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Abstract

:

PF74 and 11L, as potent modulators of the HIV-1 capsid protein, have been demonstrated to act at both early and late stages in the HIV-1 life cycle. However, their clearance is high in human liver microsomes (HLMs). The main goal of this study was to clarify the metabolism of PF74 and 11L in HLMs, and provide guidance for future structural optimization. To accomplish this, the phase-I metabolites of PF74 and 11L, resulting from in vitro incubation with HLMs, were investigated via ultra-performance liquid chromatography–ultraviolet–high-resolution mass spectrometry (UPLC–UV–HRMS). The results show that 17 phase-I metabolites were putatively annotated for PF74, whereas 16 phase-I metabolites were found for 11L. The main metabolic pathways of PF74 in HLMs were oxidation and demethylation, and the secondary metabolic pathway was hydrolysis; thus, the di-oxidation and demethylation products (M7, M9, M11, and M14) were found to be major metabolites of PF74 in HLMs. In comparison, the main metabolic pathways of 11L in HLMs were oxidation, demethylation, dehydrogenation, and oxidative deamination, with M6′, M11′, M15′, and M16′ as the main metabolites. We suggest that the indole ring and N-methyl group of PF74, and the aniline group, benzene ring R1′, N-methyl, and methoxy group of 11L, were the main metabolic soft spots. Therefore, our research illuminates structural optimization options in seeking improved HIV-1 CA modulators.
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1. Introduction


Human immunodeficiency virus type 1 (HIV-1) remains a worldwide healthcare concern despite the effective development of combination antiretroviral therapy (cART) [1,2]. Existing cART is projected to last a lifetime, and the virus will ultimately choose variants that are resistant to current treatment classes [3,4]. This necessitates the development of innovative medications with diverse resistance profiles and new targets. The multifunctional HIV-1 capsid protein (CA) represents an emerging and highly appealing target in HIV-1 medication research. CA plays essential roles in multiple events during viral replication, such as reverse transcription, nuclear entry, integration site distribution, assembly, and maturation [5,6,7]. Therefore, CA-targeting small molecules could provide antiviral characteristics in both the early and late stages. By far, the most intriguing CA-targeting compound is PF74; however, further clinical development of PF74 is mainly impeded by its inferior metabolic stability [8,9]. Additionally, our previous efforts involved replacing the indole moiety with benzenesulfonamide moiety, and we obtained compound 11L with increased antiviral activity, but only modestly better microsomal stability [10] (Figure 1). PF74 and 11L could affect the morphology and assembly process of viral particles through multiple effects to achieve the purpose of inhibiting viral replication, providing low stoichiometric loading advantages [10,11]. Theoretically, a small molecule could regulate unlimited capsids, which requires CA-targeting modulators with high metabolic stability. Therefore, determining their metabolic soft spots would be essential for directing the optimization process to enhance their pharmacokinetic features.



Metabolite profiling studies of new chemical entities (NCEs) are commonly performed in the pharmaceutical industry to aid in medication development [12,13]. These investigations not only provide information regarding the metabolic fate of NCEs, they also assist in the identification of metabolic soft spots in the parent molecule [14]. Elucidating the metabolic profile may allow for metabolic fortification during drug development efforts, and it is also significant for assessing overall drug safety and efficacy [15,16]. Ultra-performance liquid chromatography–ultraviolet–high-resolution mass spectrometry (UPLC–UV–HRMS) is a vital and effective method for the research of drug metabolism and pharmacokinetics, and it is widely utilized to characterize the structural properties of NCEs and their metabolites [17,18,19,20]. UPLC has a powerful separation capacity, making it one of the most useful tools currently available for separating complicated components [21,22,23]. The relative content of different metabolites can be determined according to the peak area of UV, which is helpful to preliminarily determine the main metabolites [18]. HRMS possesses the qualities of high speed, sensitivity, and selectivity, and it has been extensively employed for online structural analysis and quantitative detection of the components [22,24].



In this study, we investigated the phase-I metabolites and metabolic pathways of PF74 and 11L in human liver microsomes (HLMs). PF74 and 11L were incubated in the coexistence system of HLMs and NADPH for 60 min at 37 °C. The incubated samples were evaluated by UPLC–UV–HRMS. The relative content of each metabolite was determined according to the UV peak area. The structures of the metabolites were elucidated based on their MS spectra, tandem MS (MS/MS) spectra, fragmentation patterns, and comparison of the primary and secondary mass spectrometry signals with the parent drug. Finally, the metabolic pathways of PF74 and 11L were proposed based on metabolite data. In the in vitro study, a positive control was used to monitor the incubation. As described in the Supplementary Materials, 7-ethoxycoumarin (7-EC, 10 μM) was utilized as a positive control for phase-I metabolism to assure that proper incubation conditions were maintained. De-ethylated metabolites were observed in the 7-EC positive control, indicating phase-I metabolic activity in liver microsome incubation system.




2. Materials and Methods


2.1. Chemicals and Reagents


PF74 (purity > 99%) was obtained from MedChemExpress (Shanghai, China), and the information for 11L (purity > 99%) is provided in Supplementary Materials. In addition, 7-EC (purity > 97%) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Acetonitrile, formic acid, water, and ammonium formate were purchased from Fisher Scientific (Fair Lawn, NJ, USA). All of the solvents used in the incubation and chromatographic system were UPLC-grade. Human liver microsomes (batch number: 38295) were obtained from Corning Incorporated (Corning, New York, NY, USA). Nicotinamide adenine dinucleotide phosphate (NADPH), phosphate buffer saline (PBS), and MgCl2 were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).




2.2. Sample Preparation


To examine phase-I metabolites in vitro, microsomal incubation was performed with 100 mM phosphate buffer saline (pH 7.4) containing PF74 or 11L (10 μM), HLM (1.0 mg/mL), NADPH (1.0 mM), and MgCl2 (3.0 mM), and the reaction volume was 400 μL. Furthermore, 7-EC (10 μM) was utilized as a positive control for phase-I metabolism to guarantee that proper incubation conditions were maintained. Incubation without samples was used as a blank control. After preincubation for 5 min at 37 °C, the reactions were started by adding NADPH. After incubation for 60 min at 37 °C, the reactions were quenched by adding 800 μL of acetonitrile solution containing 0.1% formic acid. Afterward, the supernatants were obtained under centrifugation at 13,000 rpm for 10 min, and were then dried under nitrogen gas and the residues redissolved in 200 μL water/acetonitrile solution (v:v = 10:3). Aliquots were taken at 0 and 60 min, then, the sample (10 μL) was injected into the UPLC–UV–HRMS system for metabolite profiling and identification.




2.3. Chromatographic and Mass Spectrometric Methods


2.3.1. Chromatographic and Mass Spectrometric Methods of PF74


The UPLC–UV–HRMS analysis was carried out using an ACQUITY UPLC system hyphenated to a Thermo Q-Exactive HF tandem mass spectrometer equipped with an electrospray ionization interface that operated in positive ion mode.



Chromatographic Method: The chromatography was performed on an ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm; Waters Corporation, MA, USA) maintained at 40 °C. Automatic injector temperature maintained at 8 °C. The mobile phase, made up of water/acetonitrile (v:v = 95:5) solution containing 0.1% formic acid and 2 mM ammonium formate (A), and water/acetonitrile (v:v = 5:95) solution containing 0.1% formic acid and 2 mM ammonium formate (B), was delivered at a flow rate of 300 µL/min. The gradient procedures were optimized as follows: 2% B at 0–2 min, 2–45% B at 2–6 min, 45–75% B at 6–12 min, 75–90% B at 12–16 min, 90% B at 16–18 min, and finally, 2% B at 18–20 min. The injection volume was 10 μL. The UV detection was performed using a photodiode array detector, and wavelength scanned from 190 to ~500 nm.



Mass Spectrometric Method: The electrospray ionization source parameters were set as follows: capillary temperature, 375 °C; spray voltage, 3.5 kV; sheath gas flow rate, 40 L/h; auxiliary gas flow rate, 15 L/h; auxiliary gas heater temperature, 300 °C; S-Lens voltage, 55 V. The data were collected in the m/z range of 140–1400 Da (full mass scan) and 200–2000 Da (MS/MS scan) in centroid mode. The collision energy was 10/15 V. The mass resolutions for full mass scans and MS/MS scans were chosen to be above 60,000 and 15,000/30,000, respectively. Collision-induced dissociation (CID) was utilized to attain the MS/MS fragment of PF74 and its metabolites.




2.3.2. Chromatographic and Mass Spectrometric Methods of 11L


The UPLC–UV–HRMS analysis was carried out using an ACQUITY UPLC system hyphenated to a Thermo Q-Exactive HF tandem mass spectrometer equipped with an electrospray ionization interface that operated in positive or negative ion mode.



Chromatographic Method: The chromatography was performed on an ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm; Waters Corporation, MA, USA) maintained at 40 °C. The automatic injector temperature was maintained at 8 °C. The mobile phase, made up of water/acetonitrile (v:v = 95:5) solution containing 0.1% formic acid and 2 mM ammonium formate (A), and water/acetonitrile (v:v = 5:95) solution containing 0.1% formic acid and 2 mM ammonium formate (B), was delivered at a flow rate of 500 µL/min. The gradient procedures were optimized as follows: 2% B at 0–2 min, 2–55% B at 2–12 min, 55–90% B at 12–16 min, 90% B at 16–18 min, and finally, 2% B at 18–20 min. The injection volume was 10 μL. UV detection was performed using a photodiode array detector, and wavelength scanned from 190 to ~500 nm.



Mass Spectrometric Method: The electrospray ionization source parameters were set as follows: capillary temperature, 375 °C; spray voltage, 3.5 kV (+), 3.0 kV (−); sheath gas flow rate, 40 L/h; auxiliary gas flow rate, 15 L/h; auxiliary gas heater temperature, 300 °C; S-Lens voltage, 55 V. The data were collected in the m/z range of 140–1400 Da (+, full mass scan), 120–1400 (−, full mass scan), and 200–2000 Da (MS/MS scan) in centroid mode. The collision energy was 10/15/20 V (+), 10/20/30 V (−). The mass resolutions for full mass scans and MS/MS scans were chosen to be above 60,000 and 15,000, respectively. Collision-induced dissociation (CID) was utilized to attain the MS/MS fragment of 11L and its metabolites.





2.4. Data Processing


The acquired data sets were captured and analyzed by Thermo Xcaliber 4.2 workstation (Thermo Scientific, Bremen, Germany). The possible element composition was speculated by accurate molecular mass, and the data were processed by mass spectrometry fragmentation information. The molecular formulae of parent ions and fragment ions were predicted using a molecular formula prediction module, and the structures of metabolites, in vitro, of PF74 and 11L were identified. The maximum mass errors between the measured and the theoretical value were limited to 5 ppm.





3. Results and Discussion


3.1. Identification of PF74 Metabolites and Proposed Metabolic Pathways in HLMs


Figure 2 displays the UPLC–UV chromatogram of PF74 in HLMs at the detection wavelength of 254–310 nm, and Figure 3 displays the extracted ion chromatogram (XIC) of PF74 in HLMs. Metabolites were tentatively identified by comparing the UPLC–UV and UPLC–HRMS spectra and retention times of potential metabolites to the parent compound PF74. It is worth noting that after incubation at 37 °C for 60 min, PF74 was almost completely metabolized in HLMs. A total of 17 phase-I metabolites were discovered in the HLMs, and their spectra were compared to PF74 for structural confirmation (Figure 2 and Figure 3). According to the UV peak area, M7, M9, M11, and M14 were preliminarily identified as the main metabolites (Figure 2 and Table 1).



The first step in identifying the structures of metabolites was to examine the MS/MS fragmentation pattern of PF74. The MS/MS fragmentation pattern of PF74 was studied in positive mode. A protonated molecular ion [M + H]+ of PF74 at m/z 426.2151 was found in the full-scan mass spectrum. The protonated molecules then produced a series of characteristic fragment ions at m/z 320.1472, 319.1440, 291.1489, 263.1539, 214.1732, 172.0762, 144.0806, 120.0811 and 57.5965. PF74 was eluted at 9.91 min under the experimental conditions. The MS/MS product ion spectrum and predominant fragmentation patterns of PF74 were depicted in Figure 4.



3.1.1. Metabolite Profiling of PF74 in HLMs


A list of all the putative metabolites of PF74 with the proposed type of biotransformation and elemental composition, as well as the retention time, relative abundance, UV peak area, accurate mass of the protonated molecule and mass error, were summarized in Table 1 and Table 2. UPLC–MS/MS analysis of unchanged PF74 and its 17 metabolites yielded informative and prominent product ions for structural characterization (Figure S2).



Amide Hydrolysis Metabolite (M1)


M1, eluted at 5.85 min, gave rise to its [M + H]+ ion at m/z 255.1490 (C18N6H12O). It was 171 u lower than that of PF74, and produced secondary fragment ions at m/z 120.08, indicating that it might be the amide bond adjacent to the indole ring hydrolyzed to the amino (−171 u) product (Figure S2A).




Tri-oxidation and Demethylation Metabolites (M2, M3, M6, M8, M10, and M12)


Metabolites M2, M3, M6, M8, M10, and M12 exhibited retention times at 6.57, 6.61, 7.05, 7.29, 7.40, and 7.65 min, respectively, and they displayed the same theoretical protonated ion [M + H]+ at m/z 460.1867 (C26H25N3O5). This is 34u higher than PF74, indicating that they might be tri-oxidation (+48 u) and N-demethylation (−14 u) products. Metabolites M2, M3, M6, M8, and M10 lost one molecule of water to form secondary fragment ions at m/z 442.18. Metabolites M2, M3, and M10 had secondary fragment ions at m/z 204.07, 186.05, and 162.05, suggesting that the indole ring was oxidized. Among them, M2 and M10 had secondary fragment ions at m/z 351.13, 323.14, 190.09, and 120.08, indicating that benzene ring R2 did not undergo oxidation. In accordance with the secondary fragment ion at m/z 257.13, it is speculated that benzene ring R1 underwent mono-oxidation and N-demethylation (Figure S2B,J). Additionally, the secondary fragment ions at m/z 206.08 and 136.08 of M3 suggest that the mono-oxidation of benzene ring R2 had occurred (Figure S2C). Metabolite M6 had secondary fragment ions at m/z 188.07 and 170.06, indicating that the indole ring was mono-oxidized, and the secondary fragment ions at m/z 367.13, 339.13, 222.08, and 152.07 indicate that the benzene ring R2 was di-oxidized (Figure S2F). Secondary fragment ions at m/z 202.05 and 186.05 suggest that the indole ring of metabolite M8 underwent oxidation (Figure S2H). In accordance with the secondary fragment ions at m/z 367.13 and 339.13 of M12, the oxidation of the indole ring and benzene ring R2 is also speculated (Figure S2L).




Tri-oxidation Metabolites (M4 and M5)


Metabolites M4 and M5 possessed the same theoretical protonated molecular ion [M + H]+ at m/z 474.2024 (C27H27N3O5), and were detected at 6.68 and 7.05 min, respectively. They were 48 u higher than that of PF74; therefore, they could be the tri-oxidation products. The secondary fragment ion at m/z 456.19 was formed when they lost one molecule of water. The metabolite M4 had secondary fragment ions at m/z 188.07 and 170.06, demonstrating that the indole ring was mono-oxidized. The secondary fragment ions at m/z 222.08 and 152.07 show that the benzene ring R2 was di-oxidized, and m/z 108.08 show that the benzene ring R1 was not oxidized (Figure S2D). The secondary fragment ions at m/z 202.05 and 174.06 in the metabolite M5 indicate that the indole ring was tri-oxidized, and the secondary fragment ions at m/z 120.08 and 108.08 indicate that the benzene rings R1 and R2 were not oxidized (Figure S2E).




Di-oxidation and Demethylation Metabolites (M7, M11, M13, M14, and M16)


Metabolites M7, M11, M13, M14, and M16, with their retention times of 7.11, 7.56, 7.65, 7.79, and 8.90 min, respectively, were 18 u higher than that of PF74. They displayed the same theoretical protonated molecular ion [M + H]+ at m/z 444.1918 (C26H25N3O4), which indicates that they were di-oxidation (+32 u) and demethylation (−14 u) products. The metabolites M7 and M13 had secondary fragment ions at m/z 188.07 and 170.06, Implying that the indole ring was mono-oxidized. Secondary fragment ions at m/z 120.08 indicate that benzene ring R2 was not oxidized, while secondary fragment ions at m/z 257.13 suggest that benzene ring R1 was mono-oxidized and N-demethylated (Figure S2G,M). The metabolites M11, M14, and M16 had secondary fragment ions at m/z 204.07, 186.06, and 162.06, and we speculate that the indole ring was di-oxidized (Figure S2K,N,P).




Di-oxidation Metabolite (M9)


Metabolite M9, eluted at 7.40 min, possessed the experimental [M + H]+ ion at m/z 458.2074 (C27H27N3O4), which was 32 u higher than that of PF74, meaning that it might be a di-oxidation (+32 u) product of PF74. Secondary fragment ions at m/z 204.07 and 162.05 indicate that the indole ring was oxidized, and m/z 190.09 and 108.08 indicate that the benzene rings R1 and R2 were not oxidized. Additionally, m/z 440.20, 333.12, and 305.13 were a series of fragments formed by oxidative dehydration (Figure S2I).




Mono-oxidation Metabolite (M15)


Metabolite M15 with a protonated ion [M + H]+ at m/z 442.2134 (C27H27N3O3), was eluted at 8.75 min. It was 16 u higher than that of PF74, showing that there was a mono-oxidation product. The secondary fragment ion at m/z 188.07 determines that the indole ring was mono-oxidized, and m/z 424.20, 317.13, 289.13, and 170.06 were a series of fragments formed by oxidative dehydration (Figure S2O).




Mono-oxidation and Demethylation Metabolite (M17)


Metabolite M17, 2 u higher than that of PF74, possessed a protonated molecule ion [M + H]+ at m/z 428.1969 (C26H25N3O3) with the retention time of 9.37 min, suggesting that M17 was the product of mono-oxidation (+16 u) and demethylation (−14 u). In addition, m/z 188.07 leads us to speculate that the indole ring was mono-oxidized, and m/z 410.19, 317.18, 289.13, and 170.06 were a series of fragments formed by oxidative dehydration (Figure S2Q).





3.1.2. Proposed Metabolic Pathways of PF74


In this investigation, a total of 17 metabolites were found in HLMs of PF74. The proposed metabolic pathways of PF74 are exhibited in Figure 5. There was a series of metabolic reactions containing mono-oxidation, di-oxidation, tri-oxidation, mono-oxidation and demethylation, di-oxidation and demethylation, tri-oxidation and demethylation, amide hydrolysis, and so on. Metabolites M7, M11, M14 (di-oxidation and N-demethylation products), and M9 (di-oxidation product) were the four most abundant metabolites, so the main metabolic pathways of PF74 in HLMs were di-oxidation and N-demethylation, which also suggests that the indole ring, benzene ring R1, and N-methyl group were the main metabolic soft spots. In a previous study by Wang et al. [25], upon substituting the electron-rich indole ring of PF74 with a less electron-rich benzamide group, a preferred compound with similar submicromolar potency and much longer (51-fold) half-life was reported. Additionally, by replacing the benzene ring R1 with the electron-deficient benzothiazole moiety, we found a compound that exhibited markedly improved metabolic stability in HLMs, with a half-life 109-fold that of PF74 [26]. Furthermore, Sahani et al. [27] reported a PF74-like analog with 39 times enhanced metabolic stability over PF74, which led to increased resistance to N-methylation conceived via building the phenylalanine carboxamide into a pyridine ring. These results are consistent with our current findings, wherein we have identified the phase-I oxidative and N-demethylated metabolites as major metabolites of PF74 in HLMs.





3.2. Identification of 11L Metabolites and Proposed Metabolic Pathways in HLMs


Figure 6 shows the UPLC–UV chromatogram of 11L in HLMs at the detection wavelength of 240–320 nm, and Figure 7 show the XIC of 11L in HLMs. Metabolites were tentatively identified by comparing the UPLC–UV and UPLC–HRMS spectra and retention times of potential metabolites to the parent compound 11L. After incubation at 37 °C for 60 min, the relative abundance of 11L in HLMs was 7.11%, which explains why 11L (t1/2 = 4.1 min) had a slightly longer half-life than PF74 (t1/2 = 1.3 min). A total of 16 metabolites were discovered in HLMs, and their spectra were compared with those of 11L for structural confirmation (Figure 7 and Figure 8). According to the UV peak area, M6′, M11′, M15′, and M16′ are preliminarily identified as the main metabolites (Figure 6 and Table 3).



The first step in identifying the structures of metabolites was to examine the MS/MS fragmentation pattern of parent compound 11L. The MS/MS fragmentation pattern of 11L was examined in positive and negative mode. A protonated molecular ion [M + H]+ of 11L at m/z 580.2224 and a deprotonated molecular ion [M − H]− of 11L at m/z 578.2077 were observed in the full-scan mass spectrum. The protonated molecules then produced a series of characteristic fragment ions at m/z 443.1383, 415.1433, 296.0697, 268.0749, 240.0791, 211.5220, and 138.0914, and the deprotonated molecules then produced a series of characteristic fragment ions at m/z 441.1228, 417.1234, 311.0818, 294.0552, 254.0602, 228.0443, 186.0554, 156.0116, and 92.0495. Moreover, 11L was eluted at 10.69 min under the experimental conditions. The MS/MS product ion spectrum and predominant fragmentation patterns of 11L are displayed in Figure 8.



3.2.1. Metabolite Profiling of 11L in HLMs


A list of all the putative metabolites of 11L with the proposed type of biotransformation and elemental composition, as well as the retention time, relative abundance, UV peak area, accurate mass of the protonated (or deprotonated) molecule, and mass error, are summarized in Table 3 and Table 4. UPLC–MS/MS analysis of unchanged 11L and its 16 metabolites yielded informative and prominent product ions for structural characterization (Figure S3).



Tri-oxidation Metabolite (M1′)


Metabolite M1′, eluted at 8.29 min, possessed the experimental protonated molecular ion [M + H]+ at m/z 628.2078 (C29H33N5O9S), which was 48 u higher than that of 11L, meaning that it might be a tri-oxidation (+48 u) product of 11L. The secondary fragment ion at m/z 284.07 suggests that the benzene ring R1′ had not been oxidized, whereas m/z 138.09 is evidence of the di-oxidation of benzene ring R2′ (Figure S3A).




Di-oxidation Metabolites (M2′, M6′, M13′)


Metabolites M2′ and M6′ were observed at retention times of 8.49 and 8.82 min, respectively, with the same experimental protonated molecular ion [M + H]+ at m/z 612.2123 (C29H33N5O8S). The two metabolites were 32 u higher than 11L, suggesting they were the di-oxidation products. The secondary fragment ions at m/z 268.08 and 138.09 of the metabolite M2′ indicate that benzenesulfonamide piperazinone and benzene ring R1′ did not undergo oxidation, and m/z 475.13 and 296.07 indicate that benzene ring R2′ underwent di-oxidation (Figure S3B). The secondary fragment ion at m/z 172.01 of metabolite M6′ demonstrates that aniline was mono-oxidized, and m/z 475.13 and 312.07 indicate that benzene ring R2′ was mono-oxidized (Figure S3F).



Furthermore, M13′ was detected at a retention time of 10.06 min with the experimental deprotonated ion [M − H]− at m/z 610.1976 (C29H33N5O8S), which was 32 u higher than that of 11L, meaning that it might be a di-oxidation (+32 u) product of 11L. The secondary fragment ion at m/z 172.01 of metabolite M13′ shows that aniline was mono-oxidized, and m/z 270.06 and 172.01 show that piperazinone was mono-oxidized (Figure S3M).




Demethylation and Mono-oxidation Metabolites (M3′, M9′, M10′, M11′)


Metabolites M3′ and M11′ produced the same theoretical protonated ions [M + H]+ at m/z 582.2017 (C28H31N5O7S), which were eluted at 8.56 min and 9.98 min, respectively. They were 2 u higher than 11L, and we speculate that metabolites M3′ and M11′ were demethylation (−14 u) and mono-oxidation (+16 u) products. The secondary fragment ion at m/z 140.07 of M3′ indicates that benzene ring R1′ was mono-oxidized and demethylated, and m/z 268.08, 296.07, and 443.14 indicate that benzene sulfonamide piperazinone and benzene ring R2′ were not oxidized (Figure S3C). The secondary fragment ion at m/z 172.01 of M11′ implies the mono-oxidation of aniline, and m/z 122.06 indicates oxidative demethylation (Figure S3K).



Moreover, M9′ and M10′, with their retention times of 9.78 and 9.83 min, respectively, were 2 u higher than that of 11L. They displayed the same theoretical deprotonated ion [M − H]− at m/z 580.1871 (C28H31N5O7S), which indicates that they were demethylation (−14 u) and mono-oxidation (+16 u) products. The secondary fragment ion at m/z 156.01 suggests that aniline was not oxidized (Figure S3I,J).




Demethylation and Di-oxidation Metabolite (M4′)


Metabolite M4′, 18u higher than that of 11L, presented an experimental protonated ion [M + H]+ at m/z 598.1962 (C28H31N5O8S) with the retention time of 8.60 min, which indicates that it was the product of demethylation (−14 u) and di-oxidation (+32 u). The secondary fragment ion at m/z 172.01 shows that aniline was mono-oxidized, whereas m/z 475.13 and 312.07 show that the benzene ring R2′ was mono-oxidized, and m/z 122.06 suggests oxygen demethylation (Figure S3D).




N-demethylation and O-demethylation Metabolite (M5′)


Metabolite M5′ was eluted at 8.79 min with an experimental protonated ion [M + H]+ at m/z 552.1917 (C27H29N5O6S). It was 28u lower than that of 11L, showing that was a product of N-demethylation (−14 u) and O-demethylation (−14 u). The secondary fragment ions at m/z 443.14, 296.07 and 268.08 indicate that only the demethylation reaction occurred in M5′ (Figure S3E).




Mono-oxidation Metabolites (M7′, M16′)


Metabolites M7′ and M16′ were detected at 9.05 and 10.36 min, and possessed the same theoretical protonated ions [M + H]+ at m/z 596.2174 (C29H33N5O7S), which were 16 u higher than that of 11L, and we speculate that metabolites M7′ and M16′ were mono-oxidized (+16 u) products. The secondary fragment ions at m/z 268.08 and 138.09 of M7′ indicate that benzenesulfonamide piperazinone and benzene ring R1′ were not oxidized, and m/z 459.13 and 296.07 indicate that benzene ring R2′ was mono-oxidized (Figure S3G). The m/z 312.07 and 284.07 of M16′ indicate the mono-oxidation of benzenesulfonamide piperazinone (Figure S3P).




N-demethylation Metabolite (M8′)


Metabolite M8′, possessing an experimental protonated ion [M + H]+ at m/z 566.2041 (C28H31N5O6S), was eluted at 9.08 min, which was 14 u higher than 11L. Due to the secondary fragment ions at m/z 124.08, M8′ is presumed to be the product of N-demethylation (−14 u) (Figure S3H).




Dehydrogenation and Mono-oxidation Metabolite (M12′)


Metabolite M12′, eluted at 10.04 min, possessed the experimental protonated ion [M + H]+ at m/z 594.2021 (C29H31N5O7S), which was 14 u higher than that of 11L, meaning that it might be a dehydrogenated (−2 u) and mono-oxidized (+16 u) product. The secondary fragment ion at m/z 172.01 of M12′ indicates the mono-oxidation of aniline, and m/z 254.06 and 172.01 indicate the reductive dehydrogenation of piperazinone (Figure S3L).




Demethylation Metabolite (M14′)


Metabolite M14′, 14 u lower than that of 11L, presented an experimental protonated ion [M + H]+ at m/z 566.2068 (C28H31N5O6S) with the retention time of 10.29 min, suggesting that M14′ was the product of demethylation (−14 u). The secondary fragment ions at m/z 443.14, 296.07, 268.08, and 156.01 indicate that only the demethylation reaction occurred in M14′ (Figure S3N).




Oxidative Deamination and Mono-oxidation Metabolite (M15′)


Metabolite M15′ was eluted at 10.32 min with an experimental protonated ion [M + H]+ at m/z 597.2002 (C29H32N4O8S). It was 17u higher than that of 11L, showing that it was a product of oxidative deamination (+16 u and −15 u) and mono-oxidation (+16 u). The m/z 313.05 and 285.05 indicate that mono-oxidation and oxidative deamination of benzenesulfonamide piperazinone. The m/z 579.21 was the secondary fragment ion obtained by oxidative dehydration (Figure S3O).





3.2.2. Proposed Metabolic Pathways of 11L


On the basis of the MS/MS spectra and fragmentation patterns, the metabolic pathways of 11L are accordingly proposed, as shown in Figure 9. The metabolic reactions are summarized as follows: mono-oxidation, di-oxidation, tri-oxidation, demethylation, mono-oxidation and demethylation, mono-oxidation and oxidative deamination, mono-oxidation and dehydrogenation, N- demethylation and O-demethylation. Metabolite M6′ (di-oxidation product), M11′ (mono-oxidation and demethylation product), M15′ (mono-oxidation and oxidative deamination product), and M16′ (mono-oxidation product) were the four metabolites with the highest relative abundance. Therefore, oxidation, demethylation, and oxidative deamination were the main metabolic pathways of 11L in HLMs, which also indicates that the aniline group, benzene ring R1′, N-methyl, and methoxy group of 11L were the main metabolic soft spots. It has been reported that the introduction of chlorine and fluorine atoms can block metabolically labile sites and improve the metabolic stability of compounds [28]. Recently, Sahani et al. [29] found that the substitution of a methoxy group on benzene ring R1′ and an amino group on aniline via chlorine atoms could slightly improve the metabolic stability of 11L-like analogs. Notably, lenacapavir, a long-acting capsid modulator currently in clinical phase III, contains a core structure similar to PF74 and 11L [30]. However, its left wing introduced a fluorine-rich tetrahydrocyclopenta-pyrazole ring, and replaced the benzene ring R1 (R1′) with an indazole ring, as well as introducing the pyridine group to avoid N-methylation [31]. The incorporation of electron-withdrawing groups (halogens and sulfonyls), metabolically stable ring systems (cyclopentane and pyrazoles), and rigidifying elements might be the reasons for its high metabolic stability.






4. Conclusions


The primary goal of metabolite screening in early drug development is to detect metabolic soft spots that result in poor metabolic stability. This information can direct synthetic chemistry efforts through the identification of compounds with desirable pharmacokinetic characteristics. In this study, phase-I metabolites, and possible metabolic pathways of PF74 and 11L in HLMs, were identified for the first time. According to the ionization and fragmentation rules of ESI-MS, the metabolites were identified by UPLC–UV–HRMS data based on the characteristic fragments and characteristic neutral loss of PF74 and 11L. For PF74, the oxidation of the indole ring and N-demethylation of the parent compound were the main transformations. For 11L, oxidation of the aniline group and benzene ring R1′, demethylation, dehydrogenation, and oxidative deamination metabolites were the relatively most intense. Therefore, it may be an effective method to improve the metabolic stability of compounds by substituting electron-deficient groups for electron-rich indole ring and aniline groups, and substituting benzo-aromatic heterocyclic rings for benzo-methoxy groups to overcome the defects of oxidation and demethylation. In summary, this study’s findings of metabolic transformation information will open up prospects for structural optimization, leading to the identification of novel, more metabolically stable HIV-1 CA modulators.
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Figure 1. The chemical structures of PF74 and 11L [10]. EC50 is the concentration of the compound required to achieve 50% protection of TZM-bl cells against HIV-1-induced cytopathic effect, determined in at least triplicate against HIV-1 in TZM-bl cells; t1/2 is the half-life; and CLint is the intrinsic clearance. 
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Figure 2. UPLC–UV (254–310 nm) chromategrams of PF74 in HLMs: (A) UPLC–UV spectrum of T60 (M1 and M15 are not listed due to weak UV absorption); (B) UPLC–UV spectrum of T0; (C) blank UPLC–UV spectrum. 
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Figure 3. XIC of PF74 in HLMs. 
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Figure 4. (A) Collision induced dissociation (CID) mass spectrometry of PF74; (B) Analysis of mass spectrometry fragments (m/z 426.2151). Here are major fragment ions (m/z 319.1440, 291.1489, 172.0762, 144.0806, 120.0811) of PF74 without metabolism. 
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Figure 5. Proposed metabolic pathways of PF74 in HLMs. The main pathways are highlighted in blue. 
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Figure 6. UPLC–UV (254–310 nm) chromatograms of 11L in HLMs: (A) UPLC–UV spectrum of T60; (B) UPLC–UV spectrum of T0; (C) blank UPLC–UV spectrum. 
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Figure 7. XIC of 11L in HLMs. 
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Figure 8. (A) CID mass spectrometry of 11L; (B) analysis of mass spectrometry fragments (positive ion, m/z 580.2224; negative ion, m/z 578.2077). The major fragment ions of 11L without metabolism are positive ions at m/z 443.1384, 296.0697, 268.0749, 138.0914, and negative ions at m/z 441.1228, 311.0818, 294.0552, 254.0602, 156.0116, 92.0495. 
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Figure 9. Proposed metabolic pathways of 11L in HLMs. The main pathways are highlighted in blue. 
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Table 1. List of putative metabolites of PF74 with the primary identification parameters and hypothesized biotransformation. The relatively most intense metabolites are in bold.
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	Metabolite
	[M + H]+

m/z
	Retention Time

(min)
	Relative Abundance (UV Peak Area%)
	UV Peak Area

(254–310 nm)
	Type of Biotransformation
	Diagnostic Ions





	M1
	255.1490
	5.85
	+
	+
	Amide hydrolysis (P − C11H9NO)
	255.15, 120.08



	M2
	460.1866
	6.57
	4.26
	1269
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 442.18, 351.13, 323.14, 257.13, 204.07, 190.09, 186.05, 162.05, 120.08



	M3
	460.1866
	6.61
	4.71
	1401
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 442.18, 206.08, 204.07, 186.05, 162.05, 136.08



	M4 #
	474.2017
	6.68
	3.54
	1055
	Tri-oxidation (P + 3O)
	474.20, 456.19, 222.08, 188.07, 170.06, 152.07, 108.08



	M5 *
	474.2028
	7.05
	4.97
	1480
	Tri-oxidation (P + 3O)
	474.20, 456.19, 202.05, 174.06, 120.08, 108.08



	M6 *
	460.1866
	7.05
	2.39
	713
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 442.18, 367.13, 339.13, 222.08, 188.07, 170.06, 152.07



	M7
	444.1917
	7.11
	13.73
	4088
	Di-oxidation and demethylation (P + 2O − CH2)
	444.19, 257.13, 188.07, 170.06, 120.08



	M8
	460.1867
	7.29
	2.67
	796
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 442.18, 202.05, 186.05



	M9 *
	458.2074
	7.40
	13.48
	4013
	Di-oxidation(P + 2O)
	458.21, 440.20, 333.12, 305.13, 204.07, 190.09, 162.05, 108.08



	M10 *
	460.1863
	7.40
	2.87
	854
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 442.20, 351.13, 323.14, 257.13, 204.07, 190.09, 186.05, 162.05, 120.08



	M11
	444.1917
	7.56
	9.81
	2919
	Di-oxidation and demethylation (P + 2O − CH2)
	444.19, 204.07, 186.06, 162.05



	M12 *
	460.1864
	7.65
	1.35
	403
	Tri-oxidation and demethylation (P + 3O − CH2)
	460.19, 367.13, 339.13



	M13 *
	444.1918
	7.65
	4.94
	1471
	Di-oxidation and demethylation (P + 2O − CH2)
	444.19, 257.13, 188.07, 170.06, 120.08



	M14
	444.1915
	7.79
	25.62
	7627
	Di-oxidation and demethylation (P + 2O − CH2)
	444.19, 204.07, 186.06, 162.05



	M15
	442.2134
	8.75
	+
	+
	Mono-oxidation (P + O)
	442.21, 424.20, 317.13, 289.13, 170.06



	M16
	444.1919
	8.90
	4.29
	1279
	Di-oxidation and demethylation (P + 2O − CH2)
	444.19, 204.07, 186.06, 162.06



	M17
	428.1969
	9.37
	1.34
	399
	Mono-oxidation and demethylation (P + O − CH2)
	428.20, 410.19, 317.18, 289.13, 188.07, 170.06



	PF74 (Parent)
	426.2169
	9.91
	+
	+
	NA
	426.22, 319.14, 291.15, 172.08, 144.08, 120.08







The semiquantitative data of UV (254–310 nm) peak area are shown in the table: P, parent; ND, not detected; +, the signal was detected in UPLC–HRMS, but the UV signal was too weak to integrate the peak area at 254–310 nm; #, peak area is the value after deducting blank matrix; *, the metabolite peaks overlapped, and the UV peak area was calculated and allocated according to the ratio of the mass spectrum peak area; NA, not applicable. Relative abundance was calculated by comparing the peak areas of a single metabolite to the sum of the peak areas of all given metabolites. Relative abundance = (peak area of a single metabolite/total peak area of metabolites) × 100%.
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Table 2. Accurate quality detection information of PF74 and its metabolites in HLMs.
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	Metabolite
	Formula
	Exact Mass
	Measured Value

(m/z)
	Theoretical Value

(m/z)
	PPM





	M1
	C16H18N2O
	254.1419
	255.1490
	255.1492
	−0.8



	M2
	C26H25N3O5
	459.1794
	460.1866
	460.1867
	−0.2



	M3
	C26H25N3O5
	459.1794
	460.1866
	460.1867
	−0.2



	M4
	C27H27N3O5
	473.1951
	474.2017
	474.2024
	−1.5



	M5
	C27H27N3O5
	473.1951
	474.2028
	474.2024
	0.8



	M6
	C26H25N3O5
	459.1794
	460.1866
	460.1867
	−0.2



	M7
	C26H25N3O4
	443.1845
	444.1917
	444.1918
	−0.2



	M8
	C26H25N3O5
	459.1794
	460.1867
	460.1867
	0.0



	M9
	C27H27N3O4
	457.2002
	458.2074
	458.2075
	−0.2



	M10
	C26H25N3O5
	459.1794
	460.1863
	460.1867
	−0.9



	M11
	C26H25N3O4
	443.1845
	444.1917
	444.1918
	−0.2



	M12
	C26H25N3O5
	459.1794
	460.1864
	460.1867
	−0.7



	M13
	C26H25N3O4
	443.1845
	444.1918
	444.1918
	0.0



	M14
	C26H25N3O4
	443.1845
	444.1915
	444.1918
	−0.7



	M15
	C27H27N3O3
	441.2052
	442.2134
	442.2125
	2.0



	M16
	C26H25N3O4
	443.1845
	444.1919
	444.1918
	0.2



	M17
	C26H25N3O3
	427.1896
	428.1969
	428.1969
	0.0



	PF74
	C27H27N3O2
	425.2103
	426.2169
	426.2176
	−1.6







Theoretical value = exact mass + 1.0073 or − 1.0073; PPM = (measured value − theoretical value)/theoretical value × 106.
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Table 3. List of putative metabolites of 11L with the primary identification parameters and hypothesized biotransformation. The relatively most intense metabolites are in bold.
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	Metabolite
	[M + H]+/[M − H]−

m/z
	Retention Time

(min)
	Relative Abundance

(UV Peak Area%)
	UV Peak Area

(240–320 nm)
	Type of Biotransformation
	Diagnostic Ions





	M1′
	628.2078
	8.29
	5.36
	7217
	Tri-oxidation (P + 3O)
	628.21, 284.07, 138.09



	M2′
	612.2122
	8.49
	5.36
	7223
	Di-oxidation (P + 2O)
	612.21, 475.13, 296.07, 268.08, 138.09



	M3′
	582.2014
	8.56
	6.81
	9171 @
	Mono-oxidation and demethylation (P + O– CH2)
	582.20, 443.14, 296.07, 268.08, 140.07,



	M4′
	598.1962
	8.60
	0.77
	1043 @
	Di-oxidation and demethylation (P+ 2O − CH2)
	598.20, 475.13, 312.07, 172.01, 122.06



	M5′
	552.1917
	8.79
	4.94
	6649
	N- demethylation and O- demethylation (P − 2CH2)
	552.19, 443.14, 296.07, 268.08



	M6′
	612.2105
	8.82
	12.01
	16,172
	Di-oxidation (P + 2O)
	612.21, 475.13, 312.07, 172.01



	M7′
	596.2166
	9.05
	6.62
	8923 @
	Mono-oxidation (P + O)
	596.22, 459.13, 296.07, 268.08, 138.09



	M8′
	566.2041
	9.08
	2.25
	3028 @
	N- demethylation (P − CH2)
	566.20, 124.08



	M9′
	580.1873 *
	9.78
	2.59
	3493
	Mono-oxidation and demethylation (P + O– CH2)
	580.19, 156.01



	M10′
	580.1874 *
	9.83
	2.62
	3533
	Mono-oxidation and demethylation (P + O– CH2)
	580.19, 156.01



	M11′
	582.2020
	9.98
	8.77
	11,814
	Mono-oxidation and demethylation (P + O − CH2)
	582.20, 172.01, 122.06



	M12′
	594.2021
	10.04
	2.79
	3755
	Mono-oxidation and dehydrogenation (P + O − 2H)
	594.20, 254.06, 172.01



	M13′
	610.1976 *
	10.06
	3.27
	4410
	Di-oxidation (P + 2O)
	610.20, 270.06, 172.01



	M14′
	566.2068
	10.29
	3.55
	4777 # @
	Demethylation (P − CH2)
	566.20, 443.14, 296.07, 268.08, 156.01



	M15′
	597.2002
	10.32
	15.98
	21,520 # @
	Mono-oxidation and oxidative deamination(P + O − NH + O)
	597.20, 579.21, 313.05, 285.05



	M16′
	596.2158
	10.36
	9.20
	12,391 # @
	Mono-oxidation (P + O)
	596.22, 312.07, 284.07



	11L (Parent)
	580.2224/578.2077
	10.69
	7.11
	9581
	NA
	580.22, 443.14, 415.14, 296.07, 268.08, 240.08 (+);

578.21, 441.12, 311.08, 294.06, 254.06, 228.04, 156.01, 92.05 (−)







The semiquantitative data of UV (240–320 nm) peak area are shown in the table; P, parent; *, the measured values of M9′, M10′, and M13′ (m/z) were obtained using the negative mode data; #, peak area is the value after deducting blank matrix; @, M3′, M4′, M14′–M16′ were separated by cyano columns, M7′ and M8′ were separated by phenyl columns; NA, not applicable. Relative abundance was calculated by comparing the peak areas of a single metabolite to the sum of the peak areas of all given metabolites. Relative abundance = (peak area of a single metabolite/total peak area of metabolites) × 100%.
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Table 4. Accurate quality detection information of 11L and its metabolites in HLMs.






Table 4. Accurate quality detection information of 11L and its metabolites in HLMs.





	
Metabolite

	
Formula

	
Exact Mass

	
Measured Value

	
Theoretical Value

	
PPM




	
(m/z)

	
(m/z)






	
M1′

	
C29H33N5O9S

	
627.1999

	
628.2078

	
628.2072

	
1.0




	
M2′

	
C29H33N5O8S

	
611.2050

	
612.2122

	
612.2123

	
−0.2




	
M3′

	
C28H31N5O7S

	
581.1944

	
582.2014

	
582.2017

	
−0.5




	
M4′

	
C28H31N5O8S

	
597.1893

	
598.1962

	
598.1966

	
−0.7




	
M5′

	
C27H29N5O6S

	
551.1839

	
552.1917

	
552.1912

	
0.9




	
M6′

	
C29H33N5O8S

	
611.2050

	
612.2105

	
612.2123

	
−2.9




	
M7′

	
C29H33N5O7S

	
595.2101

	
596.2166

	
596.2174

	
−1.3




	
M8′

	
C28H31N5O6S

	
565.1995

	
566.2041

	
566.2068

	
−4.8




	
M9′

	
C28H31N5O7S

	
581.1944

	
580.1873 *

	
580.1871

	
0.3




	
M10′

	
C28H31N5O7S

	
581.1944

	
580.1874 *

	
580.1871

	
0.5




	
M11′

	
C28H31N5O7S

	
581.1944

	
582.2020

	
582.2017

	
0.5




	
M12′

	
C29H31N5O7S

	
593.1944

	
594.2021

	
594.2017

	
0.7




	
M13′

	
C29H33N5O8S

	
611.2050

	
610.1976 *

	
610.1977

	
−0.2




	
M14′

	
C28H31N5O6S

	
565.1995

	
566.2068

	
566.2068

	
0.0




	
M15′

	
C29H32N4O8S

	
596.1941

	
597.2002

	
597.2014

	
−2.0




	
M16′

	
C29H33N5O7S

	
595.2101

	
596.2158

	
596.2174

	
−2.7




	
11L

	
C29H33N5O6S

	
579.2152

	
580.2224

	
580.2225

	
−0.2








*, The measured values (m/z) of M9′, M10′, and M13′ are based on the data of the negative ion mode. Theoretical value = exact mass + 1.0073 or − 1.0073; PPM = (measured value − theoretical value)/theoretical value × 106.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
RT: 6.92-14.20

Relative Abundance

100 LCHRMS (XICo) Mg 1069
508
885 -
%03 - o
P S b e
803 “
o
703 o ) )
Tere ()

603 MeAns
503 Je

i 1009
k| i £

i 017
203 597 o
0o 01
203 Time min)
104 .
ol 780 794 2 11,01 1147 1289 1350 14.07
T T T T T T T )
i H H ) i 2 by 4

Time (min)





media/file4.png
RT: 5.00-12.00 M14 gT;gS:ch
(A) 40,000 M3 MoMI0 PF74 HLM T60
30,000 NL:
4.00x104
20,000
2 l I T | ] I 1 | 1 I 1 | L) L L) | ] I ] | 1 I 1 | T T T | T nm=254.0—
S 10,000 6.4 66 6.8 7.0 72 74 76 78 310.0 PDA
0 PF74 HLM_T60
—10,000
(B) 40,000 o s L
30,000 PF74 4.00x10%
nm=254.0—
?( 20,000 310.0 PDA
’ 532 8.54
e N
-10,000 .
nm= U=
(C) 40,0003 310.0 PDA
30.00 OE Blank_HLM_T60 |, -
3 4.00x104
= 20,0007 W nm=254.0—
< - r~ r 1 r 1 v . v 1 1 1t fr Tt 1 v Tt T [ T T T T T 3100 PDA
= 10’0005 6.4 6.6 6.8 70 8_5312 7.4 76 7.8 Blank HLM T60
39.03 538 591 9.82 e
OE FAN
—-10,000
5 6 7 8 9 10 1 12

Time (min)





nav.xhtml


  metabolites-12-00752


  
    		
      metabolites-12-00752
    


  




  





media/file18.png
~ - < p
?/l\‘* o OI\\ \o
4 Voo
ll ‘\“ ’ ~\\ -~ o
O At Al h \©\ O\\ : \O
7 ~o ~ hes /, hs 4 heS
<4 O N BN O NN T NS
O” N/ﬁ 0 /3 ~ \Q// N ‘;O R Di-oxidati Tae O//S\N/\l .o O NN . \N/\\\ 0
, .. .. N. M bl i-oxidation AL y I A pN
N > NN D PN . N_ . ., Oxidative - N\/',ﬂ\
v H \\, Mono-oxidation O\“/ /H \\I s b H deamination N N
O 1: / B '\\\ K 0\\/' o) ~ H
20 207N M16", MW = 595.67
M2' MW =611.67 \‘\\,,' M1l, MW = 627.67 Sv L 3 - - - M15 , MW = 596.65
’ ' o 1gat®
Di-oxidation Oxidative yqno-0%
o deamination
Mono-oxidation Tri-oxidation \‘\0‘\ Mono-oxidation
Dehydrogenation
™o ~o \o\ . ™o
HoN H,N CHaN 3
© 2 2 Y 2
s N % - (s s”o Ox N
2N 0 "j/ ~ d/S\N/\ o Oj/N\ . //S;"N/ﬁ\: o Oj/N\ \\/O// \IN/\l i o j’/ ~
K .. OI: K : \‘,)J\
o /N i H . . H H
/. /" Mono-oxidation o Di-oxidation o] o
ol D - : _ : -
M7 MW = 505 67\\" 11L, MW = 579.67 M13', MW = 611.67 M12', MW = 593.65
M idati Di-oxidation Demethylation
ono-oxidation Demethylation o N-demethylation
-CH; Mono-oxidation O-demethylation
\ OH
\©\Sllo 4
/ ~
GNTY

© Hr PN
Mono-oxidation

M3', MW = 581.64

M8', M14', MW =&

Mono-oxidation

Mono-oxidation

M4', MW = 597.64

M11", MW = 581.64

M9, M10', MW = 581.64

M5', MW = 551.61






media/file16.png
Relative Abundance

MS/MS 211.5220
100 S0AGSE 100 240.0701 11L_STD #3035 RT: 10.69
- 186.5169 - AV: 1 NL: 7.69x107
80— 156.0146 ‘ F: FTMS + ¢ ESI d Full ms2
60: 0 i 580.2220@hcd15.00
- 150 200 250 [50.0000-610.0000]
Z m/z
40_ 4431383
203 138 0914 415.1433
858448 T - 2119220 268.0749) 1 484 5862 580.2224
156.0116 :
100- 11L_STD #3030 RT: 10.67
- 100— 294.0602 100 4171234 AV-1 NL: 5.23x105
80— - 266.1179 441 1998 F: FTMS — ¢ ESI d Full ms2
. 502 / 2940552 90 : 578.2081@hcd20.00
60 1228.0443 / | 397.1338 [50.0000—610.0000]
. 0 —r— T T N B S S B O N B B 92 0495
404 250 300 400 420 440 100977
- m/z m/z
20 116.0496 50 116.0496
- 578.2077
71 63.9613 ’ 186‘[0554 : 311 0818 417.1234 495 1700 | , , 14,2'9657
0 'I"'I""|""|‘ T t R B o A RN o I"'|"'!I"'I"'I"'I"']"'I"'I"'I"'I"'|" 0 T 1 1 T [T T T 11
100 200 300 400 500 600 100 120 140
m/z m/z
(A)
m/z 441.12 - -,
-CO \
m/z 415,14 <———m/z 443.14 ==~ g ~0
\ \ \O \\\
H,N
HoN m/z 296.07 ™, oz 29406, %
0 R 4 LN
\©\s” O N m/z 92.05 -._/ o, /\ o} j‘ ~
7" "N o} NN : L -
7 /\\)\ j‘ /z 138.09 Mz 19001 Kﬂ/ N
N | ! ) \\ m 7 . X :
Hf T INT L -C,H o :
m/z 240.08 <——— m/z 268.08 "~ m/z 311.08
11L, [M+H]*: 580.22 11L, [M-H]: 578.21

(B)





media/file2.png
PF74 @

ECyo = 520 +180 nM
t1/2(HLM) = 1.3 min

CI—|nt

972.3 mL/min/kg

11L

ECxo = 90 + 30 nM
t1/2(HLM) = 4.1 min
CL;t= 307.8 mL/min/kg






media/file5.jpg
RT:5.05-11.08 M1

Relative Abundance

1005
o2
802
705
[

LCHRMS (XICs) 7.79

tose 5w

A

10.68

T T T T T
6 7 8 ° 10

Time (min)





media/file3.jpg
RT: 5.00-12.00 M14 meeast0-
Stoaron
() 40,000 PE74 i T80
30,000 AL
400x10
2 200003 nm=2540-
E o B R A M MR/ ARE MR 5100 POA
Al PF74_HUM_T60
° 6
~10,000-
(®) 400005 . “
£ 460x10t
30,000 = S
5 200003 31007DA
3 10000 6 PF74_HLM TO
532
[ s
~10,000- —
(© 40000 Sooron
proied B TED
X 460x10t
5 200003 nm=254.0-
310070A
Sio 000 SRR YR YY" YRR ]
003503 538 F Blank_ HLM T60
o 591 N
~10,000- T T T T p ) )
5 6 7 s s 10 i 2





media/file1.jpg
g o
o .
PF74 1L @

ECgo =520 £180 nM ECso=90+30 nM
trrzaw = 1.3 min tarzgLn = 4.1 min
CLiy = 972.3 mLimin/kg CLin = 307.8 mLimin/kg






media/file7.jpg
PF74_STD #2904 RT:9.94 AV: 1 NL: 129x10"
FFTMS +  ES1d Full ms2 426 2200@hod12 50 50.0000-455.0000]

1005 MS/MS Bitim
PE7A STO M2 RT 007 AV 1 3515100

] TR L
w©
o storea
i
fw
{ iz
ju
: s
o YL "R~ A A P
i, &
»
o zogen e
[,
s [ s 2y s 2 sz
PR R R A AR L ERR TEER
m/z 291.15

miz144.08
mz172.08 1/ o008

PF74, [M+H]": 426.22
(B)






media/file10.png
30 -*

30 -*

~

~

M12, MW

= 254.33

M1, MW

~

~—
~

459.49

~

Amide
hydrolysis

Tri-oxidation

%

N-demethylation

o
<
o]
re)
<
=
c
2 88
= ® ©
- T >
= oo
1
= £
- o
2
2

=473.52

M5, MW

Tri-oxidation

\VIU

\ c

ZT m/_u.m
©

@) n_.n/_v”m
<+ 3
__m

- <

pd =

T <
~
L
a

c

0

-

©

=)

%

Q

u

= 473.52

M4, MW

= 441.52

M15, MW

Mono-oxidation

= 457.52

M9, MW

N-demethylation

N-demethylation

Mono-oxidation
N-demethylation

T
C

I Mono-oxidation

= 459.49

M6, MW

= 427.50

M17, MW

,M16
443.49

MwW

M11,M14
Mono-oxidation

= 459.49

M3, MW

J

443.49

M7, M13, MW

\,

459.49

M2, M10, MW





media/file12.png
RT: 6.95-14.10

(A) 100,000 NL-
80,000 M3*/M4’ M16° 1-00;1350
- nm-= =
2 60,0005 M6’ 320.0 PDA
5 40,0007 Ml:,wlz’ M5/ M7 /M8’ 11L_HLM_T60
20,000 11L
11696 \ 8 ? 1068 11,81 1282 1344 1407
(B) 100,000 NL:
80,0007 10.68 1.00x10°
5 60,0005 nm=240.0—
> . 320.0 PDA
5 40,0003 11L_HLM_TO
20,000
031695 12.82 1344 1407
(C) 1007 NL:
80 1.00x105
3 nm=240.0-
- .
< 60; 320.0 PDA
40- Blank HLM T60
20
16.98 1036 1056 1127 1181 1212 1282 1360 14.08

0d==

7

8 9 10 1 12 13 14
Time (min)





media/file9.jpg





media/file0.png





media/file14.png
RT: 6.92-14.20

100, LC-HRMS (XICs) M7°/MS’ 10.69
- 8 85 9.08 11L
- CE—— NO? ’
90; M5° M6’ 100 9.81 I;I;g
80 5{% m
705 }{[16’ 09|?'r"l'"I"'I"'I"é|s"'I"'I"'I"'I"é|9‘" e
@ = 10.42 ' Time (min) '
ﬁ 60 M14°/M15°
g 505 M13®
2| = 10.09
o - 100
% 40— M3’/M4’ 50
2 = g 51 8.59 M11° 10.17
Q:SD: . 997 0|||||||||-|
= 10.0 10.1
20— 2 Time (min)
10 9.41 \
OE L ' )1 11.01 11.47 12.89 13.50 14.07
g B R RARE RAAN LAAN LARE RAAN RAAS LAL AR LA RALE LARS RAMS RAR RARN LALS RARE LARY REALRARE RALN REALSALE LRI AAAS RALE LRI RALS RAR] RARN LAAS RARI RARN LERNAAR
7 8 9 10 11 12 13

Time (min)





media/file8.png
PF74 _STD #2904 RT:9.94 AV:1 NL: 1.29x107
F: FTMS + c ESI d Full ms2 426.2200@hcd12.50 [50.0000-455.0000]

1004 MS/MS 291. 1489
] PF74_STD #2912 RT:9.97 AV:1 NL:3.51x10%
902 T: FTMS + c ESI d Full ms [140.0000-1400.0000]
60 100- 426.2169
. g 03
o 7109 S 3 319.1440
Q . 5 605
g 603 T .1
S 4 = 7 4282238
2 503 o 203
© 3 % ] 4161956 4242016] | [ 4322253 442 2122
=1 — yorrrrrrrryprrrrprirrrprrrryprrrrprrriryrid
% 40: 415 420 425 430 435 440 445
1 30; m/z
203
103 120.0811 444 0806 320.1472
1 57.5965 | I 214.1732 263.1539 [ 426 2151
0|||1|||||||1||||'|||||'|1|||||||||||||'|1|
50 100 150 200 250 300 350 400 450
m/z
(A)
m/z 319.14 -.__
O \N\
U A
J RN
"N
' H -
S m/z 291.15

2\

m/z 144.08 .7
m/z 172.08

\

m/z 120.08
PF74, [M+H]": 426.22
(B)





media/file11.jpg
RT:6.95-14.10

@000
#00%

&0

Epres
200%

o

® 1000,
w00

e

3o
20w

o

© w
o

2 ®
3w
ps

o

5200PDA
THL_HM TE0

8 nw weuer

05

e
08 1005100
n Pm=200-
3200¢0A
HLHM_TO

103 18 e sw wor

e
150x100
me2400-
200PDA
Blank_ HLM_T60

109 1958 127 18 12 1262 1300 1408

o

W £ £y W
Tone (min)





media/file6.png
RT: 5.05-11.08 M14

100, LCHRMS (XICs) 7.79
90
80; MO9/M10
703 7.40
60=
505 M7
403 7.11

- MS5/M6
303 7.05

M12/13

/

Relative Abundance

207 5.85 -
= 6.57 M4
13

Mi1s Mile M17 PF74
806 | 890 937 g

10—

I 10.66
I

0_||||||||||||||||||||| I N

|
6 7 8 9 10
Time (min)





media/file15.jpg
MSMS 2080007

2115220

gy H1LSTO #5035 RT-1060

oy
o [ R
L 1560148 | F: FTMS + ¢ ESI d Full ms2
ki e bl ety
BT mweronow
g s
E o3 4431383
e
& " i W0 i s w5185 o sz
s o 1. om0 AT 1087
oy 02 0. e AV N S0t
w - D e LS e
Hussa ity
L 3 ECAEY 5000000100000
p BT A
203 160496 - -
L e T LT =
N
" o
@)
sz
<o

iz 1518 <C0 i 443,14

Hal. e 296,07

mir 24008 <22 iz 28808

ML, Mot 58022

(8)

]
e 226,04 S22 miz 250,06
308"

L BT 57821





media/file17.jpg





