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Abstract.-Liposomes containing trapped glucose marker were prepared from
the chloroform-soluble fraction of sheep erythrocyte membranes. These lipo-
somes release glucose when incubated with rabbit anti-sheep erythrocyte serum
and a source of complement. Experiments with purified human complement
components show that loss of marker is absolutely dependent on the presence of
components 2 and 8. An absolute requirement for component 9 cannot be dem-
onstrated, although it stimulates glucose release from the liposomes. These
results establish a parallelism between the response of biological membranes and
liposomal membranes to antibody and complement.

In recent years it has become clear that complement provides the protein
components which impair membrane function in immune cytolysis. The com-
plexity of biological membranes constitutes, at present, an obstacle to an under-
standing of the molecular basis of membrane damage caused by the terminal com-
plement components. Possible circumvention of this difficulty with artificial
membranes was indicated in previous studies using liposomes prepared from sheep
erythrocyte membranes." 2 These liposomes release trapped glucose marker
when incubated with a combination of rabbit anti-sheep erythrocyte serum (as
a source of antibodies) and fresh guinea pig serum (as a presumptive source of
complement). The available evidence suggests that the alteration in the perme-
ability of these structures mimics very closely the functional impairment of
biological membranes following the action of antibody and complement.

Before liposomes can be properly used as a model system to investigate com-
plement-membrane interaction, it is necessary to determine whether their im-
pairment by antibody and fresh serum requires the participation of the same com-
ponents which are essential for immune cytolysis in general, and immune hemoly-
sis in particular. Classical immune cytolysis has been shown to require the se-
quential action of nine complement components (Cl-C9).3 The reaction is
initiated by Cl which, after activation by interaction with antibody, catalyzes the
assembly of the C4,2 enzyme on the cell surface. This enzyme catalyzes binding
of C3 and formation of the C4,2,3 enzyme. Through the action of the C4,2,3
enzyme, the next three components, C5, C6, and C7, are activated. Subsequent
binding of C8 results in manifestation of membrane damage, the rate of which is
increased by C9. The present investigation, in which purified human comple-
ment components were used, demonstrates a definite similarity between glucose
release from liposomes and hemoglobin release from erythrocytes by antibody
and complement.
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Materials and Methods. -Chemicals: ATP and TPN+ were obtained from the Sigma
Chemical Co., St. Louis, Mo. Hexokinase (10 mg/ml) and glucose-6-P dehydrogenase
(5 mg/ml) were purchased from Boehringer-Mannheim Corp., New York, N.Y., and
dialyzed against distilled water before use.

Liposomes: The chloroform soluble fraction of sheep erythrocyte membranes (desig-
nated sheep fraction Iha) was isolated by procedures which have been described pre-
viously.' Liposomes were prepared' by adding an aliquot of fraction Ila, containing 2
Mumoles of phospholipid, to 10-ml conical flasks and removing the solvent (chloroform)
under reduced pressure. Marker solution (0.2 ml of 0.3 M glucose) was added to the
flask and the dried lipid residue was dispersed by agitation with a Vortex mixer in the
presence of a small quantity of glass beads (0.2 mm in diameter). The liposome prepara-
tion was subsequently dialyzed for 1.5 hr at room temperature against 150 ml of isotonic
salt solution (0.075 M KCI-0.075 M NaCl) to remove most of the untrapped glucose.

Antisera: Rabbit anti-sheep erythrocyte serum (Baltimore Biological Laboratories,
Baltimore, Md.) was diluted 10-fold with Veronal buffer (VB++) prepared according to
the technique of Mayer.4 Rabbit anti-human C8 was prepared according to ref. 5.
Both antisera were decomplemented by heating for 2 hr at 560.

Complement components and reagents: The feasibility of using purified human com-
ponents was suggested by experiments indicating that human serum can replace guinea
pig serum as a source of complement necessary for release of glucose from liposomes.6
The procedures for the preparation of the purified human complement proteins used in
this study have been described in detail elsewhere: C2 (ref. 7), C4 (ref. 8), C8 (ref. 9),
and C9 (ref. 10). C2 was oxidized with I2 before use" because this procedure has been
shown to stabilize and increase the efficiency of human C2 in immune hemolysis. Par-
tially purified C1 was obtained according to Nelson et al.'2 and the C3-8 reagent was pre-
pared as outlined previously.10 The latter contained noncomplement components (pri-
marily y-globulin) accounting for approximately 50% of the total protein present.
The amounts of purified complement proteins added to the reaction mixtures (see

below) were: oxYC2 (5jsg), C4 (46 4ug), C8 (17 MAg), and C9 (13 gg). In terms of activity,
1 ,ug of oxyC2, C4, and C8 correspond, respectively, to 1.3 X 1010, 1 X 1010, and 2 X 10"
hemolytically effective molecules."'
To neutralize C8 in the C3-8 reagent, the heated rabbit antiserum to human C8 was

diluted 1:2 with Veronal buffer and then added to an equal volume of the C3-8 reagent.
The precipitate formed after 15 hr at 40 was removed by centrifugation. C3-8 reagent
treated in an identical manner with normal rabbit serum served as a control.

All preparations of complement components, the antiserum to C8, and the normal
rabbit serum were dialyzed against Veronal buffer before use.

Assay: As in previous studies,'X 2 loss of glucose from liposomes was determined by
the change in absorbance at 340 mu which resulted when the trapped marker was released
and rapidly oxidized by TPN+ in the presence of hexokinase, glucose-6-P dehydrogenase,
and the necessary cofactors. Before each experiment, a stock assay reagent was pre-
pared which contained: 100 mM Tris-HCl, pH 8.5, 129 mM NaCl, 3.5 mM MgC12,
0.15 mM CaCl2, 2 mM ATP, 1 mM TPN, and approximately 80 ,ug of hexokinase and 40
gg of glucose-6-P dehydrogenase per ml. Dilution of the assay reagent with the other
constituents of the reaction mixture (i.e., liposomes, rabbit antiserum, complement,
Veronal buffer, etc.) reduced the concentration to the requisite levels.

In the present investigation, the liposomes were first treated with antiserum and
subsequently incubated with the complement components in the order in which they
react to produce immune cytolysis. At various times after addition of the components,
the absorbance of the reaction mixture was measured to see whether any glucose had
been released. Under the conditions of incubation (pH 8.5 at 30 or 370), the enzymes in
the assay reagent were slowly inactivated. Therefore, immediately prior to each absorb-
ancy determination, the cuvettes received 2 Mul of a mixture which contained approxi-
mately5 ,ugof the dialyzed hexokinase and 2.5 Mgof the dialyzed glucose-6-Pdehydrogenase.
This general procedure was varied to fit the requirements of a particular experiment, as
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well as the availability of the purified complement components, and details are presented
in the appropriate table legends.

Results.-Requirement for C2: The results recorded in Table 1 show that
glucose release is dependent on the presence ofC2. This experiment was per-
formed in three stages. In the first stage, the liposomes were incubated with
antiserum in the absence of complement. Under the conditions of the experi-
ment, the absorbance at the end of this stage is a measure of the small amount of
untrapped glucose contaminating the liposome preparation and light scatter by
the liposomes. In the second stage of the experiment, the liposomes were in-
cubated with a mixture of C1, C4, and 0xYC2 (cuvette 1) or a mixture of C1 and
C4 (cuvette 2). The last two columns of Table 1 indicate that glucose was not
released, because these complement components did not produce an increase in
absorbance over that observed at the end of stage I. In the third stage, C3-8
reagent was added. This reagent resulted in an appreciable release of the
trapped glucose from liposomes which had been incubated with Cl, C4, and
0XYC2 (cuvette 1). However, no marker was released from liposomes which
had not been exposed toOxYC2 during the second stage (cuvette 2).

TABLE 1. C2 requirement for glucose release.
Corrected Absorbance

Additions to: After Incubation of:
Stage Cuvette 1 Cuvette 2 Cuvette 1 Cuvette 2

I Antiserum, Antiserum, 0.319 0.321
liposomes liposomes

II C1, C4, C2 C1, C4, buffer 0.317 0.323
III C3-8 C3-8 0.683 0.331
Net absorbance change for complete glucose release 1.038 1.038
Glucose released during stage III 35% <1%

Stage I: Cuvettes contained initially 400 Al of Veronal buffer, 500 Al of assay reagent, 20.5 JAl
of diluted rabbit antiserum, and 10.2 pl of liposome preparation. These were incubated for 5 min
at room temperature.

Stage II: The following components were then added in the order listed and the cuvettes were
incubated at 300 for the times indicated in parentheses after each addition: 95 Al of C1 reagent (5
min); 40 Al of C4 (10 min); 50 Al of OXYC2 to cuvette 1 and 50 Al of Veronal buffer to cuvette 2 (10
min).

Stage.III: 50 Al of C3-8 reagent were added to both cuvettes, which were then incubated for 20
min at 37°. The observed absorbancy values were corrected for any contribution by the antiserum
and complement components, and are expressed on the basis of a final vol of 1 ml. The change in
absorbance for complete glucose release was determined after lysis of the liposomes with 1% Triton.1.2

Requirement for C8: The requirement for C8 was investigated because it is
the last of the components present in the C3-8 reagent to act in immune cytolysis.
The availability of a specific antiserum to C8 prompted its use as an inhibitor in
this experiment, which was also performed in a stepwise manner (Table 2). The
first two stages involved incubation of the liposomes with antiserum and com-
ponents C1, C4, and 0xYC2. Under the conditions of the experiment, the ab-
sorbance at the end of stage II is a measure of untrapped glucose in the liposome
preparation and light scatter by the liposomes, as well as any contribution by
these complement components per se. Glucose was released from the liposomes
during the third stage upon addition to cuvette 1 of the C3-8 reagent which had
been treated with normal rabbit serum. In contrast, there was essentially no
change in the absorbance of cuvette 2 to which had been added C3-8 reagent that

292 PROC. N. A. S.



BIOCHEMISTRY: HAXBY ET AL.

TABLE 2. C8 requirement for glucose release.
Corrected Absorbance

Additions to: After Incubation of:
Stage Cuvette 1 Cuvette 2 Cuvette 1 Cuvette 2

I Antiserum, Antiserum, 0.452 0.447
liposomes liposomes

II C1, C4, C2 C1, C4, C2 0.561 0.570
III C3-8 plus NRS C3-8 plus anti-C8 1.499 0.644
IV C9 C9 1.638 0.695
V Buffer C8 1.698 1.479

Net absorbance change for complete glucose release 1.469 1.469
Glucose released during stage III 64% 5%
Total glucose released through stage V 77% 62%

Stage I: Cuvettes contained initially 170 jsl of Veronal buffer, 500 Al of assay reagent, 20.5 Al of
diluted rabbit antiserum, and 9.6 pl of liposome preparation. Incubation time: 5 min at room
temperature.

Stage II: The following components were then added in the order listed and the cuvettes were
incubated at 300 for the times indicated after each addition: 9.6 JAI of C1 reagent (5 min); 40 JA
ofC4 (10 mim); 50 11 of OXYC2 (10 min).

Stage III: 50 Ml of C3-8 reagent treated with heated normal rabbit serum (NRS) was added to
cuvette 1, and 50 Al of C3-8 reagent treated with anti-C8 was added to cuvette 2. Incubation time:
21 min at 370.

Stage IV: 50.9,l of C9 was added to both cuvettes, which were then incubated for 11 min at 37O°
Stage V: 50.9 Ml of Veronal buffer was added to cuvette 1, and 50.9 Ml of C8 was added to cuvette 2.

Incubation time: 21 min at 37°. The observed absorbancy values were corrected for any contri-
bution by the C3-8 reagents and C8, and are expressed on the basis of a final vol of 1 ml. The
change in absorbance for complete glucose release was determined after lysis of the liposomes with
1% Triton.'. 2

had been treated with rabbit anti-C8. Furthermore, C9 did not induce glucose
release when it was added to cuvette 2. The appreciable difference in absorbance
between cuvettes 1 and 2 at the end of stage IV therefore indicates that C8 is
required. Direct evidence for the involvement of C8 was obtained during the
fifth stage of the experiment. Addition of this component to cuvette 2 restored
the ability of the C3-8 reagent treated with anti-C8 to promote loss of marker
from the liposomes.

Stimulation by C9: Marker was released without the addition of C9 in the
preceding experiments. Figure 1 shows that addition of this component does,
however, greatly increase the initial rate of glucose release.

Discussion.-These experiments constitute a preliminary study to determine
which complement components are necessary for the release of trapped glucose
from sheep fraction Ha liposomes. Three of the nine components known to par-
ticipate in immune cytolysis were tested. The results presented in Table 1
demonstrate an absolute requirement for C2 and for one or more of the com-
ponents which can be supplied by a reagent containing C3, C5, C6, C7, and C8.
The experiment described in Table 2 demonstrates an absolute requirement for
C8. Furthermore, provided that the reagents used were not contaminated with
traces of C9, the data indicate that there is no absolute requirement for C9 al-
though this component can enhance the rate of glucose release from the liposomes
(Fig. 1). These observations have their counterpart in recent studies which have
shown that slow, but definite, hemoglobin release from erythrocytes occurs fol-
lowing completion of the reaction involving C8.14 I

It has been well documented that C2 cannot participate in immune cytolysis
when C1 and C4 are absent. C2 and C4 are the precursors of the indigenous
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FIG. L.-Stimulation of glucose re-
lease by C9. Cuvettes contained ini-
tially Veronal buffer (370 A&l), assay re-

.50 agent (500 jJ), diluted rabbit anti-
serum (20.5 ,l), and liposomes (9.6 pl).

(B C3-8 plus C9 Each cuvette was incubated at 300 for
/ 5, 10, and 10 min following the sequen-

tial addition of C1 reagent (10.3 ,sl).40 31.4% RELEASED C4 (39.9 A), and oxYC2 (50.9 m.l). En-
zyme mixture (10.3 ,d) was then added
and the "zero time" absorbance was

0 / determined. The abscissa indicates
the change in absorbance after addition
of a mixture of C3-8 reagent (25.1 Ad)

/SIy and Veronal buffer (50.9 Al) to cuvette
A, and C3-8 reagent (25.1 pl) and C9
(50.9 Al) to cuvette B. Incubation

.20 I9 C3-8 temperature: 220. All absorbance
values were corrected for any contribu-
tion by the complement components,
and are expressed on the basis of a final
vol of 1 ml. Complete glucose release

.10 I would have produced an absorbancy
change of 1.286 as determined after
lysis of the liposomes in the presence of
1% Triton., 2

0 2 4 6 8 10 12
MINUTES

complement enzyme C4,2, formation of which is catalyzed by activated C1.
The action of the subsequent components, including C7, depends on a functional
C4,2 enzyme. Similarly, interaction of C8 with cell membranes is contingent on
prior reaction of C5,6,7, which in turn requires C4,2,3 for their activation.
Thus, although an absolute requirement for glucose release from liposomes has so
far only been demonstrated in the case of C2 and C8, present knowledge of the
complement reaction sequence strongly implicates the other components (with
the possible exception of C9) as essential participants.

Experiments, which are described in detail elsewhere,'5 suggest that Forssman
antigen is partly responsible for the response of the sheep fraction Iha liposomes
to antibody and complement. These studies also demonstrate that liposomes
can be prepared from a mixture of pure lipids (of known structure and composi-
tion) and Forssman hapten (N-acetyl-galactosamine (al -- 3)-galactose (#1 -0

3)-galactose (f- 4)-glucose-1-ceramide). These liposomes, like the Ila liposomes
used in the present investigation, release glucose when incubated with rabbit
anti-sheep erythrocyte serum and fresh guinea pig serum. It now remains to
be determined if, with these liposomes, the requirement for guinea pig serum can
also be replaced by the purified complement components which are involved in
immune cytolysis. Should this be the case, then these liposomes would consti-
tute an extremely appropriate artificial membrane system for investigating the
molecular basis of complement mechanism.

294 PROC. N. A. S.



VOL. 64, 1969 BIOCHEMISTRY: HAXBY ET AL. 295

* Research at Washington University (J.A.H., S.C.K.) supported by grant AI-05114 from
the U.S. Public Health Service. J.A.H. is currently a predoctoral trainee under grant GM-
00096 and S.C.K. holds a Research Career Development Award (5-K3-AI-6388).

t Research at Scripps Clinic and Research Foundation (O.G., H.J.M.-E.) supported by
grant AI-07007 from the U.S. Public Health Service.

1 Haxby, J. A., C. B. Kinsky, and S. C. Kinsky, these PROCEEDINGS, 61, 300 (1968).
2 Alving, C. R., S. C. Kinsky, J. A. Haxby, and C. B. Kinsky, Biochemistry, 8, 1582 (1969).
3 Muller-Eberhard, H. J., Annual Review of Biochemistry, ed. E. E. Snell, vol. 38, in press.
4Mayer, M. M., in Experimental Immunochemistry, ed. E. A. Kabat and M. M. Mayer

(Springfield, Illinois: Charles C Thomas, 1961), p. 133.
6Manni, J. A., and H. J. Muller-Eberhard, J. Exptl. Med., in press.
6Haxby, J. A., C. B. Kinsky, C. R. Alving, D. A. Zopf, and S. C. Kinsky, manuscript in

preparation.
I Polley, M. J., and H. J. Muller-Eberhard, J. Exptl. Med., 128, 533 (1968).
8 Mfiller-Eberhard, H. J., and C. E. Biro, J. Exptl. Med., 118, 447 (1963).
9 Manni, J. A., and H. J. Muller-Eberhard, J. Exptl. Med., in press.
10Hadding, U., and H. J. Miller-Eberhard, Immunology, 16, 719 (1969).
11 Polley, M. J., and H. J. Miiller-Eberhard, J. Exptl. Med., 126, 1013 (1967).
12 Nelson, R. A., Jr., J. Jensen, I. Gigli, and N. Tamura, Immunochemistry, 3, 111 (1966).
13Cooper, N. R., M. J. Polley, and H. J. Muller-Eberhard, in Immunological Diseases, ed. M.

Samter (Boston: Little, Brown and Company, in press), 2nd edition.
14 Stolfi, R. L., J. Immunol., 100, 46 (1968).
15Kinsky, S. C., J. A. Haxby, D. A. Zopf, C. R. Alving, and C. B. Kinsky, Biochemistry,

in press.


