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ABSTRACT: Steroidal compounds are some of the most prescribed medicines, being indicated for the treatment of a variety of 
conditions including inflammation, heart disease and cancer. Synthetic approaches to functionalized steroids are important for gen-
erating steroidal agents for drug screening and development. However, chemical activation is challenging because of the predomi-
nance of inert, aliphatic C–H bonds in steroids. Here, we report the engineering of the stable, highly active bacterial cytochrome P450 
enzyme P450BM3 (CYP102A1) from Bacillus megaterium for the mono- and di-hydroxylation of androstenedione (AD), dehydroe-
piandrosterone (DHEA) and testosterone (TST). In order to design altered steroid binding orientations, we compared the structure of 
wild type P450BM3 with the steroid C19-demethylase CYP19A1 with AD bound within its active site and identified regions of the I 
helix and the b4 strand that blocked this binding orientation in P450BM3. Scanning glycine mutagenesis across 11 residues in these 
two regions led to steroid oxidation products not previously reported for P450BM3. Combining these glycine mutations in a second 
round of mutagenesis led to a small library of P450BM3 variants capable of selective (up to 97%) oxidation of AD, DHEA and TST 
at the widest range of positions (C1, C2, C6, C7, C15 and C16) by a bacterial P450 enzyme. Computational docking of these steroids 
into molecular dynamics simulated structures of selective P450BM3 variants suggested crucial roles of glycine mutations in enabling 
different binding orientations from the wild type, including one that closely resembled that of AD in CYP19A1, while other mutations 
fine-tuned the product selectivity. This approach of designing mutations by taking inspiration from nature can be applied to other 
substrates and enzymes for the synthesis of natural products and their derivatives.  
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INTRODUCTION  
Steroids, like nitrogen heterocyclic compounds, are among 

the most privileged structures in drug discovery. Over 100 ste-
roidal drugs are in clinical use for the treatment of cancer, in-
flammation and heart disease, amongst other conditions. The 
biological activity of steroids is differentiated by the oxygena-
tion level of the four rings of the steroidal core and the nature 
of the side chain at C17. Hydroxylation and general oxy-func-
tionalization of steroids increase their solubility and introduce 
diversity to their biological effects.1,2 Total synthesis of steroids 
remains impractical. Instead, all steroids are obtained by sem-
isynthetic methods whereby natural steroids are converted to in-
termediates and end products.3 Numerous functional group con-
version routes are available for preparing steroid derivatives.4 
However, these strategies cannot provide general access to 
highly oxygenated products because of the predominance of sp3 
C–H bonds in steroids. A notable exception is the application 
of C–H and C–C bond oxidation strategies in the synthesis of 
ouabagenin from cortisone.5,6 Baran has reported scalable elec-
trochemical allylic oxidation of steroids and optimization of 
Schönecker oxidation at the C12 position of 17-keto steroids.7,8 
These approaches have been applied to synthesize polyoxy-
pregnanes and steroid derivatives with expanded rings.8,9 

Cytochrome P450 (CYP) enzymes catalyze hydroxylation 
steps in steroid biosynthesis and the formation of myriad oxy-
functionalized steroids in microorganisms that are sources of 
many steroidal drugs. P450 enzymes utilize two electrons, typ-
ically from NAD(P)H, to insert one oxygen atom from atmos-
pheric dioxygen into non-activated sp3 C–H bonds in a wide 
range of organic compounds.10 Steroid oxidation by microor-
ganisms has been studied extensively. Hydroxylation at most 
positions is observed in these whole-cell processes but in most 
cases there is little selectivity and it is not possible to bias the 
reactions towards desired products.11,12 Although recombinant 
bacterial P450 enzymes offer well-defined systems that are 
amenable to enzyme evolution to target specific compounds, 
there are surprisingly few enzymes with steroid oxidation activ-
ity.2,13 CYP106A2 from Bacillus megaterium catalyzes 15b hy-
droxylation of 3-oxo-D4-steroids including androstenedione 
(AD) and testosterone (TST),14-17 and 7b hydroxylation of 3-
hydroxy-D5-steroids such as dehydroepiandrosterone 
(DHEA).18,19 CYP260A1 from Sorangium cellulosum So ce56 
is a selective 1a-hydroxylase of C-19 steroids such as AD and 
TST,20,21 and it has been engineered to give high selectivity for 
1a- and 16a-hydroxylation of progesterone.22 CYP154C3 and 
CYP154C5 selectively oxidize AD, DHEA and TST at the 16a 
position.23,24 CYP102A1 (P450BM3) from B. megaterium has 
been engineered to oxidize TST to 2b- and 15b-hydroxy-TST, 
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and progesterone to 2b- and 16b-hydroxy-progesterone, with 
>95% selectivity.25-30 Further evolution led to >95% selectivity 
for 16a and 16b oxidation of AD, TST and synthetic steroids.31 
More recently, a site-saturation mutagenesis study at 15 active 
site residues led to >90% 7b-oxidation of TST, AD and related 
steroids.32 

CYP102A1 is the most extensively studied P450 enzyme for 
biotechnological applications due to its single-polypeptide, cat-
alytically self-sufficient nature.33-36 It is also readily expressed 
to high levels in Escherichia coli at cubic-meter scale.37,38 
CYP102A1 engineering has provided almost total selectivity 
for 2b-, 7b-, 15b-, 16a-, and 16b-hydroxylation of TST but 
other oxidation products are formed in trace quantities.28-32 
Greater diversity of mono- and poly-hydroxylated products will 
facilitate applications in the synthesis of steroid derivatives. 
The narrow range of products from previous mutagenesis stud-
ies suggested that the engineered active sites allowed a limited 
number of binding modes for steroids. In order to access differ-
ent binding orientations, we took advantage of the availability 
of the crystal structure of AD-bound human CYP19A1 to iden-
tify regions and residues in CYP102A1 that blocked this bind-
ing mode. Here, we report the use of scanning glycine mutagen-
esis across 11 residues in these regions to engineer altered ster-
oid binding and increase the product diversity in the oxidation 
of AD, DHEA and TST by CYP102A1. 

RESULTS  
Initial screening of a P450BM3 variant library. AD (1) 

and DHEA (2) were initially screened for oxidation with a li-
brary of 48 CYP102A1 variants. This library was constructed 
by introducing mutations at two or more active site residues 
(R47, Y51, S72, V78, F81, A82, F87, A184, I263, A264, E267, 
A328, A330 and L437, see Supporting Information, Figure S1) 
to a set of base variants in order to generate enzymes with di-
verse substrate pocket topologies for screening of unnatural 
substrates for oxidation.29,39-41 Variants were broadly divided 
into three groups depending on whether they contained muta-
tions F87A or F87V to create space close to the heme, or the 
A330P or A330W mutations to restrict this space, or wild type-
like. Hydrophobic substitutions were added to these base vari-
ants at other residues that were close to the heme (A328, A264) 
as well as ones further removed (S72, V78, A82, A184, I263, 
L437), in order to alter the size and shape of the substrate bind-
ing pocket. A full list of the variants as well as the screening 
results are given in Tables S1–S7 in the Supporting Infor-
mation. Steroid oxidation screening reactions were analyzed by 
gas chromatography. All products were isolated from prepara-
tive scale reactions by flash column chromatography and super-
critical fluid chromatography, identified and fully characterized 
by NMR and HR-MS data (see Supporting Information).  

We found that AD and DHEA oxidation was promoted by the 
mutations F87A and F87V.29-31 Variants A74G/F87V/A184I 
(GV/A184I), H171L/Q307H/N319Y/F87V (K19/F87V), 
K19/F87A/A82M, R47L/Y51F/K19/F87A (R19/F87A), and 
R19/F87A/A184I showed the highest activities (Table 1 & Sup-
porting Information Table S5). For AD oxidation, the F87V 
mutation favored the 16b alcohol; the most selective variant 
R47L/Y51F/I401P/F87V (RP/F87V) gave 92% of 16b-hy-
droxy-AD (1f, Table 1, Fig. 1-iii) at 66% conversion  

 

Figure 1. Gas chromatographic analysis of the oxidation of andros-
tenedione (AD, 1), dehydroepiandrosterone (DHEA, 2) and testos-
terone (TST, 3) catalyzed by CYP102A1 variants: (i) 2b-hydroxy-
AD 1a (60%) by K19/F87A/A82M/I263G/A264G/A328G; (ii) 7b-
hydroxy-AD 1c (81%) by R19/F87A/A184I/T260G/A328G; (iii) 
16b-hydroxy-AD 1f (92%) by RP/F87V; (iv) 1b-hydroxy-DHEA 
2a (23%) by R19/F87A/F81W/T260G/A328G; (v) 7a-hydroxy-
DHEA 2b (93%) by K19/F87A/A82M/I263G/A328G; (vi) 7b-hy-
droxy-DHEA 2c (97%) by R19/F87A/A184I/T260G/A328G; (vii) 
15b-hydroxy-DHEA 2d (91%) by R19/F87A/W90V; (viii) 16b-
hydroxy-DHEA 2e (90%) by GV/A184I; (ix) 1b-hydroxy-TST 3a 
(71%) by R19/F87A/T260G/P329G/A330W; (x) 15a-hydroxy-
TST 3b (73%) by GV/A184I/ I263G/A264G/A328G. 

 
(turnover number, TON = 610). The F87A mutation also bi-

ased selectivity towards the 16b alcohol but it promoted further 
oxidation. Thus, the R19/F87A variant formed 6% of 1f and 
81% of the diol 2b,16b-dihydroxy-AD, 1g. On the other hand, 
the A82M mutation retarded further oxidation, with 
K19/F87A/A82M giving 77% of 1f and 19% of 1g. Few muta-
tions altered product diversity except for I263G which abol-
ished 16b oxidation by F87A-containing variants; the 
R19/F87A/I263G variant gave 48% of 6b-hydroxy-AD, 1b, and 
44% of 16a-hydroxy-AD, 1e. 

For DHEA, variants with the F87V mutation also preferred 
16b oxidation, with GV/A184I giving 90% of 16b-hydroxy-
DHEA, 2e (TON = 760, Fig. 1-viii, Table 2 & Supporting In-
formation Table S6). The F87A mutation shifted DHEA hy-
droxylation away from 16b towards the 7b- and 15b-positions. 
However, the tendency of this mutation to promote 
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Table 1. Selectivity and turnover number of CYP102A1 variants for the mono-hydroxylation of androstenedione (AD, 1).  

 
 

 

CYP102A1 variant 1a 1b 1c 1d 1e 1f 1g Others Conv. TON 

R19 F87A A328G 15% –   3% – – 20% 46% 31% 54%   80 

K19 F87A A82M I263G A264G 59% – –  – 25% 15%   1% 36% 220 

K19 F87A A82M I263G A264G A328G 60% 10% 17% 13%   3% – – – 37% 230 

R19 F87A I263G * – 48% – – 44% – –   8% 35% 170 

R19 F87A I263G A328G – 69% – – 27% – –   4% 62% 430 

K19 F87V I263G – 78% – – 22% – – – 29% 230 

R19 F87A A184I T260G   3% – 12% 31% – 20% – 34% 69%   80 

R19 F87A F81W T260G A328G   5% – 76%   8% –   8% –   3% 82% 630 

R19 F87A A184I T260G A328G – – 81% – – – – 19% 94% 770 

R19 F87A A184I L262G   3% –   2% 22% – 14% 44% 14% 98% 220 

R19 F87A A184I T260G   3% – 12% 31% – 20% – 34% 69% 210 

R19 F87A A264G 12% – – 50% – 36% –   2% 80% 400 

R19 F87A I263G * – 48% – – 44% – –   8% 35% 160 

R19 F87A I263G P329G A330W – 43% – – 48% – –   9% 57% 270 

K19 F87V * – – – –   4% 85% – 11% 92% 790 

RP F87V * – – – – – 92% –   8% 66% 610 

R19 F87A * – – – – –   6% 81% 13% 99% 800 

Screening scale reactions (0.5 mL) were in 200 mM phosphate buffer (pH 7.9) containing 2 µM CYP102 variant, 2 mM AD, GDH (20 
U/mL), glucose (100 mM), and NADP+ (40 µM) was added to initiate the reaction in 24-well plates which were shaken at 120 rpm for 16 h 
at 20 ºC. Conv. is the % of substrate converted to products. “Others” consists mainly of dihydroxylation products. TON is the turnover 
number for the product in bold in the enzymatic reactions. * denotes variants in the initial screening library. 

 

further oxidation was retained, e.g. R19/F87A gave 10% of 
the 16b alcohol 2e, 38% of 15b-hydroxy-DHEA, 2d, and 42% 
of the diol 7b,15b-dihydroxy-DHEA, 2g. The A264G mutation 
was notable for favoring 7b oxidation, e.g. the 
K19/F87V/A264G gave 35% of 7b-hydroxy-DHEA, 2c, com-
pared to 3% for K19/F87V. 

Nature-inspired design of scanning glycine mutagenesis. 
It was clear that variants in the screening library oxidized AD 
and DHEA on the lower half of the steroid B and D rings. In an 
attempt to re-orientate steroid binding and expose the upper part 
of the A and C rings to the oxygen of the CYP102A1 ferryl 
intermediate, the crystal structure of wild type CYP102A142 
was overlaid with that of CYP19A1 with AD bound within its 
active site (Figure 2a & Supporting Information Figure S2).43 
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Table 2. Selectivity and turnover number of CYP102A1 variants for the mono-hydroxylation of dehydroepiandrosterone 
(DHEA, 2). 

 

CYP102A1 variant 2a 2b 2c 2d 2e 2f 2g Others Conv. TON 

K19 F87A A82M T260G A328G 18% – 80% – – – –   2% 95% 170 

R19 F87A F81W T260G A328G 23% – 77%  – – – – 97% 220 

R19 F87A T260G A328G 26% – 70% – – – –   4% 29%   76 

R19 F87A T260G A328G P329G A330G 30% 45% 22% – – – –   3% 37% 110 

GV A184I I263G A328G – 39% –   8% – 40% –   13% a 98% 390 

K19 F87V I263G – 58% 8% 9% – 3%  2%   20% b 68% 400 

K19 F87A A82M I263G A328G – 93% – – – – –   7% 62% 580 

K19 F87V A264G * – – 35% 15% 33% – 11%   6% 87% 300 

R19 F87A A184I A264G – – 70% – – – 27%    3% 100% 700 

R19 F87A A184I T260G A328G – – 97% – – – –   3% 100% 970 

R19 F87A * – – – 37% 10% – 42% 11% 82% 310 

R19 F87A L262G – – – 55% 33% – 10%   2% 44% 240 

R19 F87A T269G – – – 62% 14% – 13% 11% 44% 270 

R19 F87A W90V – – – 91%   9% – – – 61% 560 

K19 F87A A82M *  – – – 31% 54% –   3% 12% 92% 500 

GV A184I * – – – – 90% – – 10% 84% 760 

GV A184I I263G A264G A328G – – – 12% – 64%   5% 19% 100% 640 

R19 F87A A184I S270G – – 23% –  3% – 74% – 100% 740 

Screening scale reactions (0.5 mL) were in 200 mM phosphate buffer (pH 7.9) containing 2 µM CYP102 variant, 2 mM DHEA, GDH (20 
U/mL), glucose (100 mM), and NADP+ (40 µM) was added to initiate the reaction in 24-well plates which were shaken at 120 rpm for 16 h 
at 20 ºC. Conv. is the % of substrate converted to products. “Others” consists mainly of dihydroxylation products. TON is the turnover 
number for the product in bold in the enzymatic reactions. * denotes variants in the initial screening library. a contains 5% of 2h. b contains 
6% of 2h. 

 

CYP19A1 catalyzes the C19-demethylation of AD to es-
trone, and of TST to estradiol. AD could not adopt a similar 
orientation in wild type CYP102A1 because of steric clashes 
with the side chain of F87, the main chain and side chain of 
I263 and A264 in the I helix, and the side chain of A328 in the 
b4 strand. This was consistent with the selectivity effect of the 
mutations F87A, F87V, I263G and A264G in the screening re-
sults. The most obvious effect of Gly mutations is to generate 

space for steroids to adopt different binding orientations. In ad-
dition, a Gly residue can cause local distortions and partial un-
folding of a-helices. Such distortions could increase the flexi-
bility of the substrate pocket for substrate binding. Therefore, 
although the structural overlay only indicated clashes of AD 
with I263, A264 and A328, glycine mutations were introduced 
by site- directed mutagenesis at other residues along the I helix 
(T260, F261, L262, E267, T269 and S270) 
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to both the N- and C-terminus side of I263 and A264, at the 
b4 strand residues A328, P329 and A330, and combinations 
thereof. The active variants K19/F87A, K19/F87A/A82M, 
R19/F87A, R19/F87A/A184I, GV/A184I and K19/F87V were 
used as templates for this scanning glycine mutagenesis ap-
proach. 

Second generation variants: oxidative diversification of 
steroids. The glycine mutations in the new variants (full list in 
Supporting Information Table S4) did not affect significantly 
the production level of folded proteins. The new variants 
showed increased product selectivity and diversity for AD and 
DHEA oxidation. The I263G mutation shifted AD oxidation 
from 16b to the 16a and 6b positions when combined with 
F87V, with the K19/F87V/I263G variant forming 78% of the 
6b-alcohol 1b (TON = 230, Table 1 & Supporting Information 
Table S5). The A328G and P329G mutations also influenced 
the 6b/16a selectivity when combined with F87A, leading to 
the R19/F87A/I263G/A328G variant which gave 69% of 1b at 
a higher TON (430) than K19/F87V/I263G, while the 
R19/F87A/I263G/P329G/A330W formed 48% of the 16a alco-
hol 1e (TON = 270). The T260G mutation led to a new product, 
7b-hydroxy-AD, 1c, when combined with F87A, e.g. 12% for 
the R19/F87A/A184I/T260G variant. The A264G and A328G 
mutations also promoted 7b oxidation. Combinations of these 
increased the selectivity to 81% of 1c (TON = 770) for the 
R19/F87A/A184I/T260G/A328G variant (Fig. 1-ii). The 
F87A/A264G combination gave two new products—the 
R19/F87A/A264G formed 50% of 15b-hydroxy-AD (1d) and 
12% of the A-ring oxidation product 2b-hydroxy-AD (1a) at 
80% conversion. The 15b alcohol 1d was also observed when 
R19/F87A was combined with the I helix mutations T260G 
(31%) and L262G (22%). Since the A328G mutation also led 
to some 2b oxidation (R19/F87A/A328G, 15% of 1a), combi-
nations of I263G, A264G, A328G, P329G and A330G muta-
tions were added to the template variants. We found that only 
combinations added to the K19/F87A/A82M template in-
creased 2b oxidation selectivity, the highest being 60% of 1a 
(TON = 230) with the K19/F87A/A82M/I263G/A264G/A328G 
variant (Fig. 1-i). 

The 2nd generation variants showed altered selectivity and 
gave new products with DHEA (Table 2 & Supporting Infor-
mation Table S6). I helix glycine mutations improved the selec-
tivity for the 15b alcohol 2d (R19/F87A/L262G, 55%; 
R19/F87A/T269G, 62%) and for the 7b alcohol 2c 
(R19/F87A/A184I/A264G, 70%; R19/F87A/A184I/T260G, 
84%). The highest selectivity for 2d of 91% (Fig. 1-vii) was 
found with the R19/F87A/W90V variant identified from 
screening with the larger library in our collection. The proxim-
ity of F87 and W90 might lead to conformational changes that 
altered DHEA binding. The A328G mutation increased 7b se-
lectivity to 97% of 2c (TON = 970) with the variant 
R19/F87A/A184I/T260G/A328G (Fig. 1-vi). By contrast, the 
I263G mutation favored 7a-hydroxy-DHEA, 2b, over the b iso-
mer 2c; for example, GV/A184I/I263G showed 42% C7 oxida-
tion with a 7a:7b ratio of 84:16. The most selective variant 
K19/F87A/A82M/I263G/A328G formed 93% of 2b (TON = 
580), with no evidence for the 7b diastereoisomer (Fig. 1-v). 
Single glycine mutations did not lead to A-ring oxidation of 
DHEA. However, the K19/F87A/A82M/T260G/A328G com-
bination variant gave 18% of 1b-hydroxy-DHEA, 2a (TON = 
170). This was increased to 23% with the variant 

R19/F87A/F81W/T260G/A328G at 97% conversion (TON = 
220, Fig. 1-iv). The selectivity was slightly higher with other 
combinations, e.g. R19/F87A/T260G/A328G/P329G/A330G 
with 30% but at a lower conversion of 37%. 

Dihydroxylation is a common feature of DHEA oxidation by 
CYP102A1. The diol 7b,15b-dihydroxy-DHEA, 2g, was iden-
tified from initial screening. Selectivity for 2g was increased to 
74% with the 2nd generation variant R19/F87A/A184I/S270G. 
The GV/A184I/I263G/A264G/A328G variant gave 64% (TON 
= 640) of a new diol 7a,15a-dihydroxy-DHEA, 2f. On the other 
hand, the I helix mutations L262G and I263G led to further ox-
idation at C16 to form 7a,16b-dihydroxy-DHEA, 2h, with 
GV/A184I/I263G giving 24% (Supporting information, Ta-
bleS6). Interestingly, the F87A/A330W combination also pro-
moted this reaction; with the K19/F87A/A82M/A330W variant 
forming 33% 2h. 

Formation of 2b-hydroxy-AD and 1b-hydroxy-DHEA en-
couraged us to screen the 2nd generation variants for the oxida-
tion of TST, 3. We found that I helix glycine mutations led to 
new TST oxidation products for CYP102A1 (Table 3 & Sup-
porting Information Table S7). The GV/A184I/I263G variant 
gave 23% of 15α-hydroxy-TST, 3b (Table 3) whereas 
GV/A184I only formed 15β-hydroxy-TST (76%). Inclusion of 
A264G and the b4 strand mutation A328G raised the proportion 
of 3b to 73% for the GV/A184I/I263G/A264G/A328G variant 
(Fig. 1-x). The T260G mutation promoted TST 1β-oxidation. 
The variant R19/F87A/A184I/T260G gave 28% of 1β-hydroxy-
TST (3a) whereas its precursor R19/F87A/A184I formed 56% 
of the previously reported 2β-hydroxy-TST, with no evidence 
for 3a. Again, addition of β4 strand mutations increased the se-
lectivity, to 51% 3a for R19/F87A/A184I/T260G/A328G and 
71% (TON = 270) for the R19/F87A/T260G/P329G/A330W 
variant (Fig. 1-ix). 

Computational studies. In order to gain insight into 
CYP102A1–steroid contacts that altered the product profile, 
molecular dynamics (MD) simulations were performed on var-
iants that oxidized 1–3 with high selectivity. The steroid sub-
strates were docked into the variants using Autodock Vina. The 
K19/F87A/A82M/I263G/A264G variant was one of the most 
selective for 2β oxidation of AD (59% of 1a). Docking into six 
clustered structures across three replicate MD simulations of 
this variant showed AD binding poses corresponding to 2β ox-
idation within the top five poses for all clusters. AD adopted 
similar orientations in all such 2β poses (Supporting Infor-
mation Figure S3). In the lowest energy pose (Figure 2b), C2 of 
AD was 3.20 Å from the ferryl oxygen, with C1 at 3.74 Å and 
C19 at 3.29 Å. The C3 carbonyl oxygen contacted the side 
chains of T260 and the mutated residues M82 and A87, while 
the C17 carbonyl oxygen was hydrogen-bonded to the amide 
NH of A330. The M82 side chain was in an extended confor-
mation above A87. Its extensive contacts with AD were con-
sistent with its importance in promoting 2β oxidation. Although 
C2 and C19 were at similar distances from the ferryl oxygen, 
the more activated C–H bond of C2 was preferentially oxidized. 
When this docked structure was overlaid with the CYP19A1 
structure with bound AD (Figure 2a), we were surprised by how 
similar this 2β pose was to that of AD in CYP19A1. Moreover, 
the MD simulations suggested that the I263G and A264G mu-
tations led to local distortions of  
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Table 3. Selectivity and turnover number of CYP102A1 variants for the mono-hydroxylation of testosterone (TST, 3). 

 

CYP102A1 variant 3a 3b 2b–OH 15b–OH Others Conv. TON 

GV A184I * – –   7% 76% 17% 96% 960 

GV A184I I263G – 23% – 37% 40%  63% 150 

GV A184I I263G A264G A328G – 73% – 14% 13%  82% 600 

R19 F87A A184I T260G 28% – 18% 52%   2%  68% 190 

R19 F87A A184I T260G A328G 51% 31% 4% 13%   5% 100% 510 

R19 F87A T260G P329G A330W 71% 10% – 11%   8%  76% 270 a 

Screening scale reactions (0.5 mL) were in 200 mM phosphate buffer (pH 7.9) containing 2 µM CYP102 variant, 2 mM TST (TST:enzyme 
ratio = 1000:1), GDH (20 U/mL), glucose (100 mM), and NADP+ (40 µM) was added to initiate the reaction in 24-well plates which were 
shaken at 120 rpm for 16 h at 20 ºC. Conv. is the % of substrate converted to products. * denotes variants in the initial screening library. 
“Others” consists mainly of dihydroxylation products. TON is the turnover number for the product in bold in the enzymatic reactions except 
for the first generation variant GV A184I where the TON refers to the formation of all products. a TST:enzyme ratio = 500:1. 

 

the helical turn and enabled the I helix in the mutant to move 
away from the substrate pocket, mimicking the I helix confor-
mation in CYP19A1, thus creating space that allowed AD to 
bind in a similar position in the CYP102A1 variant to that in 
CYP19A1. 

The R19/F87A/T260G/A328G variant afforded 26% of 1β-
hydroxy-DHEA (2a) together with 70% of the 7β alcohol 2c. 
Two of the lowest energy DHEA binding poses corresponded 
to 1β oxidation, while the 3rd lowest energy pose had the 7β and 
15β C–H bonds closest to the ferryl oxygen. The allylic nature 
of C7 would account for the 7β alcohol being the major product. 
DHEA was bound in similar orientations in the two 1β poses. 
Its C3–OH was within hydrogen-bonding distance of the G260 
carbonyl oxygen and the 17-keto group formed a hydrogen 
bond with the A330 amide NH (Figure 2c). C1 was 3.49 Å from 
the ferryl oxygen, and C19 was at 3.26 Å—the more activated 
C–H bond of C1 was preferentially oxidized. When this binding 
pose was overlaid with the structure of the R19/F87A precursor 
(Figure 2d), the C3–OH group of DHEA clashed with the T260 
side chain of R19/F87A. Therefore, the I helix glycine mutation 
T260G was crucial for 1β hydroxylation. 

R19/F87A/A184I/T260G/A328G was one of the few vari-
ants that showed 1β oxidation of TST (51% of 3a), with the 15a 
and 15β alcohols constituting another 29% of the products. 
Docking of TST showed an equal number of poses consistent 
with 1β or 15β oxidation within the four lowest energy poses. 
In the 1β poses there was a hydrogen bond between the A330 
carbonyl and the C17–OH group of TST while the C3 carbonyl 
contacted G260 and the I263 side chain (Figure 2d). C1 and C2 
of TST were at similar distances from the ferryl oxygen in all 
1β poses. In the lowest energy pose, C1 was 3.65 Å from the 
ferryl oxygen and C2 was at 3.51 Å. Since C2 is activated by 
the 3-keto group, the absence of C2 oxidation indicated that 

TST is bound slightly differently in the variant to the docked 
pose, with C1 being closer to the ferryl oxygen. 

The 15a alcohol 3b was a new TST oxidation product for 
CYP102A1. TST docking poses in the variant 
GV/A184I/I236G/A264G/A328G (73% of 3b) were compared 
to those in K19/F87A/A82M/I263G/A264G/A328G (56% of 
15b-hydroxy-TST). As shown in Figure 2e, in the 15b poses in 
the F87A-based variant the b side of TST faced the heme, the 
C17–OH was hydrogen-bonded to the G263 carbonyl, and the 
A87 methyl group contacted TST carbons. TST was flipped 
over in the 15a poses in the F87V-based variant 
GV/A184I/I263G/A264G/A328G, such that the C18 and C19 
methyl groups contacted the V87 side chain to present the a 
face to the ferryl oxygen (C15 at 3.6 Å), and the TST C17–OH 
formed a hydrogen bond with the carbonyl of A330. The 15a 
pose would not be stable in the F87A-based variant because 
TST would not contact the A87 side chain methyl (Figure 2f), 
whereas the 15b pose would be destabilized in the F87V-based 
variant due to steric clashes between TST and V87. 

DISCUSSION  
The initial screening library of variants oxidized AD and 

DHEA at C6, C7, C15 and C16 on the b face (although AD also 
formed the 16a alcohol). C15 and C16 are the most common 
positions for steroid oxidation by CYP102A1. Our approach of 
scanning glycine mutagenesis in the I helix and the b4 strand 
led to new steroid oxidation sites for CYP102A1 (2b, 7b and 
15b for AD; 1b, 7a and 15a for DHEA; 1b and 15a for TST). 
Some of the products are accessible with other bacterial P450s. 
CYP106A2 gives 90% 7b-oxidation of DHEA (vs. 97% by 
R19/F87A/A184I/T260G/A328G),17,18 but no 7a oxidation (vs.  
93% by K19/F87A/A82M/I263G/A328G). CYP154C3 and C5 
are selective (>95%) AD 16a hydroxylases23,24 (vs. 48% by  
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Figure 2. Steroid binding poses from computational docking into MD energy minimized structures of P450BM3 (CYP102A1) variants 
showing the oxidation site and the distance to the ferryl oxygen. (a) Heme domain of WT P450BM342 (salmon) overlaid with CYP19A143 
(yellow) bound with AD (yellow) and with KSK19/A82M/I263G/A264G (grey) with AD (cyan) docked in a 2β pose. (b) 
KSK19/A82M/I263G/A264G (grey) docked with AD (cyan) in a 2β pose overlaid with WT P450BM3 (salmon) showing clashes of AD with 
F87 and I263. (c) R19/F87A/T260G/A328G (grey) docked with DHEA (purple) in a 1β pose showing the H-bond (red dashes) between the 
C3-OH and the G260 carbonyl. In the R19/F87A precursor variant (green), this C3-OH clashes with T260. (d) 
R19/F87A/A184I/T260G/A328G (grey) docked with TST (salmon) in a 1β pose showing the H-bond between the C17-OH and the A330 
carbonyl. The TST C3-carbonyl clashes with T260 in the R19/F87A precursor (green). (e) GV/A184/I263G/A264G/A328G (grey) docked 
with TST (salmon) in a 15a pose showing the H-bond between the C17-OH and the A330 carbonyl. TST (radium) docked in a 15β pose in 
K19/A82M/F87A/I263G/A264G/A328G (wheat) has a H-bond between the C17-OH and the G263 carbonyl. (f) Back view of (e) showing 
the flip of TST between the 15a (salmon) and 15β (radium) poses. 
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R19/F87A/I263G/P329G/A330W); however, similar selec-
tivities have been reported for 16a and 16b oxidation of AD 
and TST by engineered CYP102A1.30,31 7b-Oxidation of AD 
was only known in fungi44 until the recent report by Reetz and 
co-workers32 of >90% selectivity by engineered CYP102A1 
(vs. 81% by the R19/F87A/A184I/T260G/A328G variant here). 
On the other hand, 1b and 15a hydroxylation of TST have only 
been reported in fungi,45 likewise for 15b oxidation of DHEA,46 
while there is only one report of 1b-hydroxy-DHEA by chemi-
cal synthesis.47 Therefore, the present results, together with pre-
vious work, provide the widest range of steroid oxidation prod-
ucts from a bacterial P450 enzyme. Access to multiple mono-
hydroxylated steroids using CYP102A1 is attractive because of 
the high activity and evolvability of this enzyme. Of the prod-
ucts formed with high selectivity, 6b-hydroxy-AD is a new hy-
pertensionogenic agent, 7a-hydroxy-DHEA potentially pro-
motes weight loss and boosts the activity of immune system, 
while 7b-hydroxy-DHEA is a neuroprotective, anti-inflamma-
tory and immune-modulatory agent.  

The increase in product selectivity and formation of new 
products were observed with the 2nd generation library of just 
70 variants. Of the I helix glycine mutations, F261G and E267G 
had little effect. Although this was not surprising since their 
side chains do not point into the substrate pocket, glycine mu-
tations at other non-active-site residues were effective – L262G 
and T269G promoted 15b oxidation of DHEA while S270G in-
creased substrate conversion. These mutations had to exert their 
effects by inducing conformational changes in the I helix. The 
best I helix residues for mutagenesis were the substrate pocket 
residues T260, I263 and A264. The T260G mutation was par-
ticularly important for A-ring oxidation of DHEA and TST. 
Combination of T260G, I263G, A264G, and I263G/A264G 
with F87A and F87V increased product diversity. Addition of 
b4 strand mutations, especially A328G, further expanded the 
product range. MD simulations and docking studies indicated 
that the I helix mutations T260G, I263G and A264G led to local 
distortion of the I helix to create space for steroid binding in the 
vicinity of these residues. G260, G263 and A330 were involved 
in hydrogen bonding with the C3 and C17 carbonyls (A330 am-
ide NH) and alcohols (G260, G263, and A330 amide CO) at 
either end of the steroidal framework. Other mutations fine-
tuned steroid binding to alter the product profile. Additional 
combinations of glycine mutations could provide new product 
profiles; these are worth pursuing since oxidation at other A- 
and C-ring positions and the methyl groups, remain to be 
achieved with CYP102A1. Although further work is required, 
formation of 7a,15a-, 7a,16b-and 7b,15b-dihydroxy-DHEA 
hint at the possibility of biasing the selectivity for the formation 
of di-hydroxylated steroids. Polyoxysteroids, such as the preg-
nane derivative Ouabagenin used in the treatment of congestive 
heart failure, are challenging to synthesize.5,6,8 Poly- and se-
quential hydroxylation by engineered P450 enzymes may have 
applications in this area. 

In conclusion, scanning and combination glycine mutagene-
sis of CYP102A1, inspired by the androstenedione binding ori-
entation in the aromatase CYP19A1, has provided access to di-
verse mono- and di-hydroxylated steroids via direct C–H bond 
oxidation. Difficulties in accessing functionalized steroids by 
chemical methods is a factor in identifying new biomedical ef-
fects from nature-inspired therapeutic compounds. These enzy-
matic steps complement chemical approaches and could have 
applications in the synthesis of steroidal agents.  

METHODS  
Preparation of enzyme variants. Genes encoding CYP-

102A1 enzymes were cloned in the pET28+ vector by NcoI and 
BamHI restriction sites.48 Site-directed mutagenesis was carried 
out by standard PCR-based protocols using a KOD Hot Start 
DNA Polymerase toolkit from Sigma-Aldrich, UK. The pres-
ence of the target mutation(s) was confirmed by DNA sequenc-
ing. The relevant plasmid was then transformed into chemically 
competent E. coli BL21 (DE3) for enzyme variant production 
and subsequent purification as described previously.29,40,41  

Screening scale reactions. Steroidal substrates were dis-
solved in an organic solvent (DMSO, EtOH or MeOH) and 
added as a stock, typically at 100 mM concentration. The 
screening was carried out in 200 mM phosphate buffer (pH 7.9) 
in a volume of 0.5 mL in 24-well plates. In this reaction system, 
the final concentration of CYP102A1 variants was 2 µM and 
the substrates was at 2 mM. Glucose dehydrogenase (GDH, 20 
U/mL) and glucose (100 mM) were used to regenerate the 
NADPH cofactor. NADP+ (40 µM) was added to initiate the 
reaction. Screening plates were shaken at 120 rpm for 16 h at 
20ºC and then extracted with 300 µL of ethyl acetate. After cen-
trifugation at 14300 g to separate the phases, the organic ex-
tracts were analyzed by GC. 

Preparative scale reactions and product characterization. 
Preparative scale reactions (50–200 mL) with selected enzyme–
steroid combinations were carried out for 6–16 h under the 
same conditions as in the initial screening. Progress of the reac-
tions were monitored by GC analysis of organic extracts of 0.5 
mL aliquots. The reaction mixtures were then extracted three 
times with an equal volume of ethyl acetate, the combined ex-
tracts were washed with brine (20 mL ́  3), dried with Na2(SO4) 
and the solvent was removed with a rotary evaporator. The 
crude mixtures were purified by silica gel column chromatog-
raphy, eluting with mixtures of DCM and methanol, and by 
SFC using methanol as the modifier. Analytical thin-layer chro-
matography was performed on petroleum ether/ethyl acetate 
solvent system and bands were either visualized under ultravi-
olet light or with permanganate or phosphomolybdic acid stain-
ing reagents. 1H, 13C, COSY, HSQC, HMBC, NOESY, and 1D 
nOe NMR spectra were acquired to fully characterize the puri-
fied products. 

MD simulations and substrate docking. MD simulations 
were performed on wild type CYP102A1 and variants 
(GV/A184I, R19/F87A/A264G, R19/F87A/T260G/A328G, 
R19/F87A/I263G/A328G, GV/A184I/I263G/A264G/A328G, 
K19/A82M/F87A/I263G/A264G, R19/F87A/A264G/A328G, 
and R19/F87A/A184I/T260G/A328G) that showed high selec-
tivity for the observed AD, DHEA and TST oxidation products 
(see ESI). All structures were relaxed via MD simulations per-
formed in GROMACS 2018.649 following standard proce-
dures.28,30,31,50 Briefly, structures of variants were first prepared 
by addition of mutations to the WT CYP102A1 crystal structure 
(PDB code: 1jpz)42 via Pymol. N-Palmitoylglycine, which was 
crystallized within the structure, was removed. The protein was 
prepared using the Amber 99SB*-ILDN force field with TIP3P 
water. The heme moiety was simulated in the Compound I state, 
using parameters from Shahrokh, et al.51 The protein was 
placed into the center of an octahedral box, with a minimum 
distance of 10 nm to any box edge, solvated with ca. 17500 wa-
ter molecules and the net charge neutralized by addition of Na+ 
ions. Steepest descent energy minimization was performed until 
the maximum force was <500 kJ mol–1 nm–2. Periodic boundary 
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conditions were then used to model the system, with electro-
static interactions treated by the particle mesh Ewald method 
and bond lengths involving H-atoms constrained with the 
LINCS algorithm. Short-range nonbonded interactions were 
calculated within a 1 nm cut-off and a timestep of 2 fs was used. 
For equilibration steps, all protein backbone Cα atoms were re-
strained with a positional restraint force constant of 1000 kJ 
mol–1 nm–2. An NVT equilibration step was performed at 298 K 
for 100 ps, using the modified Berendsen thermostat. This was 
followed by an NPT equilibration step for 1250 ps utilizing the 
Berendsen barostat with a time constant of 1 ps. All positional 
restraints were then removed and 100 ns of production MD was 
performed in triplicate using the Parrinello-Rahman barostat 
with a time constant of 5 ps. Structures were recorded every 10 
ps. Stability of the simulations was confirmed by monitoring 
the RMSD of the backbone Cα atoms before the individual tra-
jectories were clustered using the Daura algorithm with a cut-
off of 1.2 nm. The three most populated clusters were used as 
receptor structures for docking studies, which were performed 
in Autodock Vina.52 All water molecules were removed from 
the structure prior to the docking calculation and both receptor 
and substrate were treated as rigid entities. The docking site was 
defined as a 30 ´ 30 ´ 30 Å box, centered on the ferryl oxygen, 
and poses were ranked using the Autodock Vina scoring func-
tion. 
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