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Understanding the structural basis of the selectivity of steroid hydroxylation

requires detailed structural and functional investigations on various steroid

hydroxylases with different selectivities, such as the bacterial cytochrome

P450 enzymes. Here, the crystal structure of the cytochrome P450

CYP106A1 from Priestia megaterium was solved. CYP106A1 exhibits a rare

additional structural motif of a cytochrome P450, a sixth β-sheet. The pro-

tein was found in different unusual conformations corresponding to both open

and closed forms even when crystallized without any known substrate. The

structural comparison of CYP106A1 with the previously investigated

CYP106A2, including docking studies for both isoforms with the substrate

cortisol, reveals a completely different orientation of the steroid molecule in

the active sites. This distinction convincingly explains the experimentally

observed differences in substrate conversion and product formation by the two

enzymes.
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Cytochromes P450 (P450s) are a superfamily of haem

containing monooxygenases found in prokaryotes,

eukaryotes and even in viruses. They are involved in

numerous biological processes, such as the biosynthesis

of steroid hormones and human xenobiotic metabo-

lism [1]. They catalyse a large variety of reactions (e.g.

hydroxylations, dehydrogenations, epoxidations,

dealkylations, oxidation etc.) converting a broad range

of substrates (e.g. steroids, terpenes, fatty acids etc.)

which make them versatile biocatalysts for industrial

processes [2,3].

Beside antibiotics, the production of steroids has

become an important field in pharmaceutical industry

[4]. Steroids play an important role in many living sys-

tems and regulate cellular processes such as sexual dif-

ferentiation, inflammation, signal transduction but also

the fluidity of membranes. Steroid derivatives exhibit

higher biological activity and stability than their non-

hydroxylated forms and are therefore more preferable

for industrial applications and as biomedicine [5]. Bacte-

rial cytochromes P450 show highest potential as biocat-

alysts for steroid hydroxylation and can be expressed to

high levels in bacterial expression systems [6] or yeast

[7]. A disadvantage is the insufficient regio- and/or

stereoselectivities of these enzymes or low activity which

can be solved by rational protein engineering [8].

Abbreviations

P450, cytochrome P450; PDB, Protein Data Bank; r.m.s.d, root mean square deviation.
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The gram-positive soil-bacterium Priestia mega-

terium (formerly Bacillus megaterium) has been a valu-

able industrial organism for decades and is widely

used as a production strain for enzymes in biotechno-

logical application [9,10]. But besides this, the most

interesting proteins present in P. megaterium are P450s

with novel functions such as the self-sufficient fatty

acid hydroxylase P450 BM3 (CYP102A1) [11,12], the

vitamin D hydroxylases CYP109E1 and CYP109A2

[13,14], the recently functionally characterized

CYP106A1 (P450 BM1) [15–18] and CYP106A2

(P450meg) involved in steroid, di- and triterpene con-

versions of biotechnological relevance [19–25].
While CYP106A2 was extensively investigated and

is well characterized since decades [26–30], including

the publication of three crystal structures with and

without substrate, respectively [31,32], significantly less

was known about its closest homolog, CYP106A1.

The CYP106 subfamily members share 63% amino

acid identity, a good indication for catalytic similarity.

The potential of CYP106A1 for steroidal drug or drug

metabolite production was thus probed by the conver-

sion of a focused steroid library [17]. The catalysts

were found to have a similar binding behaviour

towards the selected substrates but showed different

product patterns and activities. Although both

enzymes bound the steroids examined with similar

affinities, CYP106A2 produced one or two main

products, whereas the conversion with CYP106A1

yielded a higher amount of additional side products.

CYP106A2 also exhibited higher conversion velocities

in all transformations except for 11β-hydroxysteroids
(cortisol, corticosterone). While the CYP106A1

enzyme enabled the dehydrogenation of cortisol and

corticosterone, converting these 11β-hydroxysteroids
into their 11-keto forms, CYP106A2 performed the

same reaction only with corticosterone [18]. Since, such

an 11-oxo-steroid formation is uncommon in cyto-

chrome P450 catalysis, a follow-up study investigated

the underlying mechanism while identifying further

CYP106A1 substrates [17]. The structural background

for the differences in substrate conversion between

CYP106A1 and CYP106A2 is not yet known but

would pave the way for a deeper understanding of

their steroid conversion and provide a basis for defin-

ing new possibilities for a rationally designed enzyme

activity and specificity.

Here, we describe the crystal structure of CYP106A1

at 1.7 Angstrom resolution. This structure, accompa-

nied by computational substrate docking studies using

cortisol, provides the basis for understanding the dif-

ferences between CYP106A1 and CYP106A2 concern-

ing their substrate conversion and product formation.

Materials and methods

Protein purification and crystallization

CYP106A1 was expressed and purified as described previ-

ously [15]. The protein was produced in Escherichia coli

strain C43(DE3) and purified by immobilized metal ion

affinity chromatography using TALON™ resin (Takara

Bio USA, Inc., Mountain View, CA, USA) followed by

size-exclusion chromatography. After purification, the pro-

tein was concentrated to 1 mM. CYP106A1 crystals were

obtained in 96-well plates with the sitting-drop vapour dif-

fusion method at 291K using the automated crystallization

facility at the Department of Structural Biology [33]. Equal

amounts of protein solution (1 mM and 670 μM protein

concentration) and reservoir solution were mixed and equi-

librated against the reservoir solution. First reddish cube-

and triangle-shaped protein crystals appeared after 30 days

and were further optimized in 24-well plates with the

hanging-drop vapour diffusion method using 670 μM pro-

tein concentration (Fig. 2A). The best crystals diffracting

to 1.7 Å were obtained in 0.3 M LiSO4 and 25% PEG

3350.

Data collection, structure determination and

refinement

The protein crystals were transferred to a buffer consisting

of 0.3 M LiSO4 supplemented with 30% PEG 3350 and

10% PEG 400 for cryoprotection and flash-cooled in liquid

nitrogen. After initial diffraction experiments at the

Department of Structural Biology home source (Oxford

Diffraction Nova system), X-ray diffraction data were col-

lected at 100 K at beamline ID23-1 of the European Syn-

chrotron Radiation Facility (ESRF, Grenoble, France) [34].

Data were processed with IMOSFLM [35] and scaled with

SCALA [36] from the CCP4 software package [37]. The

CYP106A1 structure was solved by molecular replacement

with MOLREP [38] using the structure of CYP106A2 from

Priestia megaterium ATCC 13368 (PDB entry 4YT3) [31]

as a search model. The program COOT [39] was used for

manual rebuilding and completion of the model and refine-

ment was performed using REFMAC5 [40]. All data collec-

tions and refinement statistics are summarized in Table 1.

The coordinates and associated structure factors have been

deposited at the Protein Data Bank under (PDB entry

7ZZL). Graphical representations of the structural model

were created using PYMOL [41].

Computational methods

Docking of cortisol into CYP106A1 and CYP106A2

For better comparison, the crystal structure of CYP106A1

(chain D) was superimposed onto that of CYP106A2 (PDB
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entry code 5IKI, chain B) [31]. Missing loops (FG loop)

and stretches traced to polyalanine residues (aa232–237)
due to missing electron density were modelled using the

SWISS-pdb viewer (version 4.0.1) [42] as published earlier

[43,44]. Both structures were prepared for subsequent dock-

ing using AUTODOCKTOOLS (Windows version 1.5.6r3) [45]

assigning Kollman charges to the protein part and

Gasteiger–Marsili charges to the HEM moiety, as described

previously [44]. Preparation of cortisol was carried out fol-

lowing the same procedure as for similar ligands [44]. Pro-

tonation states of the histidine residues were assigned by

visual inspection to optimize their hydrogen-bonding net-

work. For both receptors, the grid box had the same

dimensions (46 by 54 by 52 points) and was centred above

the HEM moiety. Default values of AUTODOCK (Version

4.2) were used, except that the number of Lamarckian

genetic algorithm docking runs was increased to 250, in

order to capture all relevant docking poses [45].

Protein structures alignment and ligand interaction

analysis

Sequence alignments were done with the program CLUSTAL

OMEGA [46]. The sequence alignments with the secondary

structure elements were performed with the ESPRIPT 3.0 ser-

ver [47]. The protein ligand analysis of the docked sub-

strates was done with LIGPLOT+ [48].

Results

Overall structure of CYP106A1

The crystal structure of full-length CYP106A1 was

solved at 1.7 Å resolution in the space group P1 with

four molecules in the asymmetric unit. As a model, the

crystal structure of CYP106A2 from Priestia mega-

terium ATCC 13368 (PDB entry 4YT3) [31] with a

sequence identity of 63% and 76% similarity was used

for the molecular replacement. The protein structure

displays the typical triangular shape and the P450 fold

[49,50] with 14 α-helices and 9 β-strands in chains A

and B but 13 α-helices and 11 β-strands in chains C

and D respectively (Figs 1, 5 and S1). Gaps without

visible electron density are found in all chains at the N

terminus (first 3 to 4 amino acids), the BC loop (aa73–
85 in chain A, aa73–86 in chain B, aa76–87 in chain C

and D) and the C-terminal hexa-histidine tag. Addi-

tional breaks are only seen in chain A and B in the F

helix (aa164 + 165) and the FG loop (aa175–186 in

chain B, aa175–182 in chain A). Structural alignment

of the four molecules reveals an equal conformation of

chains A and B (Fig. 2B). Chain D displays prominent

differences to chain A/B in the orientation of the F

and G helices (deviation of 13.2 Å between the Cα-

atoms of Glu184, angle of 19.2°) with their connecting

FG loop, the first part of the I-helix (deviation of

2.1 Å between the Cα-atoms of Asp231, angle of 6.3°)
and the beginning of the BC loop (Fig. 2C). Chain C

varies slightly in the orientation of the F helix and the

G helix from chain D. Parts of the BC loop are not

Table 1. Data collection and refinement statistics.

PDB entry 7ZZL

Beamline ID23-2

Space group P1

Unit cell dimensions

a, b, c [Å] 63.69, 82.87, 84.86

α/β/γ [°] 95.36/90/90

Wavelength [Å] 0.97916

Resolution of dataa 25.92–1.70 (1.79–1.70)
No. of observationsa 553 189 (76487)

No. of unique reflectionsa 168 988 (23968)

Completeness [%]a 88.9 (86.3)

Redundancya 3.3 (3.2)

<I/σ(I)>a 7.05 (2.11)

Rmerge [%]a 6.6 (30.7)

Rmeas [%]a,b 7.9 (36.7)

Rp.i.m. [%]a,c 4.3 (19.9)

CC(1/2)a 0.996 (0.920)

Wilson B factor [Å2] 18.6

Refinement

Rcryst
d/Rfree

e [%] 16.9/20.6

No. of molecules in the

asymmetric unit

4

Residues included in the

model (total no. of protein

atoms)

1560 (14031)

Water molecules (belonging

to chain A/B/C/D)

1027

Ligands Protoporphyrin IX

containing Fe, sulphate,

imidazole, polyethylene

glycol, dimethyl sulfoxide,

cobalt

Overall B factor [Å2] 22.75

B Factor for protein chain

(A/B/C/D)

23.27/22.86/25.15/25.02

B Factors for ligands/ions [Å2]

Waters 30.92

Haem (A/B/C/D) 12.75/11.52/15.39/14.54

Ramachandran outliers [%]

Favoured 90.0

Allowed 10

Outliers 0

r.m.s.d. for bond lengths [Å] 0.011

r.m.s.d. for bond angles [°] 1.674

aValues in parentheses are calculated for the highest resolution shell.;
bRmeas ¼ ∑

h

nh

nh�1

� �
∑
l

Ihl� Ihh ij j=∑
h
∑
l

Ihh i:
c Rp:i:m: ¼ ∑

h

1
nh�1

� �
∑
l

Ihl� Ihh ij j=∑
h
∑
l

Ihh i:
dRcryst ¼ 100∑ Fobsj jj � F calcj jj=∑ Fobsj j:; eCalculation of Rfree was

performed analogous to Rcryst excluding 5% of randomly chosen

reflexes.
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visible in all molecules which is not unusual for

CYP450 enzymes crystallized in substrate-free form,

whereas the electron density of the F helix in chain A/

B is less defined and the FG loop is not visible, in

chain C/D this region is clearly observable. Chain D

provides the most complete electron density especially

around the active site and the substrate recognition

sites and, therefore, was used for the structure analysis

and the docking experiments.

CYP106A1 displays the β-sheets 1, 3 and 4, but

lacks β-sheets 2 and 5. Surprisingly, two β-strands were
found in chain C and D at the N terminus and in the

BC loop (numbered β6-1 and β6-2) building together

an additional unusual β-sheet (Figs 1 and 5). In chains

A and B, an additional alpha-helix (A’) similar as in

CYP106A2 is found at the N terminus instead of β6-1
(Fig. S1).

The protein was crystallized without any substrate.

In the active sites of all four molecules, a water mole-

cule binds as the sixth ligand to the haem-iron. In

chain B and C, a polyethylene molecule coordinated

via two water molecules was found in the active site

which results from the crystallization conditions. Fur-

ther ligands were among other sulphate ions, polyethy-

lene glycol and imidazole bound to the C-terminal

histidine tags.

The active site of CYP106A1 is enclosed by the

dominant I helix with substrate recognition site 4

(SRS4) and residues belonging to SRS1, 5 and 6. The

propionate side chains of the haem cofactor form

hydrogen bonds to His97, Arg101, Arg297 and His345

similar to CYP106A2. Unusual is an additional hydro-

gen bond to Arg295 which is replaced by leucine in

CYP106A2. Cys356 serves as the fifth ligand of the

bound iron.

Structural comparison of CYP106A1 with other

P450 structures using the PDBefold server [51] identi-

fied CYP106A2 from Priestia megaterium (PDB entries

4YT3 and 5IKI) [31] and from Bacillus sp. PAMC

23377 (PDB entry 5XNT) [32] as the most similar

structural homologs. Whereas chains A and B of

CYP106A1 are most similar to the substrate-bound

CYP106A2 (PDB entry 5IKI, chain B), chain C and D

of CYP106A1 are more comparable to the substrate-

free structure of CYP106A2 (PDB entry 4YT3; Fig. 3

A,B). Pairwise alignment of the CYP106A1 chain D

with CYP106A2 structures using the DALI server [52]

showed a r.m.s d. of 1.2 Å for the open form of

CYP106A2 (4YT3 and chain A of 5IKI) and 1.7 Å for

the closed form with bound substrate (5IKI, chain B)

respectively. Chain A of CYP106A1 showed a r.m.s d.

of 1.2 Å for the open form of CYP106A2 (4YT3 and

chain A of 5IKI) and 1.5 Å for the closed form with

bound substrate (5IKI, chain B) respectively.

Further structurally homologous enzymes with lower

sequence identity were also assessed and found to be

surprisingly different concerning chains A/B and C/D.

Chains A and B are more similar to CYP109B1 from

Priestia megaterium (PDB entry 4RM4, r.m.s.d. 1.62,

[53]) and CYP109E1 from Bacillus subtilis (PDB entry

5L92, r.m.s.d. 1.61, [54]) respectively. Chains C and D

resemble more CYP105P1 from Streptomyces avermi-

tilis (PDB entry 3E5K, r.m.s.d. 2.07 [55]) and MoxA

from Nonomuraea recticatena (PDB entry 2Z36,

r.m.s.d. 1.86, [56]) which belongs also to CYP105

family.

Fig. 1. Overall structure of CYP106A1 (chain D) in front view (A) and side view (B). The secondary-structure elements are shown as ribbons

with helices in cyan and β-strands in magenta. The nomenclature of the secondary-structure elements is according to [62]. The haem cofac-

tor is displayed in stick presentation (C-atoms coloured in yellow, O-atoms in red, N-atoms in blue, Fe-atom as an orange sphere).
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Docking results

To gain further knowledge and understand the rea-

son behind the different product patterns of

CYP106A1 and CYP106A2 despite similar substrate

binding, docking simulations with cortisol were

performed.

The major differences between CYP106A1 and

CYP106A2 affecting the binding pocket are found in

the region SRS6. Especially the two amino acids, ala-

nine and threonine, lie closer to the HEM moiety in

CYP106A2. Decisive for the binding conformation of

cortisol are, however, the different residues in position

293–295 in region SRS5. These comprise two arginines

in CYP106A1 that are exchanged to lysine and leucine

in the A2 form (Fig. 3C). The energetically most

favoured docking conformation shows that the 17β-
OH as well as the 22-OH group of cortisol can form

hydrogen bonds to amino acids Ser293, Arg294 and

Arg295 in this region of CYP106A1, thus orienting the

11-OH group towards the HEM-iron (4.12 Å

distance), thereby enabling oxidation to the keto func-

tionality (Figs 4A,C and S2). A possible side product

of this conformation is 1β-OH-cortisol (4.43 Å dis-

tance to the iron). In the docking pose ranked second,

which is, however, most often adopted in the docking

runs, the 15β position is closest to the iron (3.58 Å). In

CYP106A2, a completely different binding position of

cortisol is found with hydrogen bonds to amino acids

in the SRS1 region to amino acids Ile 88, Thr89 and

Glu90. Here, hydroxylation is expected to take place

in positions 6 and 7 (Figs 4B,D and S2).

Discussion

To obtain a deeper insight and understanding for the

selectivity of steroid hydroxylation, structural investi-

gation of close relatives of P450s with overlapping sub-

strate specificity but distinct differences concerning the

selectivity of hydroxylation are of great help. Fortu-

nately, we were able during the past years to identify,

Fig. 2. Reddish crystals of CYP106A1 (A)

and structural alignment of the four chains

found in the asymmetric unit (B) and the

main differences in detail (C). Chains A

and B (light green/blue) as well as C and D

(dark red/orange) exhibited the most

similarity. The main differences between

A/B and C/D are in the orientation of the F

and G helices, the I helix and the BC loop

with an additional β-sheet (β-6). The two

PEG molecules found in the active site of

chains B and C are shown as stick models

with corresponding colours (C).
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clone, express and characterize two members of the

CYP106A subfamily, CYP106A1 and CYP106A2, and

solve the X-ray structure of one of them, CYP106A2

[31].

The previously unknown crystal structure of

CYP106A1 from Priestia megaterium DSM319 was

now solved and is described here. The four molecules

are found to be in different conformations. The struc-

tural comparison with other P450 enzymes points

towards an open conformation of chains C and D and

a closed conformation in chains A and B. Since

CYP106A1 was crystallized without any substrate, this

finding is rather unexpected. The PEG molecule as a

potential substrate mimic can be excluded since it was

present in both conformations. Based on a large num-

ber of available P450 structures, it is known that a

rearrangement of the BC loop, the FG loop and the

adjacent helices from an open conformation to a

closed one occurs if a substrate is bound. Protein

structures showing an open and closed conformation

in absence of substrate were also described for PikC

[57], EryK [58] and P450cam [59]. For EryK, an equi-

librium of two conformations was suggested instead of

an induced-fit rearrangement, while for P450cam a

Fig. 3. Structural alignment of CYP106A1 (red, chain D), substrate-free CYP106A2 (blue, PDB entry 4YT3) and CYP106A2 with bound sub-

strate (orange, PDB entry 5IKI, chain B) (A, B) and their active sites in detail (C). Major differences are in the location of the F and G helices

and the intermediate FG loop. The active sites of CYP106A1 and A2 differ mainly in SRS6 and the BC loop with an additional β-strand in

CYP106A1 (β6-2). The substrate abietic acid in the active site of CYP106A2 is represented as a stick model with corresponding colours.
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three-step model of open, closed and intermediate state

was proposed [60]. The four molecules in CYP106A1

differ mainly in the location of the F and G helices, in

the flexibility of the FG loop and the additional β-
sheet in the BC loop found in chains C and D. Since

chain C is a partial outlier and might be an incomplete

open form, the hypothesis of a multi-step model is rea-

sonable.

The unusual sixth β-strand in the BC loop of chain

C/D was also described for CYP105P1 from Strepto-

myces avermitilis but only in the substrate-free form

[55]. This β-strand in CYP105P1 is included in β-sheet
1 as a sixth strand while in CYP106A1 a new β-sheet
is built with the N terminus. Due to this unusual sec-

ondary structure element, the BC loop is more rigid

with a divergence of 6.3 Å between the Cα-atoms of

CYP106A1-Ile72 and CYP106A2-Ile71 in substrate-

free form providing together with the bending of the

N-terminal part of the I-helix a larger substrate access

channel for bulky tethering substrates in CYP106A1.

In CYP106A1, the highest deviation is 4.6 Å for resi-

due Ile72 between chains A/B and C/D and due to the

Fig. 4. Docking studies of CYP106A1 and CYP106A2 with cortisol and corresponding ligplots of ligand interactions. Docking of cholesterol in

the active site of CYP106A1 (A) and CYP106A2 (B). The protein structure is represented in light grey. Residues involved in substrate binding

are coloured in cyan and represented as sticks. Bonds involving carbon atoms are coloured in purple (substrate) and orange (haem cofactor)

respectively. Hydrogen bonds are indicated in black dashed lines. The energetically most favoured docking conformations of cortisol in

CYP106A1 (A) and CYP106A2 (B) show that the different hydrogen-bond pattern determines the orientation. In CYP106A1, the experimen-

tally observed reduction of the 11β-OH group to the keto functionality takes place, yielding cortisone. The ligplots of CYP106A1 (C) and

CYP106A2 (D) show the hydrophobic and polar contacts between cortisol and the protein. Hydrogen bonds are drawn in green, residues

involved in hydrophobic contacts are half-circled in orange.
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Fig. 5. Sequence alignment between CYP106A1 (chain D) and CYP106A2 from Priestia megaterium performed with the program CLUSTAL

OMEGA [46]. The final figure with the secondary-structure elements was prepared with the server ESPRIPT 3.0 [47] using chain D of CYP106A1

(this work) and chain B of CYP106A2 (PDB entry 5IKI). The residues highlighted in blue belong to the hΦ-pro and the IP motifs in CYP106A2.

The orange frames highlight the substrate recognition sites 1–6. The green asterisks indicate the amino acids involved in cortisol binding in

the active sites. While SRS1, SRS4, SRS5, and SRS6 contour the catalytic site, SRS 2 and 3 are involved in forming the substrate access

channel [62,63].
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more closed conformation the β-strand might not be

formed in chain A/B. Since none of these two β-
strands are involved in crystal packaging, a potential

crystallization artefact can be excluded.

CYP106A1 shows the highest structural similarity to

CYP106A2. While chain A/B resembles more the

closed CYP106A2 form, chain C/D is more similar to

the open CYP106A2 form. The main deviation is in

the FG loop, not in the I helix. Therefore, the struc-

tural differences cannot be the reason behind the dif-

ferent substrate conversion. Substrate specificity and/

or regio- and stereoselectivity in P450s often correlates

with special sequence motifs. One is the hΦ-Pro motif,

in which a hydrophobic residue (hΦ = Phe, Ile, Val,

Leu) precedes a proline at the beginning of the B0 helix
in the SRS1 region. Another motif is the IP-motif in

the FG loop. Instead of Ile, hydrophobic residues like

Leu or Phe are also found in some P450s. Enzymes

lacking the hΦ-Pro motif in the B–C loop contain the

IP motif initiating the F0 helix in the F–G loop [61].

Interestingly, in CYP106A1, none of these motifs are

present, whereas in CYP106A2, perhaps quite

uniquely, both motifs are found (Figs 5 and S1). In

the hΦ-Pro motif of CYP106A2, Val82 precedes

Pro83, while in CYP106A1 the hydrophobic residue is

replaced by the polar Thr83. In the FG loop of

CYP106A2, Leu174 precedes Pro175, whereas in

CYP106A1 a glutamine (Gln175) is present. These dif-

ferences in the motifs, the particular structural features

like the additional β-sheet and the higher flexibility of

the substrate gate in CYP106A1 even in a substrate-

free state explain why CYP106A1 is less selective than

CYP106A2 in the conversion of C18-, C19-, C20- or

C21-steroids [18].

Even though most steroid hydroxylations took place

at the B- and D-rings, the transformation of cortisol

and corticosterone revealed unexpected results.

CYP106A1 demonstrated 11-oxidase activity, while

CYP106A2 did so only with corticosterone (yet still

producing the 15β-hydroxy derivative as a main

metabolite) [18]. To understand this new transforma-

tion and the underlying differences between the sub-

family members, cortisol docking studies were

performed with both enzymes. We found a completely

different location of the cortisol molecule over the

haem cofactor. In CYP106A1, the substrate forms

hydrogen bonds to amino acids in SRS5, while in

CYP106A2 cortisol is fixed over the haem via residues

in SRS1. The location of cortisol in the active site of

CYP106A1 enables the conversion to mainly cortisone,

whereas in case of CYP106A2, a different product pat-

tern is expected (e.g. hydroxylation at 6β, 7β posi-

tions). Thus, the structure of CYP106A1 obtained,

together with the docking studies performed, provides

a conclusive explanation of the experimentally

observed differences in the substrate conversion of cor-

tisol leading to the formation of cortisone in the case

of CYP106A1 but not for CYP106A2.

Conclusion

The crystal structure of CYP106A1 from Priestia

megaterium is presented here and compared with the

CYP106A2 investigated previously. CYP106A1 dis-

plays a rare additional β-sheet and was crystallized in

different unusual conformations corresponding to both

open and closed forms. Docking studies of both iso-

forms with the substrate cortisol result in completely

different orientation of the steroid molecule in the

active sites, explaining the distinction of substrate con-

version and product formation observed experimen-

tally. Taken together, these data provide valuable

insights into the structural basis for differences in the

specificity of substrate hydroxylation by both enzymes

and gives a basis for the engineering of CYP106A1 to

create a more potent enzyme for biotechnological use,

e.g., for the production of the important anti-

inflammatory compound cortisone.
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Fig. S1. Sequence alignment between CYP106A1

(chain B) and CYP106A2 from Priestia megaterium

performed with the program CLUSTAL OMEGA [46].

Fig. S2. The respective steroids and their identified

conversion products by the CYP106A1 and

CYP106A2 enzymes.
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