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A B S T R A C T

This study characterized cytochrome P450 enzyme CYP154C7 from Streptomyces sp. PAMC26508, 
emphasizing its capability to hydroxylate steroids, especially at the 16α-position. The enzymatic 
assay of CYP154C7 demonstrated effective conversion across a pH range of 7.2–7.6, with optimal 
activity at 30 ◦C in the Pdx/PdR plus NADH system. Kinetic analysis on most converted steroids 
(androstenedione and adrenosterone) was performed which shows a greater affinity for andro-
stenedione (Km, 11.06 ± 1.903 μM; Vmax, 0.0062 ± 0.0002 sec− 1) compared to adrenosterone 
(Km, 34.50 ± 6.2 μM; Vmax, 0.0119 ± 0.0007 sec− 1). A whole-cell system in Escherichia coli, 
overexpressing recombinant CYP154C7, achieved substantial conversion for steroids, indicating 
that CYP154C7 can also be used as a potential whole-cell biocatalyst. To gain structural insights, 
homology models of CYP154C7 and its homologs were constructed using CYP154C5 (PDB ID: 
6TO2), refined, validated, and used for docking studies. Comparative docking analysis suggests 
that lysine (K236) in the active site and tyrosine (Y197) in the substrate access channel of 
CYP154C7 are crucial for substrate selectivity and catalytic efficiency. This study suggests that 
CYP154C7 could be a promising candidate for developing modified steroids, providing valuable 
insights for protein engineering to design commercially useful CYP steroid hydroxylases with 
diverse substrate specificities.

1. Introduction

Steroids are a family of terpenoid lipids widely distributed in nature and originate from cholesterol. The process of steroid 
biosynthesis commences as cholesterol converts into pregnenolone via the action of the cholesterol side chain cleavage enzyme [1]. In 
pharmaceuticals, steroids hold a significant global market share and are produced in large quantities annually [2]. Steroid-based drugs 
have been utilized for various health conditions such as arthritis, autoimmune diseases, inflammation, cancer, osteoporosis, HIV, and 
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COVID-19, etc. [3–9]. The precise and selective introduction of different functional groups to the steroid structure is crucial for 
achieving the desired physiological and medicinal effects of steroidal drugs, such as hydroxyl groups at various positions and con-
figurations frequently imparting distinct pharmacological properties [10,11]. For instance, 6β-hydroxyprogesterone is linked to breast 
cancer inhibitors, while 9α-hydroxyprogesterone is involved in synthesizing substances with glucocorticoid and progestational ac-
tivity. Additionally, 11α-hydroxyprogesterone regulates blood pressure, serves as a precursor for cortisone and hydrocortisone, and 
shows potential for treating male hair loss [12,13]. Similarly, hydroxylated forms of dehydroepiandrosterone and epiandrosterone at 
the 7 positions have neuroprotective effects, cardioactive steroids typically possess a 14β-hydroxyl group, 15α-hydroxylated steroids 
play a crucial role as intermediates in the synthesis of contraceptives, and the 16α-hydroxyl function plays a critical role in synthetic 
glucocorticoids like triamcinolone and dexamethasone [14–19]. The cytochrome P450 (CYP)-mediated hydroxylation of steroids 
stands as a pivotal method for their modification and subsequent functional diversification [20].

The CYPs superfamily comprises a diverse group of heme-containing enzymes, present in all life forms, including plants, animals, 
fungi, and bacteria (excluding Escherichia coli and Salmonella typhimurium), and even in some non-living entities such as viruses 
[21–23]. In nature, CYPs catalyze numerous reactions that are involved in many physiologically important reactions, such as drug 
metabolism, the biosynthesis of compounds (such as steroids and aromatic compounds), and oxygen-mediated hydroxylation [24]. 
Bacterial CYP enzymes demonstrate remarkable catalytic activity in hydroxylating inert C-H bonds using molecular oxygen, a feat that 
is challenging to achieve through chemical means [24–27]. As a result, they are gaining significant interest as potential biocatalysts for 
chemical transformations.

Among bacterial CYPs, several families have exhibited their remarkable capabilities in steroid hydroxylation. From the CYP102 
family, BM3 is recognized as one of the most active and widely studied CYP and is easily expressed at a high level in E. coli [28]. 
Although BM3 typically acts on fatty acids, a series of mutagenesis techniques has expanded its capabilities, making it highly effective 
in hydroxylating steroids with a wide range of substrates [20,29,30]. Other CYPs including the CYP105 family (CYP105A1, CYP105D5, 
CYP105D7, and CYP105D18) [31–33], the CYP106 family (CYP106A1, CYP106A2, and CYP106A6) [34,35], the CYP 109 family 
(CYP109A2, CYP109B1, CYP109E1, and CYP109Q5) [36–39], and the CYP260 family (CYP260A1 and CYP260B1) [40,41] have been 
characterized and extensively studied for the hydroxylation of steroids. Similarly, from the CYP154 family, CYPs have shown substrate 
flexibility with different steroids and exhibited interesting product formation patterns. CYP154C5 was the first stereospecific hy-
droxylase identified in 2006 from this family [33], and subsequently, other related members including CYP154C2, CYP154C3, 
CYP154C4_1, CYP154C4_2, and CYP154C8 [42–45], were discovered for steroid hydroxylation. Recently, we have reported that two 
more CYPs from the CYP154 family, CYP154C3_1 and CYP154C3_2, from Streptomyces sp. are potential candidates for steroid hy-
droxylation [46]. Furthermore, in this research, we have introduced another new member from the CYP154 family for steroid hy-
droxylation, namely CYP154C7. CYP154C7 exhibits the highest degree of similarity to CYP154C8, CYP154C5, CYP154C3_1, and 
CYP154C3_2, suggesting a strong likelihood of catalytic resemblance among these enzymes. However, despite these enzymes sharing 
significant similarities, their rates of steroid hydroxylation conversion and substrate flexibility vary. Additionally, there is currently no 
available 3D structural data or molecular-level explanation for CYP154C8, CYP154C3_1, and CYP154C3_2. Thus, this lack of structural 
data and explanation of enzyme-substrate interaction hinders gaining valuable insights for further protein engineering and designing 
applicable CYP steroid hydroxylases with different substrate specificities.

Here, inspired by the previous study, we have characterized a previously unrecognized steroid-hydroxylating enzyme belonging to 
the CYP154 family, CYP154C7, originating from Streptomyces sp. PAMC26508. We have extensively investigated its potential for 
facilitating the hydroxylation of diverse steroid compounds via in-vitro reactions, and in-vivo reactions. Furthermore, addressing the 
challenges of lack of 3D structures and explanation of enzyme-substrate interaction, we performed homology modeling, and docking 
and compared the interaction of CYP154 enzymes (CYP154C7 and their homolog) with selected steroids to understand enzyme- 
substrate interactions at the molecular level for steroid hydroxylation.

2. Materials and methods

2.1. Chemical reagents

All the steroid substrates of HPLC grade were purchased from TCI (Tokyo Chemical Industry Co, Ltd, Korea). Isopropyl 1-thio-β-D- 
galactopyranoside (IPTG) and kanamycin were purchased from Duchefa Bohemie (Korea). The 5-aminolaevulinic acid (ALA), ampi-
cillin (Amp), NADH, catalase, sodium formate, and formate dehydrogenase were obtained from Sigma-Aldrich (Korea). Restriction 
enzymes were purchased from TaKaRa Clontech (Korea). DNA polymerase, T4 DNA ligase, and dNTPs were purchased from Takara Bio 
(Japan).

2.2. Bioinformatics analysis

Homolog searching for CYP154C7-like proteins was performed by the Basic Local Alignment Search Tool (BLAST) in the National 
Center for Biotechnology Information (NCBI) server. Multiple sequence alignments and pairwise sequence alignments (with most close 
homologs) were done with the program search and sequence analysis tools services from EMBL-EBI [47]. Amino acid sequence analysis 
was performed and graphically represented using ESPript 3.0 server [48]. An evolutionary relationship and patterns of CYP154C7 
were inferred by using MEGA X [49]. The phylogenetic tree was built using the maximum likelihood technique (1000 bootstrap re-
peats, Poisson correction method) [50]. The name, CYP154C7 was assigned by approved CYP nomenclature (David R. Nelson, Univ. of 
Tennessee) (https://drnelson.uthsc.edu/CytochromeP450.html).
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2.3. Molecular cloning, over-expression, and purification of CYP154C7 and redox partner

The CYP154C7 gene (accession No. AGJ58508) was amplified by PCR from the genomic DNA of Streptomyces sp. PAMC26508. The 
amplified gene containing the restriction sites EcoRI/HindIII (introduced by the specific primers through PCR) was cloned in the 
pMD20-T (Takara, Japan) vector and transformed into E. coli XL1-Blue for gene amplification. After the sequence confirmation, the 
genes were inserted into the pET-32a(+) vector to construct pET-32a(+)_CYP154C7. This construct was transformed into E. coli XL1- 
Blue and, ultimately, into the over-expression host E. coli BL21(DE3). The overexpression and purification of CYP154C7 were per-
formed as described in our previous work [46]. The redox partners putidaredoxin reductase (PdR, camA) and putidaredoxin (Pdx, 
camB) were also expressed in E. coli BL21(DE3) and purified using the same methods as previously outlined [51].

2.4. Characterization of hydroxylation activity of CYP154C7

Firstly, the concentration of CYP154C7 and redox partners (Pdx and PdR) were measured as described previously [43]. Then, we 
conducted 300 μL reaction volumes using the CYP154C7 protein in 50 mM potassium phosphate buffer (pH 7.4). The reaction mixture 
comprised of (CYP:PdR:Pdx ratio 1:2:8) CYP154C7 (3 μM), PdR (6 μM), Pdx (24 μM), substrate (200 μM), catalase (100 μg/mL), and an 
NADH regeneration system comprising formate dehydrogenase (1.0 U), sodium formate (150 mM), and MgCl2 (1.0 mM) in 50 mM 
potassium phosphate buffer (pH 7.4). Eleven different steroids (Fig. S1), dissolved in DMSO, were employed as substrates for the 
enzymatic activity assays. The reaction was initiated by adding 300 μM NADH, incubated for 2 h at 30oC with shaking, and quenched 
by a double volume of chilled ethyl acetate. The ethyl acetate organic layer was collected, evaporated, dissolved in chilled methanol, 
and analyzed by HPLC and liquid chromatography-mass spectrometry (LC-MS).

2.5. Effect of temperature and pH on enzymatic activity and kinetic evaluation

The optimal hydroxylation activity of CYP154C7 was measured across a pH range of 6.0–8.5 using a 50 mM potassium phosphate 
buffer. Temperature-dependent activity was assessed at pH 7.4 across 15–50 ◦C. Androstenedione served as the substrate in a reaction 
mixture containing enzyme CYP154C7, PdR, Pdx, catalase, and NADH, followed by extraction with ethyl acetate and evaporation for 
analysis.

Kinetic analyses were performed for the two most converted substrates, androstenedione and adrenosterone. To determine the Km 
and Vmax parameters for hydroxylation of these substrates, the reactions were assayed in a reaction mixture consisting of 1.0 μM 
CYP154C7, 2.0 μM PdR, 6.0 μM Pdx, and 100 μM substrate, all dissolved in a 50 mM potassium phosphate buffer (pH 7.4). The reaction 
was initiated by adding 300 μM NADH and was later stopped by adding an equal volume of methanol after 2 h of incubation at 30 ◦C. 
Initial velocity and saturation curves were determined under identical reaction conditions, with varying substrate concentrations 
(0–200 μM). The products were analyzed by HPLC, employing the same methodology described for the bioconversion assay [43]. Km 
and Vmax values for substrates were calculated by plotting the reaction rate versus substrate concentration. The kinetic analysis was 
performed using non-linear regression based on Michaelis-Menten kinetics, with GraphPad Prism 8.0 software (La Jolla, California, 
USA).

2.6. Determination of the substrate dissociation constant

We selected three steroids (androstenedione, testosterone, and cortisone) from our substrate list based on their different conversion 
rates. Experiments were then conducted to investigate substrate binding in CYP154C7, with substrate binding being assayed by 
following the substrate-induced spin-shift of the enzyme. We performed substrate binding assays as described previously [43]. The 
samples’ absorption spectra were recorded using a Biochrome Libra S35PC UV/Vis spectrophotometer (England). The difference 
between the peak and trough (ΔAbs) was graphed against the concentration of the substrate and then analyzed using a non-linear 
tight-binding equation [52]. The dissociation constant (KD) was subsequently determined using OriginPro software.

2.7. In-silico analysis

For modeling of the CYP154C7 and their homolog (CYP154C3_1, CYP154C3_2, and CYP154C8), the crystal structure of CYP154C5 
(PDB ID: 6TO2, close homolog) as a template was chosen. 3D models of all the proteins were generated using a SWISS-MODEL (https:// 
swissmodel.expasy.org/interactive). The homology models were validated by PROCHECK [53], Verify-3D [54], and ERRAT [55]. 
Docking simulations were performed with AutoDock Vina-1.1.2 to explore the binding interactions between protein and substrates 
[56]. AutoDock Tools 1.5.6 was utilized to produce the PDBQT files for both the protein and ligand, along with defining the grid box 
[57]. Visualization of the results was performed using PyMOL [58]. Furthermore, the substrate access tunnels of selected CYPs were 
compared using the CAVER 3.0 software tool [59].

2.8. Whole-cell biotransformation

The genes PdR and Pdx, previously cloned into the pCDFDuet vector were introduced into E. coli cell BL21(DE3) containing the 
plasmid [pET-32a(+)-CYP154C7] for whole-cell biotransformation [43]. The E. coli cells harboring pET-32a 
(+)-CYP154C7-(pCDFDuet_Pdx/PdR) were cultured at 37oC in an LB medium containing necessary antibiotics. When the OD600 
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reached 0.6, protein expression was initiated by adding 1.0 mM ALA, 0.5 mM FeCl3, and 0.5 mM IPTG. Then, the culture was left to 
incubate for 48 h at 20oC. After incubation, the cells were harvested through centrifugation (3500 rpm) for 20 min at 4oC, followed by 
two washes with 50 mM potassium phosphate buffer (pH 7.4). The cells, resuspended in the same buffer with 1 mg/mL glucose and 0.5 
mM substrate, underwent bioconversion (carried out on a 1.0 mL scale for analytical purposes) for 24 h at 30 ◦C and 200 rpm. The 
reaction was stopped by adding an equal volume of ethyl acetate, which was dried, and dissolved in chilled methanol. The product 
analysis was conducted using the same method as that described for the in-vitro assays.

2.9. HPLC and LC-MS analysis

The reaction mixture dissolved in methanol was filtered using a 0.2 μm pore polytetrafluorethylene filter which was injected into an 
ultra-HPLC instrument and separated using a Shim-pack GIS C18 column (250 × 4.6 mm, 5 μm, Kanto Chemical, Japan). At a flow rate 
of 1 mL/min, 0.1 % TFA (trifluoroacetic acid) containing water (A), and acetonitrile (B) were utilized as the mobile phase in a gradient 
system of B at 10 % for 0–1 min, 50 % for 1–8 min, 70 % for 8–14 min, 95 % for 14–17.5 min, and 10 % for 17.5–24 min. Each elution 
was run for 24 min. UV absorbance at 250 nm was used to detect the substrates and their products. The product from androstenedione, 
progesterone, and testosterone was correlated with the standard retention time in the HPLC chromatogram. For the remaining sub-
strate products, we compared them to previously reported products [43,46,60]. Further, the reaction mixture was analyzed using a 
SYNAPT G2-S/ACUITY UPLC liquid chromatography quadrupole time-of-flight/electrospray ionization mass spectrometer (Waters, 
USA), operating in the positive ion mode.

3. Results and discussion

3.1. Bioinformatics analysis

To understand the phylogenetic relationships of CYP154C7 with other known CYP154 enzymes, we constructed a phylogenetic tree 
using the maximum-likelihood method (Fig. S2). The phylogenetic tree and an amino acid sequence alignment indicated that 
CYP154C7 is more closely related to the previously studied CYP154C3_1, CYP154C3_2, CYP154C5, and CYP154C8, sharing a sequence 
identity of approximately 83.4 %, 81.8 %, 64.4 %, and 74.8 %, respectively (Table S1). An amino acid sequence comparison between 
the CYP154C7 and its closet homologs was performed. The CYP characteristics, including distinctive oxygen-binding and activating 
motifs such as the I-helix and K helix (EXXR), as well as the heme-binding domain, are conserved in all proteins, along with a crucial 
acid-alcohol pair, glutamate, and threonine residues which are known to facilitate oxygen activation in CYPs (Fig. S3).

Fig. 1. Product formation in in-vitro assays with purified enzyme, CYP154C7. All in-vitro reactions were carried out in the presence of 200 μM 
substrate concentration conducted for 2 h at 30 ◦C and 1000 rpm. The percentage turnover was determined by calculating the ratio of the product 
peak area to the sum of the substrate and product area in the HPLC analysis. The mean and standard deviation were calculated based on three 
independent reactions conducted under similar conditions.
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3.2. Expression, purification, and spectral characterization of CYP154C7

CYP154C7 was cloned, overexpressed in E. coli BL21(DE3), and purified, yielding a single homogenous protein band in the soluble 
fraction on SDS-PAGE (Fig. S4A). The theoretical molecular mass of CYP154C7 was 44.98 kDa, but SDS-PAGE showed a larger band 
around 65 kDa. This increase was due to the His-Tag/thrombin/T7-Tag sequence in the pET-32a(+) vector, which was fused to 
CYP154C7’s N-terminal region and co-expressed with it. The purified CYP154C7, characterized by a CO-reduction assay, had an Rz 
value of 1.45, indicating high purity. Its oxidized spectrum showed absorption at 418 nm, typical of CYP enzymes. The carbon 
monoxide-bound and dithionite-reduced forms displayed maximum absorption at 450 nm, confirming the heme in its native Fe2⁺ CO 
complex form (Fig. S4B).

3.3. Characterization of hydroxylation activity of CYP154C7

In our preliminary investigation, we identified the redox partner for CYP154C7. Two heterologous redox partners, Pdx/PdR from 
P. putida and Fdx/FdR from spinach, as well as chemical redox partners, hydrogen peroxide and (diacetoxyiodo) benzene, were used in 
the in-vitro reactions. Progesterone, a substrate hydroxylated by previously identified CYP154 family members, was selected to 
determine the redox partner for bioconversion. When Pdx/PdR served as the redox source, a distinct product peak was observed, while 
other redox partners showed minimal or no activity. Consequently, PdR/Pdx was selected for the in-vitro tests. We carried out an in- 
vitro screening of eleven different steroids (Fig. S1), and the products cast high to low conversion percentages for different substrates 
(Fig. 1 and Table S2).

Product identification was accomplished by co-eluting reaction mixtures with standard products in HPLC, analyzing retention 
times, followed by mass data analysis. Furthermore, we compared these results with our previous work. The HPLC chromatograms 
show that the retention times of the 16α-hydroxyandrostenedione, 16α-hydroxyprogesterone, and 16α-hydroxytestosterone standards 
have been perfectly aligned with the corresponding products of androstenedione, progesterone, and testosterone, respectively (Fig. 2). 
LC-MS results show that for the steroid androstenedione, the exact mass of the parent compound was measured as m/z+ [M+H]+

287.2005 amu, while the single product had an exact mass of m/z+ [M+H]+ 303.1963 amu. The calculated mass for the chemical 
formula C19H27O3

+ is 303.4166 amu (Fig. 2A and Table S3). For the steroid progesterone, the exact mass of the parent compound was 
m/z+ [M+H]+ 315.2325 amu, and the single product had an exact mass of m/z+ [M+H]+ 331.2276 amu. The theoretical formula mass 

Fig. 2. HPLC chromatograms and LC-MS spectra from an in-vitro reaction assay of different steroids (A, androstenedione; B, progesterone; and C, 
testosterone) with purified enzyme, CYP154C7. In each case, inset I (blue color) show the HPLC chromatograms of reaction mixtures, indicating 
peaks of products formed and substrates remaining. Insets II (black color) and III (red color) represent the standard peaks of substrates used and the 
targeted product, respectively. Whereas, insets IV and V contain LC-MS spectra of substrates and mono-hydroxylated products, respectively. The 
letter ‘P’ indicates the peak of the expected product.
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of C21H31O3
+ is 331.4698 amu (Fig. 2B and Table S3). For the steroid testosterone, the exact mass of the parent compound was m/z+

[M+H]+ 289.2167 amu, and the major product had an exact mass of m/z+ [M+H]+ 305.2103 amu. The calculated formula mass of 
C19H29O3

+ is 305.4322 amu (Fig. 2C and Table S3). In each case, the observed exact masses of the steroid parent compounds and their 
respective mono-hydroxylated products closely match the theoretically calculated masses based on their chemical formula. These 
results suggest that the products formed from parent androstenedione, progesterone, and testosterone confirm the formation of the 
respective 16α-hydroxylated products.

The presence of functional groups such as hydroxyl, keto, alkyl, ester/ether, and carboxyl groups in steroids can significantly 
influence the hydroxylation pattern and selectivity [61,62]. A previous study reported that CYP154C5 and CYP154C8 exhibit higher 
selectivity for substrates with hydroxyl or keto groups at the C17 position compared to those with bulkier C17 substituents [43,63]. For 
CYP154C3_1 and CYP154C3_2 enzymes, the functional groups at the C11 and C21 positions have influenced hydroxylation patterns 
and product formation [46]. Similarly, CYP154C7 has been observed to exhibit comparable reaction patterns for steroids based on the 
functional groups. HPLC chromatograms of adrenosterone, cortisone, 11α-hydroxyprogesterone, prednisone, 17α-hydroxyprogester-
one, and corticosterone reveal multiple peaks, indicating the influence of C17, C11, and C21 functional groups on product pattern 
formation (Fig. S5). Mass data analysis revealed that the major peaks in each substrate are mono-hydroxylated products. Prednisone 
and 17α-hydroxyprogesterone each produced two peaks (Figs. S5E–F), while corticosterone produced four peaks, with P1 being the 
major one (Fig. S5H). Nandrolone, in contrast, made a single peak (P) (Fig. S5G). Comparison with our previous results revealed that 
most major products involve 16α-position hydroxylation. Moreover, CYP154C8, CYP154C3_1, and CYP154C3_2 have been reported to 
produce 21α-hydroxycorticosterone from corticosterone, along with C-C bond cleavage products in cortisone and prednisone-like 
steroids [43,46]. Our HPLC chromatograms also suggest the possible production of 21α-hydroxycorticosterone and C-C bond 

Fig. 3. Plots represent kinetic analysis using variable concentrations of adrenosterone (A) and androstenedione (B). The reaction mixture contained 
a ratio of CYP:Pdx:PdR at 1:8:2, with varying substrate concentrations. The reaction was initiated by the addition of 250 μM NADH, and the 
resulting rate of reaction was plotted against substrate concentration. The data were subjected to non-linear regression analysis based on Michaelis- 
Menten kinetics. Reported values represent the mean of three independent experiments under identical conditions, along with the stan-
dard deviation.
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cleavage products. Overall, CYP154C7 has demonstrated a steroid conversion rate as effective as homologs (Fig. 1, Table S2).

3.4. Effect of temperature and pH on enzymatic activity and kinetic evaluation

The effects of incubation temperature and pH on the activity of CYP154C7 in the conversion of androstenedione were assessed as 
outlined in the Materials and Methods section. CYP154C7 displayed its highest hydroxylation activity at 30 ◦C (Fig. S6A), with a 
notable decline in activity at temperatures above 40 ◦C. Additionally, CYP154C7 showed pH stability within the 7.2–7.6 range, 
maintaining over 90 % of its maximal activity (Fig. S6B). These findings indicate that CYP154C7 operates most efficiently at 30 ◦C and 
pH 7.4, suggesting its suitability for optimal hydroxylation activity.

To augment our comprehension of the enzyme, we determined the kinetic parameters for purified CYP154C7, particularly focusing 
on the most converted steroids, such as androstenedione and adrenosterone. The Km and Vmax were calculated using heterologous 
redox partners Pdx and PdR from P. putida. CYP154C7 exhibited a greater affinity for androstenedione, as indicated by Km and Vmax 
values of (11.06 ± 1.903) μM and (0.0062 ± 0.0002) sec− 1, respectively. In contrast, adrenosterone displayed lower affinity, with a Km 
value of (34.50 ± 6.2) μM and a Vmax value of (0.0119 ± 0.0007) sec− 1 (Fig. 3A–B).

3.5. Substrate-binding assay

Substrate binding to CYP enzymes induces a shift in ferric heme iron from a low-to high-spin state, observed as a change in the Soret 
absorption spectrum. This spin shift, resulting from the displacement of the heme-bound water ligand, is crucial to the CYP catalytic 
mechanism. The high-spin state is marked by a "type I shift," with a Soret absorption minimum of around 420 nm and a maximum of 
around 390 nm [63–65]. To investigate the potential occurrence of a type I spin shift in CYP154C7, we tested three steroids (an-
drostenedione, testosterone, and cortisone) from our substrate list based on their different conversion rates. Upon binding to 
CYP154C7, these steroids indeed displayed a type I shift, characterized by an absorbance peak at 390 nm and a trough at 420 nm. The 
KD values of substrates for CYP154C7 were determined by conducting titrations with different substrate concentrations until reaching 
saturation and then fitting the resulting data to a nonlinear tight-binding quadratic equation, as illustrated in figure (Fig. S7). The KD 
values for androstenedione, and testosterone were determined to be less than 0.5 μM (0.2013 ± 0.043 and 0.3041 ± 0.070, respec-
tively), indicating strong and tight binding. Notably, these substrates were among the most hydrophobic compounds used in the 
experiment. In contrast, the substrate cortisone exhibited a high KD value (1.995 ± 0.340) and was assumed to be less hydrophobic 
than previous substrates. This suggests that reducing substrate hydrophobicity increases the KD value, a finding consistent with reports 
on CYP154C3_1, CYP154C3_2, CYP154C5, and CYP154C8, which show tight binding with low KD values to steroids. Hydrophobic 
interactions between steroids and the CYP active site increase activation entropy, enhancing catalytic efficiency. As hydrophobic 
steroids bind, low-entropy water molecules are displaced from both the active site and the steroid’s solvation shell, significantly 
contributing to the total entropy change and facilitating hydrophobic contacts that improve binding and catalytic efficiency [66,67].

3.6. In-silico analysis

We performed homology modeling, molecular docking simulation, and substrate tunnel analysis to investigate protein structure 

Fig. 4. Structures of selected CYPs for comparison are shown in ribbon models with P450 helix numbering, whereas heme is shown in stick 
representation. A. Homology model structure of CYP154C7. B. Overlay structure of CYP154C5 (PDB ID:6TO2) (violet) with the best homology 
models of CYP154C3_1 (cyan), CYP154C3_2 (white), CYP154C7 (green), and CYP154C8 (orange) indicating different in additional alpha-helices.
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and function.

3.7. Homology modeling

The homology model of CYP154C7 and their homologs were generated and refined using the SWISS-MODEL, followed by vali-
dation through online programs. Online programs PROCHECK, ERRAT, and VERIFY-3D scores (data shown for only CYP154C7, 
Figs. S8A–C), affirmed the acceptability and trustworthiness of the optimized models. In comparison with the structure of CYP154C5 
(Nocardia farcinica), the predicted structure of CYP154C7 (Streptomyces sp.), along with their homologs(Streptomyces sp.) (Fig. 4A–B), 
demonstrates numerous resemblances [66]. All proteins share a helix-dominant cytochrome P450 monooxygenase fold, characterized 
by a flattened hydrophobic substrate channel above the heme porphyrin. Within the internal cavity of the predicted homology models, 
various aromatic and aliphatic amino acids are aligned analogously to those in CYP154C5. Nonetheless, it has been observed that A85, 
Y197, K236, and T288 within the active site of CYP154C7 differ from CYP154C5, which features V87, F200, Q239, and V291, 
respectively. For CYP154C3_1, CYP154C3_2, and CYP154C8, all internal cavity amino acid positions are the same as in CYP154C7, 

Fig. 5. A. Comparison of molecular docking analysis of CYPs (CYP154C5, violet; CYP154C7, green; and CYP154C8, orange) for androstenedione. 
Active site residues, heme, and androstenedione are shown in stick representation. The distance between heme (Fe) and the nearest carbon of 
androstenedione and the distance between steroids and key residues were measured. (Figure not shown for CYP154C3_1 and CYP154C3_2, a similar 
active site like CYP154C7). B. Testosterone and nandrolone binding modes in CYP154C7 along with respective (ΔG) values. Active site residues, 
heme, testosterone, and nandrolone are shown in stick representation. The distance between heme (Fe) and the nearest carbon of steroids and the 
distance between steroids and key residues were measured. Crucial residues (M82, F90) involved in hydrophobic interactions with the C10 positions 
of the steroids are shown with measured distances and a red-dotted semicircle.
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except for F210 in CYP154C8, which corresponds to the analogous position in CYP154C5 (Fig. 5A). Furthermore, upon examining the 
superimposed figure of the predicted homology models with CYP154C5, we identified an additional sub-alpha helix present in the 
N-terminal of CYP154C3_2 (A’), and the C-terminal of both CYP154C8 and CYP154C7 (k’") (Fig. 4B).

3.8. Docking simulations

Using molecular docking, we examined the interaction of steroids with the active site of CYPs. Docked poses were selected based on 
the dominant ligand conformation and analyzed for binding modes with CYP. The binding energies for androstenedione, progesterone, 
and testosterone against CYP154C7 were determined to be − 10.1, − 8.0, and − 9.5 kcal/mol, respectively, with distances between the 
Fe atom and C-16 measuring 4.4, 4.5, and 4.4 Å (Fig. 5A, S9, S10, and Table S4). These values indicate the suitability of these sites for 
16α-hydroxylation, aligning with experimental HPLC and LC-MS data. Previous investigations have elucidated the crystal structure of 
CYP154C5, highlighting pivotal residues such as M84, F92, Q239, and Q398 involved in steroid binding. These residues are integral to 
the enzyme’s regioselectivity and stereoselectivity during steroid hydroxylation [66]. Mutagenesis experiments have further 
demonstrated the importance of these residues, particularly showing that the Q239A mutant enhances steroid binding [68]. Since 
Q239 is replaced by lysine (K) in CYP154C3_1, CYP154C3_2, CYP154C7, and CYP154C8 while other critical residues remain 
conserved, lysine may influence hydroxylation conversion and substrate selectivity. Docking studies revealed a marginal impact on 
substrate binding compared to CYP154C5. Despite the lower binding energies observed in CYP154C3_1, CYP154C3_2, CYP154C7, and 
CYP154C8, the shorter distances between the substrates’ C-16 and the heme, as well as between the C-17 functional group and key 
glutamine residues, and the O3 and lysine positions, indicate favorable conditions for steroid hydroxylation, resulting in better 
conversion as shown in Table S2. This suggests that lysine has also improved steroid accommodation in CYP154C3_1, CYP154C3_2, 
CYP154C7, and CYP154C8, resulting in stronger binding orientations with the heme and enhancing steroid oxidation, as confirmed by 
experimental data and previous studies.

Furthermore, CYP154C7 shows a distinct preference for specific substrates, notably favoring androstenedione (Table S4) and 
adrenosterone (docking data not shown), with a high conversion rate of over 95 % (Table S2). Steroids with a keto group at the C17 
position have shown enhanced reactivity compared to others. However, Substituents at alternative positions are considered significant 
for substrate accommodation. For instance, testosterone, which has a higher conversion rate than nandrolone, contains a C-10 methyl 
group that nandrolone lacks. It is assumed that this absence in nandrolone exhibits weaker hydrophobic interactions with M82 and F90 
(Fig. 5B), leading to reduced reactivity compared to testosterone. Previous studies indicate that enzymes CYP154C3_1, CYP154C3_2, 
and CYP154C8 preferentially interact with progesterone (Table S2). Progesterone positions itself near the heme group and key cat-
alytic residues in these enzymes, facilitating the reaction (Fig. S9). Docking results of corticosterone in CYP154C7 reveal that binding 
energy (ΔG = − 7.9 kcal/mol) and orientation are likely influenced by the bulky C-17 group, with contributions from the C-11 
functional group (Fig. S11). Similar orientations were observed for cortisone and prednisone (figure not shown), suggesting that the 
bulkier group at the C-17 position may effectively impact C-16 hydroxylation. These results highlight the crucial role of functional 
groups at the C-10, C-11, and C-17 positions in enhancing substrate selectivity for CYP154C7.

3.9. Substrate tunnel analysis

The substrate’s accessibility and product exit efficiency significantly affect CYP enzyme catalytic activity. Therefore, we compared 
the substrate access channel in selected CYPs. CAVER analysis revealed that the substrate entry tunnel in CYP154C5 has a bottleneck 
near Q239 and V87, similar to the lysine and alanine residues in other CYPs (Fig. 6). The distances between Q239 and V87 (7 Å) in 
CYP154C5 and K249 and A98 (5.6 Å) in CYP154C8 are wider compared to other CYPs (5.2 Å) (Fig. 5A). Additionally, bottleneck radius 

Fig. 6. Comparison of substrate access bottleneck in CYPs (CYP154C5, violet; CYP154C7, green; and CYP154C8, orange) as computed by CAVER 
3.0, showing the key residues located at the side of the tunnel (blue color) were subjected to be responsible for facilitating substrate to the active 
site. (Figure not shown for CYP154C3_1 and CYP154C3_2, similar like CYP154C7).
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of the substrate access tunnel follows the order CYP154C5 > CYP154C8 > C ≈ B ≈ A (Fig. 6), where a wider bottleneck facilitates 
substrate access and product egress, enhancing catalytic activity. Despite this, experimental results indicate that CYP154C7 is as 
effective as other CYPs in steroid hydroxylation, suggesting that nearby amino acids may influence substrate passage differently. We 
found that residue F200 in CYP154C5 and F210 in CYP154C8, as well as tyrosine (Y) at similar positions in other CYPs, may facilitate 
substrate entry into the tunnel by influencing the orientation of Q and K in their respective CYPs. We hypothesize that the hydroxyl 
group (-OH) on the tyrosine side chain may form additional hydrogen bonds, influencing the flexibility and dynamics of the access 
channel. This could enhance substrate accessibility and potentially increase catalytic efficiency. Recently, a study found that the 
M191F mutation in the access channel of CYP154C2 improved conversion efficiency and substrate selectivity, highlighting the impact 
of specific residues on catalytic performance [69]. Similarly, we propose that tyrosine (Y) present in CYP154C7, CYP154C3_1, and 
CYP154C3_2 has influenced substrate selectivity and catalytic efficiency, much like phenylalanine (F) in CYP154C8, CYP154C5, and 
the M191F mutant in CYP154C2.

3.10. Whole-cell biotransformation

Certain CYPs can utilize the inherent redox partners of E. coli for electron transfer during whole-cell bioconversion. However, 
CYP154C7 could not hydroxylate steroids with an E. coli redox partner, likely due to structural incompatibility with the endogenous 
partners in the BL21(DE3) strain [70,71]. While expressing Pdx and PdR may increase costs, it can improve biotransformation effi-
ciency. Thus, E. coli BL21(DE3) cells were co-expressed with pET32a_CYP154C7 and a duet vector carrying Pdx and PdR (pCDFDuet) to 
facilitate the in-vivo bioconversion of externally added steroids. HPLC chromatograms of the extract from the biotransformation 
revealed peaks corresponding to the hydroxylated products of the respective substrates for five steroids. Androstenedione (97 %), 
progesterone (92 %), and adrenosterone (87 %) were converted significantly to hydroxylated products, while testosterone and nan-
drolone were converted around 53 % and 28 %, respectively (Fig. S12).

In addition, in-vivo biotransformation yielded a single mono-hydroxylated peak for some substrates. Steroids, androstenedione, 
progesterone, and testosterone have shown mono-hydroxylated peaks, hydroxylation occurred at 16α-position of the steroid ring, 
confirmed by co-elution with standard substrates and mass data results analysis (Figs. S13A–C). The other two steroids, adrenosterone, 
and nandrolone have shown mono-hydroxylated single peaks supporting the possible 16α-hydroxylated product formation 
(Figs. S13D–E). This result indicates the promising potential of CYP154C7 for future rational design and application as a whole-cell 
biocatalyst to produce derivatives of hydroxylated steroid compounds.

4. Conclusions

In summary, our investigation focused on the function and structure of CYP154C7 isolated from Streptomyces sp. PAMC26508, 
aiming to characterize its hydroxylating activity and analyze its structure for insights into steroid hydroxylases. Based on the results, 
CYP154C7 can be a potential candidate for producing hydroxylated steroids for various biological applications. Furthermore, the 
homology model and docking results reveal that CYP154C7, as well as CYP154C8, CYP154C3_1, and CYP154C3_2, utilize a highly 
similar set of residues for binding steroids, akin to related steroid hydroxylases such as CYP154C5. Comparative docking studies 
highlight the key residue lysine (K), similarly positioned to Q239 in CYP154C5, which influences steroid binding favorably. Addi-
tionally, it has been considered the access channel residue tyrosine (Y) in CYP154C7, CYP154C3_1, and CYP154C3_2 similar in position 
to residue 200F in CYP154C5 and residue 210F in CYP154C8, could facilitate substrate entry into the tunnel and increase in catalytic 
efficiency. Overall, these results provide useful insights for subsequent protein engineering of CYP steroid hydroxylases to enable the 
production of modified steroid compounds with more potent bioactivities.
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