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Abstract—Phospholipases are enzymes of the class of hydrolases that catalyze the cleavage of bonds in phos-
pholipids; they are found in almost all organisms. Enzymes of microbial origin are of the greatest interest. The
popularity of bacterial enzymes is due to their huge variety and technological properties: high specific activity,
thermal stability, and wide substrate specificity. The production of recombinant bacterial phospholipases and
their improvement remain an urgent task, for which it is necessary to deepen and systematize knowledge
about the enzymes of this group. This review describes the properties, structure, and mode of action of bac-
terial phospholipases C, which are widely used in various areas of human practice: scientific research, medi-
cine, food, chemical industry, etc.
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INTRODUCTION

Phospholipases (PL) (EC 3.1.1, 3.1.4) are enzymes
that hydrolyze various bonds in phospholipids (Fig. 1)
and which, along with glycolipids and cholesterol, are
among the main components of biological mem-
branes. Acting on the lipid–water interface, phospho-
lipases act as biocatalysts for phase transfer catalysis
[1, 2]. These enzymes are widespread in nature and
perform various functions: they participate in main-
taining the lipid composition of membranes, play an
essential role in the development of the inflammatory
process and triggering the synthesis of inflammatory
mediators, take part in the work of the inositol phos-
phate system, which provides transmembrane trans-
mission of hormonal signals, and act as active compo-
nents of hemolytic snake venom, etc. [3, 4].

Depending on the site of cleavage of the bond in
the phospholipid molecule, the four main families of
phospholipases are distinguished: A, B, C and D
(Fig. 2) [5]. Phospholipases of types A and B are acyl
hydrolases, types C and D are phosphodiesterases.
Phospholipases A1 (PLA1) and A2 (PLA2) hydrolyze
the SN-1 or SN-2 acyl chain to release free fatty acid
and 1- or 2-acyl-lysophospholipid, respectively. In the
case of the cleavage of both fatty acids, one speaks of
phospholipase type B (PLB).

Phospholipase C (PLC) cleaves the glycerophos-
phate bond to form diacylglycerol and a phosphate-
containing polar group, while phospholipase D
(PLD) hydrolyzes the bond between the phosphate
and alcohol groups, thereby releasing phosphatidic
acid and alcohol.

Several isoforms are isolated for each type of phos-
pholipases, depending on the molecular weight, cell
localization, regulation method, and substrate speci-
ficity [3, 4, 6]. For example, 10 phospholipase C iso-
forms have been identified in human cells, and various
phospholipase D isoforms have been found in viruses,
bacteria, yeast, mucus, plants, and mammals [7].

BACTERIAL PHOSPHOLIPASES
A wide variety of phospholipases are produced by

pathogenic and nonpathogenic bacteria. Some of the
bacterial phospholipases exhibit the properties of tox-
ins, while others, not being toxins, play an important
role in the pathogenesis of diseases. The toxic effect of
phospholipases is manifested both directly in lysis and
in changes in the metabolism of host cells. The accu-
mulating products of their catalysis—lysophospholip-
ids—have strong surface-active properties, which leads
to the destruction of cell lipoprotein structures and the
activation of hydrolases responsible for the autolytic
degradation of cellular polymers [8, 9].

All types of phospholipases are found in microor-
ganisms, differing in the position of the hydrolyzable

1 Corresponding author: phone: +7 (913) 218-47-06; e-mail: var-
vara.chirkova@gmail.com.

REVIEW ARTICLE



654

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47  No. 3  2021

MERKULYEVA et al.

bond. Phospholipase A1 (EC 3.1.1.32), cleaving the
SN-1 acyl chain, has a wide substrate specificity, Ca2+

is a cofactor [10]. PLA1 found in bacteria Serratia
spp., Yersinia enterocolitica, Streptomyces alboflavus,
Escherichia coli, Bacillus subtilis, B. megaterium,
Mycobacterium phlei [11, 12]. Phospholipase A1 of
gram-negative bacteria is one of the virulence factors,
which arouses increased interest in the study of this
phospholipase. It enhances the hemolytic properties
of bacterial cells and increases their invasiveness [13].

Phospholipase A2 (CF 3.1.1.4), splitting off SN-2
acyl chain, acts on phosphatidylethanolamine, cho-
lineplasmalogen and phosphatides. Ca2+ is also a
cofactor [14]. PLA2 is found in bacteria E. coli, Strep-
tomyces coelicolor, St. violaceoruber, Helicobacter pylori
[15], Yersinia enterocolitica [16]. In cells of E. coli
phospholipase A2 increases the level of lysophospho-
lipids and fatty acids in the membrane, increasing its
permeability and thus participating in the release of
bacteriocin toxin from the cell.

Phospholipase B (L) (EC 3.1.1.5) is also called lys-
ophospholipase. The enzyme acts on lysolecithin (lys-
ophosphatidylcholine), which is formed as a result of

the action of phospholipase A1 on lecithin (phospha-
tidylcholine) [17]. PLB has the activities of phospholi-
pases A1 and A2 as it cleaves both SN-1 and SN-2 acyl
chains of the phospholipid. Phospholipase B has no
cofactor. Some PLB inhibitors are diisopropyl f luoro-
phosphate and P-chloromercurbenzoic acid; all with-
out exception are surfactants. Phospholipase B is
found in Pseudomonas fluorescens, Bacillus subtilis,
Streptomyces sp., Mycoplasma laidlawii, M. phlei, Ser-
ratia plymuthica, Dictyostelium discoideum [18–20].

Phospholipase C (EC 3.1.4.3) hydrolyzes the glyc-
erophosphate bond, which leads to the formation of
diacylglycerol and a phosphate-containing polar
group. PLC is a key enzyme in phosphatidylinositol
metabolism and lipid signaling pathways. It hydro-
lyzes phosphatidylinositol into two secondary media-
tors, inositol triphosphate and diacylglycerol, which,
being involved in signaling pathways, activate the cal-
cium channels of the endoplasmic reticulum and pro-
tein kinase C, respectively. The cofactor of this
enzyme is Zn2+ [21]. Phospholipase C is found in
Listeria monocytogenes, Clostridium perfringens, Bacil-
lus cereus, B. mycoides, B. anthracis, Pseudomonas
aeruginosa, P. cepacia, P. fluorescens, Burkholderia
pseudomallei, Legionella pneumophila, Acinetobacter
calcoaceticus, and Staphylococcus aureus [22, 23]. The
PLC activity depends not only on the composition of
the phospholipids of cell membranes, but also on the
components of the medium, for example, a decrease
in the activity of phospholipase C of microorganisms
Clostridium perfringens and Bacillus cereus observed
under the action of phosphate- and glycerol-contain-
ing compounds, possibly due to their competition with
the substrate for the corresponding binding sites with
the enzyme [2, 24–26].

Phospholipase D (CF 3.1.4.4) hydrolyzes the bond
between the phosphatidylcholine and alcohol groups
of phosphatidylcholine, thus releasing phosphatidic
acid and soluble choline [27]. PLD activators are

Fig. 2. Reactions catalyzed by phospholipases: FA is fatty acid, PA is phosphatidic acid, DAG is diacylglycerol, X is the head
group, and PX, the phosphorylated head group [5].
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anionic surfactants and inhibitors are cationic. Phos-
pholipase D is found in Acinetobacter baumanii,
E. coli, Neisseria gonorrhoeae, Yersinia pestis, Chla-
mydia trachomatis, Pseudomonas aeruginosa, Strepto-
myces sp. PMF, Rickettsia conorii, and R. prowazekii [28].

PHOSPHOLIPASE WITH BACTERIA
OF THE GENUS Bacillus: STRUCTURE, 

PROPERTIES, MODES OF ACTION

Phospholipase C, which catalyzes the stereospe-
cific hydrolysis of phospholipids, has been found in a
wide range of gram-positive and some gram-negative
bacteria. Bacterial phospholipases C, which are
monomeric proteins with typical signal sequences in
the structure and secreted into the extracellular space
[6], are usually divided into several groups according
to the similarity of structures (Table 1).

Genes encoding α-toxin Clostridium perfringens,
PLC Bacillus cereus, PLC from Clostridium bifermen-
tans and Listeria monocytogenes, were sequenced. A
high degree of homology is shown for them, totaling
~250 first amino acids. Α-toxin Clostridium perfrin-
gens, unlike other phospholipases of gram-positive
bacteria, has 120 additional amino acid residues per C-
end. Phosphatidylcholine Specific PLC (PC-PLC)
B. thuringiensis and B. cereus belonging to the same
group have a high degree of homology.

The structure and properties of PC-PLC Bacillus
cereus are the most studied. As a result of extensive
research, this protein has received the status of the
prototype phospholipase C [29]. The enzyme is a
small protein (28 kDa), quite resistant to denaturing
agents: urea, sodium dodecyl sulfate and temperature
(in the presence of 1 mM Zn2+) [30]. Thanks to stabi-
lizing zinc ions, the protein has the ability to withstand
heating up to 100°C for short periods [31]. The opti-
mum action of the enzyme is observed at a tempera-
ture of 50°C and pH 8–10. Phospholipase C is highly
stable and tolerant to the replacement of Zn2+ ions to
other divalent cations while maintaining (Co2+, Ni2+,

Mg2+, Ca2+, Ba2+) or increasing (Mn2+) enzyme activ-
ity [31, 32].

The enzyme is a single polypeptide chain coiled in
the form of seven helices forming a coiled structure
(Fig. 3a). PLC Bacillus spp. synthesized with a signal
sequence on N-terminal (24 amino acid residues) is
secreted into the extracellular space in the form of a
propeptide. The active form of the enzyme (amino
acid residues 245) is formed by cleavage of 14 N-termi-
nal amino acid residues by cellular proteases (Fig. 3b)
[33–35].

There are three Zn2+ ions in the active center, one
of which is loosely coupled. Zn2+ ions maintain the
conformational stability of the enzyme and participate
in the binding of the substrate regardless of its amount
[36]. Nine аmino acids are involved in the binding of
ions: 5 His, 2 Asp, 1 Glu and 1 Trp. It is believed that
the first amino acid (Trp) in the mature peptide is
essential for enzymatic activity as it facilitates coordi-
nation with basic zinc ions. The ions bind to amino
acid residues from different helices and therefore sta-
bilize the conformation of the molecule.

PLC bacteria genus Bacillus has a wide substrate
specificity; it recognizes various phospholipid sub-
strates that differ only in the structure of the head
group: phosphatidylcholine, phosphatidylethanol-
amine, phosphatidylinositol, phosphatidylglycerol,
phosphatidylserine (Fig. 4) [37–39]. Phosphatidyl-
choline with six carbon atoms in each of the acyl side
chains is exposed to the enzyme with a higher catalytic
efficiency than the substrate containing C2–C4 fatty
acids [40, 41]. The spatial orientation of glycerol side
chains on phosphatidylcholine appears to be an
important factor promoting binding and catalysis [42].

Eukaryotic and bacterial phospholipases have a
common reaction mode: “ping-pong” with an inter-
mediate link, during which the substrate phosphate
group covalently binds to the nucleophilic amino acid
residue from the active center [23]. The amino acid
residues that make up the active site (Glu4, Tyr56, and
Phe66) form a scaffold for binding to the substrate
base [43]. The carboxyl group Glu4 interacts with the

Table 1. Groups of bacterial phospholipases by structural similarity

Source of phospholipases Group Microorganisms

Gram-positive bacteria Zn-dependent metallophospholipases C
(α-toxin, BC-PLC)

Clostridium perfringens
Bacillus cereus

Sphingomyelinase Bacillus cereus
Staphylococcus aureus

Phospholipase C,
hydrolyzing phosphatidylinositol (PLC-A)

Bacillus cereus
Bacillus thuringiensis
Listeria monocytogenes

Gram-negative bacteria Phospholipase C Pseudomonas sp.
(PLC-H and PLC-N)

Pseudomonas aeruginosa

Phospholipase C Legionella sp. Legionella sp.
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nitrogen atom in the head group of choline via a polar
or ionic bond, while Phe66 interacts via the cation–π
interaction [44, 45]. It is assumed that Tyr56 can sta-
bilize a positive charge on an inhibitor or substrate
and, apparently, determine the specificity of the
enzyme [46].

Regarding the molecular mode of action of PLC B.
cereus there are two points of view. According to the
first, Asp55 plays the role of a base that attacks the
nucleophilic water molecule by deprotonation; water,

in turn, launches an attack on phosphorus of phos-
pholipid (Fig. 5a) [38, 41].

According to the second point of view, Zn1 and
Zn3 initiate a nucleophilic attack on phosphorus,
while Zn2 activates a water molecule to protonate the
leaving group (Fig. 5b) [47, 48].

OBTAINING BACTERIAL PHOSPHOLIPASES C

Plants, animals and microorganisms can act as
sources of enzymes. However, it is economically and

Fig. 3. Tertiary model (a) and secondary (b) structure of phosphatidyl-specific phospholipase C B. cereus (PDB: 1AH7) [33–35].
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technologically less profitable to isolate enzymes from
plant or animal sources than to obtain them using
microorganisms. Using E. coli allows the production
of a large amount of the inactive form of this enzyme
in inclusion bodies. To obtain an active enzyme, the
stages of cell destruction, purification, refolding and
activation of the protein are additionally carried out,
which increases the cost of the final product [49].

The first attempt at extracellular PLC synthesis was
carried out using the system Pichia pastoris. The N-end
of the enzyme was combined with the α-factor signal
peptide from Saccharomyces cerevisiae for secretion
and His6-teg, with further purification after cleavage
of the signal peptide [50]. However, the cultivation of
this producer requires the presence of methanol as an
inducer and expensive media, which makes its use
unprofitable. The enzymatic activity of PLC depends
on zinc, but the growth activity of P. pastoris is inhib-
ited by excess Zn2+ (5 mM). Considering this, as well
as the duration of cultivation of P. pastoris (several
days), to obtain PLC on an industrial scale, attempts
are being made to use the expression system of B. sub-
tilis. Typically, the signal sequence of B. subtilis amyE
α-amylase is used for secretion [51].

PRACTICAL APPLICATION
OF PHOSPHOLIPASE C

Bacterial phospholipases C are used to study the
modes of activation of arachidonic acid and protein
kinase C in mammalian cells. In addition, they can act
as reagents for studying the structure of cell mem-
branes, for example, erythrocyte membranes [52, 53].
Unlike many bacterial toxins, PLC does not require
protein internalization, which has attracted the atten-
tion of scientists to investigate the possibility of using
the enzyme for drug delivery. PLC linked to a suitable
antibody can form the backbone of an active cytotoxic
agent. Today, phospholipase C is considered one of
the key enzymes of the drug delivery system along the
endocytosis pathway, since it can catalyze membrane
fusion between cell membranes and phospholipids of
delivery vehicles – liposomes [54].

PLC has therapeutic potential in thrombohemor-
rhagic syndrome because it is capable of inactivating
thromboplastin, which triggers the blood coagulation
process [31]. Hemolytic phospholipase C (α-toxin)
Clostridium perfringens plays a major role in the patho-
genesis of gas gangrene, and therefore is a promising
component of a vaccine against this disease [23].

In the food industry, phospholipase C is used to
refine oils: soybean, palm, sunflower, rapeseed, etc.
Crude vegetable oil consists mainly of triglycerides,
but can contain up to 3% phospholipids, which cause
darkening of the oil and change in taste during storage
[55]. Phospholipases are used to remove phospholip-
ids during refining. The participation of PLC in the
refining process does not lead to the formation of free

fatty acids, which must be removed. This reduces the
loss of raw materials, so the use of PLC is preferable to
PLA. Currently, a PLC preparation from B. anthracis
has been proposed for the production of refined vege-
table oil (Purifine™, Verenium) [56]. PLC from
B. cereus is an optimal enzyme for use in the industrial
refining of vegetable oils. It has a high specific activity,
the most suitable spectrum of substrate specificity and
thermal stability [5].

Phospholipase C is also used for pretreatment of oil
in the production of biodiesel. With the simultaneous
use of PLC and lysophospholipases, a synergistic
effect is observed, which makes the enzymatic process
of biodiesel production more economical and envi-
ronmentally friendly. The combination of refining and
transesterification of released fatty acids in this pro-
cess can be carried out with the simultaneous use of
phospholipases and liquid lipase Callera Trans L. [57].

In the formation of the structural and mechanical
properties of milk, as well as in the ripening of cheese,
phospholipids play an important role, and therefore
phospholipases are widely used in cheese making. The
commercial product PLA1 is currently used from
A. oryzae (YieldMAX® PL, Novozymes), PLC
B. cereus and PLD St. chromofuscus. In cheese pro-
duction, most of the phospholipids are removed along
with the whey. When phospholipases are used, only
the polar group is removed as a result of phospholipid
hydrolysis, which allows an increase in the product
yield [58].

Another promising area of using phospholipase C
is the production of diacylglycerides with a definite
enantiomeric structure, which are used in the synthe-
sis of stereospecific compounds and also act as cell

Fig. 5. Supposed modes of phospholipid hydrolysis by
phospholipase C B. cereus: (a) deprotonation of water,
triggering an attack on phosphorus of the phospholipid
[38, 41]; (b) nucleophilic attack on phosphorus of a phos-
pholipid and activation of a water molecule [47, 48].
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mediators [59]. The sequential action of two classes of
phospholipases C and D can be used, for example, for
the synthesis of dihydroxyacetone phosphate
(DHAP), an intermediate of fine chemical synthesis,
or such an important bioactive compound for medi-
cine and pharmaceuticals as sphingosine-1-phosphate
(S1P), which is the main regulator of the vascular and
the immune system [60, 61].

Improving the efficiency of the PLC can be
achieved by immobilizing the enzyme, because cata-
lysts obtained by covalent addition have a higher spe-
cific activity and are suitable for repeated use [62].

CONCLUSIONS
Bacterial phospholipases not only play an import-

ant role in biological processes, but also find wide
application in scientific research, medicine, food,
chemical and other industries. The currently obtained
recombinant enzymes are distinguished by improved
technological properties (high specific activity, ther-
mal stability, wide substrate specificity), which open
up additional opportunities for their use; therefore, the
creation of effective phospholipase producers based
on nonpathogenic bacteria remains an important bio-
technological task.
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