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Abstract Cell physiology is a critical factor determining
the efficiency of reactions performed by microbial biocata-
lysts. In order to develop an efficient biotransformation
procedure for the hydroxylation of (S)-limonene to
(8)-perillyl alcohol by recombinant Pseudomonas putida
cells harboring the cytochrome P450 monooxygenase
CYPI153A6, physiological parameters were optimized. The
previously reported synthesis of (S)-perillyl alcohol by
P. putida GPo12 was based on complex and sensitive octane
feeding strategies (van Beilen et al. in Appl Environ
Microbiol 71:1737-1744, 2005), indicating the pivotal role
of cell physiology. In contrast to previous findings, the
screening of different carbon sources showed that glycerol
and citrate are suitable alternatives to octane allowing high
specific limonene hydroxylation activities. The use of
P. putida KT2440 as an alternative host strain and citrate as
the carbon source improved practical handling and allowed a
7.5-fold increase of the specific activity (to 22.6 U g{;]l)w).
In two-liquid-phase biotransformations, 4.3 g of (S)-perillyl
alcohol Ly were produced in 24 h, representing a sixfold
improvement in productivity compared to previously
reported results. It is concluded that, for selective
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cytochrome P450-based hydrocarbon oxyfunctionalizations
by means of living microbial cells, the relationship between
cell physiology and the target biotransformation is crucial,
and that understanding the relationship should guide bio-
catalyst and bioprocess design.
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Introduction

Although selective oxidation reactions of unactivated C—H-
bonds are of considerable importance for the chemical
industry, they often remain inaccessible or difficult to
accomplish by chemical means. As such reactions are
ubiquitous in nature, it is reasonable to exploit the potential
of natural catalysts, for example cytochrome P450 mono-
oxygenases (CYP), for selective C-H-oxyfunctionaliza-
tions [3, 14, 22].

Living (recombinant) microorganisms expressing the
desired genes are often favored over purified enzymes for
applications of CYPs on a technical scale, because living
cells are self-renewable and provide a constant environ-
ment, which stabilizes the oxygenase of interest. CYPs
usually depend on redox proteins that shuttle electrons
from a nicotinamide co-factor (NAD(P)H) to the heme—
iron center of the CYP. Co-expression of the genes
encoding such electron transfer proteins is more straight-
forward than in vitro reconstitution of the multicomponent
system. Moreover, living cells can regenerate NAD(P)H
via cell metabolism, which circumvents the need for sep-
arate addition of expensive co-factors or co-factor regen-
eration systems [12, 25, 56].
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When whole cells are applied, the reaction efficiency
(addressed in terms of productivity, yield, product titer, and
stability [47]) is not only determined by intrinsic properties
of the enzyme catalyzing the desired reaction (e.g., activity,
selectivity, coupling efficiency), but also by its direct
environment, the microbial cell. Critical factors related to
cell physiology include gene expression levels, co-factor
regeneration, mass transfer, interaction with electron
transfer proteins, and side product formation [8].

In the field of oxygenase biocatalysis, many research
efforts focus on the targeted manipulation of intrinsic
oxygenase properties. Intriguing examples include expan-
sion of the substrate spectrum, allowing the hydroxylation
of unnatural substrates, and the improvement of catalytic
turnover rates and coupling efficiencies [11, 13, 18].
Although the implementation of these engineered enzymes
in biocatalytic processes is often envisaged, cell physio-
logical aspects are rarely addressed [22]. This is remark-
able because optimization of intrinsic enzyme properties to
improve overall process efficiency only makes sense if full
exploitation of the enzyme’s potential in a bioreactor is
guaranteed. In other words, it makes sense in case enzyme
properties rather than cell physiological parameters are
limiting the desired reaction. However, for reactions cata-
lyzed by CYP-containing microorganisms, physiological
aspects can be expected to constrain the cell’s catalytic
efficiency.

In this study, we investigated in detail which physio-
logical parameters limit the hydroxylation of (S)-limonene
to (S)-perillyl alcohol catalyzed by whole Pseudomonas
cells containing CYP153A6 (Fig. 1) with the aim to
develop an efficient biotransformation procedure.

Perillyl alcohol is of considerable pharmaceutical
interest because of its antibacterial and antifungal proper-
ties [10]. It is currently being tested in clinical trials for the
prevention (e.g., as a dietary supplement) and for treatment
of various kinds of cancer [19, 26]. Perillyl alcohol is also
applied in cosmetics [32] and as synthetic precursor [28,
29, 43]. Because of its low natural abundance, extraction of
perillyl alcohol from plant tissues only yields small
amounts of the desired terpenoid [27]. Chemical oxidation

OH

CYP153A6

]

NADH O, H,0 NAD*

(S)-limonene (S)-perillyl alcohol

Fig. 1 Regioselective hydroxylation of (S)-limonene to (S)-perillyl
alcohol by recombinant microbial cells containing CYP153A6
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of readily accessible limonene gives a complex mixture of
products with low yields of perillyl alcohol [21, 40]. In
contrast, soluble CYP153A6 from Mycobacterium sp.
strain HXN-1500 has been found to exclusively oxidize
limonene at the carbon atom at position 7 [15].

Van Beilen and co-workers recently expressed the
respective genes in Pseudomonas putida GPo12 and, during
two-liquid-phase biotransformations, achieved (S)-perillyl
alcohol formation at a productivity of 0.03 g 17" h™' [53].
The described reaction required the use of octane as carbon
source and the presence of two plasmids: (i) pComS-
PFR1500, which contains the genes for CYP153A6 and its
electron transfer partners, enabling the conversion of
octane to octanol and (ii) pGEc47AB, which contains all
genes necessary for growth on octanol and other medium-
chain length alkanols.

In the present study, physiology-related aspects, such as
carbon source, host strain, and growth control were opti-
mized, enabling a significant improvement of (S)-perillyl
alcohol production with respect to productivity and product
concentrations. It was shown that, irrespective of intrinsic
properties of the enzyme itself, the efficiency of a cell-
based biocatalytic reaction is largely determined by the
physiology of the applied microbial cells.

Materials and methods

Chemicals, bacterial strains, plasmids,
and microbiological methods

All chemicals used for this study were purchased from
Sigma—Aldrich (Germany) or Carl-Roth (Germany) with
the highest purity available. (S)-limonene was routinely
used at 99% purity except for reactor experiments, in
which technical grade (95%) (S)-limonene was applied.
The strains and plasmids used in this study are listed in
Table 1. Strain P. putida GPol2 (pGEc47AB)(pCom8-
PFR1500) was a kind gift of Dr. J. B. van Beilen (Uni-
versité de Lausanne, Switzerland) and Prof. Dr. B. Witholt
(ETH Zurich, Switzerland).

Cells were either grown on Luria—Bertani (LB) broth
[41], E2 medium [24] or, for bioreactor experiments,
aqueous batch medium (ABM) [36]. All media were sup-
plemented with the appropriate antibiotics (50 pg ml™"
gentamycin, 12.5 pg ml~" tetracycline). E2 medium was
supplemented with 0.5% (w/v) acetate, citrate, glucose,
glycerol, or succinate and ABM medium was supple-
mented with 1% (w/v) citric acid or glycerol. Cultures were
incubated in screw-capped, baffled Erlenmeyer flasks in
horizontal shakers at 30°C. Octane vapor as carbon source
was supplied by evaporation from a small solvent container
inside the flask.
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Table 1 Bacterial strains and

plasmids used in this study Strain or plasmid Characteristics Reference

Strains

P. putida GPol2 P. putida GPol cured of the OCT plasmid, [45]
solvent-sensitive

P. putida KT2440 P. putida mt-2 cured of the TOL plasmid, [1]
solvent-sensitive

P. putida S12 Solvent-tolerant [20]

P. putida DOT-T1E Solvent-tolerant [38]

Pseudomonas sp. strain VLB120 Solvent-tolerant, styrene degrader [33]

Plasmids

pGEc47AB Contains all genes necessary for growth on [55]

pCom8-PFR1500

alkanols (alkFGHJKL and alkST) in broad-
host-range vector pLAFR1, Tc"
Contains genes for CYP153A6, ferredoxin, and [53]
ferredoxin reductase from Mycobacterium sp.
strain HXN-1500 in broad-host-range
expression vector pCom8, Gm"

Cell densities were monitored by measuring the optical
density at 450 nm (ODys), using a spectrophotometer. The
correlation factor between ODy4s50 and cell dry weight
(CDW) concentration was determined as described before
[4], whereby 1 ODy4so unit was found to correspond to
0.223 gepw 17"

Recombinant strains were obtained by introducing
plasmids pCom8-PFR1500 and pGEc47AB into different
Pseudomonas strains by electroporation (2,500 V, Equibio
EasyjecT Prima, Ashford, UK) [41]. Plasmid transforma-
tion was verified by antibiotic resistance and growth on
octane as sole carbon source.

Activity determination with resting cells and cell
extracts

Pseudomonas cells harboring pCom8-PFR1500 and
pGEc47AB were grown in E2 medium to a biomass con-
centration of 0.1 gcpw L', Then, cells were induced by
the addition of 0.1% (v/v) octane or 0.025% (v/v) dicy-
clopropylketone (DCPK) (both induction strategies led to
the same expression behavior) and incubation was contin-
ued for 5 h. Subsequently, cells were harvested by centri-
fugation (10 min, 4,600xg, 4°C) and resuspended in
50 mM potassium phosphate buffer (pH = 7.4), containing
1% (w/v) of the carbon source (1% (w/v) glucose was
added when octane was used as carbon source), to a cell
concentration of 0.5 gcpw 17", This cell stock was dis-
tributed as 2-ml aliquots in Pyrex tubes with Teflon caps.
After 5 min of incubation in a rotary shaker at 30°C and
300 rpm, 2 mM (S)-limonene from an ethanol stock was
added. The reaction was carried out in triplicate for 10 min
and subsequently stopped by the addition of 2 ml ice-cold
diethyl ether containing 0.2 mM dodecane. After adding a

saturating amount of NaCl and vortexing for 30 s, the
organic and aqueous phases were separated by centrifu-
gation (5 min, 4,600x g, 4°C). The organic phase was dried
over anhydrous Na,SO,4 and analyzed by gas chromatog-
raphy (GC).

For activity measurements in cell extracts, cells were
grown, induced, and harvested as described for resting cell
assays. Then, cells were resuspended in 50 mM potassium
phosphate buffer (pH = 7.4; 5% (v/v) glycerol, 1 mM
DTT) to obtain a cell stock with a biomass concentration of
15 gcpw L™'. Cells were disrupted by three passages
through a pre-cooled French press (5.5 MPa, SLM-Amin-
co, Rochester, NY, USA). Membranes and cell debris were
separated from the extracts by ultracentrifugation (20 min,
150,000x g, 4°C). After the addition of 2.5 mM NADH,
I ml of supernatant was used for activity assays as
described above. Product formation over time was nor-
malized to the biomass concentration of the cell stock
obtained before cell disruption to allow for a comparison
with whole-cell activities. A specific activity of 1 U gcpw
is defined as 1 pmol min~! gal)W.

Analytical procedures

Using commercially available standards, substrate and
products were identified and quantified by GC (Trace GC
Ultra, Thermo Fisher Scientific, Waltham, MA, USA). The
chromatograph was equipped with a 30-m FactorFour
capillary column VF-5 ms (Varian, Palo Alto, CA, USA)
and a programmed temperature vaporizer injector run in
splitless mode. The oven was programmed with the fol-
lowing temperature profile: from 90 to 100°C at a rate of
2°C min™", from 100 to 140°C at a rate of 20°C min™', and
from 140 to 300°C at 40°C min~'. Dodecane (0.2 mM)
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was added as an internal standard to the diethyl ether used
for extraction.

Determination of cellular CYP concentration

Active CYP153A6 in whole cells was quantified by CO-
difference spectra [31]. Induced cells were harvested as
described above and resuspended in 100 mM potassium
phosphate buffer (pH = 7.4) to obtain a cell concentration
of 3.3 gcpw 17", Then 0.5 ml of a 20 mM sodium dithio-
nite solution was added to 0.5 ml of this stock and a
baseline was recorded with a UV-visible spectrophotom-
eter (Varian, Type CARY 300, Palo Alto, CA, USA).
Subsequently, the sample was gassed with carbon mon-
oxide (Linde AG, Munich, Germany) for 30 s and a CO-
difference spectrum was recorded between 400 and
600 nm. The CYP-concentration was calculated using a
molar extinction increment between 450 and 490 nm of
91 mM~! cm™! [31].

Partition coefficients in two-liquid-phase systems

The partitioning behavior of (S)-limonene and (S)-perillyl
alcohol was determined in a biphasic system consisting of
1 ml organic solvent and 1 ml ABM medium (1% (w/v)
citrate) in screw-capped Pyrex tubes at varying terpene
concentrations. After vigorous shaking for 5 min, the
samples were allowed to further equilibrate for 24 h under
continuous shaking in a rotary shaker at 30°C and 300 rpm.
The phases were separated by centrifugation (5 min,
4,600x g, 4°C). The organic and aqueous phases were
diluted in or extracted with diethyl ether, respectively. For
the aqueous phase, a saturating amount of NaCl was added
to improve the extraction efficiency. Subsequently, the
samples were dried over anhydrous Na,SO,4 and analyzed
by GC. The partition coefficient (K) is defined as the
concentration in the organic phase divided by the concen-
tration in the aqueous phase.

Two-liquid-phase biotransformations in a bioreactor

For biotransformations, a 3.1-1 stirred tank reactor (KLF
2000, Bioengineering, Switzerland) equipped with two
Rushton turbine impellers was used. Batch cultivation was
started by adding 100 ml of P. putida grown in ABM
medium to 900 ml of fresh ABM medium. The pH was
regulated at 7.1 by addition of 30% (w/v) phosphoric acid
when citrate was used as a carbon source. When glycerol
was used, no regulation of the pH was necessary. Batch
cultures were stirred at 1,400 rpm and aerated with
1.8 vvm sterile-filtered air until the carbon source was
completely consumed, indicated by a sudden increase of
the pO,-value. Then, 2 ml of ABM microelement stock
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solution [36] was added and fed-batch cultivation was
started, applying an exponential feeding strategy that
sustained growth at a predetermined growth rate (i) of
0.1 h™! (citrate) or 0.05 h™! (glycerol). The citrate-feed
solution contained per liter 500 g citric acid, 7.6 g
MgSO,4-7H,0, and 90.4 ml of a 25% NHj; solution in
H,0. The glycerol-feed solution contained per liter 500 g
glycerol, 6.9 g MgSQO,4-7H,0, and 72.7 g (NH4),SO4. The
pO,-value was maintained above 30% of oxygen satura-
tion by increasing the stirrer speed. When a biomass
concentration of 15 gcpw 17! was reached, the stirrer
speed was increased to 2,000 rpm and the biotransfor-
mation was started by the addition of an organic phase
consisting of 460 ml bis(2-ethylhexyl)phthalate (BEHP),
40 ml technical grade (95%) (S)-limonene, and 1.4 ml
DCPK. Foam formation was limited by the addition of
antifoam 204 (Sigma—Aldrich, Schnelldorf, Germany).

Results

Carbon source selection: citrate and glycerol allow
good biocatalyst performance and simple process
control

The use of octane as a carbon source for P. putida GPol12
(pGEc47AB)(pCom8-PFR1500), as applied in former
studies [15, 53], has several disadvantages for the devel-
opment of an efficient biotransformation procedure for the
synthesis of perillyl alcohol: (a) Cells growing on octane
vapor display low growth rates and their practical handling
is difficult (e.g., instability of cells, explosion risk).
(b) With octane as carbon source and inducer of the alk
regulatory system (controlling gene expression from
pCom8-PFR1500 and pGEc47AB), growth and enzyme
synthesis can not be uncoupled. (c) CYP153A6 is involved
in growth as well as the desired biotransformation. The
competition of octane and limonene for the same active site
is expected to negatively affect biocatalyst performance.
Hence, more conventional carbon sources were tested as
alternatives to octane. The specific hydroxylation activity
of resting cells was used as an indicator for biocatalyst
performance (Table 2).

Under the applied resting cell assay conditions guaran-
teeing an efficient supply of oxygen and energy source, the
specific activity of octane-grown P. putida GPol2
(pGEc47AB)(pCom8-PFR1500) was determined at 23.6
U gcbw. which is 7.9 times higher than the reported value
for this strain [53]. In contrast to previously reported results
[53], glycerol and citrate were found to be suitable alterna-
tive carbon sources. Whereas glycerol enabled similar spe-
cific activities as octane, citrate is more attractive in terms of
achievable growth rate, enabling a 40% lower specific



J Ind Microbiol Biotechnol (2011) 38:1359-1370

1363

Table 2 Growth rate (u) and specific hydroxylation activity of resting cells of two P. putida strains utilizing different carbon sources

Carbon source

P. putida GPo12 (pGEc47AB)(pCom8-PFR1500)

P. putida KT2440 (pGEc47AB)(pCom8-PFR1500)

Growth Specific Growth Specific
rate® (h™) activity® (U gcbw) rate® (h™") activity® (U gchw)
Acetate 0.29 40+ 05 0.34 54+ 1.1
Citrate 0.57 13.8 £ 1.8 0.57 16.3 £+ 2.1
Glucose 0.54 6.7 £ 0.6 0.45 7.1 £0.7
Glycerol 0.38 222+ 32 0.36 22.6 + 04
Octane 0.24 23.6 + 1.6 0.30 18.1 £ 04
Succinate 0.57 1.7 £ 0.1 0.68 0.8 £04
CDW, cell dry weight
? Growth rate of uninduced cells
11U gal)w is defined as 1 pmol min~! gal)w
Table 3 Specific hydroxylation activities of whole cells and cell 04 1
extracts of citrate-grown P. putida GPol2 (pGEc47AB)(pCom8-
PFR1500) s
£ 03

Specific CYP Turnover number %

activity concentration (nmol min ! .g

(Ugcbw)  (nmol gopw)  nmol™)° S o,

< O
Whole cells 13.8 £ 1.8 152 £ 15 92 + 17 é‘
Cell extracts® 47 +£0.2 190 + 1 25+ 1 ‘g’_ 014
* Activity and CYP concentration of cell extracts were normalized to @
the cell dry mass applied for cell lysis via French press
0.0 4 T T

® Turnover numbers are given in nmol product formed per min per
nmol CYP153A6

activity. These two carbon sources were investigated in more
detail by evaluating their effect on CYP gene expression. The
concentration of heme-containing CYP153A6 enzymes in
whole cells was determined by means of whole-cell CO-
difference spectra (see Materials and methods section for
details) and found to be 152 and 121 nmol gal)W for citrate-
and glycerol-grown cells, respectively. For octane-grown
cells, the CYP153A6-concentration amounted to 132 nmol
galgw. Uninduced P. putida GPol2 (pGEc47AB)(pCom8-
PFR1500) showed neither CYP production nor activity
towards (S)-limonene. This confirmed that all three carbon
sources allow efficient CYP153A6 gene expression. The fact
that CYP concentrations do not directly correlate with
observed activities indicates that CYP gene expression does
not limit limonene hydroxylation.

CYPI153A6 catalysis was found to be more efficient in
intact cells supplemented with 1% (w/v) citrate than in
cell-free extracts supplemented with 2.5 mM NADH
(Table 3), confirming that living cells provide a well-suited
environment for the CYP system used.

Pseudomonas putida GPol2 (pGEc47AB)(pCom8-
PFR1500) growing on octane requires enzymes encoded by

T T
0 20 40 60 80 100 120

time [min]

Fig. 2 Time course of (S)-perillyl alcohol formation with resting
cells of P. putida GPol2 (pGEc47AB)(pCom8-PFR1500) (open
symbols) and P. putida GPol2 (pCom8-PFR1500) (closed symbols)
using citrate as carbon source. The applied cell and substrate
concentrations were 0.5 gcpw I™" and 2mM (S)-limonene,
respectively

pGEc47AB to convert octanol (formed by CYP153A6 from
octane) to octanoyl-CoA, a compound that can be degraded
by f-oxidation [54]. By using citrate or glycerol as a car-
bon source, plasmid pGEc47AB is no longer required for
growth. However, citrate-grown cells harboring only
pCom8-PFR1500 displayed a dramatically reduced ability
to produce perillyl alcohol (Fig. 2, specific activity reduced
by a factor of 19), although the active CYP153A6 con-
centration was found to be in a similar range (at 106 nmol
gE]IDW) as in the two-plasmid-containing strain. The reason
for this observation remains unclear and is the topic of
further investigations. However, the use of citrate or
glycerol as a carbon source for P. putida GPol2 harboring
pGEc47AB as well as pCom8-PFR1500 allows circum-
vention of some major disadvantages of the original bio-
transformation procedure.
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Host strain selection: P. putida KT2440 as the most
promising host

The host strain defines the microenvironment for the
enzyme of interest and determines many factors critical for
productive whole-cell biocatalysis, including the com-
plexity of process handling, gene expression, protein
folding, substrate mass transfer across the cell membrane,
co-factor regeneration, specificity, and product degrada-
tion. Recombinant E. coli GEc137 (pGEc47AB), contain-
ing CYP153A6, was found to show very low limonene
hydroxylation activities (0.1 U gE]IDW) [53]. Thus, the use
of E. coli strains was considered not to be feasible for
productive (S)-perillyl alcohol synthesis. Here, in addition
to P. putida GPol2, the sequenced GRAS strain P. putida
KT2440 [30, 37] and the three solvent-tolerant strains
P. putida S12, P. putida DOT-T1E, and Pseudomonas sp.
strain VLB120 were evaluated with respect to their suit-
ability for (S)-limonene hydroxylation.

In bioreactor experiments, Funhoff et al. observed that
cultivation of P. putida GPol2 (pGEc47AB) on octane,
expressing different CYP153 genes from pCom8 and
pComl12 vectors, was only successful after an initial
adaptation time at low stirring speeds (650 rpm; no aera-
tion) [16]. In agreement with these observations, P. putida
GPo12 (pGEc47AB)(pCom8-PFR1500) did not grow on
citrate at an initial stirrer speed of 1,000 rpm and an aer-
ation rate of 2 vvm. This indicates a high sensitivity of this
strain to high oxygen tension and/or shear stress. P. putida
KT2440 (pGEc47AB)(pCom8-PFR1500) showed more
stable cultivation characteristics and similar specific
activities as compared to the GPol2 recombinant, with
lower activities when grown on acetate, glucose, or suc-
cinate and high activities when grown on octane, glycerol,
or citrate (Table 2). With citrate as carbon source the
KT2440 recombinant even showed 1.2-fold higher activi-
ties than the GPo12 recombinant.

Unlike P. putida KT2440 and P. putida GPo12, solvent-
tolerant Pseudomonas strains are known to adapt to the
presence of organic solvents that are otherwise toxic to
bacteria [57], thus having the potential to overcome toxic
effects of limonene and perillyl alcohol. In growth exper-
iments with citrate or glycerol as carbon source, induction
of all three solvent-tolerant strains by octane resulted in a
strong reduction of the growth rates and instable, slimy cell
pellets after cell harvesting. This was most likely caused by
partial cell lysis and/or the activation of solvent tolerance
adaptation mechanisms upon addition of octane. After
induction by DCPK, cells still showed a strongly reduced
growth rate, but cell pellets were firm after centrifugation
allowing reliable harvesting. Surprisingly, and in all cases,
no evidence for perillyl alcohol formation was found in
resting cell assays.
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Fig. 3 Reproducibility of specific activity (dark gray) and CYP-gene
expression level (light gray) of citrate-grown P. putida KT2440
(pGEc47AB)(pCom8-PFR1500). Both parameters were measured by
growing 15 independent cultures originating from 15 randomly
picked colonies from one E2 agar plate (0.5% (w/v) citrate)

For P. putida KT2440 (pGEc47AB)(pCom8-PFR1500)
grown on citrate, the reproducibility of the limonene
hydroxylation activity and CYP153A6 expression level
was evaluated using 15 independently grown cultures
(Fig. 3). Average values and variations amounted to
16.3 £+ 2.1 U gcpw, 148 + 20 nmol gcpw, and 111 + 24
nmol min~' nmol™! for specific activity, CYP concentra-
tion, and turnover number, respectively. With 13.1 and
13.6%, the variations were somewhat higher than the
experimental variation (2.3 and 2.8%) for activities and
CYP concentrations, respectively. This points to a moder-
ate biological variance.

CYP153A6 concentrations do not seem to correlate
directly with the corresponding specific activities (Fig. 3).
This indicates that the bioconversion is not limited by gene
expression of the CYP system, but rather by other cell
physiological parameters, such as cofactor regeneration or
substrate mass transfer.

In summary, P. putida KT2440 is the most suitable host
for CYP153A6 expression and catalysis and was therefore
used for further investigations.

Toxicity of (S)-perillyl alcohol and (S)-limonene
to P. putida KT2440

Compounds with log Pow-values between 1 and 4, such as
perillyl alcohol (Table 4), are typically toxic to bacteria,
whereas compounds with a log Pow-value between 4 and
5, such as limonene (Table 4), can be considered of
intermediate toxicity. To investigate toxic effects of
(S)-limonene and (S)-perillyl alcohol on P. putida KT2440,
the growth rate reduction of exponentially growing cells,
determined in dependence of the concentration of these
terpenes, was measured (Fig. 4).

A minor reduction in growth rate was observed when
cells were incubated with low concentrations (<10 mM) of



J Ind Microbiol Biotechnol (2011) 38:1359-1370

1365

Table 4 Physical properties of limonene and perillyl alcohol

Critical concentration® (mM) Aqueous solubility at 25°C (mM) Log Pow (—) Log Kg at 30°C (—)
Limonene >62 0.10 [44] 4.46 [44] 4.28 + 0.05
Perillyl alcohol >4 0.75 [19] 2.38 [19] 2.27 + 0.02

? The critical concentration is defined as the concentration at which severe toxic effects were observed. The term ‘concentration’ is also used
when the aqueous solubility was exceeded and a second liquid phase was formed

b K, is defined as the concentration of limonene or perillyl alcohol in the BEHP phase divided by the concentration of these compounds in the

aqueous phase
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Fig. 4 Growth rate of P. putida KT2440 in E2 medium with different
amounts of (S)-limonene (closed symbols) or (S)-perillyl alcohol
(open symbols) at 30°C

(S)-limonene (although the aqueous solubility is exceeded,
the term ‘concentration’ is used for explanatory reasons).
However, after adding 1% (v/v) limonene, the growth rate
was reduced to ~0.14 h™' and growth completely ceased
after addition of 5% (v/v) limonene. Perillyl alcohol is
toxic to P. putida KT2440 at lower concentrations. Com-
plete cessation of growth was observed at 5 mM and above
(Fig. 4).

Both limonene and perillyl alcohol seem to exhibit
phase toxicity (toxicity as the result of the presence of an
organic/aqueous interface [2]) to P. putida KT2440,
because severe toxic effects of both compounds were
observed only at concentrations well above their aqueous
solubility. The observed toxic effects might also be the
result of impurities present in the added limonene and
perillyl alcohol, although this does not seem likely as these
terpenes were used at purities of >99%.

The results show the necessity to apply an aqueous-
organic two-liquid-phase system in a bioreactor in order to
prevent toxic effects.

Two-liquid-phase biotransformations

To investigate if modifications with respect to host strain
and carbon source translate into improved productivity
under process conditions, two-liquid-phase biotransforma-
tions were performed on a 1.5-1 scale, applying growing

cells of P. putida KT2440 (pGEc47AB)(pCom8-PFR1500)
and either citrate (Fig. 5a) or glycerol (Fig. 5c) as carbon
source. Batch cultivation gave biomass yields (Y,/) of 0.36
gcpw g;tlmte and 0.31 gcpw g;;ceml. After the batch phase
had been completed, exponential feeding of additional
carbon source was initiated to further increase the biomass
concentration. Based on biomass yields on carbon, nitro-
gen, and magnesium sources [48], the feed composition
was designed in such a way that cultures were carbon
source-limited and the aqueous concentrations of nitrogen
and magnesium in the reactor remained constant during
fed-batch cultivation. For citrate-fed cultures, an acidic
feed (using citric acid instead of tri-sodium citrate) enabled
the use of the pH as an indicator for overfeeding.

During fed-batch cultivation, the biomass yield (Y,/)
dropped t0 0.23 gcow g(;tlrate or 0.18 gcpw ggl}llcerol and hlgh
cell densities only were obtained when cells were grown at
low rates (u < 0.1 h™' and u < 0.05 h™! for growth on
citrate and glycerol, respectively).

By using the described feeding strategies, it was possible
to increase the biomass concentration during fed-batch
cultivation to 44 gcpw 17", which led to limiting oxygen
concentrations (pO, < 10% at an aeration rate of 5 vvm
and a stirrer speed of 2,800 rpm). Due to the high oxygen
requirements demanding high energy input, such a biomass
concentration would not be feasible on a large scale and
was therefore not applied in further experiments. Instead,
biotransformations were initiated at a biomass concentra-
tion of 15 gepw 17! by the addition of BEHP containing
(S)-limonene and DCPK.

When citrate was used as the carbon source, organic phase
concentrations of up to 13.0 g (S)-perillyl alcohol Lgr}g were
obtained in 24 h. This corresponds to a product concentra-
tion in the total volume of 28.7 mM (4.3 g L;)l'; Fig. 5a) and
a product yield on substrate consumed (Y),,) of 48% mol
mol !, If only the first 14 h are considered, in which cells
displayed a high productivity, a Y,-value of 62% mol
mol~! was reached. The remainder of consumed (S)-limo-
nene was evaporated from the reactor or converted to the side
products perillyl aldehyde and perillic acid (Fig. 5a). During
the biotransformation, a maximum productivity of 0.42 g
Ltf,tl h™! was achieved (Fig. 5b). Longer reaction times did
not result in higher product concentrations.
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Fig. 5 Two-liquid-phase bioconversions of (S)-limonene by whole-
cells of P. putida KT2440 (pGEc47AB)(pCom8-PFR1500) growing
on citrate (a, b) or glycerol (¢, d). a, ¢ show the concentration time
courses (based on total volume) for the following compounds: (S)-
limonene (open square), (S)-perillyl alcohol (filled circle), perillyl

Remarkably, when glycerol was used as a carbon
source, significantly lower concentrations of (S)-perillyl
alcohol were obtained. The product concentration in the
organic phase reached a maximum of 5.7 g L;r;; after 33 h
of bioconversion. This corresponds to a product concen-
tration in the total volume of 12.4 mM (1.9 g Lot Fig. 5¢)
and a product yield on substrate consumed (Y,) of 33%
mol mol~'. A maximum productivity of 0.08 g Ly h™"
was achieved (Fig. 5d). Also in this case, longer reaction
times did not result in higher product concentrations.

Independently repeated biotransformations for both
carbon sources showed similar product formation patterns
(data not shown). The accumulation of the side products
perillyl aldehyde and perillic acid was observed in all
biotransformations (Fig. Sa, c).

During the bioconversions with both carbon sources, the
specific hydroxylation activities of cells sampled 5 h after
biotransformation start were determined in separate small-
scale resting cell assays as described in the Materials and
methods section. The measured specific activity of citrate-
grown cells was 17.8 U gal)w, which is similar to that
found for cells grown in shake flasks. In contrast, the
specific activity of glycerol-grown cells was 4.5 U gchws
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aldehyde (filled triangle), perillic acid (filled diamond), sum of
terpenes (times), and biomass (open triangle). Terpene concentrations
were determined by gas chromatography. b, d show the productivity
(open circle) and specific activity (filled circle) profiles during the
bioconversions

which is significantly lower than that found for cells grown
in shake flasks (Table 2).

The use of P. putida KT2440 and optimizing growth and
reaction conditions allowed for a sixfold improvement in
productivity and a 1.9-fold higher product concentration as
compared to the previously reported biotransformation [53].

Discussion

Specific activities and their dependence
on physiological conditions

In order to exploit the full potential of a recombinant
enzyme, conditions supporting optimal biocatalyst physi-
ology have to be identified. A crucial parameter is the
choice of the carbon source. In a previous study, a delicate
balance between CYP153A6 apoprotein synthesis and
heme synthesis was speculated to be achieved exclusively
in cells that grow on alkanes [53]. However, under the
optimized reaction conditions used in this study, glycerol-
and citrate-grown cells also showed high hydroxylation
activities (Table 2), which agrees with the finding that
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citrate and glycerol do not repress the alk regulatory system
of pCom vectors in Pseudomonas [46]. The use of citrate or
glycerol as an alternative carbon source to octane offers
two important advantages for the development of an effi-
cient biotransformation procedure for limonene hydroxyl-
ation: (a) CYP153A6 is fully dedicated to the desired
bioconversion and not involved in alkane catabolism.
(b) The use of citrate or glycerol allows uncoupling of
enzyme synthesis and cell growth as these carbon sources
do not induce the alk regulatory system. This enables faster
growth and simplified process handling.

The specific activity of octane-grown P. putida GPol2
(pGEc47AB)(pCom8-PFR1500) was determined to be 7.9
times higher than previously reported [53]. This difference
may be explained by different assay conditions, which
were optimized in this study with respect to oxygen
availability (low cell concentrations, small reaction vol-
umes, high shaking speed). Moreover, resting cells were
always supplemented with an energy source (1% (w/v) of
the carbon source) during the assay.

Living microbial cells displayed higher activities and
enzyme-specific turnover numbers than cell extracts
(Table 3). Lower activities and turnover numbers in extracts
can be caused by partial denaturation of the essential electron
transport proteins (ferredoxin and ferredoxin reductase)
during preparation of the extracts. Another reason might be
reduced interactions between CYP153A6 and the electron
transport partners due to a lower degree of structural orga-
nization or lower local concentrations of the three proteins.
Thus, entire cells harboring the CYP153A6 system are
suitable catalysts for limonene hydroxylation because they
provide a stabile and organized environment.

Overall, adapting carbon source, energy source, and
oxygen availability as well as the choice for whole cells or
cell extracts were identified as crucial factors determining
the efficiency of biocatalytic limonene hydroxylation.

Specific activities during two-liquid-phase
biotransformations

During two-liquid-phase bioconversions with growing
cells, much lower specific activities (Fig. 5b, d) were
obtained as compared to resting cell assays (Table 2).
Resting cells need NADH for catalysis and maintenance,
whereas growing cells require additional NADH for bio-
mass formation. However, a limitation by intracellular
NADH availability is unlikely as growing cells have been
reported to support higher oxygenase activities [5, 9]. E.g.,
NADH availability was found not to be a limiting factor for
styrene epoxidation by growing Pseudomonas sp. strain
VLBI120AC at rates up to 54 U gepw [34].

A limitation in substrate availability is a more probable
explanation for the difference between activities observed in

resting cell assays and two-liquid-phase biotransformations.
In a BEHP-based two-liquid-phase system, growing E. coli
IM101 (pSPZ3) catalyzing pseudocumene oxidation showed
a maximum specific activity, which was ten times lower than
the activity achieved with resting cells (initial substrate
concentration in the BEHP-phase: 170 mM) [9]. This dif-
ference was attributed to a limitation in substrate availability
with the specific activity depending on the substrate con-
centration in the organic phase [7]. Considering the high
partition coefficient of limonene in the applied BEHP/med-
ium system (Table 4), which is similar to the partition
coefficient of pseudocumene (log K, = 4.39) [7], substrate
availability is likely to limit perillyl alcohol formation.

Limited substrate availability, however, does not explain
the observed difference in productivity between cells
growing on glycerol and citrate during carbon-limited fed-
batch cultivation in a two-liquid-phase system (Fig. 5).
Remarkably, growth under the former conditions led to
fivefold lower resting cell activities (4.5 U gEf)W as
determined in separate assays) as compared to batch
growth (22.6 U gEllgw). With citrate as the carbon source,
both conditions resulted in similar activities (17.8 and
16.3 U gal)w, respectively). One reason for the reduced
activities during glycerol-limited growth might be the low
feed rate (for a u < 0.05 h_l), applied in order to achieve
high cell densities. Low growth rates may result in low
specific activities due to a reduced transcription of ribo-
somal rRNA, affecting (recombinant) gene expression [17].
Low growth rates also increase the relative maintenance
requirements of microorganisms, leading to a reduced yield
on carbon source (Y,/) [23]. This is consistent with the
reduced biomass yields obtained during fed-batch cultiva-
tions with glycerol as well as citrate.

In summary, two-liquid-phase biotransformations
appear to be affected, beside the above-mentioned physi-
ological constraints, by substrate availability. Such a
physical limitation may be alleviated by screening for
alternative solvents. In such a screening, aspects like
product extraction capacity, biocompatibility, and ease of
product recovery or the co-expression of a substrate uptake
system should also be considered.

Cells carrying plasmid pGEc47AB display enhanced
hydroxylation activities

The presence of plasmid pGEc47AB in P. putida cells was
shown to enhance specific hydroxylation activities by a
factor of 19 (Fig. 2). Intracellular CYP153A6 concentra-
tions remained largely unaffected by the presence of
plasmid pGEc47AB and thus can be ruled out as a possible
cause for the increased activity. A similar effect has been
described for different recombinant E. coli strains per-
forming CYPI102Al-catalyzed pentadecanoic  acid
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hydroxylation [42]. E. coli strains carrying plasmid
pGEc47 (encoding the same genes as pGEc47AB plus a
gene for the non-heme alkane monooxygenase AlkB) dis-
played 1.9- to 2.9-fold higher specific hydroxylation
activities than E. coli strains without this plasmid. It was
speculated that this difference was due to a substrate uptake
system encoded on pGEc47 [42]. This uptake system might
also be responsible for the enhanced hydroxylation activi-
ties of P. putida carrying pGEc47AB. On the other hand,
pGEc47AB also contains two genes encoding electron
transport proteins (AlkG and AIkT), which are biochemi-
cally similar to the redox partners of CYP153A6, FdR and
Fdx. Like FdR, AIKT contains a flavin adenine (FAD)
redox center and accepts electrons from NADH [49, 51],
whereas Fdx and AlkG are both electron transfer proteins
containing iron-sulfur clusters [35, 51, 52]. AIkG and AIkT
together were shown to be able to reduce cytochrome
¢ [49] and thus might sustain electron transfer to the heme—
iron center of CYP153A6. In addition, the gene for FdR on
pCom8-PFR1500 is not preceded by a recognizable ribo-
some-binding site and overlaps with the CYP153A6 gene
by 1 base pair [53], possibly leading to low FdR expression
levels. This may limit limonene hydroxylation in P. putida
cells harboring only pCom8-PFR1500.

Optimization of the electron transfer chain by screening
for alternative redox partners can be an effective tool to
further improve process performance. Such a screening has
been performed for CYP106A2, converting testosterone to
15f-hydroxytestosterone, and has led to a 16-fold
improvement in product yield [39]. The redox partners of
the alkane monooxygenase AlkB (AlkG and AIKT) are
interesting candidates for improvement of electron transfer
to CYP153A6.

Yield, chemoselectivity, and productivity are affected
by product degradation

During the two-liquid-phase bioconversions, small
amounts of perillic acid and perillyl aldehyde were found
as side products. The formation of these unwanted side
products reduces the overall biotransformation yield and
productivity and hinders efficient product isolation.

It remains to be investigated whether the small amounts
of perillyl aldehyde and perillic acid are due to perillyl
alcohol oxidation catalyzed by dehydrogenases or due to
multiple oxidations catalyzed by CYP153A6. Multistep
oxidations are common among CYP enzymes [50] and
might be minimized by protein engineering. Alternatively,
the reaction might be controlled kinetically using the two-
liquid-phase concept as shown before for the multistep
oxidation of pseudocumene [6, 7].

In the case where host intrinsic dehydrogenases are
involved, multiple oxidations would strongly depend on the

@ Springer

enzymatic background and thus host strain physiology. To
circumvent unwanted product degradation by dehydro-
genases, knock-out strains or alternative host strains lack-
ing these enzymes, but still displaying high specific
activities, could provide a solution.

Conclusions

Although CYP-based biooxidations have a high potential
for industrial application, the productivities achieved
are often too low to be of economic relevance [22]. In
two-liquid-phase biotransformations, the conversion of
(S)-limonene to (S)-perillyl alcohol was shown to be
limited by cell physiology and not by intrinsic properties
of CYP153A6. Careful host and carbon source selection
allowed a 7.5-fold increase of the specific activity of
resting cells. In two-liquid-phase biotransformations, the
optimized physiological conditions and process control
translated into a sixfold improvement in productivity
compared to previously reported results. Further limita-
tions identified include substrate availability and overox-
idation. It can be expected that similar parameters
constrain the reaction efficiency of many other CYP-based
biotransformations. Therefore, it is strongly recommended
to consider physiological effects for whole-cell catalyst
design.

Acknowledgments We gratefully thank Dr. J. B. van Beilen and
Prof. Dr. B. Witholt for providing bacterial strains and plasmids. This
project was co-financed by the Deutsche Bundesstiftung Umwelt (AZ
20006/855), the ERA-Net project PSYSMO, and the Ministry of
Innovation, Science, Research and Technology of North Rhine-
Westphalia, Germany.

References

1. Bagdasarian M, Lurz R, Ruckert B, Franklin FC, Bagdasarian
MM, Frey J, Timmis KN (1981) Specific-purpose plasmid clon-
ing vectors. II. Broad host range, high copy number, RSF1010-
derived vectors, and a host-vector system for gene cloning in
Pseudomonas. Gene 16:237-247

2. Bar R (1986) Phase toxicity in multiphase biocatalysis. Trends
Biotechnol 4:167

3. Bernhardt R (2006) Cytochromes P450 as versatile biocatalysts.
J Biotechnol 124:128-145

4. Blank LM, Ebert BE, Biihler B, Schmid A (2008) Metabolic
capacity estimation of Escherichia coli as a platform for redox
biocatalysis: constraint-based modeling and experimental verifi-
cation. Biotechnol Bioeng 100:1050-1065

5. Blank LM, Ionidis G, Ebert BE, Biihler B, Schmid A (2008)
Metabolic response of Pseudomonas putida during redox bioca-
talysis in the presence of a second octanol phase. FEBS J
275:5173-5190

6. Biihler B, Bollhalder I, Hauer B, Witholt B, Schmid A (2003)
Chemical biotechnology for the specific oxyfunctionalization of
hydrocarbons on a technical scale. Biotechnol Bioeng
82:833-842



J Ind Microbiol Biotechnol (2011) 38:1359-1370

1369

7.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Biihler B, Bollhalder I, Hauer B, Witholt B, Schmid A (2003) Use
of the two-liquid phase concept to exploit kinetically controlled
multistep biocatalysis. Biotechnol Bioeng 81:683-694

. Biihler B, Schmid A (2004) Process implementation aspects for

biocatalytic hydrocarbon oxyfunctionalization. J Biotechnol
113:183-210

. Biihler B, Witholt B, Hauer B, Schmid A (2002) Characterization

and application of xylene monooxygenase for multistep bioca-
talysis. Appl Environ Microbiol 68:560-568

. Chastain DE, Sanders Jr. EW, Sanders CC (1992) Using perillyl

alcohol to kill bacteria and yeasts. U.S. patent 5,110,832

Cirino PC, Arnold FH (2002) Protein engineering of oxygenases
for biocatalysis. Curr Opin Chem Biol 6:130-135

Duetz WA, van Beilen JB, Witholt B (2001) Using proteins in
their natural environment: potential and limitations of microbial
whole-cell hydroxylations in applied biocatalysis. Curr Opin
Biotechnol 12:419-425

Fasan R, Chen MM, Crook NC, Arnold FH (2007) Engineered
alkane-hydroxylating cytochrome P450(BM3) exhibiting native-
like catalytic properties. Angew Chem Int Ed Engl 46:8414-8418
Flitsch S, Grogan G, Ashcroft D (2002) Oxidation Reactions. In:
Drauz K, Waldmann H (eds) Enzyme catalysis in organic
chemistry, 2nd edn. Wiley-VCH Verlag GmbH, Weinheim,
Germany, pp 1065-1280

Funhoff EG, Bauer U, Garcia-Rubio I, Witholt B, van Beilen JB
(2006) CYP153A6, a soluble P450 oxygenase catalyzing termi-
nal-alkane hydroxylation. J Bacteriol 188:5220-5227

Funhoff EG, Salzmann J, Bauer U, Witholt B, van Beilen JB
(2007) Hydroxylation and epoxidation reactions catalyzed by
CYP153 enzymes. Enzyme Microb Technol 40:806-812

Gaal T, Bartlett MS, Ross W, Turnbough CL Jr, Gourse RL
(1997) Transcription regulation by initiating NTP concentration:
rRNA synthesis in bacteria. Science 278:2092-2097

Gillam EM (2007) Extending the capabilities of nature’s most
versatile catalysts: directed evolution of mammalian xenobiotic-
metabolizing P450s. Arch Biochem Biophys 464:176-186
Gupta A, Myrdal PB (2004) Development of a perillyl alcohol
topical cream formulation. Int J Pharm 269:373-383

Hartmans S, van der Werf MJ, de Bont JA (1990) Bacterial
degradation of styrene involving a novel flavin adenine dinucle-
otide-dependent styrene monooxygenase. Appl Environ Micro-
biol 56:1347-1351

Jensen HP, Sharpless KB (1975) Selenium dioxide oxidation of
d-limonene. Reinvestigation. J Org Chem 40:264-265

Julsing MK, Cornelissen S, Biihler B, Schmid A (2008) Heme-
iron oxygenases: powerful industrial biocatalysts? Curr Opin
Chem Biol 12:177-186

Konopka A (2000) Microbial physiological state at low growth
rate in natural and engineered ecosystems. Curr Opin Microbiol
3:244-247

Lageveen RG, Huisman GW, Preusting H, Ketelaar P, Eggink G,
Witholt B (1988) Formation of polyesters by Pseudomonas
oleovorans—effect of substrates on formation and composition of
poly-(R)-3-hydroxyalkanoates and poly-(R)-3-hydroxyalkeno-
ates. Appl Environ Microbiol 54:2924-2932

Leak DJ, Sheldon RA, Woodley JM, Adlercreutz P (2009) Bio-
catalysts for selective introduction of oxygen. Biocatal Bio-
transformation 27:1-26

Lebedeva IV, Su ZZ, Vozhilla N, Chatman L, Sarkar D, Dent P,
Athar M, Fisher PB (2008) Chemoprevention by perillyl alcohol
coupled with viral gene therapy reduces pancreatic cancer path-
ogenesis. Mol Cancer Ther 7:2042-2050

Lee YW, Lee CH, Kim JD, Lee YY, Row KH (2000) Extraction
of perillyl alcohol in Korean orange peel by supercritical CO,.
Sep Sci Technol 35:1069-1076

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Marshall JA, Sehon CA (1997) Total synthesis of the enantiomer
of the furanocembrane rubifolide. J Org Chem 62:4313—4320
Marshall JA, Van Devender EA (2001) Synthesis of (—)-deoxy-
pukalide, the enantiomer of a degradation product of the fur-
anocembranolide pukalide. J Org Chem 66:8037-8041

Nelson KE, Weinel C, Paulsen IT, Dodson RJ, Hilbert H, dos
Santos V, Fouts DE, Gill SR, Pop M, Holmes M, Brinkac L,
Beanan M, DeBoy RT, Daugherty S, Kolonay J, Madupu R,
Nelson W, White O, Peterson J, Khouri H, Hance I, Lee PC,
Holtzapple E, Scanlan D, Tran K, Moazzez A, Utterback T, Rizzo
M, Lee K, Kosack D, Moestl D, Wedler H, Lauber J, Stjepandic
D, Hoheisel J, Straetz M, Heim S, Kiewitz C, Eisen J, Timmis
KN, Dusterhoft A, Tummler B, Fraser CM (2002) Complete
genome sequence and comparative analysis of the metabolically
versatile Pseudomonas putida KT2440. Environ Microbiol
4:799-808

Omura T, Sato R (1964) The carbon monoxide-binding pigment
of liver microsomes. II. Solubilization, purification, and proper-
ties. J Biol Chem 239:2379-2385

Opdyke DL (1981) Monographs on fragrance raw materials. Food
Cosmet Toxicol 19:237-254

Panke S, Witholt B, Schmid A, Wubbolts MG (1998) Towards a
biocatalyst for (S)-styrene oxide production: characterization of
the styrene degradation pathway of Pseudomonas sp. strain
VLB120. Appl Environ Microbiol 64:2032-2043

Park JB, Biihler B, Panke S, Witholt B, Schmid A (2007) Carbon
metabolism and product inhibition determine the epoxidation
efficiency of solvent-tolerant Pseudomonas sp. strain VLB120AC.
Biotechnol Bioeng 98:1219-1229

Peterson JA, Coon MJ (1968) Enzymatic w-oxidation. III.
Purification and properties of rubredoxin, a component of the
w-hydroxylation system of Pseudomonas oleovorans. J Biol
Chem 243:329-334

Preusting H, van Houten R, Hoefs A, van Langenberghe EK,
Favre-Bulle O, Witholt B (1993) High cell density cultivation
of Pseudomonas oleovorans: growth and production of poly
(3-hydroxyalkanoates) in two-liquid phase batch and fed-batch
systems. Biotechnol Bioeng 41:550-556

Puchalka J, Oberhardt MA, Godinho M, Bielecka A, Regenhardt
D, Timmis KN, Papin JA, Martins dos Santos VA (2008) Gen-
ome-scale reconstruction and analysis of the Pseudomonas putida
KT2440 metabolic network facilitates applications in biotech-
nology. PLoS Comput Biol 4:¢1000210

Ramos JL, Duque E, Huertas MJ, Haidour A (1995) Isolation and
expansion of the catabolic potential of a Pseudomonas putida
strain able to grow in the presence of high concentrations of
aromatic hydrocarbons. J Bacteriol 177:3911-3916

Ruijssenaars HJ, Sperling EM, Wiegerinck PH, Brands FT, Wery
J, de Bont JA (2007) Testosterone 15f-hydroxylation by solvent
tolerant Pseudomonas putida S12. J Biotechnol 131:205-208
Sakuda Y (1969) The oxidation of limonene with selenium
dioxide. Bull Chem Soc Jpn 42:3348-3349

Sambrook J, Russell DW (2001) Molecular cloning. A laboratory
manual, 3rd edn. Cold Spring Harbor Laboratory Press, New
York

Schneider S, Wubbolts MG, Sanglard D, Witholt B (1998) Bio-
catalyst engineering by assembly of fatty acid transport and
oxidation activities for in vivo application of cytochrome
P-450(BM-3) monooxygenase. Appl Environ Microbiol
64:3784-3790

Shimizu N, Mizogughi A, Murakami K, Noge K, Mori N, Nishida
R, Kuwahara Y (2006) Synthesis of (4)-(S)-isorobinal together
with its antipod, a cyclic monoterpene functioning as the sex
pheromone of Rhizoglyphus setosus and its distribution among
Astigmata. J Pestic Sci 31:311-315

@ Springer



1370

J Ind Microbiol Biotechnol (2011) 38:1359-1370

44,

45.

46.

47.

48.

49.

50.

51.

Sikkema J, de Bont JA, Poolman B (1994) Interactions of cyclic
hydrocarbons with biological membranes. J Biol Chem
269:8022-8028

Smits TH, Balada SB, Witholt B, van Beilen JB (2002) Func-
tional analysis of alkane hydroxylases from Gram-negative and
Gram-positive bacteria. J Bacteriol 184:1733-1742

Staijen IE, Marcionelli R, Witholt B (1999) The P-alkBFGHJKL
promoter is under carbon catabolite repression control in Pseu-
domonas oleovorans but not in Escherichia coli alk(+) recom-
binants. J Bacteriol 181:1610-1616

Straathof AJJ, Panke S, Schmid A (2002) The production of fine
chemicals by biotransformations. Curr Opin Biotechnol
13:548-556

Sun ZY, Ramsay JA, Guay M, Ramsay BA (2006) Automated
feeding strategies for high-cell-density fed-batch cultivation of
Pseudomonas putida KT2440. Appl Environ Microbiol
71:423-431

Ueda T, Coon MJ (1972) Enzymatic w-oxidation. VII. Reduced
diphosphopyridine nucleotide-rubredoxin reductase: properties
and function as an electron carrier in w-hydroxylation. J Biol
Chem 247:5010-5016

van Beilen JB, Duetz WA, Schmid A, Witholt B (2003) Practical
issues in the application of oxygenases. Trends Biotechnol
21:170-177

van Beilen JB, Funhoff EG (2005) Expanding the alkane oxy-
genase toolbox: new enzymes and applications. Curr Opin Bio-
technol 16:308-314

@ Springer

52.

53.

54.

55.

56.

57.

van Beilen JB, Funhoff EG, van Loon A, Just A, Kaysser L,
Bouza M, Holtackers R, Rothlisberger M, Li Z, Witholt B (2006)
Cytochrome P450 alkane hydroxylases of the CYP153 family are
common in alkane-degrading eubacteria lacking integral mem-
brane alkane hydroxylases. Appl Environ Microbiol 72:59-65
van Beilen JB, Holtackers R, Luscher D, Bauer U, Witholt B,
Duetz WA (2005) Biocatalytic production of perillyl alcohol
from limonene by using a novel Mycobacterium sp. cytochrome
P450 alkane hydroxylase expressed in Pseudomonas putida. Appl
Environ Microbiol 71:1737-1744

van Beilen JB, Panke S, Lucchini S, Franchini AG, Rothlisberger
M, Witholt B (2001) Analysis of Pseudomonas putida alkane-
degradation gene clusters and flanking insertion sequences:
evolution and regulation of the alk genes. Microbiology (Read-
ing, Engl) 147:1621-1630

van Beilen JB, Penninga D, Witholt B (1992) Topology of the
membrane-bound alkane hydroxylase of Pseudomonas oleovo-
rans. J Biol Chem 267:9194-9201

Walton AZ, Stewart JD (2004) Understanding and improving
NADPH-dependent reactions by nongrowing Escherichia coli
cells. Biotechnol Prog 20:403—411

Weber FJ, de Bont JA (1996) Adaptation mechanisms of
microorganisms to the toxic effects of organic solvents on
membranes. Biochim Biophys Acta 1286:225-245



	Cell physiology rather than enzyme kinetics can determine the efficiency of cytochrome P450-catalyzed C--H-oxyfunctionalization
	Abstract
	Introduction
	Materials and methods
	Chemicals, bacterial strains, plasmids, and microbiological methods
	Activity determination with resting cells and cell extracts
	Analytical procedures
	Determination of cellular CYP concentration
	Partition coefficients in two-liquid-phase systems
	Two-liquid-phase biotransformations in a bioreactor

	Results
	Carbon source selection: citrate and glycerol allow good biocatalyst performance and simple process control
	Host strain selection: P. putida KT2440 as the most promising host
	Toxicity of (S)-perillyl alcohol and (S)-limonene to P. putida KT2440
	Two-liquid-phase biotransformations

	Discussion
	Specific activities and their dependence on physiological conditions
	Specific activities during two-liquid-phase biotransformations
	Cells carrying plasmid pGEc47 Delta B display enhanced hydroxylation activities
	Yield, chemoselectivity, and productivity are affected by product degradation

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


