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Abstract

This study reports the properties of immobilized MAS1-HI08A lipase from marine Streptomyces sp. strain W007 on
XAD1180 resin and its application in the synthesis of n-3 polyunsaturated fatty acids (PUFA)-rich triacylglycerols (TAG)
for the first time. It was found that the optimal temperature and pH for both immobilized MAS1-H108A lipase and free
lipase MAS1-H108A were 70 °C and 7.0, respectively. However, immobilized MAS1-H108A lipase exhibited higher ther-
mostability when compared with free lipase MAS1-H108A. It was also interesting that both immobilized MAS1-H108A
lipase and free lipase MAS1-H108A showed no regiospecificity in the hydrolysis of triolein. Subsequently, immobilized
MASI1-H108A lipase and free lipase MAS1-H108A were employed to catalyze glycerolysis of n-3 PUFA-rich ethyl esters
(EE) and esterification of n-3 PUFA with glycerol under vacuum in the solvent-free system. The results showed that n-3
PUFA-rich TAG were synthesized efficiently by non-regiospecific immobilized MAS1-H108A lipase and TAG contents
separately reached 92.07% and 76.13% during the esterification and glycerolysis reactions, which were significantly higher
than those (71.82% and 39.62%, respectively) obtained by free lipase MAS1-H108A. Besides, TAG exhibited similar n-3
PUFA composition to the substrate. These findings indicated that non-regiospecific immobilized MAS1-H108A lipase is a
promising and efficient biocatalyst for the industrial synthesis of n-3 PUFA-rich TAG.
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Introduction

Long-chain n-3 polyunsaturated fatty acids (PUFA), par-
ticularly docosahexaenoic acid (DHA) and eicosapentae-
noic acid (EPA), have health benefits in the prevention and
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reduction of some diseases such as chronic inflammatory
diseases, cardiovascular disease, and cancer [1-3]. Recent
studies have shown that n-3 PUFA-rich triacylglycerols
(TAG) exhibit higher bioavailability than n-3 PUFA-rich
ethyl esters (EE) and are more stable than free n-3 PUFA [4,
5]. Moreover, it was demonstrated that n-3 PUFA-rich TAG
could prevent cardiovascular disease and cancer, inhibit
inflammation, and reduce the risk of atherosclerosis [6-9].
Therefore, there is increasing interest in synthesizing n-3
PUFA-rich TAG [10-12].

Nowadays, enzymatic synthesis of n-3 PUFA-rich TAG
is more desirable owing to its higher catalytic efficiency,
milder reaction conditions, higher substrate and positional
selectivity, and less n-3 PUFA oxidation when compared
with chemical methods [13—15]. Generally, enzymatic ester-
ification of n-3 PUFA with glycerol and enzymatic glycerol-
ysis of n-3 PUFA-rich EE are widely employed to synthesize
n-3 PUFA-rich TAG [16, 17]. Although some lipases have
been used in the synthesis of n-3 PUFA-rich TAG [18-20],
n-3 PUFA-rich TAG are still difficult to be synthesized effi-
ciently and rapidly. Therefore, further exploration of other
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lipases with greater thermostability and superior ability
for the production of n-3 PUFA-rich TAG will always be
required by the swiftly developing industries.

A mutant lipase MAS1-H108A from marine Streptomy-
ces sp. strain W007 [21] with 1.6-fold enzymatic activity
of wild type was discovered in our lab and has attracted
widespread attention due to its thermostability and non-regi-
ospecificity [22, 23]. Moreover, immobilized MAS1-H108 A
lipase exhibited high catalytic activity in the synthesis of
conjugated linoleic acid (CLA)-rich TAG and CLA-rich
lysophosphatidylcholine [24, 25]. However, less informa-
tion is available about its catalytic performances in the
production of n-3 PUFA-rich TAG. For further industrial
applications, it is of great importance to fully exploit the
ability of lipase MAS1-H108A to catalyze various reactions
of industrial interest.

Immobilized lipases have received a great deal of atten-
tion in recent decades by virtue of their good resistant to
environmental changes, high stability, activity and selectiv-
ity, good durability and recyclability when compared with
free lipases [26, 27]. Therefore, the aim of this study was to
evaluate the enzymatic properties of immobilized MAS1-
H108A lipase and its catalytic performances in the synthe-
sis of n-3 PUFA-rich TAG. First, a thermostable mutant
lipase MAS1-H108A was immobilized onto hydrophobic
XADI1180 resin by physical adsorption. Then, the proper-
ties of immobilized MAS1-H108A lipase were investigated
in this study. Finally, the catalytic performances and reac-
tion mechanism of immobilized MAS1-H108A lipase-cat-
alyzed glycerolysis of n-3 PUFA-rich EE and esterification
of n-3 PUFA with glycerol for the production of n-3 PUFA-
rich TAG under vacuum in the solvent-free system were
evaluated.

Materials and methods
Materials

The X33/MAS1-H108A strain was stored in 50% glycerol
solution (v/v) at — 80 °C. DHA/EPA-rich ethyl esters (EE)
were purchased from Sinomega Biotech Engineering Co.,
Ltd. (Zhejiang, China). The Amberlite XAD1180 resin
was obtained from Rohm and Haas Company (USA). For-
mic acid, 2-propanol and n-hexane of chromatographic
grade were sourced from Kermel Chemical Reagent Co.,
Ltd. (Tianjin, China). Standards of 37-component fatty
acid methyl esters (FAME) mix (C4~C,,), trioleoylglyc-
erol, dioleoylglycerol (15% of 1,2-dioleoylglycerol and
85% of 1,3-dioleoylglycerol), monooleoylglycerol were
purchased from Sigma-Aldrich. All other chemicals and
solvents were of analytical grade unless otherwise stated.
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In this study, the composition of n-3 PUFA was the sum
of the composition of EPA, docosapentaenoic acid (DPA)
and DHA.

Production and immobilization of lipase
MAS1-H108A

Lipase MAS1-H108A was produced by the method
described earlier [22]. After fermentation, the supernatant
was collected by centrifugation with a speed of 10,000 g at
4 °C for 30 min, filtered and concentrated using a 10 kDa
molecular mass membrane (Sartorius, Germany). Finally,
the obtained fermentation broth was stored in sealed vials
at 4 °C until use. The hydrolytic activity of the mutant
lipase MAS1-H108A was detected to be 930 U/mL accord-
ing to the olive oil emulsion method described previously
[28].

A non-commercial mutant lipase MAS1-HI08A was
immobilized onto XAD1180 resin (hydrophobic support)
by physical adsorption according to the following proce-
dures: First, the supernatant of crude lipase MAS1-H108A
(75 mg/g resin) with an equal volume of 0.02 mol/L pH 8.0
sodium phosphate buffer were mixed and then the mixture
was added to a 2 L conical flask containing XAD1180 resin.
Subsequently, the flask was placed in a thermostatic water
bath oscillator with a speed of 200 rpm at 30 °C for 8 h.
After that, immobilized MAS1-H108A lipase was recovered
by filtration and repeatedly washed with 0.02 mol/L sodium
phosphate buffer (pH 8.0) until no protein was detected in
the filtrate. Finally, the obtained immobilized MAS1-HI108A
lipase was dried under vacuum at 40 °C for 8 h and stored in
sealed vials at 4 °C until use.

Determination of the esterification activity
of immobilized MAS1-H108A lipase

The esterification activities of immobilized MAS1-HI108A
lipase and lyophilized free lipase MAS1-H108A were deter-
mined by the method described previously [29]. First, the
reaction mixture containing 20 mM lauric acid, 20 mM
1-propanol and 3% water (w/w, with respect to total reac-
tants) was added to a 100 mL conical flask. Then, the flask
was incubated in a thermostatic water bath oscillator with
a speed shaking of 200 r/min at 60 °C for 10 min. Subse-
quently, immobilized MAS1-H108A lipase and lyophilized
free lipase MAS1-H108A were separately added to start the
reactions. After 10 min, samples (30 pL) were withdrawn
and mixed with n-heptane (970 pL). The analysis of pro-
pyl ester was performed using gas chromatography (GC)
equipped with a column OV351 (60 mx0.32 mm X 0.10 pm)
as described previously [30].
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Properties of immobilized MAS1-H108A lipase
on XAD1180 resin

Effects of temperature on the activity of immobilized
MAS1-H108A lipase

The effects of temperature on the hydrolytic activities of free
lipase MAS1-H108A and immobilized MAS1-H108A lipase
were investigated at pH 7.0 in temperature range varying
from 50 to 90 °C. The hydrolytic activities of free lipase
MAS1-H108A and immobilized MAS1-H108A lipase at
different temperatures were determined according to the
method described previously [28]. Relative activities of
each lipase were calculated as the ratio of the hydrolytic
activity of the lipase measured at various temperatures to the
maximal activity of the lipase measured as described above.

Effects of pH on the activity of immobilized MAS1-H108A
lipase

The effects of pH on the hydrolytic activities of free lipase
MAS1-H108A and immobilized MAS1-H108A lipase were
assessed at 70 °C in the pH range varying from 5 to 9. The
hydrolytic activities of free lipase MAS1-H108A and immo-
bilized MAS1-H108A lipase at different pH were measured
as described previously [28]. Relative activities of each
lipase were calculated as described above.

Thermostability of immobilized MAS1-H108A lipase

The thermostabilities of free lipase MAS1-H108A and
immobilized MAS1-H108A lipase were evaluated by meas-
uring their residual hydrolytic activities after incubation at
65 °C for 3 h. During incubation, samples were withdrawn
at selected times and their hydrolytic activities were deter-
mined according to previous report [28]. The initial activity
of the lipases was set as 100%, while the activity of the
lipases after incubation was calculated accordingly.

Regiospecificity of immobilized MAS1-H108A lipase

The regiospecificities of free lipase MAS1-H108A and
immobilized MAS1-H108A lipase were determined in the
hydrolysis of triolein by the previous method [31]. During
the reactions, samples were withdrawn periodically for high-
performance liquid chromatography (HPLC) analysis. The
1,2(2,3)-DAG/1,3-DAG ratio was used as an indicator to
evaluate the regiospecificity of the lipases.

Esterification of n-3 PUFA with glycerol

n-3 PUFA-rich EE were used to prepare free n-3 PUFA
as described previously [32]. The catalytic performances

of immobilized MAS1-H108A lipase and lyophilized free
lipase MAS1-H108A were evaluated in the synthesis of n-3
PUFA-rich TAG by esterification of n-3 PUFA with glycerol
under vacuum in the solvent-free system. The esterification
reactions were performed under the following conditions:
glycerol/n-3 PUFA molar ratio of 1:3, and enzyme loading
of 150 U/g substrate at a temperature of 65 °C for 24 h.
During the reactions, samples were withdrawn at periodic
intervals and prepared for the glycerides compositions analy-
sis by HPLC. Besides, the n-3 PUFA composition of n-3
PUFA-rich TAG in the final product was analyzed by GC.

Glycerolysis of n-3 PUFA-rich EE

To produce n-3 PUFA-rich TAG, immobilized MAS1-
H108A lipase and lyophilized free lipase MAS1-H108A
were used to catalyze the glycerolysis of n-3 PUFA-rich EE
under vacuum in the solvent-free system. The glycerolysis
reactions were performed in a glass vessel containing 10 g
substrates (glycerol/n-3 PUFA-rich EE molar ratio of 1:4.13)
and enzyme loading of 163.8 U/g substrate at a speed of
200 rpm and a temperature of 65 °C for 24 h. During the
glycerolysis reactions, samples were withdrawn periodically
and prepared for HPLC and GC analysis.

Analysis of FA composition of TAG by GC

Before the analysis, TAG was separated from the reaction
mixtures using a thin layer chromatography plate and the
developing solvent was a mixture of n-hexane, ethyl ether,
and acetic acid (80:20:1, v/v/v) according to the method
described previously [33]. Then, the scraped TAG bands and
the substrate were separately methylated to FAME according
to the literature [34]. Finally, the FA composition of TAG in
the reaction mixtures and the substrate was analyzed using
an Agilent 7890A GC equipped with a capillary column
CP-Sil 88 (60 m x0.25 mm X 0.2 pm) by the previous report
[35].

Analysis of the composition of the reaction mixture
by HPLC

A normal-phase HPLC equipped with a refractive index
detector and a Phenomenex Luna column (250 mm X 4.6 mm
i.d., 5 pm particle size, Phenomenex Corporation) was
used to analyze the composition of the reaction mixture
as described previously [36]. The mobile phase consisted
of n-hexane, isopropanol and formic acid (21:1:0.003,
v/v/v) with a flow rate of 1 mL/min. Peaks in HPLC were
determined by comparison of their retention times with
those known standards. Retention times were 3.10 min
(TAG), 3.34 min (EE), 3.76 min (FA), 4.73 min [1,3-dia-
cylglycerols (DAG)], 6.25 min [1,2(2,3)-DAG], 32.51 min
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[1(3)-monoacylglycerols (MAG)], 37.93 min (2-MAG).
Waters 2695 integration software was utilized to analyze the
data and calculate peak-area percentages. During the esteri-
fication reactions, esterification degree was expressed as the
percentage of initial FA consumed in the reaction mixture
as calculated from peak areas. During the glycerolysis reac-
tions, EE conversion was defined as the weight percentage
of initial EE consumed in the reaction mixture as obtained
from peak areas.

Statistical analysis

All assays were performed in triplicate. The significant
differences among the measured values were evaluated
by an ANOVA procedure and the data were given as the
means + standard deviations (SD).

Results and discussions

Properties of immobilized MAS1-H108A lipase
on XAD1180 resin

Effects of temperature on the activity of immobilized
MAS1-H108A lipase

The effects of temperature on the hydrolytic activities of
free lipase MAS1-H108A and immobilized MAS1-HI108A
lipase were investigated in the range from 50 to 90 °C. The
results are given in Fig. 1. When temperature varied from
50 to 70 °C, the hydrolytic activities of free lipase MAS1-
H108A and immobilized MAS1-H108A lipase increased
with increasing temperature. After that, the hydrolytic

100 |-

80

60 -

—=— Free lipase MAS1-H108A
—e— Immobilized MAS1-H108A lipase

Relative activity (%)

20

50 55 60 65 70 75 8 8 90

Temperature (°C)

Fig. 1 Effects of temperature on the hydrolytic activities of free lipase
MAS1-H108A and immobilized MAS1-H108A lipase
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activities of free lipase MAS1-HI108A and immobilized
MASI1-H108A lipase decreased when the temperature
was further increased from 70 to 90 °C. Thus, the opti-
mum temperature for both free lipase MAS1-H108A
and immobilized MAS1-H108A lipase was 70 °C. It was
also observed that immobilized MAS1-H108A lipase
showed a different trend with free lipase MAS1-H108A.
After immobilization, immobilized MAS1-H108A lipase
retained higher hydrolytic activity than free lipase MAS1-
H108A when the temperature was over 70 °C. This was
probably because XAD1180 resin may be protecting lipase
MAS1-H108A against thermal denaturation after immo-
bilization. Similar results were also observed by Liu et al.
[37] and Li et al. [38].

Effects of pH on the activity of immobilized MAS1-H108A
lipase

The effects of pH on the hydrolytic activities of free lipase
MAS1-H108A and immobilized MAS1-H108A lipase
are shown in Fig. 2. The optimal pH for both free lipase
MAS1-H108A and immobilized MAS1-H108A lipase
was 7.0. Above or below the optimal pH, the hydrolytic
activities of free lipase MAS1-HI108A and immobilized
MASI-H108A lipase decreased. It was also observed that
free lipase MAS1-H108A and immobilized MAS1-HI108A
lipase exhibited relatively higher hydrolytic activity under
alkaline conditions compared with the acidic conditions.
Moreover, immobilized MAS1-H108A lipase retained rel-
atively higher hydrolytic activity than free lipase MAS1-
H108A when pH varied from 5 to 9.

100
92 |
s
< 8ot
=
£ 0f
3]
<
6ok —#— Free lipase MAS1-H108A
'J'a' —e—Immobilized MAS1-H108A lipase
g S0f
40 -
1 1 1 1 1
5 6 7 8 9
pH

Fig. 2 Effects of pH on the hydrolytic activities of free lipase MAS1-
H108A and immobilized MAS1-H108A lipase
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Thermostability of immobilized MAS1-H108A lipase

The thermostabilities of free lipase MAS1-H108A and
immobilized MAS1-H108A lipase were evaluated and
the results are presented in Fig. 3. It was observed that the
hydrolytic activity of free lipase MAS1-H108A decreased
more quickly than that of immobilized MAS1-H108A
lipase when these two lipases were separately incubated
at 65 °C for 3 h. Free lipase MAS1-H108A retained only
16% of its initial activity after incubation at 65 °C for
initial 30 min. As time prolonged, the hydrolytic activity
of free lipase MAS1-H108A decreased gradually and line-
arly. However, immobilized MAS1-H108A lipase retained

100 |
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20F
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—eo—Immobilized MAS1-H108A lipase

Relative activity (%)

0 30 60 90 120 150 180

Incubation time (min)

Fig.3 Thermostabilities of free lipase MAS1-H108A and immobi-
lized MAS1-H108A lipase
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87% and 47% of its initial activity after incubation at 65 °C
for 30 min and 3 h, respectively. The results indicated that
the thermostability of lipase MAS1-HI08A was greatly
enhanced after its immobilization onto XAD1180 resin
by physical adsorption.

Regiospecificity of immobilized MAS1-H108A lipase

The regiospecificities of free lipase MAS1-HI108A and
immobilized MAS1-H108A lipase were evaluated dur-
ing the hydrolysis of triolein and the results are shown
in Fig. 4. It was observed that the hydrolysates obtained
by free lipase MAS1-H108A consisted of 86.88% TAG,
5.11% FFA, 4.83% 1,3-DAG, 2.75% 1,2-DAG, and 0.43%
1-MAG after 10 min of reaction. Moreover, the ratio of
1,2-DAG to 1,3-DAG obtained by free lipase MAS1-
H108A decreased from 0.73 to 0.57 when reaction time
increased from 1 to 10 min (Fig. 4a), which was similar to
that (1,2-DAG/1,3-DAG ratio of 0.79-0.65) obtained by
immobilized MAS1-H108A lipase during the hydrolysis
of triolein (Fig. 4b). The results indicated that the immo-
bilization process has no significant effect on the regio-
specificity of lipase MAS1-HI108A. It was also found that
both immobilized MAS1-H108A lipase and free lipase
MAS1-H108A exhibited no regiospecificity during the
hydrolysis of triolein when compared with 1,3-regiospe-
cific lipase rPro-ROL (1,2-DAG/1,3-DAG ratio increasing
from 3.3 to 26.7, [36]) and non-regiospecific lipase AYS
(1,2-DAG/1,3-DAG ratio decreasing from 4.7 to 3.0, [31]).

(b)
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Fig.4 Time course of free lipase MAS1-H108A (a) and immobilized MAS1-H108A lipase (b)-catalyzed hydrolysis of triolein
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Synthesis of n-3 PUFA-rich TAG by immobilized
MAS1-H108A lipase

Esterification of n-3 PUFA with glycerol

The esterification activities of immobilized MAS1-H108A
lipase and free lipase MAS1-H108A were determined to
be 1448 U/g and 95 U/g, respectively. The time course of
free lipase MAS1-H108A and immobilized MAS1-H108A
lipase-catalyzed esterification of glycerol with n-3 PUFA
under the same conditions are presented in Fig. 5. As shown
in Fig. 5a, when the esterification reactions were catalyzed
by immobilized MAS1-H108A lipase, TAG content and
esterification degree increased dramatically as the reaction
proceeded. However, 1,3-DAG, 1,2-DAG, and 1-MAG con-
tent separately increased slowly and reached the maximum
at 3 h. After that, 1,3-DAG, 1,2-DAG, and 1-MAG content
decreased gradually as reaction time was prolonged from 3
to 24 h. It was found that 2-MAG content was not observed
during the esterification reactions. Moreover, it was observed
that DAG content was higher than MAG content whereas
DAG content was lower than TAG content during the time
course of the reaction. This was probably because the for-
mation of FA - MAG — DAG — TAG reactions catalyzed
by non-regiospecific immobilized MAS1-H108A lipase was

(a)
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90 | 490
80 | 180 =
-
70 F {70 §
;\? 60 - Esterification degree {60 F
~ 50 -4 TAG -o-FFA 50 2’
= - 1 )
s -#-1,3-DAG -9~ 1,2-DAG =
£ 40 ~1-MAG —-2-MAG 140 =
S 3of 130 %
20 420 2
10 {10 £
e
of it 0
1 1
6

N2 ]

9 12 15 18 21

Reaction time (h)

spontaneous. After 24 h of reaction, the final product con-
sisted of 92.07% TAG, 2.46% FFA, 3.05% 1,3-DAG, 2.3%
1,2-DAG and 0.12% 1-MAG. It could be concluded that the
glycerides composition obtained by immobilized MAS1-
H108A lipase was similar to that of natural fish oils con-
taining a major proportion of TAG and minor proportions
of DAG and MAG. Besides, esterification degree reached
97.54% at 24 h when immobilized MAS1-H108A lipase was
employed to catalyze the esterification reactions. The results
indicated that the complete conversion from FA to TAG can
be achieved by immobilized MAS1-H108A lipase-catalyzed
esterification reactions. More importantly, TAG content
(92.07%) and esterification degree (97.54%) obtained by
immobilized MAS1-H108A lipase (Fig. Sa) were higher
than those (71.82% and 81.2%, respectively) by free lipase
MAS1-H108A (Fig. 5b) after 24 h of reaction. Furthermore,
lower DAG content (5.35%) and MAG content (0.12%) were
obtained by immobilized MAS1-H108A lipase (Fig. 5a) than
those (9.11% and 0.27%, respectively) by free lipase MAS1-
H108A (Fig. 5b). It could be concluded that immobilized
MAS1-H108A lipase exhibited higher catalytic efficiency
than free lipase MAS1-HI108A in the esterification reac-
tions. As shown in Table 1, n-3 PUFA-rich TAG obtained
by immobilized MAS1-H108A lipase were found to have
similar n-3 PUFA composition to the substrate. Therefore,

(b)
100 | 41
0 - Esterification degree 0
90 -4-TAG  -e-FFA 190
80 | -#-1,3-DAG —-1,2-DAG #l8) ™
~ ~ 7
- | —1-MAG y 1n g
o =
® 60 - 460 3
e -
E 50 F —450 g
s 40 440 =
S 3ot 130 %
20} 20 2
°
o | @; 0=
0F »- #40

Reaction time (h)

Fig.5 The time course of immobilized MAS1-H108A lipase (a) and free lipase MAS1-H108A (b)-catalyzed esterification of glycerol with n-3

PUFA

Table 1 n-3 PUFA composition
of the substrate (n-3 PUFA and
n-3 PUFA-rich EE), synthesized
TAG in the final product

during immobilized MAS1-
HI108A lipase-catalyzed the
esterification and glycerolysis
reactions after 24 h of reaction
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Fatty acids

Composition (%)

n-3 PUFA TAG in the esterifica- n-3 PUFA-rich EE TAG in the glyc-

tion reactions erolysis reactions
EPA 38.56+0.45 38.69+0.24 38.91+0.24 38.68+£0.32
DPA 6.56+0.23 6.42+0.19 6.45+0.19 6.76 £0.24
DHA 45.21+0.32 44.97+0.28 44.75+0.28 43.90+0.38
Total n-3 PUFA 90.33+0.43 90.08 +£0.61 90.11+0.56 89.34+0.45
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non-regiospecific immobilized MAS1-H108A lipase with
high catalytic activity is a promising industrial lipase for the
synthesis of n-3 PUFA-rich TAG.

Glycerolysis of n-3 PUFA-rich EE

Although high n-3 PUFA-rich TAG content was obtained
when immobilized MAS1-H108A lipase and free lipase
MAS1-H108A were used to catalyze the esterification of
n-3 PUFA with glycerol, n-3 PUFA are prepared from n-3
PUFA-rich EE [32] and are easy to isomerize, oxidize, and
polymerize during the reactions [10]. Moreover, n-3 PUFA-
rich EE are the main available n-3 PUFA form in the market.
Thus, the catalytic abilities of free lipase MAS1-H108A and
immobilized MAS1-H108A lipase-catalyzed glycerolysis
of n-3 PUFA-rich EE for the synthesis of n-3 PUFA-rich
TAG under vacuum were also evaluated in this study and
the results are given in Fig. 6. As presented in Fig. 6a, when
immobilized MAS1-H108A lipase was used to catalyze the
glycerolysis reactions, EE conversion and TAG content sepa-
rately increased dramatically as the reaction proceeded and
finally reached 80.97% and 76.13%, respectively. After 24 h
of reaction, EE content decreased to be 19.03% whereas 1,3-
DAG, 1,2-DAG and 1-MAG content were 3.64%, 1.17% and
0.04%, respectively. 2-MAG content was not observed dur-
ing the glycerolysis reactions. It was found that TAG content
was the highest, followed by DAG content, and MAG con-
tent was the lowest throughout the whole reaction. This was
probably because three consecutive reversible reactions from
glycerol to TAG during the glycerolysis reactions catalyzed
by non-regiospecific immobilized MAS1-H108A lipase
were all fast and spontaneous. Thus, there were no MAG
and DAG content accumulated during the glycerolysis reac-
tions. More importantly, EE conversion (80.97%) and TAG
content (76.13%) obtained by immobilized MAS1-H108A
lipase (Fig. 6a) were higher than those (52.55% and 39.62%,
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respectively) by free lipase MAS1-H108A (Fig. 6b). The
results showed that the catalytic efficiency of immobilized
MASI-H108A lipase was better than that of free lipase
MASI1-H108A in the glycerolysis reactions. Furthermore,
it was also observed that the n-3 PUFA composition of TAG
in the final product obtained by immobilized MAS1-H108A
lipase-catalyzed glycerolysis reactions was similar to that of
the original EE (Table 1). Therefore, immobilized MAS1-
H108A lipase is a potential biocatalyst for the modification
of oils and fats. Overall, immobilized MAS1-H108A lipase
is an efficient biocatalyst for the synthesis of n-3 PUFA-rich
TAG by glycerolysis of n-3 PUFA-rich EE and esterification
of glycerol with n-3 PUFA when compared with free lipase
MAS1-H108A.

In the esterification reactions, water is a side product
that can form a water phase in the biocatalysts and promote
the hydrolytic process. The alcohol released in the glycer-
olysis reactions may act as a competitor for glycerol and
change the conformation and performances of the lipase.
Thus, the vacuum was used to eliminate the produced alco-
hol and water in this study. Moreover, it could be seen from
the above results that lower n-3 PUFA-rich TAG content
was obtained in the glycerolysis reactions than that in the
esterification reactions when immobilized MAS1-HI08A
lipase was employed as the biocatalyst. To obtain highly
pure n-3 PUFA-rich TAG product, the reaction mixture in
the glycerolysis reactions needs to be further purified by
molecular distillation. It could be found that the processes
are complicated, high energy consumption, and high cost.
However, n-3 PUFA-rich TAG content in the esterification
reactions reached 92.07%, which is similar to that in natu-
ral fish oil. The results indicated that the final product in
the esterification reactions don’t require further purification
and the synthesis processes are simplified. Although higher
TAG content was obtained in the esterification reactions,
n-3 PUFA are easy to isomerize, oxidize, and polymerize

(b)
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Fig.6 Time course of glycerolysis of n-3 PUFA-rich EE catalyzed by immobilized MAS1-H108A lipase (a) and free lipase MAS1-H108A (b)
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during the reactions. Moreover, n-3 PUFA are prepared
from n-3 PUFA-rich EE, which was the main available n-3
PUFA form in the market. Thus, these two strategies have
their own advantages and problems. Nevertheless, in terms
of economy and TAG content, it was better and more effec-
tive when immobilized MAS1-H108A lipase was used to
catalyze the esterification of glycerol with n-3 PUFA for the
synthesis of n-3 PUFA-rich TAG.

According to the above results, it could be conferred
that the reaction mechanism of immobilized MAS1-H108A
lipase-catalyzed the esterification and glycerolysis reactions
for the efficient synthesis of n-3 PUFA-rich TAG (Fig. 7)
could proceed as follows: Glycerolysis of n-3 PUFA-rich
EE and esterification of glycerol with n-3 PUFA both con-
tains three consecutive reversible reactions. Glycerol is first
converted to MAG, followed by the conversion from MAG
to DAG, and finally DAG is converted to TAG. Immobilized
MASI1-H108A lipase is a non-regiospecific lipase and can
migrate acyl groups from n-3 PUFA or n-3 PUFA-rich EE
to sn-1, 2, and 3 hydroxyl group of glycerol. Thus, 1,2-DAG
and 1,3-DAG are synthesized simultaneously and converted
to TAG spontaneously. However, when 1,3-regiospecific
immobilized lipase was employed to catalyze the esterifi-
cation and glycerolysis reactions, 1,3-DAG was the main
reaction product. TAG was formed mainly through the acyl
migration from 1,3-DAG to 1,2-DAG and then a second
acylation of 1,2-DAG because n-3 PUFA or n-3 PUFA-rich
EE were difficult to react with the sn-2 hydroxyl group of
1,3-DAG (Fig. 7 dashed lines). In conclusion, the conversion

H108A lipase

Immobilized MASI1-
H108A lipase

>

O—C—DHA/EPA

1-MAG

€

OH

OH

acyl migration

OH

Glycerol

) Bl

Immobilized MASI-

from DAG to TAG is a rate-limiting step during 1,3-regio-
specific immobilized lipase-catalyzed esterification and
glycerolysis reactions for the synthesis of n-3 PUFA-rich
TAG. Therefore, n-3 PUFA-rich TAG could be synthesized
efficiently and rapidly by non-regiospecific immobilized
MASI1-H108A lipase.

Conclusions

In this study, immobilized MASI1-H108A lipase on
XAD1180 resin was found to have similar regiospecificity,
optimal temperature and pH to free lipase MAS1-H108A,
but its thermostability was higher than that of free lipase
MAS1-H108A. Moreover, n-3 PUFA-rich TAG was effi-
ciently synthesized by non-regiospecific immobilized
MASI1-H108A lipase-catalyzed glycerolysis of n-3 PUFA-
rich EE and esterification of n-3 PUFA with glycerol under
vacuum in the solvent-free system. TAG contents separately
reached 92.07% and 76.13% during the esterification and
glycerolysis reactions, which were significantly higher than
those (71.82% and 39.62%, respectively) obtained by free
lipase MAS1-H108A. Besides, no significant difference
was observed in the n-3 PUFA composition between n-3
PUFA-rich TAG obtained by immobilized MAS1-H108A
lipase and the substrate. These findings suggested that non-
regiospecific immobilized MAS1-H108A lipase with high
catalytic activity is a promising and efficient biocatalyst for
industrial production of n-3 PUFA-rich TAG.
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Fig.7 Reaction mechanism for the glycerolysis of n-3 PUFA-rich EE and esterification of n-3 PUFA with glycerol catalyzed by immobilized

MAS1-H108A lipase
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