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The low solubility and high-cost recovery of Propionibacterium acnes polyunsaturated fatty acid
isomerase (PAI) are key problems in the bioproduction of high value-added conjugated
linoleic acid (CLA). To improve the solubility of recombinant PAI, six chaperone proteins
were coexpressed with PAI. Introduction of GroELS proteins dramatically improved the PAI
solubility from 29% to 97%, with increased activity by 57.8%. Combined expression of DnaKJGrpE and GroELS proteins increased the activity by 11.9%. In contrast, coexpression of DnaKJGrpE proteins significantly reduced the activity by 57.4%. Plasmids pTf16 harboring the tig
gene and pG-Tf2 containing the tig and groEL-groES genes had no visible impact on PAI
expression. The lytic protein E was then introduced into the recombinant Escherichia coli to
develop a cell autolysis system. A 35% activity of total intracellular PAI was released from the
cytoplasm by suspending the lysed cells in distilled water. The PAI recovery was further
improved to 81% by optimizing the release conditions. The lipase from Rhizopus oryzae was
also expressed in E. coli, with an extracellular activity of 110.9 U/ml. By using the free PAI and
lipase as catalysts, a joint system was established for producing CLA from sunflower oil.
Under the optimized conditions, the maximum titer of t-10,c-12-CLA reached 9.4 g/l. This
work provides an effective and low-cost strategy to improve the solubility and recovery of the
recombinant intracellular PAI for further large-scale production of CLA.
Keywords: Conjugated linoleic acid, linoleic acid isomerase, lipase, chaperone proteins, cell
autolysis

Introduction
Conjugated linoleic acid (CLA), a newly discovered
nutrient, can inhibit the proliferation of tumor cells,
regulate the immune response, and control the weight in
humans and animals [1, 2]. CLA is traditionally synthesized
via alkaline isomerization of linoleic acid (LA) or LA-rich
plant oils, generating a mixture of four different structural
isomers [3]. Animal and clinical trials have indicated that
the mixture containing different isomers of CLA may have

ambivalent function, which may impact the desired effects
[4, 5]. Generally, biotransformation that relies on active
enzymes or cells shows higher selectivity than a chemical
strategy, which benefits to obtain high purity products.
Some enzymes and strains have been identified and
applied to produce CLA by isomerizing LA [6]. In these
reports, the LA isomerase from Propionibacterium acnes
(PAI) can convert free LA to a single isomer of trans-10,cis12-CLA (t-10,c-12-CLA) efficiently [7] and is the only nonmembrane and intracellular soluble enzyme with an
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illustrated crystal structure [8]. To avoid the potential
pathogenic risk of P. acnes, the PAI has been heterologously
expressed in eukaryotic and prokaryotic cells. Although
some code-optimized PAI genes are actively expressed in
Yarrowia lipolytica [9] and Mortierella alpine [10], the amount
of recombinant PAI is still scarce. In contrast, a large
amount of recombinant PAI is obtained in Escherichia coli.
However, the high expression level of PAI and the
deficiency of a protein folding system in the E. coli host
lead to a significant accumulation of inclusion bodies [7].
Some common strategies, such as reducing the protein
expression rate by codon usage or fermentation condition
optimization and by fusing a glutathione S-transferase tag
or thioredoxin (TrxA) tag, show only a slight solubility
enhancement of recombinant PAI in recombinant E. coli [7,
8, 11]. Therefore, it is imperative to establish an effective
approach for improving the solubility of PAI in E. coli.
In addition to these methods, improving the folding
efficiency is another worthwhile choice. Chaperone proteins
have been proved with the ability to assist the correct folding
of proteins by reducing folding free energy hill [12]. In
E. coli, three main chaperone systems, trigger factor, GroELGroES, and DnaK-DnaJ-GrpE, have been identified with
illustrated functions [13]. The first object of this paper was
to introduce five plasmids, pTf16, pGro7, pG-Tf2, pKJE7, and
pG-KJE8 (Table 1), harboring different chaperone proteins
into the E. coli system to improve the solubility of PAI.
The native PAI is an intracellular protein without an
endogenous signal peptide. Previous attempt on the
extracellular production of PAI by cell-surface display
resulted in a trace amount of active protein [14]. Although
a permeabilized recombinant yeast, Y. lipolytica, has been
used in producing t-10,c-12-CLA by whole-cell catalysis,
the product titer and productivity cannot meet the demand
for large-scale production [15]. In contrast, biotransformation
of CLA via a purified recombinant PAI showed dramatically

improved product titer and productivity [11]. However,
the high cost in the affinity purification process and the
low PAI solubility that resulted from fusing His-tag [7]
impede its commercial value. Beyond the above method,
inducing cell autolysis is another useful tactic for the
extraction of intracellular proteins. The lytic protein E of
phage ΦX174 can induce cell autolysis by forming a tunnel
in the inner and outer membranes of E. coli [16]. It has been
used in the recovery of inclusion body protein [17] and cell
envelope [18] by releasing intracellular material. The
second objective of this paper was to introduce the phage
ΦX174-derived lysis protein E to release PAI.
Compared with pure LA, plant oils, such as sunflower
oil, are an inexpensive LA-rich substrate for the bioproduction
of CLA. To covert sunflower oil directly into CLA, the
Rhizopus oryzae lipase (proROL) was also heterogeneously
expressed in E. coli. Finally, a joint system that relied on the
PAI and proROL was established and optimized to produce
CLA from sunflower oil.

Materials and Methods
Materials
The DNA polymerase, restriction endonuclease, T4 ligase,
protein marker, and five plasmids containing chaperon protein
genes were purchased from Takara (China). Plasmid pBV220-E
was kindly provided by Prof. XG Han (Shanghai Veterinary
Research Institute, Chinese Academy of Agricultural Sciences,
China). Genetic manipulation kits were purchased from Tiangen
(China). Isopropyl β-D-1-thiogalactopyranoside (IPTG), ampicillin
sodium salt, chloramphenicol, tetracycline hydrochloride, and L(+)-arabinose were purchased from Sangon (China). HiScript II Q
RT SuperMix was obtained from Vazyme (China). All primers
used were synthesized by Synbio (China). Tryptone and yeast
extract were purchased from Oxoid (UK). Linoleic acid (≥99%)
was purchased from Sigma-Aldrich (Germany). Sunflower oil
containing about 60% LA was purchased from COFCO (China).

Table 1. Plasmids used in this study.
Designation

Genotype and description

Source

pRSFDuet-1-PAI

pRSF origin, KanR, T7 promoter, expression of gene pai

This study

pBV220-E

pBR322 origin, AmpR, pR/pL promoter, expression of gene E

Prof. XG Han

pET-22b(+)-proROL

pBR322 origin, AmpR, T7 promoter, expression of gene proROL

This study

R

pG-KJE8

p15 origin, Cam , araB and P z t-1 promoter, expressions of dnaK-dnaJ-grpE and groEL-groES

Takara

pGro7

p15 origin, CamR, araB promoter, expressions of groEL-groES

Takara

R

pTf16

p15 origin, Cam , araB promoter, expressions of tig

Takara

pKJE7

p15 origin, CamR, araB promoter, expressions of dnaK-dnaJ-grpE

Takara

pG-Tf2
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Table 2. Primers used in this study.
Primers
PAI-F

Sequence in 5’ to 3’ orientation
GGAATTCCATATGTCCATCTCGAAGGATTCACG

Restriction sites
NdeI

PAI-R

CCGCTCGAGTCACACGAAGAACCG

XhoI

proROL-F

GGAATTCCATATGGTTCCTGTTTCTGGTAAATCTGGATCT

NdeI

proROL-R

CCGCTCGAGTTACAAACAGCTTCCTTCGTTGATATCAAAGT

XhoI

Gene Cloning and Plasmid Construction
P. acne (ATCC 6919) and R. oryzae (ATCC 34612) were used as
the source of genes pai (Gene ID: CP001977.1) and proROL (Gene
ID: AF229435). E. coli JM109 was used for plasmid constructions.
E. coli BL21(DE3) and the plasmid pRSFDuet-1 were used for the
expression of recombinant PAI. E. coli Rosetta-gamiB(DE3) and
pET-22b(+) were used for the expression of recombinant proROL.
The plasmids used in this study are listed in Table 1.
Genomic DNA of P. acne was extracted and used as the
template to amplify the pai gene. The total RNA of R. oryzae was
isolated to synthesize cDNA by using HiScript II Q RT SuperMix.
The obtained cDNA was used as the template to amplify the
proROL gene. The primers used in this work are listed in Table 2.
The amplification program was as follows: 30 cycles of 98°C for 10
sec, 53°C for 15 sec, and 72°C for 1 min 30 sec. The amplified
fragments and plasmids pRSFDuet-1 and pET-22b(+) were all
double-digested with NdeI and XhoI. The fragments of pai and
proROL genes were cloned into pRSFDuet-1 and pET-22b(+) to
generate recombinant plasmids pRSFDuet-1-PAI and pET-22b(+)proROL, respectively. Plasmids pRSFDuet-1-PAI and pET-22b(+)proROL were then transformed into E. coli BL21(DE3) and E. coli
Rosetta-gamiB(DE3) for protein expression, respectively.
Five plasmids harboring chaperon protein genes were transformed
into E. coli (PAI), generating the recombinants E. coli (PAI/DnaKJGrpE/GroELS), E. coli (PAI/GroELS), E. coli (PAI/trigger factor),
E. coli (PAI/DnaKJ-GrpE), and E. coli (PAI/GroELS/trigger factor),
respectively. Plasmid pBV220-E harboring the lytic protein E of
phage ΦX174 gene was transformed into E. coli (PAI/GroELS) to
induce cell autolysis.
Media and Protein Expression
A single colony was picked from the plate and inoculated into
10 ml of Luria-Bertani medium at 37°C overnight. About 250 μl of
culture was subcultured into 25 ml of Terrific Broth medium in a
250 ml shaker at 37°C and 200 rpm. IPTG (0.1 mM) and L-(+)arabinose (1.5 mg/ml) or tetracycline hydrochloride (10 ng/ml)
were added to induce the expression of PAI and chaperones at
20°C for 20 h. The lytic protein E of phage ΦX174 was induced by
a shift to 42°C continued for 3 h. Recombinant proROL was
induced by 1.0 mM IPTG at 20°C for 40 h.
SDS-PAGE and Protein Analysis
The recombinant cells were collected by centrifugation at
8,000 ×g for 3 min and washed three times with 50 mM Na2HPO4-

KH2PO4 buffer (pH 7.4). Different samples were then diluted to
the same cell concentrations for ultrasonic disruption in 50 mM
Na2HPO4-KH2PO4 buffer (pH 7.4) or suspension in different
osmolalities (on ice). The soluble and insoluble fractions were
separated by centrifugation at 4°C and 8,000 ×g for 20 min. Protein
fractions were analyzed by SDS-PAGE and stained with Coomassie
blue. The soluble protein concentration was determined by the
Bradford method [19]. The amount of PAI in the soluble and
insoluble fractions was analyzed by density scanning (BandScan
5.0) on the basis of the bands on the SDS-PAGE gels.
Enzyme Activity Assays
LA was dispersed in 50 mM Na2HPO4-KH2PO4 buffer (pH 7.4)
at the final concentration of 0.3 mM. One unit of activity was
defined as the enzyme required to synthesis 1 μM t-10,c-12-CLA
per minute at 25°C. The amount of t-10,c-12-CLA was determined
for activity analysis at 234 nm in a spectrophotometer (UV-2450;
Shimadzu Co., Japan). The initial linear part of the wave was used
to calculate the reaction rates, using an extinction coefficient of
2.4 × 104 M−1 cm−1 [7]. Recovered activity rate (%) of PAI = (released
activity/total activity in cytoplasm) × 100%. The activity of proROL
was measured using emulsified ρ-nitrophenyl palmitate (ρNPP)
as the substrate according to Kordel et al. [20]. The hydrolytic
activity of proROL for sunflower oil was also determined by
titration [21].
Bioconversion System
The standard joint system (50 mM Na2HPO4-KH2PO4 buffer (pH
7.4)) (20 ml) in a 100 ml shaker consisting of 0.3 U/ml PAI, 5 U/ml
proROL, and 10 g/l emulsified sunflower oil emulsion was
incubated at 25°C and 200 rpm for 12 h. The effect of pH on t-10,c12-CLA synthesis was investigated in a 50 mM Na2HPO4-KH2PO4
buffer. The effect of temperature on product synthesis was measured
at temperatures ranging from 15°C to 45°C. The optimum amount
of proROL was determined by changing the adding activity from
1.0 to 11.0 U/ml. The optimum amount of PAI was measured
using the PAI activity ranging from 0.1 to 0.8 U/ml. The effect of
substrate concentration on the yield was researched by increasing
the concentration of sunflower oil from 10 to 50 g/l. Under the
optimized conditions, time-course reactions of t-10,c-12-CLA
production were measured at the sunflower oil concentration of
25 g/l. All of the determinations were repeated three times.
t-10,c-12-CLA conversion yield (%) = (titer of t-10,c-12-CLA/
initial content of LA(60%)) × 100%.
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Fatty Acid Methylation and Analysis
Fatty acids were methylated in a 50 ml flask equipped with a
condenser pipe. Samples were saponified by 0.5 M KOH-methanol
at 70°C for 10 min, and then BF3-methanol was added and the
mixture was heated at 70°C for 10 min to form methylated fatty
acids. After cooling to room temperature, n-hexane and saturated
sodium chloride solution were added to extract methylated fatty
acids. Anhydrous Na2SO4 was utilized to remove the residual
water. Finally, the upper layer was transferred into a vial for gas
chromatography analysis. GC analysis was performed with a GC2010 PLUS (Shimadzu Co., Japan) equipped with an FID detector
and a capillary DB-WAX column (30 m × 0.32 mm, ϕ0.25 μm;
Agilent, USA). Helium was used as carrier gas (2 ml/min). The
temperature program was set using the method as described by
Zhang et al. [15].
Statistical Analysis
To investigate statistical differences, ANOVA with multiple
comparisons was conducted using Statistical Package for Social
Scientists ver. 20.0 (IBM, USA). Samples with p values of <0.05
were considered statistically different.

Results
Increasing Expression Level of Soluble PAI in E. coli
BL21(DE3)
To increase the expression of soluble PAI in E. coli,
plasmids harboring five different combinations of chaperones
were introduced into E. coli (PAI). Introduction of GroELS
alone obviously increased the expression level of soluble
PAI (Fig. 1A, lane 3). The activity of PAI was increased by
34.3%, demonstrating a positive effect of GroELS on the

expression of soluble PAI. In contrast, coexpression of
DnaKJ-GrpE significantly decreased the amount of soluble
PAI (Fig. 1A, lane 5) and enzyme titer by 57.4%, suggesting
a significant negative effect of DnaKJ-GrpE proteins on the
expression of PAI. Interestingly, the combined expression
of DnaKJ-GrpE and GroESL proteins increased the activity
by 11.9%. Expression of trigger factor alone had no visible
impact on the amount of PAI protein (Fig. 1A, lane 4) and
reduced its titer by 13.1%. Similarly, the combined expression
of trigger factor and GroELS proteins also reduced the
activity by 27.5%. Thus, the plasmid pGro7 harboring
groEL-groES genes was applied in the subsequent research.
As shown in Fig. 1B, a large amount of insoluble PAI was
still formed in recombinant E. coli (PAI/GroELS). To further
enhance its solubility and titer, the induction of GroELS
proteins was reinforced. The improved expression of the
GroELS proteins showed a positive correlation with the
solubility and titer of PAI (Figs. 2A and 2B). At the L-(+)arabinose concentration of 4.0 mg/ml, almost all the
recombinant PAI was soluble (Fig. 2, lanes 4 and 8) and the
enzyme activity was increased by 57.8%, reaching 0.391 U/mg.
Extracellular Release of PAI by Cell Autolysis
The plasmid encoding the lytic protein E of phage ΦX174
was introduced into recombinant E. coli (PAI/GroELS) to
facilitate the discharge of PAI from the cytoplasm. Even
though GroEL protein and PAI were observed in the
culture supernatant by inducing the expression of protein
E (Fig. 3), the extracellular PAI activity was still very limited.
The autolyzed cells were collected and then suspended in
solutions with different osmolalities (30% glycerol, saline,

Fig. 1. SDS-PAGE analysis of the expression of recombinant proteins in recombinant E. coli strains.
(A) Intracellular soluble fraction. (B) Intracellular insoluble fraction. Lane M, protein marker; lanes 1 and 7, P. acnes fatty acid isomerase (PAI);
lanes 2 and 8, PAI/DnaKJ-GrpE/GroELS; lanes 3 and 9, PAI/GroELS; lanes 4 and 10, PAI/trigger factor; lanes 5 and 11, PAI/DnaKJ-GrpE; lanes
6 and 12, PAI/GroELS/trigger factor. PAI and the five chaperone proteins are indicated by arrows. GroES(10 kDa) was not detected. Specific
enzyme activities (U/mg) of PAI are indicated in parentheses.
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Fig. 2. Effects of L-arabinose concentrations on protein expression in recombinant E. coli (PAI/GroELS).
P. acnes fatty acid isomerase (PAI) in all lines was induced by 0.1 mM IPTG. (A) Intracellular soluble fraction. (B) Intracellular insoluble fraction.
Lane M, protein marker; lanes 1 and 5, without L-arabinose; Lanes 2 and 6, 3 and 7, 4 and 8, GroELS induced with 0.1 mM IPTG and 1.5, 3.0,
4.0 mg/ml L-arabinose, respectively.

and distilled water) for protein extraction. Significant PAI
bands were detected in all groups tested by SDS-PAGE
analysis (Fig. 4A). The extracellular PAI activity in distilled
water was 2.5 times higher than that obtained for the other
groups, indicating that hyposmolality is more suitable for
PAI release. To further improve PAI release, EDTA, sodium
deoxycholate (DOC), Tween 20, and Triton X-100 were
applied in the hyposmolality-mediated extraction. As
shown in Fig. 5, EDTA and Tween 20 had no obvious effect
on protein extraction. In contrast, the additives DOC and
Triton X-100 were greatly beneficial to PAI release, resulting

in an activity increase in the supernatant by 19% and 9%,
respectively. Further optimization indicates that low DOC
concentrations (<0.1%) had no impact on protein release
and the highest enzyme titer (54% of total PAI) was
obtained at the DOC concentration of 0.2% after 10 min of
incubation.
Production of t-10,c-12-CLA from Sunflower Oil
Application of inexpensive sunflower oil, a LA-rich plant
oil, is a low-cost strategy for the production of t-10,c-12CLA. For the hydrolysis of sunflower oil to generate LA,
the lipase gene from R. oryzae (proROL) was cloned and

Fig. 4. Release of intracellular materials of the ghost cells
under different solutions.
Fig. 3. Effect of the lytic protein E of phage ΦX174 on the
intracellular materials release.
Lane M, protein marker; lane 1, autolyzed cell; lane 2, intact cell.

(A) Autolyzed cell. (B) Intact cell. Lane M, protein marker; lanes 1
and 4, 2 and 5, 3 and 6, cells treated by 30% glycerin solution, saline
solution, and distilled water, respectively. The recovered activity
rates (%) of PAI are indicated in the brackets.
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Fig. 5. Effects of different additives on the release of P. acnes
fatty acid isomerase (PAI).
Lane M, protein marker; lane 1, 0.5% Triton X-100; lane 2, 0.5% Tween
20; lane 3, 0.2% sodium deoxycholate (DOC); lane 4, 100 mM EDTA;
lane 5, distilled water.

heterogeneously expressed in E. coli Rosetta-gami B(DE3).
A significant amount of 43-kDa protein (Fig. 6), which is
similar to the predicted molecular mass of proROL, was
detected in the supernatant of cells carrying pET-22b(+)-

Fig. 6. SDS-PAGE analysis of proROL expressed in E. coli.
Lane M, protein marker; lane 1, pET-22b(+); lane 2, pET-22b(+)proROL. proROL is indicated by an arrow. The activity of proROL
(U/ml) is indicated in parenthesis.

proROL, with an activity of 34.7 U/ml. Further optimization
improved the lipase activity to 110.9 U/ml (remained
37.7 U/ml hydrolytic activity using sunflower oil as
substrate).

Fig. 7. Effects of pH (A), temperature (B), the amounts of proROL (C), and P. acnes fatty acid isomerase (PAI) (D) on the yield of t10,c-12-CLA.
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The imbalance of high expression and low folding
efficiency of the protein is an important reason for the poor
solubility of recombinant protein and inclusion body
formation in E. coli [13]. Rebalancing the protein expression
and folding rates is a common strategy to improve protein
solubility. Even though some approaches, including
reducing the protein synthesis rate and fusing solubilityenhancement tags, have been applied in the heterologous

expression of PAI, the solubility and titer of PAI are still
unsatisfactory for the biotransformation of CLA from LA
[11]. Chaperones, a kind of protein-folding assistant, have
been wildly applied in protein and metabolic engineering
[22-24]. Here, the solubility and activity of PAI were
significantly improved by strengthening the protein folding
rate through coexpressing protein chaperones.
The GroEL chaperone can form a barrel to warp substrate
proteins (below 60 kDa) to avoid protein aggregation and
promote protein folding with the aid of GroES [25]. The
relatively low molecular mass of PAI (48 kDa) may make it
easy to enter the barrel to form a complex, leading to the
improved solubility and titer of PAI. Similar to previous
studies [24, 26], chaperones DnaKJ-GrpE showed obvious
inhibition on cell growth (by 58.4%) and PAI expression.
Former studies found that DnaKJ chaperones prefer to
assist the folding of proteins with a molecular mass of over
60 kDa [27]. Besides this, DnaK is also involved in the
protein degradation as a proteolytic enhancer [28]. Thus,
the relatively low molecular mass of PAI (48 kDa) and the
intracellular proteolytic degradation induced by the
coexpressed DnaK may be the main reasons for the
negatively impacted PAI titer. Similarly, the plasmid pGKJE8 containing dnaK-dnaJ-grpE and groEL-groES genes
also led to the reduced biomass of E. coli (PAI/DnaKJGrpE/GroELS). However, the higher expression level of
GroELS may neutralize the negative influence of DnaKJGrpE on PAI expression, resulting in a slightly enhanced
enzyme titer. Even though trigger factor improved enzyme
activities in our previous study [24], it showed no impact
on the solubility of PAI, indicating the existence of
substrate specificity in chaperone proteins. Similarly, the

Fig. 8. Effect of sunflower oil concentration on the yield and
titer of t-10,c-12-CLA.

Fig. 9. Time-course of t-10,c-12-CLA production in the joint
system.

To establish a joint system for CLA biotransformation,
the catalysis conditions, containing free PAI and proROL,
were optimized. The highest t-10,c-12-CLA yield was
obtained at the pH value of 7.0, and the alkali condition
showed a more dramatically negative impact than the acidic
condition (Fig. 7A). The t-10,c-12-CLA yield was increased
with temperatures between 15°C and 37°C and then
dropped sharply at higher temperatures (Fig. 7B). After
optimization, the optimum dosages of proROL and PAI
were 5.0 U/ml (using ρNPP as substrate, 1.7 U/ml using
sunflower oil as substrate) and 0.4 U/ml, respectively
(Figs. 7C and 7D). Under the optimized conditions, the
highest yield (75.4%) and maximum titer (8.6 g/l) were
obtained at the sunflower oil concentrations of 15 and
25 g/l, respectively (Fig. 8). Notably, higher substrate
concentrations exhibited a significant negative impact on
the product titer, indicating the existence of substrate
inhibition at high substrate concentration. The maximum
t-10,c-12-CLA titer was further improved to 9.4 g/l by
prolonging the reaction time under the optimized conditions
(25 g/l sunflower oil) (Fig. 9).

Discussion
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PAI solubility was not improved by coexpressing trigger
factor and GroELS, which may be ascribed to the low
expression level of GroEL chaperones. Notably, the
positive effect of a higher GroEL expression level on the
solubility and titer of PAI was further confirmed.
Crystallographical information indicates that the N- and
C-terminal regions participate in the formation of a variant
of the Rossmann folds for FAD binding and show a critical
role in the correct folding of PAI protein [8]. Therefore,
fusing single peptides or protein tags and other genetic
modifications breaks the native protein conformation and
exhibits significant negative influence on the solubility of
PAI. Here, the lytic protein E of phage ΦX174 was
introduced to establish a cell autolysis system for the
extraction of PAI. The tunnels generated by protein E in the
cell envelope make the strain become a ghost. In the ghost
cell, the osmotic pressure difference between the cytoplasm
and the environment is the driving force to release
intracellular material [16]. In contrast to EDTA, Triton X100, and Tween-20, the additive DOC is an ionic detergent
with better ability to dissolve membrane proteins [29],
which may enlarge the tunnel in the cell envelope and then
lead to a better release of PAI. In fact, further incubating
the hyposmolality-treated cell under a hyperosmolality
condition (30% glycerol) could increase the release and the
total recovery of the PAI activity to 81%. The cell lytic and
protein release approaches applied here provide effective,
convenient, and low-cost methods with high recovery for
further large-scale application.
The lipase from R. oryzae has been expressed in Pichia
pastoris and purified for the hydrolysis of plant oil to
produce free LA [11]. Here, the active lipase was obtained
in the broth supernatant with a higher activity than that
from P. pastoris, which provides a competitive strategy
with higher efficiency and low cost. The introduced rare
tRNAs in the Rosetta strain promote the expression level of
recombinant proROL more than former reports [30].
Besides this, the cell permeability may be enhanced owing
to the hydrolysis of cell membrane phospholipid by the
high-level expressed proROL [31] and the prolonged
incubation period. These reasons may be responsible for
the significant extracellular accumulation of proROL
compared with other studies.
A joint system was then established and optimized for
the production of CLA from sunflower oil, using free PAI
and proROL obtained from the recombinant E. coli strains
as catalysts. In this joint system, the titer of t-10,c-12-CLA
was constant when the dosage of PAI exceeded 0.4 U/ml,
indicating that the product titer was limited by the amount

J. Microbiol. Biotechnol.

of LA. Therefore, proROL was the limiting factor in this
joint system. The characteristics of the catalysis system are
distinct with that using immobilized enzymes in a former
study [11]. Further attempts to immobilize enzymes and
balance the fatty acid hydrolysis and LA isomerization are
under way for improving the efficiency and product titer in
the joint system.
In summary, the solubility of PAI was significantly
improved by 57.8% with the coexpression of GroELS
proteins. The lytic protein E was then introduced to
establish a cell autolysis system and more than 80% activity
of total intracellular PAI was released under the optimized
conditions. The lipase proROL was extracellularly expressed
in a recombinant E. coli for the hydrolysis of sunflower oil
to generate LA. Finally, a joint system that relied on the
obtained free PAI and proROL was established and
optimized. These results provide an effective and low-cost
strategy to improve the solubility and recovery of the
recombinant intracellular PAI. Further improving the
efficiency of the joint system by enzyme immobilization is
under way by our group to promote the biotransformation
of CLA.
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