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Outer Membrane Protein AlIkL Boosts Biocatalytic
Oxyfunctionalization of Hydrophobic Substrates in Escherichia coli

Mattijs K. Julsing, Manfred Schrewe, Sjef Cornelissen, Inna Hermann, Andreas Schmid, and Bruno Biihler

Laboratory of Chemical Biotechnology, Department of Biochemical and Chemical Engineering, TU Dortmund University, Dortmund, Germany

The outer membrane of microbial cells forms an effective barrier for hydrophobic compounds, potentially causing an uptake
limitation for hydrophobic substrates. Low bioconversion activities (1.9 U g 4., ") have been observed for the w-oxyfunctional-
ization of dodecanoic acid methyl ester by recombinant Escherichia coli containing the alkane monooxygenase AIkBGT of Pseu-
domonas putida GPol. Using fatty acid methyl ester oxygenation as the model reaction, this study investigated strategies to im-
prove bacterial uptake of hydrophobic substrates. Admixture of surfactants and cosolvents to improve substrate solubilization
did not result in increased oxygenation rates. Addition of EDTA increased the initial dodecanoic acid methyl ester oxygenation
activity 2.8-fold. The use of recombinant Pseudomonas fluorescens CHAO instead of E. coli resulted in a similar activity increase.
However, substrate mass transfer into cells was still found to be limiting. Remarkably, the coexpression of the alkL gene of P.
putida GPol encoding an outer membrane protein with so-far-unknown function increased the dodecanoic acid methyl ester
oxygenation activity of recombinant E. coli 28-fold. In a two-liquid-phase bioreactor setup, a 62-fold increase to a maximal ac-
tivity of 87 U g_4,,~ ' was achieved, enabling the accumulation of high titers of terminally oxyfunctionalized products. Coexpres-
sion of alkL also increased oxygenation activities toward the natural AIkBGT substrates octane and nonane, showing for the first
time clear evidence for a prominent role of AIKL in alkane degradation. This study demonstrates that AIkL is an efficient tool to
boost productivities of whole-cell biotransformations involving hydrophobic aliphatic substrates and thus has potential for

broad applicability.

he outer membrane of Gram-negative bacteria serves as an

efficient barrier for hydrophobic molecules (12, 36, 44). Dif-
ferent approaches have been described to overcome uptake limi-
tations in whole-cell biotransformations. The two-liquid-phase
concept applied in stirred-tank reactors can increase mass transfer
by ensuring maximal substrate availability and typically allows in
situ product extraction (13, 20, 33, 37, 40,47, 53, 72). Next to that,
the addition of rhamnolipids, synthetic surfactants, and cosol-
vents has been described as enhancing biotransformation rates.
Rhamnolipids are synthesized by several Pseudomonas species in
order to facilitate the uptake of hydrophobic compounds (46).
Rhamnolipids as well as synthetic surfactants (e.g., Triton X-100)
solubilize hydrophobic substrates in the aqueous phase and inter-
act with bacterial membranes (1, 39). Similarly, cosolvents, such
as dimethyl sulfoxide (DMSO), or chelating agents, such as EDTA,
can be used to enhance substrate solubility and/or membrane per-
meability (44). Further strategies to improve rates for hydropho-
bic substrate bioconversions include the use of host strains capa-
ble of growth on and thus efficient uptake of hydrophobic
substrates, such as hydrocarbons, or the transfer of respective
properties, e.g., uptake systems, into production strains. Here,
favorable lipid and membrane protein (facilitators and transport-
ers) compositions of Pseudomonas strains (61) may be exploited to
enhance substrate uptake.

Uptake has recently been found to limit the selective w-oxy-
functionalization of renewable fatty acid methyl esters (FAMEs)
catalyzed by recombinant Escherichia coli W3110 (pBT10), when
the fatty acid chain length exceeded nine carbon atoms (55). The
alkane monooxygenase complex AIKBGT catalyzing this reaction
(Fig. 1) originates from the OCT plasmid of Pseudomonas putida
GPol (11) and is responsible for the first enzymatic step in alkane
degradation. AIkBGT catalyzes the NADH-dependent w-hy-
droxylation of a large variety of alkyl substrates and also was re-
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ported to catalyze alcohol oxidation (38, 55, 66). Whereas the
oxygenation activity of AIkBGT-containing E. coli W3110
(pBT10) toward dodecanoic acid methyl ester (DAME) (1.9 U
g.4w ) and nonanoic acid methyl ester (NAME) (104 U g.4,,~ ")
differed by a factor of 55, activities obtained with an enriched
enzyme preparation differed only by a factor of 2.6, indicating
poor uptake of the more hydrophobic substrate DAME into E. coli
cells (55).

In this study, different approaches to enhance hydrophobic
substrate uptake were investigated and compared, with the w-oxy-
functionalization of DAME serving as a model reaction. Several
additives were tested for their effect on mass transfer of DAME
from an organic bulk phase into AlkBGT-containing E. coli
W3110 (pBT10), applying a two-liquid-phase setup. Further-
more, the performance of Pseudomonas species as alternative host
strains was investigated. Finally, coexpression of alkL, encoding an
uncharacterized outer membrane protein, was investigated. The
selection of AIKL was based on earlier observations showing a
positive effect of an unidentified component of the alkane degra-
dation pathway on the biotransformation of fatty acids (54),
FAMEs (55), and alkanes (22). Via the characterization and com-
parison of factors influencing microbial uptake of hydrophobic
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FIG 1 Scheme of the NADH-dependent terminal oxyfunctionalization of fatty acid methyl esters catalyzed by the alkane monooxygenase system AIkBGT (n =

6 for NAME and n = 9 for DAME).

molecules, this work identifies AIKL as a factor boosting the intra-
cellular availability of long-chain alkylic substrates.

MATERIALS AND METHODS

Chemicals, bacterial strains, and media. DAME (99.8% purity), 12-hy-
droxydodecanoic acid methyl ester (HDAME), and 12-oxododecanoic
acid methyl ester (ODAME) (the last two with a purity of =95%) were
obtained from Evonik Degussa GmbH (Marl, Germany). Nine-hy-
droxynonanoic acid methyl ester (HNAME) (purity, =95%) was ob-
tained from TCI Europe N.V. (Zwijndrecht, Belgium). All other chemi-
cals used in this study were purchased from Sigma-Aldrich (Steinheim,
Germany) or Carl-Roth (Karlsruhe, Germany) with the highest purity
available. The strains and plasmids used in this study are listed in Table 1.
For cloning purposes, E. coli DH5a was used. For expression and bio-
transformation experiments, E. coli W3110 and the Pseudomonas strains
were transformed with different plasmids following standard procedures
(52). Strains were cultivated either in LB (52), in M9 medium (52), or in
modified M9 medium (M9*) (48). For reactor cultivation of Pseudomonas
fluorescens CHAO, aqueous batch medium (ABM) (30) was used. Mineral
media were supplemented with 1 ml liter ' US™ trace element solution
(8). Antibiotics (50 mg liter ! kanamycin or 12.5 mg liter "' tetracycline)
were added to all media if appropriate. Glucose and citrate were added as
carbon sources for E. coli and Pseudomonas, respectively.

Construction of pBTL10 and pCom10_alkL. In order to construct a
plasmid for coexpression of alkL and alkBGT, alkL was amplified by PCR
from pGEc47 (19) including the ribosome binding site upstream of alkL.
Primers  5'-ACGCGTCGACCTGTAACGACAACAAAACGAGGGTA
G-3' and 5'-ACGCGTCGACCTGCGACAGTGACAGACCTG-3" both
contained a Sall restriction site (underlined) (Eurofins MWG, Ebersberg,
Germany). Phusion high-fidelity DNA polymerase was obtained from

TABLE 1 Bacterial strains and plasmids used in this study

Finnzymes Oy (Espoo, Finland). Restriction enzymes, T4 DNA ligase, and
thermosensitive alkaline phosphatase were purchased from Fermentas
GmbH (St. Leon-Rot, Germany). The PCR product was subcloned in
PSMART-HCKan (Lucigen Corporation, Middleton, WI). After restric-
tion with Sall, alkL was cloned downstream of alkG into pBT10 (55).

The alkL-containing vector pCom10_alkL was constructed by insertion
of alkL amplified from pGEc47 using the primers 5'-CCGGAATTCCATAT
GAGTTTTTCTAATTATAA-3" (EcoRI site underlined) and 5'-CGCGG
ATCCTTAGAAAACATATGACGCAC-3’ (BamHI site underlined) into
the alkane-responsive expression vector pCom10 (59), using EcoRI and
BamHI as restriction enzymes. Correct construction of pBTL10 and
pCom10_alkL was confirmed by sequencing (Eurofins MWG, Ebersberg,
Germany).

Toxicity studies. A single colony from an LB agar plate was used to
inoculate 3 ml LB medium, which was incubated for 16 h at 30°C and 200
rpm. One milliliter of the culture was used to inoculate 100 ml M9* medium
containing 0.5% (wt/vol) carbon source in a 500-ml baffled shaking flask. The
culture was incubated for 20 h at 30°C and 200 rpm and used to inoculate M9*
medium (0.5% [wt/vol] carbon source) to an optical density at 450 nm
(OD,5) of 0.2. Growth experiments were carried out in multiwell plates in a
Bioscreen C MBR (Oy Growth Curves Ab Ltd., Helsinki, Finland) with a
culture volume of 195 pl at 30°C. After 2 h of growth, 5 .l of a stock solution
containing NAME, DAME, HNAME, or HDAME in ethanol was added, and
growth was followed for another 24 h. The growth rate w (h~!) was deter-
mined from the average of 10 parallel cultures.

Whole-cell biotransformation of fatty acid methyl esters and al-
kanes. Precultures were prepared as described above and used to inocu-
late 100 ml M9* medium containing 0.5% (wt/vol) carbon source in a
500-ml baffled shaking flask to an OD,s, of 0.2. Induction, incubation,
and resting-cell assays (1 ml) were performed as described before (55).

pSMART-HCKan

PSMART-alkL

Cloning vector, Km"

PSMART-HCKan containing alkL PCR fragment, Km"

Strain or plasmid Characteristics* Reference or source
Strains

E. coli W3110 F~ N rph-1, IN(rrnD-rrnE)1 2

E. coli DH5a supE44 AlacU169 (P80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl 24

P. putida KT2440 P. putida mt-2 cured of the TOL plasmid 3

P. putida GPol Contains the OCT plasmid 11

P. putida GPo12 P. putida GPol cured of the OCT plasmid 31

P. fluorescens ATCC 15453 70

P. fluorescens CHAO Grows on C,,—Cs, alkanes 60

Pseudomonas sp. strain VLB120 Wild-type Pseudomonas; styrene prototroph 49
Plasmids

pCom10 Alkane-responsive broad-host-range vector, Km* 59

pCom10_alkL Contains alkL in pCom10, Km" This study

pBT10 Contains alkBFG and alkST in pCom10, Km" 55

pBTL10 pBT10 with alkL in the operon alkBFGL, Km" This study

pGEc47 Contains genes necessary for growth on alkanes (alkBFGHJKL and alkST) in 19

broad-host-range vector pLAFR1, Tc"
pGEc47AB pGEc47 without gene for the alkane monooxygenase AlkB, Tc" 67

Lucigen Corporation,
Middleton, WI
This study
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“Tc", tetracycline resistance; Km®, kanamycin resistance.

aem.asm.org 5725


http://aem.asm.org

Julsing et al.

Activities were calculated in U g 4, ', where 1 U is defined as 1 pmol
product formed per min. For this purpose, the formation of all oxygen-
ation products was considered. For the alkanes, evaporation was consid-
ered based on a control experiment in an abiotic setup. Activities for
nonane conversions were additionally calculated based on substrate con-
sumption, since the mass balance could not be closed for this substrate.

Two-liquid-phase biotransformation of fatty acid methyl esters.
Precultures were prepared as described above. For E. coli, the M9* precul-
ture was used to inoculate 250 ml M9 medium containing a 2-fold am-
monium chloride concentration (2 gliter ') and 1.5% (wt/vol) glucose in
a 300-ml stirred-tank reactor (RALF; Bioengineering AG, Wald, Switzer-
land) at an OD,, of 0.3 (0.05 g 4., liter *). The pH was controlled auto-
matically at 7.4 using 15% (vol/vol) phosphoric acid and 12.5% (vol/vol)
ammonia. Temperature, aeration rate, and agitation frequency were set to
30°C, 2 volume per volume per minute (vvm), and 1,500 rpm, respec-
tively. After complete consumption of the carbon source, an additional 4
ml liter ~! USF® trace element solution was added and a feed (50% [wt/vol]
glucose and 13.4 g liter ! MgSO, - 7H,0) was started and regulated for
glucose-limited exponential growth at a rate of 0.15 h™'. Cultivation of P.
fluorescens CHAO was performed under the same conditions using ABM
medium containing 1.5% (wt/vol) citrate. Fed-batch cultivation involved
exponential feeding (for a growth rate of 0.15 h™") of a solution contain-
ing 50% (wt/vol) citrate, 7.6 g liter ' MgSO, - 7H,0, and 2.3% (vol/vol)
ammonia. For both E. coli W3110 and P. fluorescens CHAO, recombinant
gene expression was induced by the addition of 0.025% (vol/vol) dicyclo-
propylketone (DCPK) at a cell density of 5 g 4, liter ~'. Fed-batch culti-
vation was continued for 4 h. Then, the cells were harvested by centrifu-
gation (4,600 X g, 4°C, 20 min) and immediately resuspended in 50 mM
potassium phosphate buffer (pH 7.4) containing 1.0% (wt/vol) glucose to
a cell density of ca. 10 g 4, liter ' (cell densities are given in Results).
Aliquots of 100 ml were transferred into a clean 300-ml reactor. To guar-
antee nitrogen limitation, 1.5 M NaOH was used as base for pH control.
After 10 min of adaptation at 30°C, the biotransformation was started by
the addition of 50 ml of the substrate, resulting in a two-liquid-phase
system with a phase ratio of 1:3 (organic phase to total volume). The pH
was adjusted to 7. In order to circumvent energy limitation, additional
glucose was added to a concentration of 1.0% (wt/vol) before depletion
occurred. During biotransformation, the glucose levels were checked by
glucose test strips (Macherey-Nagel GmbH & CO. KG, Diiren, Germany).
Samples taken from the reactor were centrifuged for 5 min at 17,000 X g
in 2-ml Eppendorf tubes. The upper organic phase was diluted 10- to
50-fold in diethyl ether containing 0.2 mM dodecane as an internal stan-
dard, dried over anhydrous sodium sulfate, and analyzed by gas chroma-
tography (GC). The lower aqueous phase was sampled using needle and
syringe and subjected to liquid chromatography analysis to quantify glu-
cose and organic acid concentrations.

Analytical procedures. FAMEs and the corresponding oxygenation
products were quantified using a Trace GC UltraTM gas chromatograph
as described before (55). Alkanes and corresponding oxygenation prod-
ucts were analyzed using the following temperature profile: 40°C for 3
min, 40 to 170°C at 15°C min ™', 170 to 300°C at 100°C min ", 300°C for
3 min. Substrate and product quantifications were based on the analysis of
standard solutions.

Glucose and organic acid concentrations in the aqueous phase were
determined by high-performance liquid chromatography (HPLC) as de-
scribed before (23).

Cell concentrations in the aqueous phase were determined by measur-
ing the optical density at 450 nm (Libra S11 spectrophotometer; Bio-
chrom Ltd., Cambridge, United Kingdom), whereby one OD,, unit cor-
responded to a cell concentration of 0.166 g_4,, liter ~" (5).

SDS-PAGE was performed according to the method described by
Laemmli (35). Total membrane fractions were obtained as described else-
where (55).
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TABLE 2 Growth rates of E. coli W3110 during batch growth on glucose
in the presence of different concentrations of NAME, HNAME, DAME,
and HDAME*

Growth rate (W) of E. coli W3110 (h™")

Concn of

compound NAME HNAME DAME HDAME
(mM) (133 uM)? (8,552 pM)” (5.3 pM)® (234 uM)?
0 0.26 0.26 0.26 0.26
2.5% EtOH  0.22 0.22 0.22 0.22
0.005 ND* ND 0.21 ND

0.05 0.22 0.22 ND 0.22
0.13 0.22 0.22 ND ND

0.23 ND ND 0.21 0.21

2.5 0.23 0.14 0.21 0.13

5.0 0.23 ND 0.21 0.12

8.5 ND 0.03 ND ND

50 0.23 0.06 0.20 0.17

@ All compounds were added via an ethanol (EtOH) stock solution resulting in a final
ethanol concentration of 2.5% (vol/vol) for each culture.

Y Values in parentheses indicate solubility in water.

¢ ND, not determined.

RESULTS

The two-liquid-phase approach does not improve substrate
mass transfer into microbial cells. A comparison of DAME con-
version rates obtained with AIkBGT-containing E. coli W3110
(pBT10) and enriched enzyme preparations indicated that the
biotransformation of DAME is limited mainly by substrate mass
transfer into the cells (55). In order to evaluate if this limitation is
related to interfacial areas and thus mass transfer of both oxygen
and hydrophobic substrate, a two-liquid-phase reactor setup was
applied with the substrate constituting a second liquid phase. Be-
side maximized mass transfer, this setup enables continuous sub-
strate supply and efficient extraction of potentially toxic oxygen-
ation products. First, the toxicity of the two liquid substrates
NAME and DAME and of corresponding terminal alcohols was
investigated (Table 2). FAMEs did not show any influence on the
growth rate, also not at concentrations exceeding their solubility
in water. For the corresponding alcohols, however, a concentra-
tion-dependent decrease in growth rate was observed. The stron-
gest inhibition of growth was observed for 9-hydroxynonanoic
acid methyl ester (HNAME), with the lowest logP (logarithm of
the partition coefficient in an octanol/water system), i.e., 2.35, and
the highest solubility in water (8.5 mM) of all tested compounds.
Since both substrates, NAME and DAME, are not toxic to E. coli
W3110, they were applied as bulk organic phase in the two-liquid-
phase setup.

In a two-liquid-phase biotransformation of NAME at a phase
ratio (organic to total volume) of 1:3 carried out with fully in-
duced resting E. coli W3110 (pBT10) cells at a cell density of 8.9
g.qw liter ', HNAME and 9-oxononanoic acid methyl ester
(ONAME) initially accumulated with maximal specific activities
for the first and second oxidation steps of 95 and 17 U g4, ',
respectively (Fig. 2A and B). These activities decreased rapidly to
levels below 10 and 3 U g 4., ', respectively, after 2.5 h. Further-
more, slow nonanedioic acid monomethyl ester (NDAME) for-
mation was observed. As for all biotransformations performed in
this study, glucose and oxygen (dissolved oxygen tension [DOT] =
20%) were present throughout the biotransformation, excluding
their depletion as a possible reason for the activity decrease. Under
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FIG 2 Two-liquid-phase biotransformations of NAME and DAME using 8.9 g, liter " of resting E. coli W3110 (pBT10) cells fed with glucose. The substrates
were applied as the organic phase at a phase ratio of 1:3 (organic phase to total volume). Product concentrations in the organic phase (A and C) and specific
activities for the different oxygenation steps (B and D) are given. Specific activities are calculated based on product formation.

identical conditions, DAME was converted with significantly
lower but more constant specific activities, maximally amounting
to 1.4 and 0.9 U g 4, ' for the first and the second oxygenation
steps, respectively (Fig. 2C and D). In this case, the aldehyde (12-
oxododecanoic acid methyl ester [ODAME]) was the main prod-
uct, which may be explained by the higher availability of 12-hy-
droxydodecanoic acid methyl ester (HDAME) due to its higher
water solubility compared to DAME. Also here, slow acid (dode-
canedioic acid monomethyl ester [DDAME]) formation was ob-
served. Such acid formation can be due to overoxidation catalyzed
by AIkBGT or host intrinsic enzymes, e.g., aldehyde dehydroge-
nases. A three-step oxygenation catalyzed by one single enzyme
has been described for XylM originating from P. putida mt-2, an
enzyme showing structural similarity to AlkB (9).

Although volumetric activities were improved in the two-liq-
uid-phase setup due to the higher cell concentrations applied, the
specific rates for NAME and DAME oxygenation were in the same
range as activities found in small-scale resting-cell assays with low
substrate concentrations (55) (see Table 5). Thus, the application
of a two-liquid-phase setup in a stirred-tank reactor did not im-
prove the substrate availability for the intracellular AIkBGT com-
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plex. Increasing the agitation rate and the phase ratio also did not
result in higher specific DAME oxygenation rates (Table 3). An
increase in cell density from 8.9 to 18 g4, liter ! resulted only in
a minor specific activity decrease (Table 3), indicating that the
substrate mass transfer over the organic-aqueous phase boundary
and to the cells was not limiting at a biomass concentration of 8.9
2.4 liter "', Since changes in the reaction setup with the aim to
increase surface areas for organic-aqueous-phase and organic-
phase cell mass transfer did not increase specific DAME oxygen-
ation rates, substrate uptake into the cells was most likely causing
a kinetic limitation of DAME conversion. Thus, further experi-
ments in this study focused on the investigation of factors influ-
encing mass transfer over the membrane.

Chemical treatment of the biocatalyst to improve mass
transfer over the membrane. In order to increase substrate avail-
ability, either by an increased solubility of the substrate in the
aqueous phase or permeabilization of the cells, different additives
were applied during two-liquid-phase biotransformations, i.e.,
rhamnolipids and Triton X-100 serving as biosurfactants and syn-
thetic surfactant, respectively; the cosolvent DMSO; and the
chelating compound EDTA. The presence of rhamnolipids, Tri-

aem.asm.org 5727


http://aem.asm.org

Julsing et al.

TABLE 3 Maximal DAME oxygenation activities of resting E. coli
W3110 (pBT10) cells in the presence of different surfactants and
solvents in a two-liquid-phase reactor setup

Relative maximal

hydroxylation
Parameter or additive Setting or concn activities”
Parameters
Cell density 20 g 4, liter ! 0.9
Stirring speed 3,000 rpm 1.0
Phase ratio 1:2 (organic/total vol) 1.0
Additives
Rhamnolipids 0.0001% (wt/vol) 0.8
0.001% (wt/vol) 1.0
0.01% (wt/vol) 1.0
DMSO 1% (vol/vol) 1.0
2% (vol/vol) 0.3
Triton X-100 0.05 (vol/vol) 1.0
EDTA 1 mM 1.5
2.5mM 2.8

@ For each biotransformation, maximal activities are normalized to the maximal activity
achieved with untreated cells in a parallel experiment (see the text for details).

ton X-100, or DMSO did not increase DAME oxygenation activ-
ities (Table 3). The addition of 2% (vol/vol) DMSO even de-
creased the activity to one-third of the activity reached without
DMSO, probably caused by cell permeabilization. The addition of
EDTA, however, did show a positive effect on DAME oxygenation
activities, which increased up to 2.8-fold (Table 3). EDTA is
known to destabilize the lipopolysaccharide (LPS) layer by chelat-
ing divalent cations (45) and may thus facilitate hydrophobic sub-
strate uptake. Still, DAME oxygenation rates remained 20-fold
lower than NAME oxygenation rates. Considering that only a 2.6-
fold-lower DAME oxygenation (compared to NAME oxygen-
ation) for the intrinsic AIkB specificity was observed, as deter-
mined by means of enriched enzyme preparations (55), substrate
mass transfer limitation into the cells was not completely relieved
by EDTA addition. Except for EDTA addition, chemical treatment
of the cells did not improve mass transfer of the hydrophobic
substrate.

Pseudomonas spp. as alternative hosts. Several Pseudomonas
species are known for their ability to utilize hydrophobic com-
pounds as sources for carbon and energy (4, 21). Efficient sub-
strate uptake is a prerequisite for such growth. Following this ap-
proach, NAME and DAME oxygenation activities of different
recombinant Pseudomonas strains were determined in small-scale
resting-cell assays. The AlkB expression levels estimated from
SDS-PAGE gels were lower than those of E. coli W3110 (pBT10),
varied among the strains investigated (data not shown), and cor-
related with the NAME oxygenation activities observed (Table 4).
In comparison to E. coli W3110 (pBT10), none of the Pseudomo-
nas strains showed improved activities toward NAME. P. fluore-
scens CHAO (pBT10), however, showed an increased activity of 5.2
U g ' for DAME conversion, being only a factor of 4 lower
than the NAME oxygenation activity. Product formation caused
by host intrinsic alkane hydroxylases could be excluded since no
oxygenated products were detected during resting-cell assays with
the wild-type strain.

Resting cells of P. fluorescens CHAO (pBT10) were used in the
two-liquid-phase setup described above using DAME as the sub-
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TABLE 4 NAME and DAME oxygenation activities of different alkBGT-
expressing Pseudomonas strains

Oxygenation activity

(U gea )*
Strain NAME DAME
P. putida KT2440 (pBT10) 22 0
P. putida GPol 18 1.9
P. putida GPo12 (pBT10) 0 0
P. fluorescens ATCC15453 (pBT10) 33 1.8%
P. fluorescens CHAO (pBT10) 21 5.2
Pseudomonas sp. strain VLB120 (pBT10) 57 0.9

@ Calculated for the first oxygenation step based on product formation by resting cells:
cell concentration, 1.0 g.4,, liter ™ '; initial substrate concentration, 2.5 mM; reaction
time, 5 min.

b Reaction time, 15 min.

strate. DAME was converted with an initial activity of 5.7 U g 4., "
with the respective alcohol being the most prominent product (5.3
mM HDAME, 4.6 mM ODAME, and 1.9 mM DDAME after 4 h;
see the supplemental material). As was also found for E. coli
W3110 (pBT10), the application of resting cells of P. fluorescens
CHAO (pBT10) in a two-liquid-phase setup resulted in an im-
proved volumetric activity without improving specific activities
compared to small-scale resting-cell assays. However, despite
lower AIKBGT expression levels, P. fluorescens CHAO (pBT10)
showed a DAME oxygenation activity 4-fold higher than that of E.
coli W3110 (pBT10) in the two-liquid-phase setup.

The outer membrane protein AIkL enhances DAME oxygen-
ation. Interestingly, E. coli W3110 (pGEc47) expressing all genes
of the alkane degradation pathway of P. putida GPol was found to
catalyze DAME oxygenation at a rate of 31 U g4, ", which was
only 2.3-fold lower than its NAME oxygenation activity (55) (Ta-
ble 5). In comparison to E. coli W3110 (pBT10), E. coli W3110
(pGEc47) showed lower AIKBGT expression levels but higher ox-
ygenation rates for long-chain substrates. This suggests that
pGEc47 encodes an uptake system for hydrophobic substrates.
Similarly, with the alk operon expressed in microbial whole cells,
efficient conversion of n-dodecane and pentadecanoic acid has
been reported with AIkBGT and cytochrome P450 BM3 as the
respective oxygenating enzymes (22, 54). In this study, the outer
membrane protein AIKL, with so-far-unknown function, was in-
vestigated regarding its role in the uptake and conversion of
hydrophobic substrates. For this purpose, the alkL gene was coex-
pressed with alkBGT by means of the newly constructed expres-
sion plasmid pBTL10. Interestingly, E. coli W3110 (pBTL10)
showed a DAME oxygenation activity as high as 53 U g4, ' in
small-scale resting-cell assays, constituting a 28-fold activity in-
crease compared to E. coli W3110 (pBT10) (Table 5). Hence, AIKL
is able to enhance DAME availability for the monooxygenase Alk-
BGT in E. coli cells. NAME oxygenation activities were in the same
range for E. coli W3110 (pBTL10) and E. coli W3110 (pBT10)
(Table 5). Obviously, substrate mass transfer limitation into cells
was not or less relevant for NAME bioconversion, given the sim-
ilar apparent K| (substrate uptake constant) values for both strains
(data not shown).

E. coli W3110 (pBTL10) also was investigated in the two-liq-
uid-phase setup (Fig. 3). Using a cell concentration of 6.3 g g,
liter "' and DAME as the organic phase, significantly increased
product concentrations and specific activities were observed com-
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TABLE 5 Activities of different recombinant E. coli W3110 strains expressing alkBGT and optionally alkL for NAME, DAME, octane, and nonane
oxygenation

Expression level of: Maximal sp act’ (U g g, ")
Plasmid AlKkBGT AIKL NAME? DAME? Octane* Nonane
pBT10 High 104 1.9 24 2.44
pGEc47 Low Low 71 31 54 72¢(37)
pBT10;GEc47AB High Low 125 23 77 88° (46)
pBTL10 High High 128 53 100 97¢ (40)

@ Calculated for the first oxygenation step based on product formation by resting cells; for nonane, substrate consumption also was considered (see Materials and Methods).
b Cell concentration, 1.0 g 4, liter " '; initial substrate concentration, 2.5 mM; reaction time, 5 min.

¢ Cell concentration, 0.5 g4, liter ~'; initial substrate concentration, 1 mM; reaction time, 6 min.

@ Cell concentration, 1.0 g g, liter ~'; initial substrate concentration, 1 mM; reaction time, 6 min.

¢ Cell concentration, 0.5 g 4, liter '; initial substrate concentration, 1 mM; reaction time, 6 min; activities based on substrate depletion as well as product formation (in
parentheses) are given.

pared to the two-liquid-phase biotransformation with E. coli creased to a maximum of 87 U g4, ' after 20 min of biotransfor-
W3110 (pBT10). After 9 h of biotransformation, HDAME, mation (Fig. 3D), constituting a 62-fold increase compared to the
ODAME, and DDAME accumulated at concentrations of up to  strain without AlkL. After approximately 1.5 h of biotransforma-
159, 56, and 13 mM in the organic phase (Fig. 3C). The initial tion, the activity started to decrease to reach levels below 10 U
activity for the first oxygenation step was 61 U g4, ' and in- g, ' after 5.5 h. The initial activity for the second oxygenation
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FIG 3 Two-liquid-phase biotransformations of NAME and DAME using 10.0 g.4,, liter ' and 6.3 g 4., liter ', respectively, of resting E. coli W3110 (pBTL10)
cells fed with glucose. The substrates were applied as the organic phase at a phase ratio of 1:3 (organic phase to total volume). Product concentrations in the

organic phase (A and C) and specific activities for the different oxygenation steps (B and D) are given. Specific activities are calculated based on product
formation.
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FIG 4 SDS-PAGE (12%) of membrane fractions of E. coli W3110 carrying
different plasmids. pCom10 (lane 1) and pCom10_alkL (lanes 2) served as
negative and positive controls, respectively, whereas strains containing
pGEc47 (lane 3), pGEc47AB/pBT10 (lane 4), and pBTL10 (lane 5) showed low
but significant alkL expression, which was absent with pBT10 (lane 6). Lanes
M, PageRuler SM26614 (Fermentas GmbH, St. Leon-Rot, Germany). The ar-
row indicates AIKL (23 kDa), whereas AlkB prominently runs at ~40 kDa.

step was 54 U g4, ' and decreased from the beginning on. Thus,
in the two-liquid-phase setup, the relieving of substrate uptake
limitation by means of AIkL enabled not only increased volumet-
ric activities but also increased specific activities for DAME oxy-
genation. However, for NAME conversion, the presence of AIKL
in the outer membrane lowered the achieved product concentra-
tions (46 mM HNAME, 5.0 mM ONAME, and traces of NDAME;
Fig. 3A and B). This was due to a very fast activity decrease,
whereas the initial activity of 92 U g4, for the first step was
similar to the activity achieved without AlkL. In conclusion, AIkL
tremendously improved mass transfer of the large and hydropho-
bic substrate DAME over the outer membrane, allowing activities
in the same range as obtained for the smaller and more soluble
substrate NAME. These activities range among the highest activi-
ties reported for monooxygenase-based whole-cell biocatalysis
(17, 50).

Functionality of AIKL regarding uptake and conversion of
FAME:s and alkanes. In order to get a better insight into the func-
tionality of AIKL, strains expressing alkBGT and alkL at diverging
levels, i.e., E. coli W3110 (pGEc47) and E. coli W3110 (pBT10;
pGEc47AB), were tested for their oxygenation activities and com-
pared with E. coli W3110 harboring pBT10 or pBTL10. Further-
more, the conversion of alkanes, the natural substrates of AlkB,
was included in these studies. For induced E. coli W3110 carrying
pGEc47 or pGEc47AB instead of pBTL10, SDS-PAGE analysis of
membrane fractions showed lower AIKL expression levels (Fig. 4)
as a result of the lower copy number and the alkL position further
downstream of the alkB promoter. Similarly, cells carrying
PGEc47 showed lower AlkB levels in the membrane fraction than
cells carrying pBT10 or pBTL10. Consistent with the differences in
AIKkB levels, the last two plasmids enabled a 1.5- or 1.8-fold-higher
NAME oxygenation activity, respectively, than that of pGEc47
(Table 5). In contrast, DAME oxygenation activities correlated
with AIKL expression levels, being, in comparison to E. coli W3110
(pBT10), 16 and 12 times higher for E. coli W3110 (pGEc47) and
E. coliW3110 (pBT10;pGEc47AB), respectively. The higher AIkL
expression levels in E. coli W3110 (pBTL10) enabled even higher
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activities (Table 5), being, in comparison to E. coli W3110
(pBT10), 28- and 62-fold higher in activity assays and two-liquid-
phase biotransformations, respectively. Thus, DAME oxygen-
ation rates increased in correlation with alkL expression and were
not influenced by the amount of monooxygenase present.

Besides the effect of AIKL via FAME uptake on AIKBGT activity,
its effect on the uptake of alkanes was investigated. All strains
converted octane, with 1-octanol and octanal as the only products
accumulating. The strains expressing alkL showed significantly
increased specific activities compared to the strain lacking alkL,
with the activity again correlating with the alkL and alkBGT ex-
pression levels (Table 5). The supply of nonane as the substrate led
to the formation of nonanoic acid in addition to 1-nonanol and
nonanal. Furthermore, the mass balance could not be closed,
pointing to nonanoic acid degradation via B-oxidation as re-
ported for E. coli before (51). Considering product formation and
substrate consumption, activities found for nonane oxygenation
showed a dependency on AlkL and AIkBGT expression levels sim-
ilar to that of DAME oxygenation activities, with a tremendous
increase in activity, by a factor of up to 40, in the presence of AIkL
(Table 5). Thus, the presence of AIKL in the outer membrane of E.
coli strains also proved to be essential for the efficient uptake of
alkanes.

DISCUSSION

Host selection and permeabilization of E. coli by chemical treat-
ment. The ability of several Pseudomonas species to grow on hy-
drocarbons, necessitating an efficient uptake system for such hy-
drophobic substrates, qualifies Pseudomonas strains as interesting
host candidates for the bioconversion of hydrophobic substrates.
Furthermore, the microbial origin of AIkBGT, P. putida GPol
(11), makes the selection of Pseudomonas strains as alternative
hosts an obvious first choice. Finally, some Pseudomonas strains
are known to produce biosurfactants, which are supposed to in-
crease the availability of hydrophobic substrates for microbial me-
tabolization (46). Among the tested strains, P. fluorescens CHAO
(pBT10) gave the best results, with a 4-fold-higher DAME oxy-
genation activity than that of untreated E. coli W3110 (pBT10).
Furthermore, this strain, with only 4-fold-higher activity toward
NAME than toward DAME, comes close to the specificity of AIkB
determined in vitro (55). These results are in accordance with the
ability of P. fluorescens CHAO to take up and grow on hydrophobic
substrates such as C,, to C5, alkanes (58).

Except for EDTA, the addition of cell-permeabilizing and sub-
strate-solubilizing chemicals did not result in accelerated DAME
oxyfunctionalization using E. coli W3110 (pBT10). Treatment of
E. coli with both organic solvents and detergents significantly im-
proved biocatalytic L-carnitine formation (10). Chemical and
physical treatments of cells also have been reported to be effective
for hydrophobic substrates (16). However, such treatment appar-
ently does not improve DAME oxygenation by AlkB in the cyto-
plasmic membrane of E. coli W3110. Especially for oxygenase ca-
talysis, such treatment may generally be critical, as intended effects
such as membrane permeabilization and destabilization can lead
to cofactor leakage, enzyme destabilization, inhibition of metab-
olism, impeded cofactor regeneration, and thus reduced biocata-
lyst performance.

Improved substrate availability in the presence of the outer
membrane protein AlkL. Reported host cell engineering ap-
proaches to improve substrate availability include knockout strat-
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egies involving a smaller lipopolysaccharide layer or the absence of
Braun’s lipoprotein in the outer membrane. Such knockout strat-
egies enabled increased whole-cell bioconversion rates with a tet-
rapeptide, nitrofecin, or aromatic hydrocarbons as substrates (42,
43). However, these strategies may influence cell metabolism
and/or cell viability (12, 26, 64). The present study shows that the
sole introduction of an outer membrane protein, i.e., AIKL, func-
tioning as an uptake facilitator, vastly increases resting-cell-based
bioconversion rates of hydrophobic substrates such as DAME
without affecting growth characteristics in LB and minimal me-
dium. Therefore, alkL coexpression can overcome disadvantages
of nonspecific permeabilization methods. The alkL gene is located
on the alkane degradation operon on the catabolic OCT plasmid
of P. putida GPol (65), suggesting a role of AlkL in the conversion
of alkanes as it was confirmed for octane and nonane (Table 5).
The AlkL-related tremendous increase in specific hydrophobic
substrate oxygenation rates and their observed correlation with
alkL expression levels provide clear evidence for the role of AIKL in
hydrophobic substrate transfer over the outer membrane. The
ratio of 2.4 between NAME and DAME oxygenation activities of
E. coliW3110 (pBTL10) in resting-cell assays (Table 5) correlates
well with the respective ratio of 2.6 found with enriched enzyme
preparations (55), which is another indication that the presence of
AIKL in E. coli relieved substrate uptake limitation. Interestingly,
AlKL-containing cells reached even higher DAME oxygenation
activities when applied in a two-liquid-phase bioreactor setup (87
compared to 53 U g4, ), which may be explained by better mass
transfer to and saturation of AIKL due to better mixing and a larger
interface area between the aqueous and organic phases. Such an
effect was not observed for NAME oxygenation but, in this case,
may have been masked by the fast activity decrease discussed
below.

AIKL shows homology to the outer membrane proteins OmpW
(29%) from E. coliand OprG (23%) from Pseudomonas aeruginosa
(see the supplemental material), which might be involved in the
uptake of hydrophobic molecules (27, 63). OmpW and OprG
structures involve an eight-stranded B-barrel forming a hydro-
phobic channel. As a mechanism for hydrophobic substrate up-
take, this channel was proposed to enable the transfer of hydro-
phobic molecules through the LPS layer, followed by their release
into the outer membrane through a lateral opening (27, 63, 69). A
similar mechanism has been described for the uptake of long-
chain fatty acids by FadL (25, 68). Outer membrane proteins with
a possible role in substrate uptake have also been reported for
catabolic pathways for the degradation of naphthalene (15, 18),
xylenes (29), and toluene (28, 71).

The positive influence of AIKL on hydrophobic substrate bio-
conversion also explains respective beneficial effects of the plas-
mid pGEc47 observed in earlier studies. For example, the presence
of pGEc47 effected a 3-fold increase in the specific rate for subter-
minal pentadecanoic acid hydroxylation catalyzed by cytochrome
P450 BM3 in recombinant E. coli W3110 (54). Furthermore, E. coli
W3110 (pGEc47), containing the complete alkane degradation
pathway, was applied to produce octanoic acid from n-octane
(20). A recombinant Pseudomonas strain containing AIkBGT but
lacking AIKL was used to produce 1-octanol from n-octane (6) but
did not show n-dodecane hydroxylation activity, whereas such
activity of AlkB was reported for enriched enzyme preparations
(66). This discrepancy can be explained by insufficient uptake of
the hydrophobic substrate n-dodecane into Pseudomonas cells
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lacking AIKL. Successful in vivo n-dodecane hydroxylation was
achieved using E. coli GEC137 (pGEc47AJ) containing AIkKBGT
and AIKL (22). The results of the present study are in agreement
with these reported observations. E. coli W3110 (pBT10) was able
to convert octane with considerable activities despite the lack of AIKL.
In contrast, nonane was converted at very low rates (Table 5). As also
seen for FAMEs, the activity increase caused by AIKL becomes more
prominent with increasing hydrophobicity and size of the substrate.
This study for the first time shows that AIkL efficiently facilitates hy-
drophobic substrate uptake into living cells, making AIKL an invalu-
able tool to overcome hydrophobic substrate uptake limitation via
microbial biocatalyst engineering.

Influence of facilitated solvent uptake on solvent toxicity and
whole-cell biocatalyst stability. Notwithstanding the tremen-
dous activity increase obtained for DAME conversion, AlkL ap-
peared to affect the stability of the resting cell biocatalyst. During
two-liquid-phase biotransformations, AlkL-containing cells lost
their activity faster than did AlkL-negative strains (Fig. 2 and 3).
These results indicate a negative correlation between facilitated
substrate uptake and biocatalyst stability. The latter may be re-
duced due to increased intracellular concentrations of hydropho-
bic substrates and/or products in the presence of AIKL, which in
turn may lead to toxic effects on the host cell and/or AIKBGT
inhibition or deactivation. SDS-PAGE analysis showed that AlkB
degradation did not occur during the biotransformations and
thus can be excluded as a reason for the observed activity decrease
(data not shown).

In two-liquid-phase biotransformations, recombinant E. coli
strains expressing the alk gene cluster recently have been reported
to be less stable with n-octane than with n-dodecane as the sub-
strate (22). This behavior was assigned to a higher product and
substrate toxicity with n-octane as the substrate. Similarly, biocat-
alyst stabilities were lower during the bioconversion of the less-
hydrophobic and more-water-soluble substrate NAME than dur-
ing that of DAME (Fig. 2 and 4), correlating with the lower toxicity
of HDAME than of HNAME (Table 2). In general, organic sol-
vents with an octanol-water partition coefficient logP of <4 are
considered to be toxic to microbial cells, preventing their applica-
tion as carrier solvents in whole-cell biotransformations (7, 14, 34,
57). Solvents with a logP of >4 are considered to be suitable for
two-liquid-phase biocatalysis based on microbial cells. Low-logP
solvents are relatively water soluble and readily diffuse into cells
and accumulate in microbial membranes, which increases mem-
brane fluidity and permeability (41, 56), thus leading to leakage of
ions and macromolecules, interference with energy metabolism,
and finally membrane deterioration and cell death. Reported logP
values for NAME and DAME are 4.32 (62) and 5.41 (32), respec-
tively. Although the logP value for both substrates is above 4 and
both compounds did not affect growth of E. coli W3110, inhibiting
effects were observed in the presence of AIKL, as can be expected
for a transport facilitator alleviating the barrier function of the
outer membrane for hydrophobic molecules. For HNAME and
HDAME, the logP values were calculated to be 2.35 and 3.82,
respectively (data from ChemSpider), and both compounds were
found to affect growth of E. coli W3110. Products of further oxy-
genation steps have similarly low logP values and, although accu-
mulating to lower concentrations, may contribute to reduced vi-
ability and biocatalytic activity. Thus, facilitated uptake and
toxicity of solvents seem to be interconnected, necessitating a fine-
tuned regulation of systems involved in the uptake of and the
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defense against solvents. Given this background, it will be inter-
esting to investigate the effect of alkL expression on microbial
solvent tolerance and whole-cell biocatalyst stabilities as well as
the molecular mechanism of AIKL operation.

In conclusion, this study for the first time shows direct evi-
dence for the role of AIkL in hydrophobic substrate mass transfer
over the outer membrane, enabling efficient AIKBGT catalysis.
The 62-fold increase in biotransformation rates achieved for
DAME and the 40-fold increase for the natural substrate nonane
qualify alkL coexpression as an efficient strategy to overcome hy-
drophobic substrate uptake limitation in whole-cell biocatalysis.
More specifically, the findings now enable the development of a
productive process for DAME w-oxyfunctionalization.
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