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Carnitine is essential for fatty acid metabolism, but is associated with both health benefits and risks, 

especially heart diseases. We report the identification of potent, selective and cell active inhibitors of γ-

butyrobetaine hydroxylase (BBOX), which catalyses the final step of carnitine biosynthesis in animals. A 

crystal structure of BBOX in complex with a lead inhibitor reveals that it binds in two modes, one of 10 

which adopts an unusual ‘U-shape’ conformation stabilised by inter- and intra-molecular π-stacking 

interactions. Conformational changes observed on binding of the inhibitor to BBOX likely reflect those 

occurring in catalysis; they also rationalise the inhibition of BBOX by high levels of its substrate γ-

butyrobetaine (GBB), as observed both with isolated BBOX protein and in cellular studies. 

Introduction 15 

Carnitine plays a central role in the metabolism of long chain 

fatty acids, by enabling their transport into mitochondria where 

they undergo β-oxidation1-3. Carnitine is produced endogenously 

by all animals and is commonly used as a human food 

supplement. It is proposed that high levels of carnitine in red 20 

meat cause heart disease via metabolism of carnitine leading to 

production of trimethylamine N-oxide (TMAO), which promotes 

arteriosclerosis4. In animals carnitine biosynthesis starts from Nε-

trimethyllysine, which is produced from proteins containing N-

methylated lysine residues, and comprises four enzymatically 25 

catalysed steps5,6 (Fig. S1). The final step in carnitine 

biosynthesis is catalysed by -butyrobetaine hydroxylase 

(BBOX). BBOX and trimethyllysine hydroxylase (TMLH), 

which catalyses the first step of carnitine biosynthesis, belong to 

the superfamily of Fe(II) and 2OG dependent dioxygenases7 (Fig. 30 

1A). BBOX catalyses the stereospecific8 C-3 hydroxylation of -

butyrobetaine (GBB) to give l-carnitine (Fig. 1A, S1).  

 Cardiac ischemia and related conditions are major causes of 

mortality in many countries9. In normal heart glucose and fatty 

acid metabolism is tightly regulated with fatty acid acting as a 35 

main source of energy; however in failing heart this homeostasis 

is perturbed10,11. A shift towards glucose oxidation under 

ischemic conditions has been reported to aid in cardiac efficiency 

and improve heart function in both the long and short term12. The 

manipulation of the preferred cellular energy source is therefore 40 

of interest with respect to pharmacological intervention in 

cardiovascular disease. Such manipulation can potentially be 

achieved by modulating carnitine biosynthesis. 

 The clinically used compound Mildronate (THP, Met-88) is 

given to patients after myocardial infarction with the aim of 45 

reducing fatty acid oxidation and associated reactive oxidative 

species13-15. Mildronate is both a relatively weak BBOX inhibitor 

in vitro (IC50 value of 60 M16) and a competitive substrate17,18, 

producing multiple products. Moreover, the mode of action of 

Mildronate may be non-selective19,20; Mildronate is a structural 50 

mimic of both GBB and carnitine (Fig. S2) and likely interacts 

with other GBB/ carnitine binding proteins/ import channels21.  

 Human 2-oxoglutarate (2OG) dependent dioxygenases catalyse 

multiple hydroxylations and N-demethylations via methyl group 

hydroxylations7,22. Several classes of human 2OG oxygenases are 55 

current medicinal targets23, including enzymes involved in 

chromatine regulation, histone demethylases, nucleic acid 

oxidising enzymes and the hypoxia inducible factor hydroxylases. 

However, other than the use of likely non-selective GBB-

analogues24-27 there has been little reported on the inhibition of 60 

carnitine biosynthesis. Thus, there is a need for the development 

of selective and cell-active inhibitors of carnitine biosynthesis to 

investigate the pathophysiological roles of carnitine. We report 

the identification of selective BBOX inhibitors, active against 

both isolated enzyme and in cells. Crystallographic analyses 65 

reveal the lead inhibitor compound adopts an unusual binding 

mode and induces conformational changes that reflect regulation 

of carnitine biosynthesis by a substrate-mediated inhibition of 

BBOX.  

Results and discussion 70 

Inhibitor development 

We focused on targeting the 2OG binding pocket of BBOX23, in 

part because this approach should enable specificity over other 

carnitine interacting enzymes. We applied an efficient assay, 

based on release of fluoride ions by BBOX catalysed 75 

hydroxylation of (3S)-fluoro-γ-butyrobetaine (GBBF), followed 
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Figure 1 Identification of selective inhibitors of carnitine biosynthesis. AR692B inhibits BBOX – the final enzyme of carnitine biosynthesis and an 

Fe(II)/ 2-oxoglutarate dependent oxygenase(A). A ‘fluoride release’ assay (B) enables efficient screening of potential inhibitors (C) and the identification 

of AR692B as a potent BBOX inhibitor. Structure–activity relationship results (D, E) imply that the pyridine nitrogen, the C-3 phenolic hydroxyl, 

hydrophobic side chain and carboxylate contribute to inhibition. 5 

by fluoride mediated activation of a fluorescent reporter molecule 

(Fig. 1, S3)16. The assay was used to screen a set of > 600 

compounds that are potential chelators of the essential ferrous 

ion28 in the active site of 2OG dependent oxygnases such as 

BBOX. This screen led to the identification of (3-10 

hydroxypicolinoyl)glycine (1) as a potential scaffold for the 

development of selective BBOX inhibitors (Fig. 1).  

 Analysis of crystal structures for BBOX17,29 reveals the 

presence of an unoccupied hydrophobic pocket directly adjacent 

to the 2OG methylene binding region and located on the interior 15 

of the active site (Fig. 2). Docking studies implied that the 

glycine moiety (CH2COOH) of (1) likely binds analogously to 

the (CH2)2COOH group of 2OG. We therefore prepared 

analogues of (1) derivatised at the C-α position of the modified 

amino acid. We found that the derivatisation of glycine at its pro-20 

(S) but not pro-(R) position led to increased potency, with bulky 

side chains, such as phenyl (3a), 3-indole (9a) or pyridinyl (4) 

groups, being preferred (Fig. 1, S4, S5). On the basis of structural 

work on 2OG oxygenase inhibitor complexes30,31, we predicted 

that the identified ‘template’ BBOX inhibitor would bind to the 25 

active site iron via its carbonyl group and either its pyridine-

nitrogen or C-3 hydroxyl group (Fig. S6)30. We established that 

the pyridine-nitrogen, C-3 hydroxyl group and side chain 

carboxylate are essential for binding, since structures lacking any 

of these elements (compounds 5-6, 8) were not active (Fig. 1, 30 

S4). When the bulky side chain is present, analogues lacking 

either the pyridine-nitrogen or C-3 hydroxyl group retain some 

activity, whilst analogues lacking a side chain carboxylate are 

inactive (Fig. S4).  

 We also examined scaffolds with bicyclic aromatic rings, i.e. 35 

with quinoline and isoquinoline derivatives substituting for the 

(hydroxyl)pyridine ring. Quinolines were found to have rather 

weak potency (Table S1B), but isoquinolines were relatively 

good inhibitors with the IC50 values in the low micromolar range, 

providing they were functionalised with a hydroxyl group in the 40 

meta- position to the isoquinoline nitrogen (Fig. S7, Table S1C). 

As in the case of the pyridine derivatives, removal of the nitrogen 

or hydroxyl group from the N-acyl aromatic ring led to loss of 

potency (Fig. S7). In the isoquinoline series, C-α side chains with 

the (S)-stereochemistry were also preferred over those with the 45 

(R)-stereochemistry.  However, in contrast to the pyridine series 

small side chains were preferred with the hydroxy-isoquinolines, 

with the methyl group having the best inhibitory properties 

(Table S1C).  

50 
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Figure 2 AR692B inhibits BBOX via a structurally unusual mechanism. The inhibitor adopts 2 conformations (A and B) in a 

complexed with BBOX. In 3 of the monomers in the asymmetric unit inhibitor ‘folds-back’ on itself to form a sandwich type structure 

stabilised by inter- and intra-molecular π-stacking interactions involving both of its pyridine rings and Trp181, Tyr 177 of BBOX. In the 35 

alternative binding mode, observed in the 3 other monomers of the asymmetric unit, the thioether linked pyridine side chain occupies a 

hydrophobic pocket adjacent to the 2OG binding site. Overlays of BBOX.AR692B complex (yellow) and BBOX.GBB.NOG complex 

(blue) reveals a steric clash of inhibitor with GBB. NOG (N-oxalylglycine) is a close structural mimic of 2OG. C – BBOX functions as a 

dimer. Overlay of BBOX.Ni(II).NOG.GBB (blue, PDB: 3O2G) and BBOX.Ni(II).AR692B (yellow, PDB: 4C8R) complexes reveals 

substantial movement of the ‘I/II loop’ (observed in both conformers). Note, the position of Tyr194 changes from an ‘open’ (yellow) 40 

to a ‘closed’ (blue) conformation upon binding of GBB and formation of the –NMe3
+ binding pocket.  

 Collectively the results imply that the different series all bind 

the active site iron in a bidentate manner, but either the C-α side 

chain can adopt different conformations or different coordination 

modes are possible, i.e. exploiting hydroxyl and carbonyl groups 45 

(Fig. S6)31-33. They also suggested that sufficent potency might be 

achieved with the 3-hydroxy pyridine series, so we carried out the 

synthesis of further analogues in this series including with the 

extended link between the C-α centre and the aromatic group on 

the side chain. These studies led to the identification of the 50 

thioether linked pyridine derivative AR692B (4) as a candidate 

for further investigation.  

 Kinetic evaluation of BBOX inhibition by AR692B using 1H 

NMR17, employing GBB – the natural BBOX substrate - reveals 

AR692B to be a potent inhibitor (IC50 153 nM, Fig. S8), and that 55 

inhibition is both 2OG and GBB concentration dependent (Fig. 

S9). We have also examined binding of inhibitors containing 3-

hydroxypyridine scaffold to BBOX. A binding assay was 

developed based on the observation that the potent BBOX 

inhibitors caused quenching of the intrinsic fluorescence of 60 

BBOX (Fig. S10). This method enabled determination of binding 

curves (Fig. S11) and KD values of 0.5 µM and 10.8 µM for 

AR692B and (1), respectively. The results further demonstrate 

how high potency and selective oxygenase inhibition can be 

achieved by simultaneously targeting both substrate and 2OG 65 

binding pockets34,35. We tested AR692B against a panel of seven 

other human 2OG oxygenases including histone demethylases 

(KDMs) and hypoxia inducible factor (HIF) hydroxylases33,36,37. 

AR692B was inactive against the tested KDMs at 100 M, and 

had only weak affinity towards the catalytic domain of the HIF 70 

prolyl hydroxylase 2 isoform (PHD2) (Table S2), with an IC50 of 

28 M (Fig. S12). The reduced activity with PHD2 likely reflects 

the relatively tight 2OG binding pocket of PHD238 compared to 

that of BBOX, which hinders binding of the bulky side chain of 

AR692B.  75 
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Table 1. Inhibition of carnitine biosynthesis in HEK 293T cells. 

 

Compound 
Concentration of 
compound [µM] 

Carnitine 
levels* 

AR692 100 52 ± 4 

AR692 300 33 ± 3 

AR692B 100 57 ± 9 

AR780 50 21 ± 7 

AR780 10 40 ± 4 

Mildronate 50 37 ±10 

Mildronate 20 70 ± 6 

*Measured carnitine levels are given as percentage of free 

carnitine levels obtained for cells dosed with DMSO (control). 

Control was set to 100% (SEM ± 13%). 

Cell based studies 

To evaluate the activity of AR692B in cells, we developed an 

LC-MS based method for detection of carnitine biosynthesis 

metabolites (Fig. S13). Because AR692B displayed lower activity 5 

in cells compared to the in vitro assays with isolated protein; 

prodrug forms of AR692B were also synthesized for use in 

cellular studies, i.e. methyl (AR692) and octyl ester (AR780) 

derivatives (Table 1). The octyl ester was chosen to improve 

liphophilicity of the AR692B in order to increase cell 10 

permeability. Studies on HEK 293T cells demonstrated both 

AR692B and AR692 were not cytotoxic up to concentrations of 

0.5 mM; AR780 induced reduction in cell growth and survival at 

> 0.06 mM. Both AR692B and AR692 induced > 40% reduction 

in carnitine levels at 100 M. The octyl ester AR780 was more 15 

potent with ~60% reduction of free carnitine levels when used at 

10 M and > 75% reduction at 50 M (Fig. S14). The improved 

cellular potency of the octyl ester (AR780) is likely due to its 

increased cell-membrane permeability. Mildronate was less 

active than AR780 giving 63% reduction of carnitine levels at 50 20 

M and 30% reduction at 20 M (Table 1). Mildronate was not 

active below 5 µM. Both methyl and octyl ester derivatives were 

inactive against BBOX in an in vitro assay, implying that they are 

hydrolysed to AR692B in cells. 

Crystallographic analyses 25 

To investigate the mode of AR692B inhibition, we solved a 

crystal structure of hBBOX in complex with AR692B and Ni (an 

Fe(II) surrogate), P212121 space group, 2.8 Å resolution. The 

overall fold of BBOX in complex with AR692B is similar to the 

fold observed previously for BBOX17,29, i.e. comprised of eight β-30 

strands (βI-VIII), surrounded by structural elements common to 

other 2OG oxygenases and some specific to the BBOX subfamily 

(DSBH: the core double stranded β-helix of the 2OG oxygenases, 

which has eight β-strands, I→VIII39,40). Attempts to crystallize 

BBOX with GBB in the presence of AR692B were unsuccessful, 35 

likely reflecting a competitive mode of BBOX inhibition with 

GBB as well as 2OG. The structure contains 6 BBOX molecules 

per asymmetric unit corresponding to 3 homodimers. In each of 

the 6 chains, additional difference density (Fo-Fc), assigned as  

Figure 3 Conformational changes during BBOX inhibition/catalysis. 40 

The combined BBOX structures imply a flexible loop (residues 183-199, 

‘I/II loop’) can fold to enclose the active site. During catalysis 2OG 

binding is followed by GBB, then binding of O2. Binding of GBB 

stabilises the ‘closed’ conformation by π-cation interactions in an 

aromatic cage (Figure 2C). BBOX substrate inhibition may occur when 45 

GBB binds prior to 2OG and ‘closed’ loop conformation is stabilised 

hindering 2OG binding. Binding of AR692 competes with both 2OG and 

GBB and induces the open loop conformation. Only the catalytic domain 

is shown (residues 106 – 384); grey structures represent predicted 

conformations with modeled ligands. The catalytic domains in structures 50 

II and III have an active site metal bound (Ni(II)), while the structure of 

the apo-catalytic domain (I) does not have active site metal bound. Metals 

are shown as pink spheres. PDB codes of BBOX complexes: I –3N6W (in 

this structure the loop was unresolved)29, II – 4C8R, III – 3O2G. 

 55 

AR692B, was observed at the active site (Fig. S15). Consistent 

with the SAR results, in all 6 chains the active site metal is 

chelated in a bidentate fashion by the AR692B pyridine nitrogen 

(trans to His347) and the side chain carbonyl oxygen (trans to 

Asp204) of AR692B, in addition to the conserved HXD ..H motif 60 

and a water molecule. Like the C5-carboxylate of 2OG17, the 

AR692B carboxylate side chain is positioned to form electrostatic 

interactions with the guanidinium group of Arg360 (Fig. 2A and 

2B). The pyridine ring of the C4 side chain appears to have 2 

different binding modes (from the thioether bond) (Fig. 2A and 65 

2B). Based on the OMIT Fo-Fc electron density maps we 

modelled the binding mode with >70% occupancy (Fig. S16). In 
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conformer I (modelled in 3 monomers), the AR692B aromatic 

side chain is ‘sandwiched’ between the metal-coordinating 

pyridine ring of AR692B and a hydrophobic region of BBOX 

formed by the side chains of Tyr177, Trp181 and Val183 (Fig. 

2A, S17). Such a ‘U-shaped’ inhibitor binding mode is 5 

unprecedented, in available 2OG oxygenases inhibitor 

complexes. In conformer II the aromatic side chain is positioned 

to interact in the hydrophobic cleft (adjacent to the 2OG 

methylene group binding site) formed by the Leu217 (DSBH -

III), Ile338 and Phe340 (DSBH -III) side chains (Fig. 2B, S18). 10 

The observation of two binding modes for the inhibitor is notable, 

because it has been proposed that the ability of an inhibitor to 

adopt multiple conformations may help to enable a ‘biologically 

robust’ inhibition mechanism41,42. 

 Comparison of the BBOX-AR692B structure with those with 15 

and without substrate/ inhibitor (PDB ID: 3O2G17/ 3N6W29) 

reveals substantial conformational differences (Fig. S19). In both 

AR692B binding modes, the metal-coordinating pyridine of 

AR692B causes a steric clash with a loop (residues 183-199, 

‘I/II loop’) involved in GBB binding17. In the 20 

BBOX.GBB.NOG complex structure this loop conatins a short 

310 helix linking DSBH strands I and II (residues 183-199, 

‘I/II loop’ hereafter, NOG – N-oxalylglycine is a close, non-

reactive 2OG analogue). Tyr194 of the ‘I/II loop’ forms part of 

an aromatic cage that binds the GBB trimethyl ammonium group 25 

via hydrophobic and π-cation interactions43 and acts as a ‘lid’ that 

encloses the GBB binding site. The clash between AR692B and 

the ‘I/II loop’ causes this part of the structure to unfold and 

form extended I and II strands (Fig. 2C).  

The observation that the ‘I/II loop’ adopts an ‘open’ 30 

conformation with AR692B and is apparently unstructured in the 

BBOX apo form29 (PDB ID: 3N6W), but folds to isolate the 

active site once GBB is bound17 (PDB ID: 3O2G) reveals 

conformational flexibility as a feature of BBOX catalysis (Fig. 3). 

The ‘closed’ conformation is likely stabilised by π-cation 35 

interactions of the trimethylammonium group of GBB with the 

residues from the aromatic cage. As judged from the structure of 

BBOX in complex with AR692B (which is a 2OG mimetic), 

2OG likely does not stabilise the I/II loop in a ‘closed’ 

conformation, so enabling binding of GBB substrate after that of 40 

2OG.  

 It is known that BBOX is inhibited by high concentrations of 

its GBB substrate in assays with isolated enzyme (Fig. S20)17,44. 

Analysis of the combined structures reveals that neither GBB nor 

2OG (at least efficiently) binds to BBOX once the ‘I/II loop’ is 45 

in the closed conformation, because of inaccessibility of the 

active site. The structural studies suggest that the observed 

substrate inhibition is due to GBB binding prior to 2OG (Fig. 3) 

and disrupting of the ordered sequential mechanism of the 2OG 

oxygenases7, i.e. initial GBB binding prevents that of 2OG, by 50 

supporting a ‘closed’ loop conformation. In support of a 

biological role for the regulation of carnitine biosynthesis via 

GBB-mediated inhibition of BBOX, we found that carnitine 

levels in cells are reduced by ~50% after the addition of GBB at 

20 µM (Fig. S20), supporting the proposal that GBB substrate 55 

inhibition may be involved in a negative feedback mechanism. 

 

Conclusions 

In conclusion, we have identified AR692B as a potent and 

selective inhibitor for human BBOX. AR780 – a prodrug form of 60 

AR692B was demonstrated to reduce carnitine levels in cells and 

will act as a tool for understanding the roles of carnitine 

biosynthesis in health and disease. A structure of BBOX 

complexed with AR692B reveals dual binding modes including a 

protein assisted formation of the inhibitor ‘sandwich’ type 65 

complex. Observation of the conformational differences, i.e. 

active site loop movement, likely reflect BBOX dynamics during 

the catalytic cycle in solution and prompted work leading to the 

finding that BBOX activity in cells is regulated by GBB-

mediated substrate inhibition. BBOX is also kinetically unusual 70 

among 2OG oxygenases in that it has relatively high KM for 2OG 

(160 µM versus more typical values of 1-10 µM)33, leading to the 

possibility that its activity in cells may be linked to 2OG 

availability. Thus, modulation of BBOX activity may be of 

interest from the perspective of the range of diseases linked to 75 

abnormal fatty acid and TCA cycle metabolism45.  
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