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Abstract

Background: Whole-cell biocatalysis in organic solvents has been widely applied to industrial
bioprocesses. In two-phase water-solvent processes, substrate conversion yields and volumetric
productivities can be limited by the toxicity of solvents to host cells and by the low mass transfer
rates of the substrates from the solvent phase to the whole-cell biocatalysts in water.

Results: To solve the problem of solvent toxicity, we immobilized a thermostable lipase (TIliA)
from Pseudomonas fluorescens on the cell surface of a solvent-resistant bacterium, Pseudomonas
putida GM730. Surface immobilization of enzymes eliminates the mass-transfer limitation imposed
by the cell wall and membranes. TliA was successfully immobilized on the surface of P. putida cells
using the ice-nucleation protein (INP) anchoring motif from Pseudomonas syrinage. The surface
location was confirmed by flow cytometry, protease accessibility and whole-cell enzyme activity
using a membrane-impermeable substrate. Three hundred and fifty units of whole-cell hydrolytic
activity per gram dry cell mass were obtained when the enzyme was immobilized with a shorter
INP anchoring motif (INPNC). The surface-immobilized TliA retained full enzyme activity in a two-
phase water-isooctane reaction system after incubation at 37°C for 12 h, while the activity of the
free form enzyme decreased to 65% of its initial value. Whole cells presenting immobilized TIiA
were shown to catalyze three representative lipase reactions: hydrolysis of olive oil, synthesis of
triacylglycerol and chiral resolution.

Conclusion: In vivo surface immobilization of enzymes on solvent-resistant bacteria was
demonstrated, and appears to be useful for a variety of whole-cell bioconversions in the presence
of organic solvents.

Background Enzymes can catalyze reactions exhibiting enantioselectiv-
Biocatalysis that exploits the catalytic activities of enzymes ity and regioselectivity under appropriate conditions.
has emerged as a promising approach to chemical synthe-  Despite the tremendous repertoire of enzyme reactions in
sis of novel and industrially significant compounds [1,2].  nature, their applications are limited because of enzyme
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availability (screening, overexpression and purification),
substrate range and operational stability [1]. Enzyme
immobilization can often be used to improve product
separation, operational stability and reusability. However,
during immobilization, enzyme activity and natural prop-
erties are lost and the reusability of the immobilized
enzyme is also limited. As these issues can be overcome by
using whole cells, whole-cell biocatalysis has been widely
adopted for the commercial synthesis of a variety of com-
pounds, from bulk chemicals to valuable pharmaceuticals
[2,3] or for bioremediation [4]. Compared with isolated
enzymes, whole-cell biocatalysts can be much more read-
ily and inexpensively prepared on an industrial scale.
Owing to their diversity and ease of handling, microbial
cells have been most commonly utilized for whole-cell
biocatalysis.

One of the technical problems in whole-cell biocatalysis is
the mass-transfer limitation, since the cell membrane and
wall act as a permeability barrier, thus requiring a perme-
abilization step. Permeabilization in turn may induce
other problems, such as enzyme inactivation and the
release of cellular components. A more innovative solu-
tion to the mass-transfer limitation problem would be to
immobilize the target enzyme on the bacterial surface
[5,6]. The use of whole cells presenting surface-bound
enzymes for biocatalysis (in vivo immobilization) may
provide an alternative to the traditional way of perform-
ing enzymatic reactions [7,8].

In vivo immobilization of foreign proteins on the surfaces
of Gram-negative bacteria is usually accomplished
through fusion of the target protein with endogenous
outer membrane proteins such as LamB, PhoE, OmpA,
Lpp-OmpA, OprF, OmpC, OmpS, invasin and INP [5,6].
The target proteins are either fused to the N-terminal or C-
terminal or inserted into a permissive region. We have
developed a stable procedure using the ice-nucleation
protein (INP) [7], an outer membrane protein from Pseu-
domonas syringae that catalyzes the formation of ice crys-
tals in super-cooled water [9]. Foreign proteins were
surface-immobilized not only by whole INP but also by
truncated versions [10,11]. INP immobilization technol-
ogy is now well established for whole-cell biocatalysis 7],
vaccine development [10] and combinatorial screening of
enzyme libraries [12,13].

In whole-cell biocatalysis, process productivity has been
frequently limited because substrates or products of inter-
est are sparingly soluble in water and/or toxic to the pro-
ducer microorganism [14]. Two-phase water-solvent
systems provide an alternative methodology for perform-
ing efficient bioconversion because they increase the sol-
ubilities of hydrophobic substrates or products and/or
change the kinetic equilibrium, enhancing productivity
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[15,16]. The solvents might be chosen according to their
polarities as quantified by a logarithmic parameter, log P,,,
w where P, is the partition coefficient of a given solvent
in an equimolar mixture of octanol and water [17].
Hydrophobic solvents (log P, > 5) are usually consid-
ered to comply with biocompatibility criteria.

Bacteria resistant to organic solvents allow a new degree of
freedom in coping with toxic solvents [18]. They can sur-
vive and even grow normally in pure organic solvents that
are considerably less lipophilic than octane, even toluene
(log P, = 2.7) or heptanol (log P, = 2.4) [19,20]. Since
the initial discovery of a toluene-tolerant Pseudomonas put-
ida [21], other strains of P. putida [22] and other species of
the genus Pseudomonas have been reported [23]. Further-
more, solvent tolerance has recently been found in strains
of the Gram-positive bacteria Bacillus [24,25] and Rhodo-
coccus [26].

In this study, we immobilized an enzyme on the surfaces
of solvent-resistant bacteria to provide whole-cell biocata-
lysts for biotransformation reactions in the presence of
organic solvents. To do this, a thermostable lipase (TliA)
from Pseudomonas fluorescens SIK W1 [27] was expressed
on the surface of Pseudomonas putida GM730 [28] using
INP fusion, and the in vivo immobilized enzyme was
shown to serve as a whole cell biocatalyst for three repre-
sentative lipase reactions: lipid hydrolysis in a two-phase
reaction, triacylglycerol synthesis without water and chiral
resolution in organic solvent. The lipase (TliA) from P. flu-
orescens SIK W1, the optimum pH and temperature of
which are 8.5 and 45~55°C, respectively [29], was
selected owing to its usefulness in a variety of reactions
[30]. Its stability to organic solvents was not investigated,
though it can be inferred from the available literature that
lipases are generally stable in organic solvents, with a few
exceptions of stimulation or inhibition [31].

Results and discussion

In vivo immobilization of lipase on the Pseudomonas
putida cell surface

In our previous work, the thermostable lipase TliA was
expressed on the Escherichia coli surface and used for
whole-cell biocatalysis in olive oil hydrolysis and for
screening improved enzyme variants after mutation [13].
To express TliA on the surface of a solvent resistant bacte-
rium, Pseudomonas putida GM730 [28], we used the same
strategy to construct the INPNC-TIliA and INP-TIiA fusion
proteins, the expression of which was directed from the
surface display vectors pJHC13 and pJHC14. Their con-
structions were based on a broad host-range vector,
pRK415 [32].

Active lipase expression in P. putida GM730 was verified

by halo formation around the colonies on a tributyrin
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(A) Halo-formation around the colonies of recombinant P. putida GM730 cells. (B) Probing the surface display of the lipase by
flow cytometry using rabbit-anti-TliA antibodies and fluorescein-labeled ant-rabbit IgG antibodies. a. Histogram of GM730/
pRK415 (control cells) and GM730/JHCI13 (INPNC-TIiA displaying cells). b. Histogram of GM730/pRK415 (control cells) and
GM730/JHC143 (INP-TIiA displaying cells).
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Figure 2

Stability of lipase displayed on the surface of P. putida GM730/
pJHCI3 cells (m) and free form lipase ( A) during incubation
at 37°C in a two-phase water-isooctane reaction system.
Residual lipase activities were measured spectrophotometri-
cally with pNPP as a substrate and calculated by assuming the
initial activity was 100%.

(1% v/v) emulsion agar plate (Figure 1A). Colonies of
control cells (P. putida GM730/pRK415) did not form
halos during incubation for 24 h at 25°C, indicating that
the host cells did not secrete any lipolytic enzymes into
the growth medium. Halos formed around the GM730/
pJHC13 and GM730/pJHC14 colonies. The cells express-
ing INPNC-TIiA (GM730/pJHC13) formed much larger
halos than those expressing INP-TliA (GM730/pJHC14).

To confirm immobilization of the lipase on the P. putida
GM730 cell surfaces, whole-cell enzyme activities were
measured with p-nitrophenyl palmitate (pNPP), which
does not enter the cells. Lipase activities of 350 and 163
units per g dry cell mass were obtained when PBS-washed
GM730/pJHC13 and GM730/pJHC14 cells, respectively,
were induced with 1 mM IPTG. The corresponding lipase
activities in the culture supernatant did not exceed 30
units/g dry cell mass, indicating that there was no release
of lipase into the medium during cell growth and induc-
tion of the fusion proteins. The shorter anchoring motif,
INPNC, mediated the immobilization of more lipases on
P. putida GM730 cells than did INP. Total INPNC was 3~4
times more highly expressed than INP, as determined by
levansucrase and CMCase fusion experiments in our lab-
oratory (data not shown). Thus, the amount of lipase tar-
geting to the outer membrane was higher (normally two-
fold higher) with INPNC than with INP.
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The presence of TliA on the P. putida cell surfaces was fur-
ther verified by flow cytometry as described previously
[13]. As shown in Figure 1B, IPTG-induced and PBS-
washed cells were probed with primary rabbit polyclonal
antibodies reactive to TliA, and thereafter fluorescently
stained with a fluorescein (FITC)-labeled secondary anti-
body. The data show that the negative cells (GM730/
pRK415) did not react with the anti-TliA antibodies, but
the positive cells (GM730/pJHC13 and GM730/pJHC14)
reacted, confirming that the lipase was immobilized on
the P. putida GM730 surface.

Stability of in vivo immobilized lipase in a two-phase,
water-organic solvent system

We compared the in vivo immobilized lipase with free
lipase in a two-phase water-organic solvent system. As
described previously [33], isooctane was selected as the
solvent phase to dissolve hydrophobic substrates in the
two-phase bioconversion system. As shown in Figure 2,
whole-cell lipase activity was maintained for 12 h in the
water-isooctane system, whereas the activity of the free
enzyme was decreased to 65% of its initial value. One pos-
sible explanation for the stabilization of lipase in the
water-isooctane reaction system might be the effect of
immobilization on the bacterial cell surface. Lee et al.
demonstrated that surface-immobilized lipases were sta-
ble to heat and organic solvents when the lyophilized cells
were incubated at high temperature or in organic solvents
[34,35]. Similar results were obtained from lipases immo-
bilized on yeast surfaces [36]. These results suggest that
surface immobilization of lipases, like immobilization of
enzymes on synthetic resins, is a method of choice for sta-
bilizing them against heat or organic solvents.

Hydrolysis of olive oil in a two-phase fermentation system
We tested the TliA-decorated P. putida cells as a whole-cell
biocatalyst for hydrolyzing olive oil in a two-phase water-
solvent fermentation system. For this reaction, 10% (w/v)
olive oil dissolved in isooctane was vigorously mixed with
an aqueous solution containing complex growth
medium. Overnight cultures of recombinant P. putida
cells and E. coli JIM109/pJHC11 cells were inoculated into
the mixtures. Cell growth in the aqueous phase and
hydrolysis of olive oil in the isooctane phase were moni-
tored. As shown in Figure 3, all the GM730 cells grew nor-
mally in the two-phase system. In the isooctane phase, the
concentrations of fatty acids produced by the hydrolysis
of olive oil by GM730/pJHC13 and GM730/pJHC14 cells
were 15.9 mM and 9.8 mM, respectively, while no hydrol-
ysis was detected in the control cells (GM730/pRK415). E.
coli JM109/pJHC11 cells with immobilized INPNC-TliA
were unable to grow normally or hydrolyze olive oil.
Clearly, E. coli cells could not grow in the biphasic water-
isooctane fermentation system owing to the toxicity of
isooctane, but P. putida grew normally in that system.
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Lipid hydrolysis by surface-displayed lipase in two-phase water-isooctane fermentation system. (A) Cell growth of, (B) fatty
acids released by, P. putida GM730 cells containing pRK415 (e ), pJHCI3 (A), pJHC14 (m) and E. coli JM109/pJHCI | (®).

These results suggest that GM730 cells are highly stable to
isooctane and grow in a biphasic reaction system, and that
the surface-immobilized lipase was active and available
for hydrolyzing olive oil in this system.

Synthesis of triacylglycerol in isooctane

We also investigated whether P. putida cells carrying
immobilized lipases can used to perform a synthetic reac-
tion, the reverse of lipase-catalyzed hydrolysis, in an
organic solvent. Triacylglycerol synthesis in isooctane was
used as a model. We used GM730/pJHC13 as a whole-cell
catalyst because its lipase activity was higher than that of
GM730/pJHC14. P. putida GM730/pJHC13 cells were pre-
pared by cultivation at 30°C, induction with 1 mM IPTG
and harvesting by centrifugation. The cells were washed
with PBS and finally air-dried. Air-dried cells (100 mg)
were dispersed in 10 ml reaction mixture. As shown in Fig-
ure 4, a 65% (w/w) yield was obtained from 100 mM of
glycerol and 10 mM oleic acid in isooctane after 68 h reac-
tion. These results suggest that in vivo immobilized lipase
on the surface of solvent-resistant bacteria can be used for
efficient triglyceride synthesis in an organic solvent.

Chiral resolution of racemic 4-nitrophenyl 2-
phenylpropionate in a biphasic reaction system

Recently, many enantiomerically pure compounds have
been produced by regio- and enantio-selective reactions
with lipase, such as the kinetic resolution of 1-phenyleth-
anol or a-methylene B-lactams, and dynamic kinetic reso-
lution of hemiaminals and cyanohydrin esters [37,38]. In
many cases, however, lipases have been used in immobi-
lized form, which is expensive and laborious and repre-
sents an obstacle to broadening the use of enzymatic
processes. To improve the cost-efficiency of chiral resolu-
tion reactions, the use of lipases immobilized on the sur-
faces of E. coli [35,39,40] and Saccharomyces cereviae [36]
has been proposed. In this study, we illustrated a further
use of in vivo immobilized lipases: to achieve enantiose-
lective chiral resolution of a racemic mixture of p-nitroph-
enyl 2-phenylpropionate (NPPP) (Fig. 5A), especially in a
two-phase aqueous-organic solvent system, since opti-
cally pure 2-phenylpropionic acid has been widely used as
a chiral building block in fine chemical synthesis. Isooc-
tane was used as the solvent phase for dissolving substrate
and product. In the reaction system, 50 mM racemic NPPP
was dissolved in 10 ml isooctane, and GM730/pJHC13
cells, washed and prepared as described above, were sus-
pended in 10 ml PBS.
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Figure 4

Synthesis of triacylglycerol by lipase displayed on the P. putida
GM730/pJHCI 3 cell surfaces in the isooctane solvent reac-
tion system at 37°C. Conversion yield during incubation is
shown.

After 72 h in the two-phase water-isooctane system, the
enantiomeric excesses of the surviving p-nitrophenyl 2-
phenylpropionate and the product (R) 2-phenylpropionic
acid were 64.0% and 90.1%, respectively (Fig. 5B). The
percentage conversion was 41.5% with an enantiomeric
ratio of 36. The time course of the reaction is also shown
in Fig. 5B. Although the percentage conversion and the
enantiomeric ratio were not very high for resolution of p-
nitrophenyl 2-phenylpropionate, this result is sufficient
to indicate that surface-immobilized lipases on solvent-
resistant bacteria have potential for whole-cell resolution
of racemic mixtures of chiral compounds in organic sol-
vents. We did not try to optimize the reaction itself fur-
ther, but as described previously [13], we are now
evaluating the surface immobilization system in solvent-
resistant bacteria for screening a TliA library in order to
obtain lipase mutants with higher chiral selectivity and
stability in organic solvents. According to a recent report
[41], higher productivity could be achieved in fine chem-
ical synthesis by the partitioning of substrates and prod-
ucts in two-phase systems. Thus, if in the future we use
more hydrophilic solvents with higher NPPP solubility,
we can improve the conversion yield.

Conclusion

We demonstrate the immobilization of a thermostable
lipase from Pseudomonas fluorescens in an active form on
the cell surface of Pseudomonas putida, a solvent-resistant
bacterium, and show that the enzyme catalyzes reactions
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in the presence of an organic solvent. This in vivo immobi-
lized lipase was stably maintained in a water-isooctane
system without being released from the cell surface. Two-
phase fermentation for lipid hydrolysis was achieved by
growing the cells in a mixture of water and solvent phases
containing culture medium and olive oil, respectively.
Moreover, the in vivo immobilized lipase could be used
for lipid synthesis and chiral resolution. Because the in
vivo immobilized lipase can be prepared easily by simple
cultivation and separation of the cells, no additional steps
for the purification and stabilization (immobilization)
are required and can feasibly be modified by rational de
novo design of the enzyme. Thanks to the advantages of
solvent-resistant bacteria as expression hosts for surface
immobilization of enzymes, they can be widely applied in
whole-cell biocatalytic processes for producing bulk bio/
chemicals to fine chemicals. Moreover, a library of
enzymes on the surfaces of solvent-resistant bacteria can
also provide a high-throughput screening tool for directed
evolution of enzymes that will become more stable and
active in toxic organic solvents. As described elsewhere
[13], we are evaluating this technique to evolve the lipase
for chiral selectivity and transesterification in organic sol-
vents.

Methods

Bacteria and growth conditions

E. coli IM109 (recAl supE44 endA1 hsdR17 [r, my*| gyrA96
relA thi "A[lac-proAB]/F' [traD36 proAB* lacZAM15]) was
used as a host for plasmid construction. An organic sol-
vent-resistant bacterium, Pseudomonas putida GM730 [28],
was employed for the surface immobilization of lipase
and used for whole-cell biocatalysis in organic solvents. E.
coli and P. putida were grown in Luria-Bertani (LB)
medium (0.5% yeast extract, 1% tryptone, 0.5% NaCl) at
the desired temperatures. Ampicillin (100 pg/ml) or tetra-
cycline (15 pg/ml) was added to the medium to select
recombinant cells.

Construction of plasmids and recombinant P. putida cells
The surface immobilization vectors for the lipase, TliA,
from Pseudomonas fluorescens SIK W1 were derived from
pJHC11 and pJHC12, which encode the INP-TliA and
INPNC-TIiA fusion proteins [13]. For expression in P. put-
ida GM730, a broad host-range vector, pRK415, was used
[32]. A 2.6 kb DNA fragment containing the tac promoter
and the gene encoding INPNC-TlIiA obtained from
pJHC11 by BamHI-HindIll treatment was inserted into
pRK415 treated with the same enzyme, creating pJHC13,
which directed expression of the INPNC-TIiA fusion pro-
tein with 1 mM isopropylthio-f-D-galactopyranoside
(IPTG). To generate pJHC14, directing expression of the
INP-TIiA fusion protein, the same subcloning strategy was
applied using pJHC12. An 8 kb DNA fragment containing
the tac promoter and the gene encoding INP-TIA
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Racemic 4-nitrophenyl 2-phenylpropionate

GM730/pJHC13
(R)-2-phenylpropionate (S)-4-nitrophenyl 2-phenylpropionate

(B) S) (R) (S) S)

(R)
GM730/ GM730/
pJHC13 pJHC13
. q q
: \ R
8 k - _W®
0 hr 24 hr 72 hr
Time Enantiomeric excess (ee, %)?2 Conversion | Enantiomeric
.. o/ \b ;
(hr) Remaining ester (ee,) | Product (ee,) (%) ratio (E)°
24 17.9 94.5 15.9 42.3
48 38.9 92.4 29.6 36.9
72 64.0 90.1 41.5 36.0

aEnantiomeric excess (ee): 100 X (A-B)/(A+B), where A and B are enantiomers and A > B.
bConversion (%): ee, /(ee, + ee,)
cEnantiomeric ratio (E): In(1-c(1+ ee,))/In(1-c(1- ee,))

Figure 5

Chiral resolution of racemic 4-nitrophenyl 2-phenylpropionate (NPPP) in two-phase water-isooctane reaction system. (A)
Schematic diagram for chiral resolution of NPPP. (B) Chromatograms and time dependence of reaction by P. putida GM730/
pJHCI3 cells over 72 h.
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obtained from pJHC12 by BamHI-HindIII treatment was
inserted into pRK415. The plasmids were introduced into
P. putida GM730 cells by conjugal transfer with a helper
plasmid, pRK2013 [42]. Briefly, overnight cultures of
donor (JM109/pJHC13 or JM109/pJHC14), acceptor
(GM730) and helper (HB101/pRK2013) cells were inocu-
lated into the main culture. When the cultures reached
optical density 0.8 (600 nm), 1 ml of the cells were har-
vested, washed twice with 0.9% (w/v) saline and resus-
pended in 200 pl saline. The washed acceptor, helper and
donor cells were sequentially dropped and dried on LB
agar plate. Finally, the plates were incubated at the growth
temperature (30°C) of the acceptor cells. After 8~10 h, the
cells were collected and resuspended in sterile saline, then
spread on a selective agar plate containing ampicillin and
tetracycline. The newly formed colonies of P. putida
GM730 were verified for presence of pJHC13 and
pJHC14.

Flow cytometry

An overnight culture of recombinant P. putida cells was
transferred to fresh LB medium and grown to ODyy,m =
0.4. Synthesis of recombinant proteins was induced with
1 mM IPTG and incubation was continued for an addi-
tional 6 h at 30°C. The surface localization of the recom-
binant lipase was confirmed by flow cytometric analysis.
For immunofluorescence staining, 1010 cells were har-
vested and washed three times with PBS. The washed cells
were resuspended in 1 ml PBS containing 1% skim milk
and rabbit anti-TliA antibody (1:1,000) and incubated on
ice for 1 h. After washing three times with PBS, the cells
were incubated with FITC-conjugated anti-rabbit IgG anti-
body (1:100) on ice for 1 h. The FITC-labeled cells were
examined under a FACScan flow cytometer (Becton Dick-
inson, Oxnard, CA).

Hydrolysis of olive oil in a two-phase fermentation system
A two-phase fermentation system, consisting of 10 ml of
isooctane to dissolve the olive oil and 10 ml of LB
medium for cell growth, was used for whole cell hydroly-
sis of olive oil. Olive oil (10% w/v) was dissolved in the
isooctane phase. Overnight cultures (0.5 ml) of each
recombinant P. putida cell were inoculated into the two-
phase reaction mixtures in 500 ml baffled flasks, which
were incubated in a shaking incubator at 30°C. To induce
the INP-TIiA and INPNC-TIiA fusion proteins, 1 mM IPTG
was added at the beginning of the culture. To monitor cell
growth and olive oil hydrolysis, samples were taken and
centrifuged to separate the phases. Optical density (600
nm) for cell growth was measured in aqueous solution
samples. Released fatty acids dissolved in the isooctane
phase were determined by the cupric acetate method
using oleic acid as a reference.

http://www.biomedcentral.com/1472-6750/6/23

Synthesis of triacylglycerol in isooctane

P. putida GM730/pJHC13 cells induced with 1 mM IPTG
in LB medium (50 ml) were harvested at optical density
9.5 (600 nm) by centrifugation and washed with PBS
solution. To remove water, the washed cells were air-
dried. To synthesize triacylglycerol in an organic solvent,
10 ml of isooctane was used to dissolve glycerol (100
mM) and oleic acid (10 mM), and Na,HPO, (0.2 g anhy-
drous) was added to adjust the pH. To initiate the reac-
tion, 100 mg of air-dried cells were added to the reaction
mixture, followed by incubation at 30°C with stirring
(200 rpm). The reaction products and substrates were
analyzed by HPLC.

Chiral resolution of racemic 4-nitrophenyl 2-
phenylpropionate

Chiral resolution of racemic NPPP was carried out in a
two-phase water-isooctane reaction system. Racemic
NPPP (50 mM) was dissolved in 10 ml isooctane, and
washed GM730/pJHC13 cells, prepared as described
above for the synthetic reaction, were suspended in 10 ml
PBS. The two solutions were vigorously mixed in a 250 ml
baffled flask at 25°C. The reaction products in the isooc-
tane were analyzed by HPLC.
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