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Abstract

Mammalian cytochrome P450 drug-metabolizing enzymes rarely cleave carbon—carbon (C-C)
bonds and the mechanisms of such cleavages are largely unknown. We identified two unusual
cleavages of non-polar, unstrained C(sp?)-C(sp?) bonds in the FDA-approved tyrosine kinase
inhibitor pexidartinib that are mediated by CYP3A4/5, the major human phase | drug metabolizing
enzymes. Using a synthetic ketone, we rule out the Baeyer-Villiger oxidation mechanism that

is commonly invoked to address P450-mediated C-C bond cleavages. Our studies in 180, and
H,180 enriched systems reveal two unusual distinct mechanisms of C-C bond cleavage: one bond
is cleaved by CYP3A-mediated jpso-addition of oxygen to a C(sp?) site of A-protected pyridin-2-
amines, and the other occurs by a pseudo-retro-aldol reaction after hydroxylation of a C(sp3)

site. This is the first report of CYP3A-mediated C-C bond cleavage in drug metabolism via jpso-
addition of oxygen mediated mechanism. CYP3A-mediated /jpso-addition is also implicated in
the regioselective C-C cleavages of several pexidartinib analogs. The regiospecificity of CYP3A-
catalyzed oxygen jpso-addition under environmentally friendly conditions may be attractive and
inspire biomimetic or P450-engineering methods to address the challenging task of C-C bond
cleavages.
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Mammalian cytochrome P450 drug metabolizing enzymes rarely cleave C-C bonds. Here we
report the mechanisms of two unusual CYP3A-mediated cleavages of non-polar, unstrained
C(sp?)-C(sp?) bonds in the metabolism of tyrosine kinase inhibitor pexidartinib. One bond is
cleaved by CYP3A-mediated jpso-addition of activated oxygen, and the other occurs by a pseudo-
retro-aldol reaction after hydroxylation of a C(sp?) site.
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Introduction

Selective oxidative cleavage of carbon—carbon (C-C) single bonds is a challenge in both
chemistry and envirosciencel®] that offers the potential to realize free molecular editing(?]
and to address the degradation of plastic polymer waste. The cleavage or activation of

a C-C bond may also produce synthetically complex compounds that would be difficult

to achieve in other ways.[3! Current methods for cleaving C-C bonds rely primarily on
transition-metal catalysts, and substrates that possess a high degree of ring strain or

feature polar functional groups such as carbonyls, nitriles, of imines are preferred. The
cleavage of unstrained and nonpolar C-C bonds is challenging,[4] and reports of catalytic
C(aryl)-C(alkyl) bond activation have been rare.[>] Rhodium-catalyzed hydrogenolysis of
2,2’-diphenols to monophenols has been achieved with the aid of directing groups,[6] and
selective cleavage and borylation of C(aryl)-CH3 bonds has been achieved without directing
groups or transition metals.[4] Jiao et al. developed oxidative reactions to scissor C(aryl)-
C(alkyl) bonds using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as the oxidant to
yield anilines, demonstrating the feasibility of selective cleavage of non-polar unstrained C—
C bonds despite DDQ toxicity, high cost, and difficulty in removing DDQH, waste.[”] Novel
processes for selective cleavage of unactivated C(sp2)-C(sp3) bonds under mild reaction
conditions are thus of great interest.[4a]
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Cytochrome P450s (P450s) are thiolate-ligated heme enzymes with remarkable catalytic
versatility.[8] P450s catalyze an extraordinary breadth of physiologically important
oxidations for specialized biosynthetic pathways[?l and xenobiotic detoxification including
hydroxylation, dealkylation, deamination, dehalogenation, cyclization,[®! carbon-nitrogen
(C-N) bond formation,[10] and C-C bond cleavage.[!1] In a typical catalytic cycle, a P450
activates molecular oxygen, inserts one oxygen atom into a substrate, and reduces the
second oxygen to water using electrons provided by S-Nicotinamide adenine dinucleotide
2’-phosphate (NADPH) via a P450 reductase.[12] P450 mediated C—C bond cleavages in
sterol metabolism are achieved by CYP51,[131 CYP11A [14 CYP17A [15] CYP19A [16]
and CYP125.[17] Bacterial P450s OleT (CYP152L1), BSB (CYP152A1), and P450Biol
(CYP107H1) catalyze C—C bond cleavage of fatty acids.[18]

Drug metabolizing P450s such as CYP3A and CYP1A2 are responsible for the phase |
metabolism of xenobiotics and of 70-80% of pharmaceuticals in humans.[19 Mammalian
drug metabolizing P450s have been reported to cleave C—C bonds,[11a] but the mechanism(s)
of these cleavages are not fully understood, and evidence for direct cleavage of C(sp?)-
C(sp®) single bonds is very limited.[2%] For the most abundant Phase | human drug
metabolizing enzymes, CYP3A4/5, the only previous reports of C-C bond cleavages in drugs
have been for C(sp3)-C(sp3) bonds in tipranavir, noscapine, and aplidinel112l and for one
C(sp?)-C(sp3) bond in nefazodone.[?1]

Pexidartinib (PEX, TURALIO™), an FDA-approved small-molecule CSF-1R kinase
inhibitor drug, is indicated for treatment of adults with tenosynovial giant cell tumor not
amenable to improvement with surgery.[22] Because life-threatening hepatotoxicity was
reported in 3.3% of patients treated with PEX,[23] we studied PEX metabolism to elucidate
the mechanism of its toxicity. Using liquid chromatography mass spectrometry (LC-MS)-
based metabolomic approaches, we identified unusual PEX metabolites whose formation in
human liver microsomes (HLM) results from CYP3A-dependent cleavage of either of the
C(sp?)-C(sp?) bonds of a bridging methylene. Given the rarity of C-C bond cleavages in
drug metabolism, and the limited data about their mechanisms, we explored the basis for
these reactions. We determine that one C(sp2)-C(sp3) bond cleavage results from CYP3A-
mediated /jpso-addition of oxygen to the 5 position of the 5-alkylated A-protected pyridin-2-
amine, and the other cleavage occurs by a retro-aldol mechanism after hydroxylation of

the bridging methylene. These efforts provide new insights into the mechanism of CYP3A-
mediated uncommon C(sp?)-C(sp?) bond cleavages.

Results and Discussion

Metabolomic Profiling Reveals Two PEX C(sp2)-C(sp3) Bond Cleavages in HLM.

Our previous studies have shown LC-MS-based metabolomics to be a powerful tool

for identifying unpredicted pathways or novel reactions in drug metabolism.[9P. 241

Principal component analysis of the ions generated from LC-Q Exactive MS analysis of
PEX incubation in HLM with and without the co-factor NADPH revealed two clusters
corresponding to the PEX and control groups that are clearly separated in the score plot (Fig.
1a, inset). The S-plot generated from orthogonal projection to latent structures-discriminant
analysis (OPLS-DA) displays the top-ranking PEX metabolite ions contributing to group
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separation (labeled in Fig. 1a). The exact masses, mass errors, predicted formulas and
proposed structures of PEX metabolites in HLM are presented in Table S1 and Fig. S1,

and the relative abundances of ions for metabolites M1-M31 from HLM are presented

in Fig. S2a. The analysis resolves eleven metabolites that contain all parent compound
atoms, including five mono-oxygenations, three di-oxygenations, and a ketone. We resolve
five aniline-derived fragments (M12-M16) and two benzyl-derived fragments (M22-M23)
inferred to result from A-dealkylation (Fig. 1b) and additional modifications. We also
identify five metabolites apparently derived from C-C bond cleavage of PEX: M24-M26
and M27-M28 (Fig. 1c) are inferred to result from cleavage at positions i and ii, respectively,
of Fig. 1b. Manual re-analysis of ions with low counts revealed two additional fragments
consistent with C—C bond cleavage, M30 and M31, as well as a metabolite that contains

all parent non-hydrogen atoms, M29 [PEX+20-2H]. Formation of all these metabolites is
NADPH-dependent, as confirmed by the trend plots of M24, M26, M27, and M28 shown in
Fig. 1d. Only trace amounts of four metabolites are detected on incubating PEX with H,O,
in PBS (Fig. S2b). Adding catalase slightly decreases formation of only a few metabolites
in CYP3A4 or HLM (blue and red bars in Figs. S2c and S2d), establishing that all of these
metabolites are generated largely by enzyme catalysis. Some metabolites can be generated
in CYP3A4 or HLM with H,0, (green bars in Figs. S2¢ and S2d). Metabolite production
in HLM is time-dependent as shown in Fig. S3a. Representative chromatograms of time-
courses for M28 and M27 are displayed in Fig. 1e and Fig. S3b, respectively. Structures of
seven of the metabolites (M24-M28, M30 and M31) inferred based on their exact masses,
MS/MS fragments and predicted formulas (Figs. S4-S8) correspond to scission products
that implicate enzyme-mediated C(sp2)-C(sp®) bond cleavages at either site i or ii (Fig. 1b)
during PEX metabolism in HLM. We confirmed the inferred structures of M24 through M30
by comparative LC-MS/MS analysis of standards obtained by chemical synthesis (Schemes
S1-S5) or commercial purchase.

CYP3A Isozymes Mediate PEX C(sp?)-C(sp3) Bond Cleavages.

Metabolites identified in HLM may be generated by a single P450 isoform, or by multiple
P450s acting sequentially, or by other detoxifying enzymes.[2%] To identify P450 isozymes
directly involved in generating these PEX metabolites, we used reaction profiling with
recombinant human P450s and chemical inhibition experiments in HLM. All ten human
P450s tested could generate M24 and M25, with CYP3A4 and CYP3AS5 showing the highest
activity (Table S2); these products result from C-C bond cleavage at position i of PEX
(Fig. 1b). M24 is made in significant amounts in CYP3A4 or in HLM in the presence of
H,05 (green bars in Figs. S2c and S2d); interestingly, it is one of the four metabolites
detected when PEX reacts with H,O5 in solution (Fig. S2b). No P450 tested in isolation
generated detectable M26, M30, or M31; these may require the action of multiple P450s
in succession, or of other enzymes. However, both CYP3A4 and CYP3A5 generated M27,
M28, and M29 (Table S2), which are consistent with C-C bond cleavage at position ii

as shown in Fig. 1b. These products are not seen when CYP3A4 uses H,0, (Fig. S2c),

or when PEX reacts with H,O5 in solution (Fig. S2b). We note that hydrolysis of ester
M29 would give rise to M28 and M30. CYP3A4 and CYP3A5 are the major enzymes
contributing to the formation of most PEX metabolites. The time-courses of producing
these metabolites by recombinant CYP3A4 and CYP3AS5 are presented in Figs. 2a and 2b,
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respectively, with CYP3A4 exhibiting higher activity. Co-incubation of PEX in HLM with
ketoconazole (KCZ), a potent and selective CYP3A inhibitor, decreases the generation of
M26, M27, and M28 by 93%, 88%, 87%, and 90%, respectively (Fig. 2c), indicating that
CYP3A4 and CYP3AS contribute strongly to the formation of these metabolites in HLM. To
understand the physical basis for how PEX might be metabolized by CYP3A, we performed
computational modeling to explore potential binding poses of CYP3A:PEX complexes.

Our modeling results revealed that when PEX accesses the catalytic heme iron center of
both human CYP3A4 and CYP3A5 isozymes, the indicated carbons involved in C-C bond
cleavage approach the heme iron (Figs. 2d, 2e, and 2f). Collectively, these findings provide
strong evidence that the CYP3A enzymes contribute to the cleavage of these PEX C-C
bonds.

CYP3A isozymes are the most abundant P450s in human liver, and are responsible for
the metabolism of approximately 50% of marketed drugs.[26] Documented cases of C-C
bond cleavage reactions are rare for these isozymes, or indeed for any human P450s that
mediate xenobiotic metabolism, and the mechanisms of such C-C bond cleavages remain
poorly understood. We therefore investigated the basis for CYP3A-mediated cleavages of
two C(sp2)-C(sp?) bonds in PEX.

P450 metabolic diversity stems from an interplay of the iron-oxygen species formed at the
active site and substrate molecular recognition.[2: 191 p450s activate molecular oxygen

using a thiolate-ligated heme iron cofactor to produce the short-lived iron(l11)-peroxo,
iron-(111)-hydroperoxo, and iron (1V)-oxo intermediates in catalytic cycles.l12 271 The
iron(111)-peroxo species (known as Compound 0) is considered a super-nucleophile; the
iron-(111)-hydroperoxo species could act as a nucleophile or an electrophile; and the iron
(1V)-oxo species (Compound 1) is a cation radical that behaves as an electrophile.[11P. 27-28]
All these species have been proposed to contribute to P450-mediated C—-C bond cleavage.
The mechanism of non-drug metabolizing P450-mediated C(sp3)-C(sp3) bond cleavage
(e.g., C-demethylation) in steroids and fatty acids has been extensively investigated, and
generally requires oxidations at two adjacent carbon atoms.[11P] C—C bond cleavage does not
usually occur with unfunctionalized methylene, olefin or aromatic carbons and requires prior
functionalization (e.g., hydroxylation).

M7 Does Not Undergo Baeyer-Villiger Oxidation in HLM or CYP3A4.

PEX metabolites we identified from HLM include ketone M7 and M29, an ester consistent
with Baeyer-Villiger (B-V) oxidation[2?] of M7 (Fig. 3). Phenol M28 and acid M30 could
be hydrolysis products of M29, and acid M26 could be one hydrolysis product of the other
possible B-V ester product, IM1 (we do not detect that ester itself, but the mass of M31 is
consistent with the alcohol hydrolysis product of that ester). To determine if B-V oxidations
are involved in the formation of the unusual products, we synthesized ketone M7 (Scheme
S1) and incubated it with HLM or recombinant CYP3A isozymes. Ketone M7 cannot be
converted to M29, M28, M26 or M24 by HLMs or by recombinant enzymes (Figs. 4 and
S9), eliminating M7 as an intermediate on the pathway to these metabolites. These findings
completely rule out the involvement of a B-V mechanism in these unusual PEX C-C bond
cleavages.
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We then examined whether alcohol M3 might be subject to P450-mediated C-C bond
cleavage. Identifying the metabolic products of M3 is complicated by its poor stability
under our acidic methanol/water LC-MS conditions: M3 reacts with methanol to form the
methyl ether, and the isotope from 180 water exchanges into M3 (Fig. S10). Quenching
enzyme reactions with acetonitrile and using acetonitrile/water LC gradients prevent these
complications. Incubating M3 with HLM generates both acid M26 and phenol M28 (Fig.
4), but M3 gives these products in a M26:M28 ratio of 6:1 whereas PEX gives a ratio of
1:5. Time courses of metabolite production in HLM indicate that M26 production from
PEX exhibits a kinetic lag, whereas M26 production from M3 does not (Fig. 4b). From
the six-fold higher rate of M26 production using M3 compared to PEX as a substrate, we
infer that M3 is on the kinetic pathway from PEX to M26. From the five-fold lower rate of
M28 production with M3 compared to PEX, we infer that M3 is not on the kinetic pathway
from PEX to M28. The ability of M3 to yield M28 at a low rate could be explained by M3
being first converted to PEX, which then converts to M28. Time courses show that PEX is
produced on incubating synthetic M3 with NADPH in the presence or absence of CYP3A
(Fig. S11), supporting our inference that M3 is not on the pathway to M28 and further
demonstrating the reactivity of this PEX metabolite.

PEX Alcohol M3 Undergoes a Pseudo Retro-Aldol Reaction.

Alcohol M3 is converted more efficiently than PEX to aldehyde M24 by HLMs or CYP3A
(Figs. 4a and 4e), suggesting that M3 is on the kinetic pathway for M24 formation. We
propose that the beta-hydroxy enamine moiety of M3 (circled in Fig. 5) can undergo a
pseudo-retro-aldol reaction to give aldehyde M24 and 5-chloro-7-azaindole (CAl, Fig. 5).

Aldehyde M24 is generated from PEX by each recombinant P450 tested and in the control
reaction (Table S2), consistent with the retro-aldol reaction occurring spontaneously in
solution (Table S3). The M24 produced from M3 by the CYP3A enzymes is two-fold higher
than the other P450s or the control reaction, which likely reflects their ability to convert
PEX to M3 (Table S2), since under the conditions of Table S3 a competing reaction is M3
reduction to PEX by NADPH (Fig. S11). The detection of aldehyde M24 when PEX is
exposed to H,0, (Fig. S2b) is consistent with the spontaneous retro-aldol cleavage of some
of the M3 that is generated by reaction of PEX with peroxide.

We observe CAI at low levels when PEX is incubated with HLM, along with two mono-
oxygenated CAl metabolites, one of which we initially detected as M31 (Fig. S8). The
LC-MS/MS mono-oxygenation patterns of CAl in HLM are very similar to those observed
from PEX incubation in HLM (Fig. S8e-h), suggesting that CAI released from PEX by
the retro-aldol can be oxidized to give M31. (We cannot rule out the possibility that the
7-azaindole might in some instances be oxidized prior to the retro-aldol.)

When incubated in HLM, aldehyde M24 primarily undergoes oxidation to acid M26, while
a small fraction is converted to alcohol M25 (Fig. S12). When incubated with CYP3A4,
however, M24 is predominantly reduced to M25 (Fig. S12). This explains the robust
production of M26 from PEX in HLM (Fig. S2) and the failure of CYP3A4 alone to

make M26 from PEX (Table S2). Both HLM and CYP3A4 also generate trace quantities
of M28 (Fig. S12). Incubating PEX with HLM in the presence of methoxyamine, an
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aldehyde trapping reagent, decreases the amount of M26 but not M28 that is generated
(Figs. S13-S14), establishing that M26 derives at least in part from M24 and that M28

does not significantly derive from M24. We conclude that PEX metabolite M3 is susceptible
to spontaneous C-C bond cleavage in aqueous solution at site i of Fig. 1b by a pseudo-retro-
aldol mechanism to give aldehyde M24 and CAIl.

CYP3A Mediates Oxygen Ipso-Addition to PEX.

We next sought to understand the mechanism of CYP3A-mediated C-C bond cleavage at the
ii position in PEX (Fig. 1b). To determine the source of the M28 phenolic oxygen, we used
an H,180- and/or 180,-enriched incubation system for PEX metabolism. Interpretation of
data from H,180 enriched buffer is complicated by exchange into precursors or products,

as we showed for M3 (Fig. S10), and as we detect for aldehyde M24, acid M26, alcohol
M27, and acid M30. M28 shows trace incorporation of 180 when generated from PEX in the
presence of H,180, but >75% incorporation of 180 when generated in the presence of 180,
in HLM or CYP3A4 (Fig. 6), consistent with incorporation from P450-activated molecular
oxygen.

We therefore hypothesize that CYP3A mediates oxygen jpso-addition at the 5-alkylated
position of the A-protected pyridine-2-amine moiety to give intermediate IM2 (Fig. 7),
which undergoes substituent elimination to cleave the C(sp?)-C(sp?) bond at the PEX ii
position (Fig. 1b) and give M28. This mechanism predicts oxygen incorporation from O,
into phenol M28 and the formation of alcohol M27 from the resonance stabilized cation
released by C-C bond scission (IM3/IM4; Fig. 7). Consistent with this, we observe M27
and M28 when PEX is incubated with either HLM or CYP3A (Fig. 4); moreover, in an
incubation system fortified with glutathione (GSH), we detect adduct M32 (Fig. S15),
which this mechanism predicts would result from reaction of GSH with IM3 or IM4 (Fig.
7). CYP3A4 and NADPH-dependent production of M28 from PEX is not significantly
decreased by catalase, and CYP3A4 with H,O, does not give M28 using PEX as substrates
(Fig. S2c).

Previously, Ohe et al reported that P450s catalyze oxygen /pso-addition to para-substituted
phenol compounds to form quinolst3%l: when the para-substituent is carboxyl, acetyl,

or hydroxymethyl, the quinol undergoes C-C bond cleavage to yield hydroquinone, but
when the para-substituent is an alkyl group, the quinol is usually stable. However,
industrial chemical bisphenol A undergoes CYP3A-mediated /jpso-addition with scission
of the expected quinol to hydroxycumyl alcohol and hydroquinone due to C(sp?)-C(sp3)
bond cleavage that releases a stable tertiary carbocation (Scheme S6).[3 These reports
further support our proposed /pso-addition mechanism. Demonstrating CYP3A-mediated
jpso-addition of oxygen to a 5-alkylated N-protected pyridin-2-amine, for the first time,
establishes that jpso-addition reactions contribute to P450-mediated drug metabolism and
occur for substrates other than para-alkylated phenols.

Acid M30 arises from C-C cleavage at the PEX ii position (Fig. 1b), but it is not directly
interpreted by the /jpso-addition mechanism. Although M30 is generated from PEX in HLM
(Fig. S2a), it is not detected with CYP3A4 (Table S2). Using synthetic alcohol M27 as a
substrate, we found that CYP1A2 converts M27 to M30 rapidly whereas CYP3A does so
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very slowly (Table S4), providing a path in HLM from the jpso-addition products to M30
and explaining why M30 is formed in the PEX metabolism with HLM but not in reactions
with recombinant CYP3A.

CYP3A4 Mediates C(sp?)-C(sp3) Bond Cleavage of PEX Analogs via Ipso-Addition.

To our knowledge, PEX is the only drug for which P450-mediated C(sp2)-C(sp®) bond
cleavage occurs via /jpso-addition. To enhance our understanding of this reaction, we
assessed the behavior of CYP3A in the jpso addition reaction using commercially available
PEX analogs (Fig. 8). From FLT3-IN-2, PLX-647, and PLX5622 we detect jpso-addition
products (phenols M33 and M35, as well as alcohols M27, M34 and M36; see Fig. 8),
establishing that neither the 5-chloro of the 7-azaindole nor the pyridine nitrogen of the
trifluoromethyl picolylamine are essential to this mechanism, and that other diversifications
of these rings are compatible with CYP3A-mediated jpso-addition of oxygen. The structures
of M33, M34, M35 and M36 were determined based on their exact masses and MS/MS
fragment analyses (Figs. S16-S18).

Although p-benzoylphenol can undergo P450-mediated jpso-addition,[3%°] PEX ketone M7
does not undergo analogous /jpso-addition in HLM or with CYP3A isozymes (Fig. 4). PEX
has four modifiable rings, so a deeper understanding of factors that impact the efficiency
and regioselectivity of CYP3A-mediated jpso-addition of oxygen and C(sp?)-C(sp®) bond
cleavages could be achieved from reactivity studies with variants on the PEX scaffold.

Efforts to engineer P450 catalytic activities usually focus on bacterial metabolic P450s
because of their solubility, stability, and substrate specificity. Consistent with their
evolutionary role detoxifying xenobiotics, human P450s that act in drug metabolism show
high substrate promiscuity, but a given P450 may perform activities such as hydroxylation of
unactivated C-H bonds with quite good regio- and stereo-selectivity.[32] The products of C-C
bond cleavages via CYP3A mediated jpso-addition reported here are abundant, indicating
that this rare reaction is a major contributor to PEX metabolism. Our findings extend the
reaction profile of CYP3A, the most abundant human P450. Additionally, the enzymatic
/pso oxygenation reaction is highly regiospecific, often occurring at positions that might be
less accessible in traditional chemical synthesis. Further studies to elucidate the substrate
scope and detailed mechanism of jpso-additions may inform the engineering of P450s for
catalysis[33] or the development of biomimetic heme-like iron porphyrin catalysts.[34]

Conclusion

We report the CYP3A-mediated uncommon cleavages of two C(sp?)-C(sp3) bonds in

the FDA-approved drug PEX, which proceed by very different mechanisms. One bond

is cleaved via an jpso-addition of oxygen to PEX and the other is cleaved by the non-
enyzme dependent pseudo-retro-aldol reaction of a monohydroxylated PEX (M3). C-C
bond cleavages are rare for human drug-metabolizing P450s, and two such C-C cleavages
occurring in a single drug is without precedent. This study is the first documented instance
of CYP3A-mediated /pso-addition of oxygen to 5-alkylated A-protected pyridin-2-amines,
and the similar reactivity of the tested analogs extends the substrates subject to this
reaction beyond simple para-substituted phenols. Cleavage of a C(sp2)-C(sp3) bond in a
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PEX metabolite (M3) via a pseudo-retro-aldol mechanism does not expand the range of
known P450 activities but could serve to inform the optimization or design of drugs. This
work also highlights the synthetic and degradative potential of CYP3A-catalyzed reactions
under mild and environmentally friendly conditions and may inspire biomimetic or P450-
reprogramming methods for addressing the challenging task of C-C bond cleavage.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Metabolomics reveals C(sp?)-C(sp®) bond cleavages in pexidartinib (PEX) metabolism.

Metabolomic analysis was conducted on control and PEX samples incubated with human
liver microsomes (HLM). Incubation conditions are detailed in the method section (n =3
for each group). (a) Loading S-plot from OPLS-DA analysis. Top-ranking ions associated
with PEX metabolites are labeled. The separation of the control and PEX groups is shown
in Fig. 1a inset, where t[1] and to[1] are the score of each sample in principal component

1 and 2, respectively. (b) Positions of inferred C(sp?)-C(sp3) bond cleavages in PEX. (c)
Structures of alcohol M3, ketone M7, and metabolites resulting from C(sp?)-C(sp?) bond
cleavages. (d) Trend plots for M24, M26, M27 and M28. (e) Extracted ion chromatograms
showing time-dependent production of M28. Samples at the indicated time points were
analyzed by LC-Q Exactive MS; the relative abundance of each ion was based on peak area.
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Experiments were performed in triplicate. *, M31 was detected only in samples that had
been concentrated prior to LC-MS analysis.
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Figure 2.

CYP3A mediated C-C bond cleavages to form M24, M26, M27 and M28. (a, b) The
time-dependent production of ions corresponding to M24-M31 by CYP3A4 and CYP3AS5,
respectively. (c) Ketoconazole (KCZ), a selective CYP3A inhibitor, inhibits the formation of
M24-M31 in HLM. The percentages of controls were set as 100%. Incubation conditions for
(a—c) are described in the method section; The data in (a—c) are expressed as mean * s.e.m.
(n = 3). Statistical analysis for (c) was conducted using two-tailed Student’s independent
t-test. **P<0.01; nd, not detected. (d) DOCK model of CYP3A4:PEX interaction. CYP3A4
is shown as green cartoon; PEX is shown as cyan sticks; heme is shown as magenta sticks.
(e) DOCK model of CYP3A5:PEX interaction. CYP3AS5 is shown as cyan cartoon; PEX is
shown as yellow sticks; heme is shown as magenta sticks. (f) The carbons involved in C-C
bond cleavages are indicated.
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Ketone M7 is not converted to PEX C-C cleavage products, ruling out a Baeyer-Villiger
mechanism for generating these metabolites. Species that have not been confirmed by
synthesis are in brackets. IM, intermediate.
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Figure 4.

Time courses of C-C cleavage product formation using PEX, M3 or M7 as substrates.

(a—d) Time courses in HLM. (e-h) Time courses with CYP3A4. Incubation conditions are
detailed in experimental procedures. Metabolites were quantified based on standard curves.
The formation of M26 in HLM is linear, but time-dependent inhibition may happen for the
formation of M24, M27, and M28 in HLM and CYP3A4. The data are expressed as mean +
s.e.m. (n=3).
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A pseudo retro-aldol reaction of M3 generates M24 and CAIl. M24 can be further
metabolized to M25 or M26, and CAI can be oxidized to M31.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 June 03.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal. Page 17

125+ = M28-'°0 HLM 125+ - M28-'%0 CYP3A4

— LI M28‘180 o i M28_130

3% 100+ 32 1004

o =

2 75" S 75-

g 50+ 5 50+

o o

b -

a 25 & 251

Figure 6.
Relative abundances of M28-160 and M28-180 generated in HLM or by CYP3A4. The

percentage of 160, group was set as 100%. Data are expressed as mean + s.e.m. (n = 3).

Samples were analyzed by UHPLC-Q Exactive MS, peaks for 160 or 180 products were
extracted based on their exact mass (error < 3 ppm), and peak area was normalized to the
largest value in any of the 4 groups.
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CYP3A mediated jpso-addition of activated oxygen to PEX. Intermediate M2 undergoes

substituent elimination to gives M28 and a stable cation that leads to adducts M32 or M27.
M27 can be further metabolized to M30. GSH, reduced glutathione; 1M, intermediate.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Qinetal.

CF;,
CF,
FLT3-IN-2
HN
/N CYP3A
N - > HN
HN - NADPH, O {
N\ 2 7 N
N = — M33
\_/ CFs HO
o
CF;
PLX647 HN
/ N\ CYP3A
N - > HN
HN P NADPH, O, {
A\ / N
N .- = M33
H
Y B 0
\
7 N r
. VR
PLX5622 HN o0— . N
7 N CYP3A HN o—
A o
HNY E NADPH, O, 7 N
o
N y wg F M35
Figure 8.

Page 19

HN

=2Z
V
e}
-

M34

M36

CYP3A mediated C(sp?)-C(sp3) bond cleavages of PEX analogs. The cleavage products are

consistent with the proposed ipso-addition mechanism.
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