an Ile residue) for KDM4A.” Peptides were prepared
as C-terminal amides by GL Biochem (Shanghai) Ltd. Peptide
hydroxylations in the cases of FIH, PHD2, AspH, and JMJDS (+16
Da mass shift) or peptide demethylation in the case of KDM4A (—14
Da mass shift) were monitored by SPE-MS.

Crystallography. FIH crystallography was carried out as
reported.”’ FIH (final concentration: 0.27 mM) was mixed with
Zn(OAc),2H,0 (final concentration: 0.5 mM) in Tris buffer (50
mM; pH 7.5) and incubated at 0 °C for S min. The Desidustat
derivative 58 (100 mM stock solution in DMSO; final concentration:
2 mM) was added, and the mixture was incubated at 0 °C for 15 min.
The FIH-inhibitor mixture was then centrifuged using a MicroCL 21R
centrifuge (Thermo Fisher Scientific) (18,800g, 4 °C, 10 min).

Crystallizations were performed in 96-well, three-subwell, low-
profile SWISSCI 3 Lens crystallization plates using a Mosiquito LCP
(SPT Labtech) dispensing robot. FIH crystals were grown using the
sitting-drop vapor diffusion method at 20 °C in 300 nL sitting drops
with 2:1, 1:1, or 1:2 sample/precipitant solution ratios. Crystals were
cryo-protected using mother liquor supplemented with 10%,,,
glycerol before manual loop cryo-cooling in liquid N,. The
composition of the precipitant solution used is given in Table S3.

Data were collected at the 103 beamline at the Diamond Light
Source (UK). Data were indexed, integrated, and scaled using the
Xia2'?® strategy of the beamline autoprocessing pipeline (Table $3).

The FIH:Zn:58 complex crystal structure was determined by MR
using the AutoMR (PHASER)'*’ subroutine in PHENIX"*® based on
a reported FIH crystal structure (PDB ID: 4B7K'*"). The structural
model was refined using COOT"*? and phenix.refine’** (Table S3).
Crystal structure data for the FIH:Zn:58 complex are deposited in the
PDB with the PDB accession code: 9JTX. PyMOL (version 4.6.0)"*
was used for the generation of graphical representations; omit maps
were calculated using Polder Maps'** in PHENIX (version 1.18.2)."*°

PsBBOX AK1 Carr—Purcell-Meiboom—Gill (CPMG)-Edited
'H NMR Studies. PsBBOX AKl Carr—Purcell-Meiboom—Gill
(CPMG)-edited 'H NMR (co)-substrate displacement studies were
carried out as reported61 at 298 K using a Bruker Avance III 600 MHz
spectrometer equipped with a $ mm BB-F/'H Prodigy N, cryoprobe.
The PROJECT-CPMG pulse sequence’® was used to attenuate broad
resonances. The total CPMG time was adjusted to 32 ms. The raw
spectra were processed with an exponential window function (line
broadening was set to 0.3), and the peaks were referenced to an
internal standard (the 1,1,1-trifluoroacetone CH, peak at 1.29 ppm).
Bruker 5 mm tubes were used.

The assay mixture contained GBB (20 uM), 20G (300 uM), and
MnCl, (100 M) in Tris-Dy; buffer (50 mM in 1:9,,, D,0/H,0; pH
7.5) containing 80 mM KCL To this assay mixture was added
psBBOX AKI (15 uM) followed by inhibitor (concentrations as
specified Figure 7).

Protein—Ligand Docking. Reported BBOX:Ni:AR692B (PDB
ID: 4C8R*®), BBOX:Zn:NOG:GBB (PDB ID: 302G*), and
PHD2:Fe:Vadadustat (PDB ID: 7UMP*) complex structures were
downloaded from the PDB (https:/ /www.rcsb.org/).”’3 Hydrogen
atoms were added and Asn/Gln/His residues checked for conforma-
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tional isomers/flips with REDUCE'** using the MolProbity server.'
8

The pK, values of ionizable groups were calculated using PropKa,"
and ionizable groups were protonated using Pymol (version 4.6.0)"*
at pH 7.5. Where applicable, the inactive metal ions in the catalytic
20G oxygenase domain were replaced with Fe(II). Alternative side
chain conformations, bound ligands, and all crystallographic waters
were removed by using PyMol. Molecular docking studies were
performed using the protein—ligand docking software Gold (version
5.1).”> For BBOX, an ensemble receptor structure was used (derived
from PDB IDs: 4C8R* and 302G’%), and the side chain
conformation of Arg360 was made flexible; the side chain
conformations of all other active site residues were kept rigid. For
PHD?2, a single receptor structure was used (derived from PDB IDs:
7UMP™) and the side chain conformations of all active site residues
were kept rigid. For each ligand, 25 genetic algorithm runs were
carried out and the GoldScore-CS consensus scoring function of Gold
was used to evaluate the predicted ligand binding poses.'> The
binding site was defined as all atoms within 20 A of catalytic Fe(II).
The “Detect internal H bonds” and “Flip amide bond” ligand
flexibility parameters were enabled. The ”"allow early termination”
option was disabled. The coordination geometry of the Fe(II) ion was
set as octahedral. All other settings were used as the defaults.

B ASSOCIATED CONTENT

Data Availability Statement

The crystal structure data for the FIH:Zn:58 complex structure
has been deposited in the protein data bank'*® with the PDB
accession code: 9JTX. Authors will release the atomic
coordinates upon article publication.
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factor-a; GBB; y-butyrobetaine; HIF-a; hypoxia-inducible
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N¢-methyllysine demethylase; PHD; prolyl hydroxylase
domain-containing protein; NOFD; N-oxalyl-p-phenylalanine;
NOG; N-oxalylglycine; SPE-MS; solid-phase extraction
coupled to mass spectrometry; TNBC; triple negative breast
cancer.

B REFERENCES

(1) Bartlett, K.; Eaton, S. Mitochondrial $-oxidation. Eur. J. Biochem.
2004, 271 (3), 462—469.

(2) Eaton, S.; Bartlett, K. B.; Pourfarzam, M. Mammalian
mitochondrial f-oxidation. Biochem. J. 1996, 320 (2), 345—357.

(3) Bremer, J. The role of carnitine in intracellular metabolism. J.
Clin. Chem. Clin. Biochem. 1990, 28 (5), 297—301.

(4) Longo, N.; Frigeni, M.; Pasquali, M. Carnitine transport and
fatty acid oxidation. Biochim. Biophys. Acta - Mol. Cell Res. 2016, 1863
(10), 2422—2435.

(5) Opie, L. H. Role of carnitine in fatty acid metabolism of normal
and ischemic myocardium. Am. Heart J. 1979, 97 (3), 375—388.

(6) Virmani, M. A,; Cirulli M. The role of L-carnitine in
mitochondria, prevention of metabolic inflexibility and disease
initiation. Int. J. Mol. Sci. 2022, 23 (5), 2717.

(7) Tars, K; Leitans, J.; Kazaks, A; Zelencova, D.; Liepinsh, E.;
Kuka, J; Makrecka, M,; Lola, D.; Andrianovs, V.; Gustina, D,;
Grinberga, S.; Liepinsh, E.; Kalvinsh, I; Dambrova, M.; Loza, E;
Pugovics, O. Targeting carnitine biosynthesis: discovery of new
inhibitors against y-butyrobetaine hydroxylase. J. Med. Chem. 2014, 57
(6), 2213—2236.

(8) Lopaschuk, G. D. Optimizing cardiac fatty acid and glucose
metabolism as an approach to treating heart failure. Semin.
Cardiothorac. Vasc. Anesth. 2006, 10 (3), 228—230.

(9) Liepinsh, E.; Kuka, J.; Svalbe, B.; Vilskersts, R.; Skapare, E.;
Cirule, H.; Pugovics, O.; Kalvinsh, I; Dambrova, M. Effects of long-
term mildronate treatment on cardiac and liver functions in rats. Basic
Clin. Pharmacol. Toxicol. 2009, 105 (6), 387—394.

(10) Zhao, J. V.; Burgess, S.; Fan, B.; Schooling, C. M. L-carnitine, a
friend or foe for cardiovascular disease? A Mendelian randomization
study. BMC Med. 2022, 20 (1), 272.

(11) Koeth, R. A;; Wang, Z.; Levison, B. S;; Buffa, J. A;; Org, E;
Sheehy, B. T.; Britt, E. B,; Fu, X; Wu, Y,; Li, L,; Smith, J. D;
DiDonato, J. A.; Chen, J.; Li, H.; Wu, G. D.; Lewis, J. D.; Warrier, M.;
Brown, J. M,; Krauss, R. M.; Tang, W. H. W.; Bushman, F. D.; Lusis,
A. J; Hazen, S. L. Intestinal microbiota metabolism of L-carnitine, a
nutrient in red meat, promotes atherosclerosis. Nat. Med. 2013, 19
(5), 576—588.

(12) Abbasi, J. TMAO and heart disease: the new red meat risk?
JAMA 2019, 321 (22), 2149-2151.

(13) Johri, A. M; Heyland, D. K; Hétu, M.-F,; Crawford, B;
Spence, J. D. Carnitine therapy for the treatment of metabolic
syndrome and cardiovascular disease: Evidence and controversies.
Nutr. Metab. Cardiovasc. Dis. 2014, 24 (8), 808—814.

(14) Wang, Z.-Y,; Liu, Y.-Y,; Liu, G.-H.; Lu, H.-B.; Mao, C.-Y. L-
Carnitine and heart disease. Life Sci. 2018, 194, 88—97.

(15) Song, X.; Qu, H; Yang, Z.; Rong, J.; Cai, W.; Zhou, H. Efficacy
and safety of L-carnitine treatment for chronic heart failure: a meta-
analysis of randomized controlled trials. BioMed. Res. Int. 2017, 2017
(1), 1-11.

(16) DiNicolantonio, J. J.; Lavie, C. J.; Fares, H.; Menezes, A. R;;
O’Keefe, J. H. L-Carnitine in the secondary prevention of
cardiovascular disease: systematic review and meta-analysis. Mayo
Clin. Proc. 2013, 88 (6), 544—551.

(17) Molfino, A.; Cascino, A.; Conte, C.; Ramaccini, C.; Fanelli, F.
R.; Laviano, A. Caloric Restriction and L-carnitine administration

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798


https://orcid.org/0000-0002-6419-2094
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Tumber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eidarus+Salah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammadparsa+Jabbary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Nakashima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7788-8333
https://orcid.org/0000-0001-7788-8333
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+I.+Schnaubelt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-3948-0095
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shyam+Basak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+M.+Alshref"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00586?ref=pdf
https://doi.org/10.1046/j.1432-1033.2003.03947.x
https://doi.org/10.1042/bj3200345
https://doi.org/10.1042/bj3200345
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.1016/0002-8703(79)90440-X
https://doi.org/10.1016/0002-8703(79)90440-X
https://doi.org/10.3390/ijms23052717
https://doi.org/10.3390/ijms23052717
https://doi.org/10.3390/ijms23052717
https://doi.org/10.1021/jm401603e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401603e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/1089253206291150
https://doi.org/10.1177/1089253206291150
https://doi.org/10.1111/j.1742-7843.2009.00461.x
https://doi.org/10.1111/j.1742-7843.2009.00461.x
https://doi.org/10.1186/s12916-022-02477-z
https://doi.org/10.1186/s12916-022-02477-z
https://doi.org/10.1186/s12916-022-02477-z
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nm.3145
https://doi.org/10.1001/jama.2019.3910
https://doi.org/10.1016/j.numecd.2014.03.007
https://doi.org/10.1016/j.numecd.2014.03.007
https://doi.org/10.1016/j.lfs.2017.12.015
https://doi.org/10.1016/j.lfs.2017.12.015
https://doi.org/10.1155/2017/6274854
https://doi.org/10.1155/2017/6274854
https://doi.org/10.1155/2017/6274854
https://doi.org/10.1016/j.mayocp.2013.02.007
https://doi.org/10.1016/j.mayocp.2013.02.007
https://doi.org/10.1177/0148607109353440
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

improves insulin sensitivity in patients with impaired glucose
metabolism. J. Parenter. Enter. Nutr. 2010, 34 (3), 295—299.

(18) Magoulas, P. L.; El-Hattab, A. W. Systemic primary carnitine
deficiency: an overview of clinical manifestations, diagnosis, and
management. Orphanet ]. Rare Dis. 2012, 7 (1), 68.

(19) Rasmussen, J.; Nielsen, O. W.; Lund, A. M,; Kober, L.;
Djurhuus, H. Primary carnitine deficiency and pivalic acid exposure
causing encephalopathy and fatal cardiac events. J. Inherit. Metab. Dis.
2013, 36 (1), 35—41.

(20) Rebouche, C. J; Seim, H. Carnitine metabolism and its
regulation in microorganisms and mammals. Annu. Rev. Nutr. 1998,
18, 39—61.

(21) Vaz, F. M;; Wanders, R. J. A. Carnitine biosynthesis in
mammals. Biochem. J. 2002, 361 (3), 417—429.

(22) Strijbis, K; Vaz, F. M.; Distel, B. Enzymology of the carnitine
biosynthesis pathway. IUBMB Life 2010, 62 (S), 357—362.

(23) Hulse, J. D,; Ellis, S. R; Henderson, L. M. Carnitine
biosynthesis. f-Hydroxylation of trimethyllysine by an a-ketogluta-
rate-dependent mitochondrial dioxygenase. J. Biol. Chem. 1978, 253
(5), 1654—1659.

(24) Lindstedt, G. Hydroxylation of y-butyrobetaine to carnitine in
rat liver. Biochemistry 1967, 6 (5), 1271—1282.

(25) Englard, S.; Blanchard, J. S.; Midelfort, C. F. y-Butyrobetaine
hydroxylase: stereochemical course of the hydroxylation reaction.
Biochemistry 1985, 24 (5), 1110—1116.

(26) Dambrova, M.; Liepinsh, E.; Kalvinsh, I. Mildronate:
cardioprotective action through carnitine-lowering effect. Trends
Cardiovasc. Med. 2002, 12 (6), 275—279.

(27) Hayashi, Y.; Kirimoto, T.; Asaka, N.; Nakano, M.; Tajima, K.;
Miyake, H.; Matsuura, N. Beneficial effects of MET-88, a y-
butyrobetaine hydroxylase inhibitor in rats with heart failure following
myocardial infarction. Eur. J. Pharmacol. 2000, 395 (3), 217—224.

(28) Liao, C.; Zhang, Y.; Fan, C.; Herring, L. E.; Liu, J.; Locasale, J.
W.; Takada, M.; Zhou, J.; Zurlo, G.; Hu, L.; Simon, J. M.; Ptacek, T.
S.; Andrianov, V. G.; Loza, E.; Peng, Y,; Yang, H.; Perou, C. M,;
Zhang, Q. Identification of BBOXI as a therapeutic target in triple-
negative breast cancer. Cancer Discov 2020, 10 (11), 1706—1721.

(29) Liao, C.; Zhang, Q. BBOX1 promotes triple-negative breast
cancer progression by controlling IP3R3 stability. Mol. Cell. Oncol
2020, 7 (6), 1813526.

(30) Henry, L.; Leung, L. K. H.; Claridge, T. D. W.; Schofield, C. J.
7-Butyrobetaine hydroxylase catalyses a Stevens type rearrangement.
Bioorg. Med. Chem. Lett. 2012, 22 (15), 4975—4978.

(31) Sjakste, N.; Gutcaits, A.; Kalvinsh, I. Mildronate: an
antiischemic drug for neurological indications. CNS Drug Rev. 20085,
11 (2), 151-168.

(32) Bellman, V. Unlocking the potential of Meldonium: from
performance enhancement to therapeutic insights. Psychoactives 2024,
3 (2), 235-247.

(33) Tars, K;; Rumnieks, J.; Zeltins, A.; Kazaks, A.; Kotelovica, S.;
Leonciks, A.; Sharipo, J.; Viksna, A.; Kuka, J.; Liepinsh, E.; Dambrova,
M. Crystal structure of human gamma-butyrobetaine hydroxylase.
Biochem. Biophys. Res. Commun. 2010, 398 (4), 634—639.

(34) Jaudzems, K.; Kuka, J.; Gutsaits, A.; Zinovjevs, K.; Kalvinsh, I;
Liepinsh, E.; Liepinsh, E.; Dambrova, M. Inhibition of carnitine
acetyltransferase by mildronate, a regulator of energy metabolism. J.
Enzyme Inhib. Med. Chem. 2009, 24 (6), 1269—1275.

(35) Oppedisano, F.; Fanello, D.; Calvani, M.; Indiveri, C.
Interaction of mildronate with the mitochondrial carnitine/
acylcarnitine transport protein. J. Biochem. Mol. Toxicol. 2008, 22
(1), 8—14.

(36) Rydzik, A. M.; Chowdhury, R.; Kochan, G. T.; Williams, S. T.;
McDonough, M. A.; Kawamura, A.; Schofield, C. J. Modulating
carnitine levels by targeting its biosynthesis — selective inhibition of y-
butyrobetaine hydroxylase. Chem. Sci. 2014, S (S), 1765—1771.

(37) Usmani, K. A.; Karoly, E. D.; Hodgson, E.; Rose, R. L. In vitro
sulfoxidation of thioether compounds by human cytochrome P450
and flavin-containing monooxygenase isoforms with particular

9795

reference to the CYP2C subfamily. Drug Metab. Dispos. 2004, 32
(3), 333—339.

(38) Joharapurkar, A,; Pandya, V.; Patel, H.; Jain, M; Desai, R.
Desidustat: a novel PHD inhibitor for the treatment of CKD-induced
anemia. Front. Nephrol. 2024, 4, 1459425.

(39) Leung, I. K. H,; Krojer, T. J.; Kochan, G. T.; Henry, L.; von
Delft, F.; Claridge, T. D. W.; Oppermann, U.; McDonough, M. A;
Schofield, C. J. Structural and mechanistic studies on y-butyrobetaine
hydroxylase. Chem. Biol. 2010, 17 (12), 1316—1324.

(40) Desai, R. C; Pandya, V.; Patel, P. R. Novel quinolone
derivatives. WO 2014/102818 Al, 2014.

(41) Ogoshi, Y.; Matsui, T.; Mitani, I; Yokota, M.; Terashita, M.;
Motoda, D.; Ueyama, K.; Hotta, T.; Ito, T.; Hase, Y.; Fukui, K.; Deai,
K.; Yoshiuchi, H; Ito, S.; Abe, H. Discovery of JTZ-951: a HIF Prolyl
Hydroxylase inhibitor for the treatment of renal anemia. ACS Med.
Chem. Lett. 2017, 8 (12), 1320—1325.

(42) Mitani, L; Ogoshi, Y.; Matsui, T.; Yokota, M.; Terashita, M,;
Motoda, D.; Ueyama, K.; Abe, H.; Hotta, T.; Ito, T. Triazolopyridine
compound, and action thereof as prolyl hydroxylase inhibitor or
erythropoietin production-inducing agent. U.S. Patent. 2020/0017492
Al, 2012.

(43) Pergola, P. E.; Spinowitz, B. S.; Hartman, C. S.; Maroni, B. J.;
Haase, V. H. Vadadustat, a novel oral HIF stabilizer, provides effective
anemia treatment in nondialysis-dependent chronic kidney disease.
Kidney Int. 2016, 90 (5), 1115—1122.

(44) Kawamoto, R. M. Prolyl hydroxylase inhibitors and methods of
use. U.S. Patent. 2007/0299086 Al, 2007.

(4S) Ariazi, J. L.; Duffy, K. J.; Adams, D. F.; Fitch, D. M; Luo, L.;
Pappalardi, M.; Biju, M,; DiFilippo, E. H.; Shaw, T.; Wiggall, K;
Erickson-Miller, C. Discovery and preclinical characterization of
GSK1278863 (Daprodustat), a small molecule Hypoxia Inducible
Factor—Prolyl Hydroxylase inhibitor for anemia. J. Pharmacol. Exp.
Ther. 2017, 363 (3), 336—347.

(46) Duffy, K. J.; Fitch, D. M,; Jin, J,; Liu, R;; Shaw, A. N.; Wiggall,
K. Preparation of N-substituted pyrimidine-trione amino acid
derivatives as prolyl hydroxylase inhibitors. WO 2007/150011 A2,
2007.

(47) Wy, K;; Zhou, K.; Wang, Y.; Zhou, Y.; Tian, N.; Wu, Y.; Chen,
D.; Zhang, D.; Wang, X; Xu, H.; Zhang, X. Stabilization of HIF-1a by
FG-4592 promotes functional recovery and neural protection in
experimental spinal cord injury. Brain Res. 2016, 1632, 19—26.

(48) Arend, M. P; Flippin, L. A; Guenzler-Pukall, V.; Ho, W.-B;
Turtle, E. D.; Du, X. Nitrogen-containing heteroaryl compounds and
their use in increasing endogenous erythropoietin. WO 2004/108681
Al, 2004.

(49) Zuk, A.; Si, Z.; Loi, S.; Bommegowda, S.; Hoivik, D.; Danthi, S.;
Molnar, G.; Csizmadia, V.; Rabinowitz, M. Preclinical characterization
of Vadadustat (AKB-6548), an oral small molecule Hypoxia-Inducible
Factor Prolyl-4-Hydroxylase inhibitor, for the potential treatment of
renal anemia. J. Pharmacol. Exp. Ther. 2022, 383 (1), 11-24.

(50) Corner, T. P.; Salah, E.; Tumber, A.; Kaur, S.; Nakashima, Y;
Allen, M. D.; Schnaubelt, L. L; Fiorini, G.; Brewitz, L.; Schofield, C. J.
Crystallographic and selectivity studies on the approved HIF prolyl
hydroxylase inhibitors Desidustat and Enarodustat. ChemMedChem
2024, 19 (2), €202400504.

(51) Yeh, T.-L.; Leissing, T. M.; Abboud, M. I; Thinnes, C. C;
Atasoylu, O.; Holt-Martyn, J. P.; Zhang, D.; Tumber, A,; Lippl, K;
Lohans, C. T.; Leung, I. K. H.; Morcrette, H.; Clifton, L. J.; Claridge,
T. D. W,; Kawamura, A; Flashman, E.; Lu, X; Ratcliffe, P. J.;
Chowdhury, R.; Pugh, C. W,; Schofield, C. J. Molecular and cellular
mechanisms of HIF prolyl hydroxylase inhibitors in clinical trials.
Chem. Sci. 2017, 8 (11), 7651—7668.

(52) Joharapurkar, A. A; Pandya, V. B.; Patel, V. J,; Desai, R. C;
Jain, M. R. Prolyl hydroxylase inhibitors: a breakthrough in the
therapy of anemia associated with chronic diseases. J. Med. Chem.
2018, 61 (16), 6964—6982.

(53) Corner, T. P.; Teo, R. Z. R;; Wu, Y,; Salah, E.; Nakashima, Y;
Fiorini, G.; Tumber, A.; Brasnett, A.; Holt-Martyn, J. P.; Figg, W. D ;
Zhang, X.; Brewitz, L.; Schofield, C. J. Structure-guided optimization

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798


https://doi.org/10.1177/0148607109353440
https://doi.org/10.1177/0148607109353440
https://doi.org/10.1186/1750-1172-7-68
https://doi.org/10.1186/1750-1172-7-68
https://doi.org/10.1186/1750-1172-7-68
https://doi.org/10.1007/s10545-012-9488-8
https://doi.org/10.1007/s10545-012-9488-8
https://doi.org/10.1146/annurev.nutr.18.1.39
https://doi.org/10.1146/annurev.nutr.18.1.39
https://doi.org/10.1042/bj3610417
https://doi.org/10.1042/bj3610417
https://doi.org/10.1002/iub.323
https://doi.org/10.1002/iub.323
https://doi.org/10.1016/S0021-9258(17)34915-3
https://doi.org/10.1016/S0021-9258(17)34915-3
https://doi.org/10.1016/S0021-9258(17)34915-3
https://doi.org/10.1021/bi00857a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00857a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00326a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00326a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1050-1738(02)00175-5
https://doi.org/10.1016/S1050-1738(02)00175-5
https://doi.org/10.1016/S0014-2999(00)00098-4
https://doi.org/10.1016/S0014-2999(00)00098-4
https://doi.org/10.1016/S0014-2999(00)00098-4
https://doi.org/10.1158/2159-8290.CD-20-0288
https://doi.org/10.1158/2159-8290.CD-20-0288
https://doi.org/10.1080/23723556.2020.1813526
https://doi.org/10.1080/23723556.2020.1813526
https://doi.org/10.1016/j.bmcl.2012.06.024
https://doi.org/10.1111/j.1527-3458.2005.tb00267.x
https://doi.org/10.1111/j.1527-3458.2005.tb00267.x
https://doi.org/10.3390/psychoactives3020015
https://doi.org/10.3390/psychoactives3020015
https://doi.org/10.1016/j.bbrc.2010.06.121
https://doi.org/10.3109/14756360902829527
https://doi.org/10.3109/14756360902829527
https://doi.org/10.1002/jbt.20208
https://doi.org/10.1002/jbt.20208
https://doi.org/10.1039/C4SC00020J
https://doi.org/10.1039/C4SC00020J
https://doi.org/10.1039/C4SC00020J
https://doi.org/10.1124/dmd.32.3.333
https://doi.org/10.1124/dmd.32.3.333
https://doi.org/10.1124/dmd.32.3.333
https://doi.org/10.1124/dmd.32.3.333
https://doi.org/10.3389/fneph.2024.1459425
https://doi.org/10.3389/fneph.2024.1459425
https://doi.org/10.1016/j.chembiol.2010.09.016
https://doi.org/10.1016/j.chembiol.2010.09.016
https://doi.org/10.1021/acsmedchemlett.7b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.7b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.kint.2016.07.019
https://doi.org/10.1016/j.kint.2016.07.019
https://doi.org/10.1124/jpet.117.242503
https://doi.org/10.1124/jpet.117.242503
https://doi.org/10.1124/jpet.117.242503
https://doi.org/10.1016/j.brainres.2015.12.017
https://doi.org/10.1016/j.brainres.2015.12.017
https://doi.org/10.1016/j.brainres.2015.12.017
https://doi.org/10.1124/jpet.122.001126
https://doi.org/10.1124/jpet.122.001126
https://doi.org/10.1124/jpet.122.001126
https://doi.org/10.1124/jpet.122.001126
https://doi.org/10.1002/cmdc.202400504
https://doi.org/10.1002/cmdc.202400504
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1021/acs.jmedchem.7b01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3SC04253G
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

of N-hydroxythiazole-derived inhibitors of factor inhibiting hypoxia-
inducible factor-a. Chem. Sci. 2023, 14 (43), 12098—12120.

(54) Patel, H.; Modi, N.; Chaudhari, J.; Patel, P.; Giri, P.; Patel, H.;
Pandya, V.; Desai, R; Jain, M. Nonclinical pharmacokinetic
evaluation of Desidustat: a novel prolyl hydroxylase inhibitor for
the treatment of anemia. Eur. J. Drug Metab. Pharmacokinet. 2022, 47
(5), 725—740.

(55) Pai, S. M.; Kambhampati, S. R. P.; Naruhashi, S.; Yamada, H.
Pharmacokinetics of Enarodustat in non-Japanese and Japanese
healthy subjects and in patients with end-stage renal disease on
hemodialysis. Clin. Pharmacol. Drug Dev. 2023, 12 (7), 683—690.

(56) Singh, A. K; Cizman, B.; Carroll, K; McMurray, J. J. V,;
Perkovic, V.; Jha, V.; Johansen, K. L.; Lopes, R. D.; Macdougall, I. C,;
Obrador, G. T.; Waikar, S. S.; Wanner, C.; Wheeler, D. C.; Wiecek,
A; Stankus, N.; Strutz, F.; Blackorby, A.; Cobitz, A. R.; Meadowcroft,
A. M,; Paul, G.; Ranganathan, P.; Sedani, S.; Solomon, S. Efficacy and
safety of Daprodustat for treatment of anemia of chronic kidney
disease in incident dialysis patients: a randomized clinical trial. JAMA
Int. Med. 2022, 182 (6), 592—602.

(57) Eckardt, K.-U.; Agarwal, R;; Aswad, A,; Awad, A; Block, G. A,
Bacci, M. R; Farag, Y. M. K; Fishbane, S.; Hubert, H.; Jardine, A,;
Khawaja, Z.; Koury, M. J.; Maroni, B. J.; Matsushita, K.; McCullough,
P. A; Lewis, E. F.; Luo, W,; Parfrey, P. S.; Pergola, P.; Sarnak, M. J;
Spinowitz, B.; Tumlin, J.; Vargo, D. L.; Walters, K. A.,; Winkelmayer,
W. C.; Wittes, J.; Zwiech, R.; Chertow, G. M. Safety and efficacy of
Vadadustat for anemia in patients undergoing dialysis. N. Engl. J. Med.
2021, 384 (17), 1601—1612.

(58) Akizawa, T.; Nangaku, M,; Yamaguchi, T.; Koretomo, R;
Maeda, K.; Miyazawa, Y.; Hirakata, H. A Phase 3 study of Enarodustat
(JTZ-951) in Japanese hemodialysis patients for treatment of anemia
in chronic kidney disease: SYMPHONY HD study. Kidney Dis 2021,
7 (6), 494—502.

(59) Provenzano, R;; Szczech, L.; Leong, R.; Saikali, K. G.; Zhong,
M,; Lee, T. T,; Little, D. J.; Houser, M. T.; Frison, L.; Houghton, J.;
Neff, T. B. Efficacy and cardiovascular safety of Roxadustat for
treatment of anemia in patients with non—dialysis-dependent CKD:
pooled results of three randomized clinical trials. Clin. J. Am. Soc.
Nephrol. 2021, 16 (8), 1190—1200.

(60) Rydzik, A. M.; Leung, I. K. H,; Kochan, G. T.; Thalhammer, A.;
Oppermann, U.; Claridge, T. D. W.; Schofield, C. J. Development and
application of a fluoride-detection-based fluorescence assay for y-
Butyrobetaine Hydroxylase. ChemBioChem 2012, 13 (11), 1559—
1563.

(61) Khan, A.; Lesniak, R. K;; Brem, J.; Rydzik, A. M.; Choi, H.;
Leung, I. K. H,; McDonough, M. A,; Schofield, C. J.; Claridge, T. D.
W. Development and application of ligand-based NMR screening
assays for y-butyrobetaine hydroxylase. MedChemComm 2016, 7 (5),
873—880.

(62) Markham, A. Enarodustat: first approval. Drugs 2021, 81 (1),
169—174.

(63) Dhillon, S. Desidustat: first approval. Drugs 2022, 82 (11),
1207-1212.

(64) Gang, S.; Khetan, P,; Varade, D.; Chinta, V. R;; Mavani, S;
Gupta, U; Reddy, S. V. K; Rajanna, S.; Jeloka, T.; Ruhela, V;
Kansagra, K.; Kanani, P.; Bhatt, J.; Zala, K.; Study Investigator Group.
Desidustat in anemia due to dialysis-dependent chronic kidney
disease: a phase 3 study (DREAM-D). Am. J. Nephrol. 2022, 53 (S),
343-3S1.

(65) Mimura, I; Tanaka, T.; Nangaku, M. Evaluating the safety and
efficacy of vadadustat for the treatment of anemia associated with
chronic kidney disease. Expert Opin. Pharmacother. 2024, 25 (9),
1111-1120.

(66) Markham, A. Vadadustat: first approval. Drugs 2020, 80 (13),
1365—-1371.

(67) Tumber, A.; Salah, E.; Brewitz, L.; Corner, T. P.; Schofield, C.
J. Kinetic and inhibition studies on human Jumonji-C (JmjC)
domain-containing protein S. RSC Chem. Biol. 2023, 4 (6), 399—413.

(68) Brewitz, L.; Tumber, A.; Pfeffer, I; McDonough, M. A;
Schofield, C. J. Aspartate/asparagine-f-hydroxylase: a high-through-

9796

put mass spectrometric assay for discovery of small molecule
inhibitors. Sci. Rep. 2020, 10 (1), 8650.

(69) Lesniak, R. K; Rydzik, A. M.; Kamps, J. J. A. G.; Kahn, A;
Claridge, T. D. W,; Schofield, C. J. YF NMR studies on -
butyrobetaine hydroxylase provide mechanistic insights and suggest a
dual inhibition mode. Chem. Commun. 2019, 55 (98), 14717—14720.

(70) Lawson, H.; Holt-Martyn, J. P.; Dembitz, V.; Kabayama, Y,;
Wang, L. M,; Bellani, A.; Atwal, S.; Saffoon, N.; Durko, J.; van de
Lagemaat, L. N.; De Pace, A. L.; Tumber, A.; Corner, T.; Salah, E;
Arndt, C.; Brewitz, L.; Bowen, M.; Dubusse, L.; George, D.; Allen, L.;
Guitart, A. V.; Fung, T. K; So, C. W. E,; Schwaller, J; Gallipoli, P.;
O’Carroll, D.; Schofield, C. J.; Kranc, K. R. The selective prolyl
hydroxylase inhibitor IOXS stabilizes HIF-la and compromises
development and progression of acute myeloid leukemia. Nat. Cancer
2024, 5 (6), 916—937.

(71) Holt-Martyn, J. P.; Chowdhury, R;; Tumber, A.; Yeh, T.-L;
Abboud, M. L; Lippl, K;; Lohans, C. T.; Langley, G. W.; Figg, Jr. W,;
McDonough, M. A;; Pugh, C. W,; Ratcliffe, P. J.; Schofield, C. J.
Structure-activity relationship and crystallographic studies on 4-
hydroxypyrimidine HIF prolyl hydroxylase domain inhibitors.
ChemMedChem 2020, 15 (3), 270—273.

(72) Hutchinson, S. E.; Leveridge, M. V.; Heathcote, M. L.; Francis,
P.; Williams, L.; Gee, M.; Munoz-Muriedas, J.; Leavens, B.; Shillings,
A,; Jones, E.; Homes, P.; Baddeley, S.; Chung, C.-w.; Bridges, A;
Argyrou, A. Enabling lead discovery for histone lysine demethylases
by high-throughput RapidFire mass spectrometry. J. Biomol. Screen.
2012, 17 (1), 39—48.

(73) Desai, R. C; Sharma, R; Pandya, V.; Shah, K; Patel, S;
Chauhan, R.; Nair, R.; Joshi, V.; Patel, M.; Shukla, M. Process for the
preparation of quinolone based compounds. U.S. Patent. 2019/
0359574 Al, 2019.

(74) Islam, M. S.; Leissing, T. M.; Chowdhury, R.; Hopkinson, R. J;
Schofield, C. J. 2-Oxoglutarate-dependent oxygenases. Annu. Rev.
Biochem. 2018, 87, 585—620.

(75) Jones, G; Willett, P.; Glen, R. C; Leach, A. R; Taylor, R.
Development and validation of a genetic algorithm for flexible
docking. J. Mol. Biol. 1997, 267 (3), 727—748.

(76) Aguilar, J. A.; Nilsson, M.; Bodenhausen, G.; Morris, G. A. Spin
echo NMR spectra without ] modulation. Chem. Commun. 2012, 48
(6), 811-813.

(77) The UniProt Consortium. UniProt: the Universal Protein
Knowledgebase in 2023. Nucleic Acids Res. 2022, S1 (D1), D523—
DS31.

(78) Rydzik, A. M.; Leung, I. K. H; Kochan, G. T.; Loik, N. D,;
Henry, L.; McDonough, M. A,; Claridge, T. D. W.; Schofield, C. J.
Comparison of the substrate selectivity and biochemical properties of
human and bacterial y-butyrobetaine hydroxylase. Org. Biomol. Chem.
2014, 12 (33), 6354—6358.

(79) McDonough, M. A;; McNeill, L. A.; Tilliet, M.; Papamicaél, C.
A.; Chen, Q.-Y,; Banerji, B.; Hewitson, K. S.; Schofield, C. J. Selective
inhibition of factor inhibiting hypoxia-inducible factor. J. Am. Chem.
Soc. 2008, 127 (21), 7680—7681.

(80) Nakashima, Y.; Brewitz, L.; Tumber, A.; Salah, E.; Schofield, C.
J. 2-Oxoglutarate derivatives can selectively enhance or inhibit the
activity of human oxygenases. Nat. Commun. 2021, 12 (1), 6478.

(81) Elkins, J. M.; Hewitson, K. S.; McNeill, L. A.; Seibel, J. F.;
Schlemminger, I; Pugh, C. W.,; Ratcliffe, P. J; Schofield, C. ].
Structure of factor-inhibiting hypoxia-inducible factor (HIF) reveals
mechanism of oxidative modification of HIF-1a. J. Biol. Chem. 2003,
278 (3), 1802—1806.

(82) Kamps, J. J. A. G.; Khan, A.; Choi, H.; Lesniak, R. K.; Brem, J;
Rydzik, A. M,; McDonough, M. A,; Schofield, C. J; Claridge, T. D.
W.; Mecinovi¢, J. Cation—7 interactions contribute to substrate
recognition in y-Butyrobetaine Hydroxylase catalysis. Chem.—Eur. ].
2016, 22 (4), 1270—1276.

(83) Wu, Y,; Chen, Y.; Corner, T. P.; Nakashima, Y.; Salah, E.; Li,
Z.; Zhang, L.; Yang, L.; Tumber, A.; Sun, Z.; Wen, Y.; Zhong, A,;
Yang, F.; Li, X; Zhang, Z.; Schofield, C. J.; Zhang, X. A small-
molecule inhibitor of Factor Inhibiting HIF binding to a tyrosine-flip

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798


https://doi.org/10.1039/D3SC04253G
https://doi.org/10.1039/D3SC04253G
https://doi.org/10.1007/s13318-022-00788-3
https://doi.org/10.1007/s13318-022-00788-3
https://doi.org/10.1007/s13318-022-00788-3
https://doi.org/10.1002/cpdd.1252
https://doi.org/10.1002/cpdd.1252
https://doi.org/10.1002/cpdd.1252
https://doi.org/10.1001/jamainternmed.2022.0605
https://doi.org/10.1001/jamainternmed.2022.0605
https://doi.org/10.1001/jamainternmed.2022.0605
https://doi.org/10.1056/NEJMoa2025956
https://doi.org/10.1056/NEJMoa2025956
https://doi.org/10.1159/000517053
https://doi.org/10.1159/000517053
https://doi.org/10.1159/000517053
https://doi.org/10.2215/CJN.16191020
https://doi.org/10.2215/CJN.16191020
https://doi.org/10.2215/CJN.16191020
https://doi.org/10.1002/cbic.201200256
https://doi.org/10.1002/cbic.201200256
https://doi.org/10.1002/cbic.201200256
https://doi.org/10.1039/C6MD00004E
https://doi.org/10.1039/C6MD00004E
https://doi.org/10.1007/s40265-020-01444-3
https://doi.org/10.1007/s40265-022-01744-w
https://doi.org/10.1159/000523949
https://doi.org/10.1159/000523949
https://doi.org/10.1080/14656566.2024.2370896
https://doi.org/10.1080/14656566.2024.2370896
https://doi.org/10.1080/14656566.2024.2370896
https://doi.org/10.1007/s40265-020-01383-z
https://doi.org/10.1039/D2CB00249C
https://doi.org/10.1039/D2CB00249C
https://doi.org/10.1038/s41598-020-65123-9
https://doi.org/10.1038/s41598-020-65123-9
https://doi.org/10.1038/s41598-020-65123-9
https://doi.org/10.1039/C9CC06466D
https://doi.org/10.1039/C9CC06466D
https://doi.org/10.1039/C9CC06466D
https://doi.org/10.1038/s43018-024-00761-w
https://doi.org/10.1038/s43018-024-00761-w
https://doi.org/10.1038/s43018-024-00761-w
https://doi.org/10.1002/cmdc.201900557
https://doi.org/10.1002/cmdc.201900557
https://doi.org/10.1177/1087057111416660
https://doi.org/10.1177/1087057111416660
https://doi.org/10.1146/annurev-biochem-061516-044724
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1006/jmbi.1996.0897
https://doi.org/10.1039/C1CC16699A
https://doi.org/10.1039/C1CC16699A
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1039/C4OB01167H
https://doi.org/10.1039/C4OB01167H
https://doi.org/10.1021/ja050841b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050841b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-26673-2
https://doi.org/10.1038/s41467-021-26673-2
https://doi.org/10.1074/jbc.C200644200
https://doi.org/10.1074/jbc.C200644200
https://doi.org/10.1002/chem.201503761
https://doi.org/10.1002/chem.201503761
https://doi.org/10.1002/anie.202410438
https://doi.org/10.1002/anie.202410438
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

pocket for the treatment of obesity. Angew. Chem., Int. Ed. 2024, 63
(40), €202410438.

(84) Shishodia, S.; Demetriades, M;; Zhang, D.; Tam, N. Y,;
Maheswaran, P.; Clunie-O’Connor, C.; Tumber, A.; Leung, I. K. H;
Ng, Y. M,; Leissing, T. M.; El-Sagheer, A. H,; Salah, E.; Brown, T;
Aik, W. S.; McDonough, M. A; Schofield, C. J. Structure-based design
of selective fat mass and obesity associated protein (FTO) inhibitors.
J. Med. Chem. 2021, 64 (22), 16609—16625.

(85) Altman, R. A; Buchwald, S. L. Cu-catalyzed Goldberg and
Ullmann reactions of aryl halides using chelating N- and O-based
ligands. Nat. Protoc. 2007, 2 (10), 2474—2479.

(86) Carcenac, Y.; Diter, P.; Wakselman, C.; Tordeux, M.
Experimental determination of the conformational free energies (A
values) of fluorinated substituents in cyclohexane by dynamic 'F
NMR spectroscopy. Part 1. Description of the method for the
trifluoromethyl group. New J. Chem. 2006, 30 (3), 442—446.

(87) Winstein, S.; Holness, N. J. Neighboring Carbon and
Hydrogen. XIX. t-Butylcyclohexyl derivatives. Quantitative conforma-
tional analysis. J. Am. Chem. Soc. 1955, 77 (21), 5562—5578.

(88) Chowdhury, R;; Candela-Lena, J. L; Chan, M. C.; Greenald, D.
J.; Yeoh, K. K; Tian, Y.-M.; McDonough, M. A.; Tumber, A.; Rose,
N. R; Conejo-Garcia, A.; Demetriades, M.; Mathavan, S.; Kawamura,
A.; Lee, M. K;; van Eeden, F.; Pugh, C. W,; Ratcliffe, P. J.; Schofield,
C. J. Selective small molecule probes for the hypoxia inducible factor
(HIF) prolyl hydroxylases. ACS Chem. Biol. 2013, 8 (7), 1488—1496.

(89) Aik, W.; Demetriades, M.; Hamdan, M. K. K; Bagg, E. A. L,
Yeoh, K. K;; Lejeune, C.; Zhang, Z.; McDonough, M. A.; Schofield, C.
J. Structural basis for inhibition of the fat mass and obesity associated
protein (FTO). J. Med. Chem. 2013, 56 (9), 3680—3688.

(90) Westaway, S. M.; Preston, A. G. S.; Barker, M. D.; Brown, F.;
Brown, J. A,; Campbell, M.; Chung, C.-w.; Drewes, G.; Eagle, R;;
Garton, N.; Gordon, L.; Haslam, C.; Hayhow, T. G.; Humphreys, P.
G.; Joberty, G.; Katso, R.; Kruidenier, L.; Leveridge, M.; Pemberton,
M.; Rioja, L; Seal, G. A,; Shipley, T.; Singh, O.; Suckling, C. J.; Taylor,
J.; Thomas, P.; Wilson, D. M.; Lee, K.; Prinjha, R. K. Cell penetrant
inhibitors of the KDM4 and KDMS families of histone lysine
demethylases. 2. Pyrido[3,4-d]pyrimidin-4(3H)-one derivatives. J.
Med. Chem. 2016, 59 (4), 1370—1387.

(91) Le Bihan, Y.-V.; Lanigan, R. M.; Atrash, B.; McLaughlin, M. G;
Velupillai, S.; Malcolm, A. G.; England, K. S.; Ruda, G. F.; Mok, N. Y,;
Tumber, A,; Tomlin, K; Saville, H.; Shehu, E.; McAndrew, C,;
Carmichael, L.; Bennett, J. M.; Jeganathan, F.; Eve, P.; Donovan, A,;
Hayes, A.;; Wood, F.; Raynaud, F. I; Fedorov, O.; Brennan, P. E;
Burke, R; van Montfort, R. L. M.; Rossanese, O. W.; Blagg, J;
Bavetsias, V. C8-Substituted pyrido[3,4-d]pyrimidin-4(3H)-ones:
studies towards the identification of potent, cell penetrant Jumonji
C domain containing histone lysine demethylase 4 subfamily
(KDM4) inhibitors, compound profiling in cell-based target engage-
ment assays. Eur. J. Med. Chem. 2019, 177, 316—337.

(92) Liang, J.; Labadie, S.; Zhang, B.; Ortwine, D. F; Patel, S;
Vinogradova, M,; Kiefer, J. R.; Mauer, T.; Gehling, V. S.; Harmange,
J.-C.; Cummings, R; Lai, T.; Liao, J.; Zheng, X,; Liu, Y.; Gustafson,
A.; Van der Porten, E.; Mao, W.; Liederer, B. M.; Deshmukh, G.; An,
L.; Ran, Y,; Classon, M.; Trojer, P.; Dragovich, P. S.; Murray, L. From
a novel HTS hit to potent, selective, and orally bioavailable KDMS5
inhibitors. Bioorg. Med. Chem. Lett. 2017, 27 (13), 2974—2981.

(93) Vinogradova, M.; Gehling, V. S.; Gustafson, A.; Arora, S.;
Tindell, C. A;; Wilson, C.; Williamson, K. E.; Guler, G. D.; Gangurde,
P.; Manieri, W.; Busby, J.; Flynn, E. M.; Lan, F.; Kim, H.-j.; Odate, S;
Cochran, A. G,; Liu, Y.; Wongchenko, M.; Yang, Y,; Cheung, T. K;
Maile, T. M.; Lau, T.; Costa, M.; Hegde, G. V.; Jackson, E,; Pitti, R.;
Arnott, D.; Bailey, C.; Bellon, S.; Cummings, R. T.; Albrecht, B. K;
Harmange, J.-C.; Kiefer, J. R.; Trojer, P.; Classon, M. An inhibitor of
KDMS demethylases reduces survival of drug-tolerant cancer cells.
Nat. Chem. Biol. 2016, 12 (7), 531—538.

(94) Matecki, P. H; Riiger, N.; Roatsch, M.; Krylova, O.; Link, A;
Jung, M.; Heinemann, U.; Weiss, M. S. Structure-based screening of
tetrazolylhydrazide inhibitors versus KDM4 histone demethylases.
ChemMedChem 2019, 14 (21), 1828—1839.

9797

(95) Beck, H.; Jeske, M.; Thede, K.; Stoll, F.; Flamme, I.; Akbaba,
M.; Ergiiden, J.-K; Karig, G.; Keldenich, J.; Oehme, F.; Militzer, H.-
C.; Hartung, L V.; Thuss, U. Discovery of Molidustat (BAY 85—
3934): a small-molecule oral HIF-prolyl pydroxylase (HIF-PH)
inhibitor for the treatment of renal anemia. ChemMedChem 2018, 13
(10), 988—1003.

(96) Figg, Jr. W. D; McDonough, M. A; Chowdhury, R;
Nakashima, Y.; Zhang, Z.; Holt-Martyn, J. P.; Krajnc, A.; Schofield,
C. J. Structural basis of prolyl hydroxylase domain inhibition by
Molidustat. ChemMedChem 2021, 16 (13), 2082—2088.

(97) Lassalas, P.; Gay, B.; Lasfargeas, C.; James, M. J; Tran, V,;
Vijayendran, K. G.; Brunden, K. R;; Kozlowski, M. C.; Thomas, C. J;
Smith, A. B, III; Huryn, D. M,; Ballatore, C. Structure property
relationships of carboxylic acid isosteres. J. Med. Chem. 2016, 59 (7),
3183—3203.

(98) Mecinovi¢, J.; Loenarz, C.; Chowdhury, R.; Schofield, C. J. 2-
Oxoglutarate analogue inhibitors of prolyl hydroxylase domain 2.
Bioorg. Med. Chem. Lett. 2009, 19 (21), 6192—6195.

(99) Wang, T.; Zhang, R; Liu, Y.; Fang, Z.; Zhang, H.; Fan, Y;
Yang, S.; Xiang, R. Discovery of a new class of JMJD6 inhibitors and
structure—activity relationship study. Bioorg. Med. Chem. Lett. 2021,
44, 128109.

(100) Sugimura, T.; Hagiya, K. Di-2-methoxyethyl Azodicarboxylate
(DMEAD): An inexpensive and separation-friendly alternative
reagent for the Mitsunobu reaction. Chem. Lett. 2007, 36 (4), S66—
567.

(101) Riiger, N.; Roatsch, M.; Emmrich, T.; Franz, H.; Schiile, R ;
Jung, M,; Link, A. Tetrazolylhydrazides as selective fragment-like
inhibitors of the JumonjiC-domain-containing histone demethylase
KDM4A. ChemMedChem 2015, 10 (11), 1875—1883.

(102) McDonough, M. A; Loenarz, C.; Chowdhury, R.; Clifton, L.
J; Schofield, C. J. Structural studies on human 2-oxoglutarate
dependent oxygenases. Curr. Opin. Struct. Biol. 2010, 20 (6), 659—
672.

(103) Maxwell, P. H; Eckardt, K-U. HIF prolyl hydroxylase
inhibitors for the treatment of renal anaemia and beyond. Nat. Rev.
Nephrol. 2016, 12 (3), 157—168.

(104) Haase, V. H. Hypoxia-inducible factor—prolyl hydroxylase
inhibitors in the treatment of anemia of chronic kidney disease. Kidney
Int. Suppl. 2021, 11 (1), 8-25.

(105) Rebouche, C. J.; Engel, A. G. Tissue distribution of carnitine
biosynthetic enzymes in man. Biochim. Biophys. Acta - Gen. Subj. 1980,
630 (1), 22—29.

(106) Nakanishi, T.; Kuragano, T. Growing concerns about using
hypoxia-inducible factor prolyl hydroxylase inhibitors for the
treatment of renal anemia. Clin. Kidney ]. 2024, 17 (3), sfae0S1.

(107) Uchida, L.; Tanaka, T.; Saito, H.; Sugahara, M.; Wakashima,
T.; Fukui, K.; Nangaku, M. Effects of a prolyl hydroxylase inhibitor on
kidney and cardiovascular complications in a rat model of chronic
kidney disease. Am. J. Physiol. Renal. Physiol. 2020, 318 (2), F388—
F401.

(108) Chertow, G. M.; Pergola, P. E.; Farag, Y. M,; Agarwal, R;
Arnold, S.; Bako, G.; Block, G. A,; Burke, S.; Castillo, F. P.; Jardine, A.
G.; et al. Vadadustat in patients with anemia and non—dialysis-
dependent CKD. N. Engl. J. Med. 2021, 384 (17), 1589—1600.

(109) Parfrey, P. S.; Burke, S. K;; Chertow, G. M.; Eckardt, K.-U.;
Jardine, A. G.; Lewis, E. F.; Luo, W.; Matsushita, K.; McCullough, P.
A.; Minga, T.; Winkelmayer, W. C. Safety endpoints with Vadadustat
versus Darbepoetin Alfa in patients with non—dialysis-dependent
CKD: a post hoc regional analysis of the PRO,TECT randomized
clinical trial of ESA-treated patients. Kidney Med. 2023, S (7), 100667.

(110) Winkelmayer, W. C.; Arnold, S.; Burke, S. K; Chertow, G. M;
Eckardt, K.-U,; Jardine, A. G.; Lewis, E. F.; Luo, W.; Matsushita, K;;
McCullough, P. A;; Minga, T.; Parfrey, P. S. Safety endpoints with
Vadadustat versus Darbepoetin Alfa in patients with non—dialysis-
dependent CKD: a post hoc regional analysis of the PRO,TECT
randomized clinical trial of ESA-naive patients. Kidney Med. 2023, 5
(7), 100666.

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798


https://doi.org/10.1002/anie.202410438
https://doi.org/10.1021/acs.jmedchem.1c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nprot.2007.364
https://doi.org/10.1038/nprot.2007.364
https://doi.org/10.1038/nprot.2007.364
https://doi.org/10.1039/b516636e
https://doi.org/10.1039/b516636e
https://doi.org/10.1039/b516636e
https://doi.org/10.1039/b516636e
https://doi.org/10.1021/ja01626a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01626a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01626a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb400088q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb400088q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm400193d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm400193d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2019.05.041
https://doi.org/10.1016/j.ejmech.2019.05.041
https://doi.org/10.1016/j.ejmech.2019.05.041
https://doi.org/10.1016/j.ejmech.2019.05.041
https://doi.org/10.1016/j.ejmech.2019.05.041
https://doi.org/10.1016/j.bmcl.2017.05.016
https://doi.org/10.1016/j.bmcl.2017.05.016
https://doi.org/10.1016/j.bmcl.2017.05.016
https://doi.org/10.1038/nchembio.2085
https://doi.org/10.1038/nchembio.2085
https://doi.org/10.1002/cmdc.201900441
https://doi.org/10.1002/cmdc.201900441
https://doi.org/10.1002/cmdc.201700783
https://doi.org/10.1002/cmdc.201700783
https://doi.org/10.1002/cmdc.201700783
https://doi.org/10.1002/cmdc.202100133
https://doi.org/10.1002/cmdc.202100133
https://doi.org/10.1021/acs.jmedchem.5b01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2009.09.005
https://doi.org/10.1016/j.bmcl.2009.09.005
https://doi.org/10.1016/j.bmcl.2021.128109
https://doi.org/10.1016/j.bmcl.2021.128109
https://doi.org/10.1246/cl.2007.566
https://doi.org/10.1246/cl.2007.566
https://doi.org/10.1246/cl.2007.566
https://doi.org/10.1002/cmdc.201500335
https://doi.org/10.1002/cmdc.201500335
https://doi.org/10.1002/cmdc.201500335
https://doi.org/10.1016/j.sbi.2010.08.006
https://doi.org/10.1016/j.sbi.2010.08.006
https://doi.org/10.1038/nrneph.2015.193
https://doi.org/10.1038/nrneph.2015.193
https://doi.org/10.1016/j.kisu.2020.12.002
https://doi.org/10.1016/j.kisu.2020.12.002
https://doi.org/10.1016/0304-4165(80)90133-6
https://doi.org/10.1016/0304-4165(80)90133-6
https://doi.org/10.1093/ckj/sfae051
https://doi.org/10.1093/ckj/sfae051
https://doi.org/10.1093/ckj/sfae051
https://doi.org/10.1152/ajprenal.00419.2019
https://doi.org/10.1152/ajprenal.00419.2019
https://doi.org/10.1152/ajprenal.00419.2019
https://doi.org/10.1056/nejmoa2035938
https://doi.org/10.1056/nejmoa2035938
https://doi.org/10.1016/j.xkme.2023.100667
https://doi.org/10.1016/j.xkme.2023.100667
https://doi.org/10.1016/j.xkme.2023.100667
https://doi.org/10.1016/j.xkme.2023.100667
https://doi.org/10.1016/j.xkme.2023.100666
https://doi.org/10.1016/j.xkme.2023.100666
https://doi.org/10.1016/j.xkme.2023.100666
https://doi.org/10.1016/j.xkme.2023.100666
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(111) Rose, N. R;; McDonough, M. A,; King, O. N. F.,; Kawamura,
A.; Schofield, C. J. Inhibition of 2-oxoglutarate dependent oxygenases.
Chem. Soc. Rev. 2011, 40 (8), 4364—4397.

(112) Das, N. D.; Niwa, H; Umehara, T. Chemical inhibitors
targeting the histone lysine gemethylase families with potential for
drug discovery. Epigenomes 2023, 7 (1), 7.

(113) Kanwal, M.; Smahel, M.; Olsen, M.; Smahelova, J.; Tachezy,
R. Aspartate f-hydroxylase as a target for cancer therapy. J. Exp. Clin.
Cancer Res. 2020, 39 (1), 163.

(114) Aihara, A,; Huang, C. K; Olsen, M. J.; Lin, Q; Chung, W.;
Tang, Q; Dong, X;; Wands, J. R. A cell-surface f-hydroxylase is a
biomarker and therapeutic target for hepatocellular carcinoma.
Hepatology 2014, 60 (4), 1302—1313.

(115) Brewitz, L.; Tumber, A.; Thalhammer, A.; Salah, E;
Christensen, K. E.; Schofield, C. J. Synthesis of novel pyridine-
carboxylates as small-molecule inhibitors of humanAspartate/
Asparagine-f-Hydroxylase. ChemMedChem 2020, 15 (13), 1139—
1149.

(116) Brewitz, L.; Tumber, A.; Zhang, X.; Schofield, C. J. Small-
molecule active pharmaceutical ingredients of approved cancer
therapeutics inhibit human aspartate/asparagine-#-hydroxylase.
Biorg. Med. Chem. 2020, 28 (20), 115675.

(117) Brewitz, L.; Nakashima, Y.; Tumber, A.; Salah, E.; Schofield,
C. J. Fluorinated derivatives of pyridine-2,4-dicarboxylate are potent
inhibitors of human 2-oxoglutarate dependent oxygenases. J. Fluorine
Chem. 2021, 247, 109804.

(118) Brewitz, L.; Nakashima, Y.; Schofield, C. J. Synthesis of 2-
oxoglutarate derivatives and their evaluation as cosubstrates and
inhibitors of human aspartate/asparagine-f-hydroxylase. Chem. Sci.
2021, 12 (4), 1327—1342.

(119) Chandhasin, C.; Dang, V.; Perabo, F.; Del Rosario, J.; Chen,
Y. K;; Filvaroff, E.; Stafford, J. A.; Clarke, M. TACH101, a first-in-
class pan-inhibitor of KDM#4 histone demethylase. Anti-Cancer Drugs
2023, 34 (10), 1122—1131.

(120) Wu, Q; Young, B.; Wang, Y.; Davidoff, A. M.; Rankovic, Z.;
Yang, J. Recent advances with KDM4 inhibitors and potential
applications. J. Med. Chem. 2022, 65 (14), 9564—9579.

(121) Lee, D. H;; Kim, G. W.; Jeon, Y. H.; Yoo, J.; Lee, S. W.; Kwon,
S. H. Advances in histone demethylase KDM4 as cancer therapeutic
targets. FASEB J. 2020, 34 (3), 3461—3484.

(122) Thinnes, C. C; England, K. S.; Kawamura, A.; Chowdhury,
R; Schofield, C. J; Hopkinson, R. ]. Targeting histone lysine
demethylases — Progress, challenges, and the future. Biochim.
Biophys. Acta 2014, 1839 (12), 1416—1432.

(123) Brewitz, L.; Nakashima, Y.; Piasecka, S. K.; Salah, E.; Fletcher,
S. C.; Tumber, A; Corner, T. P.; Kennedy, T. J; Fiorini, G;
Thalhammer, A.; Christensen, K. E.; Coleman, M. L.; Schofield, C. J.
S-Substituted pyridine-2,4-dicarboxylate derivatives have potential for
selective inhibition of human Jumonji-C Domain-Containing protein
5. J. Med. Chem. 2023, 66 (15), 10849—1086S.

(124) Parmar, D. V.; Kansagra, K. A; Patel, J. C; Joshi, S. N,;
Sharma, N. S.; Shelat, A. D.; Patel, N. B.; Nakrani, V. B.; Shaikh, F. A,;
Patel, H. V. ZYANI Trial Investigators. Outcomes of Desidustat
treatment in people with anemia and chronic kidney disease: a phase
2 study. Am. J. Nephrol. 2019, 49 (6), 470—478.

(125) Pfeffer, I.; Brewitz, L.; Krojer, T.; Jensen, S. A.; Kochan, G. T,;
Kershaw, N. J.; Hewitson, K. S.; McNeill, L. A.; Kramer, H.; Miinzel,
M.; Hopkinson, R. J.; Oppermann, U.; Handford, P. A.; McDonough,
M. A; Schofield, C. J. Aspartate/asparagine-f-hydroxylase crystal
structures reveal an unexpected epidermal growth factor-like domain
substrate disulfide pattern. Nat. Commun. 2019, 10 (1), 4910.

(126) Brewitz, L.; Brasnett, A.; Schnaubelt, L. I; Rabe, P.; Tumber,
A.; Schofield, C. J. Chapter Thirteen - Methods for production and
assaying catalysis of isolated recombinant human aspartate/
asparagine-f-hydroxylase. Methods Enzymol. 2024, 704, 313—344.

(127) Ng, S. S.; Kavanagh, K. L.; McDonough, M. A,; Butler, D.;
Pilka, E. S.; Lienard, B. M. R,; Bray, J. E.; Savitsky, P.; Gileadi, O.; von
Delft, F; Rose, N. R; Offer, J.; Scheinost, J. C.; Borowski, T.;
Sundstrom, M.; Schofield, C. J.; Oppermann, U. Crystal structures of

9798

histone demethylase JMJD2A reveal basis for substrate specificity.
Nature 2007, 448 (7149), 87—91.

(128) Winter, G. xia2: an expert system for macromolecular
crystallography data reduction. J. Appl. Crystallogr. 2010, 43 (1),
186—190.

(129) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn,
M. D,; Storoni, L. C.; Read, R. J. Phaser crystallographic software. J.
Appl. Crystallogr. 2007, 40 (4), 658—674.

(130) Liebschner, D.; Afonine, P. V.; Baker, M. L.; Bunkoczi, G.;
Chen, V. B;; Croll, T. I; Hintze, B.; Hung, L.-W; Jain, S.; McCoy, A.
J.; Moriarty, N. W.; Oeffner, R. D.; Poon, B. K; Prisant, M. G.; Read,
R. J.; Richardson, J. S.; Richardson, D. C.; Sammito, M. D.; Sobolev,
0.V,; Stockwell, D. H.; Terwilliger, T. C.; Urzhumtsev, A. G.; Videau,
L. L; Williams, C. J; Adams, P. D. Macromolecular structure
determination using X-rays, neutrons and electrons: recent develop-
ments in Phenix. Acta Crystallogr. D 2019, 75 (10), 861—877.

(131) Yang, M; Hardy, A. P.; Chowdhury, R.; Loik, N. D.; Scotti, J.
S.; McCullagh, J. S. O.; Claridge, T. D. W.; McDonough, M. A,; Ge,
W.; Schofield, C. J. Substrate selectivity analyses of factor inhibiting
hypoxia-inducible factor. Angew. Chem., Int. Ed. 2013, 52 (6), 1700—
1704.

(132) Emsley, P.; Cowtan, K. Coot: model-building tools for
molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 2004, 60 (12),
2126—-2132.

(133) DeLano, W. L. The PyMOL Molecular Graphics System; De
Lano Scientific, San Carlos, 2002.

(134) Liebschner, D.; Afonine, P. V.; Moriarty, N. W.; Poon, B. K;
Sobolev, O. V.; Terwilliger, T. C; Adams, P. D. Polder maps:
improving OMIT maps by excluding bulk solvent. Acta Crystallogr. D
2017, 73 (2), 148—157.

(135) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.
N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data
Bank. Nucleic Acids Res. 2000, 28 (1), 235—242.

(136) Word, J. M.; Lovell, S. C.; Richardson, J. S.; Richardson, D. C.
Asparagine and glutamine: using hydrogen atom contacts in the
choice of side-chain amide orientation. J. Mol. Biol. 1999, 285 (4),
1735—1747.

(137) Chen, V. B.; Arendall III, W. B.; Headd, J. J.; Keedy, D. A;
Immormino, R. M,; Kapral, G. J.; Murray, L. W.; Richardson, J. S,;
Richardson, D. C. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D 2010, 66 (1),
12-21.

(138) Sendergaard, C. R.; Olsson, M. H.; Rostkowski, M.; Jensen, J.
H. Improved treatment of ligands and coupling effects in empirical
calculation and rationalization of pKa values. J. Chem. Theory Comput.
2011, 7 (7), 2284—2295.

(139) Verdonk, M. L.; Cole, J. C.; Hartshorn, M. J.; Murray, C. W.;
Taylor, R. D. Improved protein—ligand docking using GOLD. Proteins
2003, 52 (4), 609—623.

https://doi.org/10.1021/acs.jmedchem.5c00586
J. Med. Chem. 2025, 68, 9777—9798


https://doi.org/10.1039/c0cs00203h
https://doi.org/10.3390/epigenomes7010007
https://doi.org/10.3390/epigenomes7010007
https://doi.org/10.3390/epigenomes7010007
https://doi.org/10.1186/s13046-020-01669-w
https://doi.org/10.1002/hep.27275
https://doi.org/10.1002/hep.27275
https://doi.org/10.1002/cmdc.202000147
https://doi.org/10.1002/cmdc.202000147
https://doi.org/10.1002/cmdc.202000147
https://doi.org/10.1016/j.bmc.2020.115675
https://doi.org/10.1016/j.bmc.2020.115675
https://doi.org/10.1016/j.bmc.2020.115675
https://doi.org/10.1016/j.jfluchem.2021.109804
https://doi.org/10.1016/j.jfluchem.2021.109804
https://doi.org/10.1039/D0SC04301J
https://doi.org/10.1039/D0SC04301J
https://doi.org/10.1039/D0SC04301J
https://doi.org/10.1097/CAD.0000000000001514
https://doi.org/10.1097/CAD.0000000000001514
https://doi.org/10.1021/acs.jmedchem.2c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1096/fj.201902584R
https://doi.org/10.1096/fj.201902584R
https://doi.org/10.1016/j.bbagrm.2014.05.009
https://doi.org/10.1016/j.bbagrm.2014.05.009
https://doi.org/10.1021/acs.jmedchem.3c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1159/000500232
https://doi.org/10.1159/000500232
https://doi.org/10.1159/000500232
https://doi.org/10.1038/s41467-019-12711-7
https://doi.org/10.1038/s41467-019-12711-7
https://doi.org/10.1038/s41467-019-12711-7
https://doi.org/10.1016/bs.mie.2024.06.003
https://doi.org/10.1016/bs.mie.2024.06.003
https://doi.org/10.1016/bs.mie.2024.06.003
https://doi.org/10.1038/nature05971
https://doi.org/10.1038/nature05971
https://doi.org/10.1107/S0021889809045701
https://doi.org/10.1107/S0021889809045701
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1002/anie.201208046
https://doi.org/10.1002/anie.201208046
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S2059798316018210
https://doi.org/10.1107/S2059798316018210
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1006/jmbi.1998.2401
https://doi.org/10.1006/jmbi.1998.2401
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1021/ct200133y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct200133y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.10465
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

