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Abstract 

Here, we report the first bacterial cytochrome P450, CYP154C8, that catalyzes the C-C bond cleavage 

reaction of steroids. A major change in product distribution is observed with CYP154C8, when the 

reactions are supported by NADPH and spinach redox partners ferredoxin and ferredoxin reductase, 
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compared with previously reported reactions supported by NADH and redox partners containing 

putidaredoxin and putidaredoxin reductase. The NMR-based structural elucidation of reaction 

products reveals 21-hydroxyprednisone as the major product for prednisone, while the other 

product is identified as 1-dehydroadrenosterone obtained due to C-C bond cleavage. A similar 

pattern of product formation is observed with cortisone, hydrocortisone, and prednisone. The 

reaction catalyzed by CYP154C8 in the presence of oxygen surrogates also prominently shows the 

formation of C-C bond cleavage products.  

 

Keywords: C-C bond cleavage; cytochrome P450; lyase; redox partner; steroid hydroxylase. 

 

Introduction 

Cytochrome P450 (CYP) enzymes are a superfamily of hemoproteins found throughout nature, well-

known for catalyzing diverse reactions such as hydroxylation, epoxidation, dealkylation, 

deamination, dehydrogenation, dehydration, dehalogenations, demethylation, and carbon-carbon 

(C-C) bond cleavage (1,2). CYP enzymes play a crucial role in diverse chemical processes including 

drug metabolism, steroid biosynthesis, and detoxification of xenobiotics (3). Most of the CYP 

enzymes require redox partner proteins which can transfer two electrons from NADPH or NADH to 

reduce the oxygen atom from O2 to water (4). In bacteria, CYP were initially considered to be mainly 

involved in the catabolism of the exogenous substrates as the source of energy; however, they were 

reported to play important role in secondary metabolism also. The substrates for the high numbers 

of CYPs in bacteria are unknown, yet they possess diverse roles in them (5). 

C-C bond cleavage reactions are not common with CYP enzymes, especially from a bacterial 

source. Some of the well-known reactions that include C-C bond cleavage reactions are catalyzed by 

CYP51 (lanosterol 14α-demethylase) (6), CYP11 (cholesterol side chain cleavage) (7), CYP17 (C17α-

C20 lyase) (8), and CYP19 (aromatase) (9). OleT (CY152L1), BSβ (cyp152A1), CYP51, and P450BioI 

(CYP107H1) are the only known CYPs isolated from a bacterial source that catalyze C-C bond 

cleavage reactions with fatty acids (10-13). Recently, two unspecific peroxygenases from mushrooms 

Marasmius rotula (MroUPO) and Marasmius wettsteinii (MweUPO) have been reported to catalyze 

the selective deacylation of corticosteroids (cortisone, 11-deoxycortisol, and prednisone) - via 

stepwise oxygenation and final C-C bond cleavage (14). Enzymatic cleavage of C-C bonds has been 

found to be a sequential oxidation reaction at the adjacent, which is usually catalyzed by a single 

CYP. These reactions generate unstable intermediates, which render the investigation of the 

mechanism involved and their characterization a difficult task (3,15). The hydroxylation reaction 

catalyzed by CYP uses Fe4+−oxo intermediate, which is also known as compound I, although the 

participation of ferric peroxide (FeO2
−) versus perferryl (FeO3+, compound I) in the C-C cleavage 

reactions catalyzed with CYPs including 17A1, 19A1, and 51A1 has long been of interest and under 

debate (16-21). A recent study on OleT peroxide-dependent CYP, which is known to catalyze the C-C 

bond cleavage of fatty acids for the synthesis of alkenes demonstrated that CYP compound I species 

can promote such reactions that do not involve oxygen rebound (22,23). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

The role of CYP-catalyzed C-C bond cleavage has attracted much attention due to its 

potential application in organic synthesis (4). This challenging reaction has currently gained 

considerable interest due to the broad arrays of applications, which include the production of 

anticorrosion agents, pharmaceutical compounds, pesticides, important chemicals with biofuel 

applications, bioremediation, and biodegradation. More importantly, despite the prevalence of lyase 

activity in the biological system, the mechanism behind it has not been understood clearly (24-27). 

In the present work, we report the first bacterial CYP that catalyzes the C-C bond cleavage of 

steroid substrates such as prednisone, prednisolone, cortisone, and hydrocortisone (Scheme 1). To 

the best of our knowledge, until now, the C-C bond cleavage reaction with steroids as substrates has 

never been reported for any microbial CYP. The same enzyme was previously reported to synthesize 

mono-hydroxylated products of such substrates in a reaction reconstituted with NADH and the 

surrogate redox partners, putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) (28). In this report, 

the reactions were supported by NADPH and spinach ferredoxin reductase (Fdr) and ferredoxin (Fdx) 

as the surrogate redox partners. In addition, we separately carried out the in vitro reaction with 

oxygen surrogates, diacetoxyiodobenzene (PIDA) and hydrogen peroxide (H2O2). 

 

Materials and methods 

Chemicals and reagents 

Prednisone, cortisone, and hydrocortisone steroids substrates were purchased from Sigma Aldrich 

(Korea). Prednisolone and 17α-hydroxyprogesterone were purchased from TCI (Tokyo Chemical 

Industry co., Ltd). Isopropyl-1-thio-β-D-galactopyranoside (IPTG) and 1,4-dithiothreitol (DTT) were 

obtained from Duchefa Biochemie (Korea). Ampicillin (Amp), α-aminolevulinic acid (ALA), 

nicotinamide adenine dinucleotide phosphate (NADPH), H2O2, PIDA, catalase, formate 

dehydrogenase, glucose-6-phosphate dehydrogenase, glucose-6-phosphate, spinach Fdx, and 

spinach Fdr were purchased from Sigma-Aldrich (Korea). Restriction enzymes were obtained from 

Takara Clontech (Korea). T4 DNA ligase, DNA polymerase, and dNTPs were from Takara Bio (Japan). 

High-performance liquid chromatography (HPLC) grade acetonitrile and water were purchased from 

Fisher Scientific (ACS, HPLC grade). 

 

Determination of CYP154C8 and enzyme assay 

Recombinant bacterial P450 CYP154C8 was expressed in Escherichia coli and purified as described 

previously (28). The enzyme concentration was determined based on the difference in CO-reduction 

absorbance spectra, which is the method widely used to determine the concentration of CYPs (29). 

In vitro enzymatic activity of CYP154C8 was assessed separately in the presence of NADPH, PIDA, and 

H2O2. The reaction supported by NADPH contained 6 µM Fdx and 0.1 U Fdr as redox partners from 

spinach, 10 mM glucose-6-phosphate and 1 U glucose-6-phosphate dehydrogenase for NADPH 

regeneration, 100 µg/ml catalase, 1  mM MgCl2, and 250 µM NADPH. Another reaction was 

supported by 2 mM PIDA and 40 mM H2O2 as separate reactions. All the in vitro conversion reaction 

assays were carried out in potassium phosphate buffer (pH 7.4) containing 3 μM CYP154C8 and 0.5 

mM substrate (steroids) in a final volume of 0.5 mL. The reactions were carried out in a shaking (500 
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rpm) reaction chamber at 30°C for 2 hr. The reactions mixtures were extracted twice with 0.5 mL 

ethyl acetate and dried for analytical purpose. 

 

Product purification and analytical methods 

The products, 21-hydroxyprednisone and 1-dehydroandrosterone were obtained by in vitro reaction 

of the substrate prednisone with PIDA and H2O2, respectively. The reactions were carried out in 10 

ml volume, separately. Both the products were purified from a total reaction volume of 200 mL. All 

the conditions for the reactions were similar to enzyme assays method mentioned previously. The 

products were purified as previously reported (28). The reaction mixtures were initially analyzed 

with HPLC (Shimadzu). The samples were separated and run through Mightysil Reverse phase C18 GP 

column (4.6 × 250 mm, 5 µm, Kanto Chemical, Japan). The reaction mixtures were run with a 

gradient system as reported previously (28). Following the HPLC analysis, the samples were further 

analyzed with liquid chromatography-mass spectrometry (LC-MS) as described previously (28). The 

target peaks for identifying the position of the modification were purified with preparative HPLC 

with a C18 column (Mightysil RP-18 GP, 4.6 × 150 mm, 5 µm, Kanto Chemical, Japan) and prepared as 

reported previously (28). 

 

Results 

The in vitro reactions catalyzed by CYP154C8 were separately carried out in 3 different systems. The 

control reactions were performed separately without CYP enzyme supported by three different 

systems containing Fdx-Fdr-NADPH, H2O2, and PIDA. No product formation was observed with any of 

the supported systems. Previously, CYP154C8 was reported to hydroxylate prednisone, cortisone, 

hydrocortisone, and prednisolone at two different positions in a reaction supported by NADH and 

redox partners, Pdr and Pdx (28). However, in another CYP154C8 reaction supported by NADPH and 

the spinach redox partners, Fdr and Fdx, additional product peaks were noted in addition to 2 mono-

hydroxylated products (observed in the NADH-supported reaction) (Fig. 1). LC-MS analysis of all the 

reactions with the four substrates (prednisone, cortisone, hydrocortisone, and prednisolone) 

showed 2 mono-hydroxylated products (P1 and P3), which were also observed with NADH system. 

Moreover, detection of at least 1 di-hydroxylated product (P4), a possible C-C bond cleavage 

productss (P6, prednisone, cortisone, and hydrocortisone; and P5, prednisolone), the hydroxylated 

product of cleavage product (P2), and the possible oxidation product of hydroxylated products (P5) 

was possible. The formation of C-C bond cleavage products (17-ketosteroids) in the reaction mixture 

was suspected based on the LC-MS analysis (Fig. 2) and peak retention pattern. Based on the 

similarity of all the 4 substrate reactions mixture, the reaction product of the substrate prednisone 

was characterized. The HPLC chromatogram (Fig. 1B) of prednisone reaction mixture supported by 

NADPH system showed 2 usual mono-hydroxylated products (P1 and P3) characterized by LC-MS and 

comparison of HPLC data (data not shown). The LC-MS analysis revealed P4 as a di-hydroxylated 

product ([M+H]+ 391.1750), while P6 displayed an exact mass of m/z+ [M+H]+ 299.1634; and this 

mass exactly resembles with the mass of  C-C bond cleavage product at C17 of prednisone. This 

observation was further confirmed by NMR (1H, 13C, and 2D NMR) based structural elucidation, 

which revealed the product as 1-dehydroadrenosterone formed due to C-C bond cleavage (Fig. 3A 
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and S1). Similarly, structural elucidation of another major mono-hydroxylated product peak (P1) by 

NMR showed the formation of 21-hydroxyprednisone as a result of hydroxylation at the C21 position 

of prednisone. The same NMR sample also showed another low concentration product, which was 

determined as dehydrated keto aldehyde form (Fig. 3B and S2). Such aldehyde bearing products 

have been observed in the geminal-diol form in the absence of water (14,30,31). The P2 was 

detected as a possible hydroxylated product of C-C bond cleavage product (P6) having an exact mass 

of [M+H]+ 315.1591, which exactly resembles with the hydroxylated mass of 1-

dehydroadrenosterone ([M+H]+ 315.1591). Another product peak (P5) detected in traces showed the 

exact mass of [M+H]+ 389.1958 indicating the possible oxidation like the product of di-hydroxylated 

prednisone (P4) obtained in the reactions. More than a single such possible oxidation like products 

from di-hydroxylated prednisone were detected in traces in LC-MS analysis, which were not clearly 

observed in HPLC chromatogram. The reaction with another substrate, hydrocortisone revealed a 

clear conversion (P5) of such product (oxidation like product of hydroxyhydrocortisone) formation 

with the exact mass of 377.1968; the calculated mass for oxidation product of 

hydroxyhydrocortisone is (C21H29O6
+) [M+H]+ 377.1953 (Fig. 1A). Another peak (P7) observed in 

hydrocortisone reaction had the major mass of [M+H]+ 349.2009, which exactly resembles with the 

mass of a possible 11,17-dihydroxy-3-oxoandrost-4-ene-17-carboxylic acid ([M+H]+ 349.2010). Such 

products (17-carboxylic acid of respective substrates) were also detected in traces in LC-MS (data 

not shown) with prednisone and cortisone, which had m/z+ [M+H]+ of 345.1697 (a possible 17-

hydroxy-3,11-dioxo-1,4-diene-17-carboxylic acid) and 347.1847 (a possible, 17-hydroxy-3,11-

dioxoandrost-4-ene-17-carboxylic acid), respectively. A similar product formation in traces has been 

reported by two unspecific peroxygenases characterized for lyase reactions employing similar 

substrates (14). CYP154C8 is known for the sequential oxidation of steroids. Henceforth, it can be 

stated that di-hydroxylated product (P3) of prednisone must have been obtained due to sequential 

hydroxylation of 21-hydroxyprednisone by CYP154C8. When 21-hydroxyprednisone was used 

instead of prednisone as the substrate, formation of further hydroxylated product (P1, m/z+ [M+H]+ 

391.1752), possible oxidation product (P3) of di-hydroxylated product of prednisone (P1) with the 

mass of m/z+ [M+H]+ 389.1958, C-C cleavage product (P4, 1-dehydroadrenosterone), and a possible 

hydroxylated product of 1-dehydroadrenosterone (P2) was observed (Fig. S3). At least two possible 

oxidation products of di-hydroxylated prednisone were detected in LC-MS but at a very low 

conversion as observed with prednisone reaction mixture. 

The time-dependent reactions of cortisone (Fig. S4) supported by NADPH system were 

carried out to investigate the effect of time on product formation. The reactions showed an increase 

in hydroxylated products with an increase in time. More importantly, increased the formation of 21-

hydroxylated products (P1) with time was observed, which was further hydroxylated to give di-

hydroxylated products (P3). However, with the increase in a time interval, the C-C bond cleavage 

product formation did not increase, although, a minor conversion of a possible hydroxylated product 

peak (P4) of C-C bond cleavage product was detected. Multiple other products with a very low 

conversion with the exact mass of possible oxidation-like product of hydroxylated products were 

also observed (data not shown). 

CYP154C8 displayed catalytic function in vitro with H2O2 and PIDA, hence, the reaction was 

carried out in the presence of such oxygen surrogates. H2O2 supported reaction mixture of 

prednisone almost did not show the formation of 21-hydroxyprednisone, which was found to be the 

major product with NADPH system (Fig. 4A). While the formation of another mono-hydroxylated 
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product (P1, a possible 16α-hydroxyprednisone), product (P2) with the mass of [M+H]+ 345.1697 (a 

possible 17-hydroxy-3,11-dioxo-1,4-diene-17-carboxylic acid), and possible oxidation like products 

(P3 and P4) of hydroxyprednisone and 1-dehydroadrenosterone (P5) was observed. The formation of 

P2 like products was prominently observed with other substrates with the H2O2 system. A similar 

pattern of product formation was observed with cortisone (Fig. 4A), hydrocortisone (Fig. 4B), and 

prednisolone (Fig. 4C). 

PIDA supported reactions showed a major conversion of 21-hydroxyprednsione (P2), a minor 

conversion of a possible 16α-hydroxyprednisone (P1), and possible oxidation like product of 21-

hydroxyprednisone with the exact mass of m/z+ [M+H]+ 373.1644 detected in traces in LC-MS 

analysis, which was not clearly observed in HPLC chromatogram (Fig. S5A). In addition, another 

product (P3) that had a  low conversion with the mass of m/z+ [M+H]+ 345.1695 showing the 

formation of possible 17-hydroxy-3,11-dioxo-1,4-diene-17-carboxylic acid was identified and its 

formation was observed in the presence of other substrates but in traces (Fig. S5B-D). The fourth 

product (P4) was identified as the C-C bond cleavage product (1-dehydroadrenosterone) based on 

HPLC chromatogram and LC-MS (data not shown). 

All the reactions supported by H2O2 and DIPA showed the formation of C-C lytic products 

which were confirmed by LC-MS analysis (data not shown). The C-C bond cleavage product of 

cortisone was identified as adrenosterone by means of HPLC comparison with the authentic 

standard (Fig. S6). Due to the low conversion of the remaining products, structural elucidation by 

NMR could not be achieved. It is hypothesized that the possible position of hydroxylation of another 

mono-hydroxylated product obtained in reactions might be at the C16 position because CYP154C8 is 

known to hydroxylate at the C16α position with steroids lacking C11 and C21 functional groups 

(hydroxyl or carbonyl). Based on our suggestion in a previous report (28), the P1 was found to be the 

21-hydroxyproduct of prednisone and the structural elucidation reveals such type of products peaks 

(P1 of cortisone, hydrocortisone, and prednisolone) corresponding to 21-hydroxy (21-geminal diol) 

product of respective substrate. The other substrates, prednisolone, cortisone, and hydrocortisone 

also had a similar pattern of products formation with prednisone supported by NADPH, H2O2, and 

PIDA, separately. 

The NADPH supported reaction showed much higher conversion by CYP154C8 compared to 

previously reported NADH system, revealing the effectiveness of spinach redox partner compared to 

Pdx and Pdr (Table S1). Assuming the absorbance properties of products and substrate to be similar, 

the products were quantified by correlating the peak area of the respective product(s) with the 

combined peak area of product(s) and the substrate. In contrast to NADH supported reactions, 

NADPH system displayed altered product profile where the 21-hydroxy product (further 

hydroxylated to form di-hydroxylated product) of the respective substrates was found to have major 

conversion (high selectivity). The mono-hydroxylated product (P3; a possible 16α-hydroxylation) had 

lower conversion (low selectivity). Hydrocortisone reaction mixture showed ~ 90% selectivity 

towards possible 21-hydroxycortisone. The NADH supported system previously reported by us 

showed almost similar conversion for both the products (21-hydroxy and a possible 16α-hydroxy 

product) with the substrates cortisone, prednisone, and prednisolone; whereas the selectivity for 

21-hydroxyhydrocortisone was lower than the possible 16α-hydroxyhydrocortisone with the 

substrate hydrocortisone. 
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Discussion 

CYP154C8 is the first bacterial CYP known to catalyze C-C bond cleavage reactions of the steroids 

with hydroxyacetyl and hydroxyl functionalities at C17. When CYP154C8 is reconstituted with NADH 

and the surrogate redox partners including Pdx and Pdr, detection of cleavage products is never 

achieved, while the formation of two mono-hydroxylated products remains apparent (28). However, 

NADPH and the surrogate redox partners, Fdx and Fdr from spinach were shown to affect the 

catalytic efficiency as well as product distribution by CYP154C8. In the present work, in addition to 

hydroxylated products, C-C bond cleavage product was detected with all the systems employed. Our 

results further support the contention that the choice of redox partner can alter the type and 

selectivity of the product formation by a CYP. More importantly, the alternative redox partner 

proteins can affect the complete characterization of a CYP. CYP154C8 has previously been reported 

to hydroxylate steroid substrates (progesterone, androstenedione, testosterone, and nandrolone) in 

a sequential manner. It has been shown that CYP154C8 catalyzes the sequential oxidation of steroid 

substrates including prednisone, cortisone, hydrocortisone, and cortisone when partnered with 

suitable and efficient redox partner proteins. The catalytic efficiency of CYP154C8 in the presence of 

NADPH and spinach redox partner proteins including Fdr and Fdx was higher compared to the 

reaction supported by NADH and redox partner containing Pdr and Pdx from Pseudomonas putida. 

This result reveals that the spinach Fdx and Fdr system is more effective as a redox donor for 

CYP154C8 compared to Pdx and Pdr redox system. However, there have been numerous reports on 

the effector role of alternative redox partner to the catalytic activity and product distribution of CYP 

enzymes (32-35). Moreover, we cannot deny the effector role of two different systems in varied 

product distribution catalyzed by CYP154C8. CYP154C8 displays higher selectivity for a 21-

hydroxylated product with the substrates bearing functional group (hydroxyl or carbonyl) at C11 and 

C21 position, although this enzyme catalyzes regio- and stereo-specific hydroxylation at C16α of 

substrates lacking functional group from both the positions (28). 

The exact mechanism of C-C bond cleavage products (17-ketosteroids) formation by 

CYP154C8 is not clear, although, the majority of the reactions catalyzed by CYPs involve sequential 

hydroxylation that generates the required functionality and promotes C-C bond cleavage (12,28,36-

37). It is believed that a similar pattern of reaction might have been involved in C-C bond cleavage 

product formation catalyzed by CYP154C8 (Fig. 5). The formation of C-C bond cleavage product in a 

reaction where 21-hydroxyprednisone was used as a substrate instead of prednisone, revealed the 

involvement of such products (21-hydroxyprednisone) in C-C bond cleavage product formation. 

Recently, unspecific peroxygenase has been reported to catalyze C-C bond cleavage reactions of 

similar steroids in a multi-step manner. Both the peroxygenases catalyze hydroxylation at the C21 

position of cortisone, prednisone, and 11-deoxycortisol substrates, and subsequently convert them 

into possible carboxylic acid that finally leads to C-C bond cleavage forming 17-ketosteroids (14). It is 

hypothesized that the reaction sequence for the formation of C-C bond cleavage product by 

CYP154C8 might be similar with these two unspecific peroxygenases. However, in contrast to the 

pattern of reaction products formation by peroxygenase, with the increase in the time of the 

reaction catalyzed by CYP154C8, no change in C-C bond cleavage product formation was observed, 

although sequential hydroxylation of such products (17-ketosteroids) was observed in traces; while 

increase in the formation of di-hydroxylated product from 21-hydroxyprednisone was observed with 

the increase in reaction time. This may indicate that CYP154C8 has a major function of 

hydroxylation; however, it is hypothesized that 21-hydroxylation of the steroid substrates with 
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hydroxyacetyl and hydroxyl functionalities at C17 may further proceed to C-C bond cleavage 

reactions, but with a low selectivity compared to di-hydroxylated product formation when the 

reaction is supported by NADPH system. The formation of possible oxidation such as hydroxylated 

products detected in traces was unclear. The NMR structural elucidation of prednisone mono-

hydroxylated product (major) showed the hydroxylation at C21 position (21-geminal-diol), and the 

same sample showed prednisone 21-al formation but at a low concentration. Aldehyde formation 

was observed with geminal-diol under conditions of dehydration (18,30,31). The 21-aldehyde 

containing product in the reaction might have undergone further hydroxylation to form a possible 

oxidation like product. Similarly, the di-hydroxylated product of prednisone might have occurred in 

21-aldehyde form and sequentially hydroxylated by CYP154C8 to form the respective oxidation like 

product of di-hydroxylated prednisone and similar substrates in the reaction mixture, since the di-

hydroxylated product was obtained as a result of further hydroxylation of 21-hydroxyprednisone 

(Fig. S7). It is believed that the possibility of formation of oxidation products could be due to the 

presence of a double bond or formation of a keto or epoxide, as keto groups and epoxides can form 

from hydroxyl groups (38,39). 

The formation of 17-hydroxy-3,11-dioxo-1,4-diene-17-carboxylic acid (17-carboxylic acid) 

like product with prednisone and similar products with respective substrates which were detected in 

traces with NADPH system but clearly observed with oxygen surrogates was also not clear. The 

possibility of the formation of such products might be due to the C-C bond cleavage between C20 

and C21. Here, CYP154C8 might have been involved in the degradation of steroids with 

hydroxyacetyl and hydroxyl functionalities at C17 by cleaving the C-C bonds at different positions. 

Therefore, the formation of 17-hydroxy-3,11-dioxo-1,4-diene-17-carboxylic acid like product with 

prednisone and similar products formation with other substrates might be independent of the 

formation of 1-dehydroadrenosterone and similar products with respective substrates. Steroids are 

ubiquitous growth substrates for microorganisms, and bacterial hydroxylase plays an important role 

in the degradation of steroids (40). For example, CYP125A1, CYP142A1, and CYP124A1 play an 

essential role for the survival of Mycobacterium tuberculosis and spread of infection by the 

degradation of cholesterol by oxyfunctionalization at C27 to form terminal alcohol and subsequent 

oxidation to aldehyde and carboxylic acid (41-43). This reaction is found to be essential for the 

survival and virulence of Mycobacterium tuberculosis. The reaction leading towards the formation of 

di-hydroxyprednisone from 21-hydroxyprednisone was found to be much higher than the C-C bond 

cleavage product formation (1-dehydroadrenosterone) in an NADPH supported reaction. The 

involvement of di-hydroxyprednisone in C-C bond cleavage product formation is unclear but the 

pattern of product formation indicates that the hydroxylated products do not completely lead 

towards C-C bond cleavage. A widely studied mammalian CYP, CYP17A1 is known to catalyze 17α-

hydroxylation of progesterone and pregnenolone where both the hydroxylated products are 

subsequently cleaved at C17-C20 bond to form androstenedione and dehydroepiandrosterone, 

respectively. Recently, the same enzyme was found to convert progesterone into 16α-

hydroxyprogesterone as a minor product, and 16α-hydroxylation activity was observed with the 

substrates 17α-hydroxypregnenolone and 17α-hydroxyprogesterone. The products 

dehydroepiandrostenedione and androstenedione formed by lyase activity of CYP17A1 were also 

further hydroxylated at 16α-position (26,44-46). Similarly, zebrafish CYP17A1 and CYP17A2 at higher 

concentrations and under increased reaction time formed some additional products like 17α,21-
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(OH)2 progesterone, 16,17α-(OH)2 progesterone, 6β,16,17α-(OH)3 progesterone, 17α,21-(OH)2 

pregnenolone, and 16,17α-(OH)2 pregnenolone (47). 

CYP154C8 actively demonstrated the conversion of steroids in presence of oxygen 

surrogates H2O2 and PIDA. Both the oxygen surrogates supported reactions showed the distinct 

formation of C-C bond cleavage product. H2O2 is one of the efficient ways of using CYP for industrial 

application due to their cheap availability and not all CYP are capable of functioning in the presence 

of H2O2; however, oxidative degradation of heme by peroxide becomes a major issue (48). 

Surprisingly, CYP154C8 demonstrated its activity in the presence of high concentration of H2O2 

where no products were observed below the concentration of 10 mM. The C-C bond cleavage 

product formation with the oxygen surrogate diacetoxyiodobenzene indicates that compound I 

(FeO3+) is possibly responsible for C-C bond cleavage reactions catalyzed by CYP154C8. However, the 

participation of compound 0 (Fe2+O2H) in lyase reactions cannot be ignored because the reaction 

with H2O2 also showed the formation of lyase products. The role of compound I in the formation of 

lyase product with the oxygen surrogate has been the topic of interest and under debate. Recently, 

CYP17A1 with oxygen surrogate iodosylbenzene led to the formation of lyase product, thus 

providing the evidence that compound I reactions possibly participating in C-C bond cleavage 

reactions (26,47). In the reactions supported by H2O2 a very low conversion or no conversion of 21-

hydroxylated products of the respective substrates was observed compared to PIDA, although both 

the systems clearly showed the formation of C-C bond cleavage product. The exact reason behind 

such a variable product distribution is unclear, but it is clearly evident that the two systems generate 

two different active oxygen species that possibly are involved in the oxidation of substrates. So, it is 

hypothesized that the reaction could be mechanistically distinct reactions initiated by two systems. 

In a reaction catalyzed by CYP2D6, differences in regioselectivity of oxidation products were 

observed when the reactions were separately supported by NADPH-P450 reductase, cumene 

hydroperoxide, and iodosobenzene due to the distinct chemical mechanism of the different system 

used (49). Similarly, in another reaction catalyzed by CYP2B1 and separately supported by 

P450/NADPH/O2- and P450/PhIO system, the observed mechanistic difference between two 

systems was most likely associated with the differences in the chemistries of the two systems, 

although active oxygen species in both the system was widely believed to be ferryl-oxo-species (50). 

Initially, it was believed that the compound I was the only key intermediate involved in catalytically 

active oxidant. However, subsequent experiments suggested the evidence of the presence of 

another oxygen species; hydroperoxy-iron species (FeIIIO2H) which possibly functions as an active 

oxidant that can form altered product compared to compound I species (51,52). 

In conclusion, CYP154C8 is a multifunctional enzyme that catalyzes the multi-step 

hydroxylation of diverse steroids, C-C bond cleavage of substrates bearing hydroxyl group at C17 and 

C21 positions, which are sequentially hydroxylated, and a possible oxidation of hydroxylated 

products (Fig. S8). The reaction carried out in the presence of NADPH system suggests that 

CYP154C8 catalyzes hydroxylation at the C21 position of all the substrates bearing hydroxyl or 

carbonyl group at C11 and C21 position. These reactions yielded 21-geminal-diol products of 

respective substrates. The 21-geminal-diol products were sequentially hydroxylated to yield di-

hydroxylated products. It is hypothesized that the 21-geminal-diol, as well as the di-hydroxylated 

product of prednisone, might have further oxidized or aldehyde form of both the products could 

have further hydroxylated to form oxidized like products in traces. The 21-gem-diol was also 

involved in the formation of C-C bond cleavage product (1-dehydroadrenosterone), although the 
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exact reactions involved in the formation of such products is unclear. The cleavage product was 

further possibly hydroxylated at the C16α position. 
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Figure legends 

 

Scheme 1. Steroid substrates used for in vitro reaction catalyzed by CYP54C8 in this study. 

 

Figure 1. HPLC chromatogram of hydrocortisone (A), prednisone (B), cortisone (C), and prednisolone 

(D) reaction mixture catalyzed by CYP154C8 in an NADPH system. The HC, PD, CS, and PL indicates 

the substrate peak of hydrocortisone, prednisone, cortisone, and prednisolone, respectively. The P1 

and P3 are mono-hydroxylated product peaks; P4 corresponds to the exact mass of di-hydroxylated 

product of respective substrates; P7 in inset A shows the exact mass of a possible 11,17-dihydroxy-3-

oxoandrost-4-ene-17-carboxylic acid ([M+H]+ 349.2010); P5 in inset A, B, and C shows the  possible 

oxidation product peak of hydroxylated hydrocortisone. P5 in inset D and P6 in inset A, B, and C 

shows the peaks of C-C bond cleavage product. 

 

Figure 2. LC-MS spectra and UV-absorbance of C-C bond cleavage product catalyzed by a CYP154C8 

enzyme with the substrate hydrocortisone (A), cortisone (B), prednisone (C), and prednisolone (D). 
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Figure 3. 1H NMR spectra and atom chemical shift of C-C bond cleavage product (1-

dehydroadrenosterone) (A), major prednisone hydroxylated product (21-hydroxyprogesterone) (B), 

and its corresponding free aldehyde form obtained by the catalysis of CYP154C8. The supplementary 

figures S4 and S5 show the detailed two dimensional NMR spectra. 

 

Figure 4. HPLC chromatogram of prednisone (A), prednisolone (B), hydrocortisone (C), and cortisone 

(D) reaction mixture catalyzed by CYP154C8 in an H2O2 system. Inset I and II show the HPLC 

chromatogram of the reaction performed in the presence and absence of CYP154C8, respectively. P1 

shows the exact mass of mono-hydroxylated product of the respective substrates; P2 was identified 

as a C-C bond cleavage product of the respective substrate; P3 showed the exact mass resembling 

the 17-carboxylic acid of the respective substrate; P4 and P5 had an exact mass of possible oxidation 

product of the hydroxylated product. 

 

Figure 5. Possible postulated reaction sequences involved in the formation of 1-

dehydroadrenosterone (17-ketosteroid) from the substrate prednisone. A. The sequence might 

involve the initial hydroxylation at C21 position (I, prednisone 21-geminal-diol) followed by 

formation of carboxylic acid at C21 position (II, prednisone 21-oic acid) and finally, side chain 

removal to form 1-dehydroadrenosterone (III). B. Another possible reaction sequence in the 

formation of 1-dehydroadrenosterone (17-ketosteroid) product might have involved initial 

hydroxylation at C21 position (I) and finally would have undergone the C-C bond cleavage reaction to 

form 1-dehydroadrenosterone or prednisone may have directly undergone C-C cleavage and formed 

1-dehydroadrenosterone (17-ketosteroid).  
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Scheme 1. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 
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Fig. 2. 
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Fig. 3. 
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B. 
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Fig. 4. 
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Fig. 5. 

  

 


