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Abstract:

Although the oxidation of aldehydes to carboxylic acids is mainly catalyzed algehyde
dehydrogenasédn nature cytochromes P450 are also able to perfsuthreactiors. In this studywe
demonstrate the oxidation of cinnamaldehyde to cinnamic acithéynyxobacterial CYP260B1.
Following™our"docking studies of the aldehyde we generated T224A and T234A mutant$
CYP260B1by sitedirected mutagenesis tisrupt the substrate positioning and proton delivery
respectivelyFurthermore, we used the kinetic solvisotope effect on the steadtate turnoveof the
substrateto_investigatethe reactive intermediateapable ofperforming the catalysisOur results

suggesthatthealdehyde oxidatiomccurs viaanucleophilic attack othe ferric peroxoanian

Introduction:

Cytochromes P45@re hemehiolate contaimg monooxygenasenzymedound in alldomains of life

[1]. They catalyze a broad range of different reactions such as hydroxylation, epoxidation,
dealkylation or GC cleavagg2-4]. P450s arealso able to oxidize aldehydes to the corresponding
acids[5].

There are severalystudies described for the oxidation of saturated, o,B- unsaturated or a,p- branched
aldehydes by P450[-10]. In addition some studies also descriliee decarbonylation and the
formation of olefins for branched compoundsuch as cyclohexanecarboxaldehydenmthylated
propionaldehydes[11,12]. The utilization of o,f-unsaturated aldehydes as substrates negult
predominantly ito carboxylic acidsvas alsshown for several P45(5]. Interestingly, mosbf these
studies weresperformed with xenobiotic metabolizing P450s such as CYP2B4, CYPTCAPRE9
[5,12]. In contrastonly little is knownconcerningaldehyde oxidatiofy microbial P458. The most
prominent example for a bacterial P4&fpable of aldehyde oxidation is CYP102A1 (P4R) and
its oxidatim‘of w-0xo fatty acidsto the corresponding dicarboxylic acif}, whereby the reactive

speciedasmotbeen studied

Two differentreactionmechanisms are proposed to catalyaehan oxidationreaction, either byhe
hydrogen abstraction and rebound hydroxylation mechanism or by nucleophilic attackfefrithe

peroxoanior{13].(see Schemg).
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Scheme 1: Proposedmechanisms for the oxidation of aldehydes to the corresponding acidehe nucleophilic attack by

ferric peroxoanion (A), and the hydrogen abstractionand rebound reaction(B) are shown.

As shown inSchemel, pathway A is independent of protomkereagpathway Bis requiring protons
for the product formation.To distinguish between these two pathways, the kirmtieent isotope
effect can be us€gd4,15]. Furthermore,lie proton delivery inside the active site can also be deslupt
by sitedirected mutagenesis and replacthg correspondingmino acids[16-18]. This approach was
previouslyperformed formammalianCYP2B4 by creating the T302A variatt identify the reactive

speciexapable othe conversion of aldehgd|[6].

In this study;werdemonstrate the oxidation of cinnamaldehyde to cinnamic acid by myxobacterial
CYP260B1 In addition, docking of cinnamaldehyde into the crystal structure of CYP28@R1
performedfollowed by the creation of threare mutantqT224A, T232A and T22#A/T232A). We
investigatedthe KSIEfor the oxidation reaction not only for the wild type but also for dreated
threonine mutants T224and T232Athatare proposed to be involved time substrate orientatioand

protondeliveryyrespectively.

Material and:Methods:
Chemicals:

Isopropyl B-D=1=thiogalactopyranoside andaninolevulinic acid were purchased from Carbolution
Chemicals «(Saarbruecken, Germany). Bacterial media were obtained from Bectons@icki
(Heidelberg,"Germany). All other chemicals were purchased from standard sources ights hi
purity available.

Strains:
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TheE. cali strain Top 10 for cloning purpose was obtained from Invitrogen (San D). TheE.
coli strain C43(DE3) for the heterologous expression of the PdBBgpurchased from Novagen

(Darmstadt, Germany).

Docking studies:

The automatedsydocking program AUTODOCK (version 4.A®20] was applied for docking of
cinnamaldehyde Jnto the substrate free crystal structure of CYP260B1 (PDB HENV)The
Windows, version;1.5.6 of Autodock Tools was used to compute Kollman charges for the enzyme
CYP260B1 and Gasteigdiarsili charges for the ligasd[22]. A partial charge of +0.400e was
assigned manually to the hetinen, which corresponds to Fe(ll) that was compensated by adjusting
the partial charges of the ligating nitrogen atert8e. Flexible bonds of the ligands were
assignechutomatically and verified by manual inspent A cubic grid box (56x56x5p0intswith a

grid spacing“of 0.375 Ayas centered 5 A above the heran. 100 docking runs were carried out

applying the Lamarckian genetic algorithm using default parametimgse

Site-directedrmutagenesis of CYP26Q0B1

Targeted exchange of single amino acids was undertaken by QuikChange® mutageneBisi with
polymerase following manual instructions form Agilent Technologies (Santa Gle84). The
corresponding forward and reversed primers for the T224A, T232A variants and the T222A/
double mutantsare shown in supplementabl€ 1. The sequences of the mutants were verified by

automated.sequencirfgurofins Genomics, Ebersberg, Germany)

Expres®n and purification oftte eazymes:

The expression and purification of CYP260B1 and its mutated variants was perfarrdedcabed
previously [21]. The truncatedbovine adrenodoxin (Adxics) and adrenodoxirreductase were

expressed and purified as described elsew2&24].

Spectrophotometric characterization:

UV-visible spectra for the fied P450s were recorded at room temperature with a double -beam
spectrophotometdlJV-2101PC; Shimadzu, Kyoto, Japan). The proteins were diluted in 50 msM

HCI buffer (pH-7#4) with 2% glycerol and the concentration of the P45@sestimated by CO
difference spectroscopy assuming Ae (450-490) = 91 mM' * cm™ according to the methocof Omura

and Satd?25. Additionally, the P450s were measured in the reduced form assvllthe substrate
bound form. The proteins were reduced by the addition of a few grains of sodium dithionite and
analyzed in the range d@00-700 nm. For the measurement of the substrate bound form, the
corresponding substrates were added in exceSgif@es) and also analyzed in the rang@@d 700

nm.
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In vitro conversions and steady state kinetic turnover:

A reconstitutedn vitro system containing the corresponding CYP260B1 variant (0.3 AdR, (0.9

UM) and Adx 108 (6 UM) ina finalvolume of 500 ul of Tris buffer (50 mM, pH 7.4) with 2% glycerol
was used. Cinnamaldehyde (dissolwedEtOH) was addedto afinal concentration of 100M. The
reaction was“started by the addition of NADPH (250 uM). After 30 min at 30°C theoreaviis
qguenched by adding 10 pl HCI (1:1 diluted with water). The aqueous phase was extraetedttwic
chloroform (2°x*500" ul). A negative control in the absence of P450 in thetioa sample was
employed for each substrate to verify the RdBfendent reactiorl.ikewise, the conversion of
progesterone(200" uM final concentration was performed except that samples were extracted

immediately without acidification.

The steady/state kinetic turnowaeasurementsf cinnamaldehydevere performed in protiated and
deuterated solvent systems. To investigate the effect of radical scavemdieescatalytic rate, thie
vitro conversionsiywere performed with the addition of ascorbate (20 mM), cat&lasd) (and

superoxidedismutasd3 U), individually as well as in combination.

HPLC analyses:

HPLC analyses were performed on a system stingi of a PU2080 HPLC pump, an A3059SF
autosampler, and a MBRO10 multi wavelength detector (Jasco, Gidssstadt, Germany). A
Nucleodur €085 C18 column (125 x 4 mm, Macher®yagel, Diren, Germany) was used at 40°C.
Water with 0.1% trifluoroacetic &t (A) and acetonitrile with 0.1% trifluoroacetic acid (B) were used

as mobile phases. A gradient from 25% to 55% B over 10 min was used for separation. For
quantification_of the compounds calibration curves in the range of 0 to 200 uM wereHiXdedl.
anayses ofprogesteronavere performed witi0% acetonitrile inwater (A) and acetonitrile (B) as

mobie phases. A gradient of 10 to 60% B o8@min was used for separation of the analytes.

Whole-cell conversions:

The wholecell eonversionwas performed according to the method previously descrif6].
Cinnamaldehyde (200 uMonversionwas performed in 8 sealed baffled flasks (1 I) each filled with
250 mlof M9CA medium. After 48 h, the reaction was quenched and extracted two times with the
sane volume of ethyl acetate. The crude extract was evaporated to dryness and stored at 4°C unt

purification.

Purification of the product
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The extract of the cinnamaldehyde conversion was purified by silica gel chronpapdrexane:
ethyl acetate- 7:3). Fractions were collected and analyzed by thin layer chromatography. An UV lamp
at 254 nm was used for the detection of the desired product. Product containing fracteopeolext
and the solvent was removed by vacuum evaporafibout 23 mg of dight yellowish solidwere

obtained.

NMR analysis:

NMR spectraswere recorded on a Bruker (Rheinstetten, GerndR))500 NMR spectrometer. A
combination.ofH, **C, and HSQC experiments was used for structure elucidation. All chemical shifts
are relative 40 CGHGI (6=7.24 for *H NMR) or CDC} (8=77.00 for **C NMR) using the standard &

notion in parts,per million (ppm).

trans-cinnamic acid:H NMR (CDCl;, 500 MHz): 7.62 (d, 1H, J=16.0 Hz, vinylici@), 7.38 (m, 2H,
aromatic GH)u=723 (m, 3H, aromatic-€), 6.29 (d, 1H, J=16.0 Hz, vinylic-8); **C NMR (CDCE,
125 MHz): 172.1 (C=0), 147.0 (8), 134.0 (C), 130.7 (&), 128.9 (GH, 2x), 128.3 (GH, 2x),
117.3 (GH),

Results:

Substrate identification and product elucidation:

Since CYP260B1 fron®. cellulosum So ce56 is known for the conversion of small compounds such
as ionones and damascoij2g|, we tested cinnamaldehyde, a molecule of similar sirgainingan

a, B-unsaturatecldehydegroup This compound erved as a substratend the conversion showed a
single prodat (see Figure J1 With our previously established whetell systenf26], we were able to
produce a ‘sufficient amount @foductfor NMR analysis. Theobtainedproduct was identified as

cinnamic acid
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Figure 1: The chromatogram shows the conversion of cinnamaldehyde (tz= 8.4 min) to cinnamic acid (tg= 6.9 min)

catalyzed by CYP260B1:

Site-directed mutagenesis

Very recently, we havelucidatedthe crystal structureof CYP260B1[21]. In order b get a deeper
insight into/the active site ahis enzymeand the substrate orientat, we performed docking studies
of cinnamaldehyde intthe substratéree crystal structure of CYP260K4ee Figure 2)The docking
study showed thahreonine 224s suggestedor the positioning of cinnamaldehyde. In additighe
amino acid_sequencalignmentof CYP260B1with other P450s showed that threonine 282he
conservedesiduefoundin most P450sindis located in the-helix next toa glutamic acid. This acid
alcohol pair issupposed to be involved in the proton delivangl catalysig28]. The involvement of
the conservedhreonine inproton deliverywas previously exemplified for the mutant T252Aof
CYP101A1 P450cam[29] or T306A of CYP17A1[16].
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Figure 2: Docking of cinnamaldehyde (green) into the substrate free crystal structure of CYP260B1. The I-helix

highlighting T224, E231 and T232 (blue cartoon) above the heme-plane (brown) is shown.

To study theweffect of P24 and T232, both amino acids wenglividually replaced by alanine
resultingintosthe T224A and T232A variant& addition a double mutantn which both threonines
were replaced'by-alanin@224A/T232A wasalsocreated.

Characterization of theutantsby UV-Vis spectroscopy and SEFAGE

The purifiedproteinmutantswere analyzed by SDBAGE and shoeda molecular mass of about 50
kDa (see supplemental Figur®. Furthermore, the enzymes were characterized byVigVv

spectroscopyseeSupplementalable2 andSupplementaFigure 3.

Functional characterization of the mutants by conversions of cinnamaldehyde and psogeste

To identify=thefunctional properties of the novel CYP260B1 variants, conversions were performed
with cinnamaldehyde as well as the known substrate progest@tindhis steroid was chosen for
the functional characterization, since this compowad convertedmore efficiently by CYP260B1

comparedvith*¢éarotenoiederived aroma compounds

Table 1: Conversions of cinnamaldehyde and progesterone by CYP260B1, T224A mutant, T232A mutant and
T224A/T232A double mutant.

Relative onversion by%]
Substrate CYP260B1 T224A mutant T232A mutant T224A/T232A
(control) double mutant
Cinnanddehyde 100 52 84 64
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Progesterone 100 100 9 12

As shown in Tablel, all variantswere able to convert botBubstrateshowever, theproductyields
differed strongly. The conversion of cinnamaldehyd&asdecreased to almost half of the activity of
the wild type by the T224A varianthe predicted substrate orientation indidateat the phenyl ring

is placed towards theemeplane, which is not imccordancevith the formed product. Nevertheless,
this amino "acid influenced the productivity towards cinnamic acid demonstragirignition in
product formationCYP260B1 and the T224A mutant coneelthe same amounts of gesterone

but the product patterwas shifted towards a higher selectivity for T224A (see Supplemental Figure
3), which is in agreementith our assumption that this amino acid is important $abstrate
orientation.

The conversion of cinnamaldehyd&sonly slightly decreased by the T2324utant.In contrast, he
activity of this mutant towards the conversion of progestemsag significantlyimpaired ("10%)
compared withthe activity ofthe wild type. This observatiorsuggestghatthe steroid conversn is
dependention the presence of protons, whereas the oxidation of cinnamaldehyde seems to be

independent on the presence of protons.

The doublesmutan{T224A/T232A) reflected the effects of the single mutants, in which the
progesterone conversiowas as strongly inhibited ashown for the T232A mutant. For the
cinnamaldehyde- conversion, the double mutant eldoav similar effect as the T224A mutant;
however; its7activitywasstill higherthan that of the T224A variamind might be explained by some
conformational changes inside the active site caused by replacing two threonines withalliee sm
amino acid-alanine. The spectrum of the double mutant in cinnamaldbbydd form shoed a
shoulder aB93nmy(see Supplemental Table 2 and Supplemental FiguepPdsenting a small tyge
shift inducedwby.this substrate indicating a conformational change.

Steady state turnovef cinnamaldehyden protiated and deuterated solvent systems:

Since thecanversionswith the mutants indicat that cinnamaldehyde oxidation is independent on
protons, lhe reactions were performed both water and deuterium oxideto determinethe KSIE
(kn/kp) at steadystate (see FigurdA+B). The activity in deuterated solventasslightly higher than

the reactionrin protiated solvent with mverseKSIE of about 0.9
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Figure 3: A. Time, dependent conversiorof cinnamaldehyde by CYP260B1A). The rate of conversionof the substrate
in protiated andideuterated solvent systemgB), and the effect of radical scavengergC) are shown.SOD, superoxide
dismutase; RSC, radical scavengers in combination. Results are obtained frompiicate experiments + standard

deviation.

The catalytic'eycle of P450s contains three unproductive pathways, in which thenslecdfanneled

for the production,of superoxides (autooxidation shunt), hydrogen peroxide (peroxide shungror wat
(oxidase shunt), respective]28]. To investigate the potential role of ®,-mediated conversion as
well as the influence of unproductive pathways, diverse radical scavesgehsas ascorbate
(neutralizing the superoxide radical, singlet oxygen and hydroxyl radicalajasmt(decomposing
hydrogen peroxide to water and oxygen) and superoxide dism(gtseenger of superoxide anion)
were applied individually as well as in mbination. However, none of the scavengers showed a
considerableffect on the conversion rateee Figure3C). Additionally, the reactions were performed
in the presence of ¥D,, since the oxidation of cinnamldehyde can be mediated i), kh the
presencef transition metal$30]. As shown in Figur&C, H,O, was able to produce low amounts of
cinnamic aeid, though itgield can be neglected compared to toatrol. All these results suggest that
the reaction iatalyzedby a nucleophilic attack of the ferric peroxoanion and metiatedby a

hydrogen abstraction and rebound mechanism.

The effect of the"KSIE was also tested for the created myseds-igurel). Boththe single mutants

and the doublesmutamtere not considerably influenced by the radical scaven(g®s Supplemental
Figure4).:ln addition all variants showd a higher conversioratefor the deuterated solvent system
compared with the protiated onesulting in an inverse KSIE of 0.6 and 0.9 for T224A and T232A,
respectivelyand-a KSIE of about 0f@r the double mutaniThe T232A variant shoeda conversion
rateof ~2 nmel product per minute per nmol P450 which is similar to the conversioaf ridwe wild

type suggesting,_that disrupted proton delivery is not influémg the activity. We observed that
neither the application of the deuterated solvent systememgioying the T232A variant dahe
combination of both approaches showedaamsiderably decreagecinnamic acid formation This
observation corroboradl with the assumption of a nucleophilic attack by the ferric peroxoanion as

most probable reaction mechanigmthe aldehyde conversion
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Figure 4: The'conversion ratesof T224A (A), T232A (B) and double mutant(C) in protiated and deuterated solvent
systems.

Discussion:

In plants,cinnamic’ acid is an important intermedidtethe phenylpropanoicgathway thatis further
hydroxylated“in=position 4 by P450s (also knowncamamate 4hydroxylase) [31] resulting inp-
coumaric acida precoursor for the biosynthesis sdveral secondary metabolitesch as lignins
coumarinsorflavenoids[32]. Thereby cinnamic acid is produced by deaminatidrire amino acid
phenylalaning33]. In this study we demonstratéthe formation of cinnamic acidby oxidation of
cinnamaldehyde; an important compound for fllagor and fragrance industri34], catalyzed by
myxobacterial CYP260B1This enzymebelongs to a novel P450 family found Borangium
cellulosum So ce56[35] and is known for the conversion of steroids and carotet@itved aroma
compounds{2427]. It is not surprising thatbesides carotenoidderived aroma compounds
cinnamaldehyd@cs as substrate, since they are similar in size fandtional groupsinterestingly,
this substrateswas not functionaliziedan endocyclicpositionas demonstrated f@omecarotenoid
derived aroma compounds. Reasons for that observation might be related to the submsttat®iwori
caused by the structural differences such aphieaylring or by thepresencef thehighly reactive a,
B-unsaturate@ldehyde moiety

Since the oxidation of aldehydeis supposed tde catalyzed byeither ferryl speciesor ferric
peroxoanion13]y*we performedstudies such akSIE andsite-directed mutagenests get a deeper
insight irtosthe reactive species capable of aldehyde oxidatibime activity was thereby neither
considerablydecreased by employiradeuterated solvestystermnor by theT232A variantdisrupting
the proton transfehus, bothapproachesupporédthe assumption of @roton independent reaction
catalyzed by nucleophilic attack of the ferric perawion and not by hydrogen abstraction and
rebound reactianThe functionality of the T232A variant was also testelly the progesterone

conversionwhich, howevershowed only about 10% of the activitgmpared withthe wild type.The
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most commorreaction for steroid functionalization is the hydroxylatiaich is performed bythe
proton dependent ferryl specif&6]. With a disrupted proton delivery to the active site, this kind of
reactionshould bedrastically decreased as shown here. As a rehelfunctionality of this amino acid
can beconfirmed Concerninghe function of T224, our docking studies suggettatthis position is
important fersubstrate positioning. This assumption wesfied by the altered product pattern of the
progesteroneenversion(see Supplemental Figure.3Jhe wild type showed a higher selectivity
towards product number 5, whereas T224A favored the formation of produiet cdntrast, the
product pattern.of cinnamaldehydenversionwas not changd, although the activityvas strongly
influenced provinghe influence of this amino acid towarthe productivity However, thepredicted
docking positionseannot explain why the side chain is oxidized, since the phenyl geeuasto be
centered abeve.the hermplane For that reason, another substrate orientatigght be more probable

for substrate oxidation or the substratay bemore mobile thamdicatedby the docking study.

Several studiesgon various mammalian P45@se describedhe oxidation of structural diverse
aldehydes to thecorresponding acid®-7,937], among whichCYP2B4is the best studied P458nd

it was shownsthatihe acid productioris mainly catalyzed bythe ferryl speciedy this enzymd6]. In

contrast the peroxoanion dependent reaction led to several other products such as alcohols .or olefins
Some of thesfermedntermediates we also able to interact with the P450 itsdfading to an
inactivaton ‘of the enzyme [6,38]. However,such anadduct basedhactivationwas predominantly

found atrhigherssubstrate concentrations of several hundred micromolars. During thesionneke
cinnamaldehyde by CYP260Bheither side poducts nor a significant loss in its activityere
observed whichmmight be related witla specific conformation of the active site hindering a
deformylation reactionin addition, onlylow substrate concentratismwere used for theCYP260B1

dependenteaction.

In conclusian, these results show the oxidation of cinamaldehyde to cinnamic acickdlyactgrial
CYP260B1. Moreoverour results suggestethat the ferric peroxanion species is capable of

catalyzing this typef reaction instead of the oftgmoposederryl species.
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Relative conversion by [%0]

Substrate CYP260B1 T224A mutant T232A mutant T224A/T232A
(control) double mutant

Cinnamaldehyde 100 52 84 64

Progesterone 100 100 9 12
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