
A Glycan-Phosphatidylinositol-Specific 
Phospholipase D in Human Serum 

A group of proteins anchored to  the cell by phosphatidylinositol (PI) has recently been 
identified. The significance of this new class of membrane anchor is unknown; one 
possibility is that it facilitates release of the molecule by phospholipases. In fact, 
phospholipase C enzymes specific for the complex carboxyl-terminal glycolipids of 
these proteins have been isolated from African trypanosomes and from hepatocyte 
plasma membranes. This study reports the discovery of a glycan-PI-specific phospholi- 
pase D in human serum that cleaves both the membrane form of the variant surface 
glycoprotein of African trypanosomes and its glycolipid precursor, but not phosphati- 
dylethanolamine, phosphatidylcholine, or phosphatidylinositol. Decay-accelerating 
factor, another PI-anchored molecule, is also cleaved by the enzyme and converted 
from a hydrophobic t o  a soluble protein. The enzyme is Ca2+-dependent, heat labile, 
and not affected by the inhibitor of serine proteases, phenylmethylsulfonylfluoride. Its 
function is not known, but the present findings indicate that it participates in the 
metabolism of glycolipid-anchored membrane proteins. 

R ECENT STUDIES HAVE REVEALED chored proteins is unknown. 
that a growing number of eukary- Decay-accelerating factor is a membrane 
otic proteins are anchored in the protein that binds to complement fragments 

cell membrane by phosphatid!~linositol (PI) C3b or C4b (11), inhibiting amplification of 
(I). The gl!rcolipid anchor whose structure the complement cascade on cell surfaces (12, 
is best known is that of the variant surface 13). Two forms of DAF have been de- 
glycoprotein (VSG) of the African trypano- scribed: a hydrophobic form associated with 
some. The COOH-terminal amino acid of the membrane of all blood elements, endo- 
VSG is covalentlv bound to ethanolamine. 
which in turn is coupled to an oligosaccha- 
ride that contains galactose, mannose, and a 
single glucosamine residue; the entire com- 
plex is ~ -~ l~cos id ica l ly  linked to dimyristyl- 
PI (2). In mammalian cells, the Thy-1 anti- 
gen (3), acetylcholinesterase (4), and decay- 
accelerating factor (DAF) (5, 6) appear to 
be linked to the cell membrane by similar 
glycolipids. 

In addition to facilitating lateral move- 
ment of the protein in the lipid bilayer (3, 
the anchor may provide a recognition signal 
for the specific release of the protein from 
the membrane (1). In support-of the latter 
hypothesis is the finding that VSG lipase, a 
phospholipase C specific for the glycan-PI, 
is present in the African trypanosome (8,9). 
VSG lipase cleaves the membrane form of 
VSG (mNSG), removing the dimyristyl- 
glycerol anchor, and converting mNSG to 
its soluble form, sVSG. A similar glvcan-PI- 
specific phospholipase C has bee; found in 
mammalian cells (lo), but whether this en- 
zyme releases membrane-associated PI-an- 
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thelial cells, and epithelial cells, and a hydro- 

Fig. 1. Identification of cleavage product of the 
serum enzyme. (A) Two micrograms of 3H- 
labeled mfVSG (4415 dpmlpg, 30 pmol) were 
treated for 1 hour at 37°C with 1 pl of fresh 
human serum in 50 mM tris-HC1 (pH 7.4), 10 
mM NaCI, 2.6 mM CaC12 (buffer 1) or with 0.3 
pg of PIPLC in 25 mM Hepes-NaOH (pH 7.4), 
containing 0.1% (wlv) sodium deoxycholate. The 
mixtures contained 0.01% NP-40 and 0.002% 
SDS introduced with the VSG preparation. The 
total reaction \rolume was 100 pI. After incuba- 
tion, the mixtures were extracted with 1 ml of 
H20-saturated n-butanol, the phases separated by 
centrifugation, and 800 p1 of the upper (organic) 
phase evaporated in Speed-Vac concentrator (9). 
Approximately 60% of the total radioactivity 
became butanol-soluble after serum treatment. 
The extracts were resuspended in 40 p1 of 
CHCI3:CH30H:H20 (10: 10: 3) and spotted on 
a silica gel, 60 plate (Merck). Adjacent lanes were 
spotted with 10 pg of lipid standards (Sigma): 
dimyristyl-phosphatid!rlcholine (DMPC), dimyr- 
istyl-phosphatidylethanolamine (DMPE), dimyr- 
istyl-phosphatidic acid (DMPA). The plates were 
developed with CHCI,:CH,OH: 0.25% aque- 
ous KC1 (55:45: lo),  air-dried, stained with I, to 
locate lipid standards, sprayed with EnHance 
(New England Nuclear), and subjected to fluo- 
rography. Lane 1, 'H-labeled mtVSG + human 
serum; lane 2, 'H-labeled mtVSG + PIPLC; lane 
3, [9,10-3H]myristic acid (New England Nucle- 
ar). The cleavage product chromatographed with 
DMPA. (B) The products of a reaction identical 
to that in (A), lane 1, were spotted on a silica gel 
plate and developed with CHC13:CH30H: 
CH3COCH3:CHFOOH:H20 (30:10:40:10: 
5). After migration of the solvent front, the plate 

philic form found in urine, saliva, and tears 
(14-18). While trying to determine whether 
a surface-associated membrane phospholi- 
pase was responsible for releasing DAF from 
the cell, we discovered serendipitously a 
glycan-PI-specific phospholipase D in hu- 
man serum. In our initial studies we used 
HeLa cells as a possible source of the puta- 
tive enzyme, since they secrete large 
amounts of DAF into the culture medium 
(16). As a substrate, we used mNSG labeled 
to a high specificity activity with [3~]myris- 
tic acid (19). After incubation with HeLa 
cells, the culture medium was extracted with 
n-butanol to determine whether the 3 ~ -  

labeled mNSG had been cleaved and buta- 
nol-soluble radioactivity released. In control 
experiments, %-labeled mNSG was incu- 
baied with medium alone. Unexpectedly, 
the same amount of butanol-extractable ra- 
dioactivity was released in the presence or 
absence of HeLa cells. Additional exveri- 
ments revealed that fetal calf serum-a com- 
mon constituent under both conditions-& 
well as human serum and plasma contained 
the enzymatic activity. 

The butanol-soluble product that resulted 
fiom treatment with human serum was ana- 
lyzed by thin-layer chromatography (TLC). 
All the radioactivity migrated with dimyris- 
tyl-phosphatidic acid (DMPA) but not with 
dimyristyl-glycerol (DMG), which had been 

MPA - 
MPC - 

- DMP 

was air-dried, sprayed with phosphomol!lbdic acid 
stain (Sigma) to reveal the lipid standard, and 
processed as described for (A). Lane 1, 3H-labeled 
mfVSG + human wrum. The cleavage product 
chromatographed with DMPA. 
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Fig. 2. HPLC analysis of I I I I I 
clcavage product. Two mi- 
crograms of %I-labeled 
mfVSG were treated as pre- . - ' 
viously described with hu- g 
man serum. After incuba- g 
tion and extraction with n- 
butano~, 800 p~ ofthe upper 0.2 - 
phase was removed and 
evaporated. The extract was +! 
resuspended in an equal vol- 2 0.l - 
ume of hexane:2-propanol: 
water (6: 8 :0.75) (solvent 
A) and subjected to normal- 
phase HPLC (37) on a Mi- s 10 15 20 25 

crosorb-Silica column (5.0 Time (minutes) 

pm, 4.6 mm by 25 cm; 
Rainin Instrument Co.) and a Spheri-5 Silica precolumn (2.1 mm by 3 cm; Bronlee). Lipids were eluted 
with a linear gradient of 100% solvent A at 0 minutes to 100% hesane:2-propano1:water (6 :s :  1.0) at 
15 minutes. HPLC fractions (1.0 ml) were analyzed for radioactivm by liquid scintillation counting 
after mixing with 0.5 ml of butanol and 10 ml of Hydrofluor. Elution of lipid standards [phosphatidy- 
linositol (PI), phosphatidylethanolamine (PE), phosphatidic acid (PA), and phosphatidylcholine (PC) 
(Avanti Polar Lipids)] was monitored by ultraviolet absorbance at 206 nni. All radioactivity 
chromatographed with phosphatidic acid. 

D - SAPC 

- Lipid C 

si"4 - Llpid A 
-i 

1 2  3 4  1 2 3  1 2  

Fig. 3. Specificity of the serum phospholipase D. (A) Human serum ( 1  pl) was incubated for 1 hour at 
37°C with L-3-phosphatidylcholine, 1-stear0yl-2-[5,6,8,9,11,12,14,15-~H]arachidonvl (SAPC) 
(Amersham) (103 mCi/mg, 0.15 pmol) or with I.-3-phosphatidylethanolamine, 1,2-di[l-'4~]palmitovl 
(DPPE) (Amersham) (169 ~Ci lmg ,  130 pmol). Note that DPPE is prepared from I.-3-phosphatidyl- 
choline by transphosphatidylation with phospholipase D and contains trace contaminants of phosphati- 
dylcholine and phosphatidic acid. The samples were processed for TLC as described in Fig. 1A. As a 
negative control, the serum enzyme was inhibited by addition of EGTA (final concentration 25 mM). 
Lane 1, DPPE + human serum; lane 2, DPPE + human serum + EGTA; lane 3, SAPC + human 
serum; lane 4, SAPC + human serum + EGTA. Neither SAPC nor DPPE was cleaved. (B) Dimyristyl- 
phosphatidylinositol (DMPI) was prepared by HNOz cleavage of 'H-labeled mfVSG (2). DMPI was 
Incubated with 1 pl of human serum for 1 hour at 37"C, and the samples were processed for TLC as 
described in Fig. 1B. Lane 1, DMPI + human serum; lane 2, DMPI + human serum + EGTA; lane 3, 
3H-labeled mfVSG + human serum. The serum phospholipase D activity did not cleave DMPI. (C) A 
lipid extract was prepared from ['Hlmyristate-labeled trypanosomes (19), evaporated, and resuspended 
in 0.1% NP-40 that contained 0.02% SDS. Portions (10 pl) of this preparation were then treated with 
1 pI of serum, or with 1 pl of serum + EGTA (final concentration 25 mM), for 1 hour at 37°C (total 
volume 100 PI), and the samples were processed as described in (A). Lane 1, lipid extract + human 
serum; lane 2, lipid extract + human serum + EGTA. The serum enzyme cleaved lipid A and possibly 
lipid C, and generated DMPA. 

generated by treatment of the substrate with 
PI-specific phospholipase C (PIPLC) (Fig. 
1A). The identity of the product was con- 
firmed by TLC with a different solvent 
system (Fig. 1B) and by high-performance 
liquid chromatography (HPLC) (Fig. 2). In 
both cases, the radioactivity chromato- 
graphed with DMPA. These results indicat- 
ed that the activity present in human serum 
is a phospholipase D. 

The substrate specificity of the serum 
phospholipase D was examined by incubat- 
ing it with two known substrates for phos- 
pholipase D enzymes (20), phosphatidyl- 
choline and phosphatidylethanolamine. Nei- 
ther phospholipid was cleaved by the serum 
enzyme (Fig. 3A). Furthermore, the serum 
enzyme did not act on dimyristyl-phosphati- 
dylinositol (DMPI), a component of the 
VSG glycolipid (Fig. 3B). A mixture of 
Trypanosoma brucei lipids that had been met- 
abolically labeled with [3~]myrist ic acid 
(21) was also used as a substrate. Lipid A, 
the biosynthetic precursor of the VSG glp- 
colipid (21), and possibly lipid C, were 
converted to a product that chromato- 
graphed with DMPA (Fig. 3C). 

Next, the effects of various reagents on 
enzymatic activity were examined (Table 1). 
The phospholipase D activity in human 
serum is ca2+-dependent, heat labile, and 
not inhibited by the serine-esterase inhibitor 
phenylmethylsulfonylfluoride (PMSF). In 
addition, the conversion of 3~-labeled 
mfVSG to DMPA was dependent on both 
time and serum concentration; after 1 hour 
of incubation with excess substrate at 37°C 
under the conditions described in Table 1, 
0.1 PI of human serum converted 410 ng of 
3~-labeled mfVSG to DMPA. 

Because the enzyme is present in human 
serum, it was important to determine 
whether a mammalian PI-anchored protein 
such as DAF is susceptible to cleavage while 
in its native configuration on the cell mem- 
brane. Human lymphocytes, erythrocytes, 
and HeLa cells were incubated with human 
serum, and the supernatants were assayed 
for the presence of DAF by immunoradio- 
metric assay (15). DAF was not released 
from the surface of these cells. 

To  determine whether the enzyme might 
cleave isolated membrane DAF. we used a 
novel assay that discriminated between hy- 
drophobic and hydrophilic forms of DAF. 
Native purified membrane DAF reincorpo- 
rates into cell membranes (13) and binds 
tightly to phenyl-Sepharose beads (6). Both 
reincorporation and binding are probably 
mediated by the diacylglycerol anchor, since 
DAF-S (DAF treated with PIPLC) does not 
bind to these beads, nor does it reincorpo- 
rate into lipid bilayers (5, 6). Incubation 
with human serum resulted in conversion of 
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approximately 80% of the membrane DAF 
into a hydrophilic fomi, that is, a form that 
did not bind to phenyl-Sepharose (Fig. 4 4 .  
Moreover, the enzymatic activity was ca2+- 
dependent, not inhibited by PMSF, and heat- 
sensitive. The polypeptide product of DAF 
cleavage was hrther characterized by Western 
blotting. After treatment with serunl, DAF 
migrated with a slightly smaller M, (67,000), 
similar to that of DAF-S (Fig. 4B). The 
cleavage product was also recognized by anti- 
bodies to synthetic peptides representing the 
NHz-terminal and the COOH-terminal re- 
gions of DAF (Fig. 4B) (1 7, 22). 

However, the serum and PIPLC-mediat- 
ed (DAF-S) cleavage products of DAF were 
not identical. Only DAF-S was recognized 
by antibodies to the cross-reacting determi- 
nant (CRD), an epitope located within the 
COOH-terminal carbohydrate structure of 
many glycolipid-anchored proteins includ- 
ing VSG and DAF (23, 24). The CRD 
epitope is cryptic and revealed only after 
hydrolysis of the PI anchor with PIPLC or 
VSG lipase (9, 10, 23, 24). The CRD epi- 
tope includes the terminal inositol-phos- 
phate, and the presence of phosphate is 
essential for reactivity with the antibodies 
(25). The lack of reactivity of human serum- 
treated DAF with antibody to CRD hrther 
supports the idea that the enzymatic cleav- 
age generates phosphatidic acid rather than 
diacylglycerol. 

On the basis of these findings, we con- 
clude that human serum contains a glycan- 
PI-specific phospholipase D, which exhibits 
similar substrate specificities to both the 
trypanosomal and n~ammalian gl!rcan-PI- 
specific phospholipase C enzymes (8-10). 

Phospholipase D enzymes have been 
studied in plants (20) as well as in mamrnali- 
an tissues (26), such as rat brain ( 2 3 ,  heart 
(28), and human eosinophils (29). They 
hydrolyze phospholipids to phosphatidic 
acid or can catalyze base-exchange of choline 
or ethanolamine into phospholipids (26). 
For the most part, the phospholipase D 
activity in plants is ca2+-dependent (20). In 
mammals, the base-exchange reactions are 
dependent on ca2+ (30), whereas the hy- 
drolytic activity does not require divalent 
cations (27,28). On the basis of the specific- 
ity for the glycolipid anchor and the depen- 
dence on ca2+ for activity, the serum en- 
zyme reported here appears to be unrelated 
to previouslv known phospholipase D en- 
zymes. Moreover, all of the previousl!r de- 
scribed mammalian phospholipase D en- 
zymes are cell-associated (27-29). Low and 
co-workers have independently found a sim- 
ilar phospholipase D activity in placenta 
(31) and more recently in mammalian plas- 
ma (32) that converts two other PI-an- 
chored proteins, alkaline phosphatase (33) 

and rat liver 5'-nucleotidase (34), from a 
membrane-bound to a soluble form. 

Although the serum enzyme was unable 
to release DAF from the surface of intact 
cells, it cleaves detergent-solubilized mem- 
brine DAF and generates a hydrophilic 
form of the protein. Whether the soluble 
DAF found in HeLa culture supernatants, 
urine, and plasma (16) results- from the 
cleavage of membrane DAF by cell-associat- 
ed phospholipases is unknown. Nonethe- 
less, it is intriguing that soluble DAF shares 
properties with serum-cleaved DAF; both 
have an M, of 67,000, and both lack the 
CRD epitope (24). 

The phys-iological relevance of the serum 
phospholipase D remains to be determined, 
but if the enzyme acts on PI-anchored mem- 
brane proteins, it would generate mem- 
brane-associated phosphatidic acid. Phos- 
phatidic acid can be produced during recep- 
tor-stimulated breakdown of phosphoinosi- 
tides and has growth factor-like effects; that 

Table 1. Effect of various treatments on enzymat- 
ic activity. Ten microliters of human serum was 
incubated under the various conditions in 100 p1 
of buffer 1 for 1 hour at 37°C. After incubation, 
the mixtures were extracted with 1 ml of H 2 0 -  
saturated n-butanol, the phases separated by cen- 
trifugation, and 500 pI of the upper (organic) 
phase analyzed for radioactivity by liquid scintilla- 
tion counting after mixing with 10 ml of Hydro- 
fluor. Assays were done in duplicate; values repre- 
sent means. Variation around the mean was al- 
ways less than 10%. Percentage activity = (cpm 
after treatmentlcpm with no treatment) x 100. 

No treatment* 
EGTA (2.5 rnM) 
EGTA (2.5 mM) + CaCI2 (1  mM) 
EGTA (2.5 mM) + CaCI2 (10 mM) 
EGTA (2.5 mM) + MgC12 (1  mM) 
EGTA (2.5 mM) + MgC12 (10 mM) 
PMSF (1 mM) 
56°C for 30 minutes 

- 
DAF 

+ 
Serum 

+ 
1 mM 
PMSF 

- I 

DAF I 
+ 

Serum k 
+ inac 

2 5 m M  s 
EGTA 

Treatment of serum Activity 
(%) 

- 

*Twenty-seven percent of the total input (2062 cprn or 
1.5 pg) was converted to DMPA. 
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- Fig. 4. Cleavage of D M .  (A) Purified 
membrane 1JAF (0.43 pg) from hu- 
man erythrocytes (22) was incubated 

h -7 
- 

- 

- 

" 

for 1 hour at 37°C with 0.1 p1 of 
human serum in buffer 1 (total volume 
100 pl) containing 0.01% NP-40. Af- 
ter incubation, 900 p1 of phosphate- 
buffered saline (PBS) was added to the 
reaction mixture, and then 75 pI of 
phenyl-Sepharose beads (Pharmacia), 
which had previously been washed in 
PBS containing 0.001% NP-40. After 
incubation for 1 hour at room tem- 
perature, the beads were removed by 
centrifugation, and the supernatants 
were assayed for DAF by means of a 
two-site immunoradiometric assay 
(15). The percentage conversion of 

2 membrane DAF was calculated as - lOOx the D M  in the supernatant (in 
'F micrograms) divided by 0.43 pg. In 

control preparations, DAF was incu- 
bated with human serum + 25 rnM 
EGTA, human serum + 1 mM PMSF 
or heat-inactivated human serum. Ke- 
sults represent the means and range of 
three experiments. Approximately 80% 
of the purified membrane DAF was 
convened to a soluble form by incuba- 
tion with human serum. Conversion 
was Ca2+-dependent and not inhibited 
by addition of PMSF; furthermore, 
heat treatment of the serum destroyed 
the enzy.natic activity. (B) Serum- 
treated 1JAF prepared as described in 
(A) was purified by incubation with 
CNBr-Sepharose beads (Pharmacia) 
conjugated with monoclonal antibod- 
ies to DAF (24). This preparation to- 
gether with purified intact membrane 
DAF (22), or D M - S  (5) were subject- 

ed to SDS-polyacrylamide gel electrophoresis under reducing conditions, transferred electrophoretical- 
ly to nitrocellulose filters, and blotted with antibodies to synthetic peptides representing known 
sequences of DM. Antigens: lanes 1 and 4, membrane D M ,  lanes 2 and 5, serum-treated D M ;  lane 3, 
DAF-S. Antibodies: lanes 1 to 3, antibodies to synthetic peptide 1 (representing the NH2-terminal 
sequence of DAF), lanes 4 and 5, antibodies to synthetic peptide 3 [representing a sequence close to the 
COOH-terminus of membrane DAF (17, 22)]. Serum-treated D M  reacted with both antibodies to 
peptide 1 and 3. Additionally, serum-treated DAF migrated with DM-S.  



is, it releases ~ a "  from intracellular stores. 
induces expression of clfos and c-myc pro- 
tooncogenes, and stimulates DNA synthesis 
(35). Two PI-anchored molecules, Thy-1 
and T cell-activating protein (TAP), are 
known to be involved in cell activation (36). 
Thus the cleavage of PI-anchored proteins 
by a serum phospholipase D and its possible 
effects on  membrane signal transduction de- 
serve further investigation. 
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