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ABSTRACT Sheep erythrocytes have been spin labeled with
5-, 12-, and 16-nitroxystearic acid in order to investigate com-
plement-induced changes in the physical state of the lipid bi-
layer. Formation of osmotic lesions in the membrane causes an
increase in the fluidity of the membrane which overcomes the
decrease in membrane fluidity caused by the interaction of the
complement proteins. A decrease in membrane fluidity is ob-
served only when complement-lysed membranes are resealed
or when complement proteins react with isosmolar ghosts that
do not undergo osmotic lysis. The decrease in bulk fluidity of
the membrane is first observed when C8 binds to the mem-
branes bearing C5b67 and is enhanced upon the subsequent
binding of C9. The decrease in membrane fluidity shown by the
electron spin resonance spectra of spin-labeled fatty acids
suggests that certain of the complement proteins penetrate the
membrane and interact with hydrophobic regions of the lipid
bilayer.

The complement-mediated killing of bacteria and other cells
by the serum complement proteins is among the most intensely
investigated immunological reactions. The proteins circulate
as inactive precursors in the serum until they are activated se-
quentially by highly specific biochemical reactions. This acti-
vation process changes water-soluble inactive proteins into
membrane-bound proteins that destroy the osmotic integrity
of the cell membrane. We are particularly interested in the
assembly of the terminal complex of complement proteins
(C5b-9), which binds to cell membranes and initiates the lytic
process (1). The C5b67 complement proteins form a complex
that binds to the cell membranes and provides a receptor site
for C8 (2). C8 is directly responsible for producing membrane
damage (3, 4), and C9 acts to enhance the lytic activity of the
terminal complex (5). Recent evidence indicates that membrane
damage by complement requires the insertion of hydrophobic
portions of the C5b-9 complex into the hydrophobic regions
of the cell membrane (6, 7).
The exact sequence of events or the molecular mechanism

by which this terminal complex damages the membrane has
not been rigorously defined. Two recent studies in which
electron spin resonance (ESR) spectroscopy has been used to
investigate changes in the physical state of the erythrocyte
membrane brought on by the interaction of the erythrocyte
with complement (8, 9) have produced conflicting results. This
confusion stems from the fact that the end result of complement
interaction with erythrocytes is osmotic lysis of the cells, and
osmotic lysis itself produces a change in the spin-label spectrum
which is superimposed on the change caused by the interaction
of the complement proteins with the lipid bilayer. Accordingly,
we have used ESR spectroscopy to monitor the changes in the
physical state of erythrocyte membranes brought on by the
action of the complement proteins under conditions that

eliminate any effect due to osmotic lysis. This was accomplished
by either resealing erythrocyte ghosts bearing the complement
proteins or by using isosmolar ghosts, which do not undergo
osmotic lysis upon interaction with the complement pro-
teins.

This communication describes these experiments and reports
the following observations: (i) the terminal complement pro-
teins (C5b-9) bind to the cell membrane and reduce the fluidity
of the membrane around the spin-label site; and (ii) this re-
duction in fluidity is first noticed when C8 binds to the mem-
brane and is enhanced by the subsequent binding of C9. A
preliminary account of the work has been published (10).

MATERIALS AND METHODS
Fatty Acid Spin Labels. The experiments described here

used 5-, 12-, and 16-nitroxystearic acid purchased from Syva
Associates, Palo Alto, CA.

Spin Labeling of Erythrocytes. Antibody-sensitized sheep
erythrocytes (EA) prepared according to Nelson et al. (11), were
centrifuged in the cold at 1570 X g for 5 min, washed three
times with 2.5mM Veronal buffer (pH 7.4)/75mM NaCl/2.5%
dextrose/0.05% gelatin/0. 15 mM Ca2+/0.5 mM Mg2+
(DGVB2+), and then resuspended in DGVB2+ at 1.25 X 1010
cells per ml. In order to incorporate the spin label into mem-
branes of intact cells, we measured 0.5 ml of a 1.0mM solution
of the appropriate spin label in ethanol into an aluminum
foil-shielded test tube. The ethanol was evaporated by a stream
of N2 gas, leaving a thin film of the spin label. One milliliter of
the washed cells was added to the test tube and incubated for
30 min at 370. The cells were washed once with DGVB2+ to
remove any unincorporated spin label and used immediately.
The 30-min incubation period was found to be optimum for
incorporation of spin label.

Abbreviations: Terminology for complement components is that rec-
ommended by the World Health Organization Committee on Com-
plement Nomenclature (1968); C1, C2, C3, C4, C5, C6, C7, C8, and
C9, nine complement components in the classical pathway. E, sheep
erythrocytes; EA, antibody-sensitized erythrocytes; EAC1, EAC14,
EAC142, and EAC1423, cell-complement intermediates with the
designated complement proteins attached to the cell; EAC, EA that
have been lysed with guinea pig serum. DGVB2+, 2.5 mM Veronal
buffer (pH 7.4)/75 mM NaCl/2.5% dextrose/0.05% gelatin/0.15 mM
Ca2+/0.5 mM Mg2+; GVB2-, 5mM Veronal buffer (pH 7.4)/147 mM
NaCl/0.1% gelatin. 10mM EDTA, prepared by mixing 57.5 ml of 86
mM EDTA (pH 7.4) and 442.5 ml of GVB2-; C-EDTA, normal guinea
pig serum diluted with 10 mM EDTA; GA, antibody-sensitized isos-
molar ghosts; GAC, GA that have been reacted with normal guinea pig
serum. ESR, electron spin resonance. 5-NSA, 12-NSA, and 16-NSA,
1-oxyl-2,2-dimethyloxazolidine derivatives of 5-, 12-, and 16-ketostearic
acid, respectively.
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Table 1. Complement protein interaction with cell membranes:
Classical pathway with guinea pig serum*

5-NSAt 12-NSAt 16-NSAt

EA 60.0 53.0 36.5
EA (ghost) 57.0 51.5 35.5
EA (resealed ghost) 60.0 53.3 36.8
EAC (heat-inactivated) 60.0 53.0 36.5
EAC (ghost) 57.3 51.0 35.3
EAC (resealed ghost) 61.0 54.5 37.4

Erythrocytes were labeled with stearic acid spin labels, and the
intermediate cells were prepared as described. Hemolysis was 100%
for EAC (ghosts) and 0% for EAC (heat-inactivated).
* Hyperfine interaction (2T11) in gauss at 220.
t 1-Oxyl-2,2-dimethyloxazolidine derivatives of 5-, 12-, and 16-ke-
tostearic acid, respectively.

Cells, Antisera, and Complement Components. Sheep
blood drawn into Alsever's solution was obtained from a single
sheep. Rabbit anti-sheep hemolysin was purchased from Mi-
crobiological Associates. Guinea pig serum obtained from Pel
Freez Biologicals (Rogers, AR) was used as whole complement.
C8 and C9 were purchased from Cordis Laboratories (Miami,
FL). C5b6 was isolated from human serum by the procedure
of Baker et al. (12), and C7 according to Podack et al. (13). The
titer of both C5b6 and C7 was determined by reactive lysis (14).
A 25-,ul suspension of sheep erythrocytes (1 X 108 cells per ml
in DGVB2+) was mixed in microtiter plates with 50 ,ul of an
appropriate dilution of C7 or C5b6 and incubated with shaking
at 300 for 20 min. Then 25 ,ul of 1:200 dilution of normal guinea
pig serum in 10mM EDTA/GVB2+ (C-EDTA) was added and
incubation was continued for 40 min at 37°. C5b6 contained
500 units/ml and C7 100,000 units/ml, where 1 unit is defined
as the highest dilution giving total lysis of sheep erythro-
cytes.
Erythrocyte-Complement Intermediates. Erythrocyte-

complement intermediates EACi and EAC14 were prepared
from spin-labeled erythrocytes by the method of Borsos and
Rapp (14). EAC142 and EAC1423 were prepared by the pro-
cedure of Fearon et al (15). EAs were treated with complement
by incubating 5.0 ml of spin-labeled cells (1 X 109 cells per ml)
in DGVB2+ with 0.5 ml of normal guinea pig serum for 60 min
at 37°. The ghosts, produced by complement lysis, were con-
centrated by centrifugation at 27,000 X g for 15 min. They
were washed once and resuspended in 1.0 ml of DGVB2+, and
the suspension was divided into two equal parts; one part was
used for an ESR experiment without further modification and
the second part was resuspended in 100 vol of resealing buffer
(4.0 mM sodium phosphate/0.9% NaCl/4 mM MgCl2, pH 7.0)

EA

EA GHOST

Resealed
EAGHOST

Table 2. Complement protein interaction with cell membranes:
Isosmolar ghosts with guinea pig serum*

5-NSA 12-NSA 16-NSA

GA 60.0 53.2 36.3
GAC (heat-inactivated) 60.0 53.1 36.4
GAC 60.8 55.0 37.5
GAC (resealed) 61.0 55.0 37.5

Isosmolar ghosts (G) were labeled with stearic acid spin labels, and
the intermediates were prepared with the spin-labeled isosmolar
ghosts.
* Hyperfine interaction (2TII) in gauss at 220.

and incubated at 370 for 45 min. The resealed complement-
lysed ghosts were then centrifuged at 100,000 X g for 1 hr on
12% Ficoll in isotonic NaCl (0.9%), a process that sediments cells
retaining complement lesions (16, 17). After centrifugation, the
membrane pellet was resuspended in DGVB2+ for the ESR
experiments.

Hypotonic Hemolysis. Hypotonically lysed cells (spin-la-
beled E or EA) were prepared by mixing 1.0 ml of packed cells
(2.50 X 101' cells per ml) with at least 50 vol of ice-cold lysing
buffer (5.0mM sodium phosphate/5.0mM MgCl2, pH 7.0) for
10 min at 00. The spin-labeled ghosts were sedimented for 15
min at 27,000 X g and washed twice with the same buffer, and
ESR spectra were recorded. Resealed ghosts were obtained by
the procedure described above.
Complement Lysis of Isosmolar Ghosts. Spin-labeled EA

(1.0 ml of 1.25 X 1010 cells per ml) were suspended in at least
50 vol of ice-cold lysing buffer for 10 min at 00. Isotonicity was
restored by adding one part of a 4.5% NaCl solution to four parts
of cell suspension (10 ml to 40 ml) and incubating at 37° for 45
min. The isosmolar ghosts (GA) were centrifuged at 27,000 X
g for 15 min, resuspended in 3.0 ml of DGVB 24, and then
mixed with 0.5 ml of guinea pig serum. This mixture was then
incubated for 1 hr at 37°. After incubation, the ghosts (GAG)
were centrifuged at 27,000 X g for 15 min, washed once with
isotonic NaCl, and resuspended in 1.0 ml of isotonic NaCl. The
suspension was divided into two equal parts (0.5 ml each). After
centrifugation at 27,000 X g, one part was resuspended in re-
sealing buffer and incubated for 45 min at 37°. This incubation
was followed by ultracentrifugation on 12% Ficoll to pellet
isosmolar ghosts having complement lesions. The pellet was
resuspended in isotonic NaCl and the ESR experiment was
performed. The second part (0.5 ml) was centrifuged at 100,000
X g in the same manner as above without incubation in re-
sealing buffer, and the ESR spectra were recorded. Antibody-
sensitized spin-labeled ghosts reacted with heat-inactivated

FIG. 1. ESR spectra of sheep erythrocytes spin labeled with 5-nitroxystearic acid. All spectra were measured at 220.
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FIG. 2. ESR spectra of 5-nitroxystearic acid in EA resealed (solid curve) and EAC resealed (dotted curve). Spectra were recorded at 220.

guinea pig serum (56°, 30 min) served as controls.
Reactive Lysis. Spin-labeled erythrocytes were washed once

with DGVB2+ and resuspended in 0.5 ml of DGVB2+ at 1 X 109
cells per ml. The cells were incubated with 10 Ml of C5b6 (500
units/ml) and 10 ,l of C7 (100,000 units/ml) in a total volume
of 0.5 ml for 20 min at 300. The cells were washed once with
0.5 ml of DGVB2+; then 1.0 ml of C-EDTA (1:200) as a source
of C8 and C9 was added and the incubation was continued for
1 hr at 37°. The clear red solution was then centrifuged at 1570
X g to remove any unlysed cells. The supernatant was trans-
ferred to another centrifuge tube and the spin-labeled ghosts
containing the complement proteins were pelleted by centrif-
ugation at 27,000 X g for 15 min. Spin-labeled isosmolar ghosts,
prepared in the manner described above, were incubated with
C5b6 and C7 for 20 min at 300. These ghosts, with C5b67
bound to their membranes, were incubated with either 300 ,l
of C8 (1000 units/ml) or the same amount of C8 and 700 ,A of
C9 (1000 units/ml) for 1 hr at 37°. After incubation, the
membranes were spun down at 27,000 X g and ESR spectra
were recorded.
ESR Measurements. All ESR spectra were recorded at 220

with 100 G field scans on a Varian E-Line 9.5 GHz ESR spec-
trometer with a variable temperature accessory. The changes
in ESR parameters reported here do not reflect changes re-
sulting from variations in temperature, power saturation, or
magnetic field modulation. Intact cells and suspensions of
membrane ghosts were placed in a L.0-Am quartz capillary
which was then placed in a standard Varian 9.5 GHz quartz
tube, and the ESR spectra were recorded. The accuracy for the
overall hyperfine splitting values given in the Results is about
0.5G.

RESULTS

ESR Spectra. All the ESR spectra of sheep erythrocytes la-
beled with stearic acid spin labels show spectral characteristics
indicating axially symmetric motion of the lipid alkyl chains.
The anisotropic principal values of the hyperfine tensor T11 and
T1 can be obtained from the spectra. Nuclear hyperfine in-
teractions generate the spectral parameters 2TI1 and 2T1,
which may be used as a convenient measure of the fluidity of
membranes (18, 19). The binding of antibody, C1, C42, or C3
to E or EA membranes showed no change in 2T11 as compared
to E or EA.

Classical Pathway Lysis. Table 1 summarizes the results of
using guinea pig serum as a complement source for the lysis of
EA. The 2T11 values for spin-labeled EA decrease as the cova-
lently bound nitroxide free radical moves toward the center of
the bilayer. This means that the amphipathic spin probe is
oriented in the membrane with the polar carboxyl group at the
lipid-water interface of the membrane surface and the hy-
drophobic alkyl chain extended parallel to the fatty acyl chains
of the membrane phospholipids. When osmotic lesions are
generated in the membrane by lysis of EA in hypotonic buffer
(EA ghost), there is a decrease in the 2T1I values at all positions
down the alkyl chain bearing a paramagnetic center. This in-
dicates an increase in the fluidity of the bilayer (Fig. 1). When
the osmotic lesion in the hypotonically lysed EA ghost is resealed
(EA resealed ghost) by incubating the membranes in resealing
buffer, 2T11 returns to the values characteristic of the EA
membrane. A control experiment with heat-inactivated guinea
pig serum showed no change in the ESR spectrum and no he-
molysis. When EA were lysed by incubating with normal
guinea pig serum (EAC ghost), the fluidity of the EAC ghost,

lO
IOG

FIG. 3. ESR spectra of 5-nitroxystearic acid in GA (solid line) and GA treated with complement (dotted line). Spectra were recorded at
220.
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as measured by 2TII, is comparable to that of the hypotonically
lysed EA. When these EAC ghosts are incubated in resealing
buffer, there is a significant decrease in membrane fluidity
around the spin-label site, for 2T11 increases to values greater
than those obtained for resealed ghosts of EA by approximately
1.0 G at all positions down the fatty acid chain (Fig. 2). These
experiments were repeated with 5-nitroxylmethylstearate with
similar results. This indicates that localization of spin-labeled
fatty acids in the membrane after interaction of the comple-
ment proteins does not occur due to charge effects of the car-
boxyl group.

Isosmolar Ghosts with Guinea Pig Serum. Isosmolar ghosts
were used to study complement-induced changes in 2T I in the
absence of osmotic lesions since these ghosts do not undergo
colloid osmotic lysis. Table 2 shows that 2T11 values for anti-
body-sensitized isosmolar ghosts (GA) are comparable to those
for spin-labeled EA. In a control experiment, GA treated with
heat-inactivated guinea pig serum showed no change in 2TII
values from GA. When normal guinea pig serum is incubated
with GA for 1 hr at 370, there is a significant increase in 2T11 of
the GAG, especially at the 12-carbon atom of the fatty acid
chain (Fig. 3). After GAC was incubated in resealing buffer
(GAC-resealed), there was no change in the 2TI values as
compared to GAC. Thus, Mg2+ was not interacting with the
membrane to change the fluidity of the lipid bilayer.

Reactive Lysis. Table 3 summarizes the results of experi-
ments using reactive lysis in which only the C5b-9 proteins are
bound to the E membrane. The 2TII values obtained for E
bearing C5b67 are comparable to those found for EA or GA.
When EC5b67 were lysed by incubating with C-EDTA and
then resealed in resealing buffer, there was an increase in the
2T11 values at all positions down the fatty acid chains. This in-
crease was particularly dramatic at the 12-carbon atom showing
an increase of 4.2 G. When C8 and C9 are added to EC5b67
and the membranes resealed, there is an increase in 2T11 values
comparable to those found in the experiment with whole
complement. Addition of C8 alone to C5b67 causes a partial
increase in 2TII values that reaches its maximum when C9 is
added.

DISCUSSION
We conclude from the data presented here that the binding of
the terminal complex of complement proteins has a pronounced
effect on the ESR spectra of fatty acid spin labels intercalated
into sheep erythrocyte membranes. The resulting line shapes
consistently show larger 2TII values, indicating that complement
protein-lipid interaction decreases the fluidity of the mem-
branes. This effect is first observed when C8 binds to mem-
branes bearing C5b67, and it is enhanced upon the subsequent
binding of C9.
The binding of the terminal complex of complement proteins

damages the cell membrane, and colloid osmotic lysis ensues.

Table 3. Complement protein interaction with cell membranes:
Reactive lysis*

5-NSA 12-NSA 16-NSA

EC5b67 59.3 53.3 36.4
EC5b67+ C-EDTA (resealed) 60.9 57.5 38.1
EC5b67+ C8,9-EDTA (resealed) 61.0 57.6 37.9
GC5b67 + C8-EDTA 59.7 54.4 36.9
GC5b67 + C8,C9-EDTA 60.9 57.5 37.7

Osmotic lesions form in the membrane, where their presence
appears to increase the fluidity of the membrane around the
spin-label site. These results are comparable to other studies
which demonstrate fluidization of the lipid bilayer by com-

plement (8). This fluidization suggests that there are areas of
the membrane in which normal, cooperative protein-lipid and
lipid-lipid interactions have been altered to give a highly dis-
ordered state in the bilayer. Significantly, the decrease in flu-
idity is observed only when the membranes are resealed or

when complement proteins react with isosmolar ghosts, which
do not undergo osmotic lysis.

Although no definitive statement can be made at this time,
it is intriguing to speculate as to the cause of the decrease in
membrane fluidity brought about by the presence of proteins
of the terminal complex. The ESR spectra of the membrane-
bound fatty acid spin labels suggest that the proteins of the
terminal complex penetrate the membrane and interact with
hydrophobic regions of the lipid bilayer. This complement
protein-lipid interaction causes a reduction in the flexibility
of lipid alkyl chains in close proximity to the proteins. The fact
that we observe a motionally restricted homogeneous spectrum
implies that the complement proteins alter the cooperative
lipid-lipid interactions over a distance greater than that occu-
pied by lipids that are in close association with the complement
proteins (20). Preliminary studies in which the concentration
of complement proteins has been varied support this hypothesis,
for we have observed a reduction in the bulk fluidity of the
membrane at concentrations of complement where there are

only a few complement lesions per cell. Interestingly, it has been
shown that the binding to human erythrocytes of as few as one

to three molecules of prostaglandin E2 per cell increases the
order parameter of 5-nitroxypalmitate by as much as 1% (21).
Of further interest are recent spin-label studies showing that
many membrane proteins that penetrate deeply into or com-

pletely through the bilayer are solvated by an immobilized layer
of lipid (22-27). In other pertinent studies it has been observed
that melittin, an oligopeptide toxin from bee venom, interacts
with liposomes to reduce the fluidity of the bilayer and to in-
crease ion permeability (28, 29). It has also been reported that
gramicidin A interacts with black lipid membranes to form a

polar channel spanning the liquid hydrocarbon interior of the
membrane as a conducting dimer in equilibrium with non-

conducting monomers (30).
The loss of membrane phospholipids into the fluid phase after

membrane damage by complement proteins (31-433) is another
potential mechanism by which complement could cause a de-
crease in the fluidity of the membrane since a loss of phos-
pholipid would result in an increase in the cholesterol-to-
phospholipid ratio. It is well documented that increasing the
cholesterol concentration in a phospholipid bilayer can reduce
the flexibility of the lipid alkyl chains (34).
The precise mechanism by which the terminal complex of

complement proteins brings about a decrease in the fluidity of
sheep erythrocyte membranes remains unknown, but the results
presented here clearly demonstrate the presence of a population
of lipids whose motion becomes more restricted when the
proteins bind to the cell membrane.
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Sheep erythrocytes (E) and isosmolar ghosts (G) were labeled with
stearic acid spin labels, and the intermediates were prepared.
* Hyperfine interaction (2TII) in gauss at 220.
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