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Changed Activity and Selectivity of Hydroxylation

Michael Lisurek,® Birgit Simgen,® Iris Antes,”™ and Rita Bernhardt*"

Steroids are important pharmaceutically active compounds. In
contrast to the liver drug-metabolising cytochrome P450s, which
metabolise a variety of substrates, steroid hydroxylases generally
display a rather narrow substrate specificity. It is therefore a
challenging goal to change their regio- and stereoselectivity.
CYP106A2 is one of only a few bacterial steroid hydroxylases and
hydroxylates 3-oxo-A*-steroids mainly in 153-position. In order to
gain insights into the structure and function of this enzyme,
whose crystal structure is unknown, a homology model has been
created. The substrate progesterone was then docked into the
active site to predict which residues might affect substrate bind-
ing. The model was substantiated by using a combination of the-
oretical and experimental investigations. First, numerous compu-
tational structure evaluation tools assessed the plausibility of its
protein geometry and its quality. Second, the model explains
many key properties of common cytochrome P450s. Third, two

Introduction

Cytochrome P450s comprise a superfamily of enzymes that are
mainly responsible for the hydroxylation of a wide variety of
hydrophobic compounds.” Besides this, they catalyse reactions
such as N-oxidation, N-, O- and S-dealkylation, sulfoxidation,
epoxidation, peroxidation, deamination, desulfuration, dehalo-
genation and N-oxide reduction.>*! Whereas eukaryotic P450s
are usually integral membrane proteins, the bacterial
CYP106A2 from Bacillus megaterium ATCC 13368 is one of only
a few cloned soluble steroid-converting cytochrome P450s. It
hydroxylates 3-oxo-A*-steroids like deoxycorticosterone (DOC)
and progesterone (P) mainly at the 15B-position.”’ In the case
of P as a substrate, 6B~ 9a- and 110-hydroxylation were
also reported.”” Some of these monohydroxylated Ps, including
their derivatives are known as pharmaceuticals or useful inter-
mediates in the production of a number of pharmaceutically
active compounds.” A long-sought practical goal in cyto-
chrome P450 research is to capitalise on the exquisite specifici-
ty of these enzymes in regio- and stereoselective hydroxylation
reactions for the production of chemicals that are difficult to
prepare by using traditional organic synthesis methods, espe-
cially in the case of steroids. The prerequisite for rational engi-
neering of enzymes is, however, the knowledge of their struc-
ture. Because numerous attempts to crystallise CYP106A2 have
been unsuccessful so far,"" a homology model has been creat-
ed to gain deeper insights into the structure and function
and—in a later step—for the rational design of mutants to in-

ChemBioChem 2008, 9, 1439 - 1449

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sets of mutants have been heterologously expressed, and the in-
fluence of the mutations on the catalytic activity towards deoxy-
corticosterone and progesterone has been studied experimentally:
the first set comprises six mutations located in the structurally
variable regions of this enzyme that are very difficult to predict
by cytochrome P450 modelling (K27R, 186T, E90V, I71T, D185G
and 1215T). For these positions, no participation in the active-site
formation was predicted, or could be experimentally demonstrat-
ed. The second set comprises five mutants in substrate recogni-
tion site 6 (5394l, A395L, T396R, G397P and Q398S). For these res-
idues, participation in active-site formation and an influence on
substrate binding was predicted by docking. These mutants are
based on an alignment with human CYP11B1, and in fact most
of these mutants altered the active-site structure and the hydrox-
ylation activity of CYP106A2 dramatically.

fluence the steroid hydroxylation directly as desired. In recent
years, homology modelling has become a promising tool to
study cytochrome P450 function. Whereas the number of
modelled bacterial cytochrome P450 structures is rather
low,"* numerous mammalian cytochrome P450 homology
models have been constructed, and the resulting structures
were successfully evaluated in view of mutagenesis data (see,
for example, refs. [15-18]).

Results and Discussion
Modelling and evaluation of CYP106A2

Modelling has been performed by using the syByL 6.7 sub-
routine composer™ The backbone coordinates for the core
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structure of the model were built by using the set of 10 struc-
turally conserved regions (SCRs) that were obtained by the
structural alignment of CYP106A2 with five template cyto-
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chromes P450 (Figure 1). The scoring parameters of the pair-
wise sequence alignments are given in Table 1. A schematic
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1.MKEVIAVKEI TRFKTRTEEF SPYAWCKRML ENDPVSYHEG TD KYE DVKRVLSDYK 60
2 MYDWFSEMR KKDPYE¥ NIQQVFSYR YTKEVLNNFS
3. WYSTYAELR ETAPVTP DAJLVTGYD EAKAALSD
4. EAWAVLQES NVPDLVW GHZTIATRGQ LIREAYED
5. IYPAFKWLR DEQPLAM PMJIATKHA DVMQIGKQ
6. PPAEFAKLR ATNPVSQ LAQLVTKHK DVCFVATS
SVR1 SCR1 SVR2 SCR2 SVR3
Bi-5 o-B’ o-C o-D
1.HFESVRKRTT ISVGTDSEEG SVPEKI SPEEDHRKRE SLLAAAFTPR SLONWEPRIQ 120
- SINAILHDELIY SMSADIFSPQ KLOTLETFIR
3. MGT SFITHTRLIY KLVSQEFTVR RVEAMRPRVE
4. PTS MAJIEQRQF|Y ALANQVVGMP VVDKLENRIQ
5. LTS MBIITHTAY[] GLTLNWFQPA SIRKLEENIR
6. VRTRQG FPELSASGKQ AAKAKPTFVD MJJEHMHQIl SMVEPTFTPE AVKNLQPYIQ
SCR3 SVR4 SCR4

B3-1 o-F
1.EIADELIGQM DGGTEIDIVA MADLMEVP SK DRLLFKKWVD TLFLPFDREK 180
2 .ETTRSLLDS EDDIVK ISKILELP
3.QITAELLDEV GDSGVVDIVD ICELLEVDEK YRGEFGRWSS EILVMDPERA
4 .ELACSLIES QCNFTE FMLLAELP
5.RIAQASVQR ECDFMT VMTALEVP
6 .RTVDDLLEQ PVDLVK IYTLLEVP

SVRS

o-G o-H
1.QEEVDKLKQV AAKEYYQYLY PIVVQKRLNP ADDIISDLLK SEVDGEMFTD DEVVRTTMLI 240
B IEKLGYIILL
3.8 QRGQ AAREVVNFIL DLVERRRTEP GDDLLSALIR VQDDDGRLSA DELTSIALVL
4. DEAKRMCGLL
5. KYINAYYVAI
6. SDAVQIAFLL

SVR6 SCR6
o-J
2 LLANSFYSLL YDDKEVYQEL HENLDLVEPQA 300
2. LISNSVIDFT R LWORI RE  LYLKA
3. LIGIGTYLLL T QLALV RA  ALPNA
4. FLSFSMEFLA K HRQEL IE  RIPAA
5. SSGGAIIGLS R QLALA KSDPALIPRL
6. MIALGVATLA Q QLAQL KA  LAPQF
SVR7 SCR7 SVRS

Bi-3 meander
Loy EGD DPFTLNIHRP NNKKHLT{ZE! 360
2, EGE DGEKFIPDJ
3.EVEIGGVAIP QYSTVLVANG AAN DPHRFDVTJ
4 .DYEFHGVQLK KGDQILLPQM LSGLWERENA CPMHVDFSH
5.DTEVRGONIK RGDRIMLSYP SANRBEEVFS NPDEFDITA
6 .DVMIGDKLVR ANEGIIASNQ SANREEEVFE NPDEFNMNQ

SCR9 SVR10
B3-3/Pa-1 Ba-2 P3-2

Ul W

AFLKKFKHI PSFQLEEN LTDSATGQTL TSLPLKASRM
EFSKRF PNE S

SCR10

ALFGRFPALS LGIDADDVVW RRSLLLRGID HLPV
EWLTRIPDFS IAPGAQIQHK SGIVSGVQAL PLVW
ELLPKLKSVE LSGPPRLVAT NFVGGPKNVP IRFT
TLYQKFPDLK VAVPLGKINY TPLNRDVGIV DLPV
SVR11

410

Figure 1. Composer alignment of CYP106A2 and the five template cytochrome P450s. 1, CYP106A2, 2, CYP119, 3, CYP107A1, 4, CYP101, 5, CYP108, 6,
CYP55A1. The structurally conserved regions (SCRs) and the structurally variable regions (SVRs) of CYP106A2 are displayed in bold and in italic characters,
respectively. The fragments used for building the SCRs are underlined. The absolutely conserved residues among the six proteins are labelled in black. The
nomenclature of o helices (light grey) and P sheets (dark grey) shown above the sequences is according to Haseman et al.*?
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Table 1. Percentages of sequence identities and statistical significance
scores. Percentages of sequence identities and statistical significance
scores of CYP106A to the five template sequences of CYP119, CYP108,
CYP107 A1, CYP101 and CYP55A1 according to the PMUTATION.HOMO
similarity matrix (see Experimental Section). The Protein Data Bank entry
names are listed in brackets.

Identity [%] Significance score

CYP119 (1F4T) 322 20.3
CYP107A1 (10XA) 28.5 19.0
CYP101 (1PHG) 27.1 155
CYP108 (1CPT) 26.8 18.8
CYP55A1 (1L6) 256 15.9

ribbon presentation of the modelled CYP106A2 structure is
shown in Figure 2.

The good stereochemical quality of the model is shown in
the Ramachandran plot (Figure 3A). The distribution of the

Figure 2. Ribbon representation of the tertiary structure of the CYP106A2
model. The incorporated haem is shown as light grey stick model. The Ca
positions of the investigated mutations are shown as black balls and are la-
belled.

¢/ angles is well within the allowed regions. The majority
(96 %) of the residues are in the favoured regions of the plot;
78.8% of the residues are in the most favoured regions and
17.2% are in the additional allowed regions. The four residues
in the disallowed region are found only in the loop regions
near the surface of the model and are a result of the fusion of
the SCRs to the structurally variable regions (SVRs). Therefore,
the backbone conformation is of nearly as good reliability as
those of the crystal structures. A validation check of the ener-
getic properties was performed by using prosa 11.2” The main
criterion is that each residue interaction energy with the re-
mainder of the protein should be negative. A comparison of
the energy profiles of the modelled CYP106A2 and its most
homologous template, CYP119 is shown in Figure 3B. Accord-
ing to this criterion, the reliability of the CYP106A2 model is
similar to that of the solved crystal structures. Another criterion
of this validation method is that the total energy of the protein
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Figure 3. Comparison of the evaluation of the modelled CYP106A2 structure
(left) and CYP119 (1F4T; right). A) Ramachandran plot of the @/% distribu-
tion. The most favoured regions are represented in dark grey, additional al-
lowed regions are grey, generously allowed regions are light grey and disal-
lowed regions are white. Glycine residues are shown as triangles. B) PrRosA 11
energy plot. The graphs are smoothed over a window size of 50 residues.
The curves represent the residue interaction energies, negative values corre-
spond to favourable interactions within the molecules. C) WHATIF quality
control profile. The graphs represent the packing quality of each residue.

structure should be low, a property that is represented by the
PrROSA z-score.”” The normalized z-score was calculated ac-
cording to Chang and Loew."® prosa z-scores and normalised
z-scores are summarised in Table 2. The normalized z-score of
0.85 that was obtained for the model is almost comparable to
the values obtained for the reference proteins; this clearly
demonstrates that the model is of reliable quality. The next
evaluation criterion was a comparison of the packing environ-
ment of the residues in the model with the average packing
environment for the same residue types in crystal structures
that are contained in the Protein Data Bank by using the
WHATIF quality control method.?" A residue in a structure with
a score of —5.00 or lower indicates poor packing, any involve-
ment of this residue in active-site formation or contacts with a
cofactor should be treated with scepticism. A comparison of
the wHATIF quality control profile of the model and CYP119 is
shown in Figure 3C. In CYP106A2, 16 residues are found that
have a score >-5.00, compared to 8 in CYP119, 6 in CYP108, 8
in CYP101, 7 in CYP107A1 and 10 in CYP55A1. These results
are comparable for the model and the crystal structures. To
evaluate the overall quality of the model, the average quality
control value was used. If the average quality control value is
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i ) ) cule. Negatively charged amino
Table 2. Evaluation of the CYP106A2 model in comparison to the five template structures. Results of PrROSA i1, id h | d
PROCHECK and WHATIF quality control for the modelled CYP106A2 and the five template structures 1F4T, acias on the electron donor are
10XA, 1CPT, 1PHG and 1L6. critical for proper interactions,®"
whereas the cytochrome P450
Sequence PROCHECK PrOSA 11 WHATIF . i
al . ) ) provides the positively charged
Length overall score' z-score normalised z-score quality control value ] 31,32 .
residues.”"** A common region
CYP106A2 410 —0.50 —10.69 0.85 —1.36 e .
14T 367 037 1217 101 05 of positive ch?rges is centred
10XA 403 036 1345 1.09 055 over the cysteine-pocket of all
1PHG 405 —0.32 —14.65 1.18 —0.49 bacterial type1 cytochrome
1cPT 412 —0.18 —12.79 1.02 —0.78 P450s that interact with ferre-
16 399 038 1243 1.00 —0%5 doxins. In order to identify the

below —3.0, the structure is unreliable. Values equal or above
—1.5 indicate good structures. As presented in Table 2, the
values for the template proteins are between —0.49 and
—0.78. The average quality control value for CYP106A2 is
—1.36, which indicates a good model. prosa 11 energy profiles
and wHATIF quality control profiles of other bacterial cyto-
chrome P450s can be found elsewhere.!?

The reliability of the model could also be shown by the find-
ing that residues that are known to be invariant or highly con-
served from investigations of solved structures are also con-
served in CYP106A2."*?

Haem binding

The haem-binding region is one of the most conserved regions
among cytochrome P450 structures. According to the model,
in CYP106A2 the A-ring propionic acid interacts in a bidentate
fashion with R296 (R259 in CYP119), the D-ring propionic acid
interacts with H96, H353 and R100 (H76, H315 and R80 are the
corresponding residues in CYP119).

Catalysis

There is a strongly conserved acidic residue followed by a
strongly conserved threonine in the middle of the I-helix in
most cytochrome P450s (E246 and T247 in CYP106A2, E212
and T213 in CYP119). The corresponding threonine in CYP101
(T252) was shown to be involved in proton delivery to iron-
bound molecular oxygen,”® and in CYP119, T213 is followed
by two additional threonines. In CYP106A2 T247 is also present
in the active site adjacent to the haem and is followed by one
additional threonine and a serine (T248 and S249). Both T213
and T214, have been mutated in CYP119, and the mutants ex-
hibited dramatic changes in both spin state and catalysis.***"
It might well be speculated that in CYP106A2, as in CYP119,
the H-bonding network that involves these threonine and
serine residues in the I-helix is also involved in the proton
shuttle that is important for proton delivery and molecular
oxygen activation.

Redox-partner binding

Experimental evidence suggested that cytochrome P450s inter-
act with their electron donor at the proximal site of the mole-
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surface residues of CYP106A2

that are responsible for the
redox—partner interaction, the model of CYP106A2 was com-
pared with CYP101, because this cytochrome P450 has been
studied most intensively. Three surface arginine residues on
the proximal site of CYP101 were identified as necessary for
successful electron transfer from putidaredoxin.®® These resi-
dues are R72 in the B-helix, and R109 and R112 in the C-
helix.2*>% R112 has additionally been discussed to be involved
in electron transfer®” There are corresponding positively
charged residues in the CYP106A2 model, namely K53, R97
and R100. Additionally, R364 in the L-helix of CYP101 has been
discussed to contribute to putidaredoxin binding.®® The corre-
sponding position in CYP106A2 is R362. Taken together, a
patch of positively charged residues is located on the surface
of CYP106A2 in homologous positions to those shown to be
involved in redox partner binding in CYP101.

Stability

With 368 residues, CYP119 is considerably shorter than
CYP106A2, which has 410 residues. A difference of 21 amino
acids is located at the N terminus. CYP106A2 has an extra helix
(A’) that does not exist in CYP119. The remainder of the differ-
ences in length occur primarily in the surface turns. The struc-
ture of the so-called meander is stabilized by the highly con-
served ERR triad. This salt-bridge network is formed by a gluta-
mate and an arginine in the K-helix and an arginine from the
meander region. According to the model presented herein, the
ERR triad of CYP106A2 is formed by E283, R286 and R339. Be-
sides the residues mentioned above, when using the nomen-
clature of CYP101, also G60, G249, F350, G353, H355, C357,
G359, A363 and L375 are considered to be highly conserved.?”
Because their existence has been shown to be important in
maintaining protein function and stability in CYP101, they are
also expected to be conserved in other cytochrome P450s. As
can be seen in Figure 1, all these residues are also absolutely
conserved in CYP106A2, except for G40 of CYP106A2, which is
shifted by one residue with respect to G60 of CYP101. The cis
prolyl-prolyl peptide that is seen in all five template structures
is also present in the CYP106A2 model between P93 and P94.

Docking and alignment

In order to rationalize substrate binding, P was docked and
energy minimized in the active site of the model. The five
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favourable docking solutions with the lowest energy scores ex-
hibited at least one hydrogen bond between the C3 keto
group of P and the A395 to T396 loop (either to the backbone
amides of A395 or T396 or the hydroxy group of T396;
Figure 4). This result points directly to the importance of these

Figure 4. The binding pocket of CYP106A2 with the substrate progesterone.
The substrate, the haem-cofactor and the loop A395-G397 are drawn in
stick representation and the hydrogen bond between the substrate and
T396 is shown.

residues and their environment for substrate binding. In addi-
tion, these residues lie within the putative substrate recogni-
tion site (SRS) 6" and were therefore chosen for the following
mutagenesis studies to create mutants with altered hydroxyl-
ation activity. No specific interactions with other SRSs were ob-
served. CYP11B1 was chosen as a second template because
the two steroid hydroxylases, CYP106A2 and CYP11B1, both
produce pharmaceutically interesting steroid hormones. The
overall sequence identity between these only sparsely related
enzymes is less than 20%. The alignment between CYP106A2
and human CYP11B1 in the putative SRS 6, including the pre-
ceding conserved L-helix and the succeeding Cterminus is

o-L 33/B4 1
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shown in Figure 5. Five mutants in SRS 6 (5394l, A395L, T396R,
G397P and Q398S) have been produced in which the residues
that are found in CYP106A2 have been changed to those that
are found in CYP11B1. This way, a change in the activity and
regiospecificity of hydroxylation from the 15 to the 11-position
was expected to occur. In control experiments, residues of
CYP106A2 that are located in the SVRs and on the surface of
the protein have been replaced. According to the model, mu-
tations 171T, 186T and E90V are situated in the B’-helix of
CYP106A2 and its adjacent loops. D185G is in the loop be-
tween the F and the G-helix and could play a role in substrate
access to the active site.*" K27R is placed in the putative A-
helix and 1215T is located on the surface of the enzyme in the
H-helix (Figure 2). These mutants were chosen because the B’-
helix and its adjacent loops, besides the F/G-loop are some of
the most variable regions in cytochrome P450 structures >4
However, no participation in substrate binding is predicted for
these residues according to the model.

Expression and purification of recombinant CYP106A2 and
the mutants

By using our previously established purification procedure,®
about 6900 nmol (~300 mg) holoenzyme WT-CYP106A2 could
be purified per litre Escherichia coli culture. On the SDS-gel,
WT-CYP106A2 appears as protein with an apparent mass of
47 kDa and the isoelectric point was determined to be 4.9
(data not shown). The mutants were constructed by site-direct-
ed mutagenesis, confirmed by nucleotide sequencing and ex-
pressed with the same system as WT-CYP106A2. All mutants
could be purified to homogeneity as judged by SDS polyacryl-
amide gel electrophoresis (data not shown), by a purity index
(As17/A570) of the proteins of about 1.7-1.9 and a cytochrome
P450-to-protein ratio of approximately 21 nmol per mg pro-
tein.

Spectral characterisation of WT-CYP106A2 and the mutants

To determine the effect of the amino acid replacements in the
putative SRS 6 in the variable regions on the structure of
CYP106A2, UV-visible, CO-difference, CD and EPR spectra were
recorded. The proteins were isolated in the oxidised, low spin
state and showed peaks at 358, 417, 534 and 568 nm in the
UV-visible spectra. These are similar values to the ones that
were published by Berg etal., who characterised CYP106A2
for the first time.>***1 For purified WT-CYP106A2, Ae,,, of
120 mm~'cm™' was determined and the haem content was
100%. The UV-visible spectra of all mutants were indistin-

B-4-2/B-3-2

LTQEDIKMVYSFILRPSMFPL

CYP106A2 351 [ePHF TA FKHI VPSFQLEENLTDSATGQTLTSPLKEASRM 410
CYP11B1l 446 FREIN 503

Figure 5. Alignment between CYP106A2 and human CYP11B1 in the putative SRS6 region. The alignment was generated by using CLusTAL W 1.8.%¢ The abso-
lutely conserved residues are highlighted in black boxes and marked by asterisks below the sequences. Conserved and highly conserved residues are marked
by points or colons below the sequences, respectively. The secondary structure elements above the sequences are labelled according to Haseman et al.*?
The mutated residues are highlighted in grey. The numbering of CYP11B1 is shown for the unprocessed protein.
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guishable from WT-CYP106A2, both in the oxidised and the re-
duced state (data not shown). The CO-difference spectra for all
mutants exhibited absorption maxima at 450 nm; this attests
to the correct incorporation of the haem (data not shown).
The EPR spectra of WT-CYP106A2 and all mutants also showed
characteristic signals for low-spin cytochrome P450s with sig-
nals at g,=2.426, g,=2.248 and g;=1.192. The CD spectra for
WT-CYP106A2 and all mutants in the far-UV region revealed no
significant changes (Figure 6 A). Because the CD spectra of pro-

A) B)

Ae [ cm2 mm-1

> 0O O0OmMmmMO® T -
Ae [ cm2 mm-1

> W O U mnoe I

300 350 400 450
Alnm

200 220 240 260
Alnm

Figure 6. CD spectra of WT-CYP106A2 and the mutants. A) Far-UV region
representing the backbone conformation of WT-CYP106A2 and the mutants.
B) Near-UV and visible region representing the haem and its environment of
WT-CYP106A2 and the mutants. All spectra were recorded at room tempera-
ture in 1-cm cuvettes. For the CD spectra in the far-UV region the enzyme
concentrations were 0.5 um in 2.5 mm phosphate buffer (pH 7.4). For the CD
spectra in the near-UV and visible region the enzyme concentrations were
20 um in 10 mm phosphate buffer (pH 7.4). The graphs are shifted along the
x-axis for better comparison. a) WT-CYP106A2, b) E90V/D185G, c) K27R/I71T/
1215T, d) 186T, e) S394l, f) A395L, g) T396R, h) G397P, i) Q398S.

teins in this range reflect conformational changes of the back-
bone, the overall topology of the enzymes is apparently not af-
fected by any of the mutations. CD spectra in the near-UV and
visible region (300-450 nm) showed the typical W pattern,
with minima at 350 and 409 nm representing the Delta and
the Soret bands (Figure 6B). The Soret band splits up in the
typical minimum at 409 nm and an extra band at 430 nm,
which is not observed in other cytochrome P450s"* This
region is slightly changed for the mutants in the putative
SRS 6 region, which indicates changes in the haem environ-
ment in comparison to the wild type. The results from the
UV-visible, difference, EPR and CD spectra in the UV region to-
gether provide evidence that all mutants were expressed as
holoproteins with the haem situated similar to that of WT-
CYP106A2, and with no structural disruption. In contrast, the
CD spectra in the visible region indicate slight changes in the
haem environment for the mutants in SRS 6.
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Catalytic activity and regiospecificity of the mutants

By using DOC as a substrate, 154-OH-DOC is the only product
that is observed, both in the case of WT-CYP106A2 and all the
mutants (except T396R). By using P as a substrate, 15p3-OH-P is
the main product of WT-CYP106A2 and all mutants (again
except T396R); however, the 11a-, 9a- and 6f3-hydroxylation
varies substantially in the case of the central mutants in SRS 6.
To compare the hydroxylation activities of WT-CYP106A2 and
the mutants, Ky and V,,,, values for the 15p-hydroxylation of
DOC and P have been determined by using various adreno-
doxin concentrations (Table 3).

Table 3. Catalytic properties of WT-CYP106A2 and the mutants. For the
15p-hydroxylation activities, WT-CYP106A2 and the mutants were recon-
stituted by using a concentration of 300 pm P or 400 um DOC, 0.25 pum
cytochrome P450s, 0.50 pm adrenodoxin reductase and differing concen-
trations of adrenodoxin. The reactions were carried out at 30°C for 3 min
in a volume of 500 pL in 50 mm HEPES (pH 7.4) in presence of a NADPH-
regenerating system. The products of the hydroxylation reaction were an-
alysed by HPLC. The Ky, and Vj, values and their standard deviations were
calculated from three independent experiments.

15 B-Hydroxylation activity

P DOC
KM Vmax KM Vmax
[um] [nmolmin~’ [um] [nmolmin~'
per nmol CYP] per nmol CYP]
WT-CYP106A2 1.5+05 233+16 1.54+0.2 246+9
E90V/D185G 1.0+04 205+20 1.94+06 208415
K27R/N171T/1215T  0.7+£03 276+36 24+08 265420
186T 0.9+03 280423 12404 254421
S394] 434+0.7 89+4 47+14 46+3
A395L 24+04 18647 42+12 10448
T396R n.d.* n.d.* n.d.* n.d.*
G397P 5.0+09 15£1 4.6+0.8 53+03
Q398S 49+0.7 155+5 56+1.0 75+3

n.d.*: not detectable.

In the case of DOC as a substrate, the V,.,, value of 15p3-hy-
droxylation of WT-CYP106A2 was 246 nmol 153-OH-DOC min™"
per nmol CYP106A2~". The V., values of the mutants for
which no participation in substrate binding was predicted
varied only between 85% and approximately 110% of WT-
CYP106A2. Also the K, values were comparable to WT-
CYP106A2. In the case of the mutants in SRS 6 region, the
result was quite different. In this set, mutant A395L had the
highest V,,,, value with only ~40% of the WT-CYP106A2 1503-
hydroxylation activity, followed by Q398S with ~30% and
S394| with ~20% of the wild-type activity. Mutant G397P ex-
hibited only 2% of the wild-type activity, and T396R did not
produce any hydroxylated product up to an adrenodoxin con-
centration of 100 um. In the case of P, WT-CYP106A2 had a V.
value of 233 nmol 15B3-OH-P min~" per nmol CYP106A2~". The
V...« Values for the mutants showed a similar trend as for DOC,
although the effect was less pronounced. For the mutants with
no predicted effect (E90V/D185G, K27R/I71T/1215T and 186T) it
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varied between 90% and 120% of the wild-type activity. For
the mutants in SRS 6 the result was again remarkably different.
As seen with the 158-hydroxylation of DOC, mutant A395L was
again the most active 15f3-hydroxylase with 80 % of the activity
of WT-CYP106A2, followed by Q398S with 70% and S394| with
40% of the wild-type activity. Also very comparable to the
DOC experiments, the 15p3-hydroxylation activity of the G397P
mutant was very low with only 6% of the WT-CYP106A2 activi-
ty, whereas again, mutant T396R did not produce any detecta-
ble products up to an adrenodoxin concentration of 100 pum.

In order to compare the regiospecificity of WT-CYP106A2
with the two sets of mutants, a representation of the product
distribution of the 153-, 11a-, 9a- and 6f3-hydroxylation for P is
shown on Figure 7. Figure 7 A represents the absolute product
formation of all monohydroxy-Ps produced, Figure 7B repre-
sents the relative product distribution when 158-OH-P is set

= 15p-OH-progesterone

A) 11a-OH-progesterone
mmmm 90.-OH-progesterone

e~ 250 - 6p-OH-progesterone
o

-§>-

33 200 -

G E

EE 150 4

SE

B8 100

i

52 50 g

-] X 72

2g . |

<= %

B) = 15p-OH-progesterone
11c-OH-progesterone
mmmm 90-OH-progesterone
6p-OH-progesterone

Relative Product Distribution (%)

Figure 7. Representation of the A) absolute and B) relative product distribu-
tion of 158-, 110-, 9a- and 6(3-OH-P produced by WT-CYP106A2 and the
mutants (153-OH-P is set to 100%). The reactions were carried out at 30°C
for 3 min in a volume of 500 pL in 50 mm HEPES (pH 7.4) in presence of a
NADPH-regenerating system. The concentrations were 300 um P, 0.25 um cy-
tochrome P450s, 0.50 pm adrenodoxin reductase and 20 um adrenodoxin.
The standard deviation corresponds to three independent experiments
(n.d.*: not detectable).
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to 100%. At a concentration of 20 pm adrenodoxin, WT-
CYP106A2 produces 160 nmol 153-OH-P min~" per nmol CYP.
1a-, 9a- and 6B3-OH-P are produced at only 9, 4 and 9%,
respectively. A comparable product distribution was observed
for the three mutants E90V/D185G, K27R/I71T/1215T and 186T,
for which no influence on substrate binding was predicted.
Mutant E90V/D185G produced 150 nmol 15B3-OH-P min~' per
nmol CYP and 11a-, 9a- and 6[3-OH-P are produced at 15, 6.5
and 12.5% of the wild-type activity, respectively. The respective
values for mutant K27R/I71T/1215T are 190 nmol 153-OH-
P min~' per nmol CYP and 8, 4 and 8%, and for 186T 205 nmol
15B-OH-P min~' per nmol CYP and 16, 6 and 13%. This means
that only in the case of E90V/D185G and 186T was a small but
perceivable increase in 11a- and 6f3-hydroxylation observed.
From the mutants in SRS 6 only the terminal mutants, S394l
and Q398S exhibited a comparable hydroxylation profile to
WT-CYP106A2. Mutant S3941 produced 70 nmol 153-OH-
P min~' per nmol CYP and 5, 4 and 5% of 11a-, 9a- and 6f-
OH-P, respectively, and mutant Q398S produced 115 nmol 15f-
OH-P min™' per nmol CYP and 7, 3 and 7% of 11a-, 90- and
6B-OH-P. The most dramatic changes in the hydroxylation pro-
file were observed for the two central mutants in SRS 6, A395L
and G397P. For mutant A395L, which produced 145 nmol 1583-
OH-P min™' per nmol CYP, the 11a-OH-P formation was in-
creased to 39%, that of 9a-OH-P to 20%, whereas 63-OH-P for-
mation was relatively unchanged (79%). This is a more than
fourfold increase in the relative 11a-hydroxylation activity and
a fourfold increase in the relative 9a-hydroxylation. The abso-
lute formation of 11a-OH-P increased therefore from 14 nmol
110-OH-P min~' per nmol CYP to 60 nmol 110-OH-P min~' per
nmol CYP and that of 90-OH-P from 6 nmol 9a-OH-P min™'
nmol CYP to 29 nmol 90-OH-P min~' per nmol CYP. This means
that even the absolute formation of this mutant is increased
more than four times in the case of 11a-OH-P and approxi-
mately five times in the case of 90-OH-P. In the case of mutant
G397P, the relative formation of 11a-OH-P is increased to 41 %,
followed by 63-OH-P to 21% and 90-OH-P to 9%. This also
represents a more than fourfold increase in the relative 110-hy-
droxylation activity, and a more than twofold increase in 6p3-hy-
droxylation of P compared to WT-CYP106A2. However, the ab-
solute product formation of mutant G397P is extremely low.
Because only 11 nmol 153-OH-P min~" per nmol CYP 153-OH-P
are produced by this mutant, which is approximately 7% in
comparison to WT-CYP106A2, the absolute formation of 11a-
OH-P and 6f3-OH-P is nevertheless lower than that of WT-
CYP106A2. Taken together, it can be stated that, as predicted
by the created computer model, the amino acid replacements
in the variable regions on the surface of CYP106A2 had no sig-
nificant effect on hydroxylation activity and selectivity, whereas
in the case of replacements in SRS 6 the activity as well as the
regiospecificity of the steroid hydroxylation were different.

Conclusions

By using the syByL 6.7 subroutine compPoskRr and five template
cytochrome P450s a low homology model of CYP106A2 has
been constructed. To assess the good quality and reliability of
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the model, a thorough theoretical evaluation of the model was
performed. Its stereochemical and energetic properties and
the packing environment of its residues are comparable to
those of the template proteins. The results showed that back-
bone and side-chain conformations, bond lengths and angles
(PrROCHECK), residue interaction (Prosa 11) and residue contacts
(wHATIF quality control) of the CYP106A2 model are well
within the criteria that have been established for reliable struc-
tures, and are in part of almost as good quality as those of the
reference proteins (Table 2, Figure 3). Predictions of the model
about the haem charge neutralisation, catalysis and redox-
partner interaction correlate well with features that are seen in
other cytochrome P450 structures. For example the haem pro-
pionate charge neutralisation in the CYP106A2 model appears
to be essentially homologous to the charge neutralisation that
is found in CYP119 and many other structurally characterised
cytochrome P450s. The finding that residues that are expected
to be highly conserved in cytochrome P450 structures can be
found at the corresponding positions in the CYP106A2 model
proves that the alignment, the most crucial step in homology
building, was reliable throughout the sequence. By using
FLEXX, the substrate P could be docked into the active site
with favourable energy scores. In the five favourable docking
solutions with the lowest energy scores at least one hydrogen
bond between the C3 keto group of P and the A395 to T396
loop could be observed; this indicates the importance of these
residues for substrate orientation in the active site of
CYP106A2 (Figure 4).

In order to evaluate the model experimentally, two sets of
mutants have been created, expressed and analysed in detail.
The first set comprises mutations for which no participation in
substrate binding is predicted by the modelled enzyme-sub-
strate complex. These six mutations are located in some of the
most variable regions of cytochrome P450s and comprise the
B'-helix and the F/G-loop. Both exhibit very different lengths
and orientations as well as very low sequence identity among
all structurally solved cytochrome P450s and are therefore the
most tentative regions in cytochrome P450 homology model-
ling.'*?242 Mutations 171T, 186T, E90V align with the region
around the B’-helix and D185G is situated in a putative sub-
strate entrance channel region between helices F and G.*" The
second set contains mutations in SRS 6. The docked complex
of CYP106A2 and the substrate P predicted an influence on
substrate binding for the residues A395 and T396. Therefore,
these residues and their nearer surrounding (5394, G397,
Q398) were taken as candidates for the design of mutants to
show their influence on the substrate binding experimentally.
These residues were mutated to the corresponding ones that
are found in the human 11f3-hydroxylase CYP11B1.

The UV-visible, difference, EPR (data not shown) and CD
spectra in the far-UV region (Figure 6A) of WT-CYP106A2 in
comparison to all the mutants showed that the haem was in-
serted correctly, and that no major changes in the backbone
conformation have occurred by the mutations. However, CD
spectra in the near-UV and visible region (Figure 6B) of the
mutants in SRS 6 gave rise to minor changes in the haem envi-
ronment compared with WT-CYP106A2. This was already the
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first hint that active-site residues are involved in these mu-
tants.

The Ky and V..., values for DOC and P hydroxylation as well
as the product distribution of P hydroxylation have been de-
termined for WT-CYP106A2 and were compared to both sets
of mutants. In the case of the mutants E90V/D185G, K27R/
I71T/1215T and 186T in which no effect on the activity was pre-
dicted by the model, the K, and V,,,, values are in the same
range as for WT-CYP106A2. In the case of the mutants S394l,
A395L, T396, G397P, Q398S in SRS 6, where an influence on
substrate binding was predicted, the V,,,, values were strongly
reduced and the K, values were partially dramatically in-
creased, especially in the centre of this region (A395, T396,
G397). In addition, the product distribution of P hydroxylation
was dramatically changed for A395L and G397P (Figure 7). For
mutant A395L, the amounts of 11a-hydroxylation and 9a-hy-
droxylation were increased fourfold and fivefold, respectively
compared to WT-CYP106A2. The relative formation of 11a-OH-
P by using mutant G397P was also more than four times
higher, and the formation of 6a-OH-P was more than twofold
increased in comparison to WT-CYP106A2. Mutant T396R did
not show any catalytic activity in the enzyme-reconstituted
assay up to an adrenodoxin concentration of 100 pum. This
result was rather surprising because T396 is not a conserved
residue at this position compared to other resolved cyto-
chrome P450s.

The interesting point is that in the case of two mutants
(A395L and G397P) mainly the 11-position of P hydroxylation
was affected. Although the mutants have been derived by an
alignment with the human 11p-hydroxylase CYP11B1, these
two enzymes are only sparsely related (20% sequence identi-
ty). Although residue swapping experiments between cyto-
chrome P450 families and subfamilies have been performed in
the past, this has been mostly done for highly homologous cy-
tochrome P450s. For example, by using the human CYP11B1
and CYP11B2 (93% sequence identity), the mutation of a
single residue in the glucocorticoid-synthesising CYP11B1 con-
ferred the mineralocorticoid-synthesising activity of CYP11B2
to CYP11B1,”*%¥ and in reciprocal residue swapping experi-
ments the mineralocorticoid-producing CYP11B2 could be con-
verted to a glucocorticoid-producing enzyme with only two to
three mutations.”" In the case of slightly more distantly related
cytochrome P450s, for example the progesterone 16a-hydroxy-
lase CYP2B1 and the progesterone 21-hydroxylase CYP2C5
(~50% sequence identity), seven residue replacements were
necessary to successfully confer CYP2B1 with 80% of the regio-
specificity of progesterone 21-hydroxylation.?

A long-sought practical goal in cytochrome P450 research is
to capitalise on the exquisite specificity of these enzymes in
regio- and stereoselective hydroxylation reactions for the pro-
duction of chemicals that are difficult to prepare by using
traditional organic synthesis methods. This is especially true in
the case of steroids, which are interesting pharmaceutical
target substances for the production of anti-inflammatory, di-
uretic, anabolic, contraceptive, antiandrogenic, progestational
and antitumour drugs. Therefore, the further development of
CYP106A2 mutants that produce pharmaceutically interesting
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steroids will be a challenging goal, and interesting for indus-
tries that are involved in their production. The tools that are
described in this paper will certainly contribute to reach this
goal.

Experimental Section

Reagents and chemicals: DOC and P were from Sigma Chemicals
Co. (St. Louis, MO, USA). 11a-OH-P was from Steraloids Inc. (New-
port, RIl, USA). 63-OH-P, 90-OH-P 153-OH-P and 15B3-OH-DOC were
a kind gift of the Schering AG (Berlin, Germany). All other chemi-
cals were from standard sources and were of the highest purity
available.

Modelling: The modelling has been performed on a Silicon Graph-
ics 02 workstation by using the sysvL 6.7 subroutine composer.™
The amino acid sequence of CYP106A2 was taken from Rauschen-
bach etal®® The five template structures, namely CYP119 from
Sulfolobus solfataricus (P450sulso, 1F4T),*? CYP107A1 from Saccha-
ropolyspora erythrea (P450eryF, 10XA),*¥ CYP108 from Pseudomo-
nas sp. (P450terp, 1CPT),®® CYP101 from Pseudomonas putida
(P450cam, 1PHG)®® and CYP55A1 from Fusarium oxysporum
(P450nor, 1L6)"" were obtained from the Protein Data Bank.”® An
alignment of all cytochrome P450s was produced by using the
PMUTATION.HOMO similarity matrix."” Based on this alignment, the
SCRs of the proteins were built; then, a protein loop search was
done for the design of the SVRs. The SVRs were inspected visually
and chosen according to minimal steric interactions with the sur-
rounding parts of the protein, minimal root-mean-square distance
for the fit and maximal sequence homology and similarity to the
template cytochrome P450s. The F- and the G-helix were modelled
by using wHATIF®™ as a modelling program and CYP107A1 (10XA)
as template, and then these fragments were fitted into the model
of the whole protein. The structure was charged according to Gas-
teiger-Marsili,®® and 100 steps of minimisation were performed by
using the conjugate gradient algorithm and the TrRIPOS force
field.*" The protein was then solvated with 5000 water molecules
by using the algorithm xriT," and finally 300 minimisation steps
in the presence of water were performed as described above. Fur-
ther validation methods included procHEck prosa 1 and
WHATIF.2!

Docking and alignment with CYP11B1: Molecular docking calcula-
tions were performed for the substrate P. For the calculations, the
FLexX docking program was used.***? The docked complexes
were energy minimized for 5000 steps by using the steepest
descent and conjugant gradient optimisation procedures within
the crRomacs program and force field.* The alignment between
CYP106A2 and human CYP11B1 in the SRS 6 region was created by
using cLUSTAL w 1.8.1%9

Bacterial expression and purification of recombinant CYP106A2
and mutants: The CYP106A2 cDNA was a kind gift from Dr. Rai-
mund Rauschenbach (Schering AG, Berlin, Germany). Expression of
CYP106A2 was performed as described in Simgen et al.®” Purifica-
tion was performed according to Lisurek et al.|”

Site directed mutagenesis: Mutagenesis of residues S394, A395,
T396, G397 and Q398 was accomplished according to the protocol
of the Quick Change Site-Directed Mutagenesis kit (Stratagene, La
Jolla, CA, USA) by using oligonucleotide primers that were synthes-
ised by MWG Biotech AG (Ebersberg, Germany) and the plasmid
CYP106A2/pKKHC (Ncol/Hindlll).“® The three mutants 186T, E90V/
D185G and K27R/I71T/I215T were obtained by using a modified
plasmid CYP106A2/pKKHC (Kpnl/Sallll). All mutations were con-
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firmed by automatic sequencing by using a LiCor-4000 DNA se-
quencer (MWG Biotech AG).

Spectroscopic methods: Absorption spectra were recorded at
room temperature on a Shimadzu double beam spectrophotome-
ter UV2101PC (Kyoto, Japan). CO-difference spectra were recorded
according to Omura and Sato.” The haem content was deter-
mined according to Schenkman and Jansson.” For the determina-
tion of the molar absorptivity, the absorption of CYP106A2 solu-
tions with known protein concentrations (see below) were deter-
mined. Electron paramagnetic resonance (EPR) measurements were
carried out on a Bruker ESP300E spectrometer (Billerica, MA, USA)
at —196°C in 50 mm K;PO, (pH 7.4). Circular dichroism (CD) spectra
were recorded on a JascoJ720 spectropolarimeter (Victoria,
Canada). CD measurements at 195-260 nm were performed in
1 cm cuvettes that contained 0.5 um cytochrome P450s in 2.5 mm
K;PO, (pH 7.4) and for measurements at 300-450 nm 20 um cyto-
chrome P450s in 10 mm K;PO, (pH 7.4).

Catalytic activity and electron transfer: K, and V,,,, values for in-
creasing adrenodoxin concentrations were determined in a final
volume of 0.5 mL at 30°C for 3 min in 50 mm HEPES buffer, pH 7.4.
The reconstituted system contained 0.5 um adrenodoxin reductase,
0.25 pum cytochrome P450s, 400 um DOC or 300 um P as substrates,
a NADPH-generating system as previously described,”” and increas-
ing adrenodoxin concentrations depending upon the mutant until
the maximum substrate conversion was reached (in the case of
DOC 10 um WT-CYP106A2 and 186T, 20 um E90V/D185G, K27R/171T/
1215T and A395L, 50 um Q398S and 100 um S394l, T396R and
G397P were used, and in the case of P, 20 um WT-CYP106A2, E90V/
D185G, K27R/171T/1215T and 186T, 50 um A395L and 100 pum S394l,
T396R, G397P and Q398S were used). Incubations were terminated
and extracted with CHCl; (2x0.5 mL). The organic phases were col-
lected and the solvent was evaporated. The steroid metabolites
were redissolved in acetonitrile and applied to a reversed-phase
Waters Nova Pak Nukleosil C;5 (4 pm, 3.9% 150 mm) column. HPLC
experiments were carried out on a Jasco system that consisteed of
a P4-980 HPLC pump, an AS-950 sampler, a UV-975 UV7 visible de-
tector and a LG-980-02 gradient unit (Jasco, Gro3-Umstadt, Germa-
ny) by using an isocratic solvent system that consisted of acetoni-
trile/H,0 (40:60). All mobile phases were degassed before use. The
positions of the metabolites were identified by reference steroids;
corticosterone was used as internal standard for the DOC experi-
ments and 20B-OH-P was used as internal standard for the P
experiments to exclude an uneven extraction of the steroids. To
calculate the hydroxylation activity the relative amount of the
products was determined by using the relative peak area of the in-
ternal standard. Data were fitted by hyperbolic regression by using
Sigma Plot (Rockware, Golden, CO, USA).

To study the regiospecificity of P hydroxylation, the reactions and
HPLC were conducted as described above by using the following
mixture: 0.5 um adrenodoxin reductase, 20 um adrenodoxin,
0.25 um CYP106A2 or the corresponding mutants, 300 um P as
substrate, and the NADPH-generating system described above. The
HPLC patterns were compared to those with the corresponding
standard compounds.

Other procedures: Protein concentrations were estimated by
using the bicinchoninic acid method according to the method pro-
vided by the supplier (Uptima, Montlucon, France) and bovine
serum albumin was used as a standard. Adrenodoxin reductase
and adrenodoxin were heterologously expressed and purified
according to Sagara et al. and Uhlmann et al., respectively.”"’?
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Abbreviations: CD, circular dichroism; CYP, Cytochrome P450,
DOC, deoxycorticosterone; HEPES, [N-(2-hydroxyethyl)-piperazine]-
N'-ethanesulfonic acid; P, progesterone; SCR, structurally conserved
region; SRS, substrate recognition site; SVR, structurally variable
region; WT: wild type.

Systematic nomenclature: progesterone, 4-pregnene-3,20-dione;
corticosterone, 11p,21-dihydoxy-4-pregnene-3,20-dione; deoxycor-
ticosterone, 21-hydroxy-4-pregnene-3,20-dione.
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