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Introduction tive [6]. In Is, these leophils dissociate the

Pointing out the fact that invertebrate hemolysins
and complement have similar target cells, some authors
have hypothesized a phylogenetic relationship between
both systems [1-3]. In a few cases, the exlslence of a
complement-like activity was deduced from -

internal thicester bond of the complemen( key compo-
nent C3. leading to a loss of functional activity [7.8]. In
the absence of precise molecular data. such as the
knowledge of the complete amino-acid seguence of the
active molecules, invertehrate lIytic activities must he

idered to be mediated hy original factors not re-

tal i igations using cc inhibitors [4]. How-
ever, concerning the hemolytic system of the echino-
derm Holothuria polii, zymosan, inulin and LPS, known
to link the C3b and consequently activating the comple-
ment alternative pathway [5], had no effect. Nucleophils,
such as hydrazine and methylamine, were also ineffec-
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lated to the complement system.

In the Annelid Oligochaeta Eisenia fetida andrei, the
coelomic fluid ¢xhibits a hemolytic activity directed
against various mammalian erythrocytes [9.10}. The he-
molytic aclivity is mediated by two lipoproteins of
molecular mass 40 and 45 kDa. released by the chlo-
ragogue cells [11]. These molecules are also capable of
bacteriostatic activity directed against carthworm path-
ogenic bacteria [12.13] and they arc involved in the
clotting of coelomic fluid [14]. They have been exten-
sively studied both at biochemical and genetical levels
[11.15] but only little is known about their mechanism
of action.

The prescol experiments were undertaken to de-
termine the interactions between E.f. andrei hemolysins
and SRBC b Various fecules and metal
ions known to acl on the complement system were
tested and clectron microseope observations of lysed
membranes were performed.
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Material and Methods

Eurtinvorms

Oligochaeta. Lumbricidae, Eisenid fetida andrei, were
washed then submitted to 5 V eleetric stimulations
provoking the extrusion of the coelonux fiuid throughout
the dorsal pores [10]. The coelomiic fluid from 50-100
earthworms was pooled. centrifuged ‘or 5 min at 11 000
X g then the supernatant submitted to chromatography.
Partial purification of hemolysins was achieved by gel
filtration on Superose 12 (Pharma:ia) as previously
described [16,17). After salt elimination by ultrafiltra-
tion on an Amicon PM 10 memtrane, the protein
content of the hemolytic fraction (r~erred to as HF)
was adjusted 10 0.5 mg/ml. All th: experiments re-
ported here were performed with HF as activity source
in preference to more purified materiai whose hemolytic
activity was partially lost. No chanpe in the protein
content nor loss of activity (hemolysis, antibacterial,
agglutination) were observed during the storage of HF
at -20°C.

Hemolytic assays

Hemolysis activity test was carried out in 100 al of
Ef andrei HF mixed with 100 gl (6107 cells) of
SRBCs. The samples were incubate¢ for 10 min at
20°C then the reaction stopped by adding 1 ml phos-
phate-huffered saline (Dulbeceo’s PBS, 0.05 M, pH 7.2)
and the samples centrifuged for 10 min at 400 X g. The
hemoglobin contert of the supernatant was determined
by spectrophotometyy at 541 nm. The percentage of
hemolytic activity was calculated from the following
formula: 100 X (absorbarnce in test — background of ab-
sorbance)/ (absorbance in 100% hemolysis —
background of absorbance}). The background of ab-
sorbance consisted of the absorbance of the supernatant
of SRBC incubated with PBS alone. Maximum hemoly-
sis (100%) was determined after osmotic lysis of SRBCs
in distilled water.

Inhibition assays

HF was incubated for 30 min at 20°C with various
inhibitors prior testing its hemoiytic activity. To take
into account the dilutiun due to inaibitor addition, the
hemolytic activity of untreated samples was determined
in diluted (1:2) HF.

(1) Complement inhibitors. 1 ml of HF was incubated
with 1 ml of PBS containing 10 or 20 mg/ml of
zymosan. inulin or LPS from Escherichia coli (Sigma).
Reaclion mixtures were then centrifuged for 10 min at
11000 X g and the supernatant tested. For hydrazine
and methylamine (Sigma), 1 ml of different concentra-
tions (6.25, 12.5, 25, 50 and 100 mM) were incubated
with 1 m! of HF. They were then extensively dialysed
against PBS before the hemolytic activity test.

(2} Phospholipids and cholesterol, Lipid microvesicles
were obtained hy mechanically surrmg 1 mg of com-~
mercial purs p hatidylcholi yleth I~
amine, phosphalldylglyceml qmngomyelln or chulesla-
ro} (Sigma) with 1 5l of PBS. Inhibition assays were
performed incubating 0.5 m! of such microvesicle pre-
parations with 0.5 ml of HF. Microvesicles were then
pelleted by 5 min centrifugation at 11000 X g and the
supernatants tested for hemolytic activity.

(3) C9 and perforin inkibitors. C9 and perforin inhibi-
tors were assayed mixing 100 gl of HF with 100 pi of
different concentrations (0.6, 1.25, 2.5, 5 and 10 mg,/ml)
of heparin or chondroitin sulfate A (Sigma) in PBS or
with 100 ul of poly(L-lysine) HBr salt or protamine
chloride (Sigma) in PBS at concentrations ranging from
0.06 10 1 mg/mi.

(4) Newralization of lysine and arginine. Neutraliza-
tion was carried out according to Tschopp and Masson
(19]. Briefly, 1 m{ of HF was dialysed against 0.2 M
sodium borate buffer containing 50 mM EDTA (pH
8.5), then incubated with 2, 4 or 8 mM diketene (Fluka)
in 1 ml dialyse buffer. The reaction was stopped by
overnight dialysis against 0.2 M carbonate/ bicarbonate
buffer (pH 8.5).

(5) Metal ion treatment. 1 ml of CaCl,, MgCl,,
MnCl,, FeS80O,, CuCl,, CdCl,, HpCl, and ZnSO,
(Merck) solutions at final concentrations of 0.03, 0.06,
0.1,0.2, 0.5, 1, 2 and 4 mM were incubated with 1 ml of
HF.

(6) Pre-incubation with SRBC ghosts. Ghost prepara-
tion consisted in washing 10%, 107 and 10* SRBCs with
large volumes of distilled water until the red color of
hemoglobin disappeared. The ghosts were then pelleted
by 5 min centrifugation at 11000 x g, and incubated in
HF (v/v). The hemolytic activity of the supernatants
was determined after centrifugation at 11000 x g.

(7) Interaction with sphingomyelin and with SRBCs.
Aliquots of diluted (1:5) HF were labeled with 1 mCi
1] (Amersham) according to MacConahey and Dixon
[20] then extensively dialysed against PBS. 0.5 ml of
13I.1abeled HF ('**1-HF) was incubated with 0.5 ml of
1 mg/ml sphingomyelin microvesicles or with 0.5 ml of
6- 10" SRBC/ml. The mixtures were centrifuged for §
min at 11000 X g and the pellets were washed three
times in 50 mM EDTA. They were then dissolved in
100 1 electrophoresis sample buffer containing 2% SDS
and 5% p-mercaploethanol, boiled for 5 min and
analyzed in 15% SDS-PAGE.

SDS-PAGE analysis

Electrophoretic analysis was carried out under dena-
turing, conditions as previously described [16]. Gels of
0.75 mm thickness were silver stained according to
Merill et al. [21] with slight modifications. With radio-
active samples, the pels were dried and exposed to
Kodak X-Omat film for 48 h a1 —70°C.



Immunoblot analysis

Waestern blotting of SDS-PAGE was performed with
the semi-dry Nova-Blot LKB apparatus on Hybond-C
membrane (Amersham). 1% gelatin in the presence of
0.3% Tween 20 was used as a blot-quenching agent.
Detection occurred with 1,/400 rabbit antiserum pre-
pared against E.f. andrei hemolysins. The specificity of
such an antiserum has been controlled by both Western
labeling and immunoprecipitation of only the 40 and 45
kDa hemolysins among coelomic Nuid, HF and in vitro
total mRNA translation. Rabhit-Ig binding was re-
vealed with 1/500 peroxidase-labeled goat Fab anti-
rabbit Ig (Biosys) using H,0;-diaminobenzidine (Serva)
as substrate.

TEM observations

SRBC membranes were prepared by incubating a
pellet of 40 ul of packed SRBCs with 0.5 ml of HF at
30°C for 5 min. After centrifugation for 3 min at
11000 X g, a drop of suspension taken at the pellet-su-
pernatant interface was layered on collodion-carbon-
coated grids previously dipped in 0.1% poly(L-lysine)
solution. The excess of liquid was removed after 5 min
and the grids were treated for negative staining by 2
min floating upside down on 2% disodium phospho-
tungstate (pH 7.0). Observations were made at 80 kV on
a Philips 201 electron microscope. Magnifications were
calibrated with catalase crystals (Agar Aids) of 8.75 and
6.85 nm lattice spacing.

Results

Effect of compi irthibi C i of 10
or 20 mg/ml «.f zymosan particles, inulin or LPS did
not decrease the E. f. andrei hemolytic activity. Similar
absence of inhibition was obtained with 100 mM of
both hydrazine (hemolytic activity of 69.4 + 3.6%) and
methylamine (62.2 +2.3%), compared to 694 + 3.6%
obtained in untreated HF. The lower concentrations of
50, 25, 12.5 and 6.25 were also inactive (data not
shown).

Effect of chols { and some b phospho-
lipids. Fig. 1 shows that only spingomyelin induced a
potent inhibition (75%), while cholesterol and the other
phospholipids tested failed to inhibit hemolysis. Such
inhibition could be the result of hemolysins trapped on
sphingomyelin microvesicles representing artificial
membrane SDS-PAGE ana]ysns of proteins bound to

led the p of
two proteins of molecular mass 40 and 45 kDa (Fig. 2).
The of a new high-molecul t protein

(HMWP). penetrating the 7% top gel but nut the 15%
separating gel and totally absent from coelomic fluid or
HF, was also noted. A similar pattern was observed
when '1-HF was used. In Western blots, the two
proteins of molecular mass 40 and 45 kDa and the
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Fig. 1. Effect of cholesterol and variays membrane phospholipids on
the hemolysis of SRBC induced by £/, andrei hemolylic fractions.
Abbreviations: HF, hemolysis induced hy untreated hemolytic frac-
tion: Cho. cholesterol: PCh. i ine: PEL
PGI. g Sph, sphi in. Bars
represent S.E, on arithmetic mean values from iriplicates.

HMWP were labeled by the specific anti-hemolysins
antiserum (Fig. 2).

Effect of SRBC ghosts. Pre-incubating HF with 10¢
SRBC ghosts did not madify the hemolytz activity
{75.5 £ 2.1%). In contrast. the ghosts from 107 and 10*
SRBCs markedly decreased the hemolytic activity to
. respectively (Fig. 3),

186 +2.1% and 3.2 + 2.1%

Fig. 2. SDS-PAGE .mnly\ls of HF pm(ems interacting with SRBC
an Lane L. Kit of molecu-

lar weight stund;\rds (14400: latalbumin; 20100: trypsin inhibit
30000: carbonic anhydrase; 43000: ovatbumin; 67000: albumin:
94000: phosphorylase &} Lane 2, Tolal coelomic Muid protein con-
teat. Lane 3. HF abtained by FPLC 2ol filtration of wtal coelomic
id. Lanes 4 and 5. HF proteins bound to sphingomyelin micro-
vesictes, Lanes 6 and 7. HF proteins bound to SRBC membranes.
Proteins were fevealed by silver staining (1-4) or autaradiography
using '"*L-HF protcins {7}, and on Westemn blots incubated with
specific anti-hemolysins antiserum revealed with the peroxidase-DAB
system [5.6). Nate the presence of the two hemolysins of malecular
mass 40 and 45 kDa (arrows) and the new HMWP (top arrow) on
4-7. The 70 kDa band in 5 and & represents S-mercaptoethanol

artefact freguently found in a track even without a sampte.




Hemolytic actwity {2fe)

Fig. 3. Hemolytic activity of Ef andrei HF (HF) compared to the
hemalytic activity of HF previously incubated with the ghosis from
10% (6), 107 (7y and 10" (8) SRACs, Symbols defined as in Fig. 1.

To check whether the ghost inhibition was the result
of hemolysin binding on SRBC. an analysis in
SDS-PAGE was conducted on SRBC membranes. To
exclude the SRBC proteins we used '**1-HF. As shown
in Fig. 2, a strong HMWP band which failed to penetrate
the 15% gel was detected. Using Western immuno-
blotting. this HMWP band was labeled by the specific
anti-hemolysins antiserum (Fig. 2).

Effects of metal ions. As shown in Table 1, 4 mM of
Cu?*, Hg®*, Cd** and Zn** totally suppressed the
hemolysis. The 4 mM of Fe** ions produced a notice-
able decrease (about 35%) of the hemolytic activity. In
contrast, Ca?*, Mg?* and Mn?* were inactive whatever
the concentration tested (from 0.03 to 4 mM). Among
the inhibitory metal ions, an inhibition of about 50%
was observed in the presence of 0.2 mM Cu®* or 0.5
mM Hg** (Fig. 4). At 1 mM, Zn** and Cd** were not
inhibitors. However, the metal ions’ inhibitory effect
was due to protein precipitation, visually observed when
adding Cu*, Hg?*, Cd** or Zn** solutions. The pre-
cipitates, collected by 11000 X g centrifugation, resus-
pended in distilled water and submitted to SDS-PAGE
analysis, revealed the same protein pattern as control
HF.

TABLE 1
Effect of 4 mM metal ions on hemalysis

Values presented are arithmetic means from triplicates,

Metal ions Hemolytic aclivity (%)
Unircated HF 9.1

Ca?* 899

Mg2* 91.8

Mn®* 80.8

Fel* 534

Cu®* o

Hg?" 0

Cd** Q

Zn?* 0
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Fig. 4. Hemolytic activity of E.f. undrei HF in the presence of various
concentralions of CuSOy, HgCl,, ZnSO, and CdCl,. Symbols defined
asin Fig. 1.

Effect of gl ans and p charged
peplides. Heparin and chondroitin sulfate A were used
to investigate possible inhibitory effect of sulfated gly-
cosaminoglycans on the hemolytic activity. As shown in
Table I1, these two substances, even at high concentra-
tion (10 mg,/ml), did not modify the hemolytic activity
(71.3 £ 2.1% for heparin and 72.2 + 2.1% for chondroi-
tin suifate A compared to 76.0 £ 2.1% for untreated

TABLE 1l
Effect of glycasaminoglycans and positively charged peptides
Values presented are arithmetic means from triplicates.

Gl i ic activity
(mg,/mi) (%)
Untreated HF 76.0
Heparin
0.6 732
125 75.3
25 719
5 703
10 3
Chondroitin sulfate A
X 73
125 6
25 76.4
5 76
10 722
Protamine
0.06 748
0.12 731
025 742
0.5 736
1 744
Poly(L-lysine)
.06 7.8
012 723
0325 68.7
0.5 703

1 0.7
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Fig. 5. Ultramicroscopical aspect of SRBC membranes treated with
HF. Fragments of ghosts were taken at the bollom-supernatant
interface aof a centrifuged suspension of SRBC incubated with HF.
They were layered on a collodion carbon-coated grid and negatively
stained with 2% sodium phasphotungstate. The surface of the ghosts
appeared as clasely dntted with round depasits of phosphotungstate
of diameler 5-20 nm. Most of these deposits were sumrounded by a
clear ring (arrows).

HF). Similarly, the addition of highly positively charged
peptides, protamine and poly(L-lysine), failed to induce
inhibitory effect on the hemolysis even at concentra-
tions of 1 mg/ml.

Effect of diketene. In order to control whether lysine
or arginine could represent amino acids of functional
importance in hemolysins, the HF was treated with
diketene, known 10 specifically neutralize the positive
charges of such groups. None of the concentrations
used, which ranged from 2 to 8 mM, modified the
hemolysis {data not shown).

TEM observations of lysed SRBC. A» shown in Fig. 5,
lesions of the erythrocyte membrane apepared as more-
or-less regular round-shaped deposits of phosphotung-
state with diameters of 5-10 nm. Exceptionally, larger
deposits (more than 20 nm) of irregular shape could he
observed. Round deposiis of 10 nm could be scen cdge
by a ctear ring of 1.5+ 0.5 nm. The lesions were gener-
ally very numercus with more than 10000 per square
micrometer.

Discussion

The hemolytic system of E.f. andrei is composed of
two lipoproteins of molecular mass 40 and 45 kDa, one
of which is present in several isoforms {16]. The two
lipoproteins are capable of lysing cell membranes, as
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revealed by SRBC overlaying analytical IEF gel [10].
We rated here that h lysis is not inhibi

by zymosan, inulin or LPS, known to trap the C3b
complement component (5} In E.F. andrei, also as in
other invertehrates [6]. hemolytic activity is not affected
by nucleophilic molecules. such as hydrazine and meth-
ylamine which open the thicester bond of C3 {22,23].
Cansequently, earthworm hemolytic activity is not
mediated by a molerule similar to the C3 or C3b
complement component. In contrast io numerous en-
zymes, the hemolytic molecules present a kinetic curve
of SRBC hemolysis which does not change beiween 4
and 45°C [11,18]. Also. as previously demonstrated
{16}, 100 mM of EDTA or EGTA did not modify the
hemolytic activity.

The hemolytic activity invalves the binding of hemo-
Iysin molecuies onto target czli membranes. Such bind-
ing has been reported as heing partially inhibited by
acetylated or methylated sugars [16]. We demonstrated
here that phospholipids. and particularly spingomyelin,
represent interacting membrane components Lrapping
the hemolysin molecules. It is noticeable that in other
invertebrates, sphingomyelin has also been reported as
being a potent hemolysis inhibitor {§]. SDS-PAGE anat-
ysis of the protein content associated with spingomyelin
microvesicles revealed a new HMWP present after in-
cubation with HF. From its immunolabeling by specific
anti-hemolysins antiserum. it may be inferred that the
HMWP is a polymer composed f the 40 and/or 45
kDa hemolysins. Similar HMWP has been evidenced in
SDS-PAGE of SRBC membranes lysed by '1-HF.
Also in this case, the HMWP has been detected in
Western blotling by the anti-hemolysins antiscrum con-
firming that (i) polymerization of hemolytic molecules
occurs on the target cell membrane during the hemo-
Iytic process, and (ii) membrane sphingomyelin could
be the receptor site of bemolytic complexes.

1t seems that artificial membranes constituted of
spingomyelin were less efficient than SRBC in inducing
the polymerization of hemolytic molecules. Free 40 and
45 kDa hemolysins were detectable on sphingomyelin
microvesicles when they were apparently all trans-
formed into HMWP at the SRBC membrane level.
identical resnlts were obtained in the Echinoderm Holo-
thuria polii where the protcin pattern associated with
lysed membranes {24] or with sphingomyelin micro-
vesicles (unpublished results) also contained a new
HMWP.

Polymerization of E.f. andrei 40 and 45 kDa proteins
nas previously been reporied as giving rise to clot fibers
[14). In that case, before being organized in fibrils. the
polymeric structures appeared as spheric units of 4 nm
in diameter. The HMWP detected after interaction with
spingomyelin or SRBC is likely to be different. In
contrast to the HMWE, the clot-forming polymeric
structures can be dissociated by SDS. [t may be hypoth-
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esized that, following the medium conditions, the 40
and 45 kDa proleins polymerize leading either to a
dissociable structure (clot fibers) or to a more stable
system (HMWP). Such a hypothesis agrees with elec-
tron microscopy observations reported here. Lesions
appearing in negative staining as round deposits of
phosphotungstate edged by a clear ring suggest a chan-
nel formation through the SRBC lipid bilayer, resulting
from a protein oligomerization. Very similar pictures
have been observed with the H. polii hemolysins {25].
The most exhaustively studied hemolytic system is
complement. It has been demonstrated that C9 po-
lymerizes spontaneously or afler metal ion treatment
into a tubular r' the attack
complex [26]. Zn** ions accelerated such C9 ex-
tramembrane polymerization, leading to a decreased
lytic activity. To check whether a similar effect was
operating in E.f. andrei, we tested a variety cf metal
ions evidencing effective inhibiti lysis, par-
ticularly with Cu?*, Hg?*, Cd** and Zn“ Meanwhile,
SDS-PAGE analysis demonstrated that such inhibiticn
was not specific but due to the precipitation of all the
HF proteins without any evidence of polymerization.
Another important difference beiween E.f. andrei
hemolysins and complement was evidenced using van-
ous C9 inhi 73 y charged g}
cans. positively charged peptides, protamine and
poly(L-lysine), and diketene-neutralizing lysine and
arginine residugs, inhibit the Iytic activity of late com-
plement complex and perforin [19]. As demonstrated in
this reporl, nonc of thesc molecules can produce he-
molysis inhibition, suggesting that the interaction be-
tween E.f. andrei hemolysins and target cell membranes
occurs by a pathway different from that of C9 and
perforin.
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