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ABSTRACT  The ninth component of complement (C9) has a
marked propensity to polymerize. C9 polymers [poly(C9)] formed
spontaneously in Veronal-buffered saline upon incubation of pu-
rified C9 for 64 hr at 37°C or within 2 hr at 46-56°C. Poly(C9)
formed at 37°C was visualized by electron microscopy as a tubular
structure with an internal diameter of 110 A and a length of 160
A. Its ultrastructure suggested a dodecameric composition and
resembled that of the membrane attack complex of complement.
The wider end of the tubular structure was formed by an =30-
A-thick torus -with inner and outer diameters of 110 A and
220 A, respectively. Because the dimensions of C9 within poly(C9)
were 160 X 55 A (maximal) and 20 A (minimal) and because mon-
omeric C9 has dimensions of approximately 80 x 55 A, it is pro-
posed that monomeric C9 unfolds during polymerization into tub-
ules. Polymerization also occurred upon treatment of C9 for 1 hr
at 37°C with 0.6 M guanidine-HCI, 0.1 M octyl glucoside, or 1.5%
sodium deoxycholate. Guanidine:HCl-induced C9 polymers con-
sisted of elongated highly curved strands 55-80 A wide, suggesting
that these polymers were formed by globular C9 that had net
unfolded.

The ninth component (C9) is the last protein that binds to the
assembling membrane attack complex (MAC) of complement,
completing the sequence of events that leads to the destruction
of target membranes. Although lysis of erythrocytes occurs even
without C9 (1), its presence increases the. rate of hemolysis (2).

C9-mediated hemolysis is a relatively slow (3) and temper-
ature sensitive reaction (2, 4, 5) and has therefore been attrib-
uted to an enzymatic action of C9 (5). Multiple C9 molecules
bind to C5b-8 in forming the MAC (6-8), and it has been pos-
tulated that the C9 to C8 ratio determines the size of trans-
membrane channels formed by C5b-9 (9, 10). Studies with pho-
toactivatable membrane-restricted probes suggested that C9
subunits of the MAC penetrate the hydrocarbon core of the lipid
bilayer more deeply than does any other subunit of the MAC
(11, 12). C9 within the membrane-bound MAC is also accessible
from the aqueous phase, suggesting that the MAC-associated
C9 extends from the hydrophilic phase into the hydrocarbon
phase of the membrane (11).

Ultrastructural studies demonstrated that formation of the
ring-like membrane lesion caused by complement is entirely
dependent on C9 (13, 14) and that C9 mediates the fusion of
two C5b-8 complexes to the characteristic ring structure of the
dimeric MAC (14). Both C5b-9 dimerization and C9-mediated
hemolysis (2) are temperature-sensitive reactions (15), sug-
gesting an important role of C9 for dimer formation in the cy-
tolytic reaction. The dimeric nature of the MAC was supported
by molecular weight studies (16) and by molecular hybridization
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experiments (17). Subsequent studies (unpublished) indicated
atendency of the MAC to form MAC oligomers (18). In contrast,
other groups suggested a monomeric C5b-9 composition of the
MAC (19, 20).

The present communication demonstrates. the propensity of
purified C9 to form polymers [termed poly(C9)] and presents
evidence indicating that C9 polymerization within the MAC
represents the molecular mechanism of C9 action.

MATERIALS AND METHODS

C5 and C9 were purified from human serum according to Ham-
mer et al. (21). As a final step for C5 purification, affinity chro-
matography on concanavalin A-Sepharose 4B was used. The
final step for C9 purification was hydroxylapatite chromatog-
raphy as described by Biesecker and Miiller-Eberhard (22). C6,
C7), and C8 were purified from human serum as described (23,
24).

Hemolytic assays for C5, C6, C7, C8, and C9 were performed
by using the respective depleted sera and sheep EA as de-
scribed previously for C6 and C7 (23). Samples containing guan-
idine-HCI (Gdn-HCI) were diluted at least 1:100 prior to the
assay. Diluted Gdn-HCI did not interfere with the hemolytic
assay.

For polymerization of C9, purified C9 was diluted to 0.4 mg/
ml in Veronal- (barbital, 3.3 mM, pH 7.4) buffered 0.15 M sa-
line containing 0.15 mM CaCl, and 0.5 mM MgCl, (VB). Spon-
taneous polymerization was achieved by incubating this solution
for 64 hr at 37°C in the presence or absence of 2 mM phenyl-
methylsulfonyl fluoride and soybean trypsin inhibitor at 50 ug/

-ml. Heat-induced polymerization followed incubation of C9 in

Veronal-buffered saline for 30 min to 2 hr at 46-56°C. Chem-
ically induced polymerization was initiated by adding to C9
Gdn-HCI, octyl glucoside, or sodium deoxycholate to a final
concentration of 1 M, 0.1 M, or 1.5%, respectively, and incu-
bating the mixture for 1 hr at 37°C. Deoxycholate treatment was
carried out at pH 8.1 in 20 mM Tris acetate/0.09 M NaCl/0.2
mM EDTA/0.02% sodium azide.

C5, C6, C7, and C8 were incubated with 1 M Gdn*HCl under
identical conditions as described for C9. C7 was also incubated
at 37°C for 64 hr or at 56°C for 1 hr as above.

Ultracentrifugation was carried out in the model E analytical
ultracentrifuge (Beckman) at various centrifugal forces. The rate
of sedimentation was determined with an optical scanner at 280
nm. The absorbance of a solution containing C9 at 1 mg/ml was

Abbreviations: C9, the ninth component of complement; Ans, 1-anili-
nonaphthalene-8-sulfonic acid; VB, 3.3 mM Veronal-buffered 0.15 M
saline (pH 7.4)/0.15 mM CaCl;/0.5 mM MgCly; MAC, membrane at-
tack complex of complement (C5b-9 dimer); Gdn°HCI, guanidine
hydrochloride.
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0.96 and that of C8 at 1 mg/m] was 1.6 as determined by record-
ing the absorption spectrum in a Cary 219 spectrophotometer
(Varian) and measuring the protein content by amino acid anal-
ysis. Light scattering was determined at 385 nm at a 90° angle
to the incident light in an Aminco Bowman spectrofluorometer
(American Instrument). 1-Anilinonaphthalene-8-sulfonic acid
(Ans) fluorescence was determined in the same instrument at
50 uM final concentration. The uncorrected spectra are shown.
A Hitachi model 12A (Tokyo) was used for electron microscopy
after samples were negatively stained with 2% uranyl formate,
2% uranyl acetate, or 1.5% sodium phosphotungstate (pH 7.2)
by the pleated sheet technique (25).

RESULTS

Formation of Tubular C9 Polymers. Purified C9 sponta-
neously formed high molecular weight homopolymers in VB
upon incubation at 37°C for 64 hr or for 1-2 hr at 46-56°C.
Polymerization occurred in the absence or presence of 10 mM
EDTA. Heat-induced poly(C9) sedimented at more than 40 S.
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Fig. 1 depicts the ultrastructural appearance of sponta-
neously polymerized C9. The field viewed at low magnification
(panels 1 and 2) showed that C9 upon incubation at 37°C for 64
hr formed hollow tubular complexes, most of which aggregated.
Both top views (rings, black arrows) and side views (rectangles,
black arrowheads) are seen in Fig. 1, panels 1 and 2. The

ly(C9) tubules had an internal diameter of approximately 100
lioand a length of 160 A. One end of the tubule terminated in
a 30 A-thick torus (white arrowheads) with an inner and outer
diameter of 100 A and 200 A, respectively. The “C9 heads”
(white arrowheads) formed these toruses, whereas “C9 tails”
(white arrows) at the opposite end of the tubular complex ag-
gregated individual complexes and, therefore, may constitute
hydrophobic domains. The length of this presumed hydropho-
bic domain is estimated to be 40 A by measuring the overlapping
areas in staggered poly(C9) aggregates (Fig. 1, parallel black
arrows, panels 2, 3, 9, and 10). Poly(C9) tubules probably are
formed by 12 C9 molecules, judging from the subunit structure
seen in many cases in top views (Fig. 1 asterisk, panels 3, 5, 6,
and 7). Measurements taken from electron micrographs of

Fic. 1. Ultrastructure of monomeric C9 (panel 4) and of poly(C9) formed in VB (all other panels) at 37°C, 64 hr. Panels 1 and 2 are low-mag-
nification field views. Panels 3-10 are high-magnification views of smaller areas. The scale bars represent 400 A. Note the globular structure of
monomeric C9 (panel 4) and the presence of stain inside the molecule (black arrows). Poly(C9) (panels 1-3 and 5-10) appears as ring structure
(top view, black arrows) or as rectangular structures (side views, black arrowheads). In side views the torus (C9 heads, white arrowheads, panels
7, 8, and 10), the hydrophobic segment (C9 tails, white arrows, panels 2 and 8-10) and an intervening segment may be distinguished. Note the
overlapping area (parallel black arrows, panels 2, 3, 9, and 10) presumably corresponding to the length of the hydrophobic segment. A dodecameric
composition of poly(C9) is inferred from the subunit structure of several top views indicated with an asterisk (panels 3, 5, 6, and 7). C9 in panels
1, 2, and 3 was stained with uranyl acetate; in panels 4, 5, 7, and 8 lower it was stained with uranyl formate; in panels 6, 8 upper, 9, and 10 it was

stained with sodium phosphotungstate.
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- poly(C9) indicated the length of individual C9 molecules form-
ing the polymeric complex to be 160 A, their width 40 A, and
their thickness 20 A (Fig. 1, panels 7:and 8). Three domains were
distinguished: C9 heads (=30 A of the length) forming the torus
in poly(C9), an intervening sequence of about 90 A (hinge ?),
and C9 tails (40 A) constituting the hydrophobic domain. Distal
to the heads C9 is 15-20 A thick, as indicated by the thickness
of the tubular wall.

In contrast to poly(C9), monomeric C9 had a globular ap-
-pearance (Fig. 1, paneél 4) with-approximate dimensions of 55
X 80 A; however, substructure was not clearly visible even
though.negative stain usually penetrated the inside of the glob-
ular C9 monomer (Fig. 1, arrows, panel 4).

Comparing the ultrastructures of C9 in monomeric and poly-
meric forms, we suggest that polymerization involves unfolding
of the ~80 A-long monomer to a 160 A-long molecule. Simul-
taneously, hydrophobic domains may be exposed in poly(C9)
that were hidden in monomeric C9. C9 polymerization was ac-
companied by a more than 2-fold increase of Ans fluorescence,
-suggesting binding of the fluorescent probe to newly acquired
hydrophobic sites on poly(C9). The initial rates of Ans binding
as a function of C9 polymerization at various temperatures are
shown in Fig. 2. No polymerization occurred below 40°C within

.2hr. At56°C the reaction was complete within 5 min. For com-
parison the temperature dependence of C9-mediated hemolysis
and of Gdn‘HCl-induced C9 polymerization (see below) is also
shown.

Polymerization of C9 is accompanied by the loss of hemolytic
activity. In Table 1 the loss of activity of C9 incubated for 2 hr
at various temperatures and the increase of Ans fluorescence
are compared with the decrease of C9 monomer (4.5S) as mea-
sured in the analytical ultracentrifuge. Both loss of activity and
Ans binding correlate with C9 polymerization. Electron micro-
scopic examination of these C9 polymers showed the formation
of tubular structures at 40°C and 46°C, whereas at higher tem-
peratures elongated C9 polymers described below predominated.

Formation of Elongated C9 Polymers. Polymerization also
proceeded upon incubation of C9 for 1 hr at 37°C with 0.6 or
1 M GdnHCI (Fig. 3), 0.1 M octyl glucoside, or 1.5% sodium
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FiG. 2. Comparison of initial rates of heat-induced C9 polymeriza-
tion, of Gdn-HCl-induced C9 polymerization, and of C9-mediated he-
molysis at various temperatures. Data for C9-mediated hemolysis are
taken from Hadding and Miiller-Eberhard (2). Gdn-HCl-mediated C9
polymerization was measured by the increase of light scattering, and
heat-induced polymerization was followed by the increase of Ans flu-
orescence. The initial rates of C9 polymerization and hemolysis in the
linear part of the progress curves are compared. The initial rate at the
highest temperature measured was arbitrarily set to one and the rates
at the lower temperatures are expressed as fraction of the maximal

- rate observed.
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Table 1. Correlation of C9 polymerization, loss of hemolytic
activity, and Ans binding

Loss of
hemolytic Increase of Ans Decrease of
Temperature, activity, % of fluorescence, monomeric C9,

°C total % of total % of total

4 0 0 0
40 1.1 ‘9.6 11
46 17 25 33
52 92 76 86
56 98 94 94

C9 was incubated at 0.4 mg/ml in 10 mM Tris-HCI- (pH 7.4) buffered
0.15 M NaCl for 2 hr at the indicated temperatures. Samples were then
analyzed for hemolytic activity, Ans fluorescence, and sedimentation
in the analytical ultracentrifuge.

deoxycholate. Table 2 summarizes the observed sedimentation
rates of C9 polymerized by these means as determined in the
analytical ultracentrifuge. Poly(C9) formed by Gdn-HCI, de-
tergents, or heat was polydisperse, indicating various molecular
sizes.

Poly(C9) generated by treatment with Gdn-HCI (Fig. 3)
formed extended, curved strands of various lengths and an av-
erage width of 5080 A. Occasionally C9 rings with inner and
outer diameters of 100 A and 200 A, respectively, were seen;
however, no polymers with 160-A width were detectable. This
finding suggested polymerization of globular C9 without at-
-tendant unfolding.

Specificity of TubularPolymerization for C9. In control ex-
periments, -the other terminal complement proteins C5, C6,
C7, and C8 were subjected to the same treatments that poly-
merized C9; Table 3 summarizes the results. Notably, C7 re-
sponded to Gdn:HCl treatment with a polymerization reaction
similar to that of C9; however, no tubular or ring structures were
detected in the electron microscope. In addition, C7 was in-

Fic. 3. " Ultrastructure of Gdn-HCl-induced C9 polymers. The scale

bar represents 400 A. Highly curved structures of ~50 A width (black

- arrowheads) and linear structures of ~80 A width are shown. Negative
stain with uranyl formate.
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Table 2. Sedimentation rate of poly(C9)

Treatment Observed
Time, Temp., sedimentation
hr °C Solvent coefficient, S
1 37 VB 45
1 37 0.3 M Gdn-HCl 45
1 37 0.6 M Gdn-HC1 27 (21-33)*
1 37 1 M Gdn-HC1 27 (21-33)*
1 37 4 M Gdn-HC1 3.7
1 37 0.1 M octyl glucoside 34.5 (21-48)*
1 37 1.5% deoxycholate 9 (7-11)*
0.5 56 VB >40
64 37 VB >40

* Observed sedimentation range.

sensitive to prolonged incubation at 37°C or to increased tem-
peratures. Like Gdn-HCl-induced poly(C9), C7 polymers were
hemolytically inactive but became reactivated and monomer-
ized by incubation with 4 M Gdn-HCl. The anomalous increase
of the sedimentation rate of C5 and C6 (Table 3)in 1 M Gdn-HCI
may indicate increased but reversible self-association. Gdn-HCl
(26) (Table 3) and chaotrope treatment (27) of C5 resulted in
inactivation without polymerization, whereas C6 and C8 were
not inactivated, or only partially so, respectively. The C8 sub-
units apparently dissociate upon incubation with 1 M Gdn°HCI
(Table 3), then spontaneously reform intact C8 upon removal
of the chaotrope, similar to the effect of sodium dodecyl sulfate
on C8 (28, 29).

DISCUSSION

This publication defines the conditions for polymerization of C9
in isolated form and describes the properties of the so-formed
poly(C9). Understanding the polymerization reaction of C9 al-
lows one to interpret the cytolytic mechanism of the MAC and
the ultrastructural changes accompanying C9 binding under the
premise that C9 undergoes polymerization upon binding to
C5b-8. In addition, the spontaneous polymerization of purified
C9 provides a model reaction for the transformation of water-
soluble molecules into a macromolecular, amphiphilic complex
with membranolytic activity (30).

Ultrastructural analysis of monomeric native C9 and of mol-
ecules constituting the tubule that poly(C9) forms leads to the
conclusion that C9 unfolds during or subsequent to its poly-
merization. Fig. 4 contains the dimensions of poly(C9) and of

Table 3. Sedimentation velocity and activity of terminal com-
plement components after treatment with 1 and 4 M Gdn-HC1

Observed
sedimentation Hemolytic activity,*
coefficient, S % of control
Protein VB 1MGdnHCI 1MGdn'HCl 4M Gdn-HCI#
C5 8.1 8.9 0 0
Cé 5.5 6.3 90 95
C17 53 22.7t 5 93
C8 8.1 3.8 88 58
Cc9 4.5 27 0 100
HSA 45 3.9 NA NA

HSA, human serum albumin; NA, not applicable.

* Hemolytic activity determined after 1:100 dilution of Gdn-HCl-con-
taining samples.

*Mean of the observed sedimentation coefficient; the range was +6S.

+The 4 M Gdn-HC] was added subsequent to incubation with 1 M
Gdn-HCL
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Fic. 4. Schematic representation of the dimensions of C9 in mono-
meric and polymeric form. The dimensions indicated are the mean val-
ues of at least 10 molecules measured. The size of unfolded C9 is de-
duced from the size of poly(C9) assuming a dodecameric composition.

monomeric C9. The exact ultrastructure of monomeric C9 is not
certain at present because of its small size and the limited elec-
tron microscopic resolution. Monomeric C9 apparently has a
globular structure whose longest dimension is =80 A. In con-
trast, the length of C9 in its polymerized form is 160 A. More-
over, this form exposes a hydrophobic domain of 40 A length
that is not apparent in monomeric C9. This hydrophobic site
may be concealed within the protein’s interior in monomeric
C9.

The structure of C9 in the polymeric form can be analyzed
in some detail owing to the redundancy of information. On the
basis of the electron microscopic evaluation (Fig. 1) of subunit
structure and size of poly(C9) one can deduce the dodecameric
subunit composition, even though this value should be consid-
ered tentative until precise molecular weight measurements are
available. Poly(C9) tubules have a hollow and apparently hy-
drophilic core of =100 A diameter. Its three domains compose
the torus formed by the C9 heads, the hydrophobic area con-
stituting the membrane binding site and formed by the C9 tails,
and the intervening segment connecting heads and tails. This
segment may contain a hinge region allowing the transformation
of globular C9 monomers into poly(C9). The 40 A hydrophobic
domain probably represents the site of attachment of photoac-
tivatable membrane-restricted probes (11, 12), whereas the to-
rus might be the site of radioiodination in surface labeling ex-
periments (11).

C5b-8 may reduce the activation energy of C9 polymeriza-
tion. The cytolytic reaction of C9, upon binding to cell bound
C5b-8, is in fact much more rapid than spontaneous C9 poly-
merization (Fig. 2). Gdn*HCl-mediated C9 polymerization also
is more rapid than spontaneous polymerization at 37°C. The
activation energies for Gdn"HCl-mediated and spontaneous C9
polymerization are estimated to be =15 kcal/mol and =40 kcal/
mol, respectively (1 kcal = 4.18 kJ). In this regard Gdn-HCI
may mimic one function of C5b—8: namely, decrease the acti-
vation energy of C9 polymerization, without, however, provid-
ing a hydrophobic binding site for poly(C9).

Indirect evidence that C9 polymerizes upon reacting with
C5b-8 is based on the binding of multiple C9 molecules per
MAC (6, 7), on the temperature dependence of both C9 poly-
merization (Fig. 2) and cytolysis (2, 4, 5), on the similar ultra-
structure of poly(C9) (Fig. 1) and the MAC (13, 14, 16, 17, 19,
20, 31), and on the requirement for C9 binding in formation of
ultrastructural complement lesions representing the mem-
brane-bound MAC (13, 14). The present study suggests that
poly(C9) represents the structure previously ascribed to the
C5b-9 complex (13, 14, 19, 20, 31). The structure of C5b-8 (14)
in the membrane attack complex (16) apparently is bound ad-
jacent to the poly(C9) tubule without contributing to the ultra-
structural appearance of the membrane lesion.

Functionally, C9 may be a channel-forming molecule, the
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channel being poly(C9) itself. In fact, single bilayer vesicles with
isolated C9 effectively released markers in the absence of other
complement proteins (30), and C9 increased the conductance
of black lipid membranes (32). The precise relationship of C9
polymerization to the size of functional transmembrane chan-
nels (9, 10, 33-38) formed by the MAC is not known at present,
and the question remains open whether protein channels (39)
or lipid reorientation (40, 41) predominate in the cytolytic
mechanism. Nevertheless C9's own membranolytic activity
may be ascribed to its physical association with the membrane
in the form of an amphiphilic polymer with the ultrastructural
appearance of the classical complement lesion.
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