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SUMMARY

The first systematic study of the complete cyto-
chrome P450 complement (CYPome) of Sorangium
cellulosum So ce56, which is a producer of important
secondary metabolites and has the largest bacte-
rial genome sequenced to date, is presented. We
describe the bioinformatic analysis of the So ce56
cytochrome P450 complement consisting of 21 puta-
tive P450 genes. Because fatty acids play a pivotal
role during the complex life cycle of myxobacteria,
we focused our studies on the characterization of
fatty acid hydroxylases. Three novel potential fatty
acid hydroxylases (CYP109D1, CYP264A1, and
CYP266A1) were used for detailed characterization.
One of them, CYP109D1 was able to perform subter-
minal hydroxylation of saturated fatty acids with the
support of two autologous and one heterologous
electron transfer system(s). The kinetic parameters
for the product hydroxylation were derived.

INTRODUCTION

Cytochrome P450-dependent monooxygenase systems are

found throughout the biological kingdoms from bacteria to

mammals. Enzymes of the cytochrome P450 superfamily play

a critical role during the bioactivation and detoxification of

a wide variety of drugs and xenobiotics, and in the biosynthesis

of endogenous compounds and secondary metabolites (Bern-

hardt, 1996, 2006; Graziani et al., 1998; Zhao et al., 2008; Buntin

et al., 2008).

Due to the results of various genome projects, sequence infor-

mation for P450s has increased in recent years. Unfortunately,

the functional studies of the corresponding P450s are lagging

far behind. Very recently, the genome sequence project of the

myxobacterium Sorangium cellulosum So ce56 has disclosed

21 open reading frames (ORFs) of P450s (Schneiker et al.,

2007). The genus Sorangium is regarded as the most promising

resource for novel natural products and�46% of all knownmyx-

obacterial compounds are derived from this genus (Gerth et al.,
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2003) including novel antimicrobial macrolides (Wenzel and

Müller, 2009), and a novel class of antineoplastic agents: the

epothilones and their analogs (Mulzer, 2008). Moreover, mem-

bers of the myxobacteria have unique features like gliding

motility, and forming ‘‘social’’ multicellular hunting and feeding

swarms (Whilworth, 2007). It has been shown that several fatty

acids and lipids derived from them play a central role during

these complex physiological processes (Ring et al., 2009; Curtis

et al., 2006). The fatty acid profiles in myxobacteria are very

complex and up to 40 different compounds belonging to all

known classes of fatty acids have been detected (Ware and

Dworkin, 1973; Bode et al., 2005). It was also shown that odd

numbered, iso- or anteiso-branched fatty acids are predominant

in myxobacteria and some other gliding bacteria (Kaneda, 1991).

Furthermore, the unexpected abundance of fatty acids has been

demonstrated to play a vital role during fruiting body formation in

myxobacteria (Ring et al., 2009; Kaiser, 2003; Bode et al., 2006).

Thus, the presence of a relatively high number of P450s in Soran-

gium cellulosum So ce56 could be due to their involvement in

important physiological functions during its complex life cycle

and also to the ability of this bacterium to produce novel

secondary metabolites.

In this study, the bioinformatic analysis of the cytochrome

P450 complement (CYPome) of S. cellulosum So ce56 is

described for the very first time. As several terminal and subter-

minal hydroxylations of fatty acids are generally ascribed to the

action of cytochromes P450 (Green et al., 2001; Chun et al.,

2007), potential fatty acid hydroxylating P450s in So ce56 were

identified and characterized.
RESULTS

Bioinformatic Analysis
Sorangium cellulosum So ce56 has the largest bacterial genome

sequenced to date, which revealed the presence of 21 putative

cytochromes P450 (Schneiker et al., 2007). The distribution of

P450s is shown in a physical map of the 13.1 Mb genome (Fig-

ure 1). The genomic abundance of P450 comprises 0.15% of

all coding sequences, which is relatively low compared with

0.2% and 0.4% as described for Streptomyces coelicolor A(3)2

and Streptomyces avermitilis, respectively (Lamb et al., 2003).
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Figure 1. Physical Map of the Sorangium cellulosum So ce56 Chromosome and Distribution of Cytochrome P450, Ferredoxin (Fdx), and

Ferredoxin Reductase (FdR) Genes

All 21 So ce56 P450s with respective P450 annotation are assigned in their genomic location of the 13,033,779 base pairs genome. The distribution of Fdx and

FdR is represented with respect to the gene number as annotated in NCBI.
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The conserved P450 structural core is formed by a four-helix

bundle comprised with three parallel helices (D, L, and I) and

one antiparallel helix E where the prosthetic heme group is

confined between the distal I-helix and proximal L-helix and

bound to the adjacent ‘‘cys’’ of heme-domains (Presnell and

Cohen, 1989; Dawson et al., 1976). In this study, all 21 P450s

of S. cellulosum So ce56 possess a conserved I-helix that

contains the signature amino acid sequence (A/G)Gx(E/D)T.

The highly conserved threonine is believed to be involved in
Table 1. Conserved Domains of the Sorangium cellulosum So ce56

P450s of So ce56a So ce56 Gene Nameb I-Helix

CYP109C1 sce0122 226AGT

CYP109C2 sce8913 226AGH

CYP109D1 sce4633 241AGN

CYP110H1 sce3065 251AGH

CYP110J1 sce6424 255AGH

CYP117B1 sce5528 272AGH

CYP124E1 sce7867 239AGH

CYP259A1 sce4635 250AGH

CYP260A1 sce1588 279GGY

CYP260B1 sce4806 228GSY

CYP261A1 sce0200 287AGE

CYP261B1 sce5725 299AGE

CYP262A1 sce2191 247AGN

CYP262B1 sce1860 279AGY

CYP263A1 sce4885 263VGH

CYP264A1 sce6323 229GGL

CYP264B1 sce8551 235AGL

CYP265A1 sce8224 234GGL

CYP266A1 sce5624 249AGF

CYP267A1 sce0675 263GGH

CYP267B1 sce7167 243AGH

Residues conserved in the I-helix (T), the K-helix (E and R), and the heme-bind

leucine (L) in the heme-binding domain of CYP265A1 and CYP267A1, instea

The numbers shown at the beginning and the end of each domain represen
aCYP names as annotated at http://drnelson.utmem.edu/CytochromeP450
bGene names as annotated in National Center for Biotechnology Informatio
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catalysis (Martinis et al., 1989; Vidakovic et al., 1998). Similarly,

a glutamic acid and an arginine in the EXXR motif of the K-helix

are also conserved in all the P450s of So ce56. Both of these resi-

dues help to form a set of salt–bridge interactions that participate

in the formation of the final P450 tertiary structure (Hasemann

et al., 1995). Moreover, the heme-binding signature amino acid

sequence FxxGx(H/R)xCxG is absolutely conserved in 19 of the

21 P450s (Table 1). The absolutely conserved cysteine, which

forms two hydrogen bonds with the neighboring back-bone
CYPome

K-Helix Heme Binding Domain

ETA231 264EEVLR268 329FGHGIHFCIG338

ETT231 264EEVLR288 329FGHGIHFCIG338

DTT246 279EETLR283 344FGQGTHFCIG353

ETT256 304KEALR308 375FGGGHRRCIG384

ETT260 308LEALR312 379FGGGARRCLG388

ETS277 326REALR330 399FGGGAHFCLG408

DTT244 277EEMLR281 342FGIGPHVCLG351

ETS255 306REVLR310 379FGGGPHFCLG388

ETT284 317EEGMR321 331FGGGAHFCVG340

ETT233 266EESTR270 331FGGGLHYCVG340

DTT292 344QETLR348 421FGSGPRVCPG430

DTT304 355QETLR359 431FGGGPRVCPG440

ETT252 302QEAMR306 376FGGGPRQCIG385

ETT284 334QEALR338 408FGIGQRQCVG417

ETS268 318NECLR322 392FGAGQRICLG401

ETT234 267EEMMR271 331FGHGAHFCLG340

ETS240 273EEVMR277 338FGHGAHFCLG347

DTT239 272EEILR276 337LGAGPHHCLG346

ETV254 287DEMLR291 353FGGGHHFCIG362

ETT268 301EELLR305 366LGLGVHYCAG375

ETT248 281EEALR285 347FGGGIHFCLG356

ingmotif (F, G, and C) are highlighted in bold. The presence of amino acid

d of the usually conserved phenylalanine (F) residue, is depicted in italics.

t the relevant position of the amino acid.

.html.

n.
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Figure 2. Phylogenetic Tree of Sorangium cellulosum So ce56 Cytochromes P450

The alignment was done with 10 gap setting and 1 gap extension having slow (very accurate) alignment input in the CLCWorkbench. The tree was constructed by

using the Neighbor Joining Algorithm with performing boot strap analysis of 1000 times replicate. Bootstrap values are shown at branch nodes. The bar in the left

corner indicates 0.8 amino acid substitutions per amino acid for the branch length.
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amide, is the proximal or ‘‘fifth’’ ligand to the heme iron. The

sulfur ligand is a thiolate causing the 450 nm Soret absorbance

observed for the ferrous-CO complex (Dawson et al., 1976)

that is the origin of the characteristic name of the P450s.

However, in two of the P450s, CYP265A1 and CYP267A1,

the aromatic amino acid phenylalanine (F) is replaced by

the neutral aliphatic amino acid leucine (L). Though the mutation

of F293 in P450-BM3 (CYP102) to histidine (H) has shown

a pronounced effect on the reduction potential (Ost et al.,

2001) of this enzyme, a detailed study of this heme variant has

not been performed so far. In fact, structure was solved, and

detailed characterization was done—including demonstrating

that the oxy complex was stabilized and that the FeII-CO

complex Soret was blue shifted. The implication is that the thio-

late bond is severely affected once the Phe is mutated, and

thus that its role is in heme potential poise to enable oxygen

reduction and activation.

We have identified nine novel P450 families represented by

14 of the 21 P450s from So ce56: CYP259 (CYP259A1),

CYP260 (CYP260A1 and CYP260B1), CYP261 (CYP261A1 and

CYP261B1), CYP262 (CYP262A1 and CYP262B1), CYP263

(CYP263A1), CYP264 (CYP264A1 and CYP264B1), CYP265

(CYP265A1), CYP266 (CYP266A1), and CYP267 (CYP267A1

and CYP267B1). The other seven P450s were members of

known P450 families. Three of them, CYP109C1, CYP109C2,

and CYP109D1, are members of the CYP109 family. It has

been shown that CYP109B1 from Bacillus subtilis is able to

bind and oxidize a broad range of substrates including fatty

acids, primary n-alcohols and terpenoids (Girhard et al., 2010).

Two of the P450s (CYP110H1 and CYP110J1) belong to the

CYP110 family. It was shown that CYP110 from Anabaena

7120 is able to bind long-chain saturated and unsaturated

fatty acids (Torres et al., 2005). Moreover, CYP117B1 and

CYP124E1 are members of the assigned families CYP117 and

CYP124, respectively. A CYP117 related gene was also shown

to be present in Bradyrhizobium japonicum but the biochemical

function of the gene product was uncertain (Tully et al., 1998).
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However, very recently it was shown that CYP124 from Myco-

bacterium tuberculosis performed the preferential oxidation of

methyl-branched lipids (Johnston et al., 2009). Moreover, the

relatedness of S. cellulosum So ce56 P450s among each other

was also studied and a phylogenetic tree was constructed (Fig-

ure 2). CYP266A1 was found to be distantly related to other

P450s of So ce56.

Search for Potential Fatty Acid Hydroxylating P450s
in So ce56
The important role of lipids during the complex life cycle of

myxobacteria (Ring et al., 2009; Bode et al., 2006) guided us to

presume fatty acids as potential substrates for some of the

P450s. The amino acid sequences of well known fatty acid

hydroxylating P450s, CYP102A1 fromBacillusmegaterium (Shir-

ane et al., 1993; Davis et al., 1996), CYP102A2 and CYP102A3

from B. subtilis (Gustafsson et al., 2004), P450foxy from Fusa-

rium oxysporum (Kitazume et al., 2002), CYP152A2 from Clos-

tridium acetobutylicum (Girhard et al., 2007), P450BioI from

B. subtilis (Green et al., 2001), and CYP105D5 from S. coelicolor

A(3)2 (Chun et al., 2007) were retrieved from EMBL. The amino

acid sequences of P450s from So ce56 were aligned with

those fatty acid hydroxylases and an unrooted phylogenetic

tree was constructed (see Figure S1 available online). It was

found that 10 of the P450s, CYP109 (CYP109C1, CYP109C2

and CYP109D1), CYP124E1, CYP264 (CYP264A1 and

CYP264B1), CYP265A1, CYP266A1, and CYP267 (CYP267A1

and CYP267B1) from So ce56 were clustered with P450BioI

from B. subtilis and CYP105D5 from S. coelicolor A(3)2.

Among the 10 putative fatty acid hydroxylating P450s, the

three P450s (CYP109D1, CYP264A1, and CYP266A1) showing

the highest sequence homology to the two well characterized

fatty acid hydroxylases (P450BioI and CYP105D5) were chosen

for further studies (data not shown). Moreover, CYP109D1 is

a member of the assigned CYP109 family, whereas CYP264A1

and CYP266A1 represent members of the novel CYP264 and

CYP266 families.
5, December 22, 2010 ª2010 Elsevier Ltd All rights reserved 1297



Figure 3. Characterization of P450s of So ce56

(A) SDS-PAGE of expression and purification of CYP109D1. CYP109D1 samples were taken at different stages of expression and purification. Lane 1, prestained

protein marker (BioLab). Lane 2, cell lysate before induction with IPTG. Lane 3, cell lysate after 36 hr of expression. Lane 4, cell free supernatant after sonication.

Lane 5, purified CYP109D1.

(B) Typical UV-visible spectra of purified CYP266A1 in the absence of substrate. The oxidized (solid line) and dithionite reduced (long dashed) form of CYP266A1

illustrates the typical nature of P450s. The base line was recorded between 200 nm to 700 nm. The UV-visible spectra of P450s (5 mM) were recorded in 50 mM

potassium phosphate buffer (pH 7.5). The enzymes were reduced by addition of a few grains of sodium dithionite and spectra were measured under the same

conditions as mentioned before (see also Table S1).

(C) Spectroscopic characterization of Sorangium cellulosum So ce56 P450s. The typical CO-difference spectra of CYP266A1 (solid line) and CYP109D1 (long

dashed), showing peak maxima at 448 nm and 450 nm, respectively are shown. The solution of P450 enzyme (5 mM) in 50 mM potassium phosphate buffer

(pH 7.5) was reducedwith a few grains of sodium dithionite to reduce the heme iron. The sample was split into two cuvettes and a base linewas recorded between

400 and 500 nm. The sample cuvette was bubbled gently with CO for 30 s and a spectrum was recorded. The concentration of the P450s was estimated by

CO-difference spectra assuming D3(450-490) = 91 mM�1cm�1 (see also Table S1).

(D) Determination of autologous and heterologous electron transfer partners. The dithionite reduced CO-difference spectrum (solid line) of CYP109D1 was

compared with the NADPH reduced AdR-Adx (dashed with double dots), Fdx2-FdR_B (dashed with single dot) and Fdx8-FdR_B (long dashed) CO-complexed

spectrum in the absence of fatty acids. The base line is shown as dotted line. The NADPH (1 mM) reduced CO-difference spectra were recorded in a 1 ml mixture

of CYP109D1/Fdx2/Fdx8/Adx/FdR_B/AdR of 1:10:3 (200 pmol:2 nmol:600 pmol) in 10mMpotassium phosphate buffer, pH 7.5 containing 20%glycerol (see also

Table S2).
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Expression, Purification, and Spectrophotometric
Characterization of Fatty Acid Hydroxylating
Recombinant Cytochromes P450
The potential fatty acid hydroxylating P450 genes were cloned in

pCWori+ vectors and were heterologously expressed in Escher-

ichia coli BL21 or JM109. These P450s were expressed in

a soluble form andwere purified (Figure 3A). The yield of the puri-

fied CYP109D1, CYP264A1, and CYP266A1 was 205, 440, and

1400 nmol L�1, respectively.

Ultraviolet (UV)-visible absorption spectra of the three fatty

acid hydroxylase P450s were recorded for the oxidized and

reduced form. The oxidized forms of the purified P450s showed

typical spectral properties for the members of the P450 enzyme

class with the major Soret (g) band located between 415–

417 nm, the smaller b band at 535–540 nm, and the a band at

566–570 nm (Figure 3B; Table S1). The sodium dithionite
1298 Chemistry & Biology 17, 1295–1305, December 22, 2010 ª2010
reduced spectra of the P450s showed diminished absorption

maxima in the Soret region. These typical features are also

observed in other well characterized P450s like CYP101

(P450cam) and CYP102A1 (P450-BM3) (Sligar, 1976; Miles

et al., 1992). The typical peakmaximum in CO-difference spectra

was at either 450 nm or 448 nm (Figure 3C; Table S1). The Soret

shift from �418 nm (for ferric low-spin enzyme) to �450 nm

(for the FeII-CO complex) is a ‘‘hallmark’’ of the P450s and an

indicative of native (thiolate i.e., cysteinate-coordinated) FeII-

CO complexes of the P450s (Estabrook, 2003).
Identification of Electron Transfer Partners
Because cytochromes P450 are external monooxygenases,

they, in general, need an electron transfer system to allow

oxygen activation and substrate conversion (Bernhardt, 1996).
Elsevier Ltd All rights reserved



Table 2. Analysis of the Properties of Fatty Acid Hydroxylating

P450s of So ce56

Substrate

Lauric

Acid

Myristic

Acid

Palmitic

Acid

Binding constant [KD, mM]e

CYP109D1 0.28 ± 0.06 0.21 ± 0.02 0.47 ± 0.05

CYP264A1 —b — —

CYP266A1a 2.55 ± 0.25 9.27 ± 1.07 9.73 ± 1.43

Hydroxylation by CYP109D1

Regioselectivityf u-1 to u-3 u-1 to u-5 u-5 and u-6

Catalytic activityc

Autologous redox partners

Fdx2-FdR_B 0.025 ± 0.002 0.031 ± 0.001 0.038 ± 0.002

Fdx8-FdR_B 0.040 ± 0.002 0.072 ± 0.001 0.051 ± 0.001

Heterologous redox partners

Adx-AdR 0.130 ± 0.006 ND ND

Kinetic parameterd

Km 199.12 ± 49.83 ND ND

Vmax 0.22 ± 0.03

ND: not determined. The binding constant of CYP109D1 and CYP266A1

with lauric acid, myristic acid and palmitic acid is compared (see also

Figures S2 and S3). The analysis of the properties of CYP109D1-cata-

lyzed regioselective hydroxylation of the saturated fatty acids with autol-

ogous and heterologous redox partners is shown (see also Figures S4

and S5).
a Although binding occurs, it was not able to convert any of the tested

fatty acids.
bNo binding with the tested substrates.
cNanomoles total product per nmol CYP109D1 per min.
dOnly studied with heterologous redox partners.
e See also Figures S2 and S3.
f See also Figures S4 and S5.
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This necessity can be fulfilled either by autologous (natural) or

heterologous electron donor partners.

It is known that bacterial P450s can cooperate with a variety of

heterologous electron transfer proteins (Hannemann et al.,

2007). Considering this, the commercially available spinach

ferredoxin and ferredoxin reductase were at first used in these

studies. However, none of the tested P450s (CYP109D1,

CYP264A1, and CYP266A1) was able to accept electrons from

the spinach system. As a second combination, bovine adreno-

doxin (Adx) and adrenodoxin reductase (AdR) were tested. The

typical CO-difference peak of reduced CYP109D1 (�91%) and

CYP264A1 (�100%) was obtained using NADPH (Figure 3D;

Table S2). These results showed that the heterologous redox

partners, Adx and AdR, were efficient enough to transfer,

at least, the first electron to CYP109D1 and CYP264A1. This

observation supports our previous findings where Adx and

AdR could deliver electrons to CYP106A2 from B. megaterium

for steroid hydroxylation (Hannemann et al., 2006; Virus and

Bernhardt, 2008). However, when using CYP266A1, no reduc-

tion of the P450 could be detected with the heterologous redox

partners.

After being able to transfer electrons from a heterolo-

gous redox system to CYP109D1 and CYP264A1 (but not

CYP266A1), the very recently identified autologous redox sys-

tems of S. cellulosum So ce56 (Ewen et al., 2009) were also

used to study their efficiency with the P450s. It was found that

the three P450s—CYP109D1 (�35%), CYP264A1 (�69%), and

CYP266A1 (�80%)—were able to get electrons from both the

combinations Fdx2-FdR_B and Fdx8-FdR_B although with less

efficiency than from the heterologous system (Figure 3D;

Table S2).

Characterization of Substrate Binding
Binding of the substrates to the P450s normally induces a shift in

the equilibrium of the heme iron spin toward the high spin form

leading to changes in the Soret region of the absorption spec-

trum (Noble et al., 1999). Saturated fatty acids (lauric acid,

myristic acid, and palmitic acid) were selected for binding

studies with the myxobacterial P450s. All the tested fatty acids

showed perturbation of the heme spectrum of CYP109D1 and

CYP266A1 (Figures S2 and S3) with a type I shift of the Soret

band from �418 nm toward �390 nm, typical for the high spin

form of the heme iron. Such a spin shift was not observed for

CYP264A1 with any of the tested fatty acids. The binding of

the saturated fatty acids with CYP109D1 was much tighter

than with CYP266A1. The apparent dissociation constant (KD)

of CYP109D1 for the substrates, lauric acid, myristic acid, and

palmitic acid was found to be 9, 44, and 20 times, respectively,

lesser than with CYP266A1 (Table 2; Figures S2 and S3).

Functional Characterization of CYP109D1
Because only CYP109D1 displayed a high-spin shift on

substrate addition and could also be reduced by the autologous

aswell as the heterologous redox systems, CYP109D1was used

for a further detailed enzymatic characterization. CYP264A1was

reduced but did not show a type I binding spectrum with any of

the tested substrates. Because substrate conversion can also

occur in cases where no high spin-shift has been observed

(Simgen et al., 2000), we checked, whether CYP264A1 is able
Chemistry & Biology 17, 1295–130
to convert the three fatty acids. Unfortunately, no hydroxylated

products could be detected (data not shown). Though

CYP266A1 bound the substrates and could be reduced with

the autologous redox systems, the product was not observed.

The in vitro conversions of the saturated fatty acids catalyzed

by CYP109D1 were performed using both the autologous

(Fdx2-FdR_B and Fdx8-FdR_B) redox partners and were

measured using gas chromatography-mass spectrometry (GC-

MS) after trimethylsilyl (TMS) derivatization. CYP109D1 activity

could be reconstituted with the autologous redox partners to

produce subterminal hydroxylated products of lauric acid, myr-

istic acid, and palmitic acid. Lauric acid was converted into three

hydroxylated products, peaks I, II, and III, at the retention time

(RT) of 9.33, 9.76, and 10.05 min, respectively (Figure 4A), where

the mass spectra showed the characteristic fragment ions

related to 9-, 10-, and 11-hydroxy-dodecanoatetrimethylsilyl

ether derivatives, respectively, (Figures 4B–4D) and related to

u-3, u-2, and u-1 hydroxylated product, respectively. The re-

constituted system was also able to convert myristic acid into

five hydroxylated products, peaks I (RT 12.51 min), II (RT 12.66

min), III (RT 12.93 min), IV (RT 13.39 min), and V (RT 13.64 min)

(Figure S4). The characteristic mass spectra of peaks I–V were

related to 9-, 10-, 11-, 12- and 13-hydroxy-tetradecanoatetrime-

thylsilylether derivatives, respectively. This indicates that the
5, December 22, 2010 ª2010 Elsevier Ltd All rights reserved 1299



Figure 4. Analysis of the Hydroxylation of Lauric Acid by CYP109D1

(A) GC chromatograms of lauric acid conversion. CYP109D1 dependent hydroxylation supported by both the autologous (Fdx2-FdR_B and Fdx8-FdR_B) and

heterologous (Adx-AdR) redox partners are compared with the negative control, lauric acid only (LA_only). The GC chromatograms of lauric acid conversion

show three hydroxylated product peaks, I, II, and III, at retention times of 9.33, 9.76, and 10.05 min, respectively. In the figure, ‘‘S’’ represents the substrate

peak. *Denotes impurities during GC conversion.

(B–D) Gas chromatography-mass spectrometry (GC-MS) analysis of hydroxylation positions in lauric acid. MSTFA [N-Methyl-N-(trimethylsilyl) trifluoroacetamide]

derivatized products of lauric acid were analyzed through GC-MS. The MS fragmentation pattern of peak III (B), peak II (C), and I (D) are shown and compared to

archived MS spectra of trimethylsilyl-(TMS) methyl-hydroxy fatty acids (http://www.lipidlibrary.co.uk). Peak I, II, and III were identified as methyl-9-hydroxy- (m/z

145 and 259); methyl-10-hydroxy- (m/z 131 and 273), and methyl-11-dodecanoatetrimethylsilyl ether, indicated by m/z 117 and 287, corresponding to u-3, u-2,

and u-1 hydroxylation, respectively. The inset on each MS illustrates the derivatized units.

Chemistry & Biology

Study of Sorangium cellulosum So ce56 CYPome
peaks I, II, III, IV, and V correspond tou-5,u-4,u-3,u-2, andu-1

hydroxylated products, respectively. Moreover, a long chain

saturated fatty acid, palmitic acid, was also converted into two

hydroxylated products, peaks I (RT 15.86 min) and II (RT 15.96

min), by CYP109D1 (Figure S5) that correspond to 10- and 11-

hydroxy-hexadecanoatetrimethylsilylether derivatives, respec-

tively. This indicates that the peaks I and II correspond to u-6

and u-5 hydroxylated products, respectively. All GC peaks

showed mass spectra indicating a single hydroxylation of satu-

rated fatty acids. The difference between the product peaks dis-

played by a mass shift of +/�14 of the two characteristic frag-

ment peaks that is consistent with the loss of a �CH2-unit.

The obtained mass spectra of the tested fatty acids are consis-

tent with the existing literature of hydroxylated fatty acid TMS

ester (Koo et al., 2002; Wood et al., 2001).

The efficiency of total product formation with the reconstituted

autologous redox systems was also studied. It was found that

the autologous redox partner Fdx8-FdR_B was more efficient

than the redox pair Fdx2-FdR_B for tested fatty acids (Figure 5A).

The rate of lauric acid, myristic acid and palmitic acid conversion

by CYP109D1 with the redox pair Fdx8-FdR_B was almost 1.6,

2.3, and 1.3 times, respectively, higher than with Fdx2-FdR_B

(Table 2).

The activity of CYP109D1 with the heterologous redox part-

ners, Adx and AdR, was also studied for the lauric acid hydrox-

ylation. The in vitro conversion gave the same regioselectiveu-3,

u-2, and u-1 hydroxylated products as those observed with the

autologous redox partners (Figure 4A). Interestingly, the effi-

ciency of total product formation with the heterologous redox
1300 Chemistry & Biology 17, 1295–1305, December 22, 2010 ª2010
partners was 0.130 ± 0.006 nmol total product per nmol

CYP109D1 per min, and thus five and three times higher than

the product formation using the autologous redox pairs Fdx2-

FdR_B and Fdx8-FdR_B, respectively (Figure 5B and Table 2).

The analysis of the substrate conversion kinetics was there-

fore performed using the reconstituted heterologous redox

system because it was the most effective one for lauric acid

conversion. In the first step, the Adx-dependent reaction under

substrate (lauric acid) saturation conditions was studied for

CYP109D1. The Km value for Adx under saturating conditions

of lauric acid by CYP109D1 was 6.37 ± 0.56 mM (Figure 5C).

In a second step, the lauric acid dependent kinetics catalyzed

by CYP109D1 was analyzed for the total subterminal (u-1, u-2,

and u-3) hydroxylated products. For all these studies, a fixed

Adx concentration of 10 mM was used. As shown in Figure 5D,

the recombinant CYP109D1 efficiently converted the substrate

lauric acid with a Vmax of 0.22 ± 0.03 nmol total product per

nmol CYP109D1 per min and a Km of 199 ± 49 mM (R = 0.99).

DISCUSSION

Myxobacteria attract many researchers because of their phar-

maceutical importance (Wenzel and Müller, 2009, 2007) and

complex physiology (Whilworth, 2007; Kaiser 2003; Bode et al.,

2006; Curtis et al., 2006). Taking the multiple functions during

the life cycle of myxobacteria into account, it can be speculated

that the members of the cytochrome P450 family that are distrib-

uted all over the genome of Soce56 might be of importance in

endogenous physiological processes as well as in secondary
Elsevier Ltd All rights reserved
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Figure 5. Enzyme activity of CYP109D1

(A) Comparison of the CYP109D1-catalyzed product formation rate using different combinations of autologous redox partners. The overall subterminal hydrox-

ylated products of lauric acid, myristic acid and palmitic acid catalyzed by CYP109D1 with the reconstituted autologous, Fdx2-FdR_B (black column) and Fdx8-

FdR_B (gray column) redox partners are shown. The values represent the mean of three reactions (see also Table 2; Figures S4 and S5).

(B) Comparison of CYP105D1 catalyzed lauric acid hydroxylation by using autologous and heterologous redox partners. The overall subterminal hydroxylated

products of lauric acid with the reconstituted system Fdx2-FdR_B (black column), Fdx8-FdR_B (gray column), and Adx-AdR (white column) are shown.

(C and D) Kinetic studies of lauric acid hydroxylation catalyzed by CYP109D1 after reconstitution with the heterologous redox partners, Adx and AdR. CYP109D1

catalyzed substrate dependent conversion assays were performed using the reconstituted electron transfer chain consisting of bovine Adx and AdR. Lauric acid

hydroxylation was analyzed by GC-MS as described in Experimental Procedures. The bar on each point represents the standard deviation calculated from three

individual experiments. In (C), the sigmoidal fit of the Adx-dependent CYP109D1 catalyzed product formation reactions under substrate saturation condition

is shown. Several concentrations of Adx (0–30 mM) with a fixed concentration of lauric acid (300 mM) were used. In (D), CYP109D1-dependent conversion of laur-

ic acid to subterminal hydroxylated products is shown. Different concentrations of lauric acid (20–220 mM) were used. The ratio of CYP109D1/Adx/AdR was

1:10:1.
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metabolite formation. As members of the cytochrome P450

superfamily are able to catalyze fatty acid hydroxylation (Green

et al., 2001; Chun et al., 2007), these enzymes could be of vital

importance for the life cycle of myxobacteria. It is conceivable

that the resulting hydroxylated products of the P450 dependent

fatty acid conversion could successively be converted into

related alcohols and carboxylic acids, which could play an

important role during normal homeostasis or during other

biosynthetic processes. It has been shown that the u-hydroxyl-

ation of fatty acids and their successive conversion to primary

alcohols and dicarboxylic acids is a significant pathway in

the fatty acid metabolism during starvation in higher species

(Lu et al., 1969; Dobritsa et al., 2009). Moreover, it has also

been shown that the fatty acid dependent signaling is attenuated

by P450 mediated hydroxylations in bacteria (English et al.,

1997).

Interestingly, the fatty acid composition of the vegetative cells

of the model myxobacterium Myxococcus xanthus DK1622 has

shown that two fatty acids, iso-15:0 (40.10%) and 16:w1c

(17.04%), are predominant along with several 2- and 3-hydroxyl-

ated fatty acids (Bode et al., 2009). Moreover, the fatty acids
Chemistry & Biology 17, 1295–130
profile of vegetative cells of S. cellulosum So ce56 also showed

the presence of saturated and hydroxylated fatty acids

(Table S3). The straight chain fatty acids, their hydroxylated

products and the derivatives are likely targets for a number of

modifications during the complex life cycle required for the

gliding motility and cell signaling.

To investigate a possible formation of hydroxylated fatty acids

in the myxobacterium So ce56, we have identified and charac-

terized the CYPome of this myxobacterium. Out of 21 cyto-

chromes P450, 10 P450s were found to be potential fatty acid

hydroxylases due to similarities to known fatty acid converting

P450s (P450BioI and CYP105D5) and three P450s (CYP109D1,

CYP264A1, and CYP266A1) were selected for detailed studies.

Due to their character as external mono-oxygenases, the biolog-

ical activity of the P450s cannot be explored without an efficient

electron transfer system. Therefore, we investigated potential

heterologous and autologous natural redox partners. The

heterologous electron donor proteins spinach ferredoxin

reductase (FdR) and ferredoxin (Fdx) that are often employed

as electron transfer partners in the reconstitution of bacterial

P450s systems, did not work with any of the tested P450s
5, December 22, 2010 ª2010 Elsevier Ltd All rights reserved 1301
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(CYP109D1, CYP264A1, and CYP266A1) of So ce56, whereas

Adx-AdR worked except for CYP266A1.

Very recently, we have identified eight ferredoxins and two

reductases in the genome of S. cellulosum So ce56. However,

we could heterologously express and purify only five of the

ferredoxins and both the reductases (Ewen et al., 2009). It was

shown that two redox chains (Fdx2- FdR_B and Fdx8- FdR_B)

work well with another cytochrome P450 from So ce56

(CYP260A1) (Ewen et al., 2009). Regarding the second ferre-

doxin reductase of So ce56 (FdR_A), it was found that the redox

chains consisting of this reductase and Fdx2 or Fdx8 are

considerably worse than the ones relying on FdR_B. The ferre-

doxins Fdx1, Fdx3 and Fdx5 in combination with any of

the reductases were not able to sustain the enzymatic activity

(Ewen et al., 2009). Thus, we focused on the two autologous

electron transfer chains Fdx2- FdR_B and Fdx8- FdR_B that

were used during the reconstitution assay for CYP109D1,

CYP264A1, and CYP266A1. Surprisingly, CYP266A1 was also

not able to convert any of the tested fatty acids, although the

autologous redox partners were able to transfer at least the

first electron, and a type I spin shift was observed. CYP264A1

was also not able to hydroxylate the tested fatty acids. However,

we were able to show that both the autologous (Fdx2-FdR_B

and Fdx8-FdR_B) and heterologous (Adx-AdR) redox partners

transferred electrons to CYP109D1 for the hydroxylation of satu-

rated fatty acid at sub-terminal positions.

In summary, 21 P450s encoding ORFs from the myxobacte-

rium S. cellulosum So ce56 were identified and nine novel

P450 families were disclosed. A phylogenetic tree and a physical

map of P450s of So ce56 were constructed. The molecular

cloning, heterologous expression, and the purification of the

three fatty acid hydroxylating P450s genes (CYP109D1,

CYP264A1, and CYP266A1) were done for detailed character-

ization. The putative substrates (lauric acid, myristic acid, and

palmitic acid) were not able to induce a spin shift with

CYP264A1. In contrast, CYP109D1 and CYP266A1 underwent

high-spin shifts after binding those fatty acids, with CYP109D1

showing higher affinity. The autologous redox partners (Fdx2-

FdR_B and Fdx8-FdR_B) were able to transfer electrons to all

three P450s. In addition, the heterologous redox partners Adx

and AdR also allowed the transfer of electrons to CYP109D1

and CYP264A1. CYP109D1 was able to hydroxylate lauric acid,

myristic acid and palmitic acid into sub-terminal position by

using the autologous electron transfer systems. Interestingly,

the heterologous electron transfer system turned out to be

more effective than the two autologous ones during lauric acid

conversion and thus, lauric acid dependent kinetic analysis of

CYP109D1 was also performed with this system.

SIGNIFICANCE

The genome sequence of Sorangium cellulosum So ce56

revealed 21 open reading frames for cytochromes P450s.

Here, we performed the first and comprehensive bioinfor-

matic analysis of all the P450s. The nomenclature of those

P450s, done by Dr. David Nelson (University of Tennessee

Health Science Center), revealed nine novel bacterial P450

families. A phylogenetic tree as well as a physical map of

the P450s has been deduced from this data. Considering
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the importance of fatty acids during the complex life cycle

of myxobacteria, it was a point of interest to identify poten-

tial fatty acid hydroxylating P450s of So ce56. The alignment

of the So ce56 CYPome with the well characterized P450s

showed 10 potential fatty acid hydroxylating P450s genes.

Three of the P450s (CYP109D1, CYP264A1, and CYP266A1)

were cloned, heterologously expressed in a soluble form in

Escherichia coli and showed absorption peaks of the

reduced CO-bound protein with maxima at 450 or 448 nm.

Although it was not possible to show a functional role for

CYP264A1 and CYP266A1 due to the absence of potential

substrates or efficient redox partners, CYP109D1 was dem-

onstrated to be a new fatty acid hydroxylase. We have dis-

closed two autologous electron transfer paths, NADPH /

FdR_B / Fdx2/ CYP109D1 and NADPH / FdR_B /

Fdx8 / CYP109D1 for the subterminal hydroxylation of

saturated fatty acids. The abundance of saturated fatty

acids especially palmitic acid in the vegetative cells of the

bacterium, and the sub-terminal hydroxylation of palmitic

acid as well as lauric acid and myristic acid with autologous

redox partners signifies the potential physiological impor-

tance of the fatty acid hydroxylating P450s in S. cellulosum

So ce56. Furthermore, we have disclosed an effective heter-

ologous redox path, NADPH/AdR/Adx/CYP109D1 for

lauric acid conversion. Finally, the kinetics of the CYP109D1-

dependent fatty acid hydroxylation were also analyzed.

EXPERIMENTAL PROCEDURES

Bioinformatic Analysis

Cytochrome P450s encoding open reading frames (ORFs) of S. cellulosum So

ce56 were analyzed in the genomic database based on the heme-binding

domain signature, FxxGx(H/R)xCxG as query sequence. The ORFs possess-

ing such motifs were further analyzed for the presence of the highly conserved

threonine in the putative I-helix and the conserved EXXR motif in the K-helix

(Nelson et al., 1996; Denisov et al., 2005). Amino acid sequences were

deduced from the genes by using ‘‘Expasy Translation Tool.’’ The P450 fami-

lies and subfamilies were assigned by Dr. David Nelson (http://drnelson.

utmem.edu/ CytochromeP450.html). Briefly, P450s showing >40% identity

were placed in the same family and those exhibiting >55% identity were cate-

gorized in the same subfamily. New families were assigned for the P450s

showing <40% identity to known proteins from other organisms.

Phylogenetic Analysis

Translated ORFs of respective P450 genes of So ce56 CYPome were aligned

using Clustal W (Thompson et al., 1994) and were analyzed by the Neighbor

Joining Algorithm with boot strap values of 1000 times replicating to resample

the data and displayed through Tree View (Page, 1996). A physical map of the

13.1 Mb sized genome of So ce56 was prepared manually with the allocated

positions of P450s, ferredoxins (Fdx) and ferredoxin reductases (FdR) accord-

ing to the database in the genome.

Molecular Cloning of Cytochrome P450 Encoding Genes

The genomic DNA of So ce56 was extracted as described before (Perlova

et al., 2006). The expression vectors of the putative fatty acid hydroxyl-

ating cytochrome P450s encoding genes (CYP109D1, CYP264A1, and

CYP266A1) were prepared in pCWori+ as described in Supplemental Experi-

mental Procedures 1.

Heterologous Gene Expression and Purification of His6-Cytochrome

P450s

E. coli strains BL21 and JM109 were used as heterologous hosts for

the expression of all the P450s. The fatty acid hydroxylating P450s were
Elsevier Ltd All rights reserved
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overexpressed and purified as described in Supplemental Experimental

Procedures 2.

Purification of his-Tagged Ferredoxins Fdx2, Fdx8, Ferredoxin

Reductases FdR_B, Adx, and AdR

The expression and purification of Fdx2, Fdx8 and FdR_B of S. cellulosum So

ce56 were done as described before (Ewen et al., 2009). The mammalian trun-

cated adrenodoxin, Adx (4-108) (Uhlmann et al., 1994) and adrenodoxin reduc-

tase, AdR, were expressed and purified as described before (Sagara et al.,

1993).

Spectrophotometric Characterization of P450s

UV-visible spectra for CYP109D1, CYP264A1, and CYP266A1 were recorded

at room temperature on a double-beam spectrophotometer (UV-2101PC,

SHIMADZU, Kyoto, Japan). The concentration of the P450s was estimated

by CO-difference spectra assuming D3(450–490) = 91 mM�1cm�1 according to

the method of Omura and Sato (Omura and Sato, 1964).

Investigation of Electron Transfer Partners

In general, to illustrate the functional role of the P450s, efficient redox partners

(either autologous or heterologous), should be available. In this study, both

options were carried out. The competency of the electron transfer partners

for a particular P450 was determined by recording the NADPH reduced CO-

complex peak at 450 nm peak coupled with the different ferredoxins/ferre-

doxin reductases in the absence of fatty acids as described in Supplemental

Experimental Procedures 3.

Spin-State Shift and Substrate Dissociation Constant Determination

The spin-state shifts on substrate binding were assayed at room temperature

under aerobic condition using an UV-Vis scanning photometer (UV-2101PC,

Shimadzu, Japan) equipped with two tandem cuvettes. The dissociation

constant (KD) for the P450s (CYP109D1 and CYP266A1) with the substrates

(lauric acid, myristic acid, and palmitic acid) was calculated by fitting the

peak-to-trough difference against the substrate concentration to a nonlinear

tight binding quadratic equation as described in Supplemental Experimental

Procedures 4.

Enzyme Activity Assay

The purpose of the assay was to demonstrate the ability of the P450s to

convert fatty acids, the putative natural substrates, into the hydroxylated prod-

ucts during reconstitution with autologous (Fdx2 or Fdx8 and FdR_B) or heter-

ologous (Adx and AdR) redox partners.

The in vitro assay of lauric acid, myristic acid, and palmitic acid with the

reconstituted autologous electron partners was done for CYP109D1,

CYP264A1, and CYP266A1. The assays with autologous electron transport

partners (Fdx2-FdR_B or Fdx8-FdR_B) were performed with a protein ratio

of CYP/Fdx2 or Fdx8/FdR_B of 1:60:3. For this, the reactions were performed

in a final volume of 0.5 ml that contained the respective P450 (1 mM), Fdx2 or

Fdx8 (60 mM), FdR_B (3 mM), and substrate (300 mM) in buffer D. In addition to

this, a NADPH regenerating system, consisting of glucose-6-phosphate

(5 mM), glucose-6-phosphate dehydrogenase (1 unit), and magnesium chlo-

ride (1 mM) was also applied. After preincubation at 30�C on a thermomixture

(Eppendorf), the reaction was started by adding NADPH to 500 mM final

concentration and the mixture was incubated for 30 min. The reaction was

stopped with an equal volume of GC grade diethyl ether. The product was ex-

tracted with diethyl ether for three times and the extract was vacuum dried.

The in vitro conversion of lauric acid with the reconstituted heterologous

electron partners, Adx and AdR, was done for CYP109D1 and CYP264A1. In

the first set of experiments, the study of CYP109D1 activity depending on

the Adx concentration under substrate (lauric acid) saturation condition was

studied. For this, the reactions were performed in a final volume of 0.5 ml.

The reaction mixture consisted of CYP109D1 (1 mM), AdR (1 mM), Adx

(0–30 mM), and lauric acid (300 mM) in buffer A. All other components and

methods were the same as those mentioned before. Vmax and Km values

were determined by plotting the substrate conversion velocities versus the

corresponding Adx concentrations and subsequently using a sigmoidal fit

(SIGMAPLOT software).
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In another set of the experiments, increasing concentration of lauric acid

(20–220 mM) but fixed concentrations of CYP109D1 (1 mM), Adx (10 mM), and

AdR (1 mM) were used. All other components and methods were as described

above. Vmax and Km values were determined by plotting the substrate concen-

tration velocities versus the corresponding substrate concentration and

subsequently plotting hyperbolic fit (SIGMAPLOT software). The relevant

equation is: Y = A*X/B + A where ‘‘Y’’ represents the substrate concentration

velocities, ‘‘A’’ represents the Y maximum, ‘‘B’’ represents the KD value, and

‘‘X’’ represents the lauric acid concentration.

GC-MS Analysis of In Vitro Products

The evaporated samples were dissolved in a mixture of 500 ml methanol/

toluene/sulphuric acid (50:50:2 V/V/V) and overnight incubation was done at

55�C to form fatty acid methyl ester derivatives. Four hundred microliters of

an aqueous reagent (0.5 M NH4HCO3 + 2 M KCl) was added to the samples

followed by a short mixing step. Samples were centrifuged at room tempera-

ture to achieve a complete phase separation. Seventy-five microliters of the

organic phase was transferred to a GC vial and derivatized with 25 ml

N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) followed by 1 hr incuba-

tion at 37�C.
Fatty acid analysis was performed in a gas chromatograph (Agilent 6890N)

coupled to an Agilent 5973N electron impact mass selective detector equip-

ped with a nonpolar capillary column (J&W DB-5HT, 30 m 3 0.25 mm 3

0.10 mm). One microliter of the sample was injected using a 1:10 split mode.

The helium flow rate was set to 1 ml/min and inlet and GC-MS transfer line

temperatures were held at 275�C. The column oven temperature was initially

set to 130�C and held for 2.5 min, then increased to 240�C at a rate of

5�C/min and finally increased to 300�C at a rate of 30�C/min and held for 5min.
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