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Abstract

The 14a.-demethylation step is critical in eukaryotic sterol biosynthesis, catalyzed by cytochrome
P450 (P450) Family 51 enzymes, e.g. with lanosterol in mammals. This conserved 3-step reaction
terminates in a C-C cleavage step that generates formic acid, the nature of which has been
controversial. Proposed mechanisms involve roles of P450 Compound 0 (ferric peroxide anion,
FeO, ") or Compound I (perferryl oxygen, FeO3*) reacting with either the aldehyde or its hydrate,
respectively. Analysis of 180 incorporation into formic acid from 180, provides a means of
distinguishing the two mechanisms. Human P450 51A1 incorporated 88% 180 (one atom) into
formic acid, consistent with a major but not exclusive FeO, mechanism. Two P450 51 orthologs
from amoeba and yeast showed similar results, while two orthologs from pathogenic trypanosomes
showed roughly equal contributions of both mechanisms. An X-ray crystal structure of the human
enzyme showed the aldehyde oxygen 3.5 A away from the heme iron. Experiments with human
P450 51A1 and H,180 yielded primarily one 180 atom but 14% of the formic acid product with
two 180 atoms, indicative of a minor contribution of a Compound | mechanism. LC-MS evidence
for a Compound 0-derived Baeyer-Villiger reaction product (a 14a-formyl ester) was also found.
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P450 51 enzymes demethylate sterols, releasing formic acid (DCOQOH). Analysis of the DCOOH
byproduct provides for the mechanistic discrimination of the contribution(s) of Compound 0 (Cpd
0) and Compound | (Cpd 1) to catalysis. When enzyme reactions were run under 180, (red), >50%
of the DCOOH yielded contained one atom of 180 (for all P450 51 enzymes tested), indicative of
the major contribution of Cpd 0 in 24,25-dihydrolanosterol C-C cleavage.
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Introduction

Cytochrome P450 (P450 or CYP) enzymes catalyze oxidation and reductions of many
molecules,[] particularly drugs, steroids, pesticides, fatty acids, fat-soluble vitamins, and
chemical carcinogens.[?] In addition to the extensive involvement of P450s in intermediary
steroid metabolism,[3] these enzymes also play a critical role in the biosynthesis of
cholesterol in mammals and in the synthesis of similar essential sterols in microorganisms
and plants — a role fulfilled by the Family 51 enzymes.[4l Accordingly, inhibition of the
Family 51 P450s is a common means of treating a number of diseases caused by fungi and
parasites.[5]

The general P450 mechanism (Scheme 1) includes both Compound 0 (ferric peroxide anion,
FeO,) and its product Compound | (perferryl oxygen, FeO3*) in the catalytic cycle, and
the question of which catalytic oxygen species is operative in P450 has long been a source
of scientific interest.[8] Two seminal advances towards the rather ubiquitous role of the
FeO3* entity termed Compound | were made by Groves in 197871 and Green in 2010,[€!
and many P450 oxidations can be rationalized in the context of Compound | chemistry.[°]
In fact, some of the alternative explanations for hydroxylation and epoxidation reactions!°]
have not held up to further mechanistic scrutiny.[11] However, there are still a number of
observed P450 reactions that are difficult to explain with only Compound | mechanisms,
and the literature contains some credible evidence for so-called Compound 0 (FeO, )-based
reactions (Scheme 1).[12]

We have recently reviewed the Compound 0 vs. Compound | question within the major P450
enzymes involved in C-C bond cleavage of steroids.[% 131 With P450 11A1 (cholesterol side
chain cleavage enzyme), Compound | has been prepared and shown to be catalytically
competent in the reaction.[24] The lyase reaction of P450 17A1 is controversial, with
evidence supporting both Compound | and Compound 0 mechanisms.[13: 151 Qur own work
with P450 19A1 (steroid aromatase) favors a Compound | mechanism.[16]

A variety of approaches have been employed in attempts to distinguish Compound |

and Compound 0 (including protonated Compound 0) mechanisms. The list includes

the use of biomimetic models,[X7] theoretical considerations,[28] oxygen surrogates,[29] site-
directed mutagenesis,[20] diagnostic substrates,[21] kinetic solvent isotope effects (KSIE),[22]
synthetic formation of Compound 0 or Compound | and use in a reaction, 8 14] and 180
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labeling.[16. 23] Each of these approaches has deficiencies, as well as some attractions. One
of the shortcomings of almost all of these approaches is that the answers are interpreted as
one-or-the-other mechanism, with no provision for considering a mixed mechanism.

P450 Family 51 enzymes all catalyze a 3-step 14a-demethylation reaction with sterols
(Scheme 2). The first two steps involve a carbon hydroxylation and a formal 2-electron
oxidation of the carbinol to an aldehyde, both of which are common P450 reactions,
generally attributed to a Compound | (FeO3*) mechanism.[24] The third step is more
unusual, involving C-C bond cleavage and release of the 14a-carbon atom (C32) as formic
acid, where mechanisms involving both P450 Compound 0 and Compound | as the oxidant
have been proposed.[12¢. 180, 20b, 25] Fischer et al.[12¢] proposed a Compound 0 mechanism
involving a Baeyer-Villiger intermediate. Shyadehi et al.[2%] Jater proposed a Compound 0
mechanism for a yeast (Candida albicans) P450 51 enzyme but without a Baeyer-Villiger
rearrangement. At least one theoretical study has been published in favor of a Compound 0
mechanism[2°] but a more recent one is strongly in favor of a Compound I mechanism.[180]

On the basis of some mutagenesis and structural information, we proposed that human

P450 51A1 uses a Compound | mechanism in catalysis.[29°] A major tenet of the Shyadehi
et al.[25a] conclusion about the role of Compound 0 is work on the incorporation of

180 from 180, into formic acid in an incubation of a 14a-formyl analogue (A7) of 24,25-
dihydrolanosterol. However, there are a number of caveats about the results of Shyadehi et
al.,[2%a] including the utilization of a crude yeast P450 51 microsomal preparation with low
enzymatic activity (rate of 0.25 nmol product formed min~! (nmol enzyme)™1), the use of an
artificial A7 sterol instead of the natural A8 isomer, and analysis using only low resolution
MS (which cannot distinguish enzymatically produced DCO,H from the 13C component of
HCO,H (H13CO,H)). Although only 62% incorporation of 180 (from 180,) into formic acid
was reported (and only 5-7% of the total formic acid was derived from the substrate), the
authors concluded that an exclusive Compound 0 mechanism was operative.[252]

In considering the significance of this 180, incorporation study to the catalytic mechanism
of P450 51 enzymes, we synthesized the requisite deuterated 14a-aldehyde derivative of
(24,25-dihydro) lanosterol (14a-CDO dihydrolanosterol) and utilized it in 180 incorporation
studies using (five) different purified Family 51 P450 enzymes, employed a sensitive
derivatization procedure with a formate ester suitable for UPLC-electrospray MS analysis of
formic acid, and analyzed the products with HRMS to resolve issues of 13C contribution that
we had developed in a similar study with P450 19A1.116] We also performed complementary
labeling studies with H,180, labeling the carbonyl atom of the aldehyde substrate and
analyzing the formic acid for 180 content. We conclude that P450 51 enzymes catalyze the
last step of sterol 14a-demethylation reactions using both Compound I and Compound 0
mechanisms, the latter also including a Baeyer-Villiger intermediate. Thus, an individual
P450 enzyme can catalyze a single reaction via multiple chemical mechanisms.
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The approach to discerning the role of Compound I vs. Compound 0 is shown in Scheme

3. A Compound 0 mechanism incorporates one 180 atom from 180, into the product formic
acid, and a Compound | mechanism does not. The background level of formic acid in

the laboratory environment is problematic for these measurements, necessitating (i) the use
of substrate with a deuterated formyl group (DC=0), (ii) chemical measures to reduce

the contamination of formic acid in solvents, and (iii) the use of high resolution mass
spctrometery (HRMS) (resolution > 56000) for analysis. HRMS can readily distinguish
between (derivatized) H13CO,H (/7/2167.0896) and D2CO,H (m/z 167.0925),[16] which is
necessary because of the natural abundance of 13C in the endogenous formic acid and its
derivatives. HRMS traces of the esters of H13CO,H and D2CO,H in a typical experiment
are shown in Figures S3, S4, and S6.

The synthesis of deuterated 14a-formyl 24,25-dihydrolanosterol (14a-CDO
dihydrolanosterol) was based on work of Morisaki and associates,[26] which began with
commercial 7-dehydrocholesterol and generated the protiated product in 14 steps to give
the desired 14a-aldehyde.[27] The partially deuterated aldehyde was generated in three
more steps by sequential Dess-Martin periodinane oxidation,[28] reduction with NaBDy,
Dess-Martin periodinane oxidation, and hydrolytic cleavage of the 3- C-acetyl group (Figure
S1). The deuterium content in the product was ~75% (not 50%), presumably due to a
kinetic isotope effect in the Dess-Martin oxidation. The lack of complete substitution is
not a requirement in the experimental protocol, in that the formate ester derived from the
protium is not used in the mechanistic analysis (i.e., it is identical to the ester derived from
endogenous formate contaminant (HCO,H)).

In the course of our studies, we also made several changes to improve the extraction and
derivatization of formic acid since our earlier report.l16] The major changes (Figure S2) were
(1) the use of fert-butyl methyl ether to extract formic acid instead of CH,Cl, (2) omitting
the MgSQy, drying step, and (3) the inclusion of 10% CH3OH (v/v) in the diazotization step.
[29] Extraction of formic acid from the aqueous reaction mixture was found to be inefficient
with CH,Cl,. While drying the organic extract with MgSQO,4 was performed previously based
on the premise that the derivatization reaction was sensitive to H,0O, the derivatization of
acid with the diazo reagent was shown to be improved by the addition of both H,O and
CH30H at 10% (v/v). The drying step routinely reduced formic acid recovery, so the step
was omitted. Finally, inclusion of CH30H (10%, v/v) in the derivatization mixture was
found to increase the yield of formic acid recovered as the pyridyl ester, and accordingly this
was subsequently included in all derivatizations. Collectively these modifications increased
the recovery by three orders of magnitude.

The sensitive analysis of DCO,H to discriminate the involvement of Compound 0 and
Compound | requires nearly complete exchange of the endogenous environment with 180,.
To monitor our reaction vessels for leaks (and ensure the accuracy of our 180 labeling
results) we included in each reaction mixture a control incubation of P450 17A1 and
progesterone, done in the absence of cytochrome &5 for nearly exclusive formation of its
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17a-hydroxy product. Because the environment is replaced with 180, and the P450 51
system is mixed with NADPH to start the reaction, the P450 17A1 control reaction is also
initiated. The incorporation of 180 into both progesterone to yield 17a—180H-progesterone
by P450 17A1 and DCO,H by P450 51A1 is monitored simultaneously by LC-MS. The
P450 17A1 180 incorporation results report on the actual 180, content in each reaction
vessel and act as a normalization factor for the P450 51 labeling results, allowing us to
assess the exact contribution of each mechanism to dihydrolanosterol deformylation. Our
previous work with P450 19A1 established minimal (< 6%) DCO,H oxygen exchange with
the medium under these conditions.[16]

The 180 labeling approach is limited in its scope, in that only some reactions such as
deformylations are amenable. With an a-ketol substrate (a-hydroxyketone), the results are
not unambiguous for the interpretation, e.g., P450 17A1 lyase.[®: 131 This approach cannot be
applied to many P450 reactions, but it is realistic for the last reaction steps of P450s 19A1
and 51. The approach is technically challenging, due to the need to synthesize deuterated
aldehydes (because of background formic acid)[230] and the requirement to generate an 180,
atmosphere. However, it is an approach that, when carefully applied, can identify a mixed
mechanism, as observed here.

X-ray Crystallography of Human P450 51A1.

The first two oxidations in the demethylation of lanosterol (hydroxylation of C32 and
oxidation to an aldehyde) are understood to be mediated by a P450 Compound | mechanism.
[24] We had previously reported that the overall three-step reaction was highly kinetically
processive, in that lanosterol and reaction intermediates are bound tightly to the enzyme

and driven to final product formation.[2”] Accordingly, we investigated whether the binding
mode of the aldehyde (for C-C cleavage) was similar to the binding mode of lanosterol

(for hydroxylation) and crystallized the enzyme in complex with our synthetic aldehyde
intermediate for comparison.

Human P450 51A1 was crystallized and the 2.25 A resolution structure was refined. The
overall binding mode of the aldehyde is essentially the same as the binding of lanosterol
(Fig. 1A). The protein conformation is also essentially the same (with a closed substrate
entry and only minor fluctuations in the positions of some loops, GH in particular, which
is known to be the most flexible region in P450 51 structures) (Figure 1B,C). This is in
line with the finding that the three-step reaction of sterol 14a-demethylation is a highly
kinetically processive process.[27]

180, Incorporation into Formic Acid Reveals a Dominant Compound 0 Mechanism.

With an optimized protocol for the extraction and derivatization of formic acid in-hand

(see Strategy section), we began by assaying the 24,25-dihydrolanosterol C-C cleavage
reaction catalyzed by human P450 51A1. When an incubation of the enzyme and 14a-CDO
dihydrolanosterol was performed under an atmosphere of 180,, >80% of the recovered
pyridyl ester of the formate product (DCO,H) contained one atom (/7/2 169.0968) of

the isotopic label (Figure 2, S3), with the remaining < 20% containing zero atoms (/2
167.0925). The concomitant P450 17A1 control reaction (included in the P450 51A1
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reaction mixture) incorporated >92% of the label (one atom) in the 17a.-hydroxylation

of progesterone, indicating high fidelity in the replacement of the endogenous atmosphere
with 180, (see Strategy section, vide supra). When normalized to the control reaction

(i.e., P450 17A1), the deformylation of dihydrolanosterol by human P450 51A1 yielded
primarily the recovery of one atom of 180, in DCO,H (88 + 3%, n=5, Figure 2),

suggestive of a dominant but not exclusive contribution of the ferric peroxide nucleophile
(Compound 0) in facilitating 24,25-dihydrolanosterol C-C cleavage. Because our control
experiments established that the chromatographic peaks of interest (Figure 2) are not formed
non-enzymatically (e.g., in the absence of NADPH) we were confident in this result, which
was reproducible in both technical and biological replicates.

In light of the dominance of Compound 0 observed in incubations with the human enzyme,
we examined whether this extends to other well-studied P450 51 orthologs. Interestingly,
we found that P450 51 enzymes from Naegleria fowleriand Candida albicans (Figure 3)
showed nearly identical results to the human ortholog, where incubations with 14a.-CDO
dihydrolanosterol yielded DCO,H that incorporated >82% of the label (one atom), on
average, from 180, (87 + 2 and 82 + 3%, respectively, after normalization, n = 5) (Table 1,
Figure 4). In these experiments, the mean label incorporation in the control reaction (P450
17A1) was >91% for both reactions, again ensuring high technical accuracy. As we found
with human P450 51A1, the 180 labeling results with P450 51 enzymes from N. fowleri and
C. albicans were also suggestive of Compound 0 dominance in 24,25-dihydrolanosterol C-C
cleavage.

We then applied the analysis to P450 51 enzymes from Trypanosoma cruzi and
Trypanosoma brucei (Figure 3). As lanosterol is not a natural substrate of either enzyme,
both orthologs show low rates of 24,25-dihydrolanosterol 14a-demethylation. Accordingly,
incubations of trypanosomal P450 51 enzymes were performed with an elevated P450
concentration (1 uM), an extended reaction time (60 min), and modified analysis
conditions, all to increase sensitivity (see Experimental Procedures). When we performed
the incubations of these orthologs with 14a-CDO dihydrolanosterol, the DCO5H recovered
showed lower label incorporation from 180, than the other P450 51 enzymes tested (59 +
2% and 51 * 1%, (Figure S4), respectively, after normalization, n = 3) (Table 1, Figure

4). Despite this (significant and reproducible) difference, the mean label incorporation in
the control reaction (progesterone 17a-hydroxylation by P450 17A1) was >93% for both
reactions, and residual substrate (progesterone) was detected after reaction termination,
indicating that reduced label incorporation (into DCO,H) could not be attributed to loss of
180, in the reaction (e.g., due to gas leaks). For both trypanosomal P450 51 orthologs tested,
the 180 labeling results were suggestive of roughly equal contributions of both Compound 0
and Compound I mechanisms in dihydrolanosterol C-C cleavage.

H,180 Labeling with Human P450 51A1 —a Minor Contribution of Compound .

While the incorporation of 180 (from 1805,) into DCO,H (~85%) is unambiguous evidence
for the contribution of a P450 Compound 0 mechanism, the lack of complete incorporation
(~15%) is only indirect evidence of the role of Compound I. To directly measure the
contribution of Compound I to dihydrolanosterol C-C cleavage by human P450 51A1,
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we employed an alternative approach to the 180, experiment by running the enzymatic
incubation in H,180. In this experiment, the starting aldehyde substrate is equilibrated

with the medium (H,180) prior to the enzymatic incubation (to yield 14a-CD80
dihydrolanosterol, with the carbonyl oxygen exchanged). The action of P450 Compound

0 (in an 160, atmosphere) yields one atom of 160 incorporated into DCO,H upon C-C
cleavage and recovers the 180 label from the (aldehyde) starting substrate (Scheme 3A).
Conversely, P450 Compound I acts on the substrate only after hydration of the 14a.-CD0
aldehyde to 14a-CD(*80H), (i.e., gem-diol). Upon C-C cleavage, both atoms of 180 present
in the gem-diol (derived from the medium) will be recovered in DCO,H. Accordingly, the
H,180 experiment discriminates between the relative contributions of Compound 0 and
Compound I on the basis of incorporation of either one or two atoms of label into DCOH,
respectively (Scheme 3).

When 14a-CD!80 dihydrolanosterol was prepared (Figure S5) and incubated with human
P450 51A1 (in H,180), the major DCO,H product contained just one atom of 180

label (from the starting substrate) (86 = 1%, /2 169.0968 (for the ester derivative),

with the minor product incorporating an additional atom from the solvent (H,180, 14

+ 1%, m/z171.1010) (Figures 5, S6). The finding that the Compound I product (two

180 atoms recovered in DCO,H) was a minor product in the H»180 experiment (~15%)
is in excellent agreement with our finding that the Compound 0 product (one atom

of 180 (from 180,) recovered in DCO,H) was the major product (~85%, Figure 2,

Table 1) in the 180, experiment. Together, the 180, and H,180 labeling experiments
track the relative contributions of Compound 0 and Compound I in the mechanism of
dihydrolanosterol C-C cleavage by human P450 51A1, independently demonstrating that
the enzyme predominantly (= 85%) incorporates one atom of O, from the atmosphere in
DCO,H to achieve deformylation of 14a-CDO dihydrolanosterol, i.e. the Compound 0
mechanism predominates but the Compound | mechanism is also operative.

Given the consistency of results for a dominant (~85%) role of Compound 0 with a minor
(15%) contribution of Compound | (Figures 4 and 5, Table 1) in human P450 51A1, we
questioned if structural elements can be identified that govern the mechanistic balance.[30]
We had previously mutated salt-bridged residues (Asp-231 and His-314) to alanine in P450
51A1 and analyzed the effects of the resulting double-mutant on sterol demethylation.[200]
These results had been interpreted to support a Compound | mechanism due to a significant
(~160-fold) reduction in aldehyde demethylation (providing evidence for a requirement for
solvent accessible protons, i.e. in the formation of Compound I).

When we incubated the human P450 51A1 double mutant (D213A/H314A, 1 uM) with 14a-
CDO dihydrolanosterol in more H»180 experiments, we were unable to reproducibly recover
significant amounts of DCOOH from the reaction (as a pyridyl formate ester), likely due

to the low rates of sterol demethylation (even from 60-min incubations). We then incubated
the single-mutant P450 51A1 D213A, which had shown higher reaction rates (roughly ¥
that of the WT enzyme, starting with lanosterol [31]) with 14a-CDO dihydrolanosterol (50
M) we observed that 8.1 + 0.2% (n = 3) of the 180-labeled DCOOH product was derived
from Compound | (2 180 atoms incorporated), representing a reduction of the Compound |
product by ~% compared to the WT enzyme (i.e.,14% (Figure 5) to 8%). However, a ~50%
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reduction in the Compound | contribution to sterol deformylation does not account for the
>4-fold reduction in enzymatic activity observed for the enzyme, 31 and it is likely that the
catalytic consequence of this mutation may be the result of unknown structural changes in
the enzyme.

Oxygen Surrogates were not Catalytically Competent with P450 51A1 Deformylation.

Historically, one approach commonly employed to discern the roles of Compound 0 and
Compound I in P450 reactions has been the use of chemical reagents acting as “oxygen
surrogates” (iodosylbenzene (Phl=0), H,0,, cumene hydroperoxide (CuOOH)), in efforts
to gauge the dependence of catalysis on either species.[122 191 |n theory, a reaction that

is mediated via a ferric peroxide (Compound 0) mechanism might be supported by the
addition of H,0, (or CUOOH) to ferric P450. Similarly, a reaction mediated by the oxyferryl
species Compound | might be supported by the addition of the single-oxygen donor Ph1=0O
to the enzyme. In these experiments, reactions supported by single oxygen donors can rule
out a Compound 0 pathway, but reactions supported by 2-oxygen donors (hydroperoxides)
cannot definitively rule out a Compound | pathway (i.e., Compound I forms naturally from
Compound 0, Scheme 1). (All of these reagents are often (eventually) destructive to the
P450 heme, however.)

We examined whether such oxygen surrogates could be used to gauge the dependence of
P450 51 catalysis on Compound I. We tested the ability of Phi=O, CuOOH, and H,0, to
support demethylation of 14a-CDO dihydrolanosterol by human P450 51A1. We did not
detect any product formation from any of these surrogates at any time point (< 5 min) tested
but detected typical enzymatic activity (> 20 nmol product min~1 (nmol P450)~1) from the
control reaction (supported by NADPH), as expected.l27] Interestingly, we did observe some
product formation with both PhI=0 and H,0O5 (but not CUOOH) when the reaction mixture
was reconstituted with NADPH-P450 reductase, although the activity was still < 1% of

the control (NADPH) reaction in both cases. Overall, experiments with oxygen surrogates
were largely unable to support P450 51A1 deformylation and did not provide a means of
addressing the P450 Compound 0 vs. Compound I question.

Kinetic Solvent Isotope Effect (KSIE) Analyses are Unreliable.

Previous cases for discerning the involvement of Compound I vs. Compound 0 in P450
catalysis have also been proposed through the analysis of KSIE data.[22: 32 |n the general
P450 catalytic cycle (Scheme 1), protonation of Compound 0 (step 5) to yield Compound |
ultimately relies on the availability of protons (from the solvent). Substitution of the solvent
(H20) with D,0 may — in theory — slow the formation of Compound | and either (i) increase
the rate of a Compound 0-driven process (inverse KSIE), or (ii) decrease the rate of a
Compound I-driven process (normal KSIE).

While curious as to whether such type of analysis would support our 180 labeling results
(e.g. the dominant but not exclulsive role of P450 Compound 0), we also recognize that the
use of D,0 in enzyme incubations is controversial due to the accompanying (and unknown)
structural changes arising from the exchange of labile backbone protons in enzymes, 33! in
that a protein prepared in D,O may be chemically, structurally, and functionally distinct
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from the native enzyme (in H,0). Accordingly, results obtained utilizing each solvent
system may not be directly comparable, as is done in the KSIE experiment.

For the sake of comparison to existing studies addressing the P450 Compound 0 vs.
Compound I question, we conducted the experiment with human P450 51A1 (and 14a-CDO
dihydrolanosterol). Our results indicated a decrease in enzymatic activity from 72 + 7 min~1
(in 100% H-,0, v/v) to 42 + 6 min~2 (in 80% D,0, v/v) corresponding to a (normal) KSIE
(kulkp) of 1.7 (Figure S7). A normal KSIE has been historically interpreted as a dominant
contribution of P450 Compound I, although our result is not a significant KSIE (< 2) and
we are inherently skeptical of the use of KSIE data to assess protein function due to the
unknown enzyme structural (and potentially functional) changes that occur with deuterium
exchange, as noted earlier by others.[33]

A P450 51A1 Baeyer-Villiger Intermediate.

Baeyer-Villiger rearrangements are well-known in chemistry, and a number of flavoproteins
use 4a-hydroperoxide intermediates to catalyze such reactions,[® 34 including mammalian
flavin-containing monooxygenase (FMO) enzymes.[3%] There has been limited evidence for
these reactions in P450 catalysis, likely due in part to the preponderance of Compound |
(FeO3*) mechanisms.[® 242l Mak and Swinney[222 361 proposed Baeyer-Villiger chemistry
in the oxidation of progesterone to 17- O-acetyltestosterone by P450 17A1 in hog testicular
microsomes, but we were unable to detect this compound in our own work with recombinant
human P450 17A1.115¢]

In plants, Arabidopsis P450 85A2 and 85A3 oxidize a 6-keto steroid to brassinolide, a
secosteroid with a 7-membered B-ring lactone, suggestive of Baeyer-Villiger chemistry.
[37] However, even this transformation can be rationalized in the context of a FeO3*
reaction (Compound 1) in the absence of 180 labeling studies.[®! Ortiz de Montellano and
associates have identified several oxidations of cholesterol by Mycobacterium tuberculosis
P450 125A1, including five deformylation products derived from the C26-aldehyde.[38]
Several of these can be rationalized by Compound 0 (FeO, ") chemistry, and one (M2)

was proposed to be generated by 1-electron oxidation of the C25 radical generated by
homolytic decomposition of a peroxyhemiacetal intermediate, followed by trapping of a
C25 carbocation by the released formic acid.[38] However, the authors indicate that a
Baeyer-Villiger rearrangement could also explain their results. Another possibility of a P450
Baeyer-Villiger reaction is that of Sordaria araneosa SdnB.[3°]

The best case for Baeyer-Villiger P450 chemistry may be the study of Fischer et al.[12¢] on
lanosterol 14a.-demethylation in rat liver microsomes. While it is generally accepted that the
P450 51 reaction culminates in cleavage of the C14-C32 bond of 14a-CHO lanosterol, their
group identified a competing reaction facilitated by Baeyer-Villiger type chemistry (Scheme
3C) that yielded a third oxidative intermediate in the reaction series.[12¢] The intermediate
(a 14a-formyl derivative of lanosterol) was initially identified by radiochromatography as
an NADPH-dependent product of lanosterol metabolism in rat liver microsomes, based on
chromatography as an early shoulder on the substrate peak when separated using reversed-
phase (C1g) HPLC. The group found that the chromatographic separation (of substrate and
intermediate) was substantially improved when performed with a silica column (normal
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phase HPLC), and after isolation and some spectroscopic analyses assigned the molecule
as 14a-formyloxy-lanost-8-en-3p-ol. To our knowledge, this remains the only report of an
additional intermediate of lanosterol metabolism, in that further kinetic establishment of
the intermediacy of the Baeyer-Villiger compound and catalytic competence has not been
described. Our recent analysis of the kinetics of dihydrolanosterol 14a.-demethylation by
human P450 51A1[271 did not include this as an intermediate. The compound is reportedly
formed in lower abundance relative to the final product(2¢] and may have been below the
limit of detection in our previous analyses. Additionally, it might not be expected to survive
the acidic conditions used in quenching with HCI in single-turnover analysis.[27]

As our 180 labelling data clearly indicated the dominance of P450 Compound 0 (Figure

4), we were interested as to whether the proposed 14a-formyl lanosterol derivative (Baeyer-
Villiger intermediate) was also a product under our experimental conditions, namely,
utilizing a purified recombinant enzyme system (devoid of esterases in microsomes, which
could degrade such an ester intermediate) and on-line LC-MS (which was not available

to Fischer et al.[12¢]). We performed a 14a-CDO dihydrolanosterol deformylation assay
under steady-state conditionsl2”] and subjected the products of the reaction to reversed-phase
(C1g) HPLC coupled to electrospray ionization (ESI) MS analysis. Our analysis revealed an
NADPH-dependent chromatographic peak (# 3.05 min) eluting as an early shoulder on the
substrate peak (% 3.51 min), corresponding to the chromatographic migration of the putative
Baeyer-Villiger intermediate in the earlier report (Figures 6, $8).[12¢] HRMS analysis of

this product was also consistent with that of a Baeyer-Villiger intermediate, which was
characterized by the fragment ions of m/2413.3783 due to the in-source loss of DCO»,

from the 14a-formyl group and a hydrogen atom from C15, and /2 395.3672 due to the
additional loss of H,O from the 3B-hydroxyl in the ESI source. All detected m/z values were
within 5 ppm of theoretical values, giving high confidence in the assignment.

We then applied the sample to a normal phase HPLC system coupled to atmospheric
pressure chemical ionization (APCI) MS, adapting the conditions of Fischer et. al.[1%¢] to
determine if the chromatographic retention of our suspected intermediate—like that described
in their report—would subsequently elute later than the substrate and product. We observed a
chromatographic peak (Figure S9; & 5.38 min) with ions of m/z395.3672 and 413.3783
now eluting significantly after both the final product (dihydro FF-MAS, &z 1.41 min)

and substrate (14a.-CDO dihydrolanosterol, & 2.22 min). The formation of this peak was
NADPH-dependent, reproducible, and appeared to increase with increasing reaction time.

We believe that this intermediate compound is the same one observed by Fischer et al.,[12C]
who reported IR and 'H NMR spectra consistent with the proposed structure (i.e., IR 1717
cm~1, NMR & 7.86) but were also unable to obtain mass spectra of the intact molecule.
Despite numerous attempts utilizing both normal and reversed phase chromatography
systems coupled to either APCI or ESI HRMS, under various ionization conditions, we were
also unable to obtain the parent ion. Fischer et al.[12%] noted that this product (which was
acid-labile) decomposed when isolated and added back to rat liver microsomes, but the roles
of microsomal esterases!4%] cannot be dismissed. Based on the chromatographic behavior on
both normal and reversed phase columns (in comparison to the original report) and HRMS
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analysis of the molecule, we assign the product as the 14a-formyloxy-lanost-8-en-3p-ol
intermediate proposed by Fischer et al.[12¢]

Conclusion

Our 180, analyses indicate that all of the P450 51 reactions examined operate with a

mixed reaction mechanism with participation of both Compound 0 (FeO, ) and Compound

| (FeO3*) mechanisms, the former accounting for ~85% of the reaction with all enzymes
tested (Figure 4), with the exception of the 7. cruziand T. brucei enzymes. The ~85% values
(Figure 4) are based on internal standard P450 17A1 progesterone 17a-hydroxylation, and
the lack of complete incorporation is not due to leaks in the glassware or other artifacts.

The contribution (14%) of the FeO3* pathway is supported by our results with reactions
done in H,180, labeling the carbonyl oxygen atom (Figure 5, Table 1). Although we

provide evidence for the involvement of a Baeyer-Villiger rearrangement in the Compound 0
pathway (Figure 6), we cannot conclude what fraction of the reaction proceeds through this
pathway as opposed to a direct elimination (Scheme 3B).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Substrate-bound human P450 51A1. (A) Binding mode of the 14a.-aldehyde reaction

intermediate inside the enzyme active site (PDB 8SS0, 2.25 A.). The 2Fo-Fc electron density
map within 1.6 A of the sterol atoms is shown as gray mesh and contoured at 1.50. The
H-bond between the C3-OH of the sterol molecule and the main chain oxygen of lle-379 is
depicted as yellow dashes. The distance between the aldehyde oxygen and the heme iron is
3.5A (pink dashes). (B) Superimposition with the lanosterol-bound structure (PDB 6UEZ):
the carbon atoms of lanosterol are colored in blue, the ribbon is transparent light-gray, and
the rmsd of all Ca-atoms is 0.47 A. (C) Enlarged view of the superimposed molecules of
lanosterol and the 14a.-aldehyde intermediate of 24,25-dihydrolanosterol.
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Figure 2.

UPLC-HRMS analysis of formic acid formed from 14a-CDO dihydrolanosterol by human
P450 51A1 in an atmosphere of 180,. The two frames show the 180 (177/2169.0968) and 160
(m/z167.0925) channels. All m/zvalues are calculated for the derivatized pyridyl formate
esters. (The corresponding raw chromatographic traces are presented in Figure S3).
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Figure 3.
UPLC-HRMS analysis of formic acid formed from 14a-CDO dihydrolanosterol by other

P450 51A enzymes in an atmosphere of 180,. The two frames show the 180 (/7 169.0968)
and 160 (m/z 167.0925) channels for the formic acid derivative formed from the P450

51A enzymes of (A) N. fowleri, (B) C. albicans, (C) T. brucei, and (D) 7. cruzi. All m/z
values are calculated for the derivatized pyridyl formate esters. (The corresponding raw
chromatographic traces for panel C are presented in Figure S4).
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Figure 4.
Summary of 180 incorporation from 180, into formic acid with five P450 51A enzymes.

Results from Figures 2 and 3. All values were normalized for the content of 180 (from
180,) incorporated into 17a.-OH progesterone by P450 17A1. The individual points indicate
the results of individual incubations (3), with the means + SD. Separate trials were run on
different days, each with a set of three more enzyme reactions. The stippled lines are set at
50 and 80% for reference.
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UPLC-HRMS analysis of formic acid formed from 14a-CD80 dihydrolanosterol by human
P450 51A1 in H,!80. Traces are shown for (A) no 180 (only 160, 7/7167.0925),

(B) one 180 atom (/m/z 169.0968), and (C) two 180 atoms (/7/z171.1010). Isotopically
labelled oxygen atoms (180) are indicated in blue, and all /7/z values are calculated for

the derivatized pyridyl formate esters. (The corresponding raw chromatographic traces are

presented in Figure S6).
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Figure 6. Reversed phase (C1g) UPLC-HRM S analysis of Baeyer-Villiger intermediate.

Steady-state incubations of P450 51A1 and 14a-CDO dihydrolanosterol were run for 2.5

min and the products were extracted and analyzed via (reversed phase) LC-ESI-HRMS. The
extracted /m/z values of (A) 395.3672 and (B) 413.3783 (utilizing a £ 5 ppm mass window)

are fragment ions of the suspected Baeyer-Villiger (BV) intermediate corresponding to the

[M+H-H,0-DCO»-H]* and [M+H-DCO,-H]* ions, respectively. Depletion of the aldehyde
starting substrate (14a-CDO dihydrolanosterol) was observed with extracted //z values of
(C) 426.3841 and (D) 444.3952 corresponding to the intact [M+H]* and [M+H-H,0]* ions.
The full mass spectrum (/772 150-600) of the intermediate (& 3.05 min, Panels A and

B) showed the major [M+H- DCO,-H]* fragment ion (7/z413.3777) of the intermediate

(Panel E), while the minor [M+H-H,0- DCO»-H]* fragment ion (/m/z 395.3673) was
observable when the trace was magnified (/2 390-420, Panel F). The Baeyer-Villiger
(BV) intermediate (Z 3.05 min) eluted as an early shoulder of the substrate peak (14a-CDO
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dihydrolanosterol, & 3.51 min) while FF-MAS eluted later (zz 6.17 min). similar to the
results reported by Fischer et al.[22¢] (The corresponding raw chromatographic traces are
presented in Figure S8). (The ion /m/z338.3416 in Panel E is from a closely eluting peak
(Atg 0.1 min) and could not be identified; it is not a fragment of m/z413.3777).
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Scheme 1.
P450 catalytic cycle.
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+HCO,H

Scheme 2.
Oxidation of 24,25-dihydrolanosterol to 24,25-dihydro-4.4-dimethyl-5a.-cholesta-8,14,24-

trien-3p-ol (24,25-dihydro FF-MAS) and formic acid.
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Scheme 3.
Three proposed mechanisms of oxidation of 14a.-CHO dihydrolanosterol to 24,25-dihydro

FF-MAS and formic acid.[12¢. 18b, 20b, 25] (A) Compound 0. (B) Compound 0 plus Baeyer-
Villiger rearrangement. (C) Compound .
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Table 1.

Summary of 180, incorporation results

P45051 enzyme  DCO,H (% 180)

17-OH progesterone (% 180)

% Compound 0

Human

N. fowleri
C. albicans
T. brucei

T. cruzi

82.6+2.0
79.4+4.0
76.8+3.9
48.0+0.8
55.3+1.8

93.6+15
91.4+3.0
93.8+1.2
94.8+0.2
93.2+0.3

88.3+3.2
869+ 1.8
81.9+3.4
50.6 +0.9
59.3+2.0
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