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Highlights:
e CYP260A1 convertsl1-deoxycorticosteroneghe A4-C21 steroid,into lo-hydroxy-
11-deoxycorticosterone as a major product.
e Theavailableredox proteirratiosduring the conversion dfl-deoxycorticosteroniey
CYP260Alaffectthecatalyticactivity and product pattern.
e Higher.redox proteimvailability supported the further conversion Jai-hydroxy-11-
deoxycorticosteroneinto the dihydroxylated product o, 214a-dihydroxy-11-
deoxycorticosterone ar@l-C2-ene-11-deoxycorticosterone .

e Jla-pdda-dihydroxy-11-deoxycorticosteronganovel steroidal derivative.

Abstract

Since gtochremes P45@re externalmonooxygenasesvailable surrogate redox partners
have been usetb reconstitute the P450 activitjHowever,the effect of various ratios of
P450s andrtheredgproteins havenot been extensively studiesb far, although different
combinations-of:the redox partndraveshownvariations in substrate conversidro address
this issue,CYP260Alwasreconstituted withvariousratios of adrenodoxin and adrenodoxin
reductasdo convertll-deoxycorticosteronend the products were characterized by NMR
We showthe effect of the available redox protein ratios not only orPdgOcatalytic activity

but alsogon the product pattern.

Key words:
P450, redoxproteinratios steroid

This article is protected by copyright. All rights reserved


mailto:ritabern@mx.uni-saarland.de�

Abbreviations

AdR, Adrenodoxin reductase; Adx, AdrenodgdOC, deoxycorticosterone

Introduction

Cytochromes=P45(QP450s) the hemecontaining monoxygenasenzymes,are able to
catalyze af variety of chemical reactions including -8 functionalization, aromatic
hydroxylation;“dealkylation, GC lyase activity decarboxylation, nitratiorand carbene
transfer[1,2]. P450s are also involved ithe biosynthesis of natural producf3]. They
require electrons for tlireactivity, which can be donated by autologous or heterologous redox
partners via_an electron transfer ch§j. However, the requirement of efficient redox
partners to*deliver electrons froMADH or NADPH to a P450 is the bottleneck for its
application[5].

The identification of functional autologous or heterologous redox partners for orphan
microbial P450s is complicated, becauke P450s and potential redox partners are not
always found in the samegere cluster[6]. However, surrogate res partners areften
employed to.reconstitute catalytactivities for such novel P450Several different redox
systemslike putidaredoxin reductas®dR — putidaredoxin (Pdxjrom Pseudomonas putida,
adrenodoxin“reductase homolog Arl{) — endogenous ferredoxin component (etfbm
Schizosaccharomyces pombe [7], ferredoxin reductasd-¢(R) — ferredoxin (Fdx)from E. coli

[8], ferredoxin reductaseF({R) — flavodoxin {/kuN/ ykuP) from Bacilus subtilis [9],
adrenodoxirreductase (AdR} adrenodoxin Adx) from bovineadrenalq10], thereductase
domain of CYP102A1 (BMR]9, 11} the FMN and Fe/Scontaining domain of p450RhF
from Rhodococcus sp. [12], a phthalate family oxygenase reductase (PFOR) from
Pseudomonas putida KT24440 [13] along with the chimerisystens of SynFdx (Fd) from
Synechocystis and the ferredoxin NADP reductase (FNR) fror@hlamydomonas reinhar dtii

[14 and AdxFpR fromE. coli [15] as well as the commercially available spinéatedoxin
(Fdx) andsferredoxin reductaseF({R) [16, 17] have been used in different ratios to
reconstitutethe-activity of various?450s However, thaatiosof P450 and the redox partners
used forthesubstrate conversisnvere not consistent ithe differentstudies In some studies
more than a«2fold [9, 18-20],a 20fold [21, 22],a 5380 fold [23-25] or even more than a
200-fold [26, 27]higher ratio of Fdx compared with the P458semployed for then vitro
conversiorof the related substratin all these studies, the main aim of employinguvééous
ratios was to makthe P45Cunctional, butthe effect of different ratios of the redox partners

was not studied\everthelesst has been shown that the use of surrogate regsbemdor a
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novel P450 not only showed variat®m the substrate conversiofi4, 15, 28-30]put also
displayed different product selectivés [31]. In addition, the use of am-physiological
substrates containing multiple oxidation sites to be attacked by a P450, gemsatiyd in
different oxidizedproducts depending othe reaction conditios and incubation time, in
which thesearlier product(s) might serve as a substrate for further congef@183] Such
multi-step ©r seguential oxidatisrof a substrate by a P450 results in either a distributive
(obtaining "multthydroxylated products at once as showg. for CYP19 [34, 35]) or a
processivgstepwise sequential reactions alsserved for the conversion of nitrosamines to
aldehydes and,then carboxylic acids®yP2A6[33, 36]) product distribution.

While using a nomhysiologicalsubstrate foa P450 ora mutated variant of a specific P450
in someofsthe cases theroduct patterrs that are observed inan in vitro reactiondo not
replicate in‘fie in vivo conversion [37]In general, themountsof the redox partnerbeing
presentduring theco-expression of P450 and redox pargnera wholecell systemare not
comparableo the amourg of the redox protemin thein vitro reaction Therefore this sudy
attempted'to investigate thssuein more detailln order tounderstand the effect tie redox
proteinratio.of Adx and AdRon the P45@ependent reactiomlifferentamountsof the redox
proteirs were ‘usedor the conversion of ktleoxycorticosteronéDOC) by CYP260A1 We
studied the“eonsequenaes the conversion ddOC and its product selectivitguring thein
vitro reactionand theE. coli based wholeell system The obtainedmain productswere
purified ‘andcharacterized biiquid chromatography mass spectrometry {MS) and nuclear

magnetic resonandd- and 2DNMR analysis.

Materials and methods

Molecular ‘cloning, expression and purification of CYP260A1
The heterologous expressj@urificationand characterizatioaf CYP260A1 was performed
as described=elsewhef#0]. The mammalian adrenodoxin reductase, AdR, and truncated

adrenodoxingAdx 08, Were expressed and purified as descr[iB&d39].

In vitro enzyme activity assay

The conversion of DOC by CYP260A1 was carried out with the heterologous electron
partners. Then vitro reconstitution assay to determine the stestdye conversion of DOC
(100 uM) was performed in a final volume of 250 pl containing a mixture of CYP260A1 (0.5

uM), Adx (5 uM), AdR (1.5 uM) (CYP260A1: Adx: AdR of 1: 10: 3), and substrate (100 uM)
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in 20 mM potassium phosphate buffer (pH 7.4). The reaction was started by adding NADPH
(500 uM) and incubating for 20 min at“®Q and stopped by the addition of chloroform (500

ul). The sample was mixed vigorously, and the organic phase was extracted twice with
chloroform. The pooled samples were dried and analyzed by HPLC as desdithethp
time-dependent-conversion was done by increasing the incubation tim&0(bmin). The
NADPH dependent conversion of the substrate was done using 100 uM to 4 mM freshly
prepared NADPH"under the same condition as explained. The reaction was done in the
absence er presence of a NADPH regeneration system when needed. The -NADPH
regenerating system consists of glucose@hésphate (5 mM), glucose-phosphate
dehydrogenase(1 Uand MgCh (1 mM). Protein ratie of CYP260A1: Adx: AdR of (1: 1: 1,

1:2: 0.5, 1915, 3: 2.5:1,8:3:1,1: 5:1,1: 5: 3,1: 5:5,1:10: 1, 1: 10: 2, 1: 10: 3, 1: 10: 5,
1.10:7,1:10:710, 1: 20: 1, 1: 20: 3, 1: 20: 5, 1: 20: 7, 1: 20: 10, 1: 10: 15, or 1: 20: 20) was
used.The rdated protein concentrations are used as mentioned in Table 1 and Figure 2.

To investigate the effect of radical scavengers on the catalytic rate, the in vitro conversions
were perfarmed with the addition of ascorbate (20 mM), catalase (20 U) and sugperox
dismutase (SOD) (3 U), individually as well as in combination. To determine whether
hydrogen peroxide (kD) could be applied to reconstitute the activity of @QéBA1, H,O,

was used in“a“final concentration of 50 uM. The reactions were stopped, extracted and
analyzed as_described belofl the experiments were performed by using the same batch of

purified ‘proteins.

Whole-cell'biotransformation using resting cells

The wholecell biotransformation assay was performedeircoli C43(DE3) cells. The cells
were transformed with two plasmids, one for the CYP260A1 and the other one fedtixe
partners AdR and Adxos as describedl15. The conversion of DOC by the resting cells
expressinghe re@x partners and CYP260A1 was performed as described [10].

Detection and-analysis oSubstrateconversion by CYP260A1

The analysis®of the DOC conversion in HPLC and-MS wasperformed as describglO].

Briefly, the'in vitro and thein vivo conversions of the steroids were analybydreversed

phase HPLC. After evaporation of the organic (chloroform) phase, the steroids were
resuspended in 80% acetonitrile and separated on a Jasco reversed phase HPLC system
(Tokyo, Japan) composed of an auto sample2850 plus, pump P2080, gradient mixer
LG-208002 and an UWletector UV2075. A reversed phase column (Nucleodur R200
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C18ec, particle size 3 um, length 125 mm, internal diameter 4 mm, Madkaegey) was

used to separate the substrate (D@m its products (la-,14a-dihydroxy-11DOC, la-
hydroxy-11DOC, or C1-C2-ene-11DOC). The separation of the steroids was done by a
gradient elution of acetonitrile 1000% from 610 min and was monitored at 240 nm. The
column temperature was kept constant at 40°C with a peltier oven. 20 pl of the sameles wer
injected for analysis. The peaks were identified by using the ChromPass software
(V.1.7.4031,"Jasco) and the conversion rate (nmol total product per nmol CYP260A1 per
min) wasy calculated.DOC, Ila-hydroxyl-11DOC and C1C2-ene-11DOC (NMR-
characterizedwere used as standards to identify the retention time (RT) of the peaks on
HPLC.

Binding study of DOC and la-hydroxy-11-DOC

Spinstate shifts upon substrate binding were assayed at 25°C under aerobic conditions using
an U\~visible _scanningspectrophotometefUV-2101PC, Shimadzu, Japan) equipped with

two tandem_quartz cuvettes (Hellma, Mdullheim, Germaay) described10, 30]. One
chamber of=each cuvette contained2luyM CYP260A1 in 800 pl of 10 mM potassium
phosphate butfer, pH 7.4, whereas the second chamber contained buffer alone. The titration of
the substratesDOC andla-hydroxyl-11DOC dissolved in DMSO) was done by adding
small (<1 _uly"aliquots of an appropriate stock of the substrate into the P450 containing
chamber of the sample cuvette. An equal amount of the substrate was also added into the
buffer containing chamber of the reference cuvette, and spectral changesnb208e 700

nm were recorded. The overlaid difference spectra from 3%WD0 nm produced by
subtraction of the spectrum for ligafréde CYP260A1 from the successive spectra for
substratebound.species accumulated during the titration of testosterone and aretfiosten

were obtained.

The dissociation constan(K ) for CYP260A1lwith DOC and #:-hydroxylated DOCwere
calculated by fitting the peak-trough difference against substrate concentration to a
nonlinear tight binding quadratic equatipt(]. The relevant equation i&A = (Amax 2[E])

{(Kq + [BI'+ [S]) - {(Kq + [E] + [S]) — 4 [E] [S]}"4, whereAA represents the observed
peakto-trough absorbance difference at each substrate additigr, is the maximum
absorbance difference at substrate saturation, [E] is the total enzyme2§QAl)
concentration and [S] is the substrate concentration. The data fitting was pdriasing

Origin 8.1G software. All titrations were done for three tiraed the kK values reported are

the mean for the three sets of the experimental data.
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NMR characterization of the CYP260A1 product

The fractions of the purified product were pooled and dried in a rotary evapoFator
residue was dissolved in CDCfor NMR analysis. NMR 'H and *C NMR) data were
recordedwwith-asBruker DRX (Rheinstetten, Germany) 500 NMR spectrometer at 3@0eK at
NMR spetctroscopy facility (Institut fir Pharmazeutische Biologie, Universitat des
Saarlandes) " The"ehemical shifts eveelative to CHQ at § 7.24 (*H NMR) or CDCk at &
77.00 {°C NMR) using the standard & notation in parts per million (ppm). The 1D NMR (*H

and *C NMR, DEPT135) and the 2D NMR spectra -fld-COSY, gsNOESY, gs
HSQCED, and g$tMBC) was recorded usingruker pulse program library.

Results and'diseussion

Determination ofiin vitro steadystate conditiors for DOC conversion by CYP260A1

In order to investigate the effect of redpxotein ratiosfor the conversion of DOC by
CYP260A1, we employethe bovine redox partners Agxos) and AdR, which have been
identified as.the most efficient redox partners for several myxobacféfaB0, 41] and
bacillus[28,,42] P450s, as well as the CYP260 family fr&orangium cellulosum So ce56
[10, 43} Adx“is one of themost thoroughly studied redox protainto date [44, 45]
Furthermore very recently we have shown that Bncoli based wholeell systemwith
CYP260A1, ceexpressing the bovine ferredoxin andeamoli ferredoxin reductase, was able
to convertA4-C19 steroid410]. However,the effect of the available redox protein poal
the conversion ofteroids has not been studidd this study, v used DOCthe A4 C-21
steroid,as ‘@ substratehich is convertednto multiple hydroxylated products so that changes
in the selectivity.can easily be followed.

At first, theitime_dependenin vitro DOC conversionby CYP260Alat substrate saturation
(100 uM)susingsthe ratio of CYP260A1: Adx: AdR of 10: 3was performedo investigate
the steadystate'conditios of the conversion (Figure 1. A-B). Th€-MS measurement of the
in vitro conversion of DOC (peak S witM[-Z]" = 331.2 )showedwo main productspeak 4
(~26% with"M+H]" of 347.2) and peal6 (~11%with [M+H]" of 329.9 at retention time
(tr) of 5.28 minyand7.13 min, respectivelyas well as4 sideproducts corresponding the
peals 1 (~7% with [M+Z]" = 363.2), 2 (¥% with [M+Z]" = 345.2), 3 (#% with [M+Z]" =
347.2), and 5 (76 with [M+Z]" = 347.2) atr of 4.13, 4.415.07, and 6.3@nin, respectively
(Figure 1.A).
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We observed that the conversiwasin a steadystateconditionup to 40 min(Figure 1.B) In
accordancevith this, 20 min reaction time wassedfor the subsequenin vitro conversions
utilizing the samebatch of the purified CYP260A1, Adx and AdRa ratio of 1:10: 3 for
CYP260A1: Adx: AR (0.5 pM: 5uM: 1.5 uM) In order to determine theoncentration of
NADPH to besused for the steadyate conditiona saturahg concentratiorof DOC (100
HM) wasconverted usingncreasng concentratiomof NADPH (Figure 1.C), which showed
values ofKi"and V. of 354 + 85 M and1.67 + 0.10 mift, respectivelyThe K, value
does not mean the kinetic parameter of Adit rather represents the concentration of
NADPH at which the reaction rate is half of the maximum rate in the coupling reactiba by
redox partnerand CYP260A1Afterwards, for thesubsequergtudy of DOCconversion, 500
LM NADPH wasused Moreover turnover experimestof DOC (100 puM) in the presence
andabsence o0& NADPH regeneration systemere performed andit wasobserved that the
rate is almost the sanas in the case of absence MADPH recycling (.7 vs 1.8 mini)
(Figure 1. D) Therefore, for the subsequetdnversionof DOC by CYP260A1 different

ratios of CYP260A1 and redox partnarsre usedn the absence MADPH regeneration.

Conversion,of DOC by utilizing different ratios of CYP260A1 and redoxproteins

In a first'set'okexperiments we compared the activities of DOC conversion for ratios of P450 :
Fdx: FdR, which have been employed in previous studiés 47]. At first, an equimolar
concentratiorof P450 Adx: AdR of 1: 1: 1 [46](Figure 2 entry A), andan increasedatio of
ferredoxinand decreased ratio f#rredoxin reductase df. 2: 0.5 [47](Figure 2 entry B, as

well asa ratio allowing a higher amountf the reductaseompared to the P450 and the
ferredoxin/ofl: 1: 5(Figure 2, entry Cwere used for thén vitro conversion of DOC by
CYP260A1.We observed that theonversion consisting dlightly higher molar ratios of
Adx compared to CYP260A1 and AdR showed highenover (1.23min i.e. nmol total
productsper nmol CYP260 Al per min(Figure 2, entry Bompared with the equimolar
ratio of 1: T=4=(@:90min™) (Figure 2, entry Aand increased Al ratio of 1:1: 5 (0.65min™)
(Figure 2 entry=C).

In additiongzwe alsemployed theatios of 3:2.5:1 and 8:3: 1for CYP260A1: Adx: AdR,
displaying “a"higher molar ratio of P450 compared with the redox partners for DOC
conversion. These ratios weusedfor the in vitro conversionof steroidal substraseby
mitochondrial cytochroms RP450s using Adx and AdR as redox partr&8]. We observed

that the higher rad of CYP260A1 compared with Adx and Rdlid not increase thete of
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DOC conversion,showing a turnover of 0.60 mirfor CYP260A1: Adx:AdR of 3: 2.5: 1
(Figure2, entry D) and of 0.45 miinfor a ratio of8: 3: 1 (Figure 2, entry E).

In order to systematicallyinvestigate the effect of the redgxotein ratios on DOC
conversion threeexperimental setsonsistingof a 5- (Figure 2 entry F-H), 10- (Figure 2,
entry I-N)=and=20fold higher molarratio of Adx (Figure 2,entry O-U) compared with
CYP260AL at increasingatios of AR compared with CYP260Atdereused(Table 1) We
observed anaximumturnoverrateof 2.61+ 0.10min™, 1.96 + 0.10 mift and 1.62 mift for
the ratio of,CYP260A1: Adx: A of 1: 20: 31: 10: 3and 1: 53, respectivelylnterestingly,
it was observed thait higher ratis of AdR than 1:3 compared with CYP260A&ldiminished
turnover ratdor the substrate conversiavas observed, which was also true for the ratio that
has been used‘f@n earlier stugt [48] (Figure 2, entry C). In additiorgn equal or higher
molar ratio of P450 compared to Adx also showedduced activityigure 2,entries A,D-
E). In order to reconstitute the activity of several P450s, different ratithe ¢°450 and redox
partners were also employed in earlier studies. Howeueigherconcentration of ferredoxin
with a lower reductase rat[d7, 49-51]or a higher concentration of P450 compare&dgs
and FdR[52].were used. Very recently, we have observed a higher conversiontbfi@pe
D by the P450 EpoK when using the ratio o20: 3 compared to 110: 1 for EpoK : Fa:
reductase (either AdR, Arh1 or FNR).

In general, as shown in Figure 2, the highest turnover numbers were obtained with a ratio of
CYP260A1: Adx: AdR of 1:20: 3. t has been shown that2fold higher concentration of
adrenodoxin reductase is required for maximal P450scc (CYP11A1) activity in tleeqees

of arelatively high concentration @fdrenodoxin(~ 10-fold) [53, 54].During the steadgtate
conversion of DOC by CYP260A1, we observed that the presence of higher sisfoidk
showed higher activis (Figure 2).Although the mechanism of interaction &450s with
Adx-AdR_is well'studid for CYP11Alandit has beersuggested that Adgan make either
productivestertiary or quaternary complexes with bovine CYP1[E5156] and AdRor can
shuttle eleetrons through the formation of Adx Adx-dimers [57, 58], the detailed
mechanism«=0f the interaction of the redox partners with CYP260Al still needs to be
elucidated. "Hwever, it can be suggestethat at higher amountof Adx the delivery of
electrondbecomes faster thisading toanefficient DOC conversion. In contrast, the increase

of the AdR concentration compared to CYP260A1 and Adx in ithevitro reaction
significantly dropped the rate of DOC conversion (Figure 2), which mighlhédeesult ofa

decreased concentration of free Agbotein that is required for shuttling the electrons from
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the AdR to CYP260A1ln addition, the higher rate of nepecific NADPH oxidation by the

increased reductasencentration could also account for the lower conversion.

Effect of redox)protein ratios on the product pattern of the DOC conversion by
CYP260AL

Most interestingly the in vitro product patterrof DOC conversionusing different ratioof

P450 and the redgproteirs changed significantly when using various ratios of the proteins.
Although the same6 productpeakswere obseved as underthe steadystate conditions
(Figurel. B), their relationship changed considerably, especiallfHemajor product peak

4 (tr = 5.28'mimAm/z of +16)and6 (tr = 7.13 minAanvz of +2) as well as the minor product
peak 1 (g = 4.13 min,Am/z of +32) (Figure 3A, Supplemental Figure $1When the ratio of
CYP260A1: Adx:AdR was 1:5: 3, peak6 was the highst followed by peak 4Figure3.A).

In order to, study the effect of the incubation time of the reaction, time dependent DOC
conversion.in«the presence and absence of a NADPH recycling system was performed.

However, there.was no change in the product pattern (Supplementary Figure S1).

When increasingthe amount of theredox proteinsrelative to CYP260A1 to aatio of
CYP260A1: Adx:AdR of 1: 10: 3 or 1: 20: 3, produgteak6 was gradually decreased and
peak 4(tr = 5.28 min)was increase(Figure3. A), respectivelyThe time dependent product
formation observed by using CYP: Adx: AdR of 1: 10: 3 in the absence of a NADPH
recycling system did not shoany differences in the product patternompared withthe 30

min to 2 hr reaction time (Supplemental Figure S2).

In asubsequent experiment, when the time dependent conversion of DOC was performed in
the presence.ofi NADPH recycling systemand the highest ratio othe redoxproteirs
(CYP260A2:Adx:AdR of 1: 20: 3),the highest yield of the product peakti = 4.13 min)

was obtainedfellowed by theproductpeals 4and 6during a longer reaction time (1 hr to 2
hr) (Figure4; Supplemental Figure SBJowever, analysis of the prodadbtained until 30
min showed“théighest formation of peak 4 followed by peaks 1 an@B8pplemental Figure
S3).

In addition, since surrogated redox proteins generally cause low coupling efficiering

the consumption of either substratescorfactors and thus cangenerate reactive oxygen
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species (ROS), thén vitro conversions were performed with the addition of radical
scavenger$or the ratio of 1: 10: 3 of CYP2&1: Adx: AdR. As scavenging agents ascorbate
(neutralizing the superoxide radical, singlet oxygen and hydroxyl radicals), catalase
(decomposing hydrogen peroxide to water and oxygen) and superoxide dismutase (SOD)
(scavenger-ofssuperoxide anion) weraployed eithemdividually orin combination.There

was no significant decrease in the catalytic redenpared with the controlFigure 5
Supplementald@ble"S3). In addition, to exclude the role of possibled4-mediated substrate
conversion, in the P450atalysis [35, 42, 59] the in vitro conversion of DOC was also
performedin the presence of hydrogen peroxide. However, usipg@.Hbnly a negligible

amount of product was formed.

An E. coli based whole cell bioconversion of DO@nd characterization of the products
Since we were interested tharacterizéhe productpeaks 1, 4 ané, which were changed
according to the availability of the redgctoteirs in the in vitro reaction CYP260A1
dependentt. coli based whole cell bioconversion of DO&as performed The in vivo
conversion.of.DOCusing CYP260A1 and a coexpression of Adx and AdRhowedan
identical product patteras during thein vitro reaction(Figures6 and 3. Interestingly,the
conversion'oDOC after24 hr usingestingE. coli cellsthat hare beerco-expresseavith the

3 proteins for.24 hr showed the highest yield of peat 6 (7.13 min,AnvVz of +2) followed
by peakd (tr = 5.28 min,Am/z of +16)andpeakl (tr = 7.13 min,Am/z of +32) (Figures. A).

In contrast; donger conversion period (48 hr) showadiminished yield ofpeak6 anda
subsequent increase of peaks 4 angFifjure 6. B). However restingcells thatwere ce
expressedvith the three proteinsfor a longer duration(48 hr) showed the highest yield of
peak4 followed.by peak 6and 1 for both the conversion conditso@4 hr and 48 Nr(Figure

6. C-D)._lt is_interesting that the produptakl, the yield of which was almost negligible
during inpvitreseonversion undesteady conditios (performed in the absence of NADPH
recycling),"has“appeared as a major product either dth@ig vitro conversion for a longer
time in thepresence of NADPH recycling or in thevivo conversiorof DOC. Thereforethe
appearancef peak 1seems to be closely related to #haailability of sufficient amourg of

recycled NADPHand redox proteins.

Our optimizedE. coli based wholeell systenfor the conversion of DOC by CYP260Audas
able togive enough yield to purify the corresponding produdise products comprising the
peaks 1, 4 an@ were purified anadharacterized byC-MS and1D- and 2DNMR. Products
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1 (AnVz of +32), 4(AmV/z of +16) and6 (AnVz of -2) were identified ada-,14a-dihydroxy-11-
DOC (1la-,14a-dihydroxylated DOC), d-hydroxy-11DOC (1la-hydroxylatedDOC) and 11-
deoxycorticosterone-&ne @1-hydroxypregnd-,4-diene3, 20dioneor C1-C2-ene-11D0OC),
respectively Product 1 isa novelsteroidderivativeand themajor product 4 is the samene
as wagdentified beforeasthe main product of CYP260Atlependent DOC conversi¢d0].
Although CYP260A1 performs mainly th@-1 hydroxylation of DOC, the position atZis
prone for hydrogen abstraction arahact as a prton donor. Thignight result ina chemical
modification at C1 to generate a product with alfC-2 double bond, because of the possible
delocalization of ther system after releasing a water molecule from theng. This
hypothesistis supported lilge existence of therpduct peak 6(C1-C2-ene-11DOC) along
with the major peak 4The NMR data of product 6 also corroborated with the publiéf@d
NMR data[6]]. The detailed results of NMBpectroscopy or the products 1, 4 and 6 are as
follows.

la-,14a-dinydrexy-11-deoxycorticosterone(la-,14a-dihydroxylated DOC) (Product 1):
'H-NMR (500.MHz, CDCls): d = 0.71 (s, 3H; HL8), 1.12 (m, H7a), 1.19 (s, 3H, H9),
1.24 (m, H22);"1.40 (m, H15a), 1.59 (m, HL5b), 1.62 (m, B), 1.69 (m, H9), 1.78 (m, H
17), 1.83 (m, H7b), 2.38 (m, H6), 2.56 (dd,J = 16.9, 3.0, H2a), 2.68 (m, HL6), 2.75 (dd,)
= 16.9,2.5;.H2b), 3.04 (br s, OF21), 4.09 (s, HL), 4.30 (d, 19.9, F21a), 4.65 (dJ = 19.9,
H-21b), 5.8@ppMm (s, H4); *C-NMR (125 MHz, CDCls): d = 15.1 (G18), 18.9 (C19), 29.2
(C-8), 29.9 (C12), 31.5 (C7), 33.2 (G6), 34.4 (C16), 43.0 (C10), 43.1(C-2), 44.2 (G9),
48.5 (G13), 50.6 (G17), 67.6 (CG21), 72.2 (Cl1), 88.9 (C14), 123.8 (=4), 166.3 (C5),
210.0 ppm (C-20).

la-hydroxy=dd=deoxycorticosterone(1a-hydroxylated DOC), (Product 4): *H-NMR (500
MHz, CB€ls)=d-= 0.69 (s, 3HH-18), 1.08 (dddd, J = 13.0, 13.0, 11.5, 5.574), 1.18 (s,
3H, H-19)7 1924"(m, H14), 1.34 (m, H15a), 1.42 (m, HL2a), 1.43 (m, HL.1a), 1.56 (ddd] =
11.5, 11.0, 3.5, ¥8), 1.66 (ddddy = 11.5, 11.5, 3.5, 3.5,-4i1b), 1.70 (m, D), 1.77 (m, H
16a),1.78 (m, H15b), 1.83 (m, Hrb), 1.93 (m, HL2b), 2.22 (m, HL6), 2.36 (m, H6a), 2.39
(m, H-60)72.46 (dd,) = 9.0, 9.0, H7b), 2.55 (ddJ = 17.0, 3.5, H2a), 2.75 (ddJ = 17.0, 3.0,
H-2b), 3.21 (dd@i= 4.5, 4.0 OH21), 4.08 (dd)) = 3.5, 3.0, H1), 4.14 (dd,J = 19.0, 4.0, H
21a) 4.20 (ddJ = 19.0, 4.5, H21b), 5.79pm (dd,J = 1.0, 1.0, H4); *C-NMR (125 MHz,
CDCl5): d = 13.4 (G18), 18.5 (C19), 20.3 (C11), 23.0 (C16), 24.6 (C15), 31.0 (C7), 32.8
(C-6), 35.2 (G8), 38.2 (G12), 42.9 (C2), 432 (C-10), 44.7 (€9), 44.7 (C13), 56.1 (C14),
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59.1 (G17), 69.4 (G21), 72.0 (G1), 123.5 (G4), 166.6 (C5), 196.4 (G3), 210.1 ppm (€
20).

11-deoxycorticosteronel-ene (C1-C2-ene11-DOC) (Product 6): *H-NMR (500 MHz,
CDCl3): d=:0:70 (s, 3HH-18), 1.06 (m, Hra), 1.06 (m, FB), 1.13 (m, H14), 1.21 (s, 3H,
H-19), 1.26 (m, HL1a), 1.34 (m, HL2a), 1.60 (m, HL5a), 1.62 (m, FB), 1.67 (m, H11b),

1.75 (m, H=15B),"1:76 (m, H-16a), 1.94 (m, H-12b), 1.95 (m, H-7b), 2.20 (m, H-16b), 2.30 (m,
H-6a),2.40,(m, HBb), 2.44 (m, HL7), 4.16 (d,) = 6.4 Hz, 2H, H21), 6.06 (tJ = 1.5, H4),

6.23 (dd,J =.10.1, 1.8, H2), 7.02ppm (d,J = 10.1, H1);"*C-NMR (125 MHz, CDCl3): d =

13.6 (G18),.18.7 (C19), 22.7 (C11), 22.9 (G16), 24.7 (C15), 32.7 (G6), 33.5 (G7), 35.5
(C-8), 38.27(G12), 43.4 (C10), 44.8 (C13), 52.1 (&9), 55.6 (C14), 58.9 (C17), 69.4 (C

21), 124.0 (C-4), 127.2 (C-2), 155.5 (C-1), 168.8 (C-5), 186.4 (C-3), 210.2 ppm (C-20).

In order to studywhetherthe product peaks 1 (1a-,14a-dihydroxy-11D0OC) and 6 C1-C2-
ene-11D0OC) were derived from the major product peak 4 (la-hydroxy-11DOC), we
investigated.the.conversion of purified 1a-hydroxy-11DOC either in the presence or absence
of a NADPH recycling sstem with a protein ratio of 1: 10: 3 for CYP260A1: Adx: AdR. We
observed the“formation of product peaks 1 and 6 during the conversion of la-hydroxy-11-

DOC thus supporting a processive reaction type. Interestingly, the presence of eHNADP
recycling systenshowed a higher amount of product peak 1 followed by peak 6 compared
with the conversion done for 30 min in the absence of the recycling system (Figure 7),
suggesting that the availability of higher amauot redox proteingn-vitro promoted the
further onversion of the primary product(s) into subseqeecbndary product(s). Although

we showed further conversion of peak 6 {Cxene-11DOC) into peak 4 (@-hydroxy-11-
DOC) under in vivo conditions (Figure 6) or upon complete consumption of DOC in the in
vitro reaction.(Figure 4, Supplemental Figure S3), it seemed controversial that peak 6 w
also observed during the conversion of peako4htdroxy-11DOC) as a substrate (Figure

7). However,"because of the possible delocalization oftibgstem duringhte release of a
water melecule from the -Aing of lo-hydroxy-11DOC, the Gl could readily generate
isomers with as € and G2 double bond to give peak 6 (CR-ene-11POC). The
mechanism for the predominance of peak 4 either by a spontaneous conve@idd2eéne-
11-DOC or CYP260A1 mediated hydration reaction is not elucidated.

This article is protected by copyright. All rights reserved



Since we observed the further conversion of la-hydroxy-11DOC to 1a-,14a-dihydroxy-11-

DOC andC1-C2-ene-11-DOC by CYP260A1, we were interested to study the binding affinity
of DOC and its majoconversion producta-hydroxy-11DOC for CYP260AL. Interestingly,
la-hydroxy-11DOC showed an about ~2-fold tighter binding compared with DOC
displayng=Kgwvalues of 0.52 + 0.14 uM and27.+ 0.01 uM for DOC and la-hydroxy-11-

DOC, respectively (Figur®). This observation suggsesthat the binding of the surrogate
redox partners might have induced an open confirmation of CYP260Also that 1a-hydroxy-
11-DOC can bereleased from CYP260A1 and enter again into the active site of CYP260A1
in a different orientation. Indeed, our very recent study on the docking of DOC into the crystal
structure of CYP260A1 also showed two different orientatadrDOC in its active sit¢59],

in which DPOC%was oriented eithdraving ringA or ringD close to the hemeenter
(Supplementary Figure4y We hypothesized that the major produet-hydroxy-11DOC

might have reentered into the active site of CYP260AL1 in a flipped orientation compared to
the position allowing themostfeasible 1a-hydroylation torevealan additional hydroxylation

site at position 14producing la,14a-dihydroxy-11DOC. Most importantly, the observed
open onformation of P450cam complexed with its redox partner putidaredoxin (Pdx) in the
crystal structureof oxidized and reduced forif62] also suggestethat the redox protein
induced :an‘open conformation.

In conclusion,the conversion of DOC by CYP260A1 showed three main product peaks (1, 4
and 6)andthe product patterns varied in dependence on the employed redox protein ratios. A
low concentration of the redox proteins (CYP260A1: Adx: AdR of 1: 5: 3) showed the
formation of peak C1-C2-ene-11DOC) as the major one followed by peak(R6>P4).

When using higher redox protein ratios (1: 10: 3 and 1: 20: 3 for CYP260A1: Adx: AdR), the
in vitro conversion showed the formation of peak 4-tlydroxy-11DOC) as the major one.
However, the product peak 6 was higher for the ratio 1: 10: 3 compared with 1: 20: 3 showing
product patterns of P4>P6>P1 and P4>P1>P6, respectively (Figure 3). In addition, the
presence of*higher amounts of redox proteins (CYP260A1: AdR of 1: 20: 3) and the
availabilitysef-acofactor NADPH) recycling system showed the highest yield of the product
peak 1 (&-14o-dihydroxy-11-DOC) followed by the peaks 4 and peak 6 (Figuré/é)also
showed the conversion of the purified produgbedk 4 into peaks 1 and 6, suggesting further
conversion of the preformed prod(g)t Taken togetherhis study showed that the amount of
redox partners can be used to tihe P450dependent reaction eithprodueng one main
product (i-hydroxy-11DOC) or getting a more diverse produspectrum(e.g. In-, 14a-
dihydroxy-11-DOC orC1-C2-ene-11DOC) as illustrated in Scheme 1.
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Figure legends

Figure 1: Steadgtate conversion of DOC by CYP260A1. A. Chromatogram showing the

conversion of DOC. The activity was reconstituted with the heterologous redorrgaAdx
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and AdR. The ratio of CYP260A1: Adx: AdR was 1: 10: 3 containing 0.5 pM of CYP260A1
in a 250 ul reaction mixture. The reaction was started with the addition of NABFHLM)

in the absence of cofactor regeneration. The numbers indicated in the chromatgyessant

the product peaks for tlenversion of DOC. The peak ‘S’ represents the substrate DOC. The
products ecorresponding to peaks 1, 4 and 6 were identified as la-, 14a-dihydroxy-11DOC,
la-hydroxy-11DOC, and lideoxycorticosterone-éne (C1C2-ene-11DOC), respectively.

B. Time depenent(G100 min) conversion of DOC. C. NADPH dependent conversion of
DOC by CYP260AL1. Different concentrations of NADPH4UMM) were used. Maxand K

values were determined by plotting the substrate conversion velocities versus the
corresponding NADPH concentrations and subsequently using a hyperbolic fit (SIGMAPLO
software). D. [Steadgtate conversion of DOC in the presence (+, solid bar) and absence (
empty bar)of cofactor (NADPH) regeneration (recycling), as explained in the ‘material and
methods’ section. The number on the bar represents the value of the activity. The error bar i
the figures represents the standard deviation-6fiBdependent measurements.

Figure 2: Steadsgtate conversion of DOC using different ratios of CYP260A1, Adx and AdR.
Different concentrations of CYP260A1 and the redox partners Adx and AdR are shown in the
Y-axis and“the Xaxis represents the activity (nmol total product per nmol CYP260A1 per
min). Thesvalue inside the bar represents the ratio of CYP260A1: Adx: AdResiplect to

the concentrations as shown in th@Xs. The entries A& (light brown) represent the ratio of
CYP260AL:; Adx: AdRof 1: 1: 1, 1: 2: 0.5, 1: 1: 5, 3: 2.5: 1, 8: 3: 1, respectively. These ratios
were used forthen vitro conversion in other stigs. The entriesHH (blue bars),-N (green

bars) and '‘@J _(yellow bars) represent the redox protein pool consisting,01® and 20

folds higher Adx concentration compared with CYP260AL1 inithétro conversion of DOC,

in which"the"AdR ratio is incrsad as indicated. The number on the bar represents the value
of the activity. The error bar represents the standard deviation of 3 independent
measurements. All the reactions were started adding NADPH (500 pM) andtéttédra20

min in the absence of aADPH recycling system. The same batches of the purified proteins

were used for the reaction.

Figure 3. Comparison of the HPLC chromatogram traces obtained for the DOGsiomve
using different ratios of CYP260A1 and the redox partnersvitro (Panel 1). The
chromatogram of DOC alone (A) represented by peak Siravitto product patterns in the
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absence of a NADPH recycling system@p using ratios of CYP260A1: Adx: AdR of 1: 5: 3

(B), 1. 10: 3 (C) and 1: 20: 3 (D) are shown. The numbers indicated in the chromatogram
represent the product peaks for the conversion of DOC. The products corresponding to peaks
1, 4 and 6 were identified as la-, 14 a-dihydroxy-11DOC, 1a-hydroxy-11-DOC, and CiC2-
ene-11DOCy=respectively. Bar diagram showing the comparison of the major products
obtained from then vitro conversion of DOC by CYP260AL1 in the absence of a NADPH
recycling system(Panel Il). The relative percentage of the product peaks 1 (ln)adk(beay

bar) and 6;(empty bar) of the DOC conversion are shown. The number on the bar iepresent
the value of the relative selectivity (in %) for the products. The error bar represents the
standard ‘deviation of -8 independent measurements, and the values are shown in

Supplemental’Table S1.

Figure 4: Ao.Chromatogram showing thevitro conversion of DOC by CYP260A1. The
reaction mixture consists of CYP260A1: Adx: AdR of 1: 20: 3 in the presence of a NADPH
recycling system. The conversion was done for 1 hr. The products corresponding to peaks 1, 4
and 6 werddentified as 1a-, 14 a-dihydroxy-11DOC, la-hydroxy-11DOC, and CiC2-ene-
11-DOC, respectively. The peak ‘S’ represents the substrate DOC. B. The relative percentage
of the produet, peaks 1 (black bar), 4 (gray bar) and 6 (empty bar) of DOC conveesion ar
shown. FThe number on the bar represents the value of the relative seleicti9ty for the
products. The error bar represents the standard deviatiod afidzpendent measurements,

and the values are shown in Bepplemental Table S2.

Figure 5: Theeffect of radical scavengers on the catalytic rate of DOC conversion by
CYP260AL. The error bars represent the standard deviation of 3 independent medsureme

and the values are shown in the Supplemental Table S3. *SOD, superoxide dismutase.

Figure 6: TheEd coli based wholeell conversion of DOC by CYP260A1. The product
pattern of .DOC conversion obtained after 24 hr (A) and 48 hr (B) bgxpressing
CYP260A1"Adx and AdR for 24 hr in tHe coli cells was compared with the conversion of

the substrate for 24 hr (C) and 48 hr (D) using 48 hexqoessed cells (Panel I). The numbers
indicated in the chromatogram represent the percentage of the product peaks for the
conversion of DOC. The products corresponding to peaks 1, 4 and 6 wereddestifi.-,
14a-dihydroxy-11DOC, la-hydroxy-11DOC, and CiC2-ene-11BOC, respectively. The
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peak ‘S’ represents the substrate DOC. The relative percentage of the product peaks 1 (black
bar), 4 (gray bar) and 6 (empty bar) of DOC conversion are shown (Baiéle number on

the bar represents the value of the relative percentage selectivity for the products. The error
bar represents the standard deviation -&f iBdependent measurements, and the values are
shown insthesSupplemental Table S4.

Figure 7: Comersion of 1a-hydroxy-11DOC by CYP260A1. Chromatograms of DOC (A)

and the purified 1a-hydroxy-11DOC (B); the chromatogram showing the conversion of 1a-
hydroxy-11DOC, peak 4, (B) into the product peaks 1 and 6 in the absence (C) and presence
(D) of a NADPH recycling system. The activity was reconstituted with the heterologous
redox partners Adx and AdR. The ratio of CYP260A1: Adx: Adis 1: 10: 3. The reactions

in the absence(C) and presence (D) of a NADPH recycling system were done for 30 min and
1hr respectively. The products corresponding to peaks 1, 4 and 6 were identified as la-, 140-
dihydroxylated-11POC, la-hydroxy-11DOC, and lideoxycorticosterone-éne (C1C2-

ene-11-DQC), respectively. The asterisk **’ represent the unidentified groduc

Figure 8: DOC (Panel 1) and 1a-hydroxy-11DOC (Panel Il) binding to CYP260A1. The
absorbance“spectra of oxidiz€dP260A1 (1.12 uM, panel I, and 0.90 uM, panel II) and
increasing concentrations of the substrates are shown in the main image (A), in which the
Saret band maximum is gradually shifting from 417 nm (pointing down) to 393 nm (pointing
up) during the addition of increasing concentrations of substrates. The inset B shows the
overlaid difference spectra produced by subtraction of the spectrum for -figend
CYP260AL1 from the successive spectra for substrated species accumulated during the
titration between 0 and 2 uM of DOC (Panel 1) and 0 and 2.5 uM of la-hydroxy-11DOC

(Panel I1). The plots of absorbance change vs. concentration of the substrathd titration

were plotted to atight binding quadratic equation as described in ‘Materials amodsiednd

the CYP260A1:dissociation constants; {kalue) were identified (inset C).

Scheme 1..Schematic illustration of the effect of redox protein ratios on the protient pa

the DOC (green sphere) conversion by CYP260A1 (red oval). The substrate, DOC (green
sphere), is converted into the products 1 (P1, blue sphere), 4 (P4, yellow sphere) and 6 (P6,
pink sphere). The products are highlighted Gifferently colored spheres. At low
concentrations of redox proteins (CYP260A1: Adx: AdR of 1: 5: 3) (Path I) the major product

6 (C1-C2-enell-DOC) (pink sphere) followed by product 4o(zhydroxy-11DOC) (yellow

This article is protected by copyright. All rights reserved



sphere) (P6>P4) is shown. Product 1 (dpbere) was absent in thisvitro reaction. The
presence of higher (Path Il) and excessive (Path Ill) ratios of the redox proteins showed the
formation of product 1 @, 1l4a-dihydroxy-11DOC) (blue sphere) besides 4 and 6. The
redox ratio of 1: 10: 3 fo€EYP260A1: Adx: AdR showed the formation of product 4 (yellow
sphere) ras@a®main product followed by products 6 (pink sphere) and 1 (blue sphere)
(P4>P6>P1), whereas the ratio of 1: 20: 3 showed the highest yield of product 4 followed by
the products 1 and 6 (P4>P1>P6). The presence of high amounts of redox proteins
(CYP260A1: Adx: AdR of 1: 20: 3) and the concomitant availability of a NADPH reaycli
system showed the highest yield of product peak ok, (14a-dihydroxy-11DOC) (blue
sphere) follewed by products 4 and 6.
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Tables
Table 1: Rate of conversion of DOC by CYP260A1 using different redox protein ratios
of Adx and AdR.

CYP260A1: Adx : AdR Rate (min™) Remarks
Protein"conecentation Ratio nmol total products per | Figure 2,
[aM] nmol CYP260A1 per entry
min

0.5:2.5: 056 1:5:1 1.10 F
0.5:25:15 1:5:3 1.62 G
0.5:2.5:25 1:5:5 0.30 £ 0.06 H
0.5:5:0.5 1:10:1 1.50+£0.12 I

0.5:5:1.0 1:10: 2 1.55+0.02 J
0.5:5:15 1:10: 3 1.96 +0.10 K
0.5:5:25 1:10.5 0.70 L
0.5:5:3.5 1:10:7 0.40+0.04 M
0.5:5:5.0 1: 10: 10 0.27 N
0.5:10: 0.5 1:20:1 2.36 £ 0.07 O
0.5: 10:'1.5 1:20: 3 2.61+£0.10 P
0.5:10: 2.5 1:20:5 2.44 +0.01 Q
0.5:10: 35 1.20:7 2.02 R
0.5:10: 5.0 1: 20: 10 2.18 S
0.5:10: 7.5 1: 20: 15 1.90 T
0.5: 10: 10.0 1: 20: 20 0.54 U
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