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Abstract—The membrane attack complex of human complement and its highly purified precursor
proteins have been analyzed for phospholipase activity. Using three different sensitive assays, phospho-
lipase A{, A,, C or D activity could not be detected. Based on the sensitivity of the assays employed,
these results indicate the complement-mediated membrane damage 1s not enhanced by covalent break-
‘down of membrane phospholipids, but is entirely caused by physical action of the membrane attack
complex. The results also imply that the putative serine esterase sites of C6 and C7 are not acting on

phospholipids.

INTRODUCTION

The membranolytic activity of complement is
believed to be nonenzymatic and entirely due
to physical interaction of the membrane attack
complex (MAC)** with the target membrane
(Esser et al., 1979; Mayer, 1978; Podack er al.,
- 1982a). Recently, however, it has been shown
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that the hemolytic activities of C6 and C7 can
be 1nhibited by the serine esterase inhibitors
DFP, TLCK, PMSF, and pAPMSF (Kolb et
al., 1982; Kolb & Kolb, 1982). These obser-
vations necessitate the search for the physio-
logical substrates of these active sites.

A possible substrate is the phospholipid of
the target membrane since not only the serine
proteases but also the lipases are known to be
serine esterases, hydrolyzing their substrates by
the well characterized double intermediate
reaction mechanism (Brockerhoff, 1973; Brock-
erhoff, 1974). Lipases have also been shown to
exhibit phospholipase A activitiestt (Slotboom
et al., 1970; Fischer et al., 1973; deHaas et al.,
1965). While phospholipases A, secreted from
exocrine glands do not follow the serine ester-
ase mechanism (Dijkstra et al., 1981 ; Kamer &
Argos, 1981) very little is known about intra-
cellular or serum phospholipases. These results
prompted us to reinvestigate an old question of
complement action: the possible enzymatic ac-
tivity of the MAC on phospholipids.

It has been clearly established that comple-
ment-mediated membranolysis is not ac-
companied by extensive cleavage of membrane
phospholipids (Humphrey & Dourmashkin,
1965; Inoue & Kinsky, 1970; Hesketh et al.,
1972; Kinoshita et al., 1977; Smith & Becker,
1968; Lachmann et al., 1973; Kinsky et al.,
1971; Inoue et al., 1974a; Inoue et al., 1974b).
While some investigators could not detect any
phospholipid cleavage products (Humphrey &
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Dourmashkin, 1965; Inoue & Kinsky, 1970;
Hesketh et al., 1972; Kinoshita et al., 1977),
other investigators found phospholipid clea-
vage products, but only small quantities (Smith
& Becker, 1968; Lachmann et al., 1973). Lipo-
somes prepared from a phospholipid analog re-
sistant to phospholipase A, A,, C and D were
susceptible to complement-mediated lysis,

though to a lesser extent than appropriate con-
trols (Kinsky et al., 1971). In the case of a bac-

terial target the formation of phospholipid
cleavage products has been shown to be pre-
dominantly a result of a bacteria-derived phos-
pholipase A, (Inoue et al., 1974a; Inoue et al.,
1974b). These results taken together indicate
that enzymatic action on membrane lipids is
neither essential for membranolysis nor exten-
sive. Nevertheless, the possibility remained that
enzymatic sites on one or more of the MAC
precursor proteins are present, enhancing the
physical effect of the MAC by a low degree of
phospholipid hydrolysis. This concept has been
suggested (Mayer, 1972) and, in addition to the
above mentioned serine esterase sites in C6 and
C7, several enzymatic activities have been de-
scribed for MAC precursor proteins. A phenyl

laurate esterase (Delage et al., 1969; Simard et
al., 1969) and tributyrinase (Delage et al., 1973)
activity have been described for C7, the former
activity possibly also present in C6 (Delage et
al., 1969). Phospholipase A, activity has been
suggested to be associated with C8 (Okada &
Campbell, 1974; Scherer et al., 1976).

In all studies mentioned whole serum or par-
tially purified complement components were
used. As pointed out in a theoretical paper
(Mayer, 1972) highly purified complement pro-
teins will have to be used to finally answer the
question of enzymatic activity associated with
the MAC action. In an attempt to solve this
problem we subjected the highly purified com-
plement proteins C5, C5b-6, C6, C7, C8, C9,
the recently described poly C9 (Podack &

Tschopp, 1982a; Podack et al., 1982b; Tschopp .

et al., 1982; Podack & Tschopp, 1982b) and the
forming MAC to three sensitive assays for
phospholipase activity.

MATERIALS AND METHODS

Human complement components C5 and C9
were purified as described (Hammer et al.,
1981) with the following modifications. For the
C5 purification the gel filtration was omitted.
The C5 pool from the hydroxylapatite column
was dialyzed vs 3.5mM 35,5 -diethylbarbituric
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acid (Sigma), 143 mM NaCl, pH 7.4 and
applied to a 20 ml Concanavalin A-Sepharose
CL4B (Pharmacia) column. C5 was eluted with
0.2 M a-methyl-mannoside (Sigma). The final
step for C9 purification was hydroxylapatite
(Bio-Rad) chromatography as described (Bie-
secker & Miiller-Eberhard, 1980). C5b-6
(Podack & Miiller-Eberhard, 1980), C6
(Podack et al., 1979), C7 (Podack et al., 1979)
and C8 (Kolb & Miiller-Eberhard, 1976) were
isolated from fresh serum or plasma (San
Diego Blood Bank). Polymeric C9 (poly C9)
was prepared as described (Podack et al.,
1982b). Phospholipase A, was purified from
lyophilized cobra venom (Naja naja naja)
(Miami Serpentarium) (Deems & Dennis, 1980;
Darke et al., 1980). Phosphatidylcholine was
prepared from egg yolk (Singleton et al., 1965).

Phospholipase activity was determined by
three different methods: (a) with a flame ioniz-
ation detector after thin layer chromatography
of reaction products on silica gel coated quartz
rods (chromatorods) (TLC/FID assay) (Ack-
man, 1981); (b) with a hemolytic assay based
on the synergistic action with cardiotoxin
(Vogel et al., 1981), and (¢) by using radio-
labeled substrate and the subsequent separ-
ation of reaction products by thin layer
chromatography (Grossman et al., 1974 ; Kensil

& Dennis, 1979). In all three assays purified
phospholipase A, from cobra venom served as

positive control.

TLC/FID assay

Duplicate samples of isolated complement
proteins (0.5 uM final concentration) were
incubated in a water bath with constant agita-
tion for 2 hr at 37°C in a total vol of 1 ml with
4 mM egg phosphatidylcholine, 16 mM Triton
X-100 (Rohm & Haas), 8 mM CaCl, and
60 mM Tris—HCIl, pH 7.4. The reaction was
stopped by addition of 04ml CHCl,/
CH;OH/acetic acid (2/4/1, v/v/v) and vortex-
ing. Then, 0.4 ml of CHCI; was added. After
vortexing, phase separation was achieved by
centrifugation. The aqueous phase was dis-
carded and the organic phase was evaporated
to dryness in a vacuum oven at 40°C. The
lipids were dissolved in 20 ul CHCl; and 0.5 ul
aliquots were applied to chromatorods. After
development in CHCl;/CH,OH/NH,OH
(70/20/2, v/v/v), the rods were subjected to
flame 1onization detection in an Iatroscan

"TH-10 (Iatron) connected with a computing

integrator (Spectra Physics).
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Fig. 1. 25-10% gradient SDS-polyacrylamide gel
(Laemmli, 1970) stained with Coomassie Blue after electro-

phoresis under nonreducing conditions of purified human
complement proteins C5, C5b-6, C6, C7, C8, C9, poly C9
and MAC (from left to right). The poly C9 shows the SDS-
resistant, high molecular weight poly C9 which represents
the circularly polymerized C9 (Podack & Tschopp, 1982b),
the disulfide-linked C9 dimer (Ware & Kolb, 1981), and
monomeric C9 which i1s derived from non-SDS-resistant
linearly polymerized C9 (Podack & Tschopp, 1982b). Poly
C9 and C9 dimer are also seen in the MAC.,

Hemolytic assay

This assay for phospholipase A, was per-
formed with duplicate samples of 1solated com-
plement proteins (approximately 5 uM final
concentration) exactly as described recently
elsewhere (Vogel et al., 1981). For the analysis

* Diglycerides, the reaction product of phospholipase C,
exhibit in the neutral TLC solvent a similar R, value to
fatty acids, one of the reaction products of phospholipase
A, or A,. Therefore, phospholipase C would have also
been detected in the radioactive assay.

t Phospholipase D would have been detected in the
TLC/FID assay with the basic TLC solvent by the disap-
pearance of phosphatidylcholine, since the reaction
product, phosphatidic acid, remains at the origin. Since no
decrease of phosphatidylcholine was observed, phospho-
lipase D activity can also be excluded. In the neutral TLC
solvent used with the radioactive assay, phosphatidylcho-
line and phosphatidic acid migrate closely together. Phos-
pholipase D activity would have escaped detection in this
assay.

MAC
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of C5 and C5b-6, the KSCN- and hydrazine-
treated serum present in the reaction mixture
as a source of lipoprotein was replaced by a
mixture of 1solated lipoproteins as described 1n
the same paper.

Radioactive assay

Duplicate samples of 1solated complement
proteins (0.25 uM final concentration) were
incubated 1n a water bath with constant agita-
tion for 2 hr at 37°C in a total volume of 1 ml
with 0.1 mM egg phosphatidylcholine contain-
ing 60 nCi of di[ 1-'*C] palmitoyl-L-x-phospha-
tidylcholine (sp. act. 114 mCi/mmol) (Amer-
sham), 0.4 mM Triton X-100, 1 mM CaCl, and
S0mM Tris-HCIL, pH 7.4. A parallel experi-
ment was performed in the absence of Triton
X-100 with the phospholipid substrate present
as sonicated vesicles. The reaction was stopped.
the reaction mixture extracted, the aqueous
phase discarded, and the organic phase evapor-
ated as described for the TLC/FID assay. The
lipids were dissolved in 30 ul CHCIl, and
applied to silica gel 60 plates (Merck). After
development in CHCl;/CH;OH/H,O (65/25/4.
v/v/v) lipids were visualized with iodine vapor
and areas corresponding to phosphatidylcho-
line, lysophosphatidylcholine and fatty acid
were scraped off the plate, transferred into scin-
tillation vials containing 10 ml of toluene/Tri-
ton X-100/Liquifluor (New England Nuclear)
(40/20/3, v/v/v), vigorously vortexed and ana-
lyzed for radioactivity.

RESULTS

The highly puriied MAC precursor proteins
(C5, C5b-6, C6, C7, C8, C9), poly C9, and a
mixture of the precursor proteins (molar ratios
C5b—-6:C7:C8:C9, 1:1:1:6) (Fig. 1) were sub-
jected to the TLC/FID assay and the radioac-
tive assay. In the mixture, MAC assembly com-
mences 1nstantaneously (Podack et al., 1980).
No covalent breakdown of phosphatidylcho-
line could be detected by either assay in the
reaction mixtures containing the precursor
proteins, poly C9 or the forming MAC (Table 1).
Based on an estimated detection limit of 5%
hydrolysis (TLC/FID assay) or 19 hydrolysis
(radioactive assay) 1t was calculated that the
specific phospholipase A, or A, activity of
each of the tested proteins could not be more
than shown 1n Table 1. Phospholipase C and D
activity can also be excluded.*
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Table 1. Lack of phospholipase activity of terminal complement proteins

TLC/FID Assay

Activity
Observed

T T ——

Radioactive Assay

Activity
- Observed

Hemolytic Assay

Amount/ (% Hydrolysis Sensitivity . Amount/ (% Hydrolysis Sensitivity Amount/ Activity
Assay of Phospholipid, of Assay@ Assay of Phospholipid, of Assayb Assay Observed
Protein (“gl_, 2 hr, 37°QL_L (umol/min/mg)__iﬁg) 2 hr, 37°C) (umol/min/mg) (ng) (% Hemolysis)
c5 100 0 1.7 x 1072 50 0 1.7 x 1074 34 0
. (C5b-6 150 0 1.1 x 1072 75 0 1.1 x 1074 33,5 0
c6 60 0 2.8 x 1072 30 0 2.8 x 107 32 0
. " 60 0 2.8 x 10°° 37.5 0 2.2 x 107 77.5 0
: 75 0 2.2 x 1072 37.5 0 2.2 x 107% 47 0
C9 70 0 2.4 x 107° 35 0 2.4 x 107 70 0
Poly C9  N.D. N.D. N.D. 35 0 2.4 x 107 70 0
MAC 280 0 0.6 x 1072 140 0 0.6 x 10°%  N.A. N.A.
Phospho-
lipase A, 0.4 85¢ - - = 0.04 88¢c - - - 0.1 75

T —

* Maximum specific activity that would have escaped detection based on the limit of detectability of 5% phos-

pholipid hydrolysis.

P Maximum specific activity that would have escaped detection based on the limit of detectability of 19

phospholipid hydrolysis.

¢ 100% phospholipid hydrolysis by venom phospholipase A, was not reached due to the known product inhi-
bition of this enzyme (Verhey et al., 1981). The enzyme exhibits under intitial rate conditions a specific activity of

600—-1000 umol/min/mg (Deems & Dennis, 1980).
N.D. = Not determined.
N.A. = Not applicable.

The MAC precursor proteins and poly C9
were subjected to a sensitive hemolytic assay
for phospholipase A, which 1s based on the
synergistic hemolysis with cardiotoxin. Testing
~of the forming MAC by this assay was pre-
cluded since 1t induces hemolysis. No phospho-
lipase A, activity was detected in the proteins
tested (Table 1). With 10 ng of purified venom
phospholipase A, being the limit of detection,
the hemolytic assay i1s almost as sensitive as
the TLC/FID assay under the conditions
employed here.

DISCUSSION

The possible participation of phospholipase
activity in complement-mediated membrane
damage has been explored for may years. It
was 1nitially proposed that lysophospholipids
generated from the phospholipids of serum
lipoproteins are involved in the hemolytic ac-
tivity of complement (Bergenhem, 1938; Isliker,
1958; Fischer & Haupt, 1960; Fischer &
Haupt, 1961; Haupt et al., 1963; Fischer,
1964a; Fischer, 1964b), but this hypothesis did
not prove to be correct (Becker, 1964; Phillips
& Middleton, 1965; Dalmasso & Miiller-Eber-
hard, 1966). The possibility remained that a
complement phospholipase could act directly

on the phospholipids of the target membrane.
While it was shown that no major covalent
breakdown of phospholipids occurs, conflicting
results have been reported with regard to a
residual enzymatic activity associated with
MAC action (Humphrey & Dourmashkin,
1965; Inoue & Kinsky, 1970; Hesketh et al.,
1972; Kinoshita et al., 1977; Smith & Becker,
1968; Lachmann et al., 1973; Kinsky et al.,
1971; Inoue et al., 1974a; Inoue et al., 1974b).
Very recent results suggest strongly an enzyma-
tic activity in C6 and C7 (Kolb et al., 1982;
Kolb & Kolb, 1982). Therefore, we tested the
highly purified complement components and
the forming MAC for phospholipase activity.
No phospholipase activity could be detected
employing three different sensitive assays for
phospholipase activity: a hemolytic test using
natural membranes as phospholipid substrate,
the TLC/FID assay with mixed micelles of Tri-
ton X-100 and egg phosphatidylcholine at
saturating concentration, and the radioactive
assay with mixed micelles or phospholipid ves-
icles containing a low phospholipid amount to
achieve a high percentage of hydrolysis with
low enzyme activities. While the sensitivity of
the radioactive assay could be further increased
by increasing the protein concentration and by
prolonging the incubation, we believe that any
phospholipase activity that might have escaped
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detection under the conditions employed
would be without biological significance: based
on the TLC/FID assay not more than 3.3 mol-
ecules of phospholipid could have been cleaved
without detection per min at 37°C per mol-
ecule of complement protein or 12 molecules of
phospholipid per MAC. Based on the more
sensitive radioactive assay not more than 0.033
molecules of phospholipid could have been
cleaved and escaped detection per minute at
37°C per molecule of complement protein or
0.12 molecules of phospholipid per MAC.
Therefore, our results appear to demonstrate
that complement-mediated membrane damage
does not involve any cleavage of covalent
bonds in the membrane phospholipids due to
phospholipase A, A,, C or D activity. This i1s
consistent with the current concept of the
membranolytic mechanism of the MAC which
assumes that complement-mediated membrane
damage 1s exclusively effected by physical inter-
action of the MAC subunits with the phospho-
lipid bilayer (Esser et al., 1979; Mayer, 1978,
Podack et al., 1982a).

Phospholipid degradation products found by
other investigators using whole serum (Smith
& Becker, 1968 ; Inoue et al., 1974b) or partially
purified complement proteins (Lachmann et al.,
1973; Delage et al., 1969; Simard et al., 1969;
Delage et al., 1973; Scherer et al., 1976) may
have been due to contaminating serum
enzymes. The hemolysis of EACI-7 cells by C8
and cardiotoxin (Okada & Campbell, 1974)
can be explained by an increased susceptibility
of the labile EACI-8 cells to the lytic action of
cardiotoxin.

Our results demonstrate also that the sites of
C6 and C7, which are inactivated by serine
esterase inhibitors (Kolb et al., 1982; Kolb &
Kolb, 1982) are not acting on phospholipids.
Also, the phenyl laurate esterase activity
(Delage et al., 1969; Simard et al., 1969) and
tributyrinase activity (Delage et al., 1973)
ascribed to C7 and possibly to C6 (Delage et
al., 1969) do not represent phospholipase ac-
tivity. However, these activities may not be due
to contaminating enzymes. Phenyl laurate and
tributyrin may represent artificial substrates
that are cleaved by the putative serine esterase
sites. The physiological substrates for C6 and

C7 remain to be characterized.
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