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Abstract CYP102A1 is an efficient medium- to long-chain
fatty acid hydroxylase that is able to accept a wide range of non-
natural substrates which bear no resemblance to the natural
ones. 4-Hexylbenzoic acid (HBA) and 4-nonyloxybenzoic acid
(NOBA) were identified as CYP102A1 substrates via screen-
ing studies using the BD Oxygen Biosensor System. Spectro-
scopic binding studies showed that these two substrates bind in
the active site of CYP102A1 with Ky values of 2.6+0.1 uM
for HBA and 1.9+£0.2 uM for NOBA. NADPH consumption
rates in the presence of HBA and NOBA were 45+1 min '
and 61+1 min ', respectively. The coupling efficiency for
NADPH was 57% for NOBA, while it was 77% for HBA.
During whole-cell biotransformations, HBA was converted
into w—1- and w—2-hydroxyhexylbenzoic acid, whereas
NOBA was oxidized to w—2-hydroxynonyloxybenzoic acid
and w—2,w—4-dihydroxynonyloxybenzoic acid. HBA was
used as a fatty acid mimic to compare whole-cell biotransfor-
mations with cell-free extracts. Whole-cell biotransformations
carried out in a biphasic system resulted in 86% conversion of
5 mM HBA, producing 3.8 mM w—2- and 0.5 mM w-—1-
hydroxyhexylbenzoic acid in 4 h with a turnover number of
4.1 min !, whereas 100% conversion of 5 mM HBA was

obtained in 1 h with crude cell extracts and a cofactor
1

regeneration system, giving a turnover number of 10.5 min .
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Introduction

CYP102A1, also known as P450 BM-3, is a catalytically
self-sufficient NADPH-dependent cytochrome P450 mono-
oxygenase that is classified as a class II P450 enzyme
(Ravichandran et al. 1993). It is a water-soluble fusion
protein (M, 118 kDa) that consists of a heme domain and a
FAD/FMN reductase domain in a single polypeptide chain.
It was isolated from Bacillus megaterium (Narhi and Fulco
1982), and cloned and functionally expressed in various
Escherichia coli strains (Wen and Fulco 1987). CYP102A1
catalyzes the epoxidation of unsaturated fatty acids and the
hydroxylation of medium- to long-chain saturated fatty
acids at sub-terminal positions (Graham-Lorence et al.
1997). This enzyme is relatively stable and belongs to the
most active P450s described to date. It hydroxylates fatty
acids with turnover rates of more than 1,000 min
(Boddupalli et al. 1990; Ost et al. 2000).

CYP102A1 has a high degree of plasticity as it has been
modified to accept a wide range of non-natural substrates which
do not bear any resemblance to the natural ones (Eiben et al.
2006). The wild-type CYP102A1 can hydroxylate short-chain
alkylbenzenes at the benzylic position (Whitehouse et al.
2008b). We wanted to establish whether CYP102A1 can
accept longer-chain (C8 to C16) alkylbenzenes, alkylbenzoic
acids, and alkyloxybenzoic acids as substrates. These com-
pounds resemble long-chain alkanes and fatty acids, but are
not as often completely degraded by (3-oxidation. This makes
them attractive model compounds for studying aspects of
alkane and fatty acid hydroxylation using whole cells of
microorganisms with intact 3-oxidation. The UV absorbance
of these compounds and their hydroxy products is also
advantageous for tracking the utilization of substrates and the
formation of products using thin layer chromatography.
Additionally, hydroxylated products from alkylbenzoic acids
and alkoxybenzoic acids might be interesting monomers for
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the synthesis of novel polymers. To our knowledge, there are
no reports where alkylbenzoic acids and alkyloxybenzoic
acids have been demonstrated as potential CYP102Al
substrates.

4-Hexylbenzoic acid (HBA) and 4-nonyloxybenzoic acid
(NOBA) were identified as substrates of CYP102A1 via
screening studies of medium- to long-chain alkylbenzenes,
alkylbenzoic acids, and alkyloxybenzoic acids using the BD
Oxygen Biosensor System, which was used during the
screening of potential substrates and ligands for plant P450s
(Olry et al. 2007). Oxidations of HBA and NOBA were
studied in vivo and in vitro, and sub-terminally hydroxylated
products were recovered from the reaction mixtures without
any further degradation. Binding constants and coupling
efficiencies were also determined for each substrate.

Materials and methods
Chemicals, bacterial strains, and plasmids

Chemicals were obtained from Sigma-Aldrich, Merck, or
Acros Organics. pET28a-CYP102A1, kindly provided by
Prof. Vlada B. Urlacher (then at Institute of Technical
Biochemistry, Stuttgart University, Germany, currently at
the Institute of Biochemistry, Heinrich-Heine-University,
Diisseldorf) was transformed into competent E. coli BL21
(DE3) cells for expression. Glycerol stock was prepared
from a single colony and stored at —80 °C.

CYP102A1 expression and purification

Five milliliters of LB medium (Sambrook et al. 1989)
supplemented with 30 pg mL ™' kanamycin was inoculated
with 20 uL E. coli BL21(DE3) glycerol stock and
incubated overnight at 30 °C. One milliliter of this culture
was added to 50 mL TB medium (Pflug et al. 2007)
supplemented with kanamycin (30 pug mL™") in a 250-mL
flask and incubated at 37 °C to ODs7g 0.8—1.1. Expression
was induced with 0.5 mM isopropyl-3-D-thiogalactopyr-
anoside (IPTG). The culture was supplemented with 1 mM
d-aminolevulinic acid and incubated at 30 °C for 10 h. The
cells were harvested by centrifugation (6,000xg, 10 min,
4 °C) and the pellet was resuspended in a ratio of 1:3 wet
weight per volume (g mL™") in potassium phosphate buffer
(50 mM, pH 7.4) containing 0.5 mM dithiothreitol (DTT)
and 1 mM ethylenediaminetetraacetic acid (EDTA). The
cells were lysed using a Constant Cell Disruption System
(Constant Systems Ltd, UK; 32.5 kpsi) and the membrane
and soluble fractions were separated by centrifugation
(20,000%g, 30 min, 4 °C). CYP102A1 was purified from
the soluble fraction using a His-Trap column (Amersham)
and eluted in potassium phosphate buffer (50 mM, pH 7.4)
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containing 500 mM NacCl, using a linear imidazole gradient
(20-500 mM) with a flow rate of 5 mL min '. This was
followed by size-exclusion chromatography using a
Sephacryl 200 column (Sigma) and elution in potassium
phosphate buffer (50 mM, pH 7.4) containing 50 mM
NaCl. The protein purity was analyzed by SDS—-PAGE.

Quantification of CYP102A1

CYPI102A1 content was quantified using CO-difference
spectra (Omura and Sato 1964), carried out in F8 Maxisorp
Nunc-Immuno™ Modules (Nunc A/s, Denmark). Samples
of 200 uL were added into wells in two different microtiter
strips (Choi et al. 2003) and one well of each sample was
saturated with carbon monoxide by exposure to carbon
monoxide flow for 5 min. The samples in both microtiter
strips were reduced by adding a few grains of sodium
dithionite, followed by shaking for 10 s. The spectrum
between 350 nm and 600 nm was recorded using a
Spectramax M2 Microtiter Plate Reader (Molecular Devices
Corporation, USA), with the well not saturated with carbon
monoxide serving as the reference, until a stable Ayso_490
difference was obtained (usually within 10 min of sodium
dithionite addition). The Aysg 490 difference was corrected
for a pathlength of 1 cm and the P450 concentration was

calculated using an extinction coefficient of 91 mM 'cm ™.

Substrate screening studies

Screening studies of potential CYP102A1 substrates were
carried out using the BD Oxygen Biosensor System. Reaction
mixtures (190 pL) containing 450 uM NADPH, 3 mM
glucose-6-phosphate, 0.4 U glucose-6-phosphate dehydroge-
nase, and 250 uM substrate (free acid in the case of organic
acids) dissolved in DMSO (0.5% v/v final concentration in the
reaction mixture) were pre-incubated at 27 °C for 5 min. The
reaction was initiated by the addition of 10 puL soluble
fraction, resulting in a final CYP102A1 concentration of 400—
600 nM. The change in fluorescence in each well at 27 °C was
recorded every 30 s for 2 h using excitation and emission
wavelengths of 486 nm and 620 nm, respectively. The
fluorescence value of each well was normalized using the
fluorescence prior to enzyme addition, and the fold increase in
fluorescence, corresponding to the oxygen consumed, was
estimated after 1 min and plotted against time (Olry et al.
2007). The slopes were calculated to compare oxygen
consumption rates in the presence of different compounds
(Rolo et al. 2009).

NADPH consumption rate and coupling efficiency

The enzyme activity towards different compounds was
measured using an NADPH oxidation assay. A 1-mL
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reaction mixture containing 0.3 uM purified CYP102A1,
150 uM substrate (free acid in the case of organic acids)
dissolved in DMSO (0.5% v/v final concentration in the
reaction mixture), and potassium phosphate buffer (50 mM,
pH 7.4) was pre-incubated for 5 min at 27 °C. The reaction
was initiated by the addition of 300 uM NADPH. Aliquots of
200 pL were transferred into a 96-well plate and the NADPH
consumption was monitored at 340 nm. NADPH consump-
tion rates were determined from the slopes obtained after the
initial 30 s of the reaction and the NADPH consumed was
calculated using a standard curve generated using different
NADPH concentrations. Coupling efficiencies were deter-
mined using a similar reaction setup, with the exception of an
NADPH concentration of 100 uM. The reactions were
monitored until all the NADPH was consumed and the
substrate consumption and product formation was analyzed
using GC. Authentic standards were not available for the
quantification of the products; therefore, the concentrations of
substrates utilized were calculated from the GC peak area
ratios and related to the added amount of NADPH to
determine the coupling efficiencies (Eiben 2007).

Substrate-binding studies

Substrate-binding studies (Noble et al. 1999) were carried out
using 1 puM purified enzyme in 1 mL potassium phosphate
buffer (50 mM, pH 7.4), with l-cm quartz cuvettes. A
concentrated solution of substrate (free acid) in DMSO was
added to produce a final substrate concentration of between
0.5 uM and 300 uM. The total volume of substrate added was

kept below 1.5% of the initial volume in the cuvette. Spectral
changes between 350 nm and 650 nm were recorded using a
Varian UV-Vis spectrophotometer (Cary 300Bio UV-Vis
spectrophotometer) and the binding constants (Ky) were
determined for each substrate by following the shift in the
absorbance maximum from 420 nm to 389 nm, as a result of a
shift in the state of the heme-iron from low-spin to high-spin
upon substrate-induced replacement of the sixth ligand (water)
of the heme iron in the substrate-free state (Modi et al. 1995).

Biotransformations

The biocatalytic efficiency towards substrates was determined
using whole cells and soluble fractions of crude cell extracts. In
the case of the whole cells, the 16-h post-induction cell pellet of
50 mL culture broth (~1 g wet cell weight) was resuspended in
5 mL potassium phosphate buffer (50 mM, pH 8.0) containing
FeSO47H,0 (100 pg mL ") and 0.8% glycerol (Fujii et al.
2006). Reaction mixtures of 2 mL, defined as the biotrans-
formation reaction mixture (BRM), were set up and com-
prised 8 uM CYP102A1 (in whole cells or soluble fractions),
5 mM substrate (free acid) dissolved in DMSO (2% v/v final
DMSO concentration in the reaction mixture), water, and
different volumes of potassium phosphate buffer (1M, pH 8.0)
so as to generate final buffer concentrations of 50 mM,
100 mM, or 200 mM. In the case of the whole cells, 25 mM
glucose was included in the BRM, whereas in the case of the
soluble fractions, 6.5 U mL ™" glucose-6-phosphate dehydro-
genase, 8 mM glucose-6-phosphate, and 900 uM NADPH
was included in the BRM. A biphasic system was also set up
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Fig. 1 Rate of fold increase in fluorescence (FIF) as measured using
the BD Oxygen Biosensor System in the absence of substrate (B) and
in the presence of palmitic acid (PA), lauric acid (LA), myristic acid
(MA), 4-anisic acid (44), 4-ethoxybenzoic acid (EOBA), 4-
butoxybenzoic acid (BOBA), 4-nonyloxybenzoic acid (NOBA), 4-
ethylbenzoic acid (EBA), 4-butylbenzoic acid (BBA), 4-hexylbenzoic
acid (HBA), butylbenzene (BB), pentylbenzene (PB), hexylbenzene

(HB), and nonylbenzene (NB). Values were obtained from the average
of triplicates. Standard deviations are indicated. /nset: fold increase in
fluorescence (FIF) in the presence of palmitic acid (solid squares), 4-
butylbenzoic acid (solid triangles), 4-hexylbenzoic acid (crosses), and
4-nonyloxybenzoic acid (open squares), and in the absence of
substrate (solid diamonds)
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by adding 400 puL hexadecane, containing substrate (5 mM
final concentration in reaction mixture), to 2 mL of whole-cell
BRM containing potassium phosphate buffer (200 mM,
pH 8.0), DMSO (2% v/v) and no substrate. The reaction
mixtures were transferred to 40-mL sterile amber screw-cap
vials and incubated on a shaker at 30 °C. Vials were taken out
at specific time intervals and the residual CYP102A1 content
was quantified.

Sample extractions and product analyses

HCI (140 pL, 5 M) was added to a 1-mL reaction sample and
extracted twice with 500 pL ethyl acetate containing 0.1 mM
myristic acid as internal standard (Smit et al. 2005). The
combined organic phases were dried under a gentle stream of
nitrogen and the residual sample was methylated for GC
analysis (Barrow and Taylor 1987) by the addition of 200 puL.
trimethyl sulfonium hydroxide, followed by incubation at
room temperature for 1 h. GC analysis was carried out using
a Hewlett Packard 5890 Series II gas chromatograph
equipped with a flame ionization detector and a Supelco
wax 10 CB column measuring 30 mx0.53 mm. The
temperature program used was as follows: 150 °C, 5 min
isotherm, ramp of 10 °C min ! to 250 °C, 10 min isotherm.
The inlet temperature was 200 °C, the flow of hydrogen
(carrier gas) through the column was 6 mL min ', and the
sample volume was 1 pL. Product concentrations were
calculated using a standard curve of respective substrates,
assuming that the signal intensities of the substrates are
similar to those of the respective hydroxylated products.

Samples for GC-MS analysis were methylated and then
dried under a nitrogen stream. The residue was dissolved in
100 pL pyridine and 100 pL bis(trimethylsilyl)trifluoroa-
cetamide (BSTFA) was added, followed by incubation at
room temperature for 40 min to yield the trimethylsilylated
product (Barrow and Taylor 1987). The sample was dried
under a nitrogen stream and the residue was dissolved in
20-50 puL ethyl acetate. GC-MS analysis was carried out
using a Finnigan Trace GC ultra chromatograph, with a ZB-
WAX column measuring 30 mx0.25 mm, with helium
(carrier gas) at a flow rate of | mL min', using the above-
mentioned temperature program.

Results
Substrate screening studies

CYP102A1 was over-expressed in E. coli BL21(DE3) as a
soluble protein and the active P450 was quantified using
CO-difference spectra. Several alkylbenzenes, alkylbenzoic
acids, and alkyloxybenzoic acids with alkyl-chain lengths of
one to nine carbons were screened, along with palmitic acid,
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lauric acid, and myristic acid, which are known CYP102A1
substrates. The screening studies were carried out using the
BD Oxygen Biosensor System, which consists of a 96-well
plate that has an oxygen-sensitive fluorophore embedded in
a silicone matrix at the bottom of each well (Wodnicka et al.
2000). The presence of oxygen in the matrix suppresses the
fluorophore, but as the concentration of oxygen is depleted
by the enzymatic reaction, the fluorescent signal increases.
The initial screening studies were carried out using whole
cells, but high cellular respiration resulted in high increases
in fluorescence, corresponding to high levels of oxygen
consumption in the absence of substrate. Soluble fractions of
cell-free extracts containing active CYP102A1 were there-
fore used instead and were diluted so as to maintain a
CYP102A1 concentration of 400-600 nM per well, which
resulted in only a low background fluorescence increase in
the absence of substrate. Experiments were also performed
without the addition of NADPH, but when soluble fractions
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Fig. 2 Type 1 binding spectra obtained from the titration of
CYP102A1 (1 uM) with a HBA (light dashed line no substrate; dark
solid line 4.5 uM) and b NOBA (light dashed line no substrate; dark
solid line 1.5 uM) showing isobestic points at 405 nm for HBA and
407 nm for NOBA. Insets absorption difference between 389 nm and
420 nm, plotted against substrate concentrations



Appl Microbiol Biotechnol (2011) 90:117-126

121

of fresh extracts were used, relatively large increases in
fluorescence were obtained because of the presence of
endogenous NADPH. Therefore, only reaction mixture without
substrate was used as a blank to determine the background
oxygen consumption. The rates of the fold increase in
fluorescence were calculated from the initial slopes (Rolo et
al. 2009), which were obtained within 1 to 10 min after the
initiation of the reaction (Fig. 1). These were used to identify
the compounds which might serve as substrates. A significant
increase in fluorescence was obtained in the presence of
palmitic acid, lauric acid, and myristic acid, the natural
substrates of CYP102A1, indicating oxygen consumption. An
increase in fluorescence, comparable to that of the wells
containing these natural substrates, was obtained in the
presence of NOBA, while HBA gave a response that was
approximately double the response observed in the absence of
substrates. The increase in fluorescence in the presence of
nonylbenzene was higher than in the absence of substrates and
only slightly lower than with HBA, but this result was not
supported by substrate confirmation studies (data not shown).

Substrate-binding spectra and NADPH consumption

Type I binding spectra were obtained when purified
CYP102A1 (1 uM) was titrated with HBA and NOBA
(Fig. 2). This provided evidence of the affinity of the enzyme
for HBA and NOBA and confirmed that these compounds
are CYP102A1 substrates. Apparent binding constants (Kj)
were calculated by plotting the values of the absorbance
difference, Asgo 420, against substrate concentrations (Noble
et al. 1999; Huang et al. 2007). The binding constants of
CYP102A1 with HBA and NOBA were 2.6+0.1 uM and
1.940.2 uM, respectively (Table 1).

The NADPH consumption rate was 45+1 min ' in the
presence of HBA and 61+1 min ' in the presence of NOBA.

With a limited NADPH concentration of 100 uM and low
HBA and NOBA concentrations of only 150 uM, only one
major product peak for each of these substrates was observed in
the GC analyses of methylated samples. The coupling
efficiencies were therefore calculated with respect to the percent
substrate consumed after the complete utilization of NADPH.
The coupling efficiency of CYP102A1 was 77% in the
presence of HBA and 57% in the presence of NOBA (Table 1).

Identification of products

GC-MS analysis of methylated and silylated extracts from
whole-cell biotransformations was used to determine the
positions at which the substrates were hydroxylated. Frag-
mentation of the methylated and silylated products from HBA
indicated that it was mainly hydroxylated at the w—2 position,
forming w—2-hydroxyhexylbenzoic acid as the major prod-
uct, or at the w—1 position, forming w—1-hydroxyhexylben-
zoic acid as the minor product (Fig. 3). Both of the products
formed from HBA could also be detected with GC analysis
of samples that were only methylated, and quantitative
analysis of product formation with GC analysis gave
satisfactory results when it was assumed that the response
for the products was the same as for the substrate (i.e., the
sum of the relative areas for HBA and the products remained
constant over time). The ratio of w—2:w—1 hydroxylation
was ca. 7:1 and remained constant over time. This ratio was
also not affected by biotransformation conditions when these
were varied in later experiments.

Fragmentation of the methylated and silylated products
from NOBA indicated that NOBA was also initially
hydroxylated at the w—2 position, forming w—2-hydrox-
ynonyloxybenzoic acid as the major product (Fig. 4). At
later stages of the reaction, this product was also hydrox-
ylated at the w—4 position, resulting in the formation of

Table 1 Activity, coupling efficiency, and binding constants of wild-type CYP102A1 with different substrates

Substrate [NADPH] nmol min~' nmol ' Coupling Ky value Reference(s)
of CYP102A1 efficiency (%) (LM)

4-Hexylbenzoic acid 45+1 77 2.6%0.1 Present study

4-Nonyloxybenzoic acid 61+1 57 1.9+0.2 Present study

Lauric acid 2,777 52 270 Whitehouse et al. (2009)
Huang et al. (2007)

Myristic acid 4,835 88 6.9 Girvan et al. (2004)
Cryle et al. (2007)

Palmitic acid 4,590 93 11.3 Girvan et al. (2004)
Cryle et al. (2007)

Propylbenzene 866 71 73.5 Li et al. (2001)
Whitehouse et al. (2008a)

4,6,8 Trimethyldecane-2-ol 59.5 83 >200 Budde et al. (2006)

4,6,8 Trimethyldecanoic acid 150.7 23 ND Budde et al. (2006)
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w—2,w—4-dihydroxynonyloxybenzoic acid. It was possible
to detect the monohydroxylated product with GC analysis
of only methylated extracts, but the dihydroxylated product
could only be detected if the samples were methylated and
silylated. It was not possible to accurately quantify the
products formed from NOBA using GC analysis since the
sum of the relative areas of NOBA and its products was not
constant over time. TLC also indicated that more over-
oxidized products were formed which were not detected
using GC analysis. It is also possible that all of the products
were not extracted. HPLC analysis of filtered reaction
mixtures from NOBA biotransformations is an option that
should be investigated in the future.

Stability of CYP102A1 during whole-cell
biotransformations of HBA and NOBA

The substrate concentration used for all of the biotransfor-
mation experiments was 5 mM and the CYP102A1
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concentration was 8 puM. The initial biotransformations
were conducted using whole cells in 50 mM potassium
phosphate buffer (pH 7.4). The residual P450 activity was
determined after 4 h and 19 h using CO-difference spectra.
After 19 h, a decrease in catalytically active CYP102A1
was observed when compared to CYP102A1 in the absence
of substrate. This was evident from a decrease in the P450
peak and the formation of a P420 peak, indicating the
formation of inactive P420 species (Fig. 5). In the presence
of NOBA, 82% of the P450 was still active, whereas in the
presence of HBA, only 16% of the P450 remained active.
In these initial experiments, only 15% of the HBA was
converted to products within 19 h, while the conversion of
NOBA was at least 25%. As the insolubility of NOBA
complicated sampling and the quantification of NOBA and
its products, quantification of further biotransformation
experiments was only done for HBA. Since HBA con-
sumption leveled off between 4 h and 19 h and no P420
peak was observed after 4 h, the reaction time was reduced
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The biotransformation results obtained with HBA are e
summarized in Table 2. In order to investigate factors 0.1
limiting whole-cell biotransformation, the first parameter E :
that was investigated was substrate availability. Tsotsou et g
al. (2002) reported an increase in the permeability of E. coli 0 V
cells by partial lysis using 100 mM potassium phosphate 4 450 500 550 600
buffer at pH 8.0. Based on these results, whole-cell 0.1
biotransformations of HBA were conducted using 50 mM,
-0.2

100 mM, and 200 mM potassium phosphate buffer at
pH 8.0. Whole-cell CO-difference spectra done after 4 h
showed that the change in pH and the variation in buffer
concentration did not affect the stability of CYP102A1
during the 4-h reaction. Increasing the pH from 7.4 to 8.0
resulted in the substrate conversion after 4 h doubling from

Wavelength [nm]
No substrate ====HBA ====NQOBA

Fig. 5 Residual intact CYP102A1 in whole cells in the absence of
substrate (light line) and in the presence of HBA (medium line) or
NOBA (dark line) after 19 h of whole-cell biotransformation

@ Springer



124

Appl Microbiol Biotechnol (2011) 90:117-126

Table 2 Summary of biotransformation results obtained with HBA

Reaction pH Buffer concentration (mM)

Total product formed after 4 h (mM)

Product formation rate®  Specific rate® (min~")

(mMmin ")
WC_Aq 7.4 50 0.6 0.004 0.5
WC Aq 8.0 50 1.1 0.006 0.7
WC Aq 8.0 100 2.4 0.010 1.2
WC Aq 8.0 200 3.0 0.017 2.1
WC Biph 8.0 200 43 0.032 4.1
Sol Aq 8.0 50 5.0 0.083 104

WC whole cells, Sol soluble fractions of cell-free extracts, 4q aqueous phase only, Biph biphasic system

 Calculated from conversion after 1 h

12% to 22%. Increasing the buffer concentration to
100 mM and 200 mM further increased the substrate
conversion to 48% and 60%, respectively.

Whole cells expressing CYP102A1 and cell-free extracts
containing CYP102A1 have been studied in biphasic
systems to increase the turnover numbers and product
yields (Maurer et al. 2005; Mouri et al. 2006). In order to
study the effect of biphasic systems on the regioselective
hydroxylation of HBA by CYP102A1 and the acceleration
of the reaction rate, whole-cell biotransformation studies
were conducted using hexadecane as an organic phase and
200 mM potassium phosphate buffer (pH 8.0) as an
aqueous phase (Sowden et al. 2005). The total substrate
conversion was increased to 86% after a 4-h reaction with
the w—2:w—1 hydroxylation ratio remaining 7:1. Thus,
with the whole-cell biotransformations, the maximum
product formed from 5 mM HBA was 3.8 mM w—2- and
0.5 mM w—1-hydroxyhexylbenzoic acid.

To further evaluate the diffusion barrier and the
limitation of intracellular NADPH concentration, biotrans-
formations were conducted under similar experimental
conditions using the soluble fraction of crude cell extracts
in 50 mM potassium phosphate buffer (pH 8.0) with
cofactor regeneration by glucose-6-phosphate dehydroge-
nase. In this case, 100% of the substrate was utilized within
1 h. The product ratio remained unchanged. Thus, the
maximum specific hydroxylation rate obtained with whole
cells was 4.1 min~' when 200 mM potassium phosphate
buffer (pH 8.0) was used in a biphasic system with
hexadecane, while the maximum specific hydroxylation

rate obtained with crude cell-free extract was 10.4 min ..

Discussion

Oxygen consumption measured using the fluorescence-
based BD Oxygen Biosensor System raised the expectation
that NOBA would be an excellent substrate for CYP102A1
since the oxygen consumption rate with NOBA was even
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higher than with the natural fatty acid substrates of
CYP102A1. This result was, however, not supported by
NADPH consumption assays. Oxygen consumption rates
for NOBA were apparently six times higher than those for
HBA, whereas NADPH consumption rates were less than
double. The coupling efficiency for NADPH was also only
57% for NOBA, while it was 77% for HBA. The poor
NADPH coupling efficiency observed with NOBA indi-
cates that oxygen consumption will also be uncoupled, but
does not completely explain the disproportionately high
oxygen consumption observed with NOBA. These results,
however, indicate that P450 substrate screening results
obtained with fluorescence-based oxygen sensors should be
treated with caution and further assays to confirm positive
results are essential.

Comparison of the binding constants of CYP102A1 for
HBA and NOBA with those for other substrates (Table 1)
indicates that CYP102A1 has a higher affinity for HBA and
NOBA than for its natural fatty acid substrates such as
lauric acid, myristic acid, and palmitic acid as well as other
non-natural CYP102A1 substrates such as propylbenzene
and branched-chain alcohols and acids. However, despite
the fact that HBA and NOBA bind quite strongly to
CYPI102A1, turnover numbers and coupling efficiencies are
much lower than observed with fatty acids and even lower
than with propylbenzene (Table 1).

The regioselectivity of hydroxylation of HBA and
NOBA by CYP102A1 is very similar to the results obtained
with fatty acids. The hydroxylation of HBA was relatively
selective, with a constant ratio of 7:1 for the w—2 and w—1
positions. Since HBA is also a 13-carbon organic acid, it is
remarkable that whole cells of E. coli expressing
CYP102A1 preferentially hydroxylated tridecanoic acid at
the w—2 position, with an w—1:w—2:w-3 ratio of 1:8:2
(Schneider et al. 1998). Whole-cell hydroxylation of lauric
acid, myristic acid, and pentadecanoic acid, on the other
hand, occurred at the w—1, w—2, and w—3 positions with
almost equal efficiencies, with w—1:w—2:w—3 ratios of
4:3:3, 5:3:3, and 3:5:2, respectively.
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NOBA was initially hydroxylated only at the w-2
position, but the product was subsequently further hydrox-
ylated at the w—4 position. Following the consumption of
NOBA in ethyl acetate extracts did not give satisfactory
results and the products from NOBA were difficult to assay
using GC. It is therefore possible that more over-oxidized
products were formed from NOBA. More work thus needs
to be done to develop improved assays for NOBA and its
products. Over-oxidation of C-15 and C-16 fatty acids has
also been reported by other groups. Schneider et al. (1999)
reported multiple oxidation of pentadecanoic acid in
reactions with whole cells and cell-free extracts carried
out under high oxygen concentration. Boddupalli et al.
(1992) also reported multiple oxidation of palmitic acid
by purified CYP102A1, but found that lauric acid and
myristic acid, the shorter-chain fatty acids, were not
over-oxidized.

Whole-cell biotransformations of fatty acids were exten-
sively studied by Schneider et al. (1998, 1999). CYP102A1
was co-expressed with the fatty acid uptake system from
Pseudomonas oleovorans in E. coli K27, a fadD mutant
strain which cannot degrade fatty acids and their products
via {3-oxidation. Using this system, the conversion of
pentadecanoic acid with cell-free extracts was approximately
24 times faster than with whole cells. The explanation that
was offered for the higher specific rate obtained with cell-
free extracts was that the whole-cell conversion may have
been limited by the availability of endogenous NADPH or
by the transfer of the hydrophobic substrate through the cell
membrane. In the current study, we have demonstrated that
the whole-cell conversion of HBA could be increased at least
five-fold by improving the substrate uptake via increased
buffer concentration and the use of a co-solvent system.
However, the specific CYP102A1 activity with whole cells
was still 2.5 times lower than with cell-free extracts. It was
thus shown with HBA that, in the case of CYP102A1
expressed in E. coli, substrate transfer into the cell can be a
rate-limiting factor, even in the case of substrates for which
turnover numbers with isolated enzymes are in the order of
only 45 min'. HBA will be used in further comparative
studies to investigate factors limiting P450-catalyzed whole-
cell biotransformations of fatty acid type substrates. HBA
offers the advantage that studies are not limited to
engineered hosts with disrupted (3-oxidation.
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