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Phospholipase C (PLC, EC 3.1.4.11) is the major starting point in the phosphatidy-
linositol pathway, which generates intracellular signals that regulate protein kinase
C and intracellular calcium concentration. To date, three major types of phos
phoinositide-specific PLC species named 8, and d, have been characterized. This ar-
ticle reviews recent studies on isozymes delta of PLC. Four such isozymes have been
cloned and termed 4, _,. Their structural organization, regulation of activity and the
interaction with membrane lipid are considered. The intracellular localization of
delta isozymes and distribution in various tissues are presented. Attention is given to
the pathological conditions in which an abnormal protein level of PLC & or its activity

have been ohserved.

Phosphoinositidespecific phospholipase C
(PLC) is the key enzyme involved in signaling
at the plasma membrane of most eukaryotic
cells. PLC hydrolyses phosphatidylinositol
4,5-bisphosphate (PIP5) to yield two second
messengers, namely inositol-1,4,5-trisphos-
phate (IP3) and diacylglycerol. The latter me-
diates activation of protein kinase C, while

IPg activates the release of Ca®’ into the cylo-
sol and thereby regulates Ca®*-dependent pro-
cesses [1, 2].

Three major types of phosphoinositidespe-
cific PLC called 3, ¥ and 8, have been character-
ized, of which four PLC 8, two PLC y and four
PLC 6 isozymes are known [3, 4). All mammal-
ian PLC isozymes are single polypeptides.
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STRUCTURAL ORGANIZATION OF
PLC 4 ISOZYMES

All four d isozymes have been cloned. PLC
02 and PLC 64 were expressed in COS-1 and
HeLa cells, respectively [5, 6]. However, all
the structural work was so far performed with
PLC 41 and PLC 43. This is because both
these isozymes in aclive form can be ex-
pressed in high yield in E. eoli cells, and then
can be readily purified to homogeneity
[7-10). The d-type isozymes with molecular
masses within the range of 83-87 kDa, are
the smallest PLC isozymes. Comparison of
the amino-acid sequences of four é isozymes
reveals that they are identical in 45% to 84%
[10]. Analysis of d-type isozymes shows that
each of these d isoforms has in its NHo-term-
inal region a pleckstrin homologous domain
(PH), preceding the EF-hand region (Fig. 1).
The pleckstrin homologous domain is used
for attachment of the enzyme to cellular mem-
branes by binding to the IP3 moiety of PIP;
[11-14]. The purpose of the EF-hand region is
not clear. Examination of the X-ray structure
of d1 isozyme revealed that this region con-
tains calcium ligands [15]. However, deletion
of the EF-hand domain in PLC 41 had no ef-
fect on the calcium dependence of the enzyme
activity [16]. The catalytic center of phos-
phoinositide-specific PLC’s is located in the

regions of high sequence homology named X
and Y. The three-dimensional structure of
PLC 41 shows that the X and Y domains form
a TIM-barrel-like structure [15]. In 6 isozymes
the two halves of this structure are connected
by an unconserved region rich in acidic amino
acids (Fig. 2). Experiments with deletion mu-
tants and active fragments of PLC 81 gener-
ated by limited proteolysis showed that modu-
lation of PLC d1 activity by positively charged
molecules (sphingosine, polyamines) depends
on interaction of these compounds with the
region spanning X and Y domains [16, 17].
The structural work on d1 isozyme revealed
the existence, on its C-terminus, of a putative
membrane-binding C2 domain which contains
multiple binding sites for calcium and other
metal ions [15, 18, 19]. Typically the C2 do-
mains are modules of about 120 residues
identified in more than 40 proteins, many of
which are involved in signal transduction and
membrane interaction [20]. It is postulated
that the C2 domain of d isozymes could be in-
volved in caleium-dependent phospholipid
binding. Essen et al. [19] proposed that the C2
domain assists in proper positioning of the
catalytic domain of PLC toward the substrate
located in the membrane. The multidomain
organization of the structure of d isozymes is
likely to be common to all mammalian
phosphoinositide-specific PLC’s, although f
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Figure 1. Linear representation of the phospholipase C (PLC) § isozymes.
X and Y represent regions of high sequence homology, which constitute the PLC catalytic domain; the numbers

ahove refer to the first and last amino acids.
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PLC &1 GGLLPPGGEGGPEATVVSDEDEAAEMEDEAVESRVQHEKPKEDELRL  (443-488)
PLC 52 AQLESEPQDLSPRSEDKKKKPEAIL  (438-486)
PLC &3 PARSEDGRAISDREEEEEDDEEEEEEVEAAAQRRLAKQI (432-471)
PLC &4 RTIEVVESDEKEEEELEKDEGSDLDPASAELDMQEQPESQEQASCNEEKNKEEFLIGSSTTIL (438-400)

Figure 2. Sequences of the region that spans the X and Y domains in PLC & isozymes.

The sequences were deduced from the cDNA clones reported for 81 (Kriz e al. [22]), 62 (Meldrun et al. [5]), 63 (Kriz
et al. [22]) and 54 (Lee & Rhee [6]). The nunibers in parentheses refer to the first and last amino acids. Amino acids
with side chains containing acidic groups are shown in bold.

and y isoforms contain additional regulatory
domains [4].

LOCALIZATION IN THE CELL AND
TISSUE DISTRIBUTION

PLC 81 was isolated and purified from sev-
eral animal sources, It was originally cloned
from W138 cells, a line of human fibroblasts
[21, 22], from rat brain [23], and subse-
guently from several other animal tissues [24,
25]. To date PLC 42 was isolated and purified
only from bovine brain [26]. PLC 63 and PLC
04 were identified based on their cDNA. PLC
33 was cloned from W138 cells [21, 22], and
PLC 64 from rat brain and liver [6, 27]. Rela-
tively little is known about localization of PLC
o isozymes in the cell. It has been reported
that the d1 and 43 isozymes are located in the
cytosol and in the membrane fraction of vari-
ous cells [28-32]. However, the amount of
each isozyme in the cellular fractions differs
significantly. In human platelets and rat liver
d1 isozyme is present mainly in the eytosolic
fraction, and only a minute amount of PLC 41
can be detected in the membrane fraction. In
contrast, the amount of PLC 43 in cytosolic
fraction of the cells is significantly lower than
that detected in the membrane fraction [32].
PLC &1 and PLC &3 are absent from nuclei of
rat liver cells [32]. Recently it has been re-
ported that PLC d4 is predominantly located

in the nucleus [27]. The level of PLC 64 ex-
pression depends strongly on the cell cycle.
The nuclear content of PLC 4 increases upon
transition from the G1 to the S phase, and re-
mains high until the end of the M phase. At
the beginning of the next G1 phase, PLC 44 al-
most disappears [27]. The expression level of
PLC & isozymes was examined in various tis-
sues. In all of them 61 expression was strong-
est. The immunoblot analysis revealed that
expression of PLC 43 in rat kidney, cardiac
muscle and aorta was higher than its expres-
sion in spleen, liver and brain [32]. In the rat,
the amount of PLC d4 was the highest in tes-
tis and decreased in the following order: brain
> skeletal muscle > thyroid gland > stomach
> thymus > aorta > heart [6]. In kidney, liver,
prostate, adrenal gland, intestine, pancreas,
and lung the PLC 64 protein is undetectable.
Very little is known on the tissue distribution
of PLC 62 isozyme, except that it is not ex-
pressed in rat skeletal, cardiac and smooth
muscles [33], in rat digestive organs [34], in
hematopoietic cells and lymphoid tissues
[35]. To date the only tissue where PLC 62
was detected is bovine brain [5, 26]. The d-
type isozymes of PLC are the only phospho-
inositide-specific phospholipases C found in
lower eukaryotes such as yeast and slime
molds [36, 37]. Based on this finding it might
be speculated that d-type isozymes are an ar-
chetype of other PLC isozymes, which evolved
in higher eukaryotes.
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REGULATION OF PLC 4 ISOZYMES

In the action of PLC on a substrate localized
in cell membrane two main steps can be dis-
tinguished, i.e., binding to the membrane sur-
face and interaction with the substrate. Thus,
the activity of PLC would depend on the fac-
tors that modulate association of the enzyme
with the lipid membrane as well as on the fac-
tors that change interaction of PLC with a
substrate. Studies on binding of PLC 41 to
lipid membrane showed that 61 isozyme
binds with high affinity to phospholipid vesi-
cles containing PIP; and sphingomyelin [38,
39]. Phosphatidic acid was also reported to
stimulate binding of myocardial PLC 41 to
plasma membrane [40]. The 43 isozyme
showed high specificity in binding to lipid
membranes containing either PIP; or phos-
phatidic acid (Pawelczyk T. & Matecki A., un-
published). Experiments with the active pro-
teolytic fragments of PLC 61 [41) and further
studies on the deletion mutants of 61 isozyme
revealed that the PH domain of PLC is re-
quired for interaction with the plasma mem-
brane [11, 31, 42]. All eukaryotic PLC iso-
zymes assayed in vitro required Ca®" for activ-
ity. However, the d isozymes are more sensi-
tive to Ca®* compared with the other PLC iso-
zymes, The 41 and 43 isozymes when assayed
with the substrate (PIPg) located in detergent
micelles are maximally activated by Ca®" at a
concentration range of 1-10 uM [9, 10, 24,
32]. PLC 42 and PLC &4 exhibited similar sen-
sitivity to Ca2* [6, 26]. The regulation of PLC
01 in vitro, besides being dependent on cal-
cium ions, critically depends on polyamines
and phospholipids [43, 44]. Sphingomyelin is
the most effective of the phospholipids tested
for its ability to inhibit PLC &1 [44, 45]. The
01 isozyme is also inhibited by hexade-
cylphosphorylcholine and lysophospholipids
showing antitumor activity [46]. The inhibi-
tion of PLC 1 by sphingomyelin is promoted
by spermine and Ca®", and is partially abol-
ished by sphingosine, a breakdown product of
sphingomyelin [16, 47]. Sphingosine and its

homolog 4-hydroxysphingosine (phytosphin-
gosine) activates PLC 61 moderately in the
liposome and detergent assay. The regulatory
properties of PLC 03 are different from those
of PLC 61. Under in vitro conditions polya-
mines and sphingosine inhibited PLC 43 in all
assays [9, 32]. When PLC 43 acts on PIP; lo-
cated in the phospholipid membrane, the
Ca®" concentration required to fully activate
this isozyme iz by one order of magnitude
higher than that needed for PLC 1 activation
[32]. A study on the deletion mutants of PLC
01 microinjected into Madin Darby canine
kidney cells (MDCK) [14] suggested that PLC
d could be tethered to PIPg-containing mem-
branes vig its PH domain in the absence of
other signals. An increase in Ca?’ sufficient
to activate PLC § might therefore trigger its
activation. It is possible that activation of
PLC & isozymes might occur secondarily to
events leading to increases in Ca®* concentra-
tion. However, the mechanism by which 6 iso-
zymes are coupled to membrane receptors re-
mains unclear. The work on Chinese hamster

_ ovary cells which overexpressed PLC d1 indi-

cated that thrombin-induced PLC &1 activa-
tion is regulated via both G-protein and cal-
cium [30]. Homma & Emori [48] reported that
PLC<1 bound to a novel GTPase activating
protein specific for protein-RhoA. It has been
proposed that PLC 41 activation occurs down-
stream of RhoA activation. Other findings on
the linking of PLC41 to cell surface indicate
that Gypa protein that also possesses tissue
transglutaminase activity, binds and acti-
vates PLC &1 [49, 50]. It has also been re-
ported that Gy protein is associated with
agonist-stimulated al-adrenergic receptor
[61]. Thus, Gya might represent a protein
that directly couples PLC 1 to this receptor.

RELATION OF
DISEASE

PLC 6 TO HUMAN

In studies on human essential hypertension,
spontaneously hypertensive rats are used as a
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model. These studies have shown that in the
aortas of these rats the activity of PLC 01 is
higher than in agematched normotensive
rats, whereas other PLC isozymes are un-
changed [52]. Moreover, increased activity of
PLC 41 in aortas of hypersensitive rats corre-
lates with changes in phospholipid composi-
tion of their aortas [53]. A study on PLC dis-
tribution in the kidney of these rats showed
that the inner medullary concentration of
PLC &1 was significantly lower compared to
that in normotensive rats [564]. These results
suggest that PLC 61 might play an important
role in development of hypertension. Immu-
nocytochemical methods used to established
the distribution pattern of PLC isozymes in
several human neurodegenerative diseases
showed abnormal localization of PLC 4 in pa-
tients’ brains. PLC 41 is abnormally accumu-
lated in neurofibrillary tangles, the neurites
surrounding senile plaque cores, and neuro-
phil threads in Alzheimer brains [656-57].
Western blot analysis showed that in the
brains of patients with Alzheimer disease the
PLC 41 concentration was significantly
higher in the cytosolic fraction, and lower in
the membrane fraction of cortical tissues. The
changes in PLC 41 localization in the brains
of Alzheimer disease patients are associated
with lowered specific activity of PLC 61 [58].
The abnormal association of PLC §1 with the
filamentous inclusions in Pick's disease, pro-
gressive supranuclear palsy and diffuse Lewy
body disease was also reported [59]. Examina-
tion of a series of human colon carcinomas re-
vealed an elevated level of PLC y1 protein and
decreased level of PLC d1, as compared with
the level of these enzymes in paired adjacent
normal tissues [60]. Lowered expression of
PLC &1 was also reported in rat colon neo-
plasms induced by methylazoxymethanol [61].
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