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Bacterial cytochrome P450 (CYP) enzymes are involved in the hydroxyla-

tion of various endogenous substrates while using a heme molecule as a

cofactor. CYPs have gained biotechnological interest as useful biocatalysts

capable of altering chemical structures by adding a hydroxyl group in a

regiospecific manner. Here, we identified, purified, and characterized two

CYP154C4 proteins from Streptomyces sp. W2061 (StCYP154C4-1) and

Streptomyces sp. ATCC 11861 (StCYP154C4-2). Activity assays showed

that both StCYP154C4-1 and StCYP154C4-2 can produce 20-hydroxylated
testosterone, which differs from the activity of a previously described

NfCYP154C5 from Nocardia farcinica in terms of its 16a-hydroxylation of

testosterone. To better understand the molecular basis of the regioselectiv-

ity of these two CYP154C4 proteins, crystal structures of the ligand-

unbound form of StCYP154C4-1 and the testosterone-bound form of

StCYP154C4-2 were determined. Comparison with the previously deter-

mined NfCYP154C5 structure revealed differences in the substrate-binding

residues, suggesting a likely explanation for the different patterns of testos-

terone hydroxylation, despite the high sequence similarities between the

enzymes (54% identity). These findings provide valuable insights that will

enable protein engineering for the development of artificial steroid-related

CYPs exhibiting different regiospecificity.

Heme-containing cytochrome P450 enzymes (CYPs) are

found in all kingdoms. CYPs are usually termed P450,

because they have an absorption-maximum at ~ 450 nm

following their reaction with carbon monoxide (CO).

CYPs have been frequently studied since their discovery

based on their ability to synthesize and metabolize vari-

ous cellular molecules. Additionally, CYPs are attrac-

tive due to their capabilities of hydroxylation,

epoxidation, decarboxylation, and dealkylation of

endogenous and xenobiotic compounds, with these
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reactions targeting various molecules, including choles-

terol, sterols, alkanes, and fatty acids [1–4]. In humans,

CYPs are key enzymes involved in drug metabolism and

are targets for drug design; however, investigations tend

to focus on bacterial rather than mammalian CYPs due

to the insolubility of membrane-bound eukaryotic

CYPs, which limits their study. By contrast, soluble bac-

terial CYPs are easily overexpressed and engineered,

and CYP mutagenesis is highly effective at increasing

product yield. Therefore, bacterial CYPs have been the

basis for studies involving the drug-development indus-

try [5–9]. CYP enzymes are classified into two major

groups based on their localization and redox partners.

Class I includes mitochondrial and bacterial P450s,

which use two separate redox partners: an iron–sulfur
protein (ferredoxin and adrenodoxin) and a flavin-con-

taining reductase (ferredoxin reductase and adreno-

doxin reductase). Class II enzymes localize to

microsomes and receive electrons from NADPH-CYP

reductase (CPR) [10]. There are also other minor classes

of P450 enzymes, such as P450BM3 (CYP102A1), which

does not require separate redox partners due to the fact

that a diflavin reductase partner is contained within the

polypeptide chain [11]. CYP154 family members have

been identified in several Actinobacteria, such as Strep-

tomyces coelicolor, Streptomyces griseus, and Nocar-

dia farcinica. They oxidatively hydroxylate steroid

molecules regio- and stereoselectively [12–14].
Steroids are widespread organic compounds that are

essential for multiple functions in plants and animals

[15]. They are widely used as ‘anti-agents’ for their anti-

inflammatory, antimicrobial, antifungal, and antiviral

effects [16]. Modification by hydroxylation can strongly

affect the biological activity, polarity, and toxicity of

steroids. The position at which a steroid is hydroxylated

is of great importance; in particular, the presence of

hydroxyl or ketone groups at carbons 3, 11, 17, and 21

correlate with biological activity. Commercially, 11a-
hydroxylation of progesterone to yield cortisone and

11b-hydroxylation of 11-deoxycortisol to form hydro-

cortisone have been established at an industrial scale

[17,18]. Steroids are used as a source of nutrients by bac-

teria, in which steroid hydroxylase is involved in some

steroid catabolic pathway reactions for the degradation

of an aliphatic side chain or opening of a sterane ring

[19]. A number of P450s from diverse bacterial sources

are known to be involved in steroid hydroxylation,

including CYP106A family (CYP106A1 and

CYP106A2), CYP154C family (CYP154C3, CYP154C5,

and CYP154C8), CYP260 family (CYP260A1 and

CYP260B1), and CYP109 family (CYP109B1 and

CYP109E1) members [20]. The mycobacterium P450s

CYP125A1 and CYP142A1 are involved in cholesterol

degradation via hydroxylation and its sequential oxida-

tion to aldehyde and carboxylic acid [21]. In one partic-

ularly interesting study, the screening of 250 bacterial

P450s expressed in Escherichia coli identified 24 P450s

that were able to hydroxylate testosterone at different

positions in a regio- and stereoselective manner [22].

In the CYP154 family, two crystal structures

(CYP154A1 and CYP154C1) have been reported from

S. coelicolor A3(2) [12,23]. Additionally, various ster-

oid (pregnenolone, progesterone, androstenedione, and

testosterone)-bound forms of CYP154C5 from

N. farcinica have been solved, with these proteins shar-

ing 93% amino acid sequence identity [24]. Interest-

ingly, CYP154A1 structure analysis revealed that the

heme orientation was 180° opposite to that of most

other CYP structures, including CYP154C1; however,

the reason for this and its biological meaning remain

unclear. In steroid-bound CYP154C5 structures, the

C16 position of bound steroid molecules faces the heme

iron. This structural feature possibly explains the regio-

and stereoselectivity of CYP154C5 in the conversion of

steroid molecules to yield 16a-hydroxylated steroid

products [24,25].

In this study, we report two CYP154C4 crystal

structures from Streptomyces spp., namely the ligand-

unbound form from Streptomyces sp. W2061

(StCYP154C4-1) and the testosterone-bound form

from Streptomyces sp. ATCC 11861 (StCYP154C4-2).

Notably, crystals of the testosterone-bound form of

StCYP154C4-1 and apo-StCYP154C4-2 could not be

obtained, despite their high sequence identity (93%).

Structural comparison of the two obtained structures

revealed different structural rearrangement of the a13-
helix region according to testosterone binding. Addi-

tionally, biochemical activity assays showed that

StCYP154C4-1 and StCYP154C4-2 yielded a 20-hydro-
xylated testosterone product through a mechanism

that differs from that of other CYP154 proteins. Fur-

thermore, these structures show different active site

residue compositions that might explain variations in

the regiospecificity of the testosterone product among

different CYP154 family members. Our results provide

useful insights for future protein engineering and

applications of this enzyme.

Results and Discussion

Expression, purification, and spectrophotometric

characterization of StCYP154C4s

Both CYPs, StCYP154C4-1 and StCYP154C4-2, were

expressed in their soluble form in E. coli BL21(DE3)

cells. Each fraction eluted using different concentrations
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of imidazole-containing potassium phosphate buffer

was confirmed by SDS/PAGE analysis, which showed

a band at ~ 65 kDa (Fig. 1A), although the theoreti-

cal molecular mass calculated for both CYPs was

~ 45 kDa. The difference in molecular masses was due

to the Trx-His-s-enterokinase fusion sequence in the

pET32a(+) vector transcribed and translated along

with the StCYP154C4s sequence. StCYP154C4s pur-

ity was determined by RZ value, which was calculated

as the ratio of absorbance at kmax of the Soret band

to the absorbance at 280 nm, with those for

StCYP154C4-1 and StCYP154C4-2 at 1.32 and 1.28,

respectively, indicating a high degree of purity for

both CYPs [26]. UV-visible absorption spectroscopy

of the oxidized forms of StCYP154C4-1 and

StCYP154C4-2 showed a Soret band at 417 nm. Simi-

larly, in their reduced state and CO-bound form, both

CYPs showed a peak at 447 nm (Fig. 1B,C), which

represents the characteristic signature of CYP heme in

its Fe2+CO complex form.

Substrate-binding assay

Optical-absorption spectroscopy has major advantages

for the physiochemical characterization of CYP and

has been extensively utilized to obtain concentration

measurements, monitor substrate and inhibitor bind-

ing, and find different kinetics parameters. Substrate

binding by CYPs causes the displacement of water as

a sixth ligand, which subsequently causes a spin shift

of the heme iron from low (415–418 nm) to high (390–
394 nm) [27]. StCYP154C4s showed this phenomenon

upon binding to the testosterone substrate, with Soret

absorption at 418 nm shifting to 392 nm upon addi-

tion of testosterone (Fig. 1D), indicating that both

CYPs were capable of binding testosterone. Therefore,

testosterone was selected as a substrate for in vitro

reactions catalyzed by StCYP154C4s. Similarly, based

on this, the dissociation constant (Kd) values for

CYP154C4s were determined by titrating different con-

centrations of substrate (testosterone) until saturation

Fig. 1. Spectral analysis of StCYP154C4s.

(A) SDS/PAGE of StCYP154C4-1 and

StCYP154C4-2. (B,C) The dithionite-reduced

CO-bound form of StCYP154C4-1 (B) and

StCYP154C4-2 (C). (D) Substrate-binding

shift in the spectra of StCYP154C4-1 (pink

line) and StCYP154C4-2 (blue line). The

maximum absorbance (Soret peak) was

observed at 392 nm and characterized by a

high-spin shift achieved due to substrate

binding in the CYP active site.
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(Fig. 2). The Kd value for StCYP154C4-1 was found

to be less than 10 lM, indicating tight binding.

StCYP154C4-2 had a higher Kd value than

CYP154C4-1 (Table 1).

Enzyme activity and product identification

In a reaction mixture (reaction system I) containing

3 lM CYP, 0.025 U ferredoxin reductase (Fdr), 6 lM
ferredoxin (Fdx), and 1 U glucose-6-phosphate dehy-

drogenase, the conversion of all three substrates (pro-

gesterone, testosterone, and androstenedione) was less

than 10%. HPLC analysis of the progesterone reaction

mixture showed a single product peak (Fig. 3A). Liq-

uid chromatography mass spectrometry (LC-MS) anal-

ysis of the reaction mixture showed the exact mass of

a hydroxylated progesterone (data not shown). The

progesterone product was identified as 16a-hydroxy-
progesterone by coelution with an authentic standard

(Fig. 3A, panel III). The testosterone reaction mixture

showed the formation of at least two products by both

CYPs (Fig. 3B). Among them, one of the products

(P1) was identified as 16a-hydroxytestosterone based

on coelution with a standard (Fig. 3B, panel III).

Based on NMR structural elucidation, the other pro-

duct (P2) observed in the testosterone reaction mixture

was identified as a mixture of 2a- and 2b-hydroxytes-
tosterone (Fig. 3C).

Having found a very low conversion rate with reac-

tion system I, in another reaction (reaction system II),

increases in the concentrations of reaction constituents

to 15 lM CYP, 15 lM Fdx, 0.1 U Fdr, and 5 U glu-

cose-6-phosphate dehydrogenase resulted in not only

high conversion (> 70%) rates for all three substrates

but also variation in product distributions. Among the

three products found in the progesterone reaction mix-

ture (Fig. 4A), P2 was identified as monohydroxylated

progesterone with an exact mass of [M+H]+ 331.2291.

Products P3 and P1 had exact masses of [M+H]+

329.2115 and [M+H]+ 347.2222, respectively. Both of

these products (P1 and P3) may have been obtained

from the monohydroxylated product (P2), which was

further supported by the time-dependent reaction

results, in which the concentration of P2 decreased

with an increase in the time interval, while the concen-

trations of the other two products (P1 and P3)

increased with an increase in the time interval

(Fig. 4B). P1 may have been derived from sequential

hydroxylation of P2, while P3 may have resulted from

dehydrogenation of the hydroxyl group, yielding a

keto group. In another reaction (reaction system III),

we reduced the concentrations used in reaction system

II by half, and carried out the reaction catalyzed by

StCYP154C4-1. This resulted in mostly a single mono-

hydroxylated product (P2) that was found in reaction

system II, while the other two products P1 and P3

Fig. 2. Spectrometric absorbance of StCYP154C4-1 (A–C) and StCYP154C4-2 (D–F) bound with different concentrations of testosterone

substrate. Dissociation constant (Kd) values were calculated by plotting the peak-to-trough (Abs389 � Abs419) absorbance against different

concentrations of the substrate. Upper panel shows the shift in spin of the heme induced by binding of different concentrations of

substrate, and lower panel shows the plot of peak-to-trough absorbance against the corresponding concentration of substrate. (A,D)

progesterone, (B,E) testosterone, (C,F) androstenedione.
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exhibited very low conversion rates (Fig. 4C). This

clearly indicates that P1 and P3 must have resulted

from sequential oxidation of P2 by StCYP154C4-1.

Surprisingly, the progesterone exclusively hydroxylated

at the C16a-position (P) found in reaction system I

was not detected in reaction system II, based on

HPLC comparisons with the standard (16a-hydroxy-
progesterone; Fig. 4D). Another substrate, testos-

terone, was converted into a number of products using

reaction system II. P3 was identified as a major pro-

duct of catalysis by StCYP154C4-1 (Fig. 5A, panel

II); however, in a reaction catalyzed by StCYP154C4-

2, P2 was observed as a major product (Fig. 5A, panel

I). The P2 produced by reaction system II was identi-

fied as a mixture of 2a- and 2b-testosterone based on

HPLC retention time comparisons (Fig. 5A, panel

III). The possible 16a-hydroxytestosterone (P1) exhib-

ited a very low rate of conversion compared to the

other products. Androstenedione was converted into

one major monohydroxylated product (P3) and two

other minor products (P1 and P2) by StCYP154C4-1

Table 1. Dissociation constant (Kd) values of StCYP154C4-1 and

StCYP154C4-2 with steroid substrates.

Substrate StCYP154C4-1 StCYP154C4-C2

Progesterone 7.12 � 1.08 62.76 � 3.35

Androstenedione 11.35 � 3.14 54.57 � 6.33

Testosterone 9.11 � 2.15 73.38 � 5.21

Fig. 3. HPLC chromatogram of the progesterone (A) and testosterone (B) reaction mixture catalyzed by StCYP154C4-1 (panel I) and

StCYP154C4-2 (panel II) supported by reaction system I. P indicates the hydroxylated product of progesterone, which was identified as 16a-

hydroxyprogesterone. (C) The ROSEY of the mixture of 2a-OH testosterone and 2b-OH testosterone. The distance between a 2a hydrogen

and each hydrogen of 2a- and 2b-OH testosterone by force field MMFF94 optimization [52–56].
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(Fig. 5B, panel I). The LC-MS analysis of P1 and P2

showed the exact masses of dihydroxy- and monohy-

droxyandrostenedione, respectively. In addition to

three different androstenedione products formed by

catalysis with StCYP154C4-1, StCYP154C4-2 also

resulted in the formation of another monohydroxy-

lated product (P4; Fig. 5B, panel II).

We also carried out an in vitro reaction supported

by oxygen surrogates diacetoxyiodobenzene (PIDA)

and hydrogen peroxide (H2O2). Iodosobenzene is a

PhIO-activated compound similar to PIDA that has

been used in many cases for P450-catalyzed in vitro

reactions [28–31]. A PIDA-supported reaction catalyzed

by both StCYP154C4s with a progesterone substrate

resulted in major conversion (P) into 16a-hydroxypro-
gesterone, which was identified based on coelution with

the standard (Fig. 5C). The StCYP154C4-2-catalyzed

reaction with testosterone showed the formation of a

single product (P4), which was identified as a mixture

of 2a- and 2b-hydroxytestosterone (Fig. 5D, panel I).

In a reaction catalyzed by StCYP154C4-1, minor con-

version into 16a-hydroxytestosterone (P1) and major

Fig. 4. (A) Catalytic oxidation of progesterone supported by reaction system II, and catalyzed by StCYP154C4-1 (panel I) and StCYP154C4-2

(panel II). (B) HPLC chromatograms of progesterone reaction mixture catalyzed by StCYP154C4-1 for different time intervals supported by

reaction system II. The reaction interval is indicated (2, 4, and 6 h). (C) HPLC chromatogram comparison of progesterone reaction mixture

catalyzed by StCYP154C4-1 supported by reaction system II (panel I) and reaction system III (panel II). (D) HPLC chromatogram of 16a-OH

progesterone (authentic standard; indicated by blue color) in the progesterone reaction mixture catalyzed by StCYP154C4-1 (indicated by black

color) and StCYP154C4-2 (indicated by red color) supported by reaction system II. P1, P2, P3, and 16a-OH P indicate product 1, product 2,

product 3, and 16a-OH progesterone, respectively. LC-MS analysis of the products showed P1 as a dihydroxylated product ([M+H]+ 347.2222),

P2 as a monhydroxylated ([M+H]+ 331.2291), and P3 as a possible oxidation product of the monohydroxylated product ([M+H]+ 329.2115).
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conversion into 2a- and 2b-hydroxytestosterone were

observed (Fig. 5D, panel II). PhIO- and NADPH-

supported reactions by P450 can be mechanistically dis-

tinct, leading to differences in product profiles [31]. A

similar difference in product profiles was recently

reported by us with CYP154C8-catalyzed reactions sup-

ported by NADPH or PhIO [32]. In addition to 16a-
hydroxylation, a PIDA (PhIO system)-supported reaction

by CYP154C8 also catalyzed the 6b-hydroxylation of

progesterone and 11-ketoprogesterone, neither of

which was observed when the reactions were supported

by NADPH or NADH systems. In another report,

CYP17A1 produced different products in the presence

of iodosobenzene and NADPH-P450 reductase to

form compound I [30]. MycG, a P450 enzyme, was

also reported to display altered catalytic activity when

Fig. 5. (A) Catalytic oxidation of testosterone supported by reaction system II and catalyzed by StCYP154C4-1 (panel III) and StCYP154C4-2

(panel I). Panel II shows the chromatograms of the authentic standard (16a-hydroxytestosterone). P1, P2, P3, and P4 indicate product 1,

product 2, product 3, and product 4 of testosterone, respectively. (B) HPLC chromatogram of androstenedione reaction mixture catalyzed by

StCYP154C4-1 (panel I) and StCYP154C4-2 (panel II) supported by reaction system II. Panel III shows the chromatogram of the control

reaction, carried out in the absence of NADPH. P1, P2, P3, and P4 indicate product 1, product 2, product 3, and product 4 of

androstenedione, respectively. (C) HPLC chromatogram of the progesterone reaction mixture catalyzed by StCYP154C4-1 (panel I) and

StCYP154C4-2 (panel II) supported by PIDA. Panel III shows the chromatogram of the authentic standard 16a-OH progesterone (16a-OH P).

P indicates product which was identified as 16a-OH progesterone. (D) HPLC chromatogram of the testosterone reaction mixture catalyzed

by StCYP154C4-1 (panel I) and StCYP154C4-2 (panel II) supported by PIDA. Panel III shows the chromatogram of the authentic standard

16a-OH progesterone (16a-OH P). P2 and P4 are two different product peaks of testosterone.
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it was partnered with an alternative surrogate redox

partner [33]. Recently, CYP106A2, when partnered

with 11 different redox partners in separate reactions,

exhibited differences in product patterns caused by dif-

ferences in the binding mode of the redox partners

[34]. The reaction in the presence of a high concentra-

tion (40 mM) of H2O2 showed low conversion rates

(~ 5%) of testosterone and progesterone (data not

shown). The major conversion via 2-hydroxylation was

observed with testosterone, while the progesterone

reaction mixture showed a single product peak corre-

sponding to 16a-hydroxylation. Androstenedione was

not converted to any product following catalysis with

both CYPs in the presence of H2O2.

To the best of our knowledge, StCYP154C4 is the

first reported wild-type CYP enzyme that hydroxylates

testosterone to yield isomers of hydroxytestosterone. A

similar pattern of product formation was observed

with CYP106A2, with dehydroepiandrosterone

hydroxylated at the 7a and 7b positions to form the

stereoisomer [35]. In a similar manner, CYP106A2 was

found to hydroxylate abietic acid, a diterpene, at the

12a and 12b positions [36]. Not many wild-type P450s

are known to hydroxylate the C2 positions, although

the best-characterized P450BM3 (CYP102A1) has been

engineered to obtain 2-hydroxylated testosterone

[37–39]. StCYP154C4s may represent important bio-

catalysts in the future, with the aim of developing ster-

oids with different regiospecificities by protein

engineering. Recently, a steroidogenic P450 CYP260A1

from Sorangium cellulosum strain So ce56 was engi-

neered for stereo- and regioselective hydroxylation of

progesterone at the very important 1a and 17a posi-

tions [40]. In another study involving the protein engi-

neering of P450BM3 variant M01 A82W S72I, which

is capable of producing 16a-progesterone, researchers

inverted the stereoselectivity to 16b using a single

active site mutation [41]. Other P450s of bacterial ori-

gin have been demonstrated to hydroxylate testos-

terone at different positions [13,22,25]. However, there

have been no reports of any wild-type CYP that

hydroxylates at both positions 2a and 2b.
StCYP154C4s represent a suitable model for under-

standing the function of CYP154C subclass P450

enzymes. Our results show that not only does the

choice of redox partners affect the type and selectivity

of P450 reactions, but also the varied concentrations

of P450s and auxiliary proteins (redox partners) can

alter the reaction type catalyzed by P450 enzymes.

Such results provide a unique opportunity to further

exploit the chemistries behind altered activity and pro-

duct distribution. The lack of suitable redox partners

for support for in vivo conversion of the substrates

catalyzed by both StCYP154C4s was a major problem

for identifying the products by NMR. The in vivo bio-

conversion carried out in E. coli cells, which contained

a plasmid harboring the genes encoding StCYP154C4s,

putidaredoxin reductase (Pdr) and putidaredoxin

(Pdx), did not result in the conversion of the three

substrates. However, traces of products were detected

when the reaction was supported by Pdx and Pdr

in vitro. Considering the interesting functions of both

P450s, further research is needed to find suitable redox

partners to support in vivo conversion, leading to the

elucidation of the structures of the modified products.

Mutagenesis of both enzymes should also be carried

out to identify the specific residues involved in these

functions.

Overall structure

The crystal structures of CYP154C4 from Strepto-

myces sp. W2061 (StCYP154C4-1) and testosterone-

bound CYP154C4 from Streptomyces sp. ATCC 11861

(StCYP154C4-2) were determined at 2.2 and 2.7 �A,

respectively (Fig. 6A,B). Those two CYP154C4s share

93% sequence identity, with 97% positives and only

29 different residues. Both crystals belonged to space

group I212121 and contained a single molecule in each

asymmetric unit. StCYP154C4-1 was solved by molec-

ular replacement using CYP154C1 from S. coelicolor

(PDB code 1GWI; 73% sequence identity) as a search

model [12]. The StCYP154C4-1 structure was subse-

quently used for molecular replacement to solve the

StCYP154C4-2 structure. Both crystal structures

showed typical characteristics of a CYP, with the

heme-binding site located at the center of an a-helix-
rich region. StCYP154C4-1 comprises 21 a-helices and

six b-strands (Fig. 6A), whereas testosterone-bound

StCYP154C4-2 comprises 19 a-helices and six

b-strands, with two small a-helices missing as compared

with the StCYP154C4-1 structure (Fig. 6B). Structural

alignments using the Dali server (http://ekhidna2.bioce

nter.helsinki.fi/dali/) confirmed that StCYP154C4 has

the highest structural similarity with CYP154C5 from

N. farcinca (PDB code 4J6B), with a Z-score of 58.7

[24]. Additionally, CYP154C1 from S. coelicolor (PDB

code 1GWI) and CYP154A1 from S. coelicolor (PDB

code 1ODO) also showed high levels of structural

similarity [12,23].

The active sites of the StCYP154C4s

The cofactor heme is tightly bound in the center of

StCYP154C4 enzymes. Carboxyl groups of heme form

salt bridges with the conserved residues Lys57, His94,
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Fig. 6. Crystal structures and multiple sequence alignment of StCYP154C4-1 and testosterone-bound StCYP154C4-2. (A) The crystal

structure of StCYP154C4-1. The a-helices and b-strands are represented as ribbons colored in salmon and lime, respectively. The bound

heme molecule is shown as a magenta stick model. (B) The overall structure of testosterone-bound StCYP154C4-2 is represented as a

ribbon, with the a-helices and b-strands colored in olive and slate, respectively. The bound testosterone is shown as a cyan stick model

with a blue 2Fo–Fc electron-density map (contoured at 1d). (C) Structure-based multiple sequence alignment of StCYP154C4s with

CYP154C1 from Streptomyces coelicolor A3(2; PDB code 1GWI; UniProtKB code: Q9L142), CYP154C5 from Nocardia farcinica (PDB code

4J6D; UniProtKB code: Q5YNS8), CYP154A1 from Streptomyces coelicolor (PDB code 1ODO; UniProtKB code: Q9KZR7), and P450 mono-

oxygenase PikC from Streptomyces venezuelae (PDB code 2WHW; UniProtKB code: O87605). The secondary structures of testosterone-

bound StCYP154C4-2 are shown above the multiple aligned sequences. The Ala238, which altered its position following testosterone

binding, is indicated with a black triangle. Residues making specific interactions with testosterone are denoted by a black circle above the

residues.
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Arg98, Arg291, and His348. The side chain of Cys350

coordinates the central iron of heme on the proximal

side. The non-polar region of the heme molecule is sur-

rounded by hydrophobic residues (Fig. 7). Above the

bound heme, there is a hydrophobic substrate-binding

site, with Pro82, Leu87, Phe173, Phe174, Leu234,

Ala237, Ala238, and Val288 residues comprising the

non-polar region of the substrate-binding pocket. Addi-

tionally, several polar residues, including Gln233,

Thr242, Thr285, and Gln391, are also located in the

substrate-binding pocket (Fig. 8). They may be respon-

sible for hydrogen bonding with the substrate. All of

these residues are shared between StCYP154C4-1 and

StCYP154C4-2 suggesting that both enzymes likely

share similar substrate specificity, as well as regiospeci-

ficity (Fig. 8A,B). As expected, this prediction was

confirmed by the results of biochemical assays. Struc-

tural comparison of StCYP154C4-1 and StCYP154C4-

2 showed a conformational change in the a13 helix fol-

lowing testosterone binding (Fig. 8C). The Ala238

located on the a13-helix moved to near the testosterone

substrate and formed a hydrophobic interaction. This

movement induces rearrangement of the a13 helix. The

orientations of the other residues forming the sub-

strate-binding pocket are also slightly altered by testos-

terone binding. Specifically, interactions between

StCYP154C4-2 and testosterone involve the O3 and

O17 atoms of testosterone interacting with the OG1 of

Thr285 and the OE1 of Gln233, respectively. It is pos-

sible that these two hydrogen bonds are important in

determining the orientation of testosterone binding.

Moreover, the C18 and C19 atoms of testosterone are

oriented on the opposite side of the a13 helix and form

non-polar interactions with Leu79, Pro82, and Leu87.

The C2 atom of testosterone faces the Fe of the heme

molecule and lies within 4.5 �A in a position that

enables 20-hydroxylation. Activity assays confirmed

that StCYP154C4 is capable of catalyzing both 2a-
hydroxylation and 2b-hydroxylation of testosterone.

The testosterone-binding mode of the

StCYP154C4s

Structural superposition of testosterone-bound

StCYP154C4-2 and testosterone-bound NfCYP154C5

(PDB code 4J6D; 52% sequence identity) revealed that

the two enzymes have different testosterone-binding

modes, as well as different residue compositions in the

substrate-binding pocket (Fig. 9) [24]. The hydropho-

bic residues Leu79, Pro82, Leu87, and Leu234, which

comprise the non-polar region of the binding pocket in

StCYP154C4-2, are represented by Met84, Val88,

Phe92, and Ala240, respectively, in NfCYP154C5.

These differences form a unique cavity shape in

StCYP154C4 that might influence ligand binding and

regiospecificity. Specifically, Thr285 in StCYP154C4

interacts with the O3 atom of testosterone, but is repre-

sented by Val291 at the same positon in NfCYP154C5.

By contrast, testosterone binding in the NfCYP154C5

structure shows that Gln398 interacts with the O3 atom

of testosterone. In the StCYP154C4-2 structure, the O3

atom of testosterone forms a hydrogen bond with

Thr285 located at a point deeper within the binding

pocket than NfCYP154C5 Gln398. These differences in

the substrate-binding site and individual side chain

interactions likely enable testosterone to bind in the

opposite direction in StCYP154C4. Moreover,

structural information verified the results obtained from

activity assays, which showed that StCYP154C4 exhi-

bits both 20-hydroxylation and 16a-hydroxylation activ-

ity on testosterone, whereas NfCYP154C5 exhibits only

16a-hydroxylation activity.

In conclusion, we identified broad and flexible sub-

strate-hydroxylation activity on the part of both

Fig. 7. Heme binding modes of

StCYP154C4-1 and StCYP154C4-2. Stereo

view of superposed StCYP154C4-1 (salmon)

and StCYP154C4-2 (olive) shows that the

iron of the heme is coordinated with the

side chain of Cys350. Carboxyl groups of

the heme interact with Lys57, His94,

Arg98, and Arg291, while the non-polar

region of the heme forms hydrophobic

interactions with Met86, Val101, Leu105,

Ile235, Leu246, Leu279, Pro284, Val288,

Phe314, Ala342, and Phe343.
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StCYP154C4-1 and StCYP154C4-2 enzymes as com-

pared with the previously characterized NfCYP154C5

enzyme. Our findings suggest that differences in resi-

due positioning in the active site might account for

the altered substrate position and catalytic activity

observed in the CYP154C4 enzyme. Collectively,

these results provide useful insight for subsequent

protein engineering of CYP154C4 family members

in order to allow production of modified steroid

compounds.

Materials and methods

Materials

Testosterone was purchased from Tokyo Chemical Industry

Co., Ltd (Seoul, Korea). NADPH, glucose-6-phosphate, glu-

cose-6-phosphate dehydrogenase, spinach ferredoxin, spi-

nach ferredoxin reductase, hydrogen peroxide, PIDA,

catalase, ampicillin, chloramphenicol, and a-aminolevulinic

acid were purchased from Sigma-Aldrich (Yongin, Korea).

Fig. 8. Substrate-binding site of the

StCYP154C4s. The substrate-binding site of

(A) StCYP154C4-1 and (B) testosterone-

bound StCYP154C4-2 are colored in salmon

and olive, respectively. The residues in the

substrate-binding site, and the bound heme

molecule (magenta) and testosterone (cyan)

are shown as stick models. Hydrogen

bonds formed between the bound

testosterone and StCYP154C4-2 are shown

with red dashed lines. (C) Stereo view of

StCYP154C4-1 superposed with

testosterone-bound StCYP154C4-2. The a13

helix undergoes conformational changes

during testosterone binding.

Fig. 9. Stereo view of the superimposed

structures of testosterone (cyan)-bound

StCYP154C4-2 (olive) and testosterone

(green)-bound NfCYP154C5 (PDB code

4J6D; slate). The residues in the vicinity of

the bound testosterone and testosterone

molecules are indicated by sticks. Structural

comparisons of the two enzymes show

different testosterone-binding modes.
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DNA polymerase, T4 DNA ligase, and dNTPs were

obtained from Takara Bio (Shiga, Japan). IPTG and DTT

were obtained from Duchefa Bohemie (Seoul, Korea). All

other chemicals were high-grade products obtained from

commercially available sources. Restriction enzymes (EcoRI

and HindIII) were obtained from Takara Clontech (Seoul,

Korea).

Sequence accession numbers

The gene responsible for encoding the CYP enzyme was

searched based on the heme-binding domain signature

[FxxGx(H/R)xCxG] from the sequences of Streptomyces sp.

W2061 and Streptomyces sp. ATCC11861. The name of the

CYP enzyme (CYP154C4) was assigned by Dr David Nel-

son (http://drnelson.uthsc.edu/cytochromeP450.html). The

nucleotide sequences of StCYP154C4-1 and StCYP154C4-2

have been deposited in GenBank under accession numbers

MH444361 and MH444362, respectively.

Cloning, expression, and purification of the

StCYP154C4s

The StCYP154C4-1 and StCYP154C4-2 genes were ampli-

fied from genomic DNA of Streptomyces sp. W2061 and

Streptomyces sp. ATCC 11861, respectively. The

StCYP154C-1 sequence was amplified using 50-GAA TTC

ATG ACC CGT ATC GCG CTC-30 (EcoRI site is under-

lined) as a forward primer and 50-AAG CTT TCA GGC

GTC GCC GCC G-30 (HindIII site is underlined) as a

reverse primer. Similarly, amplification of StCYP154C4-2

was performed using specific forward 50-GAA TTC ATG

ACC CGT ATC GCG CTC G-30 (EcoRI site is underlined)

and reverse 50-AAG CTT TCA GGC GTC GTG GCC

GAA-30 (HindIII site is underlined) primers. The target genes

were cloned into the pET32a(+) vector and introduced into

E. coli BL21(DE3) cells. Transformed cells were grown over-

night at 37 °C for seed culture and then inoculated into LB

medium supplemented with 100 lg�mL�1 ampicillin, fol-

lowed by incubation (180 r.p.m.) at 37 °C until cell density

ranged from 0.6 to 0.8 according to the attenuance at

600 nm. Cell cultures were induced with 0.3 mM IPTG and

supplemented with 100 lg�mL�1 5-aminolevulinic acid

hydrochloride and 0.5 mM FeCl3. Protein expression was

performed at 20 °C for 48 h, followed harvesting of cells by

centrifugation. The cell pellets were further washed and

resuspended in 50 mM Tris/HCl buffer (pH 7.4) containing

10% glycerol, 100 mM NaCl, and 1 mM DTT. For purifica-

tion, the cells were lysed by ultrasonication, followed by cen-

trifugation at 24 650 g for 30 min at 4 °C. The soluble

fraction of the cell lysate was mixed and purified by Ni2+-

affinity chromatography using a TALON His-tag. Protein-

bound resins were pre-equilibrated with two-column volumes

of equilibration buffer (potassium phosphate, pH 7.4), and

bound proteins were eluted with elution buffer [potassium

phosphate (pH 7.4), 10% glycerol, and 100 mM NaCl] con-

taining 20, 100, and 300 mM imidazole, respectively. Frac-

tions of eluted proteins were analyzed for purity by SDS/

PAGE, and pure fractions were concentrated by ultrafiltra-

tion using Amicon centrifugal filters (Millipore, Billerica,

MA, USA) with a molecular mass cut-off of 30 kDa.

UV-visible absorption spectroscopy

UV-visible spectra of StCYP154C4s were measured at room

temperature on a Biochrome Libra S35PC UV/visible spec-

trophotometer (Biochrome Libra, Cambridge, UK). Absorp-

tion spectroscopy was used to determine CYP concentration,

purity, and substrate spin shift. Concentration of both CYPs

was determined based on CO-difference spectra using the

extinction coefficient Ɛ450–490 = 91 000 mM
�1 cm�1 [4]. The

proteins were diluted to 2 mL with potassium phosphate

buffer (pH 7.4) and separated into two cuvettes (sample and

reference). The sample was bubbled with CO for 1 min, fol-

lowed by addition of sodium dithionite in both cuvettes. The

cuvettes were further scanned using the spectrophotometer

at between 400 and 500 nm repeatedly until the reading at

~ 450 nm deceased relative to the highest value of the read-

ings. To determine the purity (RZ value) of both CYPs, the

sample containing the CYP enzyme was scanned in the range

of 200–500 nm, whereas the reference contained only buffer.

Substrate-binding shift was observed in a sample containing

1 lM CYP and 20 lM substrate in potassium phosphate buf-

fer (pH 7.4), with the reference containing only and equal

concentration of substrate. The sample and reference were

scanned at between 350 and 500 nm. Dissociation constant

(Kd) values for StCYP154C4s (1 lM) were determined by

titrating the substrate (testosterone) until the CYPs were sat-

urated. Kd values were determined as described previously

[42].

Enzyme activity assay

In vitro activity of both StCYP154C4s was determined in the

presence of NADPH, PIDA, and H2O2, separately. The sub-

strate (testosterone) and PIDA were dissolved in DMSO and

100% ethanol, making the stock concentrations 20 and

50 mM, respectively. Reaction system I contained 3 lM
StCYP154C4s, spinach Fdx (6 lM), spinach Fdr (0.025 U),

glucose-6-phosphate dehydrogenase (1 U), glucose-6

-phosphate (10 mM), MgCl2 (5 mM), catalase (100 lg�mL�1),

and substrate (500 lM) in 500 lL potassium phosphate buffer

(pH 7.4). The reactions were initiated with 500 lM NADPH.

The reaction mixtures were incubated at 30 °C for 2 h, fol-

lowed by extraction with ethyl acetate (1000 lL), which was

dried and analyzed by HPLC and LC-MS. Reaction system II

contained StCYP154C4s (15 lM), Fdx (15 lM), Fdr (0.1 U),

glucose-6-phosphate (100 mM), glucose-6-phosphate dehydro-

genase (5 U), MgCl2 (10 mM), catalase (100 lg�mL�1), sub-

strate (500 lM), and 1 mM NADPH. The reaction mixtures
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were incubated at 30 °C for different time intervals ranging

from 2 to 6 h. The reactions mixtures were extracted and ana-

lyzed as described for reaction system I. The other two reac-

tions, supported with PIDA (2 lM) and H2O2 (40 mM),

contained 3 lM StCYP154C4, with the two StCYP154C4s

being analyzed separately. All reactions mixtures were incu-

bated at 30 °C for 2 h and extracted and analyzed as

described for reaction system I.

Product purification and characterization

The product (P2) submitted for NMR analysis was prepared

by an up-scaled (300 mL) in vitro reaction catalyzed by

StCYP154C-1. The reactions were performed separately in a

10-mL volume in potassium phosphate buffer (pH 7.4) con-

taining 250 lM substrate. The reactions were initiated with

the addition of 2 mM PIDA and incubated at 30 °C for 2 h.

Each reaction was extracted with 10 mL ethyl acetate, dried

in vacuo, and dissolved in HPLC-grade methanol. The sam-

ple was filtered through a 0.45-lm pore polytetrafluo-

roethylene filter and subjected to preparative HPLC

(Shimadzu, Kyoto, Japan) with a C18 column (Mightysil RP-

18 GP; 150 9 4.6 mm, 5 lm; Kanto Chemical, Tokyo,

Japan). The purity of the product (P2) was reconfirmed by

HPLC. Fractions containing the product (P2) were dried and

dissolved in DMSO-d6, and the sample was further subjected

to NMR analyses (1H-NMR, 13C-NMR, ROSEY, COSY,

HMBC, and HSQC) at 800 MHz using a Varian Unity

INOVA spectrometer (Varian, Palo Alto, CA, USA).

2a-Hydroxytestosterone

1H NMR (800 MHz, DMSO-d6): d 5.63 (d, J = 1.6 Hz,

1H), 5.02 (d, J = 4.4 Hz, 1H), 4.48 (d, J = 4.8 Hz, 1H),

4.14 (dt, J = 13.7, 4.9 Hz, 2H), 3.44 (dt, J = 8.5, 5.0 Hz,

1H), 2.35 (tdd, J = 14.0, 5.3, 1.8 Hz, 1H), 2.26 (ddd,

J = 14.4, 4.3, 2.4 Hz, 1H), 2.12 (dd, J = 12.6, 5.5 Hz, 1H),

1.87–1.80 (m, 1H), 1.79–1.73 (m, 2H), 1.52 (qd, J = 11.0,

3.6 Hz, 1H), 1.53–1.45 (m, 1H), 1.52–1.44 (m, 1H), 1.44

(t, J = 13.3 Hz, 1H), 1.36 (ddd, J = 25.9,13.1, 3.9 Hz, 1H),

1.39–1.31 (m, 1H), 1.23 (s, 3H), 1.20 (dp, J = 18.1, 5.8 Hz,

1H), 0.98 (td, J = 12.9, 4.2 Hz, 1H), 0.95–0.87 (m, 1H),

0.89 (s, 1H), 0.86 (td, J = 11.5, 11.1, 4.2 Hz, 1H), 0.68

(s, 3H). 13C NMR (201 MHz, DMSO-d6): d 199.98 (C3),

171.15 (C5), 121.45 (C4), 80.29 (C17), 69.25 (C2), 54.45

(C9), 50.37 (C14), 44.96 (C1), 42.84 (C13), 40.61 (C10),

36.67 (C12), 35.04 (C8), 31.98 (C6), 31.75 (C7), 30.27

(C16), 23.43 (C15), 20.59 (C11), 18.06 (C19), 11.67 (C18).

2b-Hydroxytestosterone

1H NMR (800 MHz, DMSO-d6): d 5.65 (d, J = 1.3 Hz,

1H), 5.15 (d, J = 4.2 Hz, 1H), 4.48 (d, J = 4.8 Hz, 1H),

3.99 (dt, J = 10.9, 4.5 Hz, 1H), 3.43 (dt, J = 8.6, 4.9,

4.8 Hz, 1H), 2.45 (tdd, J = 13.0, 5.0, 1.0 Hz, 1H), 2.20

(ddd, J = 12.6, 4.3, 2.5 Hz, 1H), 2.07 (dd, J = 13.8,4.8 Hz,

1H), 1.88–1.83 (m, 1H), 1.87–1.80 (m, 1H), 1.79–1.73
(m, 1H), 1.63–1.61 (m,1H), 1.61 (t, J = 5.2 Hz, 1H), 1.63–
1.59 (m, 1H), 1.53–1.45 (m, 1H), 1.41 (dd, J = 13.2,3.8 Hz,

1H), 1.39–1.31 (m, 1H), 1.26–1.21 (m, 1H), 1.20 (dp,

J = 18.1, 5.8 Hz, 1H),1.15 (s, 3H), 1.04 (td, J = 12.9,

4.2 Hz, 1H), 0.95–0.87 (m, 1H), 0.95–0.84 (m, 1H), 0.68 (s,

3H). 13C NMR (201 MHz, DMSO-d6): d 199.41 (C3),

172.90 (C5), 120.29 (C4), 80.26 (C17), 68.61 (C2), 51.21

(C9), 50.39 (C14), 43.30 (C13), 41.28 (C1), 40.69 (C10),

36.70 (C12), 35.62 (C8), 34.11 (C7), 32.50 (C6), 30.33

(C16), 23.48 (C15), 22.44 (C19), 22.14 (C11), 11.81 (C18).

Analytical methods

The reaction mixtures were analyzed by ultra-HPLC

(UHPLC) using an SYNAPT G2-S/ACUITY UPLC quad-

rupole time-of-flight/electrospray ionization mass spectrom-

etry (Waters, Milford, MA, USA) in positive ion mode.

The sample was injected into the UHPLC system and sepa-

rated using a Mightysil reversed phase C18 column

(4.6 9 250 mm, 5 lm; Kanto Chemical). Acetonitrile (B)

and water (A) were used as mobile phases in a gradient sys-

tem of B (15% for 0–10 min, 50% for 10–20 min, 70% for

20–25 min, and 15% for 25–40 min) at a flow rate of

1 mL�min�1. Detection of substrates and their product was

performed by UV absorbance at 242 nm.

Crystallization and data collection

Initial crystallization screenings of both StCYP154C4-1

and testosterone-bound StCYP154C4-2 were performed

using a crystallization robot (Mosquito; TTP Labtech,

Cambridge, MA, USA) with the sitting-drop vapor-diffu-

sion method at 293 K in 96-well crystallization plates

(Emerald Bio, Bainbridge Island, WA, USA). Commer-

cially available screening kits were used for screening,

including the MCSG suite I–IV (Microlytic, Burlington,

MA, USA) and SaltRx (Hampton Research, Aliso Viejo,

CA, USA). Co-crystallization of testosterone-bound

StCYP154C4-2 was prepared by adding 10 mM testos-

terone. The drops were mixed with 0.3 lL of protein solu-

tion and 0.3 lL of reservoir solution, and equilibrated

against 80 lL reservoir solution at 293 K. StCYP154C4-1

crystals were grown under conditions of 25% (w/v)

PEG3350, 0.2 M lithium sulfate, and 0.1 M Bis-Tris-HCl

(pH 6.5; MCSG2 no. B11). Crystals of testosterone-bound

StCYP154C4-2 were obtained from conditions of 1 M

sodium citrate tribasic and 0.1 M sodium cacodylate:HCl

(pH 6.5; MCSG3 no. A1). Before mounting the crystals,

those of testosterone-bound StCYP154C4-2 were briefly

soaked in paratone-N oil used as a cryoprotectant, whereas

StCYP154C4-1 crystals were directly mounted. X-ray

diffraction data for both crystals were collected at the

BL-5C beam line of the Pohang Accelerator Laboratory
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(PAL; Pohang, Korea) at 100 K. The 2.2-�A resolution of the

diffracted data for StCYP154C4-1 contained 180 images, and

the 2.7-�A resolution of the diffracted data for testosterone-

bound StCYP154C4-2 contained 150 images. Image data

were collected at a 1° oscillation and an exposure time of 1 s

per image. All diffraction data were indexed, processed, and

scaled with HKL-2000 [43]. The statistics associated with the

X-ray diffraction data are presented in Table 2.

Structure determination and refinement

Molecular replacement of StCYP154C4-1 was successfully

performed using the MOLREP program from the CCP4i pack-

age [44,45]. The crystal structure of CYP154C1 from

S. coelicolor (PDB code 1GWI; 73% sequence identity) was

used as the template model [12]. One molecule was predicted

in an asymmetric unit with a Matthews coefficient of 3.45 �A3

Da�1, corresponding to 64.50% solvent [46]. The resulting

structure was manually rebuilt and refined using COOT and

REFMAC5 [47–49]. The final model of StCYP154C4-1 showed

Rwork and Rfree values of 17.24% and 22.17%, respectively.

Testosterone-bound StCYP154C4-2 was solved by molecular

replacement using StCYP154C4-1 as a template model.

Rebuilding and refinement of the structure were performed

using same methods as those used for StCYP154C4-1. The

final model of testosterone-bound StCYP154C4 had Rwork

and Rfree values of 20.31% and 25.10%, respectively. The

qualities of both final models were checked using MOLPROBITY

and PROCHECK [50,51]. Structure coordinates and structure-

factor data for StCYP154C4-1 and testosterone-bound

StCYP154C4-2 have been deposited in the Protein Data

Bank with accession codes 6A7I and 6A7J, respectively.
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Table 2. X-ray diffraction data collection and refinement statistics.

Data set StCYP154C4-1 Testosterone-bound StCYP154C4-2

X-ray source PAL 5C beam line PAL 5C beam line

Space group I212121 I212121

Unit-cell parameters (�A, °) a = 83.755, b = 115.032, c = 127.807

a = b = c = 90

a = 90.381, b = 113.94, c = 128.361

a = b = c = 90

Wavelength (�A) 0.9795 0.9795

Resolution (�A) 50.00–2.20 (2.24–2.20) 50.00–2.70 (2.75–2.70)

Total reflections 204 234 95 298

Unique reflections 31 349 (1506) 17 614 (872)

Average I/r (I) 42.9 (7.9) 31.9 (5.8)

Rmerge
a 0.087 (0.445) 0.080 (0.419)

Redundancy 6.5 (6.3) 5.4 (5.0)

Completeness (%) 98.0 (94.7) 96.5 (96.8)

Refinement

Resolution range (�A) 46.47–2.19 (2.25–2.19) 47.55–2.71 (2.78–2.71)

No. of reflections of working set 29 794 (2081) 16 737 (1059)

No. of reflections of test set 1554 (108) 872 (47)

No. of amino acid residues 409 408

No. of water molecules 268 8

Rcryst
b 0.173 (0.200) 0.217 (0.561)

Rfree
c 0.222 (0.296) 0.266 (0.594)

r.m.s. bond length (�A) 0.019 0.013

r.m.s. bond angle (°) 2.002 1.766

Average B value (�A2; protein) 43.956 87.640

Average B value (�A2; solvent) 47.231 70.805

a Rmerge = ∑|<I>�I|/∑<I>.
b Rcryst = ∑||Fo|�|Fc||/∑|Fo|.
c Rfree was calculated using 5% of all reflections, which were excluded from the refinement stages using high-resolution data. Values in

parentheses refer to the highest resolution shells.
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