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Abstract: Phosphatidylserine (PS) is a new resource food, which has less content in nature and the difficulty of extraction.
Phospholipase D (PLD) is the critical synthetase in enzymatic preparation of PS. This paper mainly introduces the
characteristics of molecular structure of PLD and the catalytic mechanism and enzyme activity, and summarizes the current
preparation methods of PS, focusing on the research progress and reaction system of enzymatic synthesis, and analyzes and
prospects the selection of the reaction system for PS preparation. It is expected to provide reference for deepening the
research of enzymatic preparation of PS, so as to promote the industrial production and application of new resource food
PS.
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1 4% 1# PMF-PLD A =28 F145H4
Fig.1 Tertiary structures of PMF-PLD
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Fig.2 Phospholipase D-catalyzed reaction
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Table 1 Different reaction conditions of traditional two-phase systems
L2 AHHLAA PR 25 % PC pH HREE(C) PSH: (%)

IR 2k 1:1 15:1° 6.5 30 74.8001%
R 2k 2:1 15:1° 6 30 920!

T S R ZEH B 1:1 20:1° 55 35 94137
HEET Abi NA 5:1° 6 45 1005
HERE A LR T 2:1 5:2° NA 40 283
BRI IR T Wi Tk #H6.25% 20:1° 5.5 30 88!¢!
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B, W7 ik

ERER M B

feBR IR IR 1 K B ATl B
I " RS PERI . TS T
5 I IRl T2 A
Eggz 2 kATHLEA ey, AR
VAT L P KATHLR ARSI, MR e

kR 2

SR TR (A et EREIRIL A RIUPS 5
KRR BRI Wl T

FEATAEAHLA A, LIPS ™8t K ARYEFISEE, P HIPA fr it 2

VXA HLEA FREE

IRIINZR T P55 0 RS |

PSP SANN LA ATV B - SR AR

S 2 52 PLDIAE ML
M, PLRFEIRALR

AHLRRINI T EIRBMIG LN i sy gt
e gl toage - DALV A8 FRBEACF TP

RE A BRI $E e R AR

i 52 4% 22, I3 T ) AHLAE R AE Y R 24

XA R, A PRITHFLE SR EAE ) 50 () AR

T 08 H S R W NE TS PE B A ), BEAIR PLD A= ™
JEAS, FER A HAR T BN G )2 &, 20
PLD WAL, IT- Ak S g0 Ik Y 23t A R 77 19
FEHEPEY . AMETEMIFE N 3[R %5 0, PLD
PAHSCIFSERENS AP PS ZE T RE & S ™ i h i
TFARANHBLRE HEA, Sy [ B2 0T
Sk
[1] NAIRS, TRAINI M, DAWES I W, et al. Genome-wide ana-
lysis of Saccharomyces cerevisiae identifies cellular processes af-
fecting intracellular aggregation of Alzheimer's amyloid-f42: Im-
portance of lipid homeostasis[J]. Molecular Biology of the Cell,
2014, 25(15): 2235-2249.
[2] ZHANGY Y, YANG L Q, GUO L M. Effect of phos-
phatidylserine on memory in patients and rats with Alzheimer’s dis-
ease[J]. Genetics and Molecular Research, 2015, 14(3): 9325—
9333.
[3] SUZUKIS, YAMATOYA H, SAKAI M, et al. Oral adminis-
tration of soybean lecithin transphosphatidylated phosphatidylserine
improves memory impairment in aged rats[J]. The Journal of Nutri-
tion, 2001, 131(11): 2951-2956.
[4] HIRAYAMA S, TERASAWA K, RABELER R, et al. The ef-
fect of phosphatidylserine administration on memory and symptoms
of attention-deficit hyperactivity disorder: A randomised, double-
blind, placebo-controlled clinical trial[J]. Journal of Human Nutri-
tion and Dietetics, 2014, 27(s2): 284-291.
[5] VANCE J E, STEENBERGEN R. Metabolism and functions
of phosphatidylserine[J]. Progress in Lipid Research, 2005, 44(4):
207-234.
[6] CHENS,XUL,LIY, et al. Bioconversion of phosphatidylser-
ine by phospholipase D from Streptomyces racemochromogenes in a
microaqueous water-immiscible organic solvent[J]. Bioscience, Bi-
otechnology & Biochemistry, 2013, 77(9): 1939-1941.
[7] LIUY, ZHANG T, QIAO J, et al. High-yield phosphatidylser-
ine production via yeast surface display of phospholipase D from

Streptomyces chromofuscus on Pichia pastoris[J]. Journal of Agri-

cultural and Food Chemistry, 2014, 62(23): 5354—5360.

[8] A, Livic, @i, 5. Bigds D A LIRCHUH 49 2T 2
#& [J]. F B fg, 2016,41(3): 80-84. [ YANG XL, MA Q Q,
YUAN X H, et al. Progress of phospholipase D and its catalytic
mechanism [J]. China Oils and Fats, 2016, 41(3): 80—84. ]

[9] MORRIS A J, ENGEBRECHT J, FROHMAN M A. Structure
and regulation of phospholipase D[J]. Trends in Pharmacological
Sciences, 1996, 17(5): 182.

[10] MAO X, LIU Q, QIU Y, et al. Identification of a novel phos-
pholipase D with high transphosphatidylation activity and its applic-
ation in synthesis of phosphatidylserine and DHA-phosphatidylser-
ine[J]. Journal of Biotechnology, 2017, 249: 51-58.

[11] CASADO V, REGLERO G, TORRES C F. Production and
scale-up of phosphatidyl-tyrosol catalyzed by a food grade phos-
pholipase D[J]. Food Bioproducts Processing, 2013, 91(4): 599~
608.

[12] A&, kE, k. Bi58e D &4 s AL BARAH) & 55 e BE 2 2
AR [J]. F B4 g, 2020,45(1): 97-101. [ XIA'Y, ZHANG T,
JIANG B, et al. Purification of phospholipase D and catalytic pre-
paration of phosphatidylserine[J]. China Oils and Fats, 2020,
45(1):97-101. ]

(13 ] &, Luxd, KA, 5. 50588 D EAE FOATH +
FOA R B ARG R AN B L R e AR (1], R X F S
1%, 2020,35(5): 7. [MAO S H, MA X Y, ZHANG Z H, et al. Ex-
pression of phospholipase D in Bacillus subtilis and enzymatic syn-
thesis of phosphatidylserine [J]. Journal of Tianjin University of Sci-
ence & Technology, 2020, 35(5): 7. ]

[14] =3k, BAR%E, &, 5. Streptomyces septatus Bihs ¥ D £
Mgk B 89 & 20 Rk OB S R 4 4T (D], B S A, 2020,
41(8):100-107. [HUANGL, MA J Y, WANG S, et al. Recom-
binant expression of phospholipase D from Streptomyces septatus in
Pichia pastoris and analysis of its enzymatic properties[J]. Food
Science, 2020, 41(8): 100-107. ]

[15] LIUY, HUANG L, FU Y, et al. A novel process for phos-

phatidylserine production using a Pichia pastoris whole-cell biocata-


https://doi.org/10.1091/mbc.e13-04-0216
https://doi.org/10.4238/2015.August.10.13
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1016/j.plipres.2005.05.001
https://doi.org/10.1021/jf405836x
https://doi.org/10.1021/jf405836x
https://doi.org/10.1021/jf405836x
https://doi.org/10.3969/j.issn.1003-7969.2016.03.019
https://doi.org/10.3969/j.issn.1003-7969.2016.03.019
https://doi.org/10.1016/0165-6147(96)10016-X
https://doi.org/10.1016/0165-6147(96)10016-X
https://doi.org/10.1016/j.jbiotec.2017.03.029
https://doi.org/10.1016/j.fbp.2013.02.002
https://doi.org/10.12166/j.zgyz.1003-7969/2020.01.021
https://doi.org/10.12166/j.zgyz.1003-7969/2020.01.021
https://doi.org/10.7506/spkx1002-6630-20190903-029
https://doi.org/10.7506/spkx1002-6630-20190903-029
https://doi.org/10.7506/spkx1002-6630-20190903-029
https://doi.org/10.1091/mbc.e13-04-0216
https://doi.org/10.4238/2015.August.10.13
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1093/jn/131.11.2951
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1111/jhn.12090
https://doi.org/10.1016/j.plipres.2005.05.001
https://doi.org/10.1021/jf405836x
https://doi.org/10.1021/jf405836x
https://doi.org/10.1021/jf405836x
https://doi.org/10.3969/j.issn.1003-7969.2016.03.019
https://doi.org/10.3969/j.issn.1003-7969.2016.03.019
https://doi.org/10.1016/0165-6147(96)10016-X
https://doi.org/10.1016/0165-6147(96)10016-X
https://doi.org/10.1016/j.jbiotec.2017.03.029
https://doi.org/10.1016/j.fbp.2013.02.002
https://doi.org/10.12166/j.zgyz.1003-7969/2020.01.021
https://doi.org/10.12166/j.zgyz.1003-7969/2020.01.021
https://doi.org/10.7506/spkx1002-6630-20190903-029
https://doi.org/10.7506/spkx1002-6630-20190903-029
https://doi.org/10.7506/spkx1002-6630-20190903-029

%435 % 12

SREE, 4. WRAREE D AR M HAERERTE 2 ZR & A A - 491 -

lyst with overexpression of phospholipase D from Streptomyces
halstedii in a purely aqueous system[J]. Food Chemistry, 2019,
274: 535-542.

[16] ZHANGY, ZHU L, WU G, et al. A novel immobilized en-
zyme enhances the conversion of phosphatidylserine in two-phase
system[J]. Biochemical Engineering Journal, 2021, 172: 108035.
[17] HOUGH E. The first crystal structure of a phospholipase
D[J]. Comparative Study, 2000, 8(6): 655—-667.

(18] Zokpk. BEfgie D 1RALHE MG BE AR 4545 B A& = H A & AE R
KREERS 49 AF R [D]. %% %3k X5, 2019. [ LIB L. Phospholiase
D-catalyzed transphosphatidylation for production of naturally rare
and non-natural phospholipids[D]. Xi'an: Northwest University,
2019. ]

[19] MATSUMOTO Y, KASHIWABARA N, OYAMA T, et al.
Molecular cloning, heterologous expression, and enzymatic charac-
terization of lysoplasmalogen-specific phospholipase D from Ther-
mocrispum sp[J]. FEBS Open Bio, 2016, 6(11): 1113-1130.

[ 20 ] ULBRICH-HOFMANN R, LERCHNER A, OBLOZINSKY
M, et al. Phospholipase D and its application in biocatalysis[J]. Bio-
technology Letters, 2005, 27(8): 535—544.

[21] DIPPE M, MRESTANI-KLAUS C, SCHIERHORN A, et al.
Phospholipase D-catalyzed synthesis of new phospholipids with po-
lar head groups[J]. Chemistry and Physics of Lipids, 2008, 152(2):
71-77.

[22] DAWSON R M. The formation of phosphatidylglycerol and
other phospholipids by the transferase activity of phospholipase
D[J]. Biochemical Journal, 1967, 102(1): 205-210.

[23] D'ARRIGO P, CERIOLI L, CHIAPPE C, et al. Improve-
ments in the enzymatic synthesis of phosphatidylserine employing
ionic liquids [J]. Journal of Molecular Catalysis B Enzymatic, 2012,
84(1): 132-135.

[ 24 ] MENDONSA R, ENGEBRECHT J. Phospholipase D func-
tion in Saccharomyces cerevisiae[J]. Molecular and Cell Biology of
Lipids, 2009, 1791(9): 970-974.

[25] BLATT M R. Cellular signaling and volume control in sto-
matal movements in plants[J]. Annual Review of Cell and Develop-
mental Biology, 2000, 16: 221-241.

[26] SIMKHADA J R, CHO S S, HONG S C, et al. A new ther-
molabile alkaline phospholipase D from Streptomyces sp. CS628[J].
Biotechnology Bioprocess Engineering, 2010, 15(4): 595-602.

[27 ] WEBER E J. Compositions of commercial corn and soybean
lecithins[J]. Journal of the American Oil Chemists' Society, 1981,
58(10): 898-901.

(28] MM A, ZRT. BHRBL L A H &5 A LR [T]. b
Jr Rk 3k, 2009(4): 83-84. [ YANG W D, MA Y N. Prepara-
tion and research advance of phosphatidyiserine[J]. Journal of
Northern Agriculture, 2009(4): 83—84. ]

[29] Kb, %48-F, 5%, F. 6B 2 R0 A R EEA H 6 T
M % e As AT P e Rk [J] P B A TR &, 2008,
28(9):56-60. [ ZHANG Y N, LU F P, L1 'Y, et al. Cloning of the
phosphatidylserine synthase gene and its secretive expression in Ba-
cillus subtilis[1]. China Biotechnology, 2008, 28(9): 56-60. ]

[30] R EM%, ki, ik, . BIRBL L RBR B A H &5 0 5

At e [J1. F B g, 2018, 43(10): 5. [ ZHOU Y F, ZHANG
T, JIANG B, et al. Advance in enzymatic preparation and separation
of phosphatidylserine [J]. China Oils and Fats, 2018, 43(10): 5. ]
[31] #4545 BEieds D 09 T AAMACKIE B A 10 H) &5 TR BE
# Z8 [D]. 4 itd K5, 2019. [ HUANG T T. Recombinant
expression of phospholipase D and biosynthesis of phosphatidylser-
ine[D]. Wuxi: Jiangnan University, 2019. ]

[32] ZHANG X, LI B, WANG J, et al. High-yield and sustainable
production of phosphatidylserine in purely aqueous solutions via ad-
sorption of phosphatidylcholine on triton-x-100-modified silica[J].
Journal of Agricultural and Food Chemistry, 2017, 65(49): 10767—
10774.

[33] DUAN Z Q. Efficient synthesis of phosphatidylserine in 2-
methyltetrahydrofuran[J]. J Biotechnol, 2013, 163(1): 45—49.

[34] MAOS, ZHANG Z, MA X, et al. Efficient secretion expres-
sion of phospholipase D in Bacillus subtilis and its application in
synthesis of phosphatidylserine by enzyme immobilization[J]. Inter-
national Journal of Biological Macromolecules, 2021, 169: 282—289.
[35] mavdg, 500, RAB, . & G LA A B IS8 D 48 % 5%
R BE 2L A8 = % [J]. &0 T A3, 2020,41(17): 7. [ FENG X
N, QI N, SONG W, et al. Protein engineering of phospholipase D to
improve the production of phosphatidylserine[J]. Science and Tech-
nology of Food Industry, 2020, 41(17): 7. ]

[36] LIM, ZHOU Y, DUAN X, et al. Characterization of a phos-
pholipase D from Streptomyces cinnamoneum SK43.003 suitable for
phosphatidylserine synthesis[J]. Biotechnology and Applied Bio-
chemistry, 2021.

[37] &48, i, 207, BEAS 8 D 49 %) & BAEALEE I BEAZ 455 %,
B me e 5B [J]. F B g, 2017,42(9): 6. [ QIAN J, PANG Y,
WANG X, et al. Preparation of phospholipase D and catalytic syn-
thesis of phosphatidylserine from phosphatidylcholine[J]. China
Oils and Fats, 2017, 42(9): 6. ]

[38] CHOOIJIT S, BORNSCHEUER U T, UPAICHIT A, et al. Ef-
ficient phosphatidylserine synthesis by a phospholipase D from
Streptomyces sp. SC734 isolated from soil-contaminated palm oil
[J]. European Journal of Lipid Science, 2016, 118(5): 803—813.
(39 ] #&iA4R. BhAs e D 49 & 20K A L £ BR IS BL 2L R B A% T
W & A [D]. ZA4%: i d K5, 2019. [ HOU H J. Recombinant ex-
pression of phospholipase D and its application in synthesizing
phosphatidylserine[D]. Wuxi: Jiangnan University, 2019. ]

[40] WU JQ, XU X M, WANG D L, et al. Immobilization of
phospholipase D on macroporous SiO2/cationic polymer nano-com-
posited support for the highly efficient synthesis of phosphatidylser-
ine [J]. Enzyme Microb Technol, 2020, 142: 109696.

[41] ZHOUY, TIAN S, QIAN L, et al. DHA-enriched phos-
phatidylserine ameliorates non-alcoholic fatty liver disease and in-
testinal dysbacteriosis in mice induced by a high-fat diet[J]. Food &
Function, 2021, 12(9): 4021-4033.

[42] TR, k&, E29, F. BEXHNES S 5 Fiad sl
A B IR Bl 22 BB K F U 8 AT T (T). 7 AR LA, 2011,
38(12): 1-4. [ YU G, ZHANG H, WANG Y M, et al. Study on en-
zymatic preparation of n-3 polyunsaturated fatty acid phosphatidyl-

serine with anti-tumor activity[J]. Guangdong Agricultural Sci-


https://doi.org/10.1016/j.foodchem.2018.08.105
https://doi.org/10.1016/j.bej.2021.108035
https://doi.org/10.1002/2211-5463.12131
https://doi.org/10.1007/s10529-005-3251-2
https://doi.org/10.1007/s10529-005-3251-2
https://doi.org/10.1016/j.chemphyslip.2008.01.005
https://doi.org/10.1042/bj1020205
https://doi.org/10.1016/j.bbalip.2009.01.013
https://doi.org/10.1016/j.bbalip.2009.01.013
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1007/s12257-010-0013-3
https://doi.org/10.1007/BF02659654
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.1021/acs.jafc.7b04744
https://doi.org/10.1016/j.jbiotec.2012.10.022
https://doi.org/10.1016/j.ijbiomac.2020.12.103
https://doi.org/10.1016/j.ijbiomac.2020.12.103
https://doi.org/10.1002/ejlt.201500227
https://doi.org/10.1016/j.enzmictec.2020.109696
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.1016/j.foodchem.2018.08.105
https://doi.org/10.1016/j.bej.2021.108035
https://doi.org/10.1002/2211-5463.12131
https://doi.org/10.1007/s10529-005-3251-2
https://doi.org/10.1007/s10529-005-3251-2
https://doi.org/10.1016/j.chemphyslip.2008.01.005
https://doi.org/10.1042/bj1020205
https://doi.org/10.1016/j.bbalip.2009.01.013
https://doi.org/10.1016/j.bbalip.2009.01.013
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1146/annurev.cellbio.16.1.221
https://doi.org/10.1007/s12257-010-0013-3
https://doi.org/10.1007/BF02659654
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.3969/j.issn.1007-0907.2009.04.037
https://doi.org/10.1021/acs.jafc.7b04744
https://doi.org/10.1016/j.jbiotec.2012.10.022
https://doi.org/10.1016/j.ijbiomac.2020.12.103
https://doi.org/10.1016/j.ijbiomac.2020.12.103
https://doi.org/10.1002/ejlt.201500227
https://doi.org/10.1016/j.enzmictec.2020.109696
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001

- 492 - £ Tl B4

2022 4 6 H

ences, 2011, 38(12): 1-4. |

[43] #03E4h, B4, 00, F. HALEMRAFEHT - RN EE
o R [J]. 45 3, 2016(11): 1672—-1681. [ WEI J N, TANG
X, SUN Y, et al. Applications of novel biomass-derived platform
molecule y-valerolactone[J]. Progress in Chemistry, 2016(11):
1672-1681. ]

[44] 3%, BEASERE D %) & B HARACA R A% IS Bt 2 28 HF 70 [D].
A 4 e T K 52013, [ HU F. Study on the preparation of
phospholipase D and its application to the synthesis of phos-
phatidylserine[D]. Hefei: Hefei University of Technology, 2013. ]
[45] R=. JEH B T 85 09 6 M A AF A 8 & 78 1) £ K SLA F
& A [D]. ¥ 4&: F4# K%, 2014. [ ZHAO Y. The preparation of
fatty acid methyl ester and application as green solvent in oil-water
emulsion formation[D]. Changchun: Jilin University, 2014. ]

[46 ] BIYH,DUANZQ,DU W'Y, etal. Improved synthesis of pho-

sphatidylserine using bio-based solvents, limonene and p-cymene[J].
Biotechnology Letters, 2015, 37(1): 115-119.
[47] Josk, FEE, HR, F. 8 F k0 IRy B 5 R
£ Z B e B s BE A2 AR (T). 4L T 3R, 2017, 68(9): 3442-3450.
[SHIW, LI Y H, SUO X, et al. Selective separation of phos-
phatidylserine and phosphatidylcholine with ionic liquids as extract-
ants[J]. Journal of Chemical Industry and Engineering, 2017,
68(9): 3442-3450. ]
[48] YANG S L, DUAN Z Q. Insight into enzymatic synthesis of
phosphatidylserine in deep eutectic solvents[J]. Catalysis Commu-
nications, 2016, 86: 16—19.
[49] MBOUSY P, HAYYAN M, HAYYAN A, et al. Applica-
tions of deep eutectic solvents in biotechnology and bioengineer-
ing—Promises and challenges[J]. Biotechnology Advances, 2017,
35(2):105-134.


https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.1007/s10529-014-1646-7
https://doi.org/10.1016/j.biotechadv.2016.11.006
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.1007/s10529-014-1646-7
https://doi.org/10.1016/j.biotechadv.2016.11.006
https://doi.org/10.3969/j.issn.1004-874X.2011.12.001
https://doi.org/10.1007/s10529-014-1646-7
https://doi.org/10.1016/j.biotechadv.2016.11.006

	1 微生物PLD的特性
	1.1 PLD的分子结构特点
	1.2 PLD的催化机理
	1.3 PLD的底物特异性
	1.4 影响PLD活力的因素

	2 微生物PLD催化制备磷脂酰丝氨酸研究
	2.1 PLD酶催化法制备磷脂酰丝氨酸
	2.1.1 单相反应体系
	2.1.1.1 传统单相反应体系
	2.1.1.2 固定化酶单相反应体系

	2.1.2 两相反应体系
	2.1.2.1 传统两相反应体系
	2.1.2.2 固定化酶两相反应体系

	2.1.3 绿色环保溶剂反应体系


	3 总结与展望

