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ABSTRACT The ultrastructure of the membrane attack com-
plex (MAC) of complement had been described as representing a
hollow cylinder ofdefined dimensions that is composed of the pro-
teins C5b, C6, C7, C8, and C9. After the characteristic cylindrical
structure was identified as polymerized C9 [poly(C9)], the ques-
tion arose as to the ultrastructural identity and topology of the C9-
polymerizing complex C5b-8. An electron microscopic analysis of
isolated MAC revealed an asymmetry ofindividual complexes with
respect to their length. Whereas the length of one boundary
(+SEM) was always 16 ± 1 nm, the length of the other varied
between 16 and 32 nm. In contrast, poly(C9), formed sponta-
neously from isolated C9, had a uniform tubule length (±SEM)
of 16 ± 1 nm; On examination of MAC-phospholipid vesicle com-
plexes, an elongated structure was detected that was closely as-
sociated with the poly(C9) tubule and that extended 16-18 nm
beyond the torus ofthe tubule and 28-30 nm above the membrane
surface. The width of this structure varied depending on its two-
dimensional projection in the electron microscope. By using bio-
tinyl C5b-6 in the formation of the MAC and avidin-coated col-
loidal gold particles for the ultrastructural analysis, this heretofore
unrecognized subunit of the MAC could be identified as the tetra-
molecular CSb-8 complex. Identification also was achieved by us-
ing anti-C5 Fab-coated colloidal gold particles. A similar elongated
structure of25 nm length (above the surface ofthe membrane) was
observed on single CMb-8-vesicle complexes. It is concluded that
the C5b-8 complex, which catalyzes poly(C9) formation, consti-
tutes a structure of discrete morphology that remains as such iden-
tifiable in the fully assembled MAC, in which it is closely associated
with the poly(C9) tubule.

The membrane attack complex (MAC) of complement is a su-
pramolecular organization that is composed ofthe proteins C5b,
C6, C7, C8, and C9 (1-3). The complex assembles sponta-
neously from its precursor proteins after enzymatic formation
of C5b from C5 by C5 convertase (4). During assembly, the
complex generates hydrophobic phospholipid binding sites
through which it is enabled to bind to cell membranes or syn-
thetic lipidibilayers (5). The MAC impairs membranes and kills
cells by disordering the normal lipid bilayer structure and by
forming transmembrane channels (6-8).

Electron microscopy. afforded the detection of characteristic
complement-induced membrane lesions that were originally
described as "holes" or "hollow cylinders" (9, 10). The respon-
sible structures were identified later as the MAC itselfand two
essentially compatible models for MAC architecture were sub-
sequently proposed. The first model described the MAC as a
hollow cylinder, 15 nm tall and 10 nm wide, having a wall thick-
ness of 2 nm and an upper torus of 5 nmwidth (11). All five MAC
precursor proteins were thought to be part of the cylindrical
structure. The second model also proposed a tubular structure;

however, based on molecular weight determinations (12) and
on ultrastructural studies.(13), the MAC was envisaged to con-
stitute a dimer of C5b-9. It was suggested that the torus of the
cylinder contained primarily C5b, C6, and C7 and the thin tu-
bular wall contained primarily C8 and C9, the latter being the
MAC subunit most.intimately in contact with membrane phos-
pholipids, as photolabeling experiments had. shown (14, 15).

Since the original description of the MAC.as a compact mul-
timolecular organization, it was known that the MAC contained
a multiplicity ofC9 molecules relative to the other subunits (1).
When it was found that (i) isolated C9 by itself has the pro-
pensity to form, circular polymers [poly(C9)] (16, 17), (ii)
poly(C9) alone has the ultrastructure previously assigned to the
MAC (18), and (iii) poly(C9) is an integral constituent ofthe fully
assembled MAC (19), it became apparent that none of the pre-
vious models could account for the topology ofC5b-8 within the
MAC. Because spontaneous poly(C9) formation at 370C re-
quires many hours (18), whereas C9 polymerization as part of
MAC formation occurs within minutes (19, 20), it must be as-
sumed that the tetramolecular C5b-8 complex exercises a cat-
alytic function. in. the polymerization reaction. The question
arose as to the identity and relative topology of the tetramolec-
ular C9-polymerizing complex C5b-8 within the MAC struc-
ture. In the following it will be shown that this catalytic unit
represents a heretofore unrecognized elongated substructure
of the .MAC that is closely associated with the poly(C9) tubule.

MATERIALS AND METHODS
Preparation of Poly(C9) and Vesicle Complexes of C5b-8

and C5b-9. Complement proteins were purified as described
(21-24). Small unilamellar vesicles were prepared from egg lec-
ithin (Avanti Polar Lipids, Birmingham, AL) by sonication and
subsequent Sepharose 4B gel filtration (25). C5b-8-vesicle
complexes. were prepared by incubation of 2.8 AM vesicles/
0.6 /.M C5b-6/0.4 ,AM C7/0.6 ,AM C8 at 20'C for 5 min. The
MAC was generated at 370C for 10 min from the same reaction
mixture, which included, however, 4.8 ,M C9. In both cases,
C7 was added last. Protein-vesicle complexes were floated
through 35% sucrose to remove unbound protein. If the MAC
was generated on rabbit erythrocytes, it was isolated in the pres-
ence of deoxycholate and purified as published (12). Poly(C9)
was prepared' at a protein concentration of 1 mg/ml by incu-
bating this solution at 370C for 64 hr (17).

Conjugation of Avidin or Anti-CS Fab with Colloidal Gold
Particles. Colloidal gold particles (4-nm mean diameter) were
prepared as described in detail in ref. 26. In brief, to a neutral
solution of 0.01% HAuCl4, sodium borohydrid was added under
rapid stirring. For coating the gold particles with avidin, 20 ml
of colloidal gold solution (titrated to pH 8 with 0.2 M K2CO3)
was added to 200a 1 of 2 mg of egg white avidin per ml (Sigma),

Abbreviation: MAC, membrane attack complex of complement.
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which had been dialyzed against water. The optimal amount of
avidin for stabilization of the gold solution was determined as
reported (27). After 10 min, 500 1l of 1% polyethylene glycol
(Mr 22,000) (Union Carbide Corp., NY) dissolved in H20 was
added and the avidin-gold conjugate then was concentrated by
centrifugation at 35,000 rpm (60 min, 40C) in a Beckman cen-
trifuge with a 41.1 rotor. The sediment was resuspended in 1.5
ml of Tris-buffered saline (10 mM Tris.HCI/150 mM NaCl, pH
7.4) and stored at 40C. Before use, 200 A1 of the concentrated
gold-avidin conjugate was passed over a Sephacryl S-300 col-
umn (11 x 0.9 cm) in Tris-buffered saline. The conjugate that
eluted after the void volume peak was diluted to a concentration
at which the reddish color was barely discernible to the eye.
These monodisperse gold particles were subsequently mixed
with vesicle-bound C5b-8 and C5b-9 complexes in which the
C5b-6 had been modified with biotin (28). Conjugation of anti-
C5 Fab fragments with colloidal gold particles was performed
in a similar manner. Goat anti-C5 Fab was prepared according
to standard procedures (29).

Electron Microscopic Analysis. For electron microscopy,
samples were applied to carbon-coated grids that had been ren-
dered hydrophilic by 0.1% (wt/wt) bacitracin. The grids were
washed twice with 100 mM NH4 acetate/50 mM NH4HCO3
buffer, pH 7.4, negatively stained with 2% uranyl formate, and
examined in a Hitachi 12A electron microscope at 75 kV.

Measurements ofthe length of the MAC were carried out as
follows: Side view images of the MAC exhibiting a rectangular
structure were selected and the length of the two parallel
boundaries was measured as indicated by the brackets in Fig.
1. Both measurements from an individual complex were used
for the analysis regardless ofwhether they were identical or not.
Poly(C9) images were analyzed identically.

RESULTS

Analysis ofthe Length ofMAC Tubules. The MAC extracted
and purified from rabbit erythrocytes is hetergeneous in ultra-
structural appearance. Fig. 1 shows an electron micrograph of
a typical MAC preparation and, for comparison, an electron
micrograph of poly(C9). Top views of the MAC and ofpoly(C9)
show typical ring structures that resemble each other. In side
views, both the MAC and poly(C9) have a tubular appearance.
However, whereas the length of the poly(C9) tubules is uni-
form, the MAC tubules appear to be asymmetric and ofvarying
length. As seen in Fig. la, one side ofan individual MAC tubule
may be twice as long as the opposite side (white arrows and black
brackets). The distribution of boundary length of several
hundred MAC and poly(C9) side view images is shown in Fig.
2. The tubular length (±SEM) ofpoly(C9) was found to be uni-
formly 16 nm ± 1 nm. The length (±SEM) of one of the two
sides of the MAC was also 16 ± 1 nm; however, the length of
the other side varied between 16 and 32 nm. In almost all MAC
images the length of the opposing sides was different.

Ultrastructure ofMAC on Phospholipid Vesicles. The MAC
was assembled on small unilamellar egg lecithin vesicles by
using purified C5b-6, C7, C8, and C9 at a molar ratio of
1:1:1:12. Fig. 3 depicts the ultrastructural appearance of
MAC-vesicle complexes. In accordance with earlier studies,
side view projections of vesicle-bound MAC are imaged as tu-
bules with inner and outer diameters of 10 and 21 nm, respec-
tively (a-f). The tubule projects =12nm above the lipid bilayer.
In addition to the tubule that constitutes poly(C9), a 16- to 18-
nm long club-like structure is seen, which extends beyond the
torus ofthe poly(C9) tubule (black arrows). This elongated struc-
ture, as will be shown below, constitutes the tetramolecular
C5b-8 complex. It is S5-14 nm wide, depending on whether

FIG. 1. Ultrastructural comparison ofMAC and poly(C9). (a) MAC
isolated from complement-treated rabbit erythrocytes by extraction
with 10% deoxycholate, filtration over a Sepharose 4B column, and
sucrose density-gradient ultracentrifugation. The 30S species of the
MAC was selected. Black arrows point at top views; the brackets in-
dicate the lengths of side view images. Asymmetrical MAC images
with different lengths of the opposing boundaries are indicated by
white arrows. (b) Poly(C9) shows symmetrical side view images of uni-
form length. The calibration bar corresponds to 50 nm.

a lateral or frontal view is inspected. Fig. 3 b-fshow different
views of C5b-8 that were selected because they may represent
images of a stepwise 900 rotation of an individual MAC. The
projection of C5b-8 changes from a club-like appearance of 5
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FIG. 2. Histogram of the tubular lengths of poly(C9) and MAC.
(Upper) The length of 112 poly(C9) tubules was measured. Almost 90%
of poly(C9) shows a length of 16 ± 1 nm. (Lower) Length distribution
of 134 individual MAC images. The 268 measurements (two opposing
sides per MAC) exhibit considerable variation.
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FIG. 3. Ultrastructure of MAC-phospholipid vesicle complexes. (a) The majority of theMAC images show, in addition to the cylindrical channel,
a 16- to 18-mn club-like structure (black arrows) attached to the poly(C9) tubule (white arrows). (b-f) Different views of the C5b-8 complex within
the MAC. In a lateral projection (b and c), the C5b-8 complex is well defined with a width of -5 nm; in a frontal view (d-f), this complex appears
textured with a width of up to 14 nm. The calibration bars correspond to 30 nm.
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FIG. 4. Identification of the C5b-8 complex within the MAC. Colloidal gold conjugated to either avidin (b-g) or anti-C5 Fab fragments (a and

h-j) was used to localize biotinyl C5b-6 or C5b, respectively. The gold probe (black arrows) is consistently found in close proximity to the C5b-8
complex. Generally, only one elongated structure is seen to extend from poly(C9) (a-fand h-j). A selected MAC image interpretable as comprising
one poly(C9) and two C5b-8 complexes is shown in g. The calibration bars correspond to 30 nm.
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nm width to a hand-shaped structure of =14 nm width, both
having a length of 28-30 nm above the membrane surface.

Identification of the C5b-8 Complex Within the MAC by
Using Colloidal Gold. The C5b-6 complex was modified with
biotin and biotinyl C5b-6 was used to initiate MAC assembly
on phospholipid vesicles. Avidin adsorbed to colloidal gold then
was used to localize biotinyl C5b-6 in the vesicle-bound MAC.
As shown in Fig. 4 a-g, the gold particle (black arrow) was con-
sistently found 3-20 nm above the poly(C9) torus and obviously
was attached to the C5b-8 complex. The same probe location
was observed when the gold particles were coated with anti-C5
Fab fragments, thus locating the position of C5 (Fig. 4 h-j). In
no case were the gold particles observed to attach to the
poly(C9) tubules directly.

As in the case of isolated MAC (Fig. 1), most vesicle-bound
MAC structures contained only one C5b-8 projection, sug-
gesting that one C5b-8 complex is sufficient to promote circular
C9 polymerization (19). Fig. 4g shows an exception observed
in this study, in which two avidin-coated gold particles are at-
tached to opposite sides ofthe same MAC structure, suggesting
that this particular MAC contained, in addition to poly(C9), two
C5b-8 units.

Ultrastructure of C5b-8 in the Absence of Poly(C9). C5b-8-
vesicle complexes were generated at a C5b-8-to-vesicle molar
ratio of 1: 7, which favors the binding ofonly one C5b-8 complex
per vesicle. As shown in Fig. 5, the C5b-8 complex is visualized
on vesicles as a 25-nm long and 5- to 14-nm wide club-like struc-
ture with a rather polymorphic appearance. Occasionally, the

Proc. NatL Acad. Sci. USA 79 (1982) 7477

C5b-8 complex was not completely straight-as in Fig. 5 b, c,
andf-but was bent in its middle part, as shown in Fig. 5 d and
e. Avidin-coated gold probes recognizing the biotinyl C5b-6
preferentially bound to that end of the C5b-8 complex that is
distal to its lipid binding site (Fig. 5f). Vesicles bearing one
C5b-8 complex were resistant to stain penetration into the ves-
icle interior. However, when several C5b-8 complexes were
attached to one vesicle, they tended to cluster in the membrane
(Fig. 5g) and allowed stain penetration into the vesicle interior.
Within the limits of electron microscopic image interpretation,
this observation indicates that a single C5b-8 complex does not
suffice to perturb the vesicle membrane.

DISCUSSION
When it became clear that the typical ultrastructural membrane
lesion caused by complement (9, 10) represents the image of
poly(C9) (17, 18), the question arose as to the ultrastructural
identity of C5b-8. This tetramolecular complex has a Mr of
-550,000 and is closely associated with poly(C9), as analyses
of isolated MAC have shown (19), and therefore, should be de-
tectable by electron microscopy. In the present study the com-
plex was detected on C5b-8-vesicle complexes, MAC-vesicle
complexes, and on isolated MAC.

Attached to vesicles, C5b-8 projects 25 nm above the surface
of the membrane and exhibits a 5-14 nm width. Its structure
is club-like or hand-shaped and it may be straight or slightly
bent. Because of its polymorphic appearance, its precise ultra-
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FIG. 5. Ultrastructure of the C5b-8-vesicle complexes. Different views of the C5b-8 complexes are displayed in a-e. Structures probably rep-
resenting frontal views of C5b-8 are shown in a (black arrows), whereas the structures seen in d and e most likely correspond to lateral aspects.
The complex may have a bent appearance (d and e). (f) Avidin-coated gold recognizing biotinyl C5b-6 binds to the distal end of the C5b-8 complex.
(g) Aggregated C5b-8 complexes allow negative stain to diffuse into vesicles. The calibration bars correspond to 30 nm.
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FIG. 6. Schematic representation of the final stage of MAC as-

sembly. Upon binding of C9, C5b-8 catalyzes poly(C9) formation and
then can be visualized as an extension of poly(C9). Poly(C9) is respon-
sible exclusively for the tubular structure of the MAC.

structure remains uncertain. C5b-8 is clearly visualized within
the MAC organization. It is detectable as a 16- to 18-nm elon-
gated structure that extends beyond the torus of poly(C9) on

MAC-vesicle complexes. Therefore, the total length of the
structure is 28-30 nm above the surface ofthe membrane, con-

sidering that the visible part ofvesicle-bound poly(C9) is 12 nm
long. Because C5b-8 without poly(C9) projects only 25 nm

above the membrane surface, C9 polymerization by C5b-8 may
cause a structural elongation of the C5b-8 complex or its ex-

traction from the membrane. In either case, C5b-8 remains in
intimate association with poly(C9) after completion of the poly-
merization reaction. Fig. 6 depicts a schematic model of C5b-
8 and of the fully assembled MAC.

Ultrastructural identification of C5b-8 within the MAC was

aided by the use of conjugates of colloidal gold particles. The
particles were coated either with avidin to detect biotinyl C5b-
6 or with anti-C5 Fab fragments to detect C5b. The gold par-
ticles had a diameter of 4 nm and therefore, allowed identifi-
cation of C5b-6 or C5b with limits of resolution of =7 nm. The
site of attachment of the colloidal gold conjugates strongly sug-
gested that C5b-6 is located in that position of the elongated
C5b-8 structure that is distal to the site of binding to the mem-
brane or to poly(C9).

By and large, the electron microscopic analysis detected only
one C5b-8 complex within an individual MAC, regardless of
whether MAC-vesicle complexes were inspected or MAC was

isolated from complement-treated rabbit erythrocytes. This
observation supports earlier quantitative studies, which sug-
gested that a single C5b-8 complex is capable of poly(C9) for-
mation (19). However, exceptions have been noted in which two
C5b-8 were attached to a single poly(C9) tubule. The latter com-
position of the MAC may not be exceptional under conditions
in which cells are treated with high complement dose and in
which the average molar ratio of membrane-bound C9 to C8 is
6 (19).

Micrographs of C5b-8-vesicle complexes revealed that stain
penetration into the vesicle interior did not occur ifonly a single
C5b-8 complex was attached to the vesicle. However, stain pen-
etration did occur when multiple complexes were bound. Qual-
itative as this observation is, it may be pertinent to the mech-
anism of cell lysis by C5b-8 in absence of C9.

Although membrane-bound C5b-8 has been viewed previ-
ously by electron microscopy (13, 30), it had escaped detection
as a structural subunit of the MAC. On the basis of the present
study, it is now possible to identify C5b-8 in many ofthe earlier
published electron micrographs ofthe MAC (10, 13, 28, 30-32).
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