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Selective Inhibitors of a Human Prolyl Hydroxylase (OGFOD1)
Involved in Ribosomal Decoding
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Abstract: Human prolyl hydroxylases are involved in the
modification of transcription factors, procollagen, and ribo-

somal proteins, and are current medicinal chemistry targets.

To date, there are few reports on inhibitors selective for the
different types of prolyl hydroxylases. We report a structural-

ly informed template-based strategy for the development of

inhibitors selective for the human ribosomal prolyl hydroxy-
lase OGFOD1. These inhibitors did not target the other

human oxygenases tested, including the structurally similar

hypoxia-inducible transcription factor prolyl hydroxylase,
PHD2.

Introduction

In humans and other animals, prolyl hydroxylases (PHs) play

critical roles in collagen biosynthesis and hypoxia sensing.[1–3]

The PHs are FeII and 2-oxoglutarate (2OG) dependent oxygen-

ases, which normally produce succinate and CO2 as co-
products.[4] The procollagen PHs (CP3H and CP4 H) hydroxylate

either C3 or C4 of prolyl residues; the latter is essential for

maintenance of the collagen triple helix secondary structure
(Figure 1 A).[5, 6] In humans, the prolyl hydroxylase domain en-

zymes (PHD1, 2, and 3) act as oxygen sensors in the chronic re-
sponse to hypoxia by catalyzing oxygen-limited hydroxylation

of prolyl residues in the hypoxia-inducible factor-a (HIFa) sub-

units of HIF transcription factors, leading to HIFa degradation

in aerobic conditions (Figure 1 A).[1]

The human 2OG oxygenase OGFOD1 has been recently

shown to hydroxylate Pro-62 of the ribosomal protein
RPS23.[7–10] Pro-62RPS23 is situated in the ribosomal decoding

site, which is responsible for ensuring the fidelity of mRNA
codon recognition by tRNA and release factor proteins during

protein synthesis.[11, 12] While the role of this hydroxylation in

Figure 1. Prolyl hydroxylase reactions and structures: (A) Regio- and stereo-
selectivity of hydroxylations catalyzed by different types of prolyl hydroxylas-
es. Each hydroxylation is coupled to the conversion of 2-oxoglutarate (2OG)
and O2 into succinate and CO2. OGFOD1 acts on a ribosomal protein, the
CPHs act on procollagen, and the PHDs act on the hypoxia inducible factor
(HIF) transcription factors.[5] (B) Structures of 2OG and the 2OG analogue N-
oxalylglycine (NOG). (C, D) Views from the crystallographically observed
active sites of OGFOD1 (PDB 4NHX)[10] and PHD2 (PDB 5L9R)[15] showing the
interactions between active site residues, the bound metal [MnII substituting
for FeII] , and NOG.
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human and animal cells is not yet understood, the Saccharo-
myces cerevisiae OGFOD1 homologue Tpa1p is proposed to

catalyze dihydroxylation of the corresponding prolyl residue,
and to regulate translational accuracy in an mRNA sequence

context-dependent manner.[8, 13, 14]

Of the ~60–70 human 2OG oxygenases, some are current

medicinal chemistry targets, including enzymes involved in
chromatin modification and lipid metabolism.[5, 16] Inhibition of
the procollagen hydroxylases is under consideration as a

target to limit the overproduction of collagen associated with
certain cancers and fibrotic diseases.[17] The PHDs are presently
being targeted for the treatment of hypoxia-related diseases,
with inhibitors in late-stage clinical trials for anaemia.[18] If

OGFOD1 is indeed involved in mRNA codon recognition, as
suggested based on studies of yeast homologues,[8, 13] small-

molecule-mediated inhibition of ribosomal hydroxylation could

prove useful for the treatment of diseases such as muscular
dystrophy that are caused by premature stop-codons through

nonsense suppression.[19] However, due to the uncertainty re-
garding the specific roles of OGFOD1 and OGFOD1-catalysed

hydroxylation in animals, it is unclear how exactly its inhibition
might manifest. Thus, such OGFOD1 inhibitors are also of inter-

est as chemical probes to decipher the biological role of RPS23

hydroxylation, as well as those of other recently reported ribo-
some-associated hydroxylations.[20–23]

As the 2OG oxygenases are involved in diverse biological
processes, developing inhibitors selective for particular oxy-

genases is an important therapeutic consideration. The avail-
able biophysical evidence, principally from crystallography, im-

plies that key features in the active sites of the different types

of human PHs are substantially, but not completely, con-
served.[4] Therefore, there is the potential that inhibitors target-

ing OGFOD1 could also interfere with hypoxia sensing and col-
lagen biosynthesis through inhibition of other PHs (or vice

versa). To date, no detailed evidence for inhibitors selective for
the different types of human PHs have been reported. Here,

we establish the viability of a structure-guided template-based

approach for the development of selective OGFOD1 inhibitors
which do not target the other human oxygenases tested, in-
cluding the human hypoxia-sensing enzyme PHD2.

Results

To assess the viability of developing inhibitors selective for par-
ticular PHs, with a focus on OGFOD1, we first compared crystal
structures of OGFOD1 and PHD2.[10, 24, 25] Although there are dif-

ferences in the OGFOD1 and PHD2 active sites, the binding
modes of 2OG [and the 2OG analogue N-oxalylglycine (NOG)]

appear largely conserved (Figure 1 B–D). The 2-oxoacid group
of 2OG (or NOG) binds to the metal in a bidentate manner,

while the 2OG C-5 carboxylate is positioned to interact with

conserved tyrosine and arginine residues (Tyr169 and Arg230
in OGFOD1, Tyr329 and Arg383 in PHD2; Figure 1 C, D). These

comparisons, along with those shown for other human oxy-
genases,[4] suggest that inadvertent inhibition of the PHDs may

represent a challenge in developing selective OGFOD1 inhibi-
tors, and vice versa.

Given the conserved elements of the OGFOD1 and PHD2
active sites,[10] and evidence for induced fit and conformational

movements in prolyl hydroxylase catalysis,[15] we contemplated
a structurally informed template-derivatization approach for

developing OGFOD1 inhibitors.[26] We first considered the 4-hy-
droxyphenylpyruvate dioxygenase (HPPD) inhibitor nitisinone

1 (which is clinically used for the treatment of tyrosinaemia)[27]

and related plant growth inhibitors sulcotrione 2, mesotrione
3, prohexadione-calcium 4, and trinexapac-ethyl 5 (Fig-

ure 2 A).[28] These compounds are related to the “tricarbonyl”
chemotype found in the PHD inhibitor GSK1278 863 6, which is
currently in clinical trials for the treatment of anaemia.[18] In ad-
dition to GSK1278863 6, we tested PHD inhibitors FG2216 7,

FG4592 8, and IOX2 9.[29, 30]

These inhibitors were screened for binding to OGFOD1 and

PHD2 by differential scanning fluorimetry (DSF) and for inhibi-

tion using matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) (Figures S1–S4, Sup-

porting Information).[31, 32] As expected based on previous stud-
ies,[33] PHD inhibitors FG2216 7, FG4592 8, and IOX2 9 inhibited

OGFOD1 (Figure S1). Notably, triketone-based HPPD and plant
growth inhibitors 1–5 (Figure 2 A), related to GSK1278863 6,

displayed moderate inhibition of OGFOD1, while not inhibiting

Figure 2. Oxygenase inhibitors and their binding modes: (A) Structures of in-
hibitors of 4-hydroxyphenylpyruvate dioxygenase (HPPD) and PHD2. Like
OGFOD1 and PHD2, HPPD is an FeII-dependent 2-oxoacid oxygenase, but
from a different structural family. (B) Comparison of the common chelation
motifs of sulcotrione 2, GSK1278863 6, and FG2216 7. The structures of sul-
cotrione 2 and GSK1278863 6 were modeled onto the crystallographically
observed structure of PHD2 with bound FG2216 7 (PDB 3HQU).[25] A larger
version is shown in Figure S5 in the Supporting Information. (C) In silico
binding model of GSK1278863 6 with OGFOD1 (PDB 4NHX)[10] and PHD2
(PDB 5L9R).[15] The tricarbonyl is expected to interact with the bound metal,
while the N-cyclohexyl groups likely occupy the substrate binding position.
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the activity of PHD2 within our limits of detection (Figure S2).
Additionally, these inhibitors increased the apparent thermal

stability of OGFOD1, as observed by DSF (Figures S3, S4). The
inhibition of OGFOD1 by prohexadione-calcium 4 and trinexa-

pac-ethyl 5 (Figure S2) suggests that further investigation of
these agrochemicals is warranted, given their potential interac-

tions with other human 2OG oxygenases.
GSK1278863 6 and sulcotrione 2 were modeled into the

crystallographically observed OGFOD1 and PHD2 active sites,

with consideration for potential metal-chelating properties, salt
bridge interactions, and crystallographic studies of PHD2 with

inhibitors (such as FG2216 7; PDB 3HQU) (Figure 2 B and Fig-
ure S5).[25] These analyses imply that both 6 and 2 will engage

in FeII chelation via an enolate form of their 1,3-diketone motif
(Figure S5). Similarly to the C-5 carboxylate of 2OG/NOG,[10]

and the carboxylate of FG2216 7,[25] the GSK1278863 6 carbox-

ylate is predicted to interact with Tyr169 and Arg230 of
OGFOD1. The OGFOD1:6 model suggests that the inhibitor

ring systems bind in two approximately perpendicular planes,
one comprising the diketone ring and glycinamide side chain,

and the other formed from the cyclohexyl rings (Figure 2 C).
The model also implies that the cyclohexyl rings engage differ-

ently with the OGFOD1 and PHD2 active sites (Figure 2 C). By

contrast, compounds based on an isoquinoline chemotype
(e.g. , FG2216 7) are predicted to bind in a more co-planar

manner[25] and were considered less likely to readily lead to
OGFOD1-selective inhibitors.

While many reported PHD2 inhibitors possess a glycinamide
side chain, the triketone plant growth/HPPD inhibitors do not

(Figure 2 A). Modeling results suggest that the sulcotrione 2
methyl sulfonyl group and the nitro group of mesotrione 3
and nitisinone 1 may mimic the 2OG/glycinamide side-chain

binding at their active sites (Figure 2 B). It is possible that the
enzyme active site may accommodate the side chains of nitisi-

none 1, sulcotrione 2, and mesotrione 3, which are bulkier
than the glycinamide side chain of FG2216 7; however, in the

absence of structural information, we cannot preclude the pos-

sibility that these inhibitors with bulky side chains interact
with the enzyme in an alternate orientation.

Both the barbiturate-based PHD inhibitors (e.g. , 6) and the
HPPD/plant growth inhibitors (e.g. , 1–5) have a tri-carbonyl

motif. However, triketones 1–5 are likely more conformational-
ly flexible than the barbiturates. Notably, the DSF results sug-
gest that the triketones stabilize OGFOD1 more than PHD2

(Figure S3), whereas the glycinamide-containing PHD2 inhibi-
tors (e.g. , 6–9) stabilize PHD2 more than OGFOD1 (Figure S4).

We thus explored whether modification of the barbiturate/cy-
clohexane-1,3-dione-based ring scaffolds could be exploited in
the development of selective OGFOD1 inhibitors.

Di-carbonyl compounds (e.g. , diethyl malonate 10 and 2-
acetylcyclohexanone 11), triketones (e.g. , triacetylmethane 12
and substituted 1,3-cyclohexanediones 13–15), and structurally
related compounds (e.g. , 2’,6’-dihydroxyacetophenone 16 and
barbituric acid 17) were screened for OGFOD1 inhibition
(Figure 3). The preliminary results suggested that the degree of
OGFOD1 inhibition may in part relate to the propensity for in-
hibitor enolization. Thus, whereas the diketones tested (i.e. , 10,

11) were poor inhibitors, the triketones (e.g. , 12–15) were
more potent (Figure 3 B). However, the phenolic triketone

“mimic” 2’,6’-dihydroxyacetophenone 16 was a relatively poor

OGFOD1 inhibitor. The most potent template identified for
OGFOD1 inhibition was manifested in the C-5 substituted bar-

biturate derivatives (18–20) ; such compounds are readily enol-
ized, which is likely beneficial for metal chelation. N-Methyla-

tion of the barbiturate ring (e.g. , 20) improved potency, as did
the introduction of an acyl substituent on C-5 of the barbitu-

rate core (e.g. , 18 compared to 17). Replacement of the C-2
oxygen with sulfur (thiobarbituric acid 19) did not substantially
increase the potency relative to the oxygen analogue (i.e. , 18),
while replacement of the oxygen at C-4 with a nitrogen (e.g. ,
21) abolished any inhibitory activity (Figure 3 B). We therefore

focused on obtaining selective OGFOD1 inhibitors by modify-
ing the C-5 position of a 1,3-dimethyl barbiturate core. Nota-

bly, compounds 22 and 23, which combine a barbiturate core
with a glycinamide ethyl ester side chain, did not manifest
clear selectivity for OGFOD1 over PHD2 (Figure 4; Figure S6).

Therefore, 24 was prepared, in which structural features of
22 are “merged” with HPPD/plant growth inhibitors 1–3, by in-

troducing a C-5 aromatic acyl substituent in place of a glycina-
mide. To investigate the optimal spacing between the barbitu-

Figure 3. Fragment-based screening approach for OGFOD1 inhibition:
(A) Structures of diketones, triketones, and structurally related compounds
used for fragment-based screening. (B) Inhibitory effect of the fragments on
the hydroxylation activity of OGFOD1 (1 mm). The plotted data represent the
mean percentage inhibition for the experiment performed in triplicate,
whereas the error bars indicate the standard deviation.
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rate and the aromatic side chain, the initial screen encom-

passed a 1,3-dimethyl barbiturate core bearing acetyl 20, ben-
zoyl 24, phenylacetyl 25, and hydrocinnamoyl 26 (or CCT3)

substituents. The resulting aromatic compounds potently in-
hibited OGFOD1, with an increase in potency being observed

upon extending the carbon chain length from 24 (IC50 =

30 mm) to 25 (IC50 = 2 mm), and from 25 to 26 (CCT3) (IC50 =

0.7 mm ; assays performed using 1 mm OGFOD1; Figure S7). Ex-

tending the side chain further (e.g. , 27, 28) did not provide a
substantial increase in potency. Importantly, this series dis-

played no observable PHD2 inhibition at concentrations up to
100 mm (Figure S8). These results suggest that the C-5 substitu-

ent is important for obtaining selectivity between OGFOD1

and PHD2.
The importance of the N-alkyl substituents for inhibition was

examined with barbiturates bearing C-5 cyclopentyl substitu-
ents (Figure 4 C). Analogues bearing N,N’-dimethyl (29), N,N’-di-

ethyl (30), and N,N’-dicyclohexyl (31) groups were prepared
(Figure 4 C); analogues 30 and 31 were less potent than 29,

suggesting that substituents larger than methyl groups may
not be favorable for OGFOD1 inhibition (Figure S9). Note, how-

ever, that GSK1278863 6 potently inhibits OGFOD1 despite the
presence of N,N’-dicyclohexyl groups (Figure 2 A).[33]

Modeling suggests that the aryl side chains of 25 and CCT3
likely do not fit in the OGFOD1 2OG binding site due to steric

constraints; instead, the aryl ring may bind in the substrate
binding site, potentially contributing to the selectivity of these
inhibitors. Varying the C-5 side chain with different mono- and

bicyclic aromatic and saturated substituents (32–45) did not
have a substantial impact on potency (Figure 4 D, Figure S10).

Similarly, changing the nature of the C-5 link from a ketone to
an amide (i.e. , 46), or extending the carbon chain length

beyond two carbons between the carbonyl and the substitu-
ent had little effect (Figure 4D).

On the basis of these SAR studies, in particular those exam-
ining the impact of the C-5 and barbiturate N-alkyl substitu-
ents, the sub-micromolar potency inhibitors CCT3 (26) and
CCT4 (42) were selected for further characterization (Figure 4
and Figure S11). These two inhibitors were screened for inhibi-

tory activity against a panel of human 2OG oxygenases (Fig-
ure 5 A). Of the human enzymes screened, including the HIF

prolyl hydroxylase PHD2, the ribosomal oxygenases MINA53

and NO66 (which hydroxylate histidinyl residues in ribosomal
proteins)[20] and the asparaginyl hydroxylase factor-inhibiting

HIF (FIH), CCT3 and CCT4 only potently inhibited OGFOD1
(with IC50 values of 0.73 and 0.69 mm, respectively; Figures S7,

S11). Additionally, these compounds showed poor, or no, inhib-
ition of more distantly related 2OG oxygenases, such as the

histone demethylases KDM4A, JARID1B, and JARID1C (Fig-

ure 5 A). CCT3 and CCT4 did potently inhibit the structurally
close yeast OGFOD1 homologues Tpa1p and Ofd1 (which hy-

droxylate RPS23 prolyl residues; Figure S12), consistent with
the high levels of similarity between the homologous active

sites.[10] It is also notable that the sensitivity of the current hy-
droxylation assay is a limitation for ranking the activities of the
potent inhibitors, as the IC50 values obtained are close to the

OGFOD1 concentration used (i.e., the minimum IC50 value that
can be measured is 0.5 mm); thus, these inhibitors may be more
potent than represented by the currently reported IC50 values.

To validate the in vitro inhibition results, direct binding inter-

actions between inhibitors CCT3 and CCT4 and OGFOD1 and
PHD2 were assessed by NMR analysis. While both inhibitors

were observed to strongly bind to OGFOD1, as observed using
1H Carr-Purcell-Meiboom-Gill (CPMG) analyses (Figure S13),
only weak binding to PHD2 was observed by water-Ligand Ob-

serve Gradient Spectroscopy (wLOGSY) experiments (Fig-
ure S14). Competition experiments between the inhibitors and

enzyme-bound 2OG were conducted by monitoring the recov-
ery of the enzyme-free 2OG methylene peak at 2.35 ppm using

CPMG-edited 1H-NMR upon addition of the inhibitor.[35] The re-

sults indicate that CCT3 and CCT4 are capable of displacing
bound 2OG from the active site of OGFOD1, but not from that

of PHD2 (Figure 5 C, S15).
We examined the potential inhibition of PHD enzymes by

CCT3 and CCT4 using the HeLa human cell line.[36] Compared
to the known PHD inhibitor IOX4,[34] CCT3 and CCT4 did not

Figure 4. Optimization studies of barbiturate inhibitors: (A) Structures of the
barbiturate glycinamide ethyl esters tested against OGFOD1 and PHD2.
(B) Panel of phenyl-substituted N,N’-dimethylbarbiturates, demonstrating the
impact of increasing acyl chain length on OGFOD1 inhibition. (C) Panel of
barbiturates synthesized with different N-alkyl substituents. (D) Panel of C-5
substituted N,N’-dimethylbarbiturates based on lead compound CCT3 (26).
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stabilize HIFa (Figure 5 B). PHD-catalyzed hydroxylation targets

HIFa for proteasomal degradation, indicating that these com-
pounds do not inhibit the PHDs in cells. Based on a MDR1-

MDCK assay (performed by Cyprotex, UK; see the Supporting
Information), CCT3 and CCT4 demonstrate good cell permea-

bility properties, and are predicted to be permeable to the

blood brain barrier. Liver microsome stability studies indicate
only low levels of clearance of CCT3 and CCT4 (Cyprotex, UK).

Discussion

Our results demonstrate the viability of a template-based ap-

proach for the development of selective 2OG oxygenase/prolyl
hydroxylase inhibitors capable of differentiating between
closely related active sites, such as those of the human prolyl

hydroxylases OGFOD1 and PHD2. Furthermore, the optimized
inhibitors also did not inhibit the other 2OG oxygenases

tested, including other ribosomal oxygenases, as well as his-
tone demethylases. The results suggest that specific inhibitor

‘templates’ may be preferred for certain oxygenases or oxygen-

ase subfamilies, as supported by work implying differential se-
lectivity between PH and JmjC histone demethylase inhibi-

tors.[37] This preference for particular templates may even
extend to enzymes with closely related active sites. Appropri-

ately modified barbiturate-based inhibitors may selectively in-
hibit OGFOD1 because of their ability to support substituents,

which extend towards active-site residues present in OGFOD1
but not in PHD2. By contrast, the glycinamide side chain pres-

ent in many PHD2 inhibitors (including several compounds in
clinical trials, e.g. , 6 and 7) is clearly not required for potent
OGFOD1 inhibition. It should also be noted that potent PHD2
inhibitors without a glycinamide side chain are known.[33, 34] In
future work, it will be of interest to further explore the selectiv-
ity of the compounds reported here. In this regard, studies
with the procollagen C-4 (and C-3) prolyl hydroxylases are of

particular interest, especially as the procollagen C-4 PHs are
potential therapeutic targets.[38]

There is considerable academic and pharmaceutical interest
in developing chemical probe compounds to investigate the

biological functions of 2OG oxygenases.[39] Our results suggest
that the development of leads based on known pharmaceuti-

cal and agrochemical ‘templates’ (some of which can penetrate

the blood–brain barrier) with well-studied physicochemical
properties, such as barbiturates, will be a productive strategy.

The combination of the tricarbonyl barbiturate template of the
PHD2 inhibitor GSK1278863 6 with the side chains of agro-

chemical oxygenase inhibitors (e.g. , prohexadione-calcium),
followed by subsequent optimization, yielded potent and se-

lective OGFOD1 inhibitors. Future work can now be focused

on applying these OGFOD1 inhibitors to investigate the bio-
logical roles of OGFOD1, and applying a similar inhibitor devel-

opment strategy to other ribosomal oxygenases. Based on
what is observed in these functional studies, further optimiza-

tion of these inhibitors may be warranted (e.g. , if penetration
of the blood–brain barrier is desirable).

It is important to note that many PHD2 inhibitors reported

in the literature, including those screened in this work, and
those currently in clinical trials, also inhibit OGFOD1.[33] Indeed,

they may also inhibit other human prolyl hydroxylases and
2OG oxygenases, including those for which assays are currently

not available.[10, 40] From a clinical perspective, it is also impor-
tant to note that the barbiturate-related ’triketone’ HPPD in-
hibitor nitisinone, which is used in the treatment of type I tyro-

sinaemia,[27] is an OGFOD1 inhibitor, something that might be
taken into consideration if nitisinone successors with improved
properties are pursued. In the present work, we have demon-
strated that it is possible to attain selectivity between different

2OG oxygenases, with lead compounds that inhibit OGFOD1,
but not PHD2. Such “biochemical selectivity” is not necessarily

an issue with clinical applications as the desired pharmacologi-

cal effect/safety profile may be achieved by controlling metab-
olism and tissue distribution. However, we propose that, at

least for chronic applications, biochemical selectivity could and
should be optimized during the development of 2OG oxygen-

ase inhibitors. We also hope that inhibitors selective for partic-
ular 2OG oxygenases may help enable their individual biologi-

cal roles to be deciphered.
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C. Domene, J. Mecinović, K. Lippl, R. L. Hancock, R. J. Hopkinson, A. Ka-
wamura, T. D. W. Claridge, C. J. Schofield, Chem. Commun 2018, 54,
3130 – 3133.

[36] Y. M. Tian, K. K. Yeoh, M. K. Lee, T. Eriksson, B. M. Kessler, H. B. Kramer,
M. J. Edelmann, C. Willam, C. W. Pugh, C. J. Schofield, P. J. Ratcliffe, J.
Biol. Chem. 2011, 286, 13041 – 13051.

[37] C. C. Thinnes, K. S. England, A. Kawamura, R. Chowdhury, C. J. Schofield,
R. J. Hopkinson, Biochim. Biophys. Acta Gene Regul. Mech. 2014, 1839,
1416 – 1432.

[38] J. D. Vasta, R. T. Raines, J Med Chem. 2018, 61, 10403 – 10411.
[39] C. H. Arrowsmith, J. E. Audia, C. Austin, J. Baell, J. Bennett, J. Blagg, C.

Bountra, P. E. Brennan, P. J. Brown, M. E. Bunnage, C. Buser-Doepner,
R. M. Campbell, A. J. Carter, P. Cohen, R. A. Copeland, B. Cravatt, J. L.
Dahlin, D. Dhanak, A. M. Edwards, M. Frederiksen, S. V. Frye, N. Gray,
C. E. Grimshaw, D. Hepworth, T. Howe, K. V. Huber, J. Jin, S. Knapp, J. D.
Kotz, R. G. Kruger, D. Lowe, M. M. Mader, B. Marsden, A. Mueller-Fahr-
now, S. Meller, R. C. O’Hagan, J. P. Overington, D. R. Owen, S. H. Rosen-
berg, B. Roth, B. Roth, R. Ross, M. Schapira, S. L. Schreiber, B. Shoichet,
M. Sundstrçm, G. Superti-Furga, J. Taunton, L. Toledo-Sherman, C. Wal-
pole, M. A. Walters, T. M. Willson, P. Workman, R. N. Young, W. J. Zuerch-
er, Nat. Chem. Biol. 2015, 11, 536 – 541.

[40] F. McMurray, M. Demetriades, W. Aik, M. Merkestein, H. Kramer, D. S.
Andrew, C. L. Scudamore, T. A. Hough, S. Wells, F. M. Ashcroft, M. A.
McDonough, C. J. Schofield, R. D. Cox, PLoS One 2015, 10, e0121829.

Manuscript received: September 19, 2018

Accepted manuscript online: November 14, 2018

Version of record online: January 8, 2019

Chem. Eur. J. 2019, 25, 2019 – 2024 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2024

Full Paper

https://doi.org/10.1038/nrm1366
https://doi.org/10.1038/nrm1366
https://doi.org/10.1038/nrm1366
https://doi.org/10.1002/cmdc.201600012
https://doi.org/10.1002/cmdc.201600012
https://doi.org/10.1002/cmdc.201600012
https://doi.org/10.1002/cmdc.201600012
https://doi.org/10.1007/s00018-009-0147-7
https://doi.org/10.1007/s00018-009-0147-7
https://doi.org/10.1007/s00018-009-0147-7
https://doi.org/10.1007/s00018-009-0147-7
https://doi.org/10.1038/nchembio0308-152
https://doi.org/10.1038/nchembio0308-152
https://doi.org/10.1038/nchembio0308-152
https://doi.org/10.3109/10409231003627991
https://doi.org/10.3109/10409231003627991
https://doi.org/10.3109/10409231003627991
https://doi.org/10.1073/pnas.1314482111
https://doi.org/10.1073/pnas.1314482111
https://doi.org/10.1073/pnas.1314482111
https://doi.org/10.1073/pnas.1311750111
https://doi.org/10.1073/pnas.1311750111
https://doi.org/10.1073/pnas.1311750111
https://doi.org/10.1073/pnas.1314485111
https://doi.org/10.1073/pnas.1314485111
https://doi.org/10.1073/pnas.1314485111
https://doi.org/10.1016/j.str.2015.01.014
https://doi.org/10.1016/j.str.2015.01.014
https://doi.org/10.1016/j.str.2015.01.014
https://doi.org/10.1016/j.str.2015.01.014
https://doi.org/10.1038/nature08403
https://doi.org/10.1038/nature08403
https://doi.org/10.1038/nature08403
https://doi.org/10.1016/j.tibs.2010.12.002
https://doi.org/10.1016/j.tibs.2010.12.002
https://doi.org/10.1016/j.tibs.2010.12.002
https://doi.org/10.1073/pnas.90.20.9538
https://doi.org/10.1073/pnas.90.20.9538
https://doi.org/10.1073/pnas.90.20.9538
https://doi.org/10.1073/pnas.90.20.9538
https://doi.org/10.1039/c0cs00203h
https://doi.org/10.1039/c0cs00203h
https://doi.org/10.1039/c0cs00203h
https://doi.org/10.1021/acschembio.5b00749
https://doi.org/10.1021/acschembio.5b00749
https://doi.org/10.1021/acschembio.5b00749
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1146/annurev-genom-091212-153527
https://doi.org/10.1146/annurev-genom-091212-153527
https://doi.org/10.1146/annurev-genom-091212-153527
https://doi.org/10.1146/annurev-genom-091212-153527
https://doi.org/10.1038/nchembio.1093
https://doi.org/10.1038/nchembio.1093
https://doi.org/10.1038/nchembio.1093
https://doi.org/10.1038/nchembio.1093
https://doi.org/10.1038/nature13263
https://doi.org/10.1038/nature13263
https://doi.org/10.1038/nature13263
https://doi.org/10.1038/s41589-018-0071-y
https://doi.org/10.1038/s41589-018-0071-y
https://doi.org/10.1038/s41589-018-0071-y
https://doi.org/10.1016/j.molcel.2013.12.028
https://doi.org/10.1016/j.molcel.2013.12.028
https://doi.org/10.1016/j.molcel.2013.12.028
https://doi.org/10.1016/j.molcel.2013.12.028
https://doi.org/10.1016/j.sbi.2010.08.006
https://doi.org/10.1016/j.sbi.2010.08.006
https://doi.org/10.1016/j.sbi.2010.08.006
https://doi.org/10.1016/j.str.2009.06.002
https://doi.org/10.1016/j.str.2009.06.002
https://doi.org/10.1016/j.str.2009.06.002
https://doi.org/10.1039/C5CC06095H
https://doi.org/10.1039/C5CC06095H
https://doi.org/10.1039/C5CC06095H
https://doi.org/10.2165/00003495-200666060-00002
https://doi.org/10.2165/00003495-200666060-00002
https://doi.org/10.2165/00003495-200666060-00002
https://doi.org/10.1016/j.abb.2004.08.015
https://doi.org/10.1016/j.abb.2004.08.015
https://doi.org/10.1016/j.abb.2004.08.015
https://doi.org/10.1038/nrneph.2015.82
https://doi.org/10.1021/cb400088q
https://doi.org/10.1021/cb400088q
https://doi.org/10.1021/cb400088q
https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1038/nprot.2007.321
https://doi.org/10.1038/nprot.2007.321
https://doi.org/10.1038/nprot.2007.321
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1371/journal.pone.0132004
https://doi.org/10.1039/C8CC00387D
https://doi.org/10.1039/C8CC00387D
https://doi.org/10.1039/C8CC00387D
https://doi.org/10.1039/C8CC00387D
https://doi.org/10.1074/jbc.M110.211110
https://doi.org/10.1074/jbc.M110.211110
https://doi.org/10.1074/jbc.M110.211110
https://doi.org/10.1074/jbc.M110.211110
https://doi.org/10.1016/j.bbagrm.2014.05.009
https://doi.org/10.1016/j.bbagrm.2014.05.009
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.8b00822
https://doi.org/10.1021/acs.jmedchem.8b00822
https://doi.org/10.1021/acs.jmedchem.8b00822
https://doi.org/10.1038/nchembio.1867
https://doi.org/10.1038/nchembio.1867
https://doi.org/10.1038/nchembio.1867
https://doi.org/10.1371/journal.pone.0121829
http://www.chemeurj.org

