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Human UDP-glucuronosyltransferase UGT1A4 forms tertiary N-glucuronides predominately with the energetically less favored tautomer of substituted 1H-indazole (benzpyrazole)
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Abstract
Background
Human UDP-glucuronosyltransferase UGT1A4 is reported to convert a range of tertiary amine substrates to the respective quaternary glucuronides. In this study, we report on the in vitro glucuronidation of a substituted 1H-indazole (benzpyrazole), a transient receptor potential ankyrin 1 antagonist.

Methods
Depending on the mammalian liver used for production, two peaks with different UV spectra and slightly different MS/MS spectra were found in the LC-MS/MS analysis. An optimized HPLC method gave a baseline separation of the two glucuronides. Preparation and isolation allowed to assign their structure by 1H-, 13C-, and 15N-NMR.

Results
Both nitrogens of this structure were accessible to glucuronidation resulting in the respective tertiary glucuronides. As expected, the N-glucuronidation proceeded with marked species difference. Surprisingly, the glucuronide produced by human liver homogenate and by the majority of liver preparations from 11 animal species was attached at the energetically less favorable 2-position, indicating the regioselectivity of the respective enzyme. Among 13 recombinant human UDP-glucuronosyltransferases tested only the isoenzyme 1A4 showed significant formation of both glucuronides with the energetically less favorable N-glucuronide in 33-fold excess. An MS/MS fragmentation mechanism was proposed for a fragment loss of 134 Da that differentiated the spectra of the two glucuronides.

Conclusions
This investigation shows that assumptions on the structure of metabolites based on stability of tautomers may be wrong. A novel meachanism to form tertiary N-glucuronides was proposed.


Electronic supplementary material
The online version of this article (doi:10.​1186/​s40543-017-0120-2) contains supplementary material, which is available to authorized users.

Background
Transient receptor potential (TRP) cation channels are a large family of ion channels of which currently 28 mammalian proteins are known. They are activated by physical stimuli like chemicals, mechanical force and hotness or coldness (Wu et al. 2010). The attractiveness of these cation channels as targets for medicines has increased in the last years. For example, in the year 2011, there were nine compounds with ongoing or terminated clinical studies for pain with antagonists of the TRP vanilloid 1 receptor (Moran et al. 2011). TRP ankyrin 1 (TRPA1) received its name due to a high number of N-terminal ankyrin repeats. The receptor contributes to pain sensations by structurally diverse exogenous and endogenous chemicals, whereas its activation by noxious cold is still debated (Wu et al. 2010). Mutations in TRPA1 cause the familial episodic pain syndrome (FEPS) (Kremeyer et al. 2010). Families with this very rare hereditary disease suffer from debilitating upper body pain starting in infancy. These findings and experiments with TRPA1 knockout mice suggest that this receptor is an attractive drug discovery target to reduce pain (Chen et al. 2012; Koivisto et al. 2014).
In a joint medicinal chemistry program of our colleagues in the Horsham research center (U.K.) and from the Genomics Institute of the Novartis Research Foundation, San Diego, several TRPA1 antagonists for the treatment of pain were identified with IC50 values as low as 15 nM (Rooney et al. 2014). Early in vitro metabolism studies with rat or human hepatocytes suggested that the main human metabolite of a promising compound was a glucuronide. This result made it desirable to have sufficient amounts of this glucuronide in hands. In the present study, the screening for the most suitable biocatalyst for glucuronide synthesis, the production of the two found glucuronides, the unambiguous elucidation of their structures, and the responsible human UDP-glucuronosyltransferase for this biotransformation will be presented.

Methods
General
Magnesium chloride powder (208337), uridine 5′-diphosphoglucuronic acid trisodium salt (UDPGA; U6751), adenosine 5′-triphosphate disodium salt hydrate (ATP; A7699), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; H3375), and the Bradford reagent (B6916) were purchased from Sigma-Aldrich. Human liver S9 fraction was from Life Technologies Corp. (Grand Island, NY, USA). Microsomes (supersomes™) of SF9 insect cells (Spodoptera frugiperda) having expressed recombinant human (rh) uridine 5′-diphospho-glucuronosyltransferase isoforms (UGTs) as well as liver S9 preparations from rat (male Sprague–Dawley) were purchased from Corning B.V. (Amsterdam, The Netherlands). Animal liver S9 fractions were prepared as described before (Kittelmann et al. 2003). Compound 1 was obtained from Novartis Pharmaceuticals Corporation, and the synthesis has been described (Rooney et al. 2014).
The analytical liquid chromatograph consisted of a Waters UPLC Acquity (Waters, Milford, USA) equipped with a Waters Acquity PDA detector. Column, Acquity BEH C18, 1.7 μm; 1.0 × 150 mm (Waters); flow rate 0.075 ml/min; eluent A, 5 mM ammonium acetate in H2O/methanol (v/v; 95:5); eluent B, methanol; gradient, 0 min 10% B; 1 min 40% B; 16 min 70% B; 17–18 min 95% B; column temperature 45 °C; UV detection 240 nm, DAD from 210–350 nm, resolution 2.4 nm; injection volume 0.6 μl. The UPLC was controlled by Empower software (Version 2 or 3). The UV spectra are baseline-corrected.
An ion trap mass spectrometer LTQ Velos Pro (Thermo Scientific, San Jose, CA, USA) equipped with heated electrospray interface was operated in the positive mode with Xcalibur software version 2.1 as follows: A sheath gas (nitrogen, >99.5%) setting of 24 units and auxiliary gas of 5 units was used and a spray voltage of 3.5 kV applied. The heated metal capillary was maintained at 275 °C with a mass range of 250 to 500 Da. The system was optimized for m/z 549 [M + H]+ of antimycin A1 in the positive ion mode. Typical parameters: S-Lens 62%; multipole 00 offset −1.8 V; multipole 0 offset −7.5 V; front lens −9.1 V. MS/MS parameters: CID with isolation width 2.8 Da and without wide-band excitation activated; normalized collision energy 35%; activation time 10 ms.
For accurate mass measurements, a Q Exactive plus (Thermo Scientific) equipped with electrospray interface was operated in the positive mode at high resolution mode (30,000). For preparative purification, a HPLC system Spot Liquid Chromatography Flash, 250 bar (Armen instruments/Dichrome GmbH, Marl, Germany), was used.

Analytical scale glucuronidation
In an 1.5 ml Eppendorf tube, 170 μl reaction mixture consisting of 47 mM UDPGA, 25 mM MgCl2, and 188 mM HEPES buffer (adjusted to pH 7.5) were mixed with 40 μl of enzyme source (liver S9 fraction or SF9 insect cell microsomes (UGT supersomes™) and 10 μl of substrate solution (100 mM of 1 in DMSO) giving a substrate concentration of 4.5 mM. The incubation was conducted at 37 °C and 950 rpm for 20 h with a closed vial top in a Thermomixer compact (Eppendorf, Hamburg, Germany) for the liver S9 incubations and for 4 h under the same conditions for the rh UGT-isoforms SF9 microsomal incubations. The reactions were stopped by adding 400 μl of a MeOH/ACN mixture (v/v; 1:1) and 10 min shaking at room temperature. After centrifugation, the supernatant was transferred to HPLC vials and analyzed by LC/MS-MS as described above. The following rh UGTs were tested for glucuronidation of 1: isoforms 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B15, 2B17.

Preparative scale production and purification of glucuronide 3
                        
On a laboratory shaker (Adolf Kühner AG, Birsfelden, Switzerland), 56 ml of a solution of 32 mM ATP, 50 mM UDPGA, 25 mM MgCl2, 250 mM HEPES buffer (adjusted to a pH of 7.5 with 5 N sodium hydroxide), and 40 mM NaCl was mixed with 14 ml of rat liver S9 preparation and 5 ml substrate solution (75 mM of 1 in DMSO) resulting in concentrations of 16.5 mg/ml protein and of 5 mM compound 1. The reaction was divided into 5 aliquots of 15–20 ml and incubated with closed cap in five 50 ml polyethylene tubes (Thermo Scientific 339652) at 37 °C and 230 rpm for 16 h utilizing a laboratory shaker. At the end of the incubation time, the reactions were frozen and stored until use at −20 °C.
After defrosting in a 50 °C water bath, the recombined reaction broth was mixed with two volume equivalents of an acetonitrile/methanol mixture (v/v; 1:1) and stirred at room temperature for 15 min. The broth was centrifuged at 8600g for 40 min, and the supernatant was filtrated through a paper filter. The filtrate was mixed with 675 ml of aqueous formic acid (0.05%) and pumped directly on the RP-18 chromatography column. The conditions for preparative HPLC were as follows: self-packed steel column 200 × 50 mm; stationary phase LiChroprep RP-18 40–63 μm (Merck KGaA, Darmstadt, Germany); mobile phase A, aqueous 0.05% formic acid; mobile phase B, methanol; gradient, 0–5 min 10% B, 48 min 95% B, 5 min 100% B; flow rate 5 ml/min; room temperature; detection at 220 nm; fraction size, 50 ml. The product eluted between 56 and 70% B. The product containing fractions were combined, and the solvents were partially removed under reduced pressure.
The remaining, now mainly aqueous solution, was mixed with 12 g of isolute absorbent (IST Ltd., Mid Glamorgan, UK) and with 25 ml of a mixture of methanol/dichloromethane (v/v; 20:80) and then evaporated to dryness in vacuo. The dry isolute coated with raw product was filled into a 50 × 25 mm pre-column. The second preparative HPLC was performed with a 250 × 21 mm Nucloeodur 100–10 C18 ec column (Macherey-Nagel, Düren, Germany) under the same conditions as described before. The product containing fractions were again combined, concentrated to about 50 ml and dried by lyophilization giving 50 mg of the product with an isolated yield of 30%. The purity was 96.8% of 3 and 3.2% of 2.

Bioconversion on preparative scale and purification of glucuronide 2
The same procedure was followed for the preparation of 2 utilizing rabbit liver instead of rat liver S9 preparation. Purification of the glucuronide 2 was conducted in analogy to the one described above and yielded 55 mg of a mixture of 78% 2 and 22% of 3 corresponding to a yield of 33% for the mixture of the two glucuronides.


Results
A screening of 13 liver S9 homogenates from 11 vertebrate species was initiated under conditions suitable for glucuronidation utilizing UDPGA and investigated by LC-MS/MS. Under the initial LC conditions utilizing acetonitrile as an organic mobile phase and acidic conditions (0.02% trifluoroacetic acid in both mobile phases), a single peak for the two glucuronides was detected. It was, however, observed that the UV spectra in the DAD of some glucuronide samples were almost identical to the parent compound and some not. This prompted us to modify the LC conditions. By utilizing a pH of the mobile phase, where the glucuronic acid was deprotonated, several samples showed two, partially separated, peaks. A further improvement was achieved by replacing the organic mobile phase acetonitrile with methanol. The very high back pressure of a 15 cm long HPLC column filled with 1.7 μm particles and utilizing a viscous mobile phase like methanol was overcome by raising the column temperature to 45 °C and lowering the flow rate to 0.075 ml/min. A chromatogram is displayed in Additional file 1 with baseline separation of the two glucuronides and UV spectra of the three peaks. The earlier eluting peak of 2 had an UV spectrum very similar to the parent compound 1, and for compound 3, all absorption maxima were bathochromic shifted to higher wavelength. This different UV spectrum of 3 suggested—preliminary at this stage—that the chromophore was distorted presumably due to tautomerization of the 1H-indazole by attachment of the glucuronide at nitrogen-2.
The screening samples were quantified by LC-DAD close to the isobestic point of 240 nm that should give fairly accurate results for the conversions. The screening results (Table 1) showed that one species, rabbit, formed predominately the glucuronide 2, several ones formed both in roughly equal amounts, and most animal species predominately glucuronide 3, with guinea pig showing the highest selectivity. There was no correlation of the taxonomic order, as, for example, the species from the order Rodentia, mice, rat and guinea pig, had a very different specificity of their UDP-glucuronosyltransferases (UGTs). Experiments with compound 1 and human S9 liver fraction showed that predominately glucuronide 3 was formed and 19 times less of glucuronide 2 (Table 1).Table 1Percentage of glucuronide formation after exposure to liver species for 20 h (DAD at 240 nm) and selectivity for forming the glucuronide 3 sorted by increasing selectivity


	Liver S9 homogenate from
	
                            2
                          
	
                            3
                          
	Selectivity factor for 3 vs. 2
                                       

	Rabbit
	30.5%
	6.7%
	0.2

	Mice
	6.0%
	4.9%
	0.8

	Dog
	2.9%
	2.8%
	1

	Chicken
	4.4%
	9.6%
	2

	Mini pig (miniature pig)
	1.4%
	6.4%
	5

	Horse
	<0.1%
	0.7%
	8 a
                                       

	Foal
	<0.1%
	1.4%
	8 a
                                       

	Porcine
	1.6%
	12.7%
	8

	Bovine
	1.8%
	24.0%
	10

	Rat
	1.4%
	26.9%
	20

	Sheep
	0.4%
	17.2%
	45

	Cynomolgus monkey
	0.2%
	13.4%
	55

	Guinea pig
	0.2%
	21.5%
	101

	Human
	4.1%
	77.1%
	19



                                 aData from MS trace



                     
Considering that a preparative separation of the two closely eluting glucuronides by HPLC was impossible, the selection of the optimal animal species for large-scale preparation was essential. Rabbit liver was chosen as biocatalyst for the preparative production of glucuronide 2 and yielded 55 mg of a mixture of 78% 2 and 22% of 3 at a 100 mg scale. Rat liver was chosen to produce the glucuronide 3, as the ratio of the glucuronides was similar to the one found after incubation with human liver S9 fraction. Preparative bioconversion with rat liver gave 50 mg of the desired product 3 with only 3.2% of 2. The purity of the received material was sufficient to discriminate the two compounds in the NMR experiments necessary for structure elucidation. Structures 2 and 3 (Scheme 1) were identified as 1N- and 2N-glucuronides unambiguously based not only on the specific NOE correlations but also on distinctive differences in the observed chemical shifts as discussed in Additional file 1.[image: A40543_2017_120_Sch1_HTML.gif]
Scheme 1Structures and atom numbering of drug candidate 1 and glucuronides 2 and 3. Both tautomers of 1 are shown




                     
Among the 13 rh UGT-isoforms incubated with 1, only UGT1A4 showed significant glucuronide formation of both glucuronides (see Table 2). The selectivity towards N-glucuronide 3 characterized by a selectivity factor of 33 was very similar to the one obtained with the human liver S9 preparation.Table 2Percentage of glucuronide formation with recombinant human UDP-glucuronosyltransferases in supersomesTM after 4 h (DAD at 240 nm)


	rh UDP-glucuronosyl-transferase
	
                            2
                          
	
                            3
                          
	Selectivity factor for 3 vs. 2
                                       

	1A1
	<0.2%
	<0.2%
	n.m.a
                                       

	1A3
	<0.2%
	0.7%
	>4

	1A4
	1.4%
	47.4%
	33

	1A6
	<0.2%
	0.3%
	>2

	1A7
	<0.2%
	<0.2%
	n.m.

	1A8
	<0.2%
	<0.2%
	n.m.

	1A9
	<0.2%
	<0.2%
	n.m.

	1A10
	<0.2%
	<0.2%
	n.m.

	2B4
	<0.2%
	<0.2%
	n.m.

	2B7
	<0.2%
	<0.2%
	n.m.

	2B10
	<0.2%
	<0.2%
	n.m.

	2B15
	<0.2%
	<0.2%
	n.m.

	2B17
	<0.2%
	<0.2%
	n.m.



                                 a
                                 n.m. not meaningful



                     

Discussion
The glucuronidation of 5-membered tertiary N-heterocycles are mainly mediated by UGT1A1 (pyrazoles, indazole in 1 position) (Berry et al. 2014; Smith et al. 2014), UGT1A3 (tetrazoles, pyrazoles) (Yan et al. 2006; Alonen et al. 2008), UGT1A9 (pyrazoles, triazoles) (Berry et al. 2014; Yan et al. 2006; Omura et al. 2007), UGT1A10 (tetrazoles, indazole in 1 position) (Alonen et al. 2008; Rose et al. 2009) or UGT2B7 (tetrazoles) (Alonen et al. 2008).On the other hand, N
                        +-glucuronides, like those of 1-imidazoles, are formed by UGT1A4 (Vashishtha et al. 2001). In the present study, we find that only rh UGT1A4 showed significant N-glucuronidation of 1.
The formation of quaternary N
                        +-glucuronides from tertiary amines in aromatic N-heterocycles is one of the common reactions mediated by UGT1A4. In the case of the indazoles reported in this study, however, the nitrogen atom in the glucuronides is not a quaternary center. Glucuronides of this type have not been reported previously as products of UGT1A4. In addition, we find the energetically less favored glucuronide 3 as the main product formed by eight of the 11 animal species under investigation, including rat, by human liver S9 fraction as well as by rh UGT1A4 expressed in SF9 insect cells.
The 1H-tautomer of unsubstituted indazole is markedly more stable than the 2H form due to the lower aromaticity of the latter. With a Gibbs free energy of 15 kJmol−1, the equilibrium constant is 51 in water (Minkin et al. 2000). For the two N-methyl-indazoles, this effect is even more pronounced and a theoretical equilibrium constant of 251 was calculated by Austin Model 1 semi-empirical quantum calculation (Öǧretir and Tai 2002). As a consequence, the formation of the 2-glucuronide 3 required more energy in the enzymatic reaction than the one of the 1-glucuronide 2 (Scheme 1).
Mechanistically, two pathways can be envisaged for forming glucuronide 3, either only the minor tautomer of 1 fits into the active site of UGT1A4 and therefore tautomerization takes place before the glucuronidation step and the energy required for the tautomerization originates from the binding energy to the enzyme or, more likely, the more stable tautomer of 1 is glucuronidated at nitrogen-2 by UGT1A4. The 1-H tautomer can either be glucuronidated in a concerted reaction or by forming a quaternary N
                        
                  +
                -glucuronide that would react spontaneously to structure 3 with loss of a proton. As UGT1A4 is known to form many quaternary glucuronides (Kaivosaari et al. 2011), the second reaction mechanism seems more plausible and in line with reported data on UGT1A4. Thus, the reaction may well proceed via the expected formation of quaternary N
                        +-glucuronide from tertiary amines, but due to the higher stability of the deprotonated tautomer, products are obtained, which have not been previously reported for UGT1A4 both in terms of regioselectivity and absence of quaternization of the nitrogen.
For example, the structure of axitinib, an inhibitor of vascular endothelial growth factor receptors tyrosine kinase, contains a disubstituted 1H-indazole moiety (Smith et al. 2014). In human studies with [14C]axitinib, N-glucuronidation occurred at the more stable nitrogen-1 of the indazole moiety and the reaction was primarily catalyzed by UGT1A1, which is contrary to our findings with compound 1, where the less stable tautomer was the attachment point of the human glucuronide and UGT1A4 the active human isoform.
The MS/MS spectra of both glucuronides (Fig. 1, Additional file 1) were dominated by m/z 263 corresponding to the loss of glucuronic acid which is typical for glucuronides (Stachulski and Meng 2013) and the loss of one or two water molecules. The spectra showed, however, subtle differences. The fragments m/z 421 (loss of one water molecule) and m/z 305 (loss of 134 Da) were noticeably larger in the spectrum of 1-glucuronide 2.[image: A40543_2017_120_Fig1_HTML.gif]
Fig. 1CID product ion spectra of m/z 439.1 of glucuronides 2 (upper spectrum) and 3 (lower spectrum) magnified by a factor of two. Important MS3 fragments are indicated by dashed arrows
                                 




                     
The loss of 134 Da or C4H6O5 as a major fragment from glucuronides is quite rare and raises two questions: Under which conditions is this fragment formed, or in other words, why was it observed with compound 2 and not by 1 and, secondly, what is the fragmentation mechanism. This neutral loss has been described mainly for N-glucuronides (Amore et al. 1997; Erve et al. 2007; Kassahun et al. 1997), a thiocarbamate N-glucuronide originating from pioglitazone (Uchiyama et al. 2010) and recently also for a glucuronide of GTx-024 ((S)-N-(4-cyano-3-(trifluoromethyl)phenyl)-3-(4-cyanophenoxy)-2-hydroxy-2-methylpropanamide) for that an O-glucuronide was proposed (Kim et al. 2013). Olanzapine formed two N-glucuronides, one at the secondary nitrogen-10 and one at the tertiary nitrogen-4′ with distinctly different MS/MS spectra (Kassahun et al. 1997). The fragment m/z 355 (loss of 134 Da) had a relative intensity of 70% for the 10-N-glucuronide and was very small for the 4′-N
                        +-glucuronide. This suggested that one of the deciding factors for the formation of this neutral loss of 134 Da was the site of the positive charge, whereby a charge directly at the glucuronide-binding nitrogen inhibited this fragmentation pathway. The same was true for glucuronides 2 and 3: Glucuronide 2 was more likely protonated at attaching nitrogen as the proton affinity (PA) of 2N-methyl-indazole (905 kJmol−1) was markedly larger than that of 1N-methyl-indazole (875 kJmol−1) (Öǧretir and Kaipak 2002). Glucuronide 3, in turn, was more likely protonated at different locations including at the glucuronic acid moiety. Both PA values were large enough for ionization with ESI, where a PA larger than 854 kJmol−1 seemed necessary (Kostiainen and Kauppila 2009). In conclusion, the MS2 fragmentation pattern of olanzapine glucuronides and the proton affinity of model compounds could explain that in 3, the N-2 was protonated and that therefore almost no loss of 134 Da was observed. Other examples, where the site of the protonation influenced the MS/MS fragmentation pattern, have been described (Kaufmann et al. 2009; Wang et al. 2010).
A mechanism for the formation of m/z 305 is proposed in Scheme 2. The fragmentation reaction started from the parent molecule without previous loss of water, as neither m/z 421 [M –H2O + H]+ nor m/z 403 [M–2 H2O + H]+ fragmented further to m/z 305 in MS3 experiments. The oxygen in the fragment m/z 305 should to be in 2′ position, as loss of carbon monoxide (−28 Da) was observed in the MS3 spectrum of m/z 305. The proposed mechanism was consistent with HR-MS and MS3 experiments.[image: A40543_2017_120_Sch2_HTML.gif]
Scheme 2Proposed MS/MS fragmentation mechanism of glucuronide 2
                                 




                     

Conclusions
This investigation shows that assumptions on the structure of metabolites based on stability of tautomers may be wrong. For substituted indazoles and related compounds, a purification of such a metabolite to perform structure elucidation should not be necessary as already the information gained from the UV spectrum by a DAD detector should be sufficient to assign a tentative structure. In conclusion, two N-glucuronides were isolated from a substituted 1H-indazole and their structure as well as some physicochemical parameters determined. A novel mechanism to form tertiary N-glucuronides was proposed. Possibly, the UPLC parameters to achieve baseline separation of the two glucuronides can be applied to other cases of difficult to separate glucuronides.
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