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ARTICLE INFO ABSTRACT

Keywords: Steroid drugs, the second largest class of pharmaceuticals after antibiotics, have shown significant anti-
Cholesterol side-chain cleavage enzymes inflammatory, anti-allergic, and endocrine-regulating effects. A group of cytochrome P450 enzymes, namely,
CYP11Al CYP11A1 isoenzymes from different organisms are capable of converting cholesterol into pregnenolone, which is
}S)treef;z:‘)lone a pivotal reaction in both steroid metabolism and (bio)synthetic network of steroid products. However, the low
Adrenodoxin activity of CYP11A1s greatly restricts the industrial application of these cholesterol side-chain cleavage enzymes.

Herein, we investigate ten CYP11A1 enzymes of different origins and in vitro characterize two CYP11A1s with a
relatively higher expression level from Capra hircus and Sus scrofa, together with the CYP11Als from Homo
sapiens and Bos taurus as references. Towards five selected sterol substrates with different side chain structures,
S. scrofa CYP11A1 displays relatively higher activities. Through redox partners combination screening, we reveal
the optimal redox partner pair of S. scrofa adrenodoxin and C. hircus adrenodoxin reductase. Moreover, the semi-
rational mutagenesis for the active sites and substrate entrance channels of human and bovine CYP11Als is
performed based on comparative analysis of their crystal structures. The mutant mBtCYP11A1-Q377A derived
from mature B. taurus CYP11A1 shows a 1.46 times higher activity than the wild type enzyme. These results not
only demonstrate the tunability of the highly conserved CYP11A1 isoenzymes, but also lay a foundation for the
following engineering efforts on these industrially relevant P450 enzymes.

Adrenodoxin reductase
Cytochrome P450 enzymes

1. Introduction new means for their production. In 2003, the de novo total biosynthesis

of hydrocortisone was firstly reported, establishing the proof-of-concept

Steroid drugs are widely used in the treatment of inflammation,
allergic reactions, cardiovascular, endocrine and many other diseases,
thus playing a central role in the pharmaceutical industry [1,2]. More
than one million tons of steroid drugs are produced annually, and the
total sales in 2016 were about 100 billion US dollars [2,3]. The tradi-
tional industrial production of steroids depends on semi-syntheses
starting from diosgenin extracted from the plant turmeric as raw ma-
terials [4,5]. However, due to the disadvantages including turmeric
price fluctuation and serious environmental pollution, the production of
steroids has gradually been shifting to various microbial transformation
approaches [3,6-8]. Despite the advantages of high regio- and stereo-
selectivity, mild reaction conditions, and environmental friendliness,
microbial transformation still suffers from low conversion rates and
productivity [4]. The de novo total biosynthesis of steroids provides a

that the complex steroid biosynthetic pathway of higher eukaryotic or-
ganisms could be transferred to lower microorganisms such as Saccha-
romyces cerevisiae [9]. Nevertheless, due to the low activity of the
enzymes involved in each step (especially several cytochrome P450
enzymes [10]) and the complexity of the whole metabolic process, the
titer of hydrocortisone was only 11.5 mg/L. After more than ten years of
optimization, the highest reported yield of de novo hydrocortisone
biosynthesis was only 120 mg/L [11], which is far away from the
requirement of industrial production.

The natural cholesterol side-chain cleavage P450 (P450scc) system
consists of CYP11A1 localized to the inner mitochondrial membrane and
its cognate redox partners (RPs) including adrenodoxin (Adx) located in
the mitochondrial matrix and adrenodoxin reductase (AdR) associated
with the inner mitochondrial membrane, which catalyzes the first and
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Fig. 1. The side-chain cleavage of cholesterol to pregnenolone by CYP11A1 with the redox partners Adx and AdR. The functional groups introduced by CYP11A1 are

highlighted in red.

rate-limiting step in steroid hormone biosynthesis [12]. Specifically,
CYP11A1 catalyzes a cascade of oxidative reactions including the initial
C22-hydroxylation of cholesterol to give 22R-hydroxycholesterol tightly
bound to the active site, further hydroxylation at C20 to yield 20R,
22R-dihydroxycholesterol, and the cleavage of the C20—C22 bond of
20R,22R-dihydroxycholesterol, giving rise to the final products preg-
nenolone and 4-methylpentanal (Fig. 1) [13]. Of note, pregnenolone is a
key precursor/intermediate for the synthesis of progesterone and many
other steroid drugs [14].

The heterologous expression of eukaryotic P450 usually faces mul-
tiple problems such as low expression level and difficulty in purification,
which have been hindering the characterization and engineering of the
membrane-bound CYP11Als to a certain extent [15,16]. Up to now,
only few CYP11Als have been heterologously expressed in yeasts or
Escherichia coli [17,18]. According to the previous reports, the highest
yield of pregnenolone from cholesterol biotransformation by bovine
CYP11A1 in E. coli was only 420 pg/L [18-20], while the production of
pregnenolone in Yarrowia lipolytica reached 78 mg/L, representing the
highest reported titer to date [7,17,21]. However, this titer/productivity
is still too low for industrial application. Thus, it is crucial to identify
new CYP11Als or engineer CYP11A1 mutants in order to improve the
activity.

In this study, we comparatively investigated four CYP11A1ls in vitro
including ChCYP11A1 from Capra hircus (goat), SsSCYP11A1 from Sus
scrofa (wild boar), TgCYP11A1 from Taeniopygia guttata (zebra finches),
and MmCYP11A1 from Mus musculus (mouse) by using the well-studied
HsCYP11A1 from Homo sapiens (human) and BtCYP11A1 from Bos taurus
(ox) as references. Mammalian ChCYP11A1, SsCYP11A1, HsCYP11A1
and BtCYP11A1 with high expression levels were further biochemically
characterized, including their substrate specificity and RP compatibility.
Based on the protein sequence alignment and available crystal structures
of CYP11A1ls, semi-rational enzyme engineering was carried out and a
CYP11A1 mutant with higher cholesterol side-chain cleavage activity in
vitro was achieved.

2. Materials and methods
2.1. Materials

All sterol compounds were purchased from Aladdin (Shanghai,
China) or Sigma Aldrich (St. Louris, MO, USA). All antibiotics were
bought from Solarbio (Beijing, China). 2 x MultiF Seamless Assembly
Mix was obtained from Abclonal (Wuhan, China). Plasmid Mini-prep Kit
was provided by Tiangen (Beijing, China). The FlexiRun premixed gel
solution for SDS-PAGE analysis was purchased from MDBio (Qingdao,
China). The strains of E. coli BL21(DE3), JM109, and the plasmid vectors
for protein expression of Fdx1499, FAR0978, mBtAdx, mBtAdR and
RhFRED were preserved by our laboratory.

2.2. Phylogenetic tree

The CYP11A1l sequences were acquired by BLAST search for the
Uniprot database with the query sequence of CYP11A1 from Bos taurus

(Uniprot #: P00189). The sequences with identity greater than 45%
were aligned using MUSCLE [22] and the phylogenetic tree was built
using neighbor-jointing (NJ) method by MEGA 7.0 software. The
phylogenetic tree was visualized using iTOL [23].

2.3. Molecular cloning and mutagenesis

The gene sequences encoding BtCYP11A1 from B. taurus (P00189),
ChCYP11A1 from Capra hircus (P79153), SsCYP11A1 from Sus scrofa
(P10612), EcCYP11A1 from Equus caballus (046515), HsCYP11A1 from
Homo sapiens (P05108), MmCYP11A1 from Mus musculus (Q9QZ82),
OcCYP11A1 from Oryctolagus cuniculus (Q28827), MgCYP11A1 from
Meleagris gallopavo (G1MUV6), TgCYP11A1l from Taeniopygia guttata
(Q6GVKS), DrCYP11A1 from Danio rerio (Q7SYJ6), HsAdx from Homo
sapiens (P10109), ChAdx from C. hircus (AOA452E7A8), SsAdx from S.
scrofa (P00258), HsAdR from H. sapiens (P22570), ChAdR from C. hircus
(AOA452EV68), and SsAdR from S. scrofa (F1IRV70) were codon-
optimized and synthesized by BGleWrite (Beijing, China). The mature
form of CYP11Als were sub-cloned into the pCWori vector with a C-
terminal Hisg-tag using 2 x MultiF Seamless Assembly Mix [24]. The
genes encoding the mature forms of AdRs were sub-cloned into pET28a
vector with a C-terminal Hise-tag. The genes encoding the truncated Adx
(4—108)s with higher activities than wild type [25] were sub-cloned
into pET28a vector with an N-terminal Hisg-tag, and these truncated
mutants will be presented as Adx for convenience. Mutational gene
construction was achieved by site-directed mutagenesis via overlap
extension PCR [26]. The primers used in this study are listed in Table S2.
All constructs were confirmed by DNA sequencing at Sangon Biotech
(Shanghai, China).

2.4. Protein expression and purification

For the expression of CYP11Als and their mutants, the mature
CYP11Als were co-expressed with the E. coli molecular chaperone
GroEL/ES in E. coli JM109 [27]. The strains were grown overnight at
37 °C with shaking at 220 rpm, and then used as seed cultures to inoc-
ulate (at a 1:100 ratio) Terrific Broth (TB) media. Cells were grown at
37 °C until ODgg reached 0.6-0.8. P450 expression was induced by the
addition of isopropyl-f-D-1-thiogalactopyranoside (IPTG) (0.2 mM),
Ss-amino-levulinic acid (0.5 mM), rare salt solution [28], and arabinose
(1.0 mM). The induced cultures were further incubated at 28 °C for 48 h
with shaking at 150 rpm. The cells were harvested by centrifugation
(1500 xg) and then stored at — 80 °C for later use.

For the expression of Adxs and AdRs, the mature Adxs and AdRs were
expressed in E. coli BL21(DE3). The strains were grown overnight at
37 °C with shaking at 220 rpm, and then inoculated into TB media with
a ratio of 1:100. Cells were grown at 37 °C until ODg(g reached 0.6-0.8.
Protein expression was induced by the addition of IPTG (0.2 mM). The
induced cultures were incubated at 18 °C for 20 h with shaking at
150 rpm. The cells were harvested by centrifugation (1500 xg) and then
stored at — 80 °C.

For purification of CYP11Als, all the following steps were performed
at 4 °C. Cell pellets were re-suspended in 50 mL lysis buffer (50 mM
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potassium phosphate, 150 mM sodium chloride, 150 mM sodium ace-
tate, 1% (v/v) Tween-20, 1% (w/v) sodium cholate, 10% (v/v) glycerol,
and 10 mM imidazole, pH 7.4) through vortexing. The bacterial cells
were disrupted by sonication on ice. Following removal of cell debris by
centrifugation at 75,000 xg for 30 min at 4 °C, to the cell lysate super-
natants 1 mL Ni-NTA resin slurry was added and mixed gently for 1 h.
The mixture was then loaded onto an empty column and washed with
approximately 200 mL wash buffer (50 mM potassium phosphate,
150 mM sodium chloride, 150 mM sodium acetate, 1% (v/v) Tween-20,
1% (w/v) sodium cholate, 10% (v/v) glycerol, and 20 mM imidazole, pH
8.0) until no protein was eluted in flow-through. The His-tagged pro-
teins were eluted with elution buffer (50 mM potassium phosphate,
150 mM sodium chloride, 150 mM sodium acetate, 1% (v/v) Tween-20,
1% (w/v) sodium cholate, 10% (v/v) glycerol, and 250 mM imidazole,
pH 8.0). The eluents were concentrated with an Amicon Ultra centrif-
ugal filter (30 kDa cutoff) and buffer-exchanged into storage buffer
(50 mM potassium phosphate, 500 mM potassium chloride, 1% (v/v)
Tween-20, 1% (w/v) sodium cholate, and 10% glycerol (v/v), pH 7.4).

Tree scale: 0.1 ——
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The final purified proteins were flash frozen by liquid nitrogen and
stored at — 80 °C for later use. Carbon monoxide (CO) reduced differ-
ence spectra were used to determine the concentrations of purified
CYP11A1s using the molar extinction coefficient of 91 mM~lem™! [29].

For purification of Adxs and AdRs, all the following steps were per-
formed at 4 °C. The cell pellets were re-suspended in 50 mL lysis buffer
(50 mM potassium phosphate, 300 mM potassium chloride, 10% glyc-
erol, and 10 mM imidazole, pH 8.0), and then disrupted by ultra-
sonication. Cell-free lysates were prepared by centrifuging at 10,000 xg
for 1 h at 4 °C, to which 1 mL Ni-NTA resin slurry was added and mixed
gently for 1 h. The mixture was loaded onto an empty column and
washed with approximately 200 mL wash buffer (50 mM potassium
phosphate, 300 mM potassium chloride, 10% (v/v) glycerol, 20 mM
imidazole, pH 8.0) until no protein was eluted in flow-through. His-
tagged proteins bound to Ni-NTA resin were eluted with 10 mL elution
buffer (50 mM potassium phosphate, 300 mM potassium chloride, 10%
glycerol, 250 mM imidazole, pH 8.0). The eluents were concentrated
with an Amicon Ultra centrifugal filter (30 kDa cutoff for AdRs, and

. Mammals

. Birds

l:' Reptiles

D Fish D Amphibians

Fig. 2. Phylogenetic tree of CYP11A1 proteins. The phylogenetic tree was built from the protein sequences of CYP11A1 from Bos taurus (Uniprot #: P00189) and its
homologous CYP11A1ls with amino acid sequence homology greater than 45%, using the neighbor-joining method. The strain names denote the sources of the

corresponding P450 enzymes.
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10 kDa cutoff for Adxs) and buffer-exchanged into storage buffer
(50 mM potassium phosphate, 10% glycerol, pH 7.4). The final purified
proteins were flash frozen by liquid nitrogen and stored at — 80 °C. The
final protein concentrations were calculated based on the molar
extinction coefficients of €414 = 9.8 mM ™~ 'em™! for Adx [30] and e4s0
=10.9 mM 'em™! for AdR [31].

2.5. Invitro engymatic assay

The enzymatic reaction mixtures in 100 pl reaction buffer (pH 7.4,
50 mM potassium phosphate, 10% glycerol) consisted of 1 uM
CYP11A1, 10 uM Adx, 5 uM AdR, 200 pM sterol substrate (prepared as
20 mM stock solutions in 45% (w/v) 2-hydroxypropyl-g-cyclodextrin),
and an NADPH regeneration system comprised of 10 mM glucose-6-
phosphate, 5U glucose-6-phosphate dehydrogenase, and 2 mM
NADPH. In the reactions using cholesterol, desmosterol, campesterol or
p-sitosterol as substrates, the reactions were stopped by adding 10 pl
1 M HCI after incubation at 37 °C for 30 min, to which 50 uM of hep-
tadecanoic acid (C17) as the internal standard was added, and the
mixture was extracted by 120 pl ethyl acetate. The organic phase was
analyzed by gas chromatography (GC). In the reactions using 7-dehydro-
cholesterol as substrate, the reactions were quenched by adding 200 pl
methanol. Upon removal of the precipitations by high speed centrifu-
gation (12,000 x g) for 10 min, the supernatants were analyzed with
high-performance liquid chromatography (HPLC) or HPLC-high reso-
lution mass spectrometry (HPLC-HRMS). All enzymatic reactions were
carried out in triplicate, and statistical analyses were performed using
the Student’s t test or ANOVA.

2.6. Homology modeling

The 3D structure of mBtCYP11A1-Q377A was generated by using the
homology modeling function of SWISS-MODEL [32], and the crystal
structure of mBtCYP11A1l (PDB ID code: 3MZS) was used as the
template.

2.7. Steady-state kinetic analysis

In a standard kinetic assay, 0.5-1 pM CYP11A1, 10 pM Adx, 5 pM
AdR, and 20-200 pM cholesterol were pre-incubated in 50 pl reaction
system at 37 °C for 5 min. 2 mM NADPH was added into the system for
reaction initiation. The reaction was quenched at 0, 1, and 3 min by
adding 10% (v/v) of 1 M HCl. Sample extraction and analysis were
performed the same as above for GC analysis. Initial rates were calcu-
lated in terms of the substrate consumption by enzymes. Kinetic analyses
were performed using OriginPro 2021 program.

2.8. Analytical methods

The Agilent 7890B gas chromatograph equipped with a capillary
column HP-5 (Agilent Technologies, Santa Clara, CA, USA; cross-linked
polyethylene glycerol, i.d. 0.25 pm film thickness, 30 m by 0.32 mm)
was used for all GC analyses. The flow rate of helium was set to 1 mL/
min. The oven program was set initially at 70 °C for 1 min, then
increased to 250 °C by the rate of 20 °C per min and held for 2 min, and
finally increased to 280 °C by the rate of 15 °C per min and held for
15 min. The injecting temperature was set to 300 °C with 1 pl injection
volume. HPLC analyses were carried out on a Thermo Ultimate 3000
instrument. HPLC-HRMS analyses were performed on a Bruker impact
HD High Resolution Q-TOF mass spectrometry. All HPLC and HPLC-
HRMS analyses were performed using a Triart C18 column under a
linear mobile phase gradient ranging from 64% (v/v) methanol/H50 to
100% methanol.
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2.9. Molecular docking analysis

The molecular structures of cholesterol, 7-dehydrocholesterol, des-
mosterol, campesterol, and p-sitosterol were generated using Chem-
bio3D Ultra 14.0 followed by energy minimization. Substrates were
docked into the structure of mBtCYP11A1 (PDB ID code: 3MZS) using
Autodock 4.2 [33] equipped with ADT after all waters were removed. All
side chains were set as rigid body and grid spacing was set to 0.5 A.
Other parameters retained their default values. The top 10 lowest energy
docking poses of the substrates from 2500,000 searching results were
selected, among which the ideal catalytic conformations were chosen for
further analysis.

3. Results
3.1. Selection of CYP11A1 based on genome mining

Explosive genome sequencing data has led to disclosure of a large
number of CYP11A1 genes. However, only three CYP11A1 isoenzymes
from Homo sapiens (Uniprot #: P05108), Bos taurus (Uniprot #: P00189),
and Bufo gargarizans (GenBank accession #: XP_044139300) have been
characterized in vitro [34-40]. To explore more cytochrome P450 en-
zymes with the cholesterol side-chain cleavage activity, we BLAST
searched the CYP11Als in the Uniprot database using BtCYP11Al
(Uniprot #: P00189) as a sequence probe and constructed a phyloge-
netic tree for the sequence homologues with the protein sequence
identity greater than 45% (Fig. 2). The phylogenetic tree shows that all
hit CYP11A1 sequences are derived from vertebrates, of which mammals
account for the highest proportion of 62%, followed by birds, accounting
for 15%. Vombatus ursinus (wombat) and Sarcophilus harrisii (Tasmanian
devil) are relatively ancient mammals, whose CYP11Als appear as in-
dependent clades on the evolutionary tree. Latimeria chalumnae, as one
of the oldest fishes and the extant coelacanths, whose CYP11Al is
evolutionarily closer to those of lungfish and tetrapods, is not on the
same branch of fishes. These results suggest that CYP11A1s might be an
excellent evolutionary indicator for vertebrates.

On the basis of this phylogenetic analysis, we selected ten CYP11A1s
with different levels of homology and origins (Fig. 2) for the following
biochemical studies, among which seven were derived from different
mammals: BtCYP11A1 (P00189, 100% identity), ChCYP11A1l from
Capra hircus (P79153, 95% identity), SsCYP11Al from Sus scrofa
(P10612, 84% identity), EcCCYP11A1 from Equus caballus (046515, 75%
identity), HsCYP11A1 (P05108, 72.9%), MmCYP11A1 (Q9QZ82, 67.8%
identity), and OcCYP11A1 from Oryctolagus cuniculus (Q28827, 68.8%
identity); two from birds: MgCYP11A1l from Meleagris gallopavo
(G1IMUV6, 53.1% identity), and TgCYP11A1 from Taeniopygia guttata
(Q6GVKS, 49.5% identity); and one from fish: DrCYP11A1 from Danio
rerio (Q7SYJ6, 45.4% identity).

3.2. Determination of the substrate specificity of selected CYP11A1s

Considering that E. coli itself does not express any endogenous P450
protein which avoids the background P450 interference for CYP11A1
activity detection and that there has been not a few precedents for
successful heterologous expression of eukaryotic P450s in E. coli, we
chose E. coli as the heterologous expression host for the above-selected
CYP11Als. To optimize expression of the eukaryotic membrane-
associated CYP11Als in E. coli, the ten CYP11A1l genes were synthe-
sized with codon optimization for the prokaryotic host and the N-ter-
minal mitochondrial targeting sequences were removed (Fig. S1).
Furthermore, in order to increase the expression level of CYP11Al, the
molecular chaperones GroEL/GroES were co-expressed to assist
CYP11A1 for proper protein folding [27]. After expression of these
mature CYP11A1 proteins in E. coli JM109, the formation of different
levels of pregnenolone from cholesterol was detected in reactions with
six out of the ten cell lysates (Fig. S4). Among the six active CYP11Als,
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Fig. 3. The activities of four CYP11A1ls towards different substrates. A, The structures of the sterol substrates used in this study. The structural differences from
cholesterol are highlighted in red. B, The side-chain cleavage activities of four CYP11A1ls towards each certain substrate. The comparisons of the side-chain cleavage
activities of each individual CYP11A1 of different origin towards five sterol substrates are shown in Fig. S7. In a standard 100 pl reaction, 1 pM enzyme,
10 pM mBtAdx, 5 pM mBtAdR, 200 pM substrate, and 2 mM NADPH were co-incubated at 37 °C for 30 min. Results are shown as mean + SD (n = 3). C, Docking
analysis of 7-dehydrocholesterol (7DCHL) and p-sitosterol (ASIT) into mHsCYP11A1 with the co-crystal structure of cholesterol (CHL) and mHsCYP11Al as a
reference. 7DCHL, #SIT, and CHL are shown in slate, green, and cyan, respectively. Statistical analysis was performed using the one-way ANOVA with Bonferroni’s

test for post hoc analysis (*P < 0.05, **

due to the very low expression levels (Table S1) of mMmCYP11A1 (m:
mature) and mTgCYP11A1, four P450 enzymes including mChCYP11A1,
mSsCYP11A1, mBtCYP11A1 and mHsCYP11A1l were selected for the
following studies. Following the previously established procedure,
which utilized sodium cholate as the detergent to solubilize the
membrane-bound mBtCYP11A1 [41], we successfully purified these
four proteins, which all showed the characteristic absorption peaks in
their carbon monoxide (CO) reduced differential absorption spectra,
indicating that they were functional P450 enzymes (Fig. S5) [42].

To investigate the substrate specificity of these CYP11Als, we
comparatively determined their catalytic activities in vitro against five
different sterol substrates, including fg-sitosterol, campesterol, desmos-
terol, cholesterol, and 7-dehydrocholesterol, using purified P450 en-
zymes and the bovine RP proteins mBtAdx and mBtAdR (Fig. 3A). The
results showed that all four mCYP11A1s were capable of catalyzing the

P < 0.01, ns: P > 0.05, not significant).

side-chain cleavage reactions of these sterol substrates to generate
pregnenolone or 7-dehydropregnenolone (identified by HRMS, Fig. S6)
(Figs. 3B and S7). As results, mSsCYP11A1 exhibited higher activities
toward all tested substrates than mChCYP11A1 (Fig. 3B), and the con-
version ratios for -sitosterol, campesterol, desmosterol, cholesterol, and
7-dehydrocholesterol were 37.4%, 47.3%, 85.5%, 88.5%, and 90.3%,
respectively. This in vitro result is consistent with the previously deter-
mined in vivo activity of mSsCYP11A1 against campesterol in Yarrowia
lipolytica [17]. Surprisingly, mBtCYP11A1l gave the lowest conversion
ratios for all the substrates, even though it was paired with the cognate
RPs. For all four CYP11Als, 7-dehydrocholesterol and pg-sitosterol
turned out to be the most favorable and unfavorable substrates,
respectively.

To rationalize the different catalytic performance of CYP11Al to-
wards the five structurally similar substrates, we docked each individual
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substrate into the active site of mHsCYP11A1 (PDB ID code: 3N9Y) to
analyze the structure-function relationship using Autodock 4.2 [33].
The docking result of 7-dehydrocholesterol revealed that the C22 is
closer (3.4 A) to the heme iron than the C22 of cholesterol (4.3 108),
which at least partly explains the preference of mHsCYP11A1l for
7-dehydrocholesterol (Fig. 3 C). Modeling of desmosterol, campesterol
and f-sitosterol showed a trend that with increasing side chain modifi-
cation (unsaturation in desmosterol, C24-methylation in campesterol,
and C24-ethylation in p-sitosterol), the C22-to-iron distance (5.4 10\,
5.5 Z\, and 7.1 i\, respectively) increases (Fig. S8). Moreover, the cata-
lytic activity of all the CYP11A1ls for these three substrates decreased
with the increasing distance between the substrate C22 and the
heme-iron reactive center. In all docking results, the distance between
the substrate C22 and heme-iron is consistently closer than that of C20,
indicating that C22 is preferentially hydroxylated; this is consistent with
the previous report [13,43].

3.3. Evaluation of the supporting activities of RPs

According to the classification of P450 enzymes based on RP systems,
CYP11A1 located in the inner mitochondrial membrane belongs to Class
1 P450 [15,16]. Its cognate RPs are Adx and AdR that are also located
inside mitochondria, which are responsible for sequentially transferring
two electrons originated from NADPH to the heme-iron reaction center
of CYP11Al, so as to activate Oy to complete the oxidative cleavage
reaction [44-46]. Since appropriate RPs are critical for the catalytic
activity of P450 enzymes, we sought to reveal the optimal RPs by ac-
tivity screening especially considering that in some cases the heterolo-
gous RPs may be more active than native ones [17,44]. For example, it
was reported that the activity of CYP109D1 from Sorangium cellulosum
So ce56 in combination with BtAdx/BtAdR in vitro increased 3-5 folds
compared with the use of endogenous RPs [47]. The production of
pregnenolone increased 17.5 folds by in vivo combination screening of
nine CYP11A1s of different sources and four different Adx/AdR pairs in
Yarrowia lipolytica [17]. Previous studies also showed that the RPs from
S. cellulosum and Anemarrhena asphodeloides could support the
side-chain cleavage activity of CYP11A1 [40,48].

Encouraged by these results, we first tested the supporting activity of
the cyanobacterium Synechococcus elongates derived Fdx1499/FdR0978
[44,49] and the Rhodococcus sp. NCIMB 9784 derived RhFRED [50] as
surrogate RPs for mHsCYP11A1l [51]. As results, RhFRED failed to
support the cholesterol side-chain activity of mHsCYP11A1 in vitro, and
Fdx1499/FdR0978 resulted in a lower activity than with mBtAdx/mB-
tAdR giving a relative activity of 10.3% (Fig. S9), demonstrating the
possibility that the bacterial-derived RPs could act as a substitute for the
eukaryotic mitochondria-derived RPs. In addition, in the
cross-combinations of mHsCYP11A1/Fdx1499/mBtAdR and mHsCY-
P11A1/mBtAdx/FdR0978, the reaction products were also detected.
The relative activity by mHsCYP11A1/mBtAdx/FdR0978 (63.8%) was
much higher than that of mHsCYP11A1/Fdx1499/FdR0978 (10.3%),
while mHsCYP11A1/Fdx1499/mBtAdR (4.7%) gave a much lower
conversion than mHsCYP11A1/mBtAdx/mBtAdR (100%), clearly indi-
cating that Adx is more important than AdR for the P450-supporting
activity since Adx rather than AdR directly interacts with CYP11A1. In
conclusion, although Fdx1499/FdR0978 have been shown as extraor-
dinary RP proteins [44,52,53], CYP11Al seems to prefer the mito-
chondrial Adx/AdR that might have co-evolved with CYP11A1 for a long
history. In addition, inspired by the interesting finding that some
ancestral CYP11A1 enzymes show tolerance to hydrogen peroxide [41],
we also determined whether HyO, could replace RPs to support the
mHsCYP11A1 catalyzed reactions; however, no activity was detected
when H,0; acted as the sole electron and oxygen donor.

Next, we turned to examine the CYP11Al-supporting activities of
different combinations of mitochondrial Adx and AdR. Specifically,
mChAdx (Uniprot #: AOA452E7A8) and mChAdR (Uniprot #:
AOA452EV68) from C. hircus, mHsAdx (Uniprot #: P10109) and
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Table 1
Cholesterol conversion ratios of four CYP11A1s partnered by different Adx/AdR
pairs from the same origin.

CYP11Als Redox partners Conversion (%)
mBtCYP11A1 mBtAdx/mBtAdR 69.8 £ 1.3
mHsAdx/mHsAdR 67.6 £1.5"
mChAdx/mChAdR 65.6 +£1.4™
mSsAdx/mSsAdR 60.4 + 0.8 **
mHsCYP11A1 mBtAdx/mBtAdR 83.5+1.9
mHsAdx/mHsAdR 89.4+£21"™
mChAdx/mChAdR 90.9 + 0.8 *
mSsAdx/mSsAdR 87.5+1.9™
mChCYP11A1 mBtAdx/mBtAdR 83.3+1.9
mHsAdx/mHsAdR 828 £0.6™
mChAdx/mChAdR 826+1.6"
mSsAdx/mSsAdR 68.4 + 1.3 **
mSsCYP11A1 mBtAdx/mBtAdR 93.2+ 0.5
mHsAdx/mHsAdR 92.5+1.7™
mChAdx/mChAdR 90.9 +2.4™
mSsAdx/mSsAdR 90.4 +£1.8™

All experiments were independently repeated for three times. Statistical analysis
was performed using the Student’s t test (two-tailed; *P < 0.05, **P < 0.01, ns:
P > 0.05, not significant; two-sample unequal variance).

Table 2
Relative activities of mHsCYP11A1 when partnered by different intra- and
interspecies combinations of Adx and AdR.

Redox partner combinations Relative activity (%)

mBtAdx/mBtAdR 100
mHsAdx/mHsAdR 107.1 £2.1™
mChAdx/mChAdR 108.9 + 0.8 *
mSsAdx/mSsAdR 104.7 £1.9™
mBtAdx/mHsAdR 110.7 + 0.9 **
mBtAdx/mChAdR 105.7 £ 1.3 *
mBtAdx/mSsAdR 105.8 £ 2.2
mHsAdx/mBtAdR 101.6 3.4 ™
mHsAdx/mChAdR 109.5 £+ 0.9 **
mHsAdx/mSsAdR 102.9 £3.2™
mChAdx/mBtAdR 107.2+2.6"™
mChAdx/mHsAdR 107.5+1.9*
mChAdx/mSsAdR 107.3 £2.3™
mSsAdx/mBtAdR 105.2+1.9"™
mSsAdx/mHsAdR 111.1 £ 0.3 **
mSsAdx/mChAdR 110.7 + 1.4 **

All experiments were independently repeated for three times. Statistical
analysis was performed using the Student’s t test (two-tailed; *P < 0.05,
**P < 0.01, ns: P > 0.05, not significant; two-sample unequal variance).

mHsAdR (Uniprot #: P22570) from H. sapiens, and mSsAdx (Uniprot #:
P00258) and mSsAdR (Uniprot #: FIRV70) from S. scrofa were heter-
ologously expressed in E. coli BL21(DE3) after codon-optimization and
purified to homogeneity (Figs. S2-S3, S10). Unsurprisingly, the four
pairs of Adx/AdR of common origin were able to cross-support the
catalytic activities of four CYP11Als from different sources. The human,
bovine and goat RPs only showed little differences in supporting the four
tested CYP11Als (Table 1). Furthermore, when we cross-combined Adx
and AdR of different sources, attempting to obtain an optimal RP com-
bination for mHsCYP11A1, we found that the combination of mSsAdx/
mChAdR gave a 1.1-fold increased activity relative to the initially used
mBtAdx/mBtAdR (Table 2). This result indicates that the screening of RP
combinations has certain potential in improving the catalytic activity of
a P450 system, as we reported previously [44,49].

3.4. Site-directed mutagenesis

Although the crystal structures of human and bovine CYP11A1s have
been solved, to our best knowledge, there has been only one mutational
analysis report on three active site residues in mBtCYP11A1 [54], and a
limited number of studies on CYP11A1 enzyme engineering [55-57]. To
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Fig. 4. Comparison of the relative activities of mHsCYP11A1 and its mutants towards cholesterol. A, The selected mutational sites. B, The relative activities of
mHsCYP11A1 and its mutants. The activity of mHsCYP11A1 towards cholesterol (conversion ratio: 81.6%) is assigned as 100%. In a standard 100 pl reaction, 1 pM
P450 enzyme, 10 pM mSsAdx, 5 pM mChAdR, 200 pM substrate, and 2 mM NADPH were co-incubated at 37 °C for 30 min. Results are shown as mean =+ SD (n = 3).

Statistical analysis was performed using the Student’s t test (two-tailed; *P < 0.05, **
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Fig. 5. Comparison of the active sites of mHsCYP11A1 and mBtCYP11A1. The
residues of active site and substrate entrance channel in mHsCYP11A1 (PDB ID
code: 3N9Y) are labelled in cyan and blue, respectively. Cholesterol (CHL) and
heme are in cyan. The residues, 22R-hydroxycholesterol (22CHL) and heme of
mBtCYP11A1 (PDB ID code: 3MZS) are shown in pink.

improve the catalytic activity of CYP11Al, we decided to perform
semi-rational engineering for these cholesterol side chain cleavage en-
zymes. First, through protein sequence alignment, we found that the
active sites of the four CYP11A1s are highly conserved, with only three
different amino acids (i.e., the 82nd, 83rd, and 198th amino acids) out of
the 28 amino acids within 6 A distance from the substrate (Fig. S11).
Second, we singly mutated F82, L83 and 1198 in mHsCYP11A1 into the
corresponding amino acids Y, N and V in mSsCYP11A1l (with higher
activity, Fig. 4), and also constructed a triple mutant F82Y/L83N/1198V
of mHsCYP11A1 (Fig. S12A). According to the activity comparison of
these four mutants (Fig. 4), the mutant enzymes mHsCYP11A1-L83N
and mHsCYP11A1-1198V showed marginally higher activities than
mHsCYP11A1 with the relative activities of 102.0% and 101.5%,
respectively. The triple mutant had the lowest activity with a relative
activity of 86.1%. These results suggest that the activity of CYP11Al
might be related to the three varied amino acid residues.

Next, based on the crystal structure of mHsCYP11Al, we selected a
total of 18 residues located within the active site or at the substrate
entrance channel, and performed alanine scanning in order to find some
mutational hot spots. However, only eight mutant enzymes could be

P < 0.01, ns: P > 0.05, not significant; two-sample unequal variance).

substantially purified and quantified (Fig. S12B) since the soluble frac-
tions of the remaining ten proteins were extremely low. To address this
issue, we turned to re-construct these ten mutants based on
mBtCYP11A1 for two reasons: 1) the protein sequences of mHsCYP11A1
and mBtCYP11A1 are highly similar to each other (with a homology of
72.9%), and their active pockets have only one amino acid difference
(Fig. 5); and 2) the expression level of mBtCYP11A1 in E. coli was found
to be significantly higher than that of mHsCYP11A1. As expected, we
successfully expressed and purified the ten mBtCYP11A1l mutants
(Fig. S12C) as a complement to the eight mHsCYP11A1l mutants. With
regard to the catalytic activities of these mutant enzymes, none of
mHsCYP11A1 mutants gave a higher activity than the wild type enzyme,
and mHsCYP11A1-F202A totally lost the catalytic ability. By contrast,
the catalytic activity of mBtCYP11A1-Q377A was 46.0% higher than
that of mBtCYP11A1, while the activities of other mutants decreased to
varying degrees, among which mBtCYP11A1-W88A was a dead mutant
(Fig. 6). The inactivity of mHsCYP11A1-F202A and mBtCYP11A1-W88A
suggests that the two sites located around the side chain of cholesterol
should be functionally essential and evolutionarily conserved.
Motivated by the improved activity of mBtCYP11A1-Q377A, we
further constructed Q377A mutants of mSsCYP11A1 and mChCYP11A1.
Unexpectedly, the catalytic activity of mSsCYP11A1 and mChCYP11A1
Q377A mutants for cholesterol did not increase, but decreased. These
results indicate that Q377 may be a hot spot specific to mBtCYP11Al,
and the plasticity of mBtCYP11Al is stronger than that of CYP11Als
with better activities. Collectively, we suggest that Q377 located in the
mBtCYP11A1 substrate entrance channel might be a hot spot for future
enzyme engineering and mechanistic investigation, and mBtCYP11A1
Q377A can be used as a parental enzyme for CYP11A1 retrofit design.
Rational and semi-rational protein engineering mainly focuses on the
active site of enzyme, while the residues located at the substrate
entrance channel have also received increasing attention in recent years
[58-60]. To further shed some light on the reason for the improved
catalytic activity of mBtCYP11A1-Q377A from the perspective of
structure-function relationship, we compared the diameters of the sub-
strate entrance channels of mBtCYP11A1 (real crystal structure) and
mBtCYP11A1-Q377A (modelled structure using SWISS-MODEL [32]).
The distance of mBtCYP11A1 from N210 to Q377 is 9.6 A, while the
corresponding distance of mBtCYP11A1-Q377A from N210 to A377 is
increased to 12.9 A (Fig. 6C, D). The larger substrate entrance may make
the substrate enter and/or the product leave the active site more easily
[61,62]. In addition, the replacement of the polar side chain of Q377 by
the non-polar side chain of alanine would enhance the hydrophobicity of
the substrate entrance channel, thus favoring the traffic of the highly
hydrophobic sterol substrates. To further evaluate the catalytic
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Fig. 6. Comparison of the relative cholesterol side-chain cleavage activities of mHsCYP11A1, mBtCYP11Al, and their corresponding mutants. A, The relative ac-
tivities of mHsCYP11A1 and its mutants, data are scaled to the corresponding activity of mHsCYP11A1 (the conversion ratio of 83.5% is assigned as 100% relative
activity). B, The relative activities of mBtCYP11A1 and its mutants, data are scaled to the corresponding activity of mBtCYP11A1 (the conversion ratio of 41.1% is
assigned as 100% relative activity). C, Comparison of the substrate entrance channels of mBtCYP11A1 and mBtCYP11A1-Q377A. The distances from N210 (blue) to
Q377 (cyan) and to A377 (green) are shown by dashed lines in angstrom. Cholesterol is shown in magenta. Statistical analysis was performed using the Student’s t
test (two-tailed; *P < 0.05, **P < 0.01, ns: P > 0.05, not significant; two-sample unequal variance).
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Fig. 7. The steady-state kinetic curves of mBtCYP11A1 and mBtCYP11A1l-
Q377A towards cholesterol when supported by mBtAdx/mBtAdR.

properties of mBtCYP11A1-Q377A, we determined the steady-state ki-
netic parameters using mBtAdx and mBtAdR as RPs. Compared with the
wild type mBtCYP11A1l, whose k¢t and K, are consistent with the
previous report [63], the apparent kcor value of mBtCYP11A1-Q377A
increased by 1.4 times, but the substrate-binding affinity was lower with
a 1.4-fold higher apparent K, value. Overall, the ke /Ky values of
mBtCYP11A1 and mBtCYP11A1-Q377A were very close to each other.
However, at the substrate concentration of 200 pM used for the enzy-
matic assays (Fig. 6B), the velocity of the mBtCYP11A1-Q377A cata-
lyzed reaction was 39% higher than that of the mBtCYP11A1 mediated
reaction (Fig. 7), explaining the improved activity of this mutant
enzyme.

4. Discussion

Since the CYP11A1l-catalyzed cholesterol side chain cleavage reac-
tion plays a central role in sterol biosynthesis, a wealth of efforts have
been made on biochemical characterization, structural elucidation of
the enzyme-substrate complex, and catalytic mechanism [13,38,43,
64-67]. However, there are very few reports on CYP11A1 protein en-
gineering for activity improvement likely due to the high conservation
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of this group of P450 enzymes and challenges in heterologous expression
and biochemical characterization of these membrane-associated pro-
teins. Thus, it is of great significance to explore natural CYP11Al re-
sources and engineer CYP11Al1 to achieve better catalytic performance
for potential industrial application.

Aiming to explore more natural CYP11A1ls with better catalytic ef-
ficiencies, we successfully in vitro characterized four CYP11Als in this
study. Among the four CYP11A1 enzymes, the enzymatic properties of
mChCYP11A1 and mSsCYP11A1 were biochemically determined for the
first time. Substrate specificity experiments showed that the four puri-
fied CYP11A1ls could catalyze the C20-C22 bond cleavage reaction of
five sterol substrates. These results indicate that these CYP11A1ls have
enough space to accommodate different substituent groups at the C17
position. Nonetheless, the bulkier is the C17 group, the lower is activity,
which is consistent with the observation that the deep end space of
CYP11Als is narrow [13,43]. Moreover, further docking analysis indi-
cated that the distance from C22 of 7-dehydrocholesterol to the
heme-iron reactive center is the shortest among those of the five studied
substrates, which at least partially explains the substrate preference of
CYP11A1 for 7-dehydrocholesterol. By contrast, the distance from C22
of p-sitosterol to the heme-iron is the longest, which is attributed to
steric hindrance caused by the volume increase of the side chain, thus
leading to the lowest activity towards f-sitosterol.

For a multicomponent P450 system, it is pivotal to enhance the
electron transfer efficiency through RP selection or engineering to
enhance the P450's catalytic activity [15]. Through RP mining and
cross-combination screening, mSsAdx/mChAdR were determined as the
optimal RPs for mHsCYP11A1, which provides a useful reference for the
RPs selection for other mitochondrial P450s. Owing to the electron
shuttle role of Adx in the electron transport pathway, the currently
available crystal structure of the artificial CYP11A1-Adx fusion [13]
may not clearly explain the natural interaction mechanism between
CYP11A1 and Adx; thus, more efforts are required for further optimi-
zation of the CYP11A1-Adx interaction.

The catalytic mechanism of CYP11A1 has already been resolved: the
three-step processive oxidation (Fig. 1) relies on the back-and-forth
swing of the side chain of the substrate, which makes the whole cata-
lytic process quite delicate and subtle. Therefore, it is very difficult to
perform (semi-)rational engineering for the highly conserved active sites
of CYP11A1. As demonstrated by this study, the alanine scanning of the
active pocket did not result in any mutant with improved activity. On
the contrary, the expression and activity of many mutants decreased to a
large extent, indicating that the plasticity of the substrate binding pocket
is poor. This pocket might have “perfectly” matched for the substrate
during the long history of natural evolution in order to complete the
housekeeping and catalytically challenging functionality of cleaving the
side chain of cholesterol.

Directed evolution has been proved as an effective strategy for
enzyme activity improvement [68-72]. However, there is no report on
directed evolution of any CYP11Als perhaps due to unavailability of a
high-throughput screening method. Thus, despite lack of success of our
semi-rational mutagenesis for the active site residues of mHsCYP11A1,
we performed alanine scanning for the substrate entrance channel res-
idues because it has been well known that the amino acids at the sub-
strate entrance channel are crucial for enzyme activities [58,59,73].
Supporting this, mBtCYP11A1-Q377A with a widened substrate
entrance channel turned out to be the first CYP11A1 mutant showing a
higher activity than the corresponding wild type enzyme. Thus, we
suggest that the future semi-rational mutagenesis should be more
focused on the non-active site residues of CYP11A1s. Furthermore, ac-
cording to the previous kinetic study, the dissociation of Adx and
CYP11A1 is the rate-limiting step in the whole catalytic process [74].
Therefore, the amino acid residues involved in the Adx-CYP11Al
interaction could be potential sites for (semi-)rational mutagenesis,
especially considering that similar successes have been achieved in other
P450 systems [58,59,73]. However, caution should be exercised in

Journal of Steroid Biochemistry and Molecular Biology 229 (2023) 106268

Adx-CYP11A1 interface engineering because CYP11A1 and Adx might
have co-evolved for millions of years, as the human CYP11A1l only
showed none or poor activity when partnered with RhFRED or
Fdx1499/FdR0978 (Fig. S9), which are widely accepted RPs by other
P450 enzymes [44].

5. Conclusions

In conclusion, we biochemically characterized two new CYP11Als
with cholesterol side-chain cleavage function in vitro, expanding the
toolbox of this kind of valuable biocatalysts. Moreover, one mutant
(mBtCYP11A1-Q377A) with improved activity was obtained, which we
envision will become a new starting point for the future enzyme engi-
neering of CYP11Als. Hopefully, an industrially relevant CYP11Al
variant can be eventually engineered, thereby benefiting the total
biosynthesis of steroid drugs.
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