
Interaction of Immunoglobulins
with Liposomes

GERALDWEISSMANN,ANNBRAND, and EDWARDC. FRANKLIN
From the Department of Medicine, Rheumatic Diseases Study Group, and The
Irvington House Institute, NewYork University School of Medicine,
NewYork 10016

A B S T R A C T Liposomes were used as model targets to
test the effect of immunoglobulins on biomembranes.
Heat-aggregated immunoglobulins (Ig) exceeded native
immunoglobulins in their capacity to release anions and
glucose from model liposomes (either lecithin-dicetyl-
phosphate-cholesterol or lecithin-stearylamine-choles-
terol in molar ratios of 7: 2: 1). This interaction was
not dependent upon the presence of cholesterol in the
membrane. Mild heat-aggregation (10 min at 61.50C)
increased the membrane-perturbing activity of certain 1g.
Activity varied among classes and subclasses: IgG >
pooled IgG > IgG4> IgA, > IgGs. IgG2, IgA2 and IgM
were inert. Fc fragments of IgG were as active as
IgGi, whereas Fab fragments were inactive. Prolonging
aggregation to 60 min destroyed the activity of 1g.
Membrane-activity could not be induced in non-Ig
molecules (such as bovine serum albumin) by 10 or
60 min heat-aggregation. Density gradient centrifugation
of IgG, molecules indicated that membrane perturbing
activity was associated with 15-20-s aggregates. Sepha-
rose 4B chromatography demonstrated preferential inter-
action between cationic membranes and aggregated Ig,
whereas anionic membranes interacted nonselectively
with both native and aggregated Ig via salt-like inter-
actions. One explanation for these data is that heat
aggregation induces a conformational change in the Fc
regions of certain Ig permitting them to interact with
liposomes, presumably by enhancing their hydrophobic
associations with membrane phospholipids.

INTRODUCTION
Mechanisms of interaction between immunoglobulins
(Ig)' and biomembranes are pertinent to at least two
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'Abbreviations used in this paper: BSA, bovine serum
albumin; Ig, immunoglobulin (s); PBS, phosphate-buffered
saline.

areas of immunology. The first is the triggering of B
cells by the interaction of antigen with surface immuno-
globulins of lymphocyte membranes. Ig of various classes
and subclasses have been localized on the surface of B
lymphocytes (1, 2), are synthesized by these cells, can
be removed by trypsin, and are not replaced by exposing
the cells to fresh serum (1). The second is the specific
interaction of immunoglobulins with the surfaces of
several types of cells, which, in the case of phagocytes,
are stimulated by this encounter to ingest immune com-
plexes or coated particles. This second type of inter-
action has been postulated to occur between externally
derived Ig and discrete "receptor" sites on cell mem-
branes; such sites are insensitive to treatment with
trypsin (3-5). Receptors for immunoglobulins are found
on monocytes (6-8), macrophages (9, 10), and neutro-
phils (11, 12) as well as on B lymphocytes (13-15) and
resemble receptors for cytophilic antibody (3, 16, 17).
They react with antigen-antibody complexes, bind anti-
body independently of divalent cations, and appear to
bind the Fc region of the Ig molecule (17, 18). On
lymphocytes, these receptors appear to differ from sur-
face Ig (13) and complement binding sites (3, 19).
Nevertheless, it is by no means clear that some of
these interactions are not due to a nonspecific affinity
for lipid surfaces.

Ig are known to undergo a conformational change both
during the formation of antigen-antibody complexes and
upon heat aggregation. The combination of antigen with
antibody has been visualized in the electron microscope
as a "clicking open" of the Ig molecule (20). The
configurational change that occurs in the Ig molecule
after both heat aggregation and Ag-Ab complex forma-
tion renders the protein biologically active with respect
to complement fixation and the reactions of cutaneous
hypersensitivity (21, 22). Recently, heat aggregation of
Ig has been shown to result in an Ig molecule that is
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more 'membrane-active" than its native species (12,
23, 24), but the nature of this activity is as yet unclear.

Consequently, we have studied the interactions of Ig
with liposomes, aqueous dispersions of phospholipids in
the smectic mesophase (25). At appropriate temperature
and concentration, phospholipids form concentric lipid
bilayers capable of ion discrimination. Operationally, the
model membranes are separated by aqueous compart-
ments which can trap various small molecules or ions, by
virtue of the repulsive forces imposed on the membranes
by the incorporation of either long-chain anions or long-
chain cations. These model membranes have been used
to study the action of agents such as steroids, lytic pro-
teins, and polyene antibiotics (26-28), which react
with liposomes much as with natural membranes. More
recently liposomes have been used to demonstrate the
interaction of various complement components with
membranes (29, 30).

The experiments described below were designed to
test the hypothesis that Ig, conformationally altered by
heat aggregation, would display enhanced capacity to
interact with, and perturb, the membranes of liposomes
as measured by passive diffusion of small molecules
across the bilayers.

METHODS
Immunoglobulins. Normal IgG was prepared from Cohn

fraction II by chromatography on DEAE cellulose (31).
Mlyeloma proteins and macroglobulins were isolated either
by starch zone electrophoresis, or by starch zone electro-
phoresis followed by chromatography on Sephadex G-200
(32). Purity of all preparations was determined by immuno-
electrophoresis (33). Classes and subclasses were deter-
mined with specific antisera (34) as well as by chemical
typing (35). Fab and Fc fragments were prepared with
papain and purified as described (36). Heavy and light
chains were prepared by reduction with 0.1 M 2-mercapto-
ethanol, followed by alkylation with 0.2 M iodoacetamide
and purified by filtration on Sephadex G-100 in 1 M acetic
acid.

Prepara.ion of liposomes. Liposomes were prepared by
a slight modification of previously described methods (27,
28). Suspensions with a net negative charge were prepared
from a mixture of either lecithin-dicetylphosphate-choles-
terol in a molar ratio of 7: 2: 1 or lecithin-dicetylphos-
phate in a molar ratio of 8: 2. Liposomes with a net posi-
tive charge were prepared from a mixture of lecithin-
stearylamine-cholesterol in a molar ratio of 7: 2:1. Leci-
thin was purchased from General Biochemicals, Chagrin
Falls, Ohio; cholesterol from Fisher Scientific Co., Fair
Lawn, N. J.; and dicetylphosphate and stearylamine from
K & K Laboratories, Inc., Plainview, N. Y. The lipids
were dissolved in chloroform and added to a 100-ml round
bottomed flask. A rotary pump apparatus was used to
evaporate the chloroform, resulting in the deposition of a
uniformly thin layer of lipid on the walls of the flask.

After the chloroform was completely evaporated, 6 ml of
"swelling" solution (0.145 M K2CrO4, 0.29 M glucose)
was added. Gentle shaking using a vortex mixer dislodged
the lipid film from the walls of the flask. Next the lipid
mixture (approximately 15 ,umol lipid/ml) was disrupted
by 8 min of sonic oscillation in a Branson Automatic
Cleaner (Model HD-50, Heat Systems Co., Melville, N. Y.),
resulting in a turbid suspension of swollen, hydrated lipo-
somes which was permitted to stand for 2 h. These sus-
pensions were layered on top of a column of Sephadex
G-50 (coarse), in the case of negatively charged disper-
sions, or Sephadex G-75 for positively charged disper-
sions. Liposomes were eluted from the columns (2.5 X 22
cm) with equimolar NaCl/KCl (0.145 total molarity).
This procedure was used to separate the liposomes from
marker which had not become trapped within the mem-
branes.

The extent of release of ions or glucose from liposomes
was determined by mixing 1 ml samples of the suspended
spherules in small dialysis bags with various concentrations
of complement-free, purified Ig or myeloma proteins dis-
solved in phosphate-buffered saline (PBS) (NaCl/PO4,
Grand Island Biological Co., Grand Island, N. Y., No. 404-
IX). Aggregated Ig was prepared by heating the dissolved
native protein in a 61.5°C water bath for 10 min. The
dialysis bags containing Ig and liposomes were placed in
test tubes which contained 5.0 ml of 0.145 M NaCl/KCl
and then incubated in a shaking water bath at 37°C. To
determine the integrity of liposomes, release was measured
of anions or glucose from bags containing the liposomes
alone or liposomes + 0.2 ml of Triton X-100 (Rohm &
Haas, Philadelphia, Pa.) (2% vol/vol); the detergent re-
leases "total" sequestered ions or glucose. Leakage of
marker from the bags into the saline was determined at
30, 60, and 90 min intervals. Chromate leak was measured
by its absorbance at 370 nm. Glucose leak was determined
by the glucose oxidase method (37). In some experi-
ments, the specific effect of aggregated fractions was ex-
pressed as the percentage (vs. controls at 90 min) of an-
ions or glucose released by aggregated minus that released
by native proteins.

Sucrose density gradient centrifugation. Native and
aggregated IgG were layered on top of a sucrose gradient
(12.5-25-37.5% sucrose) and sedimented in a Spinco Model
L Ultracentrifuge (SW-39 rotor; Beckman Instruments,
Spinco Div., Palo Alto, Calif.) for 21 h at 32,000 rpm.
Fractions were collected from a pinhole in the bottom of
the cellulose nitrate centrifuge tubes. Sucrose was removed
by dialysis for 2-3 days against several changes of 0.145 M
NaCl/KCl. Protein concentration in each of the fractions
was determined by the Lowry method and immunoglobu-
lins were localized by testing the fractions with antisera
to IgG by Ouchterlony analysis. The fractions were ad-
justed to equivalent concentrations with PBS before testing
their effect on liposomes.

Chromatography. To determine whether IgG became
associated with lipid bilayers, native or aggregated IgG
after gradient separation (see above) was mixed with
either anionic or cationic liposomes. The IgG-liposome mix-
ture (final concentration = 150 /g IgG/ml of liposome)
was allowed to stand for 10 min at room temperature. The
mixture was then placed on a Sepharose 4B column 2.6
X 45 mm (Pharmacia Fine Chemicals, Piscataway, N. J.)
with 0.145 M NaCl/KCl to separate membrane-associated

-protein from unbound material.
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Anionic Liposomes vary with the nature of the net ionic charge of liposomes
swollen with CrOl 500- B swolIeon with and are enhanced by lysozyme. Enhanced efflux (vs. con-

-AGG IgG
G

trol) of both anions and glucose from anionic liposomes
0 12Sug/ml in the presence of native IgG is in keeping with the sensi-

/25m400l tivity of liposomes to coulombic disruption by cationic
proteins. These effects, can however, be distinguished
from the specific enhancement of anion or glucose efflux

/ 300 by simply subtracting the efflux in the presence of native
Ig from that in the presence of aggregated proteins
(Fig. 2).

-a,' 200- - - -/ By these means, different classes and subclasses of Ig
- ---Native IgG were examined to determine their relative membrane per-

+ A 15,iUg/mI turbing ability. Aggregated IgGi, IgG3, and IgG4 ex-
25 lg/mlI

e ceeded the native species in provoking release of anionsI 100urigaiit.AgegtdI-, gndI9 x
,-' * or glucose, whereas IgG2 had little effect. Aggregated

e , , IgA1 also acted to perturb lipid membranes. In initial
30 60 90 30 60 90 experiments, no enhanced release of CrOi was induced

Minutes
by aggregated, as compared with "native" IgAi. How-

The release of (A) anions and (B) glucose ever, in subsequent studies, the native IgAi was sedi-
somes by increasing concentrations of native and
d (10 min) IgG. Liposomes (1.0 ml prepared mented (40,000 rpm for 2 h) to remove any aggregated
hin-dicetylphosphate-cholesterol in molar ratios of protein. When the supernatant fluid was used as the
.5 pimol lipid/ml) were mixed with indicated native sample and compared with another sample which
)f native or aggregated IgG in dialysis bags and n ativefompared1with anther sampl whic
for 90 min at 370C. Leak of CrO47= from the was aggregated for 10 mm at 61.50C, it was shown that

t 90 min = 70 jug/ml; total anion trapped =800 aggregation increased the membrane perturbing activity
Atg/ml; total glucose from the control at 90 min = 2 Ag/ml;
total glucose trapped = 18 /Ag/ml. The results are expressed
as the percent of anion or glucose released by the control
sample (15 ,umol of lipid alone) at 90 min.

RESULTS

The release of chromate and glucose from
anionic liposomes by native and aggregated
immunoglobulins.
Native and heat-aggregated IgG were added to anionic

liposomes (CrO4= or glucose as markers) and release
of these markers was followed. Preliminary studies indi-
cated that IgG at concentrations lower than 15 gg/ml
and higher than 150 /Ag/ml 2 resulted in no detectable dif-
ference between the amount of marker released by na-
tive and aggregated IgG. When, however, Ig were pre-
pared so that their final concentrations fell within this
range, leakage of CrO4 or glucose resulting from addi-
tion of aggregated IgG was significantly greater than
that which occurred in the presence of native protein
(Fig. 1).

Since aggregated Ig released glucose (a nonelectro-
lyte) even more vigorously than CrO4=, release of mark-
ers by Ig would seem to result from interactions between
proteins with the lipid membrane rather than by the
counter-ion effects of cationic Ig upon CrO4=. Indeed
Kaplan (38) has demonstrated that CrO4= efflux rates

2 Molar ratios of protein/lipid between 1/10,000 and
1/1,000.
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FIGuRE 2 "Specific" release of anion or glucose from
anionic liposomes (lecithin-dicetylphosphate-cholesterol in
molar ratios of 7: 2: 1) by aggregated (10 min) vs. native
immunoglobulins of different classes and subclasses. Lipo-
somes incubated at 37°C with immunoglobulins (150 ,ug/15
g.mol lipid/ml). Specific release (aggregated-native) is ex-

pressed as percentage increment or decrement vs. control
samples (15 jumol lipid alone) which released (mean
values) 70 jug/ml CrO4y and 2 jug/ml glucose at 90 min.
Thus only differences between native and aggregated sam-

ples are shown. Each horizontal bar represents a different
class or subclass, and each point represents the mean of
three separate determinations on an individual protein of
that class or subclass. 0, glucose leak of using unsedi-
mented native Ig; 0, glucose leak using supernates of
sedimented, native Ig; *,CrO4= leak using unsedimented
native Ig; El, Cro4p leak using supernates of sedimented
native Ig.
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of IgAl. IgA2 was less effective in provoking anion and
glucose efflux, and IgM did not provoke release of
anions or glucose from the liposomes. Preliminary sedi-
iumentatioli of these l)rotcilis followlcd by heat aggregation
did not induce enhanced release by the aggregated
samples. Fc fragments acted to perturb liposomes, and
their activity was comparable to that of IgGi, whereas
Fab fragments were found to be inactive. These frag-
ments were studied at protein concentrations equal to
those of the whole protein rather than at appropriate
molar ratios, because varying the protein-lipid ratio
would have enhanced lipid/lipid interactions, i.e. mem-
brane stabilization (38).

In similar experiments with IgG, cholesterol was
omitted from the anionic lipid mixture, resulting in leci-
thin-dicetylphosphate liposomes with molar lipid ratios
of 8: 2. Such liposomes responded with enhanced release
of CrO4= or glucose on the addition of aggregated as
compared with native pooled IgG to the same degree
as did liposomes which contained sterol.

Cationic liposomes, prepared with cholesterol, re-
sponded to aggregated, pooled IgG in the same fashion as
did anionic liposomes (e.g. 360% of control glucose re-
lease in the presence of 25 ug/ml of aggregated vs. 140%
of control in the presence of 25 ,ig/ml of native protein).

Relationship between extent of aggregation and
marker release
It remained possible that the enhanced release of

anions or glucose in response to aggregated Ig was due
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FIGURE 3 The effect of the duration of aggregation (10
vs. 60 min) on the amount of glucose released from anionic
liposomes. The anionic liposomes were incubated with vari-
ous immunoglobulins or BSA (final concentration=90 /Ag/
ml protein/15 /Amol lipid per ml) which had been aggre-
gated for either 10 or 60 min. Glucose efflux measured at
30, 60, and 90 min and expressed as the percentage of
glucose released by the control sample in the absence of
protein after 90 min (2 ,g/ml). Each point represents the
mean of three experiments. (A) Results after 10 mim
aggregation; (B) results after 60 min aggregation.
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FIGuRE 4 The release of anions and glucose from anionic
liposomes by fractionated IgG. Liposomes were prepared
with lecithin-dicetylphosphate-cholesterol in a molar ratio
of 7:2:1. IgG was dissolved at high concentrations (20-
35 mg/ml), aggregated at 61.50C for 10 min, layered on a
sucrose gradient (12.5-37.5% sucrose), and sedimented at
32,000 rpm for 21 h (SW 39 rotor). Fractions (I-VII)
adjusted to the same protein concentration were incubated
for 90 min at 370C with liposomes (30 jug protein/15 Asmol
lipid per ml). The results are expressed in micrograms of
glucose leaked per minute per microgram of IgG. (A) An-
ion (Crop4) leak from liposomes swollen in 0.145 M
K2CrO4. (B) Glucose leak from liposomes swollen in 0.29
M glucose plus 0.145 M NaCl. 7S and 19S indicate the
location of molecules of that size.

to nonspecific denaturation of the molecule, rather than
to a more specific conformational change assumed by
the protein after gentle heating. To test this possibility,
the period of Ig aggregation was extended to 60 min.
This treatment markedly diminished the activity of Ig
which had been heated for only 10 min (Fig. 3).

The effects of non-Ig protein on anionic
liposomes
Bovine serum albumin (BSA) (Sigma Chemical Co.,

St. Louis, Mo.) was chosen to study the capacity of
non-Ig proteins to release glucose trapped within nega-
tively charged lipid bilayers. A 10 min period of aggre-
gation at 66.50C was chosen because such aggregates
most nearly resemble the size of IgG which had been
aggregated for 10 min at 61.50C (39). This period of
aggregation did not render the BSA membrane active.
Lengthening the time of heating to sixty minutes (Fig.
3) or even to 24 h (data not shown) did not result in
increased activity. Although all proteins become less
membrane-active after denaturation for 60 min, these
experiments demonstrate that membrane perturbation is
not a property of denatured proteins in general.

Release of anions or glucose by various sized
aggregates of IgG
Since even so-called native proteins contain varying

amounts of denatured materials, sucrose density centri-
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fugation was used to determine the size of IgG aggregates
capable of perturbing liposomes. Native IgG was pre-
pared at high concentrations (10-35 mg/nil PBS),
aggregated in a water bath at 61.50C for 10 min. Both
the native and aggregated protein were subjected to den-
sity gradient centrifugation and all fractions tested at
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FIGURE 5 Column chromatography of liposomes and IgG using Sepharose 4B. The solutions
(either liposomes alone, IgG alone, or liposomes incubated with 150 ,ug/ml IgG for 10 min)
were eluted through Sepharose 4B with 0.145 M NaCl/KCl and collected at 2.5 ml or 5.0
ml samples. The results are expressed as the percent of intact liposomes recovered (apparent
absorbance at 520 nm) and the percent of total IgG recovered (Lowry). (A) Cationic
liposomes alone. (B) Anionic liposomes alone. (C) Native IgG alone. (D) Aggregated (10
min) IgG alone. (E) Separation of cationic liposomes and associated native IgG from free
native IgG. (F) Separation of anionic liposomes and associated native IgG from free native
IgG. (G) Separation of cationic liposomes and associated, aggregated IgG from free aggre-
gated IgG. (H) Separation of anionic liposomes and associated, aggregated IgG from free
aggregated IgG.
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IgG. This indicated that native IgG contained aggregates
and that native and aggregated fractions differed only
in their relative concentrations of aggregates vs. mono-
mers. Secondly, a distinctly greater release of anions
or glucose from liposomes was observed after exposure
to fractions II and III (Fig. 4), which contained 15-
20-s aggregates than with the lighter species (fractions
VI and VII or the more denatured pellet).

Association of native and aggregated Ig with
anionic and cationic liposomes
Resolution with Sepharose 4B. It has been shown

previously that gel filtration (using Sephadex G-50 for
anionic liposomes and Sephadex G-75 -for cationic lipo-
somes) could be used to resolve the spherules from glu-
cose and from lysozyme which had not become membrane
associated (40). An attempt to study the association be-
tween liposomes and IgG using the gels indicated that
they could not be used to resolve the spherules from
unassociated IgG. Subsequent experiments demonstrated
that Sepharose 4B effectively resolved the lipid peak
of both anionic and cationic liposomes from unassociated
IgG (Fig. 5A-D).

Interaction of anionic liposomes with native and ag-
gregated IgG. Washed liposomes (from Sephadex
G-50) were incubated for 10 min with either native or
aggregated IgG (150 /Ag/ml of liposomes) and then
subjected to chromatography in 0.145 MNaCl/KCl on a
Sepharose 4B column. Native samples had previously
been centrifuged as above and only the lighter species
were employed. Depending upon the degree of resolu-
tion desired, 2.5- or 5.0-ml samples of eluate were
collected. Liposomes were detected in these samples by
virtue of their apparent absorbance at 520 nm. In all
cases the liposomes appeared after the void volume, and
the integrity of their membranes was checked by boil-
ing them to disrupt their lamellar configuration and
then measuring release of trapped anions or glucose
(40).

Approximately 98% of the recovered protein in both
the native IgG-liposome and aggregated IgG-liposome
mixtures became closely associated with the anionic
membrane (Fig. 5F and H). These experiments demon-
strated nonspecific association, presumably due to salt-
like interactions between the anionic liposomes and
cationic IgG. However, as in previous studies with the
cationic protein melittin (27) and as shown above, salt-
like interactions per se did not lead to marker release,
which only followed exposure of anionic liposomes to
aggregated IgG (see also Fig. 1).

Interaction of cationic liposomes with native and ag-
gregated IgG. Washed, cationic liposomes (from Sep-
hadex G-75) were incubated for 10 min with either
native or aggregated IgG (150 Ag/ml of liposomes),

eluted from Sepharose 4B, and integrity of the lamellae
was monitored as before (40). Again, native fractions
were centrifuged to eliminate aggregates. In contrast to
the salt-like associations between both native and ag-
gregated TgG and anionic liposomes, positively-charged
liposomes bound a portion of aggregated IgG preferen-
tially (Fig. 5E and G). Whereas cationic liposomes be-
came associated with about 50% of the available native
protein, over 75% of the aggregated IgG had interacted
with the bilayers. Since the difference represented ;spe-
cific association of the aggregated protein with mem-
branes of similar surface charge, such associations can-
not be ascribed to electrostatic interactions.

DISCUSSION
The experiments described above demonstrate that
liposomes release previously sequestered anions or glu-
cose when exposed to immunoglobulins that have been
heat-aggregated to mimic their configuration in immune
reactions. The general results may be summarized as
follows:

(a) Mild heat aggregation (10 min) of certain Ig con-
fers upon these proteins the property of membrane per-
turbation as reflected by release of trapped markers
from liposomes. IgGi, IgG3, and IgG4 subclasses appear
responsible for the activity of pooled IgG, whereas
IgG2 is inactive. IgAi is more active than IgA2 while
IgM is not rendered membrane-perturbing upon heating.

(b) This property of some immunoglobulins is not
dependent upon the presence of cholesterol within the
bilavers, nor upon the surface c-potential, operationally
expressed as the molar ratio of long-chain anion or ca-
tion incorporated.

(c) Aggregated Fc fragments perturb liposomes,
whereas Fab fragments do not enhance efflux of anions
or glucose from liposomes.

(d) Increasing the time of aggregation (60 min to
24 h) destroys the membrane-perturbing activity of Ig.

(e) BSA cannot be rendered membrane-active by heat
aggregation.

(f) Cationic liposomes preferentially associate with
aggregated rather than with native IgG. Anionic lipo-
somes associate with both native and aggregated protein
by salt-like interactions which do not suffice to induce
membrane perturbation, since only aggregated Ig release
anions or glucose.

(g) Density gradient centrifugation demonstrated that
the membrane-perturbing ability of heated IgG is due
15-20-s aggregates.

These findings may have direct bearing on certain
effects of Ig on cell membranes, since they roughly
parallel the interaction of various immunoglobulins with
a variety of cells.

Interaction of Immunoglobulins with Liposomes 541



The presence of receptor sites for Ig on various types
of white blood cells has been appreciated for several
years (4, 11). Both monocytes and macrophages can
bind Ig complexed with antigen or to erythrocytes, and
IgG binds to membrane receptors more avidly than IgM.
The binding of complexed Ig is inhibited by free IgGi,
IgGs, and Fc, but not by IgG2, IgG4, IgA, or Fab (4,
41). Receptors on neutrophils (11) display similar
orders of affinity towards these 1g. Henson, Johnson,
and Spiegelberg (12) have recently shown that aggre-
gated (but not native) Ig can provoke release of lyso-
somal enzymes from human neutrophils. Release of
,8-glucuronidase was induced by IgG >, IgGs>, IgG4 >,
IgG2, as well as by IgAi and A2. Fc fragments were far
more active than Fab, whereas IgM, IgD, and IgE
were without effect on the cells. In contrast the cytoplas-
mic enzyme lactate dehydrogenase was not extruded, and
it is clear that Ig stimulated the fusion of lysosomes
with phagocytic vacuoles, leading to enzyme release by
"regurgitation during feeding." The uptake and subse-
quent intracellular handling of immunoglobulins by
phagocytes seems to depend, therefore, upon membrane
contact followed by an as yet unspecified signal for
internalization by the aggregated molecular or antigen-
antibody complexes. This process may also govern
platelet interactions with Ig, since heat aggregated, but
not monomeric, IgG elicit release of serotonin from plate-
lets (24); indeed monomeric proteins inhibited binding
of aggregates. Furthermore, Arend and Mannik, study-
ing the binding of soluble immune complexes to macro-
phages demonstrated greater inhibition of complex ad-
herence by aggregated than by monomeric IgG (23).
Ig molecules appear to interact with membranes through
the Fc region (42). Aggregation and the formation of
soluble immune complexes both produce alterations in
the Fc portion of Ig thereby altering their biological
activities (43). Neither neutrophils (12) nor liposomes
interact with aggregated Fab fragments, but bind, or
associate with the Fc portion of Ig. It therefore appears
that phagocytes, like liposomes, possess receptor sites
for certain classes of Ig and that aggregation enhances
the association of immunoglobulins with natural and
artificial membranes.

Strong associations between anionic liposomes and
both native and aggregated IgG (as demonstrated by
Sepharose 4B chromatography) are due to salt-like
interactions between the anionic bilayers and cationic
Ig as is the case also with melittin (27) or lysozyme
(40).3 A portion of aggregated Ig, however, became spe-
cifically associated with cationic liposomes. This asso-
ciation may therefore be due either to a conformational
change conferred on individual aggregated molecules, or

"Thus the bulk of small molecules are released in the
presence of native macromolecules of opposite charge.

to the formation of multiple, lattice-like assemblies of
Fc fragments capable of cooperative insertion into the
bilayers. Either sort of interaction must be predominantly
hydrophobic. H-bond mediated interactions between
liposomes and surface contacts (44) are greatly en-
hanced by the presence of cholesterol (but are not re-
quired for immunoglobulin-induced perturbation), and
salt-like interactions are not crucial for the selective
action of aggregates since anionic liposomes bind aggre-
gated and native species equally well.

It is more difficult to relate our findings to the inter-
action of antigens with surface immunoglobulins on B
cells, in which the Fc portions are presumably embedded
in the mosaic surface membrane. If heat aggregation
induces changes in Ig which resemble those induced by
antigens, it is possible, however, that upon addition of
Ag, the Fc regions of intramembranous IgG molecules
may undergo a similar conformational change. In this
way a "message" would be generated to the interior of
lymphocytes, triggering these cells into the production
of antibodies. Whatever the mechanism of this series of
events, it is clear that studies of interactions between
aggregated immunoglobulins with purified phospholipids
may provide insights into these important biological func-
tions.
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