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ABSTRACT Our previous study showed that CYP105D7, a substrate-promiscuous
P450, catalyzes the hydroxylation of 1-deoxypentalenic acid, diclofenac, naringenin,
and compactin. In this study, 14 steroid compounds were screened using recombi-
nant Escherichia coli cells harboring genes encoding CYP105D7 and redox partners
(Pdx/Pdr, RhFRED, and FdxH/FprD), and the screening identified steroid A-ring 2§3-
and D-ring 16B-hydroxylation activity. Wild-type CYP105D7 was able to catalyze the
hydroxylation of five steroids (testosterone, progesterone, 4-androstene-3,17-dione,
adrenosterone, and cortisone) with low (<10%) conversion rates. Structure-guided
site-directed mutagenesis of arginine residues around the substrate entrance and ac-
tive site showed that the R70A and R190A single mutants and an R70A/R190A dou-
ble mutant exhibited greatly enhanced conversion rates for steroid hydroxylation.
For the conversion of testosterone in particular, the R70A/R190A mutant’s k ,/K,
values increased 1.35-fold and the in vivo conversion rates increased significantly by
almost 9-fold with high regio- and stereoselectivity. Molecular docking analysis re-
vealed that when Arg70 and Arg190 were replaced with alanine, the volume of the
substrate access and binding pocket increased 1.08-fold, which might facilitate im-
provement of the hydroxylation efficiency of steroids.

IMPORTANCE Cytochrome P450 monooxygenases (P450s) are able to introduce oxy-
gen atoms into nonreactive hydrocarbon compounds under mild conditions, thereby
offering significant advantages compared to chemical catalysts. Promiscuous P450s
with broad substrate specificity and reaction diversity have significant potential for
applications in various fields, including synthetic biology. The study of the function,
molecular mechanisms, and rational engineering of substrate-promiscuous P450s
from microbial sources is important to fulfill this potential. Here, we present a micro-
bial substrate-promiscuous P450, CYP105D7, which can catalyze hydroxylation of ste-
roids. The loss of the bulky side chains of Arg70 and Arg190 in the active site and
substrate entrance resulted in an up to 9-fold increase in the substrate conversion
rate. These findings will support future rational and semirational engineering of
P450s for applications as biocatalysts.

KEYWORDS cytochrome P450, Streptomyces avermitilis, hydroxylation, steroids,
bioconversion, CYP105D7

450s form a superfamily of heme-thiolate proteins that catalyze an enormous
variety of reactions as part of xenobiotic metabolism, steroid biosynthesis, and
natural product biosynthesis (1). P450s are useful for mediating the regio- and ste-
reospecific hydroxylation, epoxidation, demethylation, sulfoxidation, and N-oxidation
of diverse substrates (2). The “promiscuity” of enzymes is a particularly promising
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starting point for the development of versatile biocatalysts through the application of
directed laboratory evolution and protein engineering techniques (3). Some P450s can
accommodate ambiguous substrates in the same active site. Generally, enzymes cata-
lyze the conversion of a range of similar substrates through identical reaction mecha-
nisms, representing what is referred to as broad substrate specificity (4). For example,
CYP154C3 from Streptomyces griseus can catalyze 16a-hydroxylation of a broad range
of steroids, which are not considered representative of promiscuity (5). Certain P450s
can catalyze the conversion of dissimilar substrates with different binding modes,
conferring promiscuous functions to these enzymes (4). A typical example is human
CYP3A4, which is able to metabolize approximately half of the drugs in clinical use (6).
However, recombinant P450 expression, membrane binding, protein folding, and
posttranslational modifications remain obstacles impeding successful application. Mi-
crobial P450s are of vital interest as new biocatalysts because of their tremendous
diversity and functional versatility and because their heterologous expression occurs
more easily than that of mammalian P450s (7).

The CYP105 family plays a crucial role in the degradation of xenobiotics and the
biosynthesis of natural products (8). This family comprises at least 17 subfamilies
represented in the Streptomyces (9). CYP105A3 from Streptomyces carbophilus and
CYP105A1 from S. griseolus have both been successfully applied in industry as biocata-
lysts. CYP105A3 converts compactin to pravastatin via 63-hydroxylation, and a mutant
(G52S/F891/P159A/D269E/T323A/E370V/T85F/T119S/V194N/N363Y) showed 29.3-fold-
higher biotransformation activity than the wild type after engineering (10, 11).
CYP105A1 catalyzes the sequential hydroxylation of vitamin D3 into 1e,25-
dihydroxyvitamin D3, and a double mutant (R73V/R84A) yielded 435-fold-higher
kea/K,,, values than the wild type (12, 13). In our previous studies, CYP105D7 from S.
avermitilis was shown to catalyze the hydroxylation of 1-deoxypentalenic acid, diclofe-
nac, flavanone, and compactin in vivo and/or in vitro, and this enzyme exhibited broad
substrate specificity that suggested the possibility of industrial applications (9, 14-16).

Steroids represent important natural compounds with a wide range of beneficial
properties, including anticancer, anti-inflammatory, immunosuppressive, progesta-
tional, antiandrogenic, diuretic, and contraceptive activities (17, 18). The functions of
steroids rely on properties related to their chemical structure, including the number,
type, and positions of the functional groups. In terms of industrial applications, P450s
are key enzymes for the synthesis of highly valuable steroids by stereo- and regiose-
lective hydroxylation. These enzymes are notable biocatalysts in their ability to insert
hydroxyl groups into unreactive C-H bonds under mild conditions. In recent years,
several microbial P450s have been reported to catalyze the hydroxylation of steroids,
for example, the members of the CYP106 family (CYP106A1 and CYP106A2), the CYP154
family (CYP154C3, CYP154C4, CYP154C5, and CYP154C8), the CYP109 family (CYP109B1
and CYP109E1), and the CYP260 family (CYP260A1 and CYP260B1) (5, 18-23).

The catalytic activity of P450s requires one or more redox partners to transfer two
electrons from NAD(P)H to the heme iron (7, 24). There are five major redox partner
systems. Class | is a three-component system used by most bacterial and mitochondrial
P450s and consists of an iron-sulfur ferredoxin (Fdx) and a flavin adenine dinucleotide
(FAD)-containing ferredoxin reductase (Fpr) (25). Class Il is a two-component system
comprising a single cytochrome P450 reductase (CPR) containing FAD/flavin mononu-
cleotide (FMN) (26, 27). Class lll and IV are both single-component systems, as exem-
plified by P450 BM3 from Bacillus megaterium and P450 RhF from Rhodococcus sp.
NCIMB 9784. Class V system P450s, such as P450nor from Fusarium oxysporum, transfer
electrons directly from NAD(P)H to P450. For practical purposes, one or more surrogate
redox partners are often employed during functional characterization or the synthetic
application of P450s, such as putidaredoxin reductase (Pdr)/putidaredoxin (Pdx) from
Pseudomonas putida or the RhFRED reductase domain from Rhodococcus sp. (15,
27-29). The S. avermitilis genome contains six ferredoxin reductase genes and nine
ferredoxin genes (9), and FprD and FdxH have been used as native electron transfer
partners for CYP105D7 in the hydroxylation of daidzein (30, 31).
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FIG 1 (A) Structural and conversion information for known substrates of CYP105D7. (B) Steroid compounds used to screen for substrates
of CYP105D7.

In this study, we screened various steroid compounds for CYP105D7 hydroxylation
activity using recombinant Escherichia coli cells harboring CYP105D7-pdx-pdr and iden-
tified steroid hydroxylation activity. We also conducted an in vivo biotransformation
study using three different P450 redox partners (Pdx/Pdr, RhFRED, and FdxH/FprD) to
determine the optimal redox partner. Furthermore, we prepared several single and
double mutants of CYP105D7 using site-directed mutagenesis targeted at arginine
residues around the entrance and substrate-binding pocket, which resulted in up to
9-fold increases in steroid conversion compared with the wild-type enzyme.

RESULTS

Steroid substrate screening and bioconversion of testosterone by CYP105D7.
We carried out in vivo steroid substrate screening of CYP105D7 using redox partners
Pdx/Pdr. The candidate substrates comprised 14 steroid compounds, including
testosterone, progesterone, 4-androstene-3,17-dione, cortisone, adrenosterone, trans-
dehydroandrosterone, pregnenolone, estrone, 17a-hydroxyprogesterone, corticoste-
rone, dexamethasone, estriol, hydrocortisone, and (+)-4-cholesten-3-one (Fig. 1). Bio-
conversion assays revealed that five of these steroid compounds were converted into
products. Testosterone was converted by CYP105D7 with a low conversion rate of
6.21%. The product was analyzed by high-performance liquid chromatography-time of
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FIG 2 (A) SDS-PAGE analysis (4.5% to 12.5% acrylamide gradient gel) was performed using Coomassie brilliant blue staining of the following
purified Hiss-tagged proteins (atomic masses): glutamate dehydrogenase (GDH; 30 kDa), FprD (45 kDa), FdxH (17 kDa), Pdr (46 kDa), Pdx (12 kDa),
RhFRED (36 kDa), and CYP105D7 (45 kDa). (B) HPLC analysis of the CYP105D7-mediated hydroxylation of testosterone using E. coli BL21(DE3) (no
P450) as the negative control and E. coli cells harboring pET11-sav7469-pdx-pdr. (C) Conversion rates of CYP105D7-mediated testosterone
bioconversion in vivo (left) and in vitro (right) using the following redox partners: Pdx/Pdr (from Pseudomonas putida), RAFRED (from Rhodococcus
sp. NCIMB 9784), and FdxH/FprD (from Streptomyces avermitilis). Values indicate means * standard deviations (SD) of results from three
independent experiments.

flight mass spectrometry (HPLC-TOF-MS), and the data showed that it had an [M+Na]*
molecular ion at m/z 327.1931, which revealed that a hydroxyl group was introduced
into testosterone. We isolated the product, and the hydroxyl group was determined to
be C-2B8 based on nuclear magnetic resonance (NMR) (data are available in the
supplemental material). Thus, the product of the biotransformation of testosterone was
considered 2B-hydroxytestosterone (Fig. 2B). Bioconversion products of another four
steroid compounds comprising progesterone (compound 3), 4-androstene-3,17-dione,
cortisone, and adrenosterone were analyzed by HPLC-TOF-MS, and the conversion rates
were 7.97%, 5.61%, 10.25%, and 7.94%, respectively.

Optimal redox partner selection for CYP105D7. To investigate the bioconversion
efficiency of CYP105D7, we reconstituted the self-sufficient CYP105D7-RhFRED fusion
system and the CYP105D7-FdxH/FprD coexpression system and compared these with
CYP105D7-Pdx/Pdr both in vivo and in vitro. Testosterone was used as the substrate in
the conversion assays (Fig. 2C). The Pdx/Pdr system was the most efficient among the
three redox partners in vivo. For the in vitro assays, CYP105D7 and the redox partner
proteins Pdx, Pdr, RhFRED, FdxH, FprD, and glucose-6-phosphate dehydrogenase (G6P-
DH) were expressed and purified to homogeneity by SDS-PAGE (Fig. 2A). Prior to
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FIG 3 (A) Conserved arginine residues (R70, R81, R86, R88, R89, and R190) are positioned around the substrate access area of CYP105D7. The BC loop and FG
helices of CYP105D7-diclofenac are shown in blue and magenta, respectively. Ligand molecules (DIF-1 and DIF-2) are shown as orange spheres, and arginine
residues are shown as green sticks. (B) HPLC chromatograms of the biotransformation of testosterone using E. coli cells harboring the pET11-sav7469-pdx-pdr
wild type and its variants. (C) Conversion rates (percent) of testosterone hydroxylation yields in vivo with the CYP105D7 wild type and the corresponding
mutants (R70A, R81A, R86A, R88A, R89A, R190A, R70A/R81A, and R70A/R190A) with redox partners Pdx/Pdr. Conversion rates were calculated based on the
substrate concentrations, which were determined by calibration with an external standard. Values indicate means * SD of results from three independent
experiments.

performing the enzyme assays, we optimized the proportions of P450 and the redox
partners to 10 uM CYP105D7, 50 uM Pdx, and 10 uM Pdr (or 50 uM FdxH and 10 uM
FprD or 50 uM RhFRED). Relative to the in vivo assays, the enzyme assays performed in
vitro showed increased conversion rates with the RhFRED and FdxH/FprD systems and
decreased conversion rates with Pdx/Pdr. We did not observe any correlation between
the in vivo and in vitro results. Thus, Pdx/Pdr was selected as the redox partner for
further bioconversion assays.

Targeted amino acid selection and mutagenesis analysis. In a previous study, we
determined the crystal structure of CYP105D7 in complex with diclofenac (16). The
crystal structure of CYP105D7 showed that there were six arginine residues (Arg70,
Arg81, Arg86, Arg88, Arg89, and Arg190) surrounding the entrance of the substrate-
binding pocket and the active site (Fig. 3A). The three arginine residues Arg70, Arg81,
and Arg190 of CYP105D7 are located in positions similar to those of Arg73, Arg84, and
Arg193 in CYP105A1, and mutation of these residues in the latter enzyme significantly
enhanced its catalytic activity toward the substrate, vitamin D3 (13). Motivated by these
findings, we mutated all six of the arginine residues of CYP105D7 to alanine and
conducted bioconversion assays. We observed that two single mutants, R70A and
R190A, exhibited significantly increased conversion rates of 31% and 21% for testos-
terone compared with the wild type (Fig. 3B and C). Next, we constructed double
mutants, R70A/R81A and R70A/R190A, and observed that the conversion rate of
testosterone was significantly increased for R70A/R190A to 53% with high regio- and
stereoselectivity (Table 1). Moreover, the R70A/R190A mutant produced another two
products, P1 and P2, which gave [M+Na]* molecular ions at m/z of 327.1945 and
343.1882, respectively. This result indicated that one and two hydroxyl groups were
introduced into testosterone. Although we did not determine the structures of P1
and P2, we speculated that P1 and P2 may be 16B-hydroxylation and 283, 163-
dihydroxylation products on the basis of the bioconversion results of progesterone and
4-androstene-3,17-dione described below.

Kinetics parameters of the CYP105D7 hydroxylation of testosterone. The wild
type and mutants of CYP105D7 were expressed and purified, and the CO-bound
reduced-difference spectra of these CYP105D7 proteins each showed a peak at about
450 nm, which is characteristic of functional P450 enzymes (see Fig. S2 in the supple-
mental material). We then determined the kinetic parameters of the CYP105D7 hy-
droxylation of testosterone using redox partners Pdx/Pdr (with a P450/Pdx/Pdr ratio of
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TABLE 1 Conversion rate of steroid oxidation and product selectivity of CYP105D7 and its
mutants from bioconversion assay

Product selectivity (%)

Steroid and Conversion
strain/mutant rate (%) 23 160 P1 P2 P3
Testosterone
WT 6 100
R70A 31 80 14 6
R81A 5 100
R86A 4 88 12
R88A 10 87 10 3
R89A 7 95 5
R190A 21 91 9
R70A/R81A 22 92 7 1
R70A/R190A 53 78 10 12
Progesterone
WT 8 67 33
R70A 17 30 60 10
R81A 5 100
R86A 11 71 29
R88A 10 68 32
R89A 7 31 69
R190A 19 76 22 2
R70A/R81A 26 41 41 18
R70AR/190A 39 40 50 10

4-Androstene-3,17-dione

WT 6 89 11
R70A 31 53 47
R81A 1 100

R86A 5 75 25
R88A 7 75 25
R89A 2 85 15
R190A 16 82 18
R70A/R81A 8 39 61
R70AR/190A 24 61 39

1:5:1), and the results are summarized in Table 2. We obtained testosterone conversion
rates (V) of 1733 £7.213, 17.9 =8.581, 8.714 = 2.757, and 16.99 = 303.1 (uM
min~"), with K,,, values of 355.60 = 189.80, 390.10 = 235.40, 165.00 * 81.65, and
303.10 * 206.6 (M), respectively (Fig. S3). Using the CYP105D7 wild type as the
benchmark, the R70A/R190A mutant had the highest k_../K,,, ratio among the mutants,
with an increase of 1.35-fold.

Bioconversion of progesterone and 4-androstene-3,17-dione by CYP105D7. To
gain further insights into the substrate specificity and conversion activity of the
CYP105D7 mutants, we carried out bioconversion assays using progesterone and
4-androstene-3,17-dione and the wild-type and mutant forms of CYP105D7 (Fig. 4). In
the bioconversion of progesterone, R70A, R190A, R70A/R81A, and R70A/R190A showed
increased conversion rates compared with the wild type, with R70A/R190A exhibiting
the highest conversion rate of 39% (Table 1). This result was quite similar to that
calculated for the conversion of testosterone. In the conversion of 4-androstene-3,17-

TABLE 2 Determination of steady-state kinetic parameters for testosterone hydroxylation
of CYP105D7 and its mutants (R70A, R190A, and R70A/R190A)

Vinax Kot/ Koy Ratio
Strain/mutant K, (uM) keae (Min=1)  (uM min—") (min=" M~") k. /K.,°
WT 35560 = 189.80 0.15 £ 0.06 1733 = 7213 431,66 1
R70A 390.10 = 23540 0.19 = 0.09 17.90 = 8.581 494.74 1.15
R190A 165.00 = 81.65 0.06 £ 0.02 871 = 2757 338.06 0.78
R70A/R190A 303.10 = 206.6 0.18 = 0.09 16.99 = 8.726  581.99 1.35

9The values are expressed relative to the k.,./K,, value determined for the wild type.
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FIG 4 HPLC analysis of the biotransformation of progesterone (A) and 4-androstene-3,17-dione (B) using E. coli cells harboring
the pET11-sav7469-pdx-pdr wild type and its variants (R70A, R81A, R86A, R88A, R89A, R190A, R70A/R81A, and R70A/R190A).

dione, however, R70A, R190A, and R70A/R190A showed visibly increased conversion
rates, with the R70A single mutant showing the highest rate of 31%. We further isolated
products from the R70A/R190A double mutant and determined the structure of each by
HPLC-TOF-MS and NMR. The products of the bioconversion of progesterone were
2B-hydroxyprogesterone and 163-hydroxyprogesterone. The presence of another, un-
known product, P3, showed a [M+Na]™ molecular ion at a m/z of 369.2035, indicating
that it contained two hydroxyl groups. We speculate that P3 may be 23,163-
dihydroxyprogesterone on the basis of the results of a previous study on the hydroxy-
lation of progesterone performed using engineered P450 BM3 (32). In addition, the
products of the bioconversion of 4-androstene-3,17-dione were 2B-hydroxy- and 168-
hydroxy-4-androstene-3,17-dione (Fig. 4). These results revealed that CYP105D7 hy-
droxylation of the two steroids occurred at the A-ring 283 and D-ring 1683 positions (Fig.
5). Although we did not determine the products of cortisone and adrenosterone

OH
R70A/R190A Ii?li& + P1(10%) * P2 (12%)
(0]
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FIG 5 Steroid hydroxylation by CYP105D7. Testosterone was hydroxylated at the 23 position. Progesterone and 4-androstene-3,17-dione
were each hydroxylated at the 23 and 16 positions.
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FIG 6 Rates of conversion of testosterone, progesterone, 4-androstene-3,17-dione, cortisone, adrenos-
terone, naringenin, and diclofenac by wild-type CYP105D7 and its mutants (R70A, R190A, and R70A/
R190A). Conversion rates were calculated based on the substrate concentrations, which were determined
by calibration with an external standard. Values indicate means = SD of results from three independent
experiments.

bioconversion, these products also would likely have a hydroxyl group at the position
of C-23 based on HPLC-TOF-MS analysis (data not shown). Interestingly, R70A changes
the regioselectivity of substrates; for example, in the conversion of progesterone, R70A
delivers a product ratio of 2B/16B/other of 30:60:10 compared with the wild-type
product ratio of 67:33:0. These results suggest that Arg70 plays an important role in
substrate regioselectivity.

Bioconversion of naringenin and diclofenac using the CYP105D7 mutants and
comparison with that of steroids. To investigate the efficacy of the bioconversion of
other compounds, we next conducted bioconversion assays of diclofenac and narin-
genin. These two compounds were also hydroxylated by CYP105D7. The three mutants
R70A, R190A, and R70A/R190A were analyzed in the conversion assays and the results
compared to those obtained with steroids (Fig. 6). Interestingly, the wild type and the
R190A mutant exhibited high conversion rates for diclofenac of almost 70%, while the
R70A and R70A/R190A mutants showed markedly lower conversion rates. This result
confirmed that Arg70 plays a crucial role in the binding of diclofenac. For naringenin,
there was no significant difference between the conversion activities of the three
mutants and that of the wild type, which suggested that these arginine residues do not
affect the binding and hydroxylation of naringenin. For the steroid substrates, the
R70A/R190A double mutant showed increased conversion at different levels for each of
the four steroid compounds, i.e., testosterone, progesterone, 4-androstene-3,17-dione,
and adrenosterone, but the level of conversion of cortisone was lower than that seen
with the wild type. This result revealed that Ala70 and Ala190 appear to promote the
binding and hydroxylation of relatively hydrophobic substrates.

Homology modeling and molecular docking analysis of R7Z0A/R190A mutant.
To investigate the possible conformation of steroid substrates within the active site,
docking analysis was carried out using testosterone and the R70A/R190A mutant. The
structure of R70A/R190A was built using homology modeling with SWISS-MODEL. The
crystal structure of CYP105D7 in complex with diclofenac (PDB identifier [ID] 4UBS) was
determined in a previous study (16) and used as the template here (Fig. 7B). Panels A
and C of Fig. 7 shows the most energetically permissible docking conformation. The C-2
position of testosterone is proximate to the heme group, and the distance to the heme
iron is 4.5 A. The testosterone molecule is surrounded by and interacts with several
hydrophobic residues, such as Phe82, Leu292, Leu237, Leu93, and 1le392 (Fig. 7A). The
volume of the substrate access and binding pocket was calculated using the CASTp 3.0
server with a probe radius of 1.4 A (33). The pocket volume of R70A/R190A was 2,080
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FIG 7 Docking model compared to the crystal structure with different substrates bound. (A) Docking model of CYP105D7-R70A/R190A
binding with testosterone. The two mutation sites at A70 and A190 are represented with magenta sticks, and testosterone is represented
with yellow sticks. The C-2 position of testosterone, shown as a sphere, is proximate to the heme group, with a distance of 4.5 A. The
residues interacting with the testosterone molecule are F82, L93, L178, L237, T245, L292, D390, T391, and 1392. (B) Crystal structure of
wild-type CYP105D7 bound with diclofenac. Amino acid residues recognizing DIF-1 and DIF-2 are shown with green sticks, and R70 and
L292 are hydrogen bonded with DIF-2 and DIF-1, respectively. The hydroxylation target position, C-4’ of DIF-1, is shown as a sphere. (C)
Substrate entrance and active site comparison of the docking model of CYP105D7-R70A/R190A bound with testosterone. (D) Crystal
structure of CYP105A1-R84A (PDB ID 2ZBZ) from Streptomyces griseolus bound with the product 1¢,25(0H),VD;. In panels C and D, two
figures, representing the ligand, heme, and mutation sites at A190 and A84, are represented with differently colored sticks.

A3, which represented a 1.08-fold increase compared with wild-type value of 1,925 A3
(Fig. 7C). Furthermore, Arg190 in the G helix located at the substrate entrance created
a narrow channel that appears to play a crucial role in substrate recognition (Fig. 7C).

DISCUSSION

In this study, we demonstrated that substrate-promiscuous P450 CYP105D7 was
able to catalyze the A-ring 23- and D-ring 163-hydroxylation of various steroid mole-
cules, and we significantly improved this conversion rate through rational engineering.
Only a few native bacterial P450s have been reported thus far that are capable of
catalyzing the stereospecific hydroxylation of steroids, especially at the 28 and 168
positions. For instance, CYP109E1 from Bacillus megaterium is able to hydroxylate
testosterone and produce one main product, 163-hydroxytestosterone (69%), and one

December 2019 Volume 85 Issue 23 e01530-19

aem.asm.org 9


https://www.rcsb.org/pdb/explore/explore.do?structureId=2ZBZ
https://aem.asm.org

Ma et al.

minor product, androstenedione (14%) (23). Agematu et al. conducted testosterone
hydroxylation screening using bacterial P450s and revealed that CYP105D4 from
Streptomyces lividans and CYP105D5 from S. coelicolor A3(2) hydroxylated testosterone
at the 23 position with low conversion rates (34). Although there is little enzymatic and
bioconversion information available, the substrate specificity of CYP105D7 seems to be
similar to that of CYP105D4 and CYP105D5. Interestingly, the three P450s have high
amino acid sequence identity of 73% and sequencing analysis has revealed that they
also all contain the six conserved arginine residues. These shared features likely
underlie their similar levels of substrate specificity and selectivity. Furthermore, P450
BM3 (CYP102A1) mutants, obtained by direct evolution, are able to catalyze the 28-
and 15B-hydroxylation of testosterone and the 2B- and 16B-hydroxylation of
progesterone with high selectivity for either of the regioisomers (32). The substrate
selectivity of CYP105D7 seems to resemble that of P450 BM3 mutants, especially for
conversion of progesterone. Here, we speculated that P2 and P3 represent the 23-,
16B-dihydroxylation products referred to above.

In this study, we carried out site-directed mutagenesis targeted at six arginine
residues (Arg70, Arg81, Arg86, Arg88, Arg89, and Arg190) surrounding the substrate
entrance and active site, and the mutants R70A and R70A/R190A greatly enhanced the
conversion rate of steroid hydroxylation. Panel B of Fig. 7 shows that the carboxyl group
of the distal diclofenac (DIF-2) bound to Arg70 via a direct salt bridge, which contrib-
uted to substrate stability. Interestingly, replacement of Arg70 with alanine resulted in
a marked decrease in diclofenac bioconversion and revealed the importance of Arg70
in diclofenac binding and hydroxylation. However, in the bioconversion of steroids,
mutation of Arg70 to alanine appears to increase the hydrophobicity and volume of the
substrate-binding pocket. Furthermore, loss of the bulky side chain of Arg190 gener-
ated a larger substrate entrance that may aid substrate access and product release (Fig.
7C). Interestingly, the role of Arg190 in CYP105D7 is similar to that of Arg84 in
CYP105A1 from S. griseolus (Fig. 7D). Although the substrate access channels of the two
P450s are positioned in opposite directions, Arg190 and Arg84 are located in similar
positions at the entrance and play similar roles. In the present study, the k,./K,,, ratio
calculated for the R70A/R190A double mutant of CYP105D7 was found to have in-
creased only 1.35-fold; however, the conversion rate in vivo was increased almost 9-fold
compared with the wild type. Our results, therefore, confirm the importance of the
arginine residues in the substrate access channel and binding pocket, especially for the
binding and hydroxylation of hydrophobic aromatic compounds such as steroids. Such
mutational information supports the approach of future rational and semirational
engineering of P450s using site-directed and saturation mutagenesis.

To investigate the efficiency of electron transfer between CYP105D7 and different
redox partners, we tested three redox partners, Pdx/Pdr, RhFRED, and FdxH/FprD.
RhFRED as a self-sufficient redox partner conferred enhanced catalytic activity and
product selectivity when partnered with P450 PikC and MycG (28, 29). FdxH/FprD were
considered optimal endogenous electron transfer proteins for CYP105D7 activity based
on in vitro experiments (30). In the present study, the RhFRED fusion system and the
native redox partner system FdxH/FprD did not increase the activity of CYP105D7 in
vivo but slightly increased its activity in vitro compared with Pdx/Pdr. There were no
correlations between the in vivo and in vitro levels of enzyme activity obtained with the
different redox partners. These findings are similar to those observed for CYP154C3
from S. griseus, a P450 capable of catalyzing the 16a-hydroxylation of steroids (5).

In this study, we mainly performed biotransformation using E. coli BL21(DE3) cells
because they are more suitable for use in industrial steroid synthesis than enzymatic
reactions, which require high enzyme stability, NAD(P)H cost, substrate concentrations
of steroids, and so on (21). However, the whole-cell system also has some bottlenecks
that must be overcome. Although the R70A/R190A mutant exhibited a conversion rate
for progesterone of almost 39%, the yield of products obtained only was about 10%
(76 mg from 79mg). As for low yield of steroids, we speculated that uptake of
substrates and the pumping of products might be the major causes. For improving
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product recovery efficiency, we plan to try to add surfactant of CTAB (cetyltrimethyl-
ammonium bromide) (35) and toe use S. avermitilis as a host system (36) in future work.

Substrate-promiscuous P450s are ideal candidates for protein engineering to
achieve specific outcomes through a small number of mutations. For instance, by using
rational mutagenesis to introduce larger residues instead of small or medium-sized
residues into the active site of CYP3A4, one can successfully alter and/or improve the
regio- and stereoselectivity of this enzyme (3). In our functional and structural study of
CYP105D7, this P450 was shown to have broad substrate specificity, a large active site,
and structural flexibility. These features are very similar to those of human CYP3A4 and
are common to promiscuous enzymes (37). To the best of our knowledge, CYP105D7
is a typical microbial substrate-promiscuous P450 and has potential as a biocatalyst,
especially for synthesis of 23- and 16B-hydroxylated steroids, which is difficult to
achieve by chemical synthesis. For industrial application of CYP105D7, further improve-
ments are needed in conversion efficiency, selectivity, production processes, and so on.

MATERIALS AND METHODS

Materials. (=)-Naringenin, (*)-eriodictyol, diclofenac sodium, and 4’-hydroxydiclofenac were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). All steroid substrates and 5-aminolevulinic acid hydro-
chloride ( 5-ALA ) were purchased from Aladdin (Shanghai, China). DNA polymerase, restriction en-
zymes, and T4 DNA ligase were bought from TaKaRa (Dalian, China). Oligonucleotide and sequence
analyses were performed by Sangon Biotech (Shanghai, China). All other chemicals were of the highest
grade and from standard sources.

Heterologous cloning, expression, and purification of CYP105D7 wild-type, mutants, and
redox partners. The bacterial strains, plasmids, and primers used in this work are shown in Table S1 to
S3 in the supplemental material. Expression systems for the P450s investigated were prepared as
described before with a few modifications. A gene (sav7469; UniProt accession no. Q825I8) encoding
CYP105D7 was digested with Ndel and Xhol and inserted in-frame with an N-terminal His, tag into the
pET28b vector digested with the same enzymes. Cloning of the CYP105D7 mutants was performed
according to the manufacturer’s protocol accompanying a Sangon Biotech site-directed mutagenesis kit.
E. coli BL21 CodonPlus (DE3) RIL was used as the heterologous host for plasmid pET28b encoding
CYP105D7 or its mutants. Briefly, a single colony was grown in Luria-Bertani (LB) medium containing
kanamycin (100 png/ml) and chloramphenicol (34 pwg/ml) overnight at 37°C. Then, the overnight culture
was inoculated at 1:100 into Terrific Broth (TB) medium containing kanamycin (100 wg/ml), chloram-
phenicol (34 ng/ml), 0.475 mM FeCl;-6H,0, 0.5 mM 5-ALA, 1 mM vitamin B,, and 0.025% (vol/vol) trace
element solution [2.0 g/liter (NH,),M00,-2H,0, 2.0 g/liter CoCl;-6H,0, 1.0 g/liter CaCl,-H,0, 1.0 g/liter
CuCl,, 1.0 g/liter ZnCl,, 0.5 g/liter MnCl,-4H,0, 0.5 g/liter H;BO,, 27.0 g/liter FeCl,-6H,0, and 20 ml of
concentrated hydrochloric acid]. The cultures were grown at 37°C in a rotary shaker until the optical
density at 600 nm (ODg,,) reached 0.8. Isopropyl-B-b-thiogalactopyranoside (IPTG) was added to the
medium (0.2 mM), and the cultures were further incubated at 22°C for another 20 h at 180 rpm. The cells
were collected by centrifugation at 6,000 rpm for 15 min at 4°C, and the cell pellets were stored at —80°C.

Expression of Pdx (UniProt accession no. P00259), Pdr (UniProt accession no. P16640), RhFRED
(UniProt accession no. Q8KU27), and glucose-6-phosphate dehydrogenase (G6P-DH) was conducted as
described previously (9). The fdxH and fprD genes were inserted into pET28b between the Ncol and Xhol
restriction sites to express FdxH (UniProt accession no. Q825I7) and FprD (UniProt accession no.
Q82BM9). The cells were incubated in TB medium containing kanamycin (100 ug/ml) or ampicillin
(100 pg/ml) and 4% (vol/vol) glycerol at 37°C until the OD,,, reached 0.8. Next, 0.2 mM IPTG was added
to the medium, and the cells were incubated at 22°C for another 20 h at 180 rpm. The cells were collected
by centrifugation at 6,000 rpm for 15 min at 4°C, and the cell pellets were stored at —80°C.

For protein extraction and purification, the cells were first resuspended in lysis buffer (50 mM
NaH,PO, [pH 7.4], 300 mM NaCl, 10% glycerol, 10 mM imidazole) and then subjected to sonication with
a sonicator (JY92-IIN; Scientz, Ningbo, China) for 20 min at an output setting of 35% in an ice bath. The
soluble protein fraction was harvested by centrifugation at 8,000 rpm for 60 min at 4°C, and then the cell
extract was applied to a column of nickel-nitrilotriacetic acid (Ni-NTA) Superflow Agarose (Thermo Fisher
Scientific, Rockford, IL, USA). The bound fraction was washed with wash buffer (50 mM NaH,PO, [pH 7.4],
300 mM NaCl, 10% glycerol, 20 mM imidazole) to remove impurities. Next, the His.-tagged proteins were
eluted with elution buffer (50 mM NaH,PO, [pH 7.4], 300 mM NaCl, 10% glycerol, 300 mM imidazole).
Finally, the eluted fractions were concentrated and the buffer was exchanged with desalting buffer
(50 mM NaH,PO, [pH 7.4], 0.1 mM ethylenediaminetetraacetic acid disodium salt [EDTA], 10% glycerol,
0.1 mM dithiothreitol [DTT]) using a 10 K Amicon ultracentrifugation filter (Millipore, Carrigtwohill,
Ireland). Purified proteins were flash-frozen and stored at —80°C. The concentration of the P450 enzymes
was determined by CO-bound reduced-difference spectroscopy (38). The concentrations of the redox
partners were calculated by Bradford assay using bovine serum albumin (BSA) as the standard (39).

Construction of recombinant plasmids for heterologous expression. To construct plasmid
pET28b-sav7469-RhFRED, the RhFRED gene fragment was amplified by PCR from plasmid pET28b-mycG-
RhFRED (28). Then, pET28b-sav7469 was digested with Xhol and ligated to the RhFRED gene with a One
Step cloning kit (Vazyme, Nanjing, China). To construct pCDFDuet-fdxH-fprD, the fdxH and fprD genes
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were amplified from plasmids pET28b-fdxH and pET28b-fprD and inserted into the Ndel/Xhol and
BamHI/Hindlll restriction sites of pCDFDuet-1. Plasmids pET28b-sav7469 and pCDFDuet-fdxH-fprD were
cotransformed into E. coli BL21(DE3) to acquire the final strain. The recombinant plasmid pET11-sav7469-
pdx-pdr variants were constructed from a previously published plasmid, pET11-sav7469-pdx-pdr (16). The
plasmid was subjected to double digestion at the Ndel and Spel sites and then ligated with the variant
gene fragments. All three kinds of recombinant plasmids described here were transformed into E. coli
BL21(DE3) (see Fig. S1 in the supplemental material).

In vitro biotransformation assays of CYP105D7 activity. The enzyme reconstitution assay system
contained 10 uM P450, 50 uM Pdx, 10 uM Pdr (or 50 uM FdxH and 10 uM FprD or 50 uM RhFRED), 5 U
G6P-DH, 10 mM glucose-6-phosphate, 0.1 mM substrates (stock solution dissolved in methanol or
ethanol), and 1 ul of 100 MM NADPH mixed in 100 ul of desalting buffer. The reaction was initiated by
the addition of NADPH at 30°C for 12 h and stopped by adding equivalent volumes of ethyl acetate three
times to obtain the extract. The products were dried and analyzed by high-performance liquid chroma-
tography (HPLC) using an Agilent 1260 spectrometer (Agilent Technologies, Santa Clara, CA, USA). The
compounds were separated using an Agilent Zorbax SB-C, column (4.6 by 250 mm, 5-um pore size) with
a methanol-water or acetonitrile-water mixture (containing 0.1% trifluoroacetic acid) at a flow rate of
1 ml/min. The HPLC conditions were as follows: a linear gradient of solvent B (methanol) from 35% to
100% for 20 min and 100% solvent B for 8 min followed by 35% solvent B for 8 min. The eluates were
monitored in the range of 190 to 390 nm, and the column temperature was kept constant at 30°C. The
injection volume of the compounds was 20 ul, and a negative control was used (no P450 added) to prove
the P450 dependency of the reactions. To estimate the proportional amounts of product formation, the
peak areas of each product and substrate were calculated by using their own A, values (absorption
maxima).

In vivo CYP105D7 reconstitution assays. The E. coli BL21(DE3) cells harboring pET11-sav7469-pdx-
pdr, pET28b-sav7469-RhFRED, and pET28b-sav7469/pCDFDuet-fdxH-fprD were cultured overnight at 37°C
in LB medium containing antibiotics (ampicillin, kanamycin and streptomycin, respectively). The cells
were diluted 1:100 in 10 ml M9 medium (5X M9 salts, 1% Casamino Acids, 0.4% glucose, 0.1 mM CaCl,,
1 mM MgCl,, 0.1 mM FeCl;, 100 ug/ml ampicillin) and were incubated at 37°C. When the ODg,, reached
0.8, protein expression was initiated by the addition of 0.2 mM IPTG and 0.5 mM 5-ALA and further
incubation at 22°C for 20 h at 200 rpm. After incubation, the cells were harvested by centrifugation at
6,000 rpm for 15 min. The cell pellets were washed twice with buffer (50 mM Na,HPO, [pH 7.2], T mM
EDTA, 2 mM DTT, 10% glycerol) and suspended in the same buffer (1 ml). Substrates were dissolved in
methanol or ethanol and added to reach a final concentration of 0.1 mM. Reactions were performed at
30°C for 12 h at 200 rpm and were stopped by adding equal volumes of ethyl acetate. This was
performed three times for extraction. Product analysis was performed using the same method as that
described for the in vitro assays.

Kinetic characterization of CYP105D7 and its variants. To determine the K, and k_,, parameters
for testosterone hydroxylation, the reactions were assayed in a reaction solution containing 10 uM P450s,
10 uM Pdr, and 50 uM Pdx in buffer (50 mM NaH,PO,, [pH 7.4], 0.1 mM EDTA, 10% glycerol, 0.1 mM DTT)
at 30°C for 5 min, and testosterone was added to reach a concentration of 0 to 150 uM. The reactions
were initiated by the addition of 1 ul 100 MM NADPH to the final volume of 100 ul and were later
stopped by the addition of an equivalent volume of methanol after 10 min of incubation at 30°C. The
products were analyzed by HPLC using the same method as that described for the bioconversion assay.
The values of V, ., K., and k_,, were measured by plotting the substrate consumption rate versus the
substrate concentration using a hyperbolic fit (Michaelis-Menten kinetics) and analysis with GraphPad
Prism 7.0 software (La Jolla, CA, USA).

Large-scale production, purification, and characterization of products. Large-scale cultivation
was performed as described for the in vivo biotransformation method with slight modifications regarding
the structural determination of the products. For structural determinations, the preculture (10 ml) was
inoculated into M9 medium (1 liter) containing 100 wg/ml ampicillin, 5X M9 salts, 1% Casamino Acids,
0.4% glucose, 0.1 mM CaCl,, 1mM MgCl,, and 0.1 mM FeCl; in an Erlenmeyer flask followed by
incubation at 37°C and 180 rpm. When the ODg,, reached 0.8, 0.2 mM IPTG and 0.5 mM 5-ALA were
added followed by further incubation at 22°C for 20 h at 180 rpm. After incubation, the cells were
harvested by centrifugation at 6,000 rpm for 15 min. The cell pellets were washed twice and resuspended
with buffer (50 mM Na,HPO, [pH 7.2, T mM EDTA, 2mM DTT, 10% glycerol). Each substrate was
dissolved in methanol or ethanol and was added to the cell suspensions to reach a final concentration
of 0.5 mM. The reactions were performed at 30°C and 180 rpm for 36 h and stopped by adding equal
volumes (100 ml) of ethyl acetate and were conducted three times for extraction. After extraction, the
organic phases were evaporated to dryness and purified by SiO, column chromatography and HPLC with
a Welch Ultimate XB-C,5; column (Welch, Shanghai, China) (10 by 250 mm, 5-um pore size). Nuclear
magnetic resonance (NMR) spectra were obtained with a JNM-ECZ600R/S1 device (JEOL, Tokyo, Japan),
and high-resolution electrospray ionization mass spectrometry (HRESIMS) data were acquired on an
Agilent 1260-6230 time of flight liquid chromatography mass spectrometry (TOF LC/MS) spectrometer
(Agilent Technologies).

Molecular docking analysis. A model structure of R70A/R190A was built using the SWISS-MODEL
server (40). The crystal structure of CYP105D7 (PDB ID 4UBS) was used as the template. Molecular
docking analysis was performed with the CDOCKER tool of DS 3.5 (Discovery Studio 3.5; Accelrys Co., Ltd.)
(41).
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