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Abstract

The oxidation of carbon-carbon triple bonds by cytochrome P450 produces ketene metabolites that
are hydrolyzed to acetic acid derivatives or are trapped by nucleophiles. In the special case of 17a-
ethynyl sterols, D-ring expansion and de-ethynylation have been observed as competing pathways.
The oxidation of acetylenic groups is also associated with mechanism-based inactivation of
cytochrome P450 enzymes. One mechanism for this inactivation is reaction of the ketene
metabolite with cytochrome P450 residues essential for substrate binding or catalysis. However, in
the case of monosubstituted acetylenes, inactivation can also occur by addition of the oxidized
acetylenic function to a nitrogen of the heme prosthetic group. This addition reaction is not
mediated by the ketene metabolite, but rather occurs during oxygen transfer to the triple bond. In
some instances, a detectable intermediate is formed that is most consistent with a ketocarbene-iron
heme complex. This complex can progress to the N-alkylated heme or revert back to the
unmodified enzyme. The ketocarbene complex may intervene in the formation of all the N-alkyl
heme adducts, but is normally too unstable to be detected.
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Introduction

The reactions catalyzed by cytochrome P450, with some exceptions, fall into three classes:
(i) hydroxylations in which an oxygen is inserted between a hydrogen and a heavier element,
usually carbon or nitrogen; (ii) heteroatom oxidations, in which the oxygen atom is added to
the free electron pair of a heteroatom, usually nitrogen or sulfur; and (iii) oxidation of
double, triple, or aromatic rt-bonds. This review focuses exclusively on the oxidation of
carbon-carbon triple bonds (i.e., acetylenic groups). The oxidation of acetylenes resembles
in some, but not all respects the oxidation of olefinic bonds. The oxidation of triple bonds
has appeared in general reviews on the mechanism of cytochrome P450 enzymes (e.g., Ortiz
de Montellano 2015) and the mechanism-based inactivation of cytochrome P450 enzymes
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(e.g., Correia and Hollenberg 2015), but the last review dealing extensively with the
oxidation of acetylenes was published more than 30 years ago (Ortiz de Montellano 1985).
This review updates our understanding of the oxidation of acetylenes in the light of the
information obtained in the quarter of a century since that last review. The discussion of the
formation of metabolites and the inactivation of cytochrome P450 enzymes includes a
critical reevaluation of the putative role of oxirenes as reaction intermediates, the oxidation
of disubstituted triple bonds, and the nature of “reversible” inhibitory complexes.

Oxidation of monosubstituted acetylenes to acetic acid derivatives

In 1958, El Masri et al. reported that phenyl acetylene was slowly converted /n vivo by
rabbits to phenaceturic acid, the N-glycine conjugate of phenylacetic acid (Figure 1),
although most of the dose was excreted unchanged (El Masri et al. 1958). They postulated
that this transformation involved addition of water to the triple bond to give the enol form of
phenylacetaldehyde, followed by oxidation of the aldehyde to phenylacetic acid.
Conjugation with glycine then yielded the isolated metabolite. This transformation is now
known to involve an oxidative rather than hydrolytic process (Chan et al. 1993)

Subsequent studies of the /n vivo oxidation of 4-ethynylbiphenyl by rats and rabbits led to
the isolation of two metabolites: 4-biphenylacetic acid (2-10% of the dose) and 4°’-
hydroxy-4-biphenylacetic acid (90-95% of the dose) (Figure 2, R = H) (Wade et al. 1979). /n
vitro oxidation of 4-ethynylbiphenyl by rat liver microsomes also yielded the acetic acid
metabolite (Wade et al. 1980). A fluorinated biphenyl derivative was similarly oxidized /in
vivo by rats to the corresponding acetic acid metabolites (Sullivan et al. 1979). Many
examples are now known of the oxidation of terminal acetylenes to carboxylic acids.

Wade et al. suggested that the triple bond was converted to the acetic acid group via initial
“epoxidation” to give an oxirene (Figure 3, path ¢), which spontaneously rearranged to give
a ketene that reacted with water to give the acetic acid product (Wade et al. 1979; Wade et al.
1980). The validity of this proposal is discussed below. An alternative mechanism envisions
insertion of oxygen into the acetylenic C-H bond, followed by rearrangement to the ketene
(Figure 3, path b) (McMahon et al. 1981). However, this latter mechanism is highly
disfavored by the C-H bond energy, which is much higher than that of a vinylic C-H bond
and very much higher than that of a secondary alkyl C-H bond: compare the dissociation
energies (DHygg in kcal/mol) for acetylene (131.3 £ 0.7), ethylene (109.8 + 0.8), and the
secondary C-H of propane (98.6 + 0.4) (Blanksby and Ellison 2003; Ervin et al. 1990).

Direct evidence that oxidation of the triple bond involves reaction of the oxygen with one of
the acetylenic m-bonds rather than insertion into the acetylenic C-H bond is provided by the
finding that when the acetylenic proton of 4-ethynylbiphenyl is replaced by a deuterium, the
deuterium migrates quantitatively to the adjacent carbon in the acetic acid product. Loss of
deuterium would be expected for C-H hydroxylation. Furthermore, when the biphenyl-
substituted carbon is 13C-labeled, the 13C-labeled carbon remains attached to the biphenyl in
the product. These results establish that the hydrogen rather than the biphenyl is the moiety
that migrates during the oxidative process. In addition, a substantial deuterium isotope effect
is observed on the rate of ketene formation upon replacement of the acetylenic hydrogen by
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a deuterium (Ortiz de Montellano and Komives 1985; Komives and Ortiz de Montellano
1987). Finally, the ketene oxygen has been shown in the case of biphenylacetylene to derive
from molecular oxygen, in accord with oxygen transfer from a cytochrome P450 enzyme
(Ortiz de Montellano and Komives 1985). The same hydrogen shift has been shown to occur
when the triple bond is chemically oxidized by meta-chloroperbenzoic acid. In the chemical
experiments, direct evidence for formation of the ketene was provided by isolation of the
methyl ester rather than free acid when the oxidation was carried out in the presence of
methanol (Ortiz de Montellano and Kunze 1980a, 1981a).

Metabolic formation of a ketene intermediate is confirmed by experiments on the
metabolism of the anticancer drug erlotinib (Zhao et al. 2018). Oxidation of the drug by
human liver microsomes resulted in covalent binding to proteins of a ketene intermediate
that could also be trapped by reaction with 4-bromobenzylamine (Figure 4).

Similarly, the oxidation of selegiline by CYP2B6 was shown to result in a glutathione-
trappable ketene metabolite that also acylated the P450 protein (Sridar et al. 2012).
Oxidation of the triple bond to a ketene was preceded by hydroxylation of the aromatic ring,
as shown in Figure 5.

As a final example, the ketenes formed in the CYP3A4-catalyzed oxidation of 7-coumarin
propargyl ether and 7-(4-trifluoromethyl)coumarin propargyl ether have similarly been
trapped with glutathione (Sridar et al. 2008).

Are oxirenes intermediates in the oxidation of carbon-carbon triple bonds?

Epoxides are well-known, stable molecules, although they are more sensitive to acids and
more reactive with nucleophiles than conventional ethers. Their relative instability is due to
the ring tension caused by constraining a nominally sp? tetrahedral carbon, in which the
bonding orbitals subtend an angle of 109°, into a geometry that forces the bonds to an angle
of 60°. This results in bent or “banana” bonds that are much weaker than those in a normal
ether molecule. Nevertheless, epoxides are stable enough to be routinely formed as isolable
metabolites in the oxidation of olefins (Ortiz de Montellano 1985, 2015).

The carbon in an oxirene, however, is nominally in the sp? state, which means that the
bonding orbitals ideally subtend an angle of approximately 120° degrees, whereas geometry
still constrains the bonds to an angle to 60° degrees. Furthermore, the rt-bond electrons and
those of one of the oxygen orbitals constitute an antiaromatic 4m-electron system, which
further destabilizes the system. Computational methods are inconclusive as to whether an
oxirene is truly a molecule, in the sense that it resides at the bottom of a localized energy
well, or is simply a transition state between more stable species (Vacek et al. 1994;
Mawhinney and Goddard 2003). More importantly, despite the use of sophisticated methods
and low temperatures, there is little evidence for the existence of an oxirene as a discrete
molecular entity (Lewars 1983; Zeller et al. 2004). In view of this, the formation of an
oxirene as an intermediate with a finite lifetime in the cytochrome P450-catalyzed oxidation
of acetylenes is highly unlikely. Thus, the reaction is best formulated as one in which
delivery by the enzyme of the reactive oxygen to the acetylenic rt-bond occurs concurrently
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with hydrogen migration to give the ketene (or whatever other reaction is required to give
the observed products), as shown in Figure 6 for a monosubstituted acetylene. This scheme
rationalizes all the information on triple bond oxidation, including the observation of an
isotope effect when the terminal hydrogen is replaced by a deuterium.

Ring expansion reactions

In 1969, Abdel-Aziz and Williams reported that /n7 vivo metabolism of 17a-ethynylestradiol
by rabbits yielded, infer alia, a D-homoannulated product with one carbon of the acetylenic
group incorporated into an expanded D-ring, the other acetylenic carbon being lost (Figure
7) (Abdel-Aziz and Williams 1969). This ring-expanded product was postulated to involve
oxidation of the triple bond with concomitant migration of the ring carbon to give the ring
expansion, resulting in an enol alcohol that undergoes further oxidation to the acid and then
decarboxylative loss of carbon dioxide. D-Homoannulation was also found among the
metabolites of 17a-ethynylestradiol by women (Abdel Aziz and Williams 1970), and in the
metabolism by women of both norgestrel (Sisenwine et al. 1973, 1979) and moxestrol
(Salmon et al. 1983). Formation of the D-homoannulated metabolite of 17a-ethynylestradiol
by hepatic microsomes from rhesus monkeys was accompanied by the formation of carbon
dioxide, as proposed in the scheme (Schmid et al. 1983). In these substrates carbon
migration facilitated by the 17-hydroxy group is apparently faster than terminal hydrogen
migration to give the ketene.

A ring expansion also occurs in the oxidative metabolism of the AIDS drug efavirenz
(Figure 8). In this reaction, the cyclopropyl ring expands to a cyclobutyl ring by migration of
one of its carbon atoms to the outside carbon of the triple bond. The ring expansion is driven
by release of ring strain and transfer of the incipient cation from a vinylic to a secondary
carbon atom. The resulting conjugated ketone can then react with glutathione or thiol groups
on proteins. The authors proposed the formation of an oxirene as the initial product formed
by cytochrome P450-catalyzed oxidation of the acetylene function (Mutlib 2000). However,
as already discussed, oxirenes are not expected as actual metabolites due to their high
energy. A shift of the cyclopropyl carbon atom to give the cyclobutyl ring concomitant with
oxygen transfer to the triple bond, without formation of a stable intermediate, is a more
attractive explanation of the observed reaction.

De-ethynylation

Palmer et al. reported that incubation of norethindrone with a 10,000 x g supernatant of
rabbit liver produced, among others, the 17-keto derivative from which the acetylenic group
had been eliminated (Figure 9) (Palmer et al. 1969). Analogous loss of the ethynyl group in
the oxidative metabolism of 17a-ethynylestradiol has also been reported (Williams et al.
1975; Helton et al. 1977; Raitano et al. 1981; Kent et al. 2002). This de-ethynylation process
has so far only been described in the oxidation of 17-hydroxy-17-ethynyl sterols, suggesting
that the specific substructure in these molecules is important for the reaction to occur.

The mechanism for de-ethynylation is unclear, but a mechanism based on a reverse aldol
reaction subsequent to trapping of the ketene metabolite by a thiol agent, shown in Figure 10
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as RSH, provides a possible explanation. The intervention of cysteine and glutathione in the
oxidative metabolism of acetylenes, resulting /nter aliain cleavage of the triple bond to leave
behind an aldehyde group, has been reported (Subramanian et al. 2011), but these reactions
do not seen to relate to the process of de-ethynylation described here.

Oxidation of disubstituted carbon-carbon triple bonds

The cytochrome P450-catalyzed oxidation of disubstituted triple bonds is relatively rare,
although hydroxylation of the alkyl substituents themselves is a common reaction. The
clearest evidence for disubstituted triple bond oxidation is provided by the metabolism of 1-
(4-biphenyl)-1-propyne to 2-(4-biphenyl)propionic acid, a reaction that requires the methyl
to migrate during the oxidation to give a ketene product (Figure 11) (Foroozesh et al. 1997).
The reaction is analogous to the hydrogen migration illustrated in Figure 6, except that the
migrating group is a methyl. This is one of the few instances in which the structure of the
product implicating an alkyl group shift during the oxidation has been well characterized.

Based on the structure of the glutathione adduct, a similar methyl shift to give a ketene
occurs in the oxidation of mifepristone by CYP3A5 (Figure 12) (Lin et al. 2009). The
authors proposed initial formation of an oxirene but, as already discussed, the shift is likely
to be concerted with oxygen transfer to the triple bond.

In vivo studies have shown that [14C]-dichloroethyne yields a glutathione conjugate as the
major metabolite and dichloroacetic acid as a minor metabolite (Figure 13). The formation
of dichloroacetic acid clearly suggests that one of the two chlorine atoms migrates during
oxidation of the triple bond, yielding dichloroketene, which is then hydrolyzed to the
observed dichloroacetic acid (Kanhai et al. 1991).

An unusual desilylation reaction has been reported in the cytochrome P450-catalyzed
oxidation of a family of proinsecticides (Figure 14) (Palmer et al. 1991). However, the
mechanism of this transformation is obscure.

Prosthetic heme alkylation by acetylene and monosubstituted acetylenes

The oxidation of a carbon-carbon triple bond often results in time-dependent inactivation of
the cytochrome P450 catalyzing the reaction. The ability of acetylenes to inhibit cytochrome
P450 enzymes was implied in the 1960s by the identification of a series propargyloxy
compounds that acted as synergists for carbamate insecticides, although this activity was
attributed at the time to complexation by the synergists of an essential metal cofactor
(Sacher et al. 1968; Felig et al. 1970). The inhibition of cytochrome P450 enzymes by
acetylenic compounds was more definitively established by the confirmed inhibitory activity
of 17-ethynyl sterols (e.g., O’Malley et al. 1972; Freudenthal et al. 1974; Herz et al. 1978).
Some of the cytochrome P450 inhibition of acetylenes is due simply to competitive binding
(as, for example, in Shimada et al. 2007), but the potency of compounds with terminal
ethynyl groups is now known to stem from irreversible mechanism-based inactivation of the
P450 enzymes. Three distinct but related mechanisms can contribute to this cytochrome
P450 inactivation: prosthetic heme alkylation, formation of a carbene-iron complex, and
protein acylation. All three mechanisms cause time-dependent enzyme inactivation, require

Drug Metab Rev. Author manuscript; available in PMC 2020 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz de Montellano

Page 6

catalytic turnover, as indicated by a requirement for cytochrome P450 reductase and
NADPH, and result in covalent modification of the enzyme.

The first mechanism, which only applies to acetylene itself and monosubstituted acetylenes,
results in proportionate loss of both heme and spectroscopically detectable cytochrome
P450. Most importantly, these losses are associated with accumulation in the liver (or in
incubations with tissue microsomes) of a green, red-fluorescing pigment (Tables 1 and 2).
Isolation and characterization by UV-visible, mass spectrometric and NMR methods of
several of these pigments has shown that in all of them the acetylene is covalently attached
to one of the nitrogen atoms of protoporphyrin IX, the framework of the prosthetic heme
group of the enzyme (e.g., Ortiz de Montellano et al. 1979, 1982a, 1982b; Ortiz de
Montellano and Kunze 1980b, 1981b; Kunze et al. 1983). In these adducts, the terminal
carbon of the acetylene is attached to a porphyrin ring nitrogen atom and the internal carbon
of the acetylene is present as a carbonyl group, as shown for the adduct obtained with
propyne in Figure 15. Studies with 180, demonstrated that the oxygen in the ketone group
derives from molecular oxygen and is therefore inserted by cytochrome P450 in the
inactivation process (Kunze et al. 1983). The heme iron atom is lost during purification of
the adduct (e.g., White 1981; 1982), a process during which the two carboxylic acid groups
are converted to their methyl esters.

CYP102 (P450gp\3) oxidizes 17-octadecynoic acid (17-ODYA) to the w-2 hydroxylated
derivative, 16-hydroxy-17-octadecynoic acid, rather than oxidizing the triple bond (Shirane
et al. 1993). However, the 16-hydroxylated metabolite, whether generated /n situ or added
exogenously, is able to inactivate the enzyme in a mechanism-dependent manner to give a
porphyrin adduct comparable to that in Figure 15. The inactivation and heme loss are not
prevented by glutathione, as expected if the inactivating species is not a diffusible
intermediate. The fact that covalent binding to the heme group is not prevented by agents
such as N-acetylcysteine or glutathione was first reported in a related case for the
inactivation mediated by 1-octyne (White et al. 1984).

The mechanism which covalently attaches acetylenic inhibitors to the cytochrome P450
prosthetic heme group does not proceed through a ketene metabolite, although a ketene may
also be formed. If a ketene is formed, it may contribute to enzyme inactivation, as discussed
below, but that inactivation reflects covalent binding to the protein rather than the heme
group. The structure of the heme adduct itself establishes that it was not formed by addition
of a heme nitrogen to the ketene, as that would produce an N-acyl (N-COCH3R) rather than
N-alkyl (N-CH,COR) adduct. This inference is confirmed by the finding that replacement of
the acetylenic hydrogen by a deuterium gives rise to a significant isotope effect on ketene
formation, but no isotope effect on inactivation of the P450 enzyme (Ortiz de Montellano
and Komives 1985; Komives and Ortiz de Montellano 1987). Furthermore, the oxidation of
a series of substituted phenylacetylenes gives rise to a linear free energy correlation with p =
—2.2 for formation of the ketene, whereas the rate of inactivation is the same for all the
analogues (Komives and Ortiz de Montellano 1987). In consequence, the partition ratio (i.e.,
turnovers/inactivation event) decreases from 38 to 4 in going from para-methyl- to para-
nitro-phenylacetylene. Heme N-alkylation is thus most consistent with addition of the
cytochrome P450 activated oxygen to the /nternal, not terminal, carbon of the acetylenic
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group in a process in which the porphyrin nitrogen atom is simultaneously bound to the
terminal carbon, as shown schematically in Figure 16.

The relationship between the carbon atom to which the activated oxygen is delivered and the
outcome of the reaction is highlighted in the inactivation of CYP1A1 by 1-ethynylpyrene
and phenylacetylene (Chan et al. 1993). Although both agents are converted to the acetic
acid derivatives by oxidation of the triple bond, only phenylacetylene detectably inactivates
the enzyme through formation of a heme adduct. However, quantitative analysis shows that
1-ethynylpyrene inactivates the enzyme by binding covalently to the P450 protein in
essentially a 1:1 ratio. The factors that favor heme alkylation with phenylacetylene, but
protein alkylation with 1-ethynylpyrene, are not clear, but the results indicate that oxygen
delivery to the substituted carbon of the triple bond leads to heme alkylation. In contrast,
oxygen delivery to the unsubstitutedtriple bond carbon leads to the ketene (and therefore
carboxylic acid) with both substrates, but only in the case of 1-ethynylpyrene is the ketene
primarily responsible for enzyme inactivation.

Reversible carbene complexes

The inactivation of CYP2EL and its T303A mutant by fert-butyl-acetylene (tBA) and tert
butyl 1-methyl-2-propynyl ether (tBMP) uncovered another nuance in the inactivation
process (Blobaum et al. 2002). Inactivation of CYP2E1 by these agents resulted in (i) loss of
the ability to deethylate 7-ethoxy-4-(trifluoromethyl)coumarin, (ii) a proportionate loss of
the P450 heme chromophore and heme content, (iii) the formation of two isomeric heme
adducts and, to some extent, (iv) covalent binding of the acetylenic substrates to the protein.
Comparable results were obtained with the CYP2E1 T303A mutant, particularly with tBA,
except that no protein binding was detected. The surprise, however, was that dialysis resulted
in reversal of these inhibition-related parameters, albeit only with the T303A mutant and not
the parent CYP2EL protein. Furthermore, a mutation is not essential for reversible inhibition
to occur, as tBMP inactivated CYP2B4 with the formation of N-alkyl heme adducts,
although in this instance the loss of activity was greater than the loss of P450 chromophore
or heme content (von Weyman et al. 2004a). Detailed analysis revealed the formation of an
inhibitory complex that could be partially reversed by dialysis, but which converted
irreversibly to an N-alkylporphyrin adduct when exposed to acid (Blobaum et al. 2005). A
T302A mutation in CYP2B4 increased the formation of this inhibitory complex. To explain
these results the authors proposed the formation of a reversible peroxy complex (Figure 17)
that could revert to the intact enzyme via a mechanism proceeding through an oxirene
intermediate (Blobaum et al. 2004a; Blobaum 2006).

Key clues to the nature of the observed reversible activity and heme loss are provided by (a)
the finding that the inactivation reaction was associated with the appearance of a broad heme
chromophore with a maximum at ~485 nm (Blobaum et al. 2004b), and (b) that the N-
alkylporphyrin heme adducts were not obtained if the protein sample was not acidified
(Blobaum et al. 2004a; Blobaum et al. 2005). These results, and particularly the highly red
shifted Soret band, are incompatible with the formation of the proposed peroxyiron complex
and are much better explained by the formation of a carbene complex.
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The formation of heme iron-carbene complexes is well established in, for example, the
reactions of polyhalo alkanes and diazo esters with hemoproteins (Simonneaux and Le
Maux 2006; Guilard and Kadish 1988). In the case of P450 enzymes, these complexes have
long wavelength absorption maxima in the 450 to 480 nm range (Simonneaux and Le Maux
2006; Wolf et al. 1977; Battioni et al. 1983) that are consistent with the broad absorbance at
485 nm for the reversible complex reported by Blobaum et al. (2004b). In contrast, no
cytochrome P450 oxy anion-iron heme complex has such a red-shifted absorption
maximum. The crystal structure of a ketocarbene complex formed by a diazoacetate with a
hemoprotein (albeit not a P450 enzyme) has been reported (Lewis et al. 2018), and the
cytochrome P450-catalyzed insertion of 2-diazoester derived carbenes into olefins has
developed into a broad synthetic strategy (Coelho et al. 2013; Su and Liu 2018).
Furthermore, the shift of carbene complexes to give N-alkyl heme adducts has been
extensively investigated (e.g., Simonneaux and Le Maux 2006; Guilard and Kadish 1988).
Finally, ketocarbenes are part of the manifold of theoretical species potentially formed by
triple bond oxidation (Figure 18) (Lewars 1983). These considerations suggest that acetylene
oxidation yields a carbene complex that can either undergo a proton-assisted shift to give the
observed heme adducts or, in the absence of proton donation by Thr303 (or acidification),
undergo time-dependent hydrolytic decomposition to regenerate the parent heme (Figure
19).

The possibility exists that all the heme N-alkylations associated with oxidation of a triple
bond proceed via carbene iron complexes that are too unstable towards migration to a
nitrogen of the heme to be detectable except in a few situations, such as those reported by
Blobaum (2006).

Protein adducts formed with monosubstituted acetylenes.

The final general mechanism for catalysis-dependent cytochrome P450 inactivation follows
naturally from the formation of highly reactive ketene metabolites in the oxidation of
acetylenes. Covalent binding of the ketene to a protein was mentioned above in the context
of the CYP2B6-catalyzed oxidation of selegiline (Figure 5), a compound that irreversibly
inactivates CYP2A6 (Siu and Tyndale 2008). If the ketene binds covalently to the P450
protein within the active site, or in some other manner that interferes with substrate binding
or catalysis, irreversible inhibition is the result.

11-Dodecynoic acid (11-DDYA) and 10-undecynoic acid (10-UDYA) (Figure 20) inactivate
cytochrome P450 enzymes in liver microsomes that oxidize lauric acid to its w- and w-1
hydroxylated derivatives (Ortiz de Montellano and Reich 1984; Cajacob et al. 1988). This
inactivation is accomplished without causing a measurable decrease in the spectroscopically
observable cytochrome P450 concentration or in benzphetamine or N-methyl p-chloroaniline
N-demethylase activities, oxidations presumably catalyzed by other P450 enzymes.
Quantitation of the process with liver microsomes from clofibrate-induced rats incubated
with 10-UDYA reveals a highly efficient process in which 1 mol of 1,11-undecandioic acid
is produced per mole of inactivated enzyme, indicating that on average each enzyme is
inactivated by the second substrate molecule that it oxidizes (Cajacob et al. 1988). SDS-
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PAGE analysis of the incubation of radiolabeled 10-UDYA with the microsomes shows that
covalent binding of the labeled fatty acid to the P450 protein accounts for its inactivation.

The lauric acid w-hydroxylase from Vicia sativa is similarly inactivated by 11-DDYA in a
time- and concentration-dependent process that simultaneously produces 1,12-
dodecanedioic acid (Salalin et al. 1988; Helvig et al. 1997). However, no loss of heme
chromophore was observed, in agreement with a protein binding mechanism. Incubation in
the presence of B-mercaptoethanol decreased overall covalent binding of the radiolabeled
11-DDYA to microsomal protein, but did not prevent the loss of w-hydroxylase activity, as
expected for a true mechanism-based inhibitor. Nevertheless, the results suggest that some of
the ketene intermediate diffused out of the active site and bound covalently to other proteins,
but the covalent binding responsible for enzyme inactivation occurred before diffusion from
the active site.

In contrast, as mentioned earlier, 17-octadecynoic acid (17-ODYA), a compound closely
related to 11-DDYA except for the additional length of the hydrocarbon chain, inactivates
CYP102 via formation of a heme, not protein, covalent adduct (Shirane et al. 1993).
Whether heme or protein alkylation occurs, or both, is therefore a function of both the
specific inhibitor and the specific cytochrome P450 enzyme.

2-Ethynylnaphthalene is a mechanism-based inactivator of rat and rabbit, but not human,
CYP1A2 (Hammons et al. 1989; Yun et al. 1992). Using radiolabeled 2-ethynylnaphthalene,
single radiolabeled peptides were isolated from the rat and rabbit enzymes, with the
sequences (L(S)QQYGDVLQIR) and (FQELMAAVGR), respectively (Yun et al. 1992). 2-
Ethynylnaphthalene also inactivates CYP2BL1 in a process that approaches 1:1 covalent
binding of the radiolabeled agent to the protein without loss of the spectroscopically
observable cytochrome P450 chromophore (Roberts et al. 1993). In this case the
radiolabeled peptide had the sequence ISLLSLFFAGTETSSTTLRYGFLLM. Mass
spectrometric analysis indicated that 2-ethynylnaphthalene was specifically attached to the
peptides (Roberts et al. 1994, 1995a, 1995b). Other aryl acetylenes, including 9-
ethynylphenanthrene and 7-ethynylcoumarin, have been shown to bind covalently to the
protein of various P450 enzymes (Hopkins et al. 1992; Roberts et al. 1995a, 1997; Regal et
al. 2000).

The well-characterized inactivation of CYP2B4 by 4-fert-butylphenylacetylene offers a
particularly clear insight into cytochrome P450 inactivation via protein modification. This
particular inactivation reaction is highly efficient in that every oxidation of the inhibitor
results in covalent modification of the protein, i.e., every ketene molecule that is formed
binds to the protein, inhibiting the enzyme (Zhang et al. 2009, 2011). Quantitative analysis
indicates that in each protein one molecule of the inhibitor is bound to Thr302, causing a 5
nm shift of the Soret band. The addition of benzphetamine, a normal substrate, to the
inactivated protein fails to cause either the normal spin shift or the greatly enhanced
reduction of the protein normally observed on binding of benzphetamine. The conclusion
that covalent attachment of the inhibitor to Thr302 sterically interferes with productive
substrate binding is supported by a resonance Raman studies (Mak et al. 2010). An even
more precise view of this steric interference is provided by a crystal structure of the
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inactivated protein, which shows the oxidatively activated 4- fert-butylphenylacetylene
molecule attached via an ester link to the oxygen of Thr302 (Gay et al. 2011). This is the
adduct expected from reaction of the threonine hydroxyl with the ketene formed from the
acetylene group. A second crystal structure shows that 9-ethynylphenanthrene also
inactivates CYP2B4 by binding covalently through an ester bond to Thr302 (Zhang et al.
2013).

Covalent binding of the ketene metabolite from 4-fert-butylphenylacetylene to Thr302 in
CYP2B1 and CYP2B6 establishes the importance of this residue in the inactivation of these
homologous proteins (Lin et al. 2010, 2011). However, even these proteins can be
inactivated by covalent attachment of the ketene to other residues, as illustrated by the
inactivation of CYP2B1 and CYP2B6 by 17a-ethynylestradiol (Kent et al. 2006, 2008).
Thus, mass spectrometric analysis of digests of the inactivated CYP2B1 protein
demonstrated that the ketene was bound to Ser360. However, mutation of Ser360 to an
alanine did not prevent inactivation, indicating that alternative reaction sites were available.
Mutating CYP1B1 Thr205 to a valine protected the enzyme from inactivation by 17a-
ethynylestradiol and made it more resistant to inactivation by 2-ethynylnapthalene (Lin et al.
2003). CYP1B1 formed three identifiable metabolites from this substrate, one of which
correlated with inactivation of the enzyme, and the T205V mutation suppressed its formation
(Lin et al. 2004). This finding suggests that Thr205 may help to position 17a-
ethynylestradiol so that oxidation of the triple bond occurs. Other mutations also protect the
enzyme from inactivation, possibly in a similar manner (Von Weyman et al. 2004b).

CYP3A4 and CYP3AG5 are also inactivated by 17a-ethynylestradiol (Guengerich 1988; Lin
et al. 2002; Lin and Hollenberg 2007), but with these enzymes the inhibitor is covalently
bound to both the heme and the protein. Analysis of the metabolites trapped by glutathione
led to the suggestion that a sufficiently stable oxirene was formed that could be trapped by
glutathione addition to one or the other of the oxirene carbon atoms (Lin and Hollenberg
2007). As already discussed, oxirenes are unlikely to form as actual intermediates in the
reaction manifold leading to ketenes or carbenes. Heme and protein adducts are also
observed in the inactivation of CYP2J2 by 17-octadecynoic acid (Lin et al. 2017, 2018). In
instances where both protein and heme adducts are formed, the heme adducts are formed by
covalent attachment to a porphyrin nitrogen, whereas formation of a ketene metabolite
accounts for the protein binding.

Protein modification by disubstituted acetylenes

Disubstituted acetylenes can also inactivate cytochrome P450 enzymes (Table 3), but their
ability to do so is less predictable, as illustrated by the examples in Table 4 of agents that
cause no inactivation. One factor that contributes to the lesser ability of disubstituted
acetylenes to inactivate P450 enzymes is that oxidation of the substituents may compete
more effectively with triple bond oxidation. A second important factor is that there are no
validated examples of covalent binding to the heme group due to the oxidation of a
disubstituted acetylene, presumably because steric factors disfavor the reaction.
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Nevertheless, disubstituted acetylenes can inactivate P450 enzymes through oxidation of the
triple bond with concurrent migration of one of the alkyl group substituents to give a ketene,
as illustrated in Figure 11 for the oxidation of 1-biphenyl-1-propyne. The ketene can then
inactivate the enzyme by covalent attachment to the protein, as occurs with monosubstituted
acetylenes. This may be the mechanism for the inactivation of cytochrome P450 by
compounds with disubstituted triple bonds in Table 3 and in other studies (e.g., Nagahisa et
al. 1983; Foroozesh et al. 1997). However, in the absence of direct evidence implicating the
ketene metabolite in protein binding, an alternative mechanism must be considered, as
illustrated by the oxidation of 1-octyne described below.

1-Octyne, a monosubstituted acetylene, was reported to inactivate hepatic cytochrome P450
with the formation of both protein and heme covalent adducts (White et al. 1984). The
substrate itself was oxidized in the incubation system to 1-octyne-3-one, which was readily
trapped by thiol agents via a Michael addition reaction. Synthetic 1-octyne-3-one did not
react with the P450 heme group, as expected, but did react with thiols. Furthermore, thiol
agents had no effect on heme adduct formation, but did decrease protein binding. The
formation of 1-octyne-3-one could therefore account for protein binding without requiring
oxidation of the triple bond, although ketene formation may also have occurred and may
have contributed to protein covalent binding. The chemical reactivity of conjugated
acetylenic ketones with thiols is illustrated by the formation of glutathione conjugates with
acalabrutinib, an anticancer agent with a conjugated ketone function that covalently binds to
a cysteine thiol in Bruton tyrosine kinase, the target protein of the drug (Podoll et al., 2019).
These results suggest a mechanism for protein alkylation and P450 inactivation that does not
involve triple bond oxidation. In this vein, 11-DDYA (Figure 20) and its in-chain analogue
10-dodecynoic acid have been shown to inactivate and bind covalently to CYP2B4 (Helvig
et al. 1997). The mechanism of action of 11-DDYA, a terminal acetylene, is straightforward
and has already been discussed, but the inhibitory activity of 10-dodecynoic acid, which has
a disubstituted triple bond, is less clear. Metabolism experiments identified 12-hydroxy-10-
dodecynoic acid as the only metabolite of 10-dodecynoic acid. If the terminal hydroxyl was
further oxidized to the aldehyde, the resulting Michael acceptor may have been responsible
for protein binding and P450 inactivation, although oxidation of the triple bond to a ketene
cannot be excluded. In this context, it is important to note that the formation of diffusible
reactive metabolites of acetylenes, whether ketenes or triple bonds conjugated to carbonyl
groups, can lead to protein alkylation reactions and toxicities unrelated to the inactivation of
cytochrome P450 enzymes.

A final anomaly is provided by the inactivation of cytochrome P450scc (CYP11A1) by a
disubstituted acetylenic sterol. CYP11A1, which specifically cleaves the side-chain of
cholesterol between carbons 20 and 22 to give pregnenoloneg, is inactivated by substrates
with a triple bond between carbons 22 and 23 (Figure 21) (Nagahisa et al. 1983).
Pregnenolone is formed in these reactions, but the exact nature of the oxidation and P450
inactivation is unclear, although the de-ethynylation reaction in Figure 10 may be instructive
in this regard. Nevertheless, the results suggest that the triple bond is oxidized to an
intermediate that can inactivate the enzyme and may or may not be involved in the formation
of pregnenolone.
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The oxidation of carbon-carbon triple bonds and the associated cytochrome P450
inactivation must satisfy two initial conditions: (i) the molecule must bind to the cytochrome
P450 enzyme, and (ii) the triple bond must be positioned so that its oxidation is competitive
with alternative oxidative reactions. Addition of the activated oxygen to the internal carbon
of a monosubstituted triple bond will then result in heme alkylation, with the caveat that a
carbene-iron complex may precede formation of the N-alkyl heme adduct. In contrast,
addition of the activated oxygen to the unsubstituted acetylenic carbon, with few exceptions,
produces a ketene metabolite. In the case of disubstituted acetylenes, heme alkylation does
not occur, but ketene formation may occur. The factors that determine to which carbon of a
triple bond the reactive oxygen is added remain unclear.

If a ketene metabolite participates in mechanism-based P450 inactivation, it must reside
within the active site or entrance channel long enough for protein acylation to occur. If the
residence time is low, or there is no suitably reactive amino acid, the ketene may diffuse out
of the active site to react more randomly with nucleophilic protein residues, with agents such
as glutathione, or with water to give an acetic acid derivative. The binding affinity of the
parent acetylene and the ketene metabolite to the P450 protein are therefore relevant to the
efficiency of inactivation by ketene metabolites.

The interplay of the factors that govern triple bond oxidation can be illustrated with several
examples. As noted earlier, 2-ethynylnaphthalene inactivates rat and rabbit, but not human,
CYP1A2 despite ~80% sequence identity among the three proteins (Yun et al. 1992).
Similarly, although there is 83% sequence identity between the protein sequences of
CYP3A4 and CYP3A5, only CYP3A4 is inactivated by mifepristone, a disubstituted
acetylene (Table 3). Furthermore, mutation of individual CYP3A4 active site residues to
those found in CYP3ADS did not confer protection against mifepristone inactivation, the
CYP3A4 single-mutant proteins being inactivated as effectively as the wild-type. The
authors argued that orientation of the substrate to favor oxidation of the triple bond was not
achieved in CYP3Ab, and therefore mifepristone did not inactivate that protein (Khan et al.
2002). In the same vein, 7-coumarin propargyl ether inactivates CYP3A4, but not CYP3A5
(Sridar et al. 2008). In the CYP3A4 reaction there was a comparable loss of activity and
heme, suggesting inactivation through N-alkylation of the heme group, but glutathione-
trapped ketene metabolites were also obtained.

Norethisterone and MDL 18,962 are sterols that differ critically in that an ethynyl group is
attached to C17 in the former and a propynyl to C10 in the latter (structures in Table 2)
(Johnston et al. 1991). Pretreatment of rats with norethisterone increased pentobarbital
sleeping time and caused the accumulation of hepatic N-alkylated porphyrins, a marker of
prosthetic heme alkylation, whereas these effects were not observed with MDL 18,962. The
acetylene function in MDL 18,962 is apparently not appropriately placed for catalytic
activation. In contrast, MDL 18,962 does inactivate human CYP19, showing that there is no
inherent difficulty to oxidation of its triple bond (Metcalf et al. 1981).
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Finally, CYP2B4 and CYP2B5, which differ by 12 amino acid residues, are differentially
inactivated by 2-ethynylnaphthalene (Strobel et al. 1999). 2-Ethynylnaphthalene inhibits
CYP2B4, whereas CYP2B5 oxidizes this compound to 2-naphthylacetic acid without being
inactivated. Based on molecular dynamics simulations, it was postulated that the ketene in
CYP2B5 was more loosely held and more rapidly hydrolyzed to the acid. Mutation of 1le363
in CYP2B4 to a valine, the residue in CYP2B5, conferred protection against inactivation by
2-ethynylnaphthalene, whereas mutation of the corresponding Val363 in CYP3A5 to an
isoleucine made that protein susceptible to inactivation by the same agent.
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Figurel.
In vivo conversion of phenylacetylene to phenylacetic acid and its phenylaceturic acid

derivative.
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Figure 2:
Cytochrome P450 catalyzed oxidation of 4-ethynylbiphenyl (R = H) or its 2’-fluoro

substituted analogue (R = F) to the acetic acid metabolites.
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Figure 3.

Theoretical mechanistic alternatives for oxidation of the triple bond.
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Figure 4.

Oxidation of erlotinib to a ketene that can react with a protein (Protein-XH) or be trapped by
reaction with 4-bromobenzylamine.
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Oxidation of selegiline to a hydroxylated derivative (R = H -> R = OH) is followed by
oxidation of the acetylenic group to a ketene that can be trapped by glutathione (GSH) or
can acylate the P450 protein (Protein-XH).
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Oxidation of a terminal triple bond with concomitant migration of the hydrogen via a
transition state that does not generate an oxirene intermediate. The Fe in a box of nitrogens

represents the activated species of cytochrome P450.
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Figure7.
D-Homoannulation of 17a-ethynylestradiol (Abdel-Aziz and Williams 1969; Schmid et al.

1983) and a revised mechanism for this transformation that does not invoke an oxirene
intermediate. The heme and activated oxygen of P450 are represented by the square of
nitrogens with an iron atom.
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Figure8.
Cytochrome P450-catalyzed oxidation of efavirenz to a ring-expanded metabolite by a

concerted mechanism not involving formation of an oxirene metabolite. The cytochrome
P450 activated species is represented as in Figure 6.
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Figure9.
De-ethynylation of (top) norethindrone and (bottom) 17a-ethynylestradiol.
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Figure 10:
A possible mechanism for the de-ethynylation of 17-hydroxy-17-ethyny! sterols.
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Figure11.
Oxidation of 1-biphenyl-1-propyne to 2-biphenylylpropionic acid by CYP1A1 and
CYP1A2.
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Figure 12.

Oxidation of mifepristone to a glutathione conjugate (GSH = glutathione).
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Figure 13.
In vivo oxidation of dichloroacetylene to dichloroacetic acid and the mechanism proposed

for its formation.
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Figure 14.

Oxidative desilylation of a proinsecticide to an insecticidal terminal acetylene, where Pr
stands for propyl.
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H;CO,C CO,CHj

Figure 15.
The structure of the adduct formed with propyne (Ortiz de Montellano et al. 1981b) after

demetallation and esterification of the carboxyl groups. The four pyrrole rings of the
porphyrin are labeled A-D. In this instance, the covalent bond was formed exclusively with
pyrrole ring A, but other pyrrole rings can be alkylated in other adducts (e.g., Ortiz de
Montellano et al. 1982a).
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Schematic mechanism for autocatalytic alkylation of the heme prosthetic group of
cytochrome P450 in the oxidation of a terminal acetylene. Delivery of the reactive oxygen to
the substituted acetylene terminus leads to heme alkylation rather than ketene formation.
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Figure17.
Structures of tBA and tBMP, and a structure proposed for the reversible intermediate formed

in the reaction of the CYP2E1 T303A mutant with tBA and tBMP (Blobaum 2006).
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The theoretically accessible manifold of intermediates in the oxidation of a triple bond.

Drug Metab Rev. Author manuscript; available in PMC 2020 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ortiz de Montellano

R————-H
O
N—l—n
/ FeJ
N N
Figure 19.

" R\‘ "
o d
E —
/ Fe / /N Fe
N | N N |
R
0 07 Y
N——N €— N-|—
/ Fe /[

Page 38
N N
/ Fe /
N N
T H,0
R
H
o O
N-1|—N
/ Fe [/
N N
H+
R
H
@)
g N—/—N
/ Fe /
N N

Proposed formation of a carbene-iron complex in the oxidation of tBA (R = fert-butyl) by
the CYP2E1 T303A mutant. With proton donation, the complex migrates to give a nitrogen
alkylated heme adduct, but in its absence it can decompose to regenerate the parent heme.
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Figure 20.
Structures of 11-dodecynoic acid (11-DDYA) and 10-undecynoic acid (10-UDYA) and the

diacid metabolites formed from them by cytochrome P450.
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Figure 21.
Oxidation of disubstituted acetylenes to pregnenolone by CYP11A1.
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Examples of the time-dependent inhibition of cytochrome P450 by acetylenes involving addition to the

prosthetic heme group

Compound Reference Compound Reference
H———H White 1978; Ortiz de Montellano £ Ortiz de Montellano and Kunze
etal. 1982b = 1980b
Cl e (3
CHy;———"H Ortiz de Montellano and Kunze Ortiz de Montellano and Kunze

1981b

1980b

White 1978

¢

Ortiz de Montellano and Kunze
1980b

ethehlorvynol

Ortiz de Montellano et al. 1982a

Ortiz de Montellano and Kunze
1980b

Roberts et al. 1998

Ortiz de Montellano and Kunze

Ortiz de Montellano and Kunze
1980b

Ortiz de Montellano and Kunze
1980b

Ortiz de Montellano and Kunze
1980b

Ortiz de Montellano et al. 1979

1duosnuey Joyiny

1duosnuen Joyiny

1980b

Rose et al. 1997; Cutler et al. 2000 o i"t ; Fan et al. 2003
N
H

Sharma et al. 1996

Sharma et al. 1996 €l

(T ~ o

Chlorgyline

Deprenyl
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Time-dependent inhibition of cytochrome P450 by steroidal acetylenes with formation of heme adducts

Compound

==

0

on

danazol

I //

Reference
Blakey and White 1986

~ | white 1978

Delorme et al. 1997

Compound

o

o

V4

O

OH //

gestodene

Reference

White 1978, 1981; Ortiz de Montellano et al.
1979; Blakey and White 1986

Guengerich 1990

Metcalf et al. 1981; Johnston et al. 1991
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Examples of the inactivation of cytochrome P450 enzymes by disubstituted acetylenes
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Compound

Reference

Compound

Reference

Foroozesh et al. 1997

Foroozesh et al.. 1997

HO*

Burger et al. 1987

mifepristone

Reilly et al. 1999; He et al. 1999; Lin et al.

2009; Khan et al. 2002
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Examples of disubstituted acetylenes not causing detectable cytochrome P450 inactivation

Compound

Reference Compound

Reference

Ortiz de Montellano and Kunze

1980b %

Ortiz de Montellano and Kunze
1980b

=7
\w\/\ White 1980 '
a_

White 1980
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