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Abstract: Cytochrome P450s belong to a superfamily of enzymes that catalyse a wide variety of oxidative
transformations. Hydroxylation is one the most thoroughly investigated of all identified P450-catalysed reac-
tions whilst dehydrogenation has been relatively much less explored to date. P450-catalysed dehydrogena-
tion is often found to occur with hydroxylation and thus, it was initially suspected to be a stepwise process
consisting of hydroxylation and subsequent dehydration to yield the final olefin product. This theory has
been proven to be invalid and the olefin was shown to be the direct product of a P450-catalysed reaction. This
interesting reaction plays a vital role in the metabolism of xenobiotics and the biosynthesis of endogenous
compounds, including a number of steroids. A number of well-known examples of P450 mediated dehydro-
genation, including those in the metabolism of valproic acid, capsaicin and 3-methylindole and those in the
biosynthesis of plant and fungal sterols are discussed in this review.
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Introduction

The cytochromes P450 (P450s) comprise a superfamily of heme-containing monooxygenases and are present
in all kingdoms of life including animals, plants, fungi, bacteria and archaea. In 2016, there are more than
35 000 identified P450s and the number is still growing [1]. The number of P450s found in any species is
different and is independent of each organism’s complexity; for example, there are 57 in humans [2], 20 in
Mycobacterium tuberculosis [3], three in Saccharomyces cerevisiae [2] and 272 in Arabidopsis thaliana [4].
P450s catalyse a wide variety of reactions involving both endogenous and exogenous substrates. These reac-
tions are usually difficult to achieve via synthetic chemistry and the representative reaction is the insertion
of oxygen into an unactivated C-H bond (eq. 1) [5]. The potential biotechnological applications of P450s are
diverse and advanced protein engineering has allowed development of enzymes with improved stability,
efficiency and accessibility to be employed in the field of biocatalysis, bioremediation and most importantly,
pharmaceutical drug development [6—8]. However, the potential of P450s is yet to be fully established. Hence,
a comprehensive understanding of P450s, their physiological functions and their catalytic mechanisms is
necessary for further expanding their synthetic application.
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P450-catalysed dehydrogenation is an unusual and interesting reaction found in both biodegradative e.g.
xenobiotic metabolism and biosynthetic pathways e.g. sterol formation. It is one of the rare reactions cata-
lysed by P450s where no insertion of oxygen into the substrate occurs. The reaction converts an oxygen mole-
cule entirely into two water molecules yielding an olefin as the final organic product (eq. 2) and although
unusual is a significant physiological reaction. Several examples of P450s catalysed dehydrogenation will be
discussed in this paper.
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Non-heme di-iron desaturases are another family of enzymes that commonly catalyse fatty acid desatu-
ration in both plants and animals. Reviews of the investigation of these non-heme iron desaturases can be
found in previous literature [9-12].

Valproic acid

The anticonvulsant property of 2-propylpentanoic acid (1), commonly known as valproic acid (VA), was first
discovered by a French scientist, Pierre Eymard in 1962 and 5 years later, the first VA based anti-epilepsy drug
was marketed in France [13]. The drug was gradually introduced to other countries and since then, it has
been widely employed globally as a first line anti-epilepsy drug [14]. Unfortunately, hepatotoxicity [15, 16]
due to VA therapy has been reported and it was found that one of the desaturated metabolites of VA, 2-pro-
pylpent-4-enoic acid (2) was the primary causative agent for its toxicity [17]. VA is metabolised by P450s via
multiple pathways: o-, (0-1)- and (®-2)-hydroxylation or desaturation yield a range of metabolites including
2, 3-hydroxy VA (3), 4-hydroxy VA (4), 5-hydroxy VA (5) and A*>*-VA (6) (Fig. 1) [18]. The close structural resem-
blance of 2 to a known fatty acid oxidation inhibitor, pent-4-enoic acid [19] has prompted investigators to link
hepatotoxicity to this terminal olefin. Rettenmeier and colleagues suggested that 2 inhibits both -oxidation
and P450-catalysis in rat liver microsomes [20]. The mechanism of dehydrogenation of VA that leads to the
hepatotoxic terminal olefin is still somewhat ambiguous but the emergence of hepatotoxicity induced by the
desaturated metabolite 2 has, at least partially, sparked the interest of researchers in investigating the mecha-
nism of P450-catalysed dehydrogenation.

Dehydrogenation of VA by different P450s including members of the CYP2, CYP3 and CYP4 families to
give 2 (Fig. 2), albeit as a minor metabolic pathway of VA in the body, is one of the more extensively studied
P450-catalysed dehydrogenations [21-23]. It is worth noting that dehydrogenation of VA is not always a low yield
reaction because the partition ratios between hydroxylation and dehydrogenation in different enzymes vary
significantly (e.g. from 2:1in CYP4B1 to 37:1 in CYP2B1) [24]. Initially, the terminal olefin was suspected to be an
artefact from the dehydration of 4 or 5 but this speculation was proven to be invalid because no desaturated
product was detected when the hydroxyl compound was employed as the substrate [21, 25]. As shown in Fig. 2,
the initial step in the mechanism is proposed to be the same as for P450-catalysed hydroxylation. A carbon
based radical intermediate forms by reaction of a high valent iron(IV)oxo porphyrin cation radical (so-called
Compound I) with a methylene [26]. Intramolecular isotope effect studies by Rettie confirmed that the initial
hydrogen abstraction occurs primarily at C4 to give a C4 radical intermediate [27]. Then, the catalytic processes
branch into two separate pathways to give 4 and 2, with the pro-R alkyl chain desaturated stereoselectively [28].
The metabolism of another valproate metabolite, A>-VA (7) to produce 6 and 4-hydroxy-A>-VA (8) is also cata-
lysed by P450s, as shown in experiments with hepatic microsome [29]. The partition ratio between hydroxyla-
tion via radical rebound and dehydrogenation by the loss of another hydrogen varies, depending on the P450
isozyme but the factors affecting this ratio are unknown. Two mechanistic pathways (Fig. 2) are proposed for
the dehydrogenation step which both begin with hydrogen abstraction by Compound I to give an initial radical
intermediate. The first pathway involves electron transfer from the radical intermediate to give a cation and this
is followed by deprotonation to give the alkene. In the second pathway, a second hydrogen abstraction occurs
to give the terminal alkene directly. The formation of a carbocation in a P450-catalysed reaction was initially
speculated to have occurred in parallel with the radical intermediate via a separate pathway [30], but it was later
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Fig. 1: The metabolism of valproic acid (1) yields a range of metabolites (2-8).
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Fig. 2: Two mechanistic pathways, A and B were proposed to yield 2 along with 4 from 1. Metabolism of 1 by P450 gives multiple
products but only two of them (2 and 4) are shown.

shown computationally by Shaik and colleagues that branching before forming the initial radical intermediate
was unlikely to occur [31]. The authors suggested that the cation was formed after the radical (R) where branch-
ing to either hydroxylation or dehydrogenation began.

Sterol C22 desaturation

P450 catalysed desaturation does not occur just as an alternative pathway in xenobiotic metabolism but
is also essential in the biosynthesis of sterols in different organisms. C22 desaturase is probably the most
investigated P450 desaturase and catalyses desaturation in steroidal compounds exclusively. These C22
desaturases are distributed across the plant kingdom, in fungi and also in some protozoa such as Leish-
mania spp. As the name suggests, this enzyme introduces a new double bond at the C22 position in the
steroidal side chain and produces essential sterols like stigmasterol (9), brassicasterol (10), crinosterol
(11) and ergosterol (12) in different organisms (Fig. 3). The C22 desaturase in fungi belongs to the CYP61
family [32], while for plants and protozoa such as Leishmania spp., it is from the CYP710 family [1, 33]. C22
desaturases in different species have specific substrate requirements and their tolerance to substrate modi-
fication is very limited. Various end products can be produced but normally, each substrate only leads to
one specific final product. CYP710A1 in the plant species, Arabidopsis thaliana, and the tomato CYP710A11
convert B-sitosterol (13) to 9 [34, 35]. The A. thaliana CYP710A2 produces 10 from 24-epi-campesterol (14)
but it does not accept campesterol (15), the stereoisomer of 14, as a substrate to produce 11 [35]. The plant
C22 desaturase (CYP710) also rejects the probable substrate of the fungal C22 desaturase (CYP61), ergosta-
5,7,24(28)-trien-3B-ol (16) [35, 36].

CYPé1 is the second P450 required for the biosynthesis of ergosterol (12) after CYP51, a sterol C14-demeth-
ylase found in fungi, plants and animals [37]. Ergosterol in fungi and protozoa is the functional equivalent of
cholesterol in mammals and it is crucial for their growth and survival. Interestingly CYP51, is one the more
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Fig. 3: The C22 desaturases of different species convert various substrates to the corresponding end products.

Fig. 4: The potential substrates of CYP61, ergosta-5,7,24(28)-trien-33-ol (16) and ergosta-5,7-dien-3f3-ol (17).

popular chemotherapeutics targets to inhibit sterol biogenesis, despite its presence across many kingdoms of
life 38, 39]. Although the therapeutic drugs targeting CYP51 may be species specific, this does not completely
eliminate the possibility of interference with the human CYP51. Hence the C22 desaturase, which does not exist
in mammals, has become an attractive alternative potential drug target especially in antifungal therapy [40-42].
The fungal C22 desaturase (CYP61) catalyses the dehydrogenation step in the biosynthesis of 12 but the
identity of the true substrate(s) remains unclear. Two compounds, ergosta-5,7-dien-33-ol (17) [40, 41, 43, 44] and
ergosta-5,7,24(28)-trien-3B-ol (16) [45-47] have both been proposed to be the substrate for fungal CYP61 (Fig. 4).
The difference between these two compounds is the presence or absence of the A*?® double bond in the side
chain of the substrate. It was first suggested by Akhtar and colleagues that the presence of the A*?® double
bond was not necessary for C22 desaturation in yeast [48]. Later, Fryberg et al. also pointed out that there could
be many possible biosynthetic pathways to ergosterol in yeast and both saturated and unsaturated side chain
could be accepted for C22 desaturation [49]. The evidence for this was intermediate incorporation experiments
performed on whole organisms and not purified CYP61 and thus the conclusion must be regarded as tentative as
interconversion between precursors could occur in the cell. However, it may be that the active site of CYP61 has
a relatively high tolerance to substrate change and thus both 16 and 17 could be accepted as substrates. These
hypotheses will be clarified when evaluation of both possible precursors with purified CYP61 is performed.

Capsaicin

Ingestion or exposure to chilli peppers often triggers a hot and spicy sensation on internal or external contact
sites. This “burning” feeling is attributed to a group of compounds named capsaicinoids found in chilli
peppers such as Capsicum annum and C. frutescens. In addition to their most common usage in food prepara-
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Fig. 5: The structures of the six major capsaicinoids with the variation in their alkyl chains.

tion, capsaicinoids are found in topical analgesia, weight loss products, and chemical defence products such
as pepper spray [50-52]. In recent years, capsaicin has also been investigated as a chemotherapeutic drug
for cancer treatment [53, 54]. There are six major naturally occurring capsaicinoids with capsaicin (18) as the
most abundant substance (>50 %) followed by dihydrocapsaicin (19), nordihydrocapsaicin (20), homocap-
saicin (21), homodihydrocapsaicin (22) and nonivamide (23) (Fig. 5) [55]. Studies based on extracts from chilli
pepper often contain all six capsaicinoids at various ratios. These compounds interact with a cation channel
called Vanilloid Receptor-1/VR-1 or Transient Receptor Potential Vanilloid/TRPV-1 which is highly expressed
in sensory neurons and responsible for inducing the characteristic “burning” sensation upon exposure to
capsaicinoids [50]. The activation of TRPV-1 is structure dependent, especially upon the presence of the vanil-
loid ring of the substrate which is important for binding to the active site. The biological reactivity of each
capsaicinoids is influenced by the alkyl side chain.

Capsaicinoids are metabolised by various human cytochrome P450 enzymes including CYP2C9, CYP2CS,
CYP2C19, CYP2E1, CYP3A4, and a few other P450s to give four major metabolites via w-, ®-1-hydroxylation
and alkyl dehydrogenation [50, 51]. Reilly and Yost proposed that P450-mediated oxidation first abstracts the
hydrogen from the terminal carbon (w-position) to give a radical intermediate followed by oxygen rebound to
yield the major metabolite, ®-hydroxylated capsaicin 24 (Fig. 6) [56]. It was proposed that the first hydrogen
abstraction does not occur at the w-1 position to give the tertiary radical, despite the lower activation energy
and increased electronic stability compared to the terminal radical [52]. Instead, a rearrangement followed
by a loss of an electron to yield the more stable tertiary cation intermediate was suggested [52]. Subsequent
deprotonation from the vicinal position gives the terminal alkene 25 or an addition of hydroxide ion to the
allylic cation yields the w-1-hydroxylated product 26. The macrocyclic metabolite 27 was proposed to be a
cyclisation product after the rearrangement [51]. Previous investigations suggested that both the olefin and
the -1 tertiary carbon of the alkyl chain play a vital role in determining the ratio of hydroxylation to dehydro-
genation of 18 [52, 56]. The lack of resonance stabilisation from the olefin (e.g. in 19 or 22) or the absence of
an isopropyl moiety (e.g. in 23) which can yield a tertiary cation, reduces the potential for dehydrogenation
remarkably. The formation of the allylic radical followed by the formation of the resonance stabilised tertiary
cation is thus deemed important for the production of the dehydrogenated product.

3-Methylindole

Humans and animals like ruminants can be exposed to 3-methylindole (28), a pneumotoxin precursor via
several routes including oral ingestion and cigarette smoke. This compound is a fermentation product from
the protein amino acid tryptophan (TRP) in the intestinal tract and it can also be formed through pyrolysis
from TRP in cigarettes [57, 58]. P450 catalysed oxidation is the primary metabolic pathway of many xenobiotics
including 28. This compound is metabolised by P450s to a range of compounds such as indole-3-carbinol (29),
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Fig. 6: P450s mediated metabolic pathway of 18 proposed by Reilly and Yost [56]. Four major metabolites are formed via
-hydroxylation (A), ®-1-hydroxylation (B), dehydrogenation (C) and cyclisation (D). Simplified structures of the sidechains of
the products are shown in boxes.

3-methyleneindolenine (30), 3-methyloxindole (31), and 3-hydroxy-3-methyloxindole (32) (Fig. 7). Some of
these metabolites bind to proteins, DNA and RNA inducing cytotoxicity in specific species and organs [59—
62]. For instance, the primary causative agent of the acute bovine pulmonary edoema and emphysema, a lung
disease common among the ruminants, is the toxic metabolite 30 [63].

Compound 28 is converted into 29 via the typical P450-catalysed hydroxylation reaction while 31 and
32 are believed to arise from the 2,3-epoxide derivative 33 [64]. The reactive toxic metabolite 30, that can be
trapped by forming adduct with glutathione or N-acetylcysteine, is a product of P450-catalysed dehydrogena-
tion [65, 66]. The mechanism of the oxidation step is not confirmed but the abstraction of the hydrogen atom
at the 3-methyl position is isotopically sensitive in both the dehydrogenation and oxygenation processes [67,
68]. Molecular modelling and docking studies also show that the 3-methyl group is held nearest to the heme
iron which should facilitate its oxidation. The partition ratio between oxygenation and dehydrogenation is
isozyme dependent [69]. Mutations at selective substrate recognition sites can switch the activity from one
reaction to the other [68]. This suggests that the difference in the active sites may contribute to the preference

for one pathway over the other.
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Fig. 7: 3-Methylindole (28) is metabolised by P450s to give a mixture of compounds.
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Fig. 8: Lauric acid (34) is metabolised by P450s to form the hydroxylated products (35 and 36) and the terminal alkene (37).

Miscellaneous

P450-catalysed oxidation of lauric acid (34) (Fig. 8) using either rabbit liver microsomes or a number of puri-
fied isoforms (CYP1A1, CYP1A2, CYP2B4, CYP2C3, CYP2E1, CYP4A5/7 and CYP4B1) gives two major hydroxy-
lated products, 11-hydroxydodecanoic acid (35) and 12-hydroxydodecanoic (36) and a minor, dehydrogenated
product 11-dodecenoic acid (37) [70]. Kinetic isotope effect studies showed that the first hydrogen abstraction
occurs at the w-1 position and subsequent radical rebound provides the 11-hydroxylated derivative as the
major product. Dehydration of the hydroxylated derivatives does not produce the dehydrogenated product 37
but instead, this is formed directly from the oxidation of 34.

Testosterone (38) is oxidised by rat CYP2A1 to give 7o-hydroxytestosterone (39) primarily together with
60-hydroxytestosterone (40) and 17B-hydroxy-4,6-androstadiene-3-one (41) as the minor products (Fig. 9)
[71]. The unusual desaturated product 41 was initially suspected to be an artefact from dehydration but later,
it was demonstrated by Nagata and co-workers that it was indeed a product obtained from P450 catalysed
dehydrogenation [72]. Kinetic isotope studies showed that the C6 hydrogen atom is first abstracted to give
a carbon-based radical intermediate and subsequent radical rebound or abstraction of a second hydrogen
provides 40 and 41, respectively [71].

P450,,. (CYP102A1) is a self-sufficient bacterial fatty acid hydroxylase from Bacillus megaterium and is a
popular enzyme in P450 studies due to its easy accessibility, efficiency and capacity to be modified to cata-
lyse different transformations. This enzyme is able to oxidise various alkylbenzenes such as ethylbenzene,
sec-butylbenzene, cumene or p-cymene although these compounds are not the natural substrates [73]. The
alkylbenzenes, for instance, p-cymene (42) is transformed via alkyl hydroxylation to 43, aryl hydroxylation
to 44 or by dehydrogenation to 45 (Fig. 10). Wild type P450,, . gave o-hydroxylated product 43 primarily but
the enzyme could be mutated to increase the production of B-hydroxylated or a,3-unsaturated products. The
abstraction of the o-proton was isotopically sensitive for hydroxylation and to a lesser extent for dehydroge-
nation. The authors also demonstrated that rearrangement from a primary -cation to a more stable tertiary
o-cation in cumene or p-cymene was not detected. Hence, a cationic rearrangement similar to that proposed
for capsaicin dehydrogenation is less likely to have occurred during the formation of this olefin product.

CYP2A1

Fig. 9: Testosterone (38) is oxidised by rat CYP2A1 to yield 39 as the major product together with two minor products, 40 and 41.
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Fig. 10: P450_ . catalysed oxidation of p-cymene (42) provided 43 as the major product while 44 and 45 as the minor products.
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Fig. 11: The cyclopropyl-containing lauric acid 46 was used as a probe to investigate the possible alternative mechanism in
P450s catalysed oxidation. The existence of a cationic pathway that gave the minor products was proposed.

P450,,,, was also employed by Cryle and colleagues in radical clock experiments to investigate the
identity of the reactive intermediate in P450-catalysed oxidations (Fig. 11) [74]. A cyclopropyl group was
installed at a strategic position in lauric acid to produce 46, leaving essentially only one other easy oxi-
dised position accessible in the substrate for the heme iron. Hydrogen abstraction followed by radical
rebound occurs primarily to give the anticipated hydroxylated product 47 and a small amount of unknown
product is formed concomitantly. It was proposed that after the first hydrogen abstraction by the heme
iron, the rearrangement of the reactive radical intermediate causes the cyclopropyl group to ring open
and a homoallylic radical is formed. Then, radical rebound yields the rearranged product 48 or alter-
natively, an electron transfer from the radical to the heme yields a cationic intermediate followed by
deprotonation to give diene 49 as a minor product. The corresponding olefin product was not detected
when a substrate with a longer chain length was employed in an earlier investigation; it was suggested
that differences in specific enzyme-substrate interactions accounted for the different mechanistic path-
ways [75]. Thus, only hydroxylated products from either direct radical rebound at the methylene o to the
cyclopropane or ring opening and rearrangement were observed when tetradecanoic acid analogues were
incubated with P450,, ..
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Fig.12: Para-substituted benzoic acids are metabolised by CYP199A4 to give the hydroxylated and desaturated products at
different ratio.

CYP199A2 and CYP199A4 are bacterial P450s found in strains of Rhodopseudomonas palustris, a purple
HaA2, a purple photosynthetic bacterium that both catalyse desaturation along with hydroxylation and
0O-demethylation of para-substituted benzoic acids [76, 77]. CYP199A4 has strict electronic and structural
requirements for substrate binding and turnover. The electrostatic and H-bonding interactions between the
carboxylate group of the substrate and the amino acid residues in the active site are extremely important for
tight binding [78]. The alteration of the planar structure of the phenyl ring, greatly for example, replacing
the phenyl group by a cyclohexane, also greatly reduces binding affinity. An X-ray crystal structure of the
substrate-bound CYP199A4 (with the substrate 4-methoxybenzoic acid 50) shows that the carboxylic end is
anchored strategically in the active site, placing the para-substituent in close proximity to the heme iron [79].

CYP199A4 catalyses oxidative O-demethylation of 50 to give 4-hydroxybenzoic acid (51) (Fig. 12), whilst
with 4-ethyl- (52) and 4-isopropylbenzoic acid (53), desaturated products (54 and 55) are formed together with
the hydroxylated products (56 and 57) respectively. The percentage of desaturation is higher for 53 (54 %) than
for 52 (38 %) [80]. The switch from hydroxylation to dehydrogenation may support the hypothesis that a more
electronically stabilised tertiary cation intermediate is formed from 53 compared to the secondary cation that
would arise from 52 (Fig. 13). However, the authors could not rule out the possibility of a subsequent hydro-
gen atom abstraction following the formation of the initial radical intermediate. The increase in steric bulk
from ethyl to isopropyl could have also contributed to the reduced accessibility of the carbon radical to the
heme iron, thus, slowing radical rebound to give the hydroxylated product and favouring dehydrogenation.

Conclusions

P450-catalysed dehydrogenation is often overlooked in comparison to the much more common hydroxylation
and thus, its mechanism is still relatively unexplored to date. This reaction is associated with the generation
of toxic metabolites and plays a vital role in sterol biosynthesis in plants, fungi and some protozoa. One of the
major questions about P450-catalysed dehydrogenation is the mechanistic pathway that leads to the forma-
tion of the olefin. Currently, there are two hypotheses for the mechanism. First, the dehydrogenated product is
formed via two consecutive hydrogen abstractions or second, after initial hydrogen abstraction occurs to give
aradical intermediate, an electron transfer occurs followed by deprotonation of the resultant cation. Experi-
mental data from different research groups favours the latter and density functional theory (DFT) calculation
[81] performed by Kumar and co-workers also supported the existence of the cationic pathway. Nevertheless,
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Fig. 13: The possible mechanistic pathways of CYP199A4 catalysed oxidation of para-substituted benzoic acids. After the forma-
tion of the initial radical intermediate, radical rebound provides the hydroxylated product. A second hydrogen abstraction or an
electron transfer to generate the cation followed by deprotonation gives the desaturated product.

no consensus conclusion has been drawn at this point. The importance of P450-catalysed dehydrogenation is
increasing as more examples are identified and clarification of its mechanism is an important goal in under-
standing the mechanism of these fascinating enzymes.

Funding: Australian Research Council, (Grant/Award Number: DP140103229).
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