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x-Oxygenation of the alkyl sidechain of linear alkylbenzenesulfonate
(LAS) surfactant in Parvibaculum lavamentivoransT

Abstract Parvibaculum lavamentivoransT DS-1, an aero-
bic, heterotrophic bacterium, requires a biofilm on a
solid surface (e.g. glass particles) when utilizing com-
mercial linear alkylbenzenesulfonate surfactant (LAS;
20 congeners) for growth. Catabolism involves the
undefined ‘x-oxygenation’ and b-oxidation of the LAS
side chain, and the organism excretes sulfophenyl carb-
oxylates (SPC) quantitatively. A 3.5-l fermenter was
developed which allowed gram-quantities of LAS-grown
cells to be grown and harvested from medium with glass
particles as the solid support. The catabolism of LAS
was dominant: in diauxie experiments with acetate as
second carbon source, LAS was utilized first. The bio-
film-encoated LAS-grown cells were unsuitable for
metabolic work in vitro because cell suspensions
clumped and were not disrupted effectively, but the
degradative enzymes were found to be expressed con-
stitutively in acetate-grown cells, which formed no bio-
film. LAS-dependent oxygen uptake was measured in
acetate-grown cells at about 0.6 mkat (kg protein)�1,
but not in extracts of cells. Whole cells converted LAS to
SPC in the presence of molecular oxygen only, and the
reaction could be saturably inhibited by metyrapone,
which acts on e.g. cytochromes P450 (CYP). However,
despite the presence of CYP153-like sequences in the
genome of strain DS-1T, the difference spectra did not
support the presence of a CYP in crude extracts, and the
nature of the LAS-oxygenase remains unclear.

Keywords Linear alkylbenzenesulfonate Æ Surfactant
degradation Æ Parvibaculum lavamentivoransT Æ
x-Oxygenation Æ LAS-monooxygenase

Introduction

Commercial linear alkylbenzenesulfonate (LAS) is the
major surfactant in use worldwide (Knepper and Berna
2003). It is nominally a mixture of 20 congeners (Knepper
and Berna 2003). One major degradative pathway for
LAS is known in heterotrophic bacteria, conversion to
sulfophenyl carboxylates (SPCs; Fig. 1), which are de-
graded in a complex microbial community (Dong et al.
2004; Eichhorn and Knepper 2002; Schleheck et al.
2004a). The heterotrophic conversion of commercial
LAS to about 50 SPCs (and similar compounds) is cat-
alyzed by e.g. Parvibaculum lavamentivoransT DS-1
(Schleheck et al. 2004a; D. Schleheck, unpublished).

P. lavamentivoransT DS-1 is a representative envi-
ronmental isolate that utilizes many commercial anionic
and non-ionic surfactants as well as alkanes as sole
sources of carbon and energy for growth. Utilization of
the surfactants requires addition to the growth medium
of a solid support, e.g. glass particles, on which the
organism forms a biofilm, that seems to be a prerequisite
for growth with surfactants (Dong et al. 2004; Schleheck
et al. 2000; Schleheck et al. 2004b).

The inferred degradative pathway of LAS (and other
surfactants) in strain DS-1T involves an undefined x-
oxygenation, presumably to the alcohol with further
oxidation to the corresponding SPC, and b-oxidation
(Fig. 1) (Dong et al. 2004; Schleheck et al. 2004a;
Schleheck et al. 2004b), as was predicted before pure
cultures became available (e.g. Schöberl 1989). The
variation in the specific activity of the oxygenase during
growth led to the conclusion that the x-oxygenase is a
multi-component system (Schleheck et al. 2000).

Two types of multi-component systems are known to
catalyze the x-oxygenation of alkanes. The first is the
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Alk-system, which involves a di-iron active site in a
membrane-bound monooxygenase in Gram-negative
and in Gram-positive bacteria. NADH-dependent
rubredoxin reductase (AlkT) transfers electrons to
rubredoxin (AlkG), which transfers them to the mono-
oxygenase (AlkB) (e.g. Smits et al. 2002; van Beilen et al.
2001). More recently, P450 monooxygenases were found
to catalyze x-oxygenation of n-alkanes in bacteria. The
non-system of Acinetobacter sp. strain EB104 has three
soluble components, ferredoxin reductase (NonO), fer-
redoxin (NonF) and the n-alkane monooxygenase
(NonM; in the CYP153 family) (Maier et al. 2001;
Müller et al. 1989). In contrast, P450BM-3 of Bacillus
megaterium catalyzes a subterminal oxygenation and has
all component reactions in a single polypeptide chain
(Ravichandran et al. 1993).

We found that LAS-grown cells of strain DS-1T,
which were coated in biofilm, could not be resuspended
smoothly or ruptured in the French pressure cell, so the
physiology of growth of the organism was explored, to
try to find extracts suitable for enzyme assays. Acetate-
grown cells, which formed no biofilm, were found to
synthesize a constitutive LAS monooxygenase. These
cells could be ruptured reproducibly, but no enzyme
activity could be detected in vitro. Work in whole cells
involving both enzyme inhibitors and DNA-sequences
indicated the presence of an unusual heam-containing
LAS-monooxygenase.

Material and methods

Growth media and growth conditions

Parvibaculum lavamentivorans DS-1 (DSM 13023T,
NCIMB 13966T) was grown in culture tubes on a roller,
or in Erlenmeyer flasks on a orbital shaker, as described
previously (Schleheck et al. 2000; Schleheck et al.
2004b), or in a 3.5-l fermenter (see below) at 30�C in the
dark. A mineral salts medium buffered with 50 mM
potassium phosphate, pH 7.2, was used (Thurnheer
et al. 1986), and glass particles (1 mg ml�1) were added
to the culture fluid when the organism was grown with
LAS (Schleheck et al. 2004b). Glass particles sedimented
from the culture fluid, and cells in shaken supernatant
fluid could be collected by centrifugation.

The fermenter vessel (Schütt, Göttingen, Germany)
was initially designed to be mounted on a magnetic
drive with a magnet on the base of the reactor, but this
configuration, in the presence of glass particles, dam-
aged both the reactor vessel and the magnet. A motor
was then mounted above the vessel with the drive-shaft
bearings outside the reactor, and the impeller (and
shaft) several cm clear of the base. During growth with
LAS, the inlet of filter-sterilized air was above the
surface of the vortex; with non-foaming substrates, the
inlet could be below the liquid surface. Samples were

Fig. 1 Presumed degradative
pathway for LAS in P.
lavamentivoransT DS 1. One
representative LAS congener is
shown, 3 (4
sulfophenyl)dodecane (3 C12
LAS), which is degraded largely
to 4 (4 sulfophenyl)hexanoate
(4 C6 SPC) and excreted
(Schleheck et al. 2000;
Schleheck et al. 2004a).
Reactions catalyzed after
uptake of LAS: (I), x
oxygenation; (II), x oxidations;
(III), thioesterification; (IV),
rounds of b oxidation, i.e. a,b
desaturation, addition of water,
oxidation, and b ketothiolysis;
(V) thioester cleavage and
excretion
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taken at intervals to determine the concentrations of
substrate(s), products and protein, to measure turbid-
ity, and to measure the specific oxygen uptake rates of
the culture.

Experiments with whole cells

Cells were harvested by centrifugation (8,000 g, 15 min,
4�C), washed twice and resuspended in chilled 50 mM
potassium phosphate buffer, pH 7.2, and immediately
used to assay the substrate-dependent oxygen uptake at
30�C in a Clarke-type electrode (0.5 ml, 1.7–2.8 mg
protein ml�1). The substrates were routinely added to
give a final concentration of 80 lM. After the reaction,
residual substrate and product formation were deter-
mined by HPLC. The effect of monooxygenase-inhibi-
tors (see Results and discussion) was tested with cells
which were preincubated with the inhibitor. Substrate
degradation and product formation were followed by
HPLC in 6-ml reaction mixtures which were aerated by
magnetically driven stirring bars at 30�C. The reactions
were started by substrate addition (to 80 lM). Samples
(0.1 ml) were taken at intervals to 0.9 ml of 50 mM
phosphoric acid, and then centrifuged (Schleheck and
Cook 2003). The supernatant fluid was analyzed by
HPLC.

The gas phase above 6-ml cell suspensions in 15-ml
septum vials was removed under vacuum and purging
with nitrogen gas through needles in the septum
(Schleheck and Cook 2003). The reaction was started
by addition of substrate (to 80 lM) and samples were
taken at intervals through the septum for analyses.
Under these conditions, LAS was fully sorbed to the
cells, but formation of products was readily measured.
If LAS was present at >100 lM, cell lysis was detected
(see below).

Experiments with crude extract

Cells from which crude extract was to be prepared were
grown in 30 mM acetate/minimal-salts medium, and
harvested in the late-exponential growth phase (OD580

= 0.8–1.0) when the specific activity of the oxygenase
enzyme was optimal; the washed cells were used imme-
diately, or stored frozen at �20�C. Cells were resus-
pended in three or four volumes of 50 mM Tris–HCl
buffer, pH 7.8, which contained 10% (v/v) glycerol,
2 mM MgSO4 and 0.1 mg DNAse ml�1, and disrupted
by three passages through a French pressure cell
(Schleheck and Cook 2003). Whole cells and debris were
removed by centrifugation (14,000 g, 15 min, 4�C). The
membrane fraction was removed by ultra-centrifugation
(150,000 g, 30 min, 4�C).

Substrate-dependent oxygen uptake in crude extract
and in membrane-free crude extract was followed in
50 mM Tris–HCl buffer, pH 7.8. The substrates were
present at 80 lM. The net reaction was not altered in the

presence of 1 mM NADH or NADPH. Substrate deg-
radation and product formation were determined by
HPLC after the reactions, or was followed at intervals in
scaled-up reactions mixtures (3 ml) aerated by magnet-
ically drive stirring bars at 30�C.

Difference spectra of crude extract were measured
photometrically by comparing a sample with oxic crude
extract and a reference sample with crude extract
treated with dithionite (2 mM final), or by comparing a
sample of carbon-monoxide saturated dithionite-treated
crude extract with a reference sample with dithionite-
treated crude extract [CAUTION: CO is a colorless,
odorless toxicant]. Carbon-monoxide saturation of
dithionite-treated crude extract in 5-ml septum vials
was attained by three cycles of degassing under vacuum
and purging with CO through needles in the septum;
the analysis was made after 10 min. The membrane
fraction, obtained after ultracentrifugation of 3 ml of
oxic crude extract, was solubilized in 3 ml of Tris–HCl
buffer, pH 7.8, which contained 0.5% SDS and 10%
(v/v) glycerol; half of this was used untreated whereas
the other half was treated with dithionite (2 mM final
concentration).

The SI unit of enzyme activity, katal, is used in this
work. A katal is 1 mol sec�1. The non-SI unit often
used for enzyme activity, the ‘international unit’ of
1 lmol min�1, represents 16.7 nkat. Specific reaction
rates are presented as mkat (kg protein)�1. Those val-
ues calculated from growth rates and yields represent
minimum values for the specific activity of LAS-x-ox-
ygenase, whereas direct measurements of oxygen up-
take by whole cells include an unknown level of
respiration. The latter was visible, when LAS was ad-
ded to cell suspensions and caused an immediate rise in
oxygen uptake, whereas exhaustion of LAS led to a
slow drop in oxygen uptake.

Analytical methods

Growth was assayed as turbidity and quantified as
protein in a Lowry-type reaction (Kennedy and Fewson
1968) (OD580 = 1.0 represented 310 mg protein l�1).
Protein in crude extracts, and in supernatant fluid of
culture medium after centrifugation, was assayed by
protein-dye binding (Bradford 1976). DNA in superna-
tant fluid of culture medium after centrifugation was
assayed fluorometrically, using the DNA-specific dye
Hoechst H33258 and DyNA Quant 200 apparatus
(Hoefer-Pharmacia Biotech Inc., San Francisco CA,
USA).

Linear alkylbenzenesulfonate surfactant and SPC
were determined by HPLC; the perchlorate–acetonitrile
gradient system (Schleheck et al. 2000) was used. The
peaks of the major SPCs could be identified in chro-
matograms by comparison of their retention times with
data from earlier work (see Dong et al. 2004; Schleheck
et al. 2004a). Acetate was determined by gas-chroma-
tography as described elsewhere (Laue et al. 1997).
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Polymerase chain reactions

Polymerase chain reactions were carried out in Master-
cycler-Gradient apparatus (Eppendorf). The conditions
to amplify a fragment of alkB-related alkane hydroxy-
lase genes with the primer-pair TS2S and deg1RE were
described elsewhere (Smits et al. 1999). The primers were
kindly provided by J.B. van Beilen (ETH Zürich, Swit-
zerland). Chromosomal DNA from strain DS-1T was
isolated by standard methods (Ausubel et al. 1987), and
was used as template for the reactions (8 ng DNA per
20-ll reaction). The unpublished sequences of the con-
sensus primer-pair P450fw1 and P450rv3 to amplify a
fragment of CYP153-type P450 alkane monooxygenase
genes were kindly provided by J.B. van Beilen. The
standard PCR-reaction mixtures (DyNAzyme EXT,
Finnzymes) contained 10% dimethylsulfoxide (DMSO)
(v/v), and the PCR-reaction parameters (30 cycles) were
as follows: 30 s, 94�C, denaturation; 20 s, 58�C, primer
annealing; 20 s, 68�C, elongation.

Chemicals

Metyrapone [1,2-di-(3-pyridyl)-2-methyl-1-propanone]
and methimazole (2-mercapto-1-methylimidazole) were
purchased from Aldrich. The sources of surfactants and
of the routine chemicals were given elsewhere (Schleheck
et al. 2000; Schleheck et al. 2004a, b).

Results and discussion

Physiology of growth of P. lavamentivoransT DS-1

Strain DS-1T grows exponentially with a single congener
of LAS in minimal-salts medium in the presence of a
solid support (glass particles) on a small scale (Schleheck
et al. 2000). The yield of cells is correspondingly small,
whereas large quantities of cells are usually required to
characterize multi-component oxygenases (e.g. Mampel
et al. 1999). Large quantities of cells require that com-
mercial LAS, and not a rare congener, be used as a
growth substrate, and the requirement for the presence
of large amounts of glass particles meant that a non-
standard fermenter had to be developed to grow these
cells.

Strain DS-1T grew in 1 mM LAS-glass-particles-
minimal medium with a specific growth rate (l) of
0.028 h�1 in culture tubes. The growth yield, 43 lg
protein ml�1, indicated that an average of 6.5 carbon
atoms of each sidechain was utilized. These data allowed
a specific degradation rate for LAS during growth of
0.18 mkat (kg protein)�1 to be calculated. This is similar
to the specific degradation rate for a single congener
(0.36 mkat (kg protein)�1) observed earlier (and mis-
calculated) (Schleheck et al. 2000). The organism grew at
a lower specific rate in 1-l cultures in Erlenmeyer flasks
(l = 0.018 h�1), even under optimized conditions in the

fermenter (l = 0.022 h�1) (Fig. 2a). Large amounts of
foam covered the liquid in Erlenmeyer flasks and in the
fermenter, but not in culture tubes, and we presume that
the lower growth rates resulted from limited aeration.

The specific activity of LAS-x-oxygenase, in whole
cells from cultures growing with LAS, rose steadily to a
maximum of about 1.1 mkat (kg protein)�1 shortly be-
fore the end of growth, and fell to below 0.5 mkat (kg
protein)�1 two days after the end of growth (Fig. 2a).
Endogenous respiration was negligible, and LAS was
converted to SPC under these conditions. It was thus
possible to harvest several grams cells with the x-oxy-
genase optimally active, but the biofilm made it difficult
to resuspend the cells, and the clumped cells were
unsuitable for disruption in the French press, so a source
of active cells free of biofilm was needed.

Growth of strain DS-1T in acetate-salts medium
required no addition of glass particles and no biofilm
was formed (Schleheck et al. 2004b). We confirmed this
observation and measured a specific growth rate of
0.039 h�1 independent of the culture vessel used (e.g.

Fig. 2 Growth of strain P. lavamentivoransT DS 1 in 1 mM LAS
salts medium containing glass particles (a) or in 10 mM acetate
salts medium without a solid support (b), with the specific rates of
LAS x oxygenase in whole cells. The cultures were grown in the
3.5 l fermenter. Symbols: open circle, optical density; filled circle,
specific rate LAS x oxygenase
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Fig. 2b). The molar growth yield was 6.6 g protein (mol
C)�1, a normal value (Cook 1987). Cells growing in
acetate-salts medium also contained activity of a LAS-
x-oxygenase, whose specific activity increased during
growth, though at lower maximum specific activity
(0.6 mkat (kg protein)�1) than in LAS-grown cells
(Fig. 2b). This maximum was attained at the end of
growth (Fig. 2b), after which the activity was rapidly
lost. The endogenous oxygen uptake was negligible, and
LAS was converted to SPCs (see below), indicating that
the enzymes of the LAS-degradative pathway were ac-
tive during growth with acetate.

This was confirmed by adding LAS to an acetate-salts
culture (Fig. 3). The formation of SPC was detected
immediately after addition of LAS (Fig. 3b), with the
concomitant disappearance of LAS; the fate of LAS
during the first 15 min after addition was attributed to
sorption of the surfactant to the biomass (about 13%).
A specific degradation rate of LAS of about 0.05 mkat
(kg protein)�1 could be calculated from the rate of LAS
disappearance and the protein concentration. Growth
continued after the addition, though the specific growth
rate dropped from l = 0.041 h�1 before addition to l
= 0.024 h�1 after addition of LAS (Fig. 3a), and lysis of
part of the culture after addition of the surfactant was
indicated by the release of protein and DNA into the
culture medium (Fig. 3a). Linear alkylbenzenesulfonate
surfactant was converted into SPCs in a pattern indis-
tinguishable from that of LAS-grown cells (cf. Dong
et al. 2004; Schleheck et al. 2004a). The 2- and 3-
substituted LAS congeners disappeared first (e.g. Fig. 4
inset), and short-chain SPCs were excreted (Fig. 4a–c).

The centrally-substituted LAS congeners were degraded
later and more slowly, and yielded medium-chain SPCs
(Fig. 4a, c, d). This behavior represents the ‘distance
principle’ of degradation of LAS (Schöberl 1989;
Swisher 1987). This experiment is the first to show long-
chain SPCs as transient intermediates in strain DS-1T

(Fig. 4c, d).
The presence of the LAS degradative pathway in

acetate-grown cells led us to propose diauxic or at least
biphasic growth when both substrates were present un-
der optimal conditions, i.e. with glass particles. Strain
DS-1T was subcultured into LAS-acetate-salts medium
from a culture growing exponentially in LAS-salts
medium (Fig. 5). For the first seven days, the organism
utilized LAS with concomitant formation of SPCs.
Acetate was not utilized till about 90% of the LAS was
degraded to SPCs. When strain DS-1T was inoculated
from acetate-salts medium with solid support into LAS-
acetate-salts medium, both compounds were utilized
simultaneously (not shown). The catabolism of LAS is
thus apparently dominant, using constitutively
expressed enzymes, whereas the acetate catabolism is
presumably inducible. Acetate-grown cells, which can be
handled easily, are thus a convenient source of degra-
dative enzymes for LAS.

The behavior of the specific activity of LAS-x-oxy-
genase during growth (Fig. 2a, b) complemented earlier
observations (Schleheck et al. 2000), and we inferred
that the enzyme is a multi-component oxygenase system
(e.g. Junker et al. 1994; Moodie et al. 1990).

LAS-x-oxygenase activity in whole cells and its absence
in cell extracts

Whole cells of strain DS-1T grown with commercial LAS
contained an oxygenase at 0.88 mkat (kg protein)�1

(Table 1), which was readily detected both as oxygen
uptake and as substrate disappearance with formation
of product (SPCs). In addition, there was no activity
(measured by HPLC) in the absence of molecular oxy-
gen, but activity was detected after readdition of oxygen
(Table 1). The reaction, previously shown to act on the
terminal methyl group of LAS (Dong et al. 2004;

Fig. 3 Growth of P. lavamentivoransT DS 1 in acetate salts
medium, with the concentrations of protein and DNA determined
in the supernatant fluid before and after addition of LAS (a), and
the concentrations of LAS and total SPC (b). The experiment was
done with a 500 ml culture with the aim of adding LAS to give
0.25 mM final concentration. The initial concentration of LAS was
determined in a control where no biomass was present (arrow). If
water was added in place of LAS, the culture grew without
interruption and no DNA or protein was released. Symbols: open
circle, optical density; open triangle, protein; filled triangle, DNA;
open square, total LAS; filled square, total SPC
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Schleheck et al. 2004a), is obviously LAS-x-oxygenase.
The ‘distance effect’ (see above) could be demonstrated
with congeners of LAS, whereby a compound with 12
methylene groups between substituent and methyl group
(2-C14-LAS) was turned over faster (0.91 mkat (kg
protein)�1) than one with 10, 8 or 4 methylene groups
[0.82, 0.79 or 0.20 mkat (kg protein)�1, respectively].
The substrate range apparently included a commercial
disulfonate surfactant, a ‘model’ detergent, a sulfate
ester and octane (Table 1).

The enzyme in acetate-grown cells displayed the same
behavior, but with a specific activity about 60% of that

in LAS-grown cells (Table 1), in agreement with the
relative specific activities during growth (Fig. 2a, b).
These acetate-grown cells allowed the substrate range of
LAS-x-oxygenase to be tested and expanded to repre-
sentatives of all classes of surfactant known to be growth
substrates (cf. Schleheck et al. 2004b).

Membrane-free, crude extract (up to 8 mg protein
ml�1 reaction mixture) from active acetate-grown cells
showed no LAS-dependent oxygen uptake when NADH
or NADPH was present. The addition of FAD, FMN or
Fe2+ had negligible effect. The additional presence of
the membrane fraction (up to 13 mg protein ml�1) had
no effect. We tested a possible ‘peroxy-shunt’ of the
x-oxygenase (e.g. Wolfe and Lipscomb 2003, see also
Matsunaga et al. 1996), but neither disappearance of
2-C12-LAS nor formation of a product was measurable
in crude extract after addition of H2O2 (0.05 or 0.2 mM)
to reactions. The enzyme was inactive in cell extracts,
under our test conditions.

Molecular screening for a gene encoding an AlkB-type
alkane monooxygenase in strain DS-1T

The enzyme (system) responsible for LAS-oxygenase
activity could initially not be characterized, but, because
octane was a substrate, we tested the hypothesis that an
AlkB-type alkane monooxygenase is present in strain
DS-1T. Genomic DNA from strain DS-1T was used as
template for universal PCR primers, which were proven
to amplify alkB-related genes in Gram-negative bacteria
(see Smits et al. 1999). The PCR reactions with DNA
from P. oleovorans as template yielded the specific 560-
bp fragment, together with several unspecific fragments
(Smits et al. 1999). The PCR reactions with strain-DS-1T

DNA yielded only the unspecific fragments, but no 560-
bp fragment (not shown). We thus had no evidence to

Fig. 4 HPLC chromatograms of culture medium taken at intervals
after addition of LAS to the acetate salts culture in Fig. 3. Samples
were taken after 0.25 h (a), 2.25 h (b), 6.25 h (c) and 68 h (d). The
sets of LAS chain length homologues are marked (C10 C13), in
which the respective centrally substituted congener was the first to
elute within each set. The major SPCs (Schleheck et al. 2004a) are
indicated in groups according to their chain length as short chain
SPC (sc SPC, C4 C6), medium chain SPC (mc SPC, C7 C9), and
long chain SPC (lc SPC, C10 C13). The peak at retention time
2.5 min represented acetate. The inset shows a detailed analysis of
the initial degradation of the C10 LAS homologues 2 C10 LAS
(open circle), 3 C10 LAS (filled circle), 4 C10 LAS (open square),
and 5 C10 LAS (filled square)

Fig. 5 Growth of P. lavamentivoransT DS 1 in 1 mM LAS/30 mM
acetate salts medium with glass particles (1 mg/ml). The inoculum
was from an exponentially growing LAS culture (1% v/v).
Symbols: filled circle, total protein; open cicle, acetate; open square,
total LAS; filled sqaure total SPC
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support the presence of an AlkB-type alkane monoox-
ygenase in strain DS-1T.

Inhibition of the x-oxygenase in whole cells

Inhibitors of oxygenases were then tested in whole-cell
assays, to indicate which class of enzyme might be in-
volved in LAS-x-oxygenase. CuSO4, an inhibitor of
soluble methane monooxygenase of Methylococcus
capsulatus (Green et al. 1985), had no effect when tested
(2 mM). Methimazole, a competitive inhibitor of flavin-
dependent monooxygenases, showed no effect when
tested at the inhibitory concentration given in the liter-
ature (0.25 mM, see Horn et al. 2003). In contrast, the
x-oxygenase was inhibited saturably, and >90% of the
oxygen uptake was permanently lost when 8 mM me-
tyrapone was added to the cells one minute prior to
substrate addition (not shown). Metyrapone is a specific
inhibitor of cytochrome P450 (Testa and Jenner 1981).
In a scaled-up reaction to monitor formation of 3-C4-
SPC from 2-C12-LAS (Fig. 6), a specific degradation
rate of 0.02 mkat (kg protein)�1 was observed in un-
treated cells; this reaction was apparently rate-limited
through limited replenishment of molecular oxygen
dissolving from air (cf. Table 1). In contrast, the pres-
ence of metyrapone prevented the reaction. We con-
cluded that LAS-oxygenase might be a P450
monooxygenase system.

A cytochrome P450 of the CYP153-family in crude ex-
tracts of strain DS-1T?

The name cytochrome P450 comes from the fact that the
reduced heme group of these enzymes forms a complex
with CO that absorbs at about 450 nm (e.g. Metzler
2003). The x-oxygenation of n-alkanes in Acinetobacter
sp., the NonM-system, is found partly in the soluble

Table 1 Substrate specific oxygen uptake rates in whole cells of strain DS 1T

Substrate added to oxygen electrode and
surfactant type (if appropriate)a

Growth substrate
for strain DS 1

Specific oxygen uptake rate of whole cells
(mkat/kg protein)

Acetate grown cells LAS grown cells

LAS (C10 C13) A + 0.48 b,c 0.88 b,c

2 C10 LAS A + 0.42 b 0.78 b

5 C10 LAS A + 0.12 b 0.20 b

2 C12 LAS A + 0.45 b,c 0.82 b

2 C14 LAS A + 0.48 b 0.91 b

Linear hexadecanediphenyletherdisulfonate A + 0.11 b 0.32 b

4 (1 n Octyl)benzenesulfonate A + 0.37 b,c 0.62 b

4 Ethylbenzenesulfonate � < 0.01 < 0.01
1 n Dodecanesulfonate A + 0.42 ND
sec Alkanesulfonate (C14 C17) A + 0.44 ND
a Olefinsulfonate (C14 C16) A + 0.56 ND
Methylestersulfonate (C14 + C16) A + 0.48 ND
Dodecane sulfate A + 0.60 1.08
Methyloleoyltaurate A + 0.50 ND
Cholate A � < 0.01 ND
Alkaneethoxylate N + 0.55 ND
Alkylpolyglucoside (C8) N + 0.11 ND
Fatty acid glucosamide (C10) N + 0.25 ND
Octane + �0.6d,e 1.6d

Acetate + 0.36e ND
Ethanol + 0.19e < 0.01

ND Not determined
aTwo types of surfactant were used: A anionic; N nonionic
bSubstrate degradation and product formation were confirmed by
HPLC analysis
cWhole cells under anoxic conditions (N2 as the gas phase) did not
convert the substrate to products, but did so on addition of air

dSubstrate was added to the oxygen electrode in ethanolic solution
eRespiratory oxygen uptake was detected after addition of ethanol
or acetate

Fig. 6 Inhibition of the transformation of 2 C12 LAS to 3 C4 SPC
by P. lavamentivoransT in the presence of metyrapone. Symbols:
open circle, reaction without inhibitor; filled circle, reaction in the
presence of inhibitor
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fraction, and has been attributed to the CYP153-family
(Maier et al. 2001; Müller et al. 1989). It was possible to
test the hypothesis that LAS-oxygenase could belong to
this family, because a universal PCR primer pair for
genes encoding this family is available; a 340-bp frag-
ment is generated (J. B. van Beilen, unpublished). The
PCR reaction with DNA from strain DS-1T as template
generated product(s) which electrophoresed as a single
band about 340 bp long. The DNA sequence of this
band showed heterogeneity at two positions, so we
presume that the organism contains at least two P450
monooxygenases in the CYP153 family. J. B. van Beilen
(personal communication) finds that all CYP153

monooxygenases are P450 enzymes, i.e. the CO differ-
ence-spectrum absorbs at around 450 nm.

Crude extracts of acetate-grown cells showed an
absorption maximum at 406 nm in difference spectra
between oxic and reduced extracts (Fig. 7a). This
maximum was absent in the difference spectrum be-
tween reduced extract with and without CO, where an
absorption maximum was detected at 428 nm
(Fig. 7a). After the membranes were removed
(150,000·g, 30 min), most of the absorption at 406 nm
(oxic-versus-reduced) was detected in the soluble sub-
cellular fraction (Fig. 7b), and not when the particu-
late fraction was solubilized with sodium dodecyl sul-
fate (0.5%), and analyzed. There was thus no P450
associated with LAS-oxygenase in strain DS-1T. The
CYP153 homologues in strain DS-1T are presumably
active in other pathways.

The inhibition of the LAS-monooxygenase (system)
by metyrapone implicated a particular type of heme
center. It is not impossible that it inhibits other heme
centers, and Jendrossek and Reinhardt (Jendrossek and
Reinhardt 2003), whose unusual non-P450 heme enzyme
also absorbs at 406 nm (the Soret band) (see Fig. 7) but
is shifted to 416 nm in the presence of CO, so LAS
monooxygenase might be the first of a range of new
classes of heme enzymes.
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