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The present study was designed to investigate possible interactions among 
human C5, C6, C7, C8, and C9 in cell-free solution. 

Previous work suggested that these components enter into close steric contact with 
each other when bound to the surface of a cell under attack by complement (1). 
Whereas binding of C5 required enzymatic activation, binding of C6, C7, C8, and 
C9 did not, and probably proceeded by adsorption. These findings suggested that the 
five proteins of the membrane attack mechanism might exhibit, in their native form, 
stereochemical aff, nity for each other. 

In  the following, the results of a series of ultracentrifugal experiments will 
be reported that  show that  a limited number  of interactions can be observed 
when the five proteins are examined in various combinations. The fact that  
the interactions among the five proteins are limited indicates their specificity 
and suggests the existence of distinct topological relationships among the 
subcomponents of the recently recognized, stable C5-9 complex (2). 

Materials and Methods 

Human Complement Components and Erythrocyte-Anlibody-Complement Complexes.-- 
Details have been outlined in the accompanying paper (2). 

IZemolyllc Assays of Individual Componenls.--Samples were assayed for the following 
hemolytic activities by incubation with 3 M 107 sheep erythrocytel-complement interme- 

* This is publication no. 707 from the Department of Experimental Pathology, Scripps 
and Research Foundation, La Jolla, Calif. 92037. This work was supported by U. S. Public 
Health Service grant AI-07007. 

:~ Recipient of a U. S. Public Health Service Special Fellowship, 1 F03 HL37389-01. 
§ During the tenure of this study Dr. Haxby was supported by U. S. Public Health Service 

Training grant 5TIGM683. 
1 Abbreviations used in this paper: E, sheep erythrocytes; CA, antibody-sensitized sheep 

erythrocytes; GVB, VB-NaCI containing 1.0% gelatin; GVBE, GVB containing 5 mNf EDTA; 
HSA, human serum albumin; IgG, 7S gamma globulin; VB-NaCI, Veronal-buffered (5 raM) 
saline containing 1.5 M 10 -4 M CaC12, 5 X 10 -4 31[ MgC12. 
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diate complexes and reagents in a final volume of 500/A. C3: EAC1, 4, °xy2 -}- 25 #1 hydra- 
zine-KSCN serum (3) (containing 5 rnM EDTA) -t- 0.1 #g C5; C5:EAC1-3 -}- 25 #l hydra- 
zine-KSCN serum (containing 5 mM EDTA); C6:EAC1-3- t -25  #1 C6-deficient rabbit 
serum; C7:EAC1-3 ~ 0.1 #g C5 -I- 0.6 #g C6i-[ - 0.005 #g C8 -]- 0.1 #g C9; C8:EAC1-7 n u 
0.1 /zg C9; C9:EAC1-7 -b 0.05 #g C8. GVBE was employed as diluent for the C3 and C5 
assays and GVB for the C6, C7, C8, and C9 assays. After incubation at 37°C for a period of 
time sufficient to give maximally 80% lysis, 1 ml of ice-cold isotonic sodium chloride was 
added to each tube. The unlysed cells were removed at 900 g in a Sorvall model GLC-1 (Ivan 
Sorvall, Inc., Norwalk, Conn.) for 10 min and the amount of oxyhemoglobln released was 
quantitated at 412 nm. 

Sucrose Density Gradient Ultracentrifugatlon.--7.7-31~ linear sucrose gradients in Ver- 
onal-buffered sodium chloride, pH 7.4, ionic strength 0.05, were formed in 5-ml cellulose ni- 
trate tubes by using a Buchler automatic density gradient maker (Buchler Instruments 
Div., Nuclear-Chicago Corp., Fort Lee, N. J.). The gradients were equilibrated to 4°C be- 
fore the samples (200/zl) were applied. Ultracentrifugation was performed in an SW 50 or 
SW 50.1 rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) for 15 h at 39,000- 
45,000 rpm and 4°C. Gradients of various ionic strength were made by dissolving the sucrose 
in 5 mM Veronal buffer, pH 7.5, containing the indicated amount of sodium chloride as the 
electrolyte. Fractions were collected by puncturing the bottom of the tubes. [131I]IgG (7S) 
and [131I]HSA (4.5S) were added as markers to the protein mixtures applied to the gradients. 
Radiolabeling was performed according to McConahey and Dixon (4). 

Evaluation of Positive and Negative Reactions.--Interacfion among different proteins was 
considered positive when a reproducible increment in sedimentation coefficient of one or 
more components was observed in the test mixture, as compared with individual controls 
under otherwise identical conditions. A reaction was judged negative when the sedimentation 
behavior of all components in the test mixture was identical with that of the individual con- 
trols. 

RESULTS 

Demonstration of Reversible Association between C8 and c g . - - I n  all experi-  

ments  repor ted  below the  m e t h o d  chosen for demons t r a t i on  of revers ible  pro-  

t e in -pro te in  in te rac t ions  among  the  five isolated c o m p l e m e n t  componen t s  

s tudied  was sucrose dens i ty  grad ien t  u l t racent r i fuga t ion .  

Associa t ion be tween  C8 and C9 in free solut ion is shown in Fig.  1. I n  the  

presence of C8, C9 sed imented  wi th  an s ra te  of 10.2S ins tead of 4.8S, which is 

charac ter i s t ic  for C9 examined  in the  absence of C8. C8 in mix tu re  wi th  C9 

exhibi ted  a b imoda l  dis t r ibut ion,  the  rapid  por t ion  sed iment ing  toge ther  wi th  

C9 (10.2S) and  the  slow por t ion  hav ing  an s ra te  of 8.5S, which is charac ter -  

istic for C8 examined  by  itself. T h e  condi t ions  chosen in this exper iment  were:  

p H  7.5, ionic s t rength  0.05, and a mola r  ra t io  of C8 to C9 of 2.5 to 1 (50 /zg  

of C8 and 10 #g of C9). Since bo th  C8 and C9 had  an accelera ted  veloci ty ,  as 

ev idenced by  the  appearance  of the  10.2S componen t ,  i t  is concluded tha t  bo th  

prote ins  entered,  unde r  the  condi t ions  employed,  in to  a re la t ive ly  s table  asso- 

c ia t ion p roduc t  (C8, 9). 

T h e  in tens i ty  of m a n y  pro te in -pro te in  in te rac t ions  is inverse ly  re la ted  to 

the  ionic s t rength  of the  m e d i u m  in which t h e y  are observed.  Fig.  2 shows the  

dependence  of C8, 9 associat ion upon  ionic s t rength.  A t  /~ -- 0.05 the  dis- 

t r ibu t ion  of the  two componen t s  was as descr ibed above.  A t  /z = 0.1, C9 
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FIG. 1. Interact ion between native C8 and C9 in free solution as demonstrated by sucrose 
density gradient ultracentrifugation. ]0 #g of C9 and 50 #g of C8, individually or as a mix- 
ture, were placed onto a 7.7-31% linear sucrose gradient in VB-NaC1, pH 7.5, ionic strength 
0.05, and centrifuged for 15 h at  39,000 rpm a t  4°C. The direction of sedimentation was from 
right to left. 

was partially associated with C8 and partially free. At  # = 0.15 the major 
portion of C9 sedimented independently of C8. The dependence of C8, 9 
interaction on ionic strength is consistent with its reversibility. 

In  order to demonstrate directly the reversibility of this association, the 
C8, 9 complex observed at /~ = 0.05 (Fig. 2, upper panel) was reexamined 
by ultracentrifugation at the same and at a higher ionic strength. Whereas 
at # = 0.05 it retained the sedimentation behavior of the complex, it com- 
pletely dissociated at/~ = 0.15 (Fig. 3). 

The effect of pH was studied over a range of 6.5-8.5 at constant ionic strength 
(# = 0.05). The results, which are not shown, indicated that  association 
was independent of pH over the range studied. 

The effect of relative protein concentration at # = 0.05 is shown in Fig. 4. 
In  these experiments the amount of C9 was constant and the amount of C8 
was varied. When C9 was in excess (molar ratio C8:C9 = 1:2), the major 
portion of C9 remained apparently free. When C8 was in excess (molar ratio 
C8:C9 = 2.5:1), all of the C9 present sedimented in association with C8. 

Differential Ajfinity of Cg and C9 for C5, 6, 7.--Fig. 5 shows the sedimenta- 
tion behavior of C5, C6, and C7 when subjected to ultracentrifugation indi- 
vidually. Fig. 6, upper panel, demonstrates the previously described interaction 
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FIC. 2. C8, 9 association in free solution as a function of ionic strength.  50 #g  of C8 and 
10 Ng of C9 were mixed a t  the indicated ionic strength.  The  samples were subjected to sucrose 
densi ty gradient  ultracentrlfugation in VB-NaCI, pH  7.5, and indicated ionic s trength.  
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FIG. 3. Demonstrat ion of reversibility of the C8, 9 association on raising the ionic strength.  
C8, 9 complex obtained from fractions of a zone ultracentrifugation experiment using # = 
0.05 (Fig. 2, upper panel) was reexamined by ultracentrifugation a t  # = 0.05 (top panel) 
and # = 0.15 (bottom panel). 
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t;IO. 4..Association of C8 and C9 as a function of relative protein concentration. A con- 
s t an t  amoun t  of C9 (10 #g) was mixed with increasing amounts  of C8 (10, 25, and 50/zg) 
before analysis by ultracentrifugation. The  sucrose density gradients employed were as de- 
scribed in the legend to l;ig. 1. 
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Fro. 5. Sedimentation behavior of C5, C6, and C7 analyzed individually by sucrose density 
gradient  ultracentrifugation. Conditions as described in the legend of Fig. 1. 
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FIG. 6. Differential affinity of C8 and C9 for C5, 6, 7. C5, C6, and C7 (upper panel) were 
mixed with C8 (bottom panel) or C9 (middle panel) before the mixtures were subjected to 
sucrose density gradient ultracentrifugation as described in tile legend to Fig. 1. The follow- 
ing amounts were employed: C5, 85 #g; C6, C7, and C9, 10/zg; C8, 50 #g. 

of C5, C6, and C7 (5). The  major  port ions of C6 and C7 sediment in associa- 
t ion with C5 at  a velocity of 9.2S. Addi t ion of C9 to this mixture had no effect 
on the s rate  of the three proteins nor had the C5, 6, 7 complex any effect on 
the s rate of C9. Addit ion of C8 to C5, C6, and C7 reproducibly accelerated 
the veloci ty of C8 from 8.5S to 9.6S, so tha t  all four proteins were found in 
the same zone. In  addition, evidence was obtained for a direct interaction of 
C5 and C8 in absence of C6 and C7. However,  no demonstrable reaction oc- 
curred between either C6 and C8 or C7 and C8. 

Tha t  the described reactions have a high degree of specificity is indicated by  
the da ta  listed in Tables I and I I .  According to these data,  C8 appears unable 
to associate with either C3 or human albumin;  and C9 failed to associate with 
either C5 alone, C5, 6, 7, or IgG. 

Demonslralio~ of an Association Product of Native C5, C6, C7, C8, and cg.--  
Fig. 7 depicts the result obtained when a mixture of the five components of the 
membrane a t tack  mechanism was subjected to ultracentrifugation.  In  spite of 
the l imited nmnber of different affinities existing between these proteins, 
association of all five components did occur. The association product  sedi- 
mented within an s rate range of 10.8-11.2S. In  addition, small amounts  of 
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434 MEMBRANE ATTACK MECHANISM OF COMPLEMENT. I 

TABLE I 

Specificity of Fluid Phase Interactions between C8 and C9 as Shou~ by Sucrose Density Gradient 
Ultracentrifugation 

Proteins applied Amounts used Maximal sedimentation 
coefficient of C9' 

C9 10 lug 4.8 

IgG + C9 50 #g -k- 10 lug 4.8 

C5 + C9 85 lug + 10 lug 4.8 
10 lug + 50 lug 4.8 

C5 -k C6 q- (27 q- C9 85 + 10 + 10 -[- 10 lug 4.8 

C8 + C9 10 lug + 10 lug 7.7 
25 lug -k 10 lug 8.3 
50 lug + 10 #g 10.6 

* Conditions: VB-NaCI, pH 7.5, # = 0.05; 7.7 31% sucrose density gradient; 16 h, 
39,000 rpm. 

TABLE II 

Specificity of Fluid Phase Interacllons between C5 and C8 as Shown by Sucrose Density Gradient 
Ultra~entrifugation 

Proteins applied Amounts used Maximal sedimentation 
coefficient of C8" 

C8 50 #g 8.5 
C8 + HSA 50 lug + 100 #g 8.5 
C8 + C3 100 #g + 10 #g 8.5 
C8 -k C5 50 #g + 50 #g 9.5 
C5 + C 6 + C 7  + C 8  85 + 1 0 +  1 0 +  50 lug 9.5 

* Conditions: see Table I. 

u n a s s o c i a t e d  C6, C7, a n d  C9 were obse rved .  A l t h o u g h  t he  q u a n t i t i e s  of C8 

a n d  C9  employed ,  as well as the  e x p e r i m e n t a l  condi t ions ,  were i den t i ca l  w i t h  

t h o s e  used  ear l ier  for  e x p e r i m e n t s  p e r f o r m e d  w i t h  a m i x t u r e  of C8 a n d  C9 

a lone  (Figs.  1 a n d  2), t he  r e l a t ive  d i s t r i b u t i o n  of t he  two p r o t e i n s  was d i f ferent .  

O b v i o u s l y  t he  a v a i l a b i l i t y  of b i n d i n g  s i tes  for  C9 on  C8 was r e d u c e d  in the  

p r e sence  of C5,  6, 7. V i r t u a l l y  iden t ica l  resu l t s  were  o b t a i n e d  w h e n  whole  

h u m a n  s e r u m  was sub j ec t ed  to u l t r a c e n t r i f u g a t i o n  u n d e r  iden t i ca l  cond i t ions .  

DISCUSSION 

Since t he  i n t e r a c t i o n  s tud ies  were  p e r f o r m e d  wi th  i so la ted  p ro t e in s ,  t he  

ques t i on  ar ises  as to  w h e t h e r  the  ab i l i ty  to  i n t e r a c t  is a p r o p e r t y  of t h e  n a t i v e  

p r o t e i n s  or w h e t h e r  i t  was  acqu i r ed  d u r i n g  t he  pur i f i ca t ion  process.  I n  o rder  
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TABLE III  
Observed Interactions among Native C5-9 

435 

C5 + C 6 ~ C 5 , 6  
C5 + C 7 ~ C 5 ,  7 

C 5 +  C 6 +  C7~-C5,6,7 
C5 + C8 ~.~ C5, 8 

C 5 + C 6 + C 7 + C 8 ~ C 5 , 6 , 7 , 8  
C 8 +  C9~-C8,9 

C5 + C 6 +  C7 + C 8 +  C9 .~C5,6 ,7 ,8 ,9  

I I C5, C6, C7, C8, ce C5 C7 C9 
~o ~ Alone Alone Alene 
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FIG. 7. Demonstration of a pentamolecular association product of native C5, C6, C7, C8, 
and C9. 85/zg of C5, 10 #g each of C6, C7, and C9, and 50/~g of C8 were mixed together 
and subjected to zone ultracentrifugation as described in the legend to Fig. 1. 

to evaluate the potential biologic significance of the observed interactions, 
it was necessary to know whether they occur in whole serum in spite of the 
presence of many other proteins. The observations made on whole human, 
rabbit, and guinea pig serum were essentially identical with those with iso- 
lated components. I t  may  be concluded therefore that  the C5-9 interactions 
are a function of unaltered, native complement proteins, that  they are highly 
specific, and not inhibited by the bulk of other serum proteins. 

Interactions similar to those reported in this paper were previously observed 
with native, isolated C2 and C4 (6). The functional relevance of this reaction 
is evident from the fact that  on enzymatic activation these two proteins com- 
bine to form the bimolecular enzyme C3 convertase (6). By analogy the de- 
lineated affinities exhibited by the native C5-9 proteins may  indicate the 
manner in which they are organized into a cytolytically active complex. A 
C5-9 complex with direct membrane damaging activity was previously postu- 
lated on the basis of work with cell-antibody-complement complexes (1). I t  
was envisioned to contain a trimolecular arrangement of CSb, C6, and C7, 
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436 MEMBRANE ATTACK MECHANISM OF COMPLEMENT. I 

C6 . . . . . .  C5 . . . . . .  C7 

C8 

C9 

FIG. 8. Schematic representation of verified interactions between C5-9, showing the man- 
ner in which these five complement proteins in their native form can enter into association in 
free solution. 

which provides the binding site for one C8 molecule. The resulting tetra- 
molecular complex was assigned the geometry of a tetrahedron. The bound C8 
molecule was considered to furnish binding sites for six C9 molecules. The 
present observations regarding the existence of stereochemical affinities among 
this group of proteins is consistent with the previously advanced concept. 
As summarized in Table I I I  and Fig. 8, the essential interactions occur be- 
tween C5, C6, and C7, between C5 and C8, and between C8 and C9. This 
set of interactions accounts for the ability of the five proteins to enter in asso- 
ciation with each other and may reflect essential structural features of both 
the cell-bound and the soluble C5-9 complex (2). 

SUMMARY 

Reversible interactions in free solution were demonstrated to occur (a) 
between C5 and C8, (b) between C5, 6, 7 and C8, and (c) between C8 and C9. 
No interaction was observed between C8 and C6 or C7 and between C9 and 
C5, 6, 7. Interactions between C8 and C9 were enhanced at lowered ionic 
strength (0.05) and a molar excess of C8 over C9. Complex formation was 
independent of pH over the range of 6.5-8.5. Under optimal conditions the 
C8, 9 complex had a sedimentation coefficient of 10.2-10.6S, while native C8 
and C9 sedimented at 8.5 and 4.8S, respectively. Specificity and reversibility 
of these interactions were established. 

In spite of the limited number of interactions observed, all five of the native 
proteins of the membrane attack mechanism interacted to form an association 
product that sedimented at 10.8-11.2S. Demonstration of this product in 
free solution supports the concept that C5 9 on acquisition of cytolytic activity 
assemble into a stable multimolecular complex. 

We gratefully acknowledge the skilled technical assistance of Mrs. Mary Brothers and 
Mrs. Deborah Falls. 
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