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Macroglobulin (IgM) antibodies efficiently induce complement-dependent 
erythrocyte lysis (1-3). By the use of the C ' l a  fixation and transfer (C ' laFT)  
test, and by direct lysis, Borsos and Rapp have demonstrated that a single 
molecule of rabbit 19S (IgM) anti-Forssman hemolysin is sufficient to sensitize 
a sheep erythrocyte to the lyric action of guinea pig complement (4). The 
C ' l a F T  test measures the number of C ' l a  molecules fixed at cell surfaces by 
antigen-antibody complexes. C ' l a  fixation by each 19S IgM antibody molecule 
has been reported for human IgM anti-A isoagglutinin (5) as well as rabbit 
anti-Forssman (6) antibody. The amount of Forssman antibody was deter- 
mined by quantitative precipitin analysis using the water soluble antigen (6) 
and the amount of human IgM anti-A antibody was determined by measuring 
the adsorption of radio-labeled antibody to erythrocytes (5). 

We have obtained additional quantitative information about complement 
fixation using specifically purified antibody. Rabbit  IgM anti-benzenearsonate 
(anti-R) antibody was purified by means of a hapten-cellulose immunoad- 
sorbent (7) and assayed by the C ' l a F T  test. While previous studies (5, 6) 
suggested that all IgM antibody molecules could fix C' la ,  only a fraction of the 
ant i -R IgM antibody molecules fixed C' la.  The IgM antibody molecules 
capable of fixing C ' l a  were more negatively charged at pH 8.6 than the bulk of 
the IgM ant i -R antibody. 

Materials and Methods 

Antlsera.--Young adult New Zealand albino rabbits were immunized with edestin azo- 
benzenearsonic acid (R-Ed) (7) by two different schedules which had been found to stimulate 
IgM antibody response to this antigen. Animals immunized according to schedule A received 
7-10 mg of R-Ed intravenously three times a week for 2 wk with supplementary injections 
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of 5 /zg endotoxin (Salmonella enteritidis somatic polysaccharide) intravenously with the 
first injection of each week. The animals were bled on the 5th and 6th days after the last 
injection. In schedule B, the animals received R-Ed coated on acrylic particles (AB Bofors, 
Nobelkrut, Sweden) by the method of Torrigiani and Roitt (8). The 11% suspension of 
0.8 # particles used for immunization had a protein content of 0.7-1.2 mg/ml. The animals 
received intravenous injections of 3 ml of this suspension on the first day and 2 ml 4 and 9 
days later. They were bled on the 5th and 6th days after the last injectioh. The sera from 
each rabbit were pooled and stored at -20°C until used. 

Antigens.--The immunizing (R-Ed) and test (R-BSA) 1 antigens were prepared by coupling 
diazotized p-arsanilic acid to the protein carriers. Details of preparation and characteriza- 
tion have been reported (7). The R-BSA used for the free boundary electrophoresis experi- 
ments had 33 arsenic atoms per molecule of BSA and the R-BSA used for quantitative pre- 
cipitin analyses had 39 arsenic atoms per molecule of BSA. 

DEAE-Cellulose Chromatography.--Globulin fractions of some antisera were obtained by 
ammonium sulfate precipitation and then depleted of IgG by DEAE-cellulose chromatogra- 
phy. Proteins which precipitated in 50% saturated ammonium sulfate at room temperature, 
pH 7.9, were dissolved in saline and dialyzed against 0.035 M phosphate buffer, pH 7.5. Globu- 
lin prepared from 60 ml of serum was applied to a 2.3 X 100 cm column of DEAE-cellulose 
previously equilibrated with the same buffer at room temperature. After thorough washing 
of the column with this buffer, the adsorbed protein was eluted with 0.4 ~ phosphate, pH 
4.35. This globulin fraction did not contain any IgG when examined by immunoelectrophore- 
sis. 

Preparation of Purified Antibody.--Preparation and use of the benzenearsonic acid-cellu- 
lose immunoadsorbent has been previously described (7). Serum and IgG-depleted globulin 
fractions were dialyzed against 10% borate saline buffer, pH 7.85, and applied to columns of 
the immunoadsorbent. Antibodies were eluted with 1 ~ NaCl, 0.05 ~t in phosphate, pH 3.0, 
followed by 0.1 N HC1. 

Antibody fractions prepared from the sera of individual rabbits were neutralized, concen- 
trated by negative pressure ultrafiltration, and dialyzed against 10% borate saline buffer, 
pH 7.85. IgG and IgM antibodies were then separated by gel filtration through Sephadex 
G-200 columns equilibrated with the same buffer (9). Samples of 10 to 135 mg in 2-5 ml were 
applied to a 1 X 120 cm column run at room temperature with a flow rate of 4 ml/hr. 

DEAE-cellulose chromatography removed most of the IgG from antibody prepared from 
large pools of antiserum. After dialysis against 0.04 M phosphate, pH 8.0, the antibody (0.5- 
1.2 g) was applied to DEAE-cellulose columns (2.3 X 35 cm) equilibrated with the same 
buffer and washed until the eMuent contained no significant protein. The IgM antibodies 
were eluted with 0.4 M phosphate, pH 8.0, and further purified by gel filtration twice through 
Sephadex G-200. 

Antibody fractions prepared from IgG-depleted globulin were dialyzed against 10% borate 
saline buffer and used as dilute (0.04-0.08 mg/ml) solution. 

Characterization of the Antibody.--The IgM anti-benzenearsonate antibody prepared from 
pooled antisera was characterized by ultracentrifuge studies using a Beckman Spinco model 
E analytical ultracentrifuge (7), immunoelectrophoresis (10), free boundary electrophoresis in 
the presence of antigen (7), and quantitative precipitin assay (12). Acrylamide disc gel elec- 
trophoresis was done using the method of Reisfeld and Small (11) except that urea was not 
added. 

C~la Fixation and Transfer Test. - T h e  number of C~la molecules fixed at the cell surface 
by antibody-antigen complexes was measured by the Ctla FT test (4) with a single modifi- 
cation: volumes of 0.1 ml of antibody dilution, erythrocytes, and Ctla were used in the first 
or fixation stage. 

1 BSA, bovine serum albumin. 
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Preparation of Benzenearsonie Acid-Azo-Sheep Erythrocytes (R-SRBC).--Erythrocytes 
from a single sheep bleeding were used after washing and incubation with EDTA (4). Ingra- 
ham's method (13) was modified to provide somewhat more effective hapten-coupled erythro- 
cytes for these experiments by increasing the hapten/cell ratio. All reagents were kept in an 
ice bath. 1 mmole (217 mg) of p-arsanilic acid was dissolved in 1 ml of distilled water and 1 
ml of 1 N sodium hydroxide. 1 ml 4 N hydrochloric acid was added to 1.1 mmole sodium 
nitrite (76 mg) in 2 ml distilled water, and this mixture added to the arsanilic acid and allowed 
to react for 15 min. 1 ml of 0.2 M urea was added and the solution brought to pH 7.4 with 1 x 
sodium hydroxide. The diazotized arsanilic acid was slowly added to 20 ml of a 10% (v/v) 
suspension of sheep erythrocytes in 0.15 • sodium chloride buffered with 0.01 ~ phosphate at 
pH 7.4 The coupling was allowed to proceed for 25 rain and the cells were washed three 
times with Veronal-buffered saline (4, 14). If not used immediately, the cells were stored at 
4°C in 0.075 M sodium chloride solution buffered at pH 7.4 with 0.075 M phosphate. Before 
use, the ceils were carefully washed three times with Veronal-buffered saline to remove phos- 
phate (15). 

Protein Measurement.--The rabbit IgM protein standards were determined by sulfuric 
acid digestion and nesslerization (7). These were used to calibrate the Lowry phenol method 
(16) for protein samples of 5--40 #g and to determine the extinction coefficient of the purified 
rabbit macroglobulin antibody. The extinction coefficient in 10% borate buffer, pH 7.85, 
was 13.2 4- 0.2 ~2s0 ms) using a Zeiss spectrophotometer. This macroglobulin antibody 
was assumed to contain 14.5% nitrogen (17). 

Preparative Electrophoresis.--A Brinkmann Elphor preparative electrophoresis apparatus 
was operated at 2500 v and i00 ma for 180 rain at 5°C (6). The buffer in the separation cham- 
ber was 0.03 M Tris HCI, pH 8.6. The sample was injected at 2 ml/hr, and the buffer flow in 
the separation chamber was 100-200 ml/hr. 48 fractions were collected. 

]odination of Proleins.--A slight modification of McFar]ane's method was used to trace- 
label proteins with 1311 08, 19). The labeled proteins had 0.1-1.1 atoms of 1311 per protein 
molecule and specific activities of 1.0-2.5 #c/rag. Over 99% of the radioactivity of labeled 
purified antibody preparations was precipitated when a small sample was mixed with an 
equal volume of 20% trichloroacetic acid. The labeled globulin preparations were 90-95% 
precipitable under these conditions. Radioactivity was measured using a Nuclear-Chicago 
(Des Plaines, Ill.) crystal scintillation detector and at least 5000 counts were measured for 
each 2.5 ml sample. 

Buffer Solutions.--Composition of the borate buffer, pH 8.4, and the 10% borate saline, 
pH 7.85, are given in reference 7. The Veronal-buffered saline (VB-saline) and Veronal-buf- 
fered saline-sucrose (VB-sallne-sucrose) of low ionic strength used in the Ct laFT test were 
prepared as described in references 4 and 20. The Tris-HC1 buffers for the preparative elec- 
trophoresis were prepared by adjusting a 0.09 ~ Tris [tris (hydroxymethyl) aminomethane] 
solution to pH 8.6 with hydrochloric acid to obtain the 0.09 M buffer and then diluting with 
distilled water to obtain the 0.03 M buffer. 

EXPERIMENTAL RESULTS 

T h e  I g M  a n t i b o d y  p r e p a r a t i o n s  were pur i f ied  f rom i n d i v i d u a l  sera  or pools  

of a n t i s e r a  p r o d u c e d  b y  r a b b i t s  d u r i n g  a s h o r t  i n t e n s i v e  i m m u n i z a t i o n .  Acry l -  

a m i d e  disc gel e l ec t rophores i s  of the  pur i f ied  I g M  d e m o n s t r a t e d  a s ingle b a n d  

a t  t he  gel i n t e r f ace  w i t h  b a r e l y  d e t e c t a b l e  t races  of f a s t e r  m o v i n g  c o m p o n e n t s  

(Fig.  1 a) .  As t he  m a t e r i a l  does  n o t  eas i ly  p e n e t r a t e  the  gel, t he  s ingle h e a v y  

b a n d  does n o t  i m p l y  h o m o g e n e i t y  of t he  m a c r o g l o b u l i n  b u t  does  i n d i c a t e  t h a t  

t he  p r e p a r a t i o n  is e s sen t i a l ly  free of lower  rno lecu la r  w e i g h t  ma te r i a l .  I m m u n o -  
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electrophoretic analyses were consistent with the presence of a single IgM 
component  (Fig. 1 b). Ultracentr ifuge studies revealed a large symmetr ical  
peak with a sedimentat ion coefficient (s20,w) of 18.6S at  a concentrat ion of 5.45 
m g / m l  (Fig. 2). A faster  moving component  (approximate ly  30S) representing 
less than 8% of the protein was present in samples stored at  4°C in bora te  
saline. The  concentrat ion est imate was based on area analysis with radial  
di lut ion corrections. 

FIG. 1. (a) Acrylamide gel disc electrophoresis of purified rabbit IgM anti-benzenear- 
sonate antibody (0.3 mg). The anode is towards the bottom of the figure. (b) Immunoelec- 
trophoresis of purified rabbit IgM anti-benzenearsonate antibody (5.45 mg/ml). The anti- 
serum in the left trough is sheep anti-rabbit IgM. The antiserum in the right trough is sheep 
anti-whole rabbit serum. The anode is towards the top of the figure. The well and troughs 
were each filled once. 
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All the protein in an IgM antibody preparation (pool 1, see Table I) formed 
soluble complexes when excess antigen (R-BSA) was added and the sample 
examined by free boundary electrophoresis (7). Control experiments demon- 
strated that 5% contamination with nonantibody protein would have been 
detected by this method. The IgM antibody was 77 % precipitable using R-BSA 
as antigen in microquantitative precipitin determinations (12). 

Ouchterlony analyses demonstrated no reaction between the purified IgM 
antibody and goat antiserum against rabbit Fc-fragment or goat antiserum 
against rabbit colostral IgA absorbed with IgG (b4/b5 heterozygote) to remove 

FIG. 2. Analytical ultracentrifuge pattern of purified rabbit IgM anti-benzenearsonate 
antibody (5.45 rng/ml) in borate saline buffer pH 7.85 at 20°C. Photograph taken 16 rain 
after reaching speed (59,780 rpm). 

anti-light chain antibodies. As both goat sera gave good reactions with their 
homologous antigens, there was little if any polymerized IgG or IgA in the 
IgM preparation. 

The above data indicate that the preparations of specifically purified IgM 
anti-benzenearsonic acid antibody were at least 95 % specific antibody and 
essentially free of other serum protein contaminants. 

Results of the C la  Fixation and Transfer Test.--The number of CPla mole- 
cules fixed by IgM antibody was determined for eight antibody samples ob- 
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tained from individual rabbits and two preparations obtained from rabbit  

serum pools. Benzenearsonic acid-azo-sheep erythrocytes (R-SRBC) were used 
as the antigen in the first stage of the C ' l a F T  test. Table I gives the results 
obtained using ant ibody eluted from the immunoadsorbent  with the pH 3 
phosphate-sodium chloride buffer. All the protein in the eluates was assumed 

to be ant ibody for these calculations. The uncorrected ratios of C~la molecules 
fixed to the number  of ant ibody molecules were between 0.09 and 0.16. This 
represented a marked difference from the expected ratio of 1.0 (5, 6). 

TABLE I 

C'la Fixation by IgM Anti-Benzenearsonale Antibody* 

Source of purified 
IgM antibody 

Pool 1 (32 rabbits) 
131I-labeled pool 1 
Pool 2 (6 rabbits) 

Rabbit V407 
Rabbit V404 
Rabbit C28 
Rabbit C29 
Rabbit C30 
Rabbit C64 
Rabbit C167 
Rabbit C173 

Anti- 
Immun- ] body 
izatioo con- 

schedule centra- 
tion~ 

A 
A 
B 

mg/ml 
5.45 
0.66 
0.16 

0.08 
0.11 
0.21 
0.20 
0.29 
0.19 
0.55 
0.58 

Antibody 
molecules/ml§ 

36.5 X 1014 
4.4 X 1014 
1.1 X 1014 

C'la molecules 
fixed/mill 

C'la molecules fixed 

B 
B 
A 
A 
A 
B 
B 
B 

5.4 X 1013 
7.3 X 1013 
1.4 X 1014 
1.3 X 1014 
1.9 X 1014 
1.3 X 1014 
3.7 X 1014 
3 .9  X 1014 

Antibody molecules 

5.0 X 1014 0.14 
6.8 X 10 I3 0.16 
1.5 X 10 TM 0.14 

8.7 × 1012 
1.1 X 1013 
1.3 X 1013 
1.1 X 1013 
3.0 X 1013 
1.2 X 1013 
4.9 X 1013 
3.4 × 1013 

O. 16 
0.15 
0.10 
0.09 
0.15 
0.09 
0.13 
0.09 

* Antibody eluted from the immunoadsorbent with the NaCl-phosphate buffer, pH 3.0. 
:~ All protein was assumed to be IgM antibody. The protein content was measured by the 

Lowry method. 
§ A molecular weight of 900,000 was used. 
[I The antibody was diluted sufficiently to provide C'la fixation and transfer values of 

2.7 to 16.7 ;< 109 molecules in the individual experiments. 

In  previous studies, the number  of C ' l a  molecules fixed has been proportional 
to the number  of IgM ant ibody molecules added to a constant amount  of 

erythrocyte antigen, i.e., the dose-response curve had a slope of one (4, 21). 
This relationship was tested for rabbit  IgM anti-benzenearsonate using dilutions 
of pool 1 ant ibody (Table I). The graph of C ' l a  molecules fixed as a function 
of the number  of ant ibody molecules demonstrated a straight line with a slope 
of 1.18 (Fig. 3). The C'la-fixing properties of rabbi t  IgM ant i -R are like those 
of all other IgM antibodies tested in this way (4, 21). 

Binding of laI-Labeled Antibodies to R-SRBC.--Since only a fraction of the 
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IgM antibody molecules fixed C'la, it was essential to consider the possibility 
that the nonfixing antibody molecules did not bind to the sheep erythrocytes 
under the conditions of the test. The first stage of the C'laFT test was repeated 
using 181I-labeled anti-R so that the proportion of antibody molecules bound 
to the R-SRBC could be measured. While the antibody to cell ratio affected the 
percentage of labeled antibody bound to the R-SRBC, as much as 88 % of the 
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A N T I B O D Y  M O L E C U L E S  PER C E L L  

FIO. 3. Fixation of C' la  as a function of antibody concentration. Dilutions of anti-R were 
added to 2 X 10 s R-SRBC. The number of antibody molecules is calculated from the mg of 
protein added. 

radioactivity remained with the cells after four washings with low ionic strength 
VB-saline-sucrose. Normal (uncoupled) SRBC incubated with the same amount 
of labeled antibody bound only 2 % of the protein added. 

C'la fixation was compared directly with percentage of radioactivity bound 
in an additional experiment. Samples of 181I-labeled IgM antibody were incu- 
bated with 8 X 109 R-SRBC and with the same number of control (uncoupled) 
SRBC in 2 ml total volume for 10 min at 37°C. 
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0.1 ml was then removed from each mixture,  brought  to 1.0 ml with VB-  
saline-sucrose, and assayed by  the s tandard  C ' l a F T  test. Dupl ica te  0.4 ml 
samples of the original cel l -ant ibody mixture were incubated with 0.1 ml C ' l a  
for 10 min at  30°C. The cells were then washed four t imes with 4.5 ml of 
VB saline-sucrose and the amount  of rad ioac t iv i ty  retained on the erythrocytes  
was determined.  The number of IgM molecules bound to the R-SRBC was five 
times the number  of C ' l a  molecules fixed (Table I I ) .  While the C ' l a  fixed was 
only 15.5 % of the IgM an t ibody  added, under these conditions 74% of the 
IgM molecules were bound to the R-SRBC.  When the efficiency of rabbi t  IgM 

TABLE II 
Comparison of Antibody Binding and C'la Fixation Using 131I-Labdecl Rabbit lgM Anti- 

Benzenearsonate Antibody 

R SRBC 

Antibody binding: 
Net cpm of lalI-labeled antibody added 81 
Net cpm of erythrocytes after washing 60 
Proportion of antibody bound to erythrocytes 0.74 

C'la fixation: 
Antibody molecules added* 
Antibody molecules bound:~ 
C'la molecules fixed 

Normal SRBC 

76.0 
1.5 
0.019 

3.5 X 10 u 3.3 X 1011 
2.6 >( 1011 0.07 X 10 u 

0.56 X 1011 [ 0.009 X 1011 

For the R-SRBC: 
C'la molecules fixed 0.56 Cqa molecules fixed 0.56 

- - 0.155 = - = 0.21 
Antibody molecules added 3.5 Antibody molecules bound 2.6 
* Calculated assuming all the protein present was IgM antibody (molecular weight 900,- 

000). 
:~ (Antibody molecules added) X (proportion of antibody bound to erythrocytes). 

a n t i - R  was calculated for those molecules bound to the R-SRBC, 21% of the 
IgM an t ibody  molecules fixed C ' l a .  

Effect of Purification on C'la-Fixing Capacity.--Partial destruction of C ' l a -  
fixing capaci ty  during the IgM ant ibody  purification would cause an apparent  
difference when the number  of C' la-f ixing molecules was compared with the 
number  of an t ibody  molecules. 

The magni tude of this effect was determined by  comparing C' la-f ixing 
ac t iv i ty  and an t ibody  protein at  each step of the purification (Table I I I ) .  
An t ibody  was isolated from anti  R globulin depleted of IgG by  DEAE-cel lulose 
chromatography.  

The amount  of an t ibody  left on the immunoadsorbent  after elution was 
est imated by  a microcolumn method using 1.2 1.5 mg of 131I-labeled (IgG- 
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TABLE I I I  
Preservation of C'la Fixing Activity During Antibody Purification 

597 

Starting globulin* 
Protein not adsorbed by 

the immunoadsorbent 
Antibody eluted with 1 

NaCI, 0.05 M phosphate, 
pH 3.0 

Antibody eluted with 0.1 N 
HCI 

Protein retained on immu- 
noadsorbent 

Recovery of C' laf ixlng 
molecules in antibody 
fractions 

Recovery of adsorbed ra- 
dloactivity 

Calculated recovery of anti- 
body~ (100% -- loss dur- 
ing adsorption-loss dur- 
ing elution) 

Mg 
pro- 
tein 

301 
284 

8 . 9  

4.4 

Serum V404 

Antibody 
purification 

C ' la  fixing 
molecules 

36.5 X 10t4 
1.9 X I0 t4 

9.5 X 1014 

4.0 X 10t4 

13.5 
37% 

36.5 

Microcolumn 
assay using 
mI-labeled 

protein 

Net cpm 

597,221 
592,692 

1,675 

1,092 

1,762 

2,767 
60% 

4,529 

1.9 1,762~ 
lOO 1.oo- ~s.s ~-~/ =56% 

Mg 
pro- 
tein 

90 
80 

2.1 

2.0 

Serum V407 

Antibody 
purification 

C ' la  fixing 
molecules 

11.5 X 1014 
1.5 X 10 t4 

2.2 X 10 ta 

1 .6  X 10 t4 

3.8 
ffi 33% 

11.5 

Microcolumn 
assay using 
mI-labcled 

protein 

Net cpm 

398,834 
388,926 

3,047 

1,494 

2,408 

4,541 6s% 
[ 6,949 

~ 52% 
1.5 2,408~ 

100 1.00 11.5 6,949/ 

* IgG removed by DEAE chromatography. 
$ The amount lost during adsorption measured by C'la-ffxing molecules in protein not adsorbed. The 

amount lost during elution measured by radioactivity retained on immunoadsorbent. 

depleted) globulin. ~' ~ This  allowed direct determinat ion of the prote in-bound 
rad ioac t iv i ty  re ta ined on the adsorbent .  I t  was assumed tha t  the eluted ant i -  
body  had  the same specific ac t iv i ty  as tha t  re ta ined on the immunoadsorbent .  

The  recovery of C ' la- f ix ing capac i ty  reflected the recovery of an t ibody  

2 Hoyer, L. W., W. E. Vannier, and L. Renfer. Antibody elution from hapten-cellulose 
immunoadsorbents: the effects of hapten structure, pH and salt concentration. Immuno- 
d~mistry. In press. 

3 The radioactivity per mg of IgG-depleted globulin was much greater than that of the 
purified antibody when measured directly (V404 globulin, 28,150 cpm/mg; V404 antibody, 
3300 cpm/mg; V407 globulin, 18,900 cpm/mg; V407 antibody, 4800 cpm/mg) or calculated 
from the data of Table 111. Similar differences in specific activity have been found when whole 
serum was iodinated before isolation of protein fractions (22). The ratio of cpm (microcoluma 
assay) to nag of antibody isolated (large scale antibody purification) varied without pattern 
for a different reason. These two experiments were done on different scales and included 
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protein during the steps of the purification. Antibody is most effectively purified 
with this benzenearsonic acid-cellulose immunoadsorbent at protein-adsorbent 
ratios such that  most, though not all, of the ant ibody is adsorbed in the first 
passage through the adsorbent column. ~ 5 and 13 % of the antibody (measured 
by  C'la-fixing antibody) was not adsorbed from the an t i -R  globulins. Incom- 
plete elution caused an additional loss of 40 and 35 % of the adsorbed antibody. 
Although losses occurred at both steps of the purification, we recovered 56 and 
52 % of the IgM antibody in the starting globulins. The recovery of C'la-fixing 

TABLE IV 
C'la Fixation by IgM Anti-Benzenearsonate Eluted with Different pH Buffers 

Source of purified 
IgM antibody* 

:abbit V569 

:abbit V570 

:abbit V404 

:abbit V407 

pH of 
lsola- 
tion:~ 

3 
1-2 

3 
1-2 

Anti- 
body 
con- 

centra- 
tion§ 

mg/ml 

0.28 
0.35 

0.28 
0.42 

0.11 
0.042 

0.081 
0.053 

Antibody 
molecules/mill 

1.8 X 1014 
2.3 X 1014 

1.8 X 1014 

2.8 X 1014 

7.3 X 10 i3 
2.8 X 1013 

5.4 X 101~ 
3.5 X 10 t3 

C'lamolecules 
fixed/ml 

1.7 X 10 TM 

2.2 X 1013 

1.7 X 1013 
1.7 X 1013 

1.1 X 1013 
3.8 X 10 TM 

8.7 X 1012 
4.1 X 1012 

C'lamoleeules fixed 
Antibody molecules 

0.09 
0.09 

0.09 
0.06 

0.15 
0.14 

0.16 
0.12 

* All rabbits immunized by schedule B. 
$ Antibody eluted at pH 6 and pH 3 with 0.05 M phosphate, 1 • NaC1. Antibody ehited 

at pH 1-2 with 0.1 N HC1. 
§ All protein was assumed to be IgM antibody. The protein determined by Kjddahl nitro- 

gen analysis with 6.25 conversion factor (rabbits V569 and V570) or by Lowry protein de- 
termination (rabbits V404 and V407). 

][ A molecular weight of 900,000 was used. 

activity (37 and 33 %) was, therefore, two-thirds of that  calculated for the IgM 
antibody. 

In  other experiments, the fraction of antibody molecules that  would fix 
C ' l a  was found to be independent of the pH of antibody isolation (Table IV). 

Electrophoretic Characterization of the IgM Antibody.--Functional heteroge- 
neity among the IgM antibody molecules could produce a deficiency in the 

different manipulations (gel filtration, concentration, and two dialyses during antibody iso- 
lation) which could affect the amount of antibody isolated. The specific activity of antibody 
isolated from 18t I-labeled anti-R globulin was not affected by the pH at which the antibody 
was eluted. 
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number of C ' l a  molecules fixed. Evidence of heterogeneity was obtained by 
preparative electrophoresis of 11.2 mg of IgM antibody (pool 2, Table I). The 
protein concentrations of the fractions obtained were determined (optical 
density at 280 m/z) and the C'la-fixing capacities measured. A comparison of 
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FIG. 4. Preparative electrophoresis of purified rabbit IgM anti-benzenearsonate antibody. 
The solid line represents optical density at 280 m#, and the broken line represents the num- 
ber of molecules of C'la fixed/ml. Above this data is plotted the calculated ratio of C'la 
molecules fixed to antibody concentration in each tube. The anode is to the left. 

the two values (Fig. 4) demonstrates relatively greater C ' l a  fixation by the 
more negatively charged IgM molecules. The ratio of C ' l a  molecules to anti- 
body molecules is also given in Fig. 4. The number of antibody molecules in 
each fraction was calculated from the optical density at 280 m# using E ~  m~ = 
13,2 for rabbit IgM and assuming that all the protein present was antibody 
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with a molecular weight of 900,000. The ratio fell from 0.31 in the most ano- 
dal fraction to 0.03 in the most cathodal fraction having sufficient protein to 
permit an accurate estimation of antibody content. 

DISCUSSION 

Quantitative immunologic methods may emphasize different manifestations 
of an immune interaction. Most determinations require the identification of the 
antigen-antibody complex, either in solution or as a precipitate. Another meas- 
ure of the number of antigen-antibody complexes generated by a serum is the 
number of C'la molecules fixed and then transferred using the C' laFT test. As 
the number of C' la molecules fixed is directly proportional to the amount of 
IgM antibody added (4, 21), the test is an effective quantitative measure of 
antibody. Moreover, in the two systems previously studied (rabbit IgM 
anti-Forssman antibody and human IgM anti-A isoagglutinin), the number of 
C' la molecules fixed was the same as the number of IgM antibody molecules 
determined by quantitative precipitation or by antigen binding (5, 6). 

The properties of specifically purified rabbit IgM anti-R antibody were 
different, however, when measured using the C' laFT test. Although the anti-R 
was immunologically active, some molecules which combined with antigen 
failed to fix C'la. Evidence for the activity of the antibody included the follow- 
ing characteristics: over 95 % of the molecules were present in antibody-antigen 
complexes formed in antigen excess and examined by free boundary electropho- 
resis, 88 % were bound by hapten-coupled erythrocytes, and 75 % precipitated 
in quantitative precipitin assay. Nevertheless, C' la fixation was associated with 
only 21% of the number of antigen-antibody complexes formed as measured by 
radiolabeled antibody bound to the cell. 

While some loss of C'la-fixing capacity was detected during the purification 
procedure, this was not sufficient to account for the difference between com- 
plexes formed and C'la molecules fixed. This important control demonstrated 
that the low ratio of C' la molecules fixed to antibody molecules was not an 
artifact of the method of antibody purification. 

Most of the experiments were done with antibody prepared from pools of 
rabbit serum, but similar results were obtained when purified preparations from 
eight individual rabbits were assayed. The C'la-fixing capacity of the purified 
antibody was also the same when two different schedules of immunization were 
compared. 

Previous studies with the C' laFT test have used erythrocyte surface antigens 
for comparison of C'la-fixing capacity and antibody content on a molecular 
basis (5, 6). There may be significant differences in the antibody-antigen- 
complement relationships when these intrinsic antigens are compared with 
small haptenic groups coupled to proteins of the erythrocyte membrane. The 
size of the binding sites, the strength of the antigen antibody bond, and the 
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number of antigenic sites may be significantly different. Moreover, the im- 
portance of antigenic heterogeneity may differ when the two kinds of antigens 
are compared. 

Our findings with hapten coupled directly to erythrocyte membrane protein 
were confirmed using tanned SRBC coated with R-BSA. Parallel experiments 
demonstrated 80% of the C'la fixation with RBSA-tarmed SRBC when com- 
pared with R-SRBC sensitized with the same quantity of purified IgM anti- 
body. 

Although the IgM antibody preparations appeared to contain only trace 
contamination when examined by ultracentrifugation, immunoelectrophoresis, 
and disc electrophoresis in acrylamide gel, partial separation of fractions with 
different C'la-flxing activity could be obtained by preparative electrophoresis. 
The concentration of Cqa-fixing antibody molecules in the anodal region 
suggests that there are at least two different kinds of IgM molecules. 

Since complement-fixing capacity is associated with heavy chain charac- 
teristics (2), the separation of C'la-fixing molecules from non-C'la-fixing 
molecules may be due to a previously unrecognized/z chain heterogeneity. In 
this case, the difference in electrophoretic mobility may be related to the 
difference in functional properties; both caused by slight changes in the com- 
position or structure of the antibody/z-chain. 

It  has been suggested that there are two types of human IgM anti-A anti- 
bodies, and that some individuals have only nonhemolytic "naturally occur- 
ring" IgM anti-A (23). While this has not been investigated in detail, the data 
we have obtained would support such an hypothesis. The electrophoretic and 
functional heterogeneity of guinea pig IgG antibodies (24) demonstrates a 
well-studied example of the kind of reactivity we have noted for rabbit IgM. 
Little is known of the relationships between the different antibody types within 
each class. It remains to be determined if the production of different antibody 
types within a class is regulated by the form in which the antigen is presented, 
the physical properties of the antigen, or the stage of the immune response. The 
heterogeneity of rabbit IgM anti-benzenearsonate offers a well-defined system 
for further investigation of these questions. 

S ~ A R Y  

The C'la-fixing properties of purified rabbit IgM anti-benzenearsonate 
antibody were determined. When tested with sheep erythrocytes to which 
hapten had been coupled by diazo linkage, the number of C'la molecules fixed 
was 21% of the number of IgM antibody molecules bound to the erythrocyte 
surface. This was not due to loss of C'la-fixing capacity during the purification 
procedure. Preparative electrophoresis of the antibody concentrated C'la-fixing 
molecules in the anodal region so that antibody fractions with greater C'la- 
fixing capacity were obtained. The demonstration that C'la fixation is a 
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property of a subpopulation of IgM molecules provides evidence for previously 
unrecognized #-chain heterogeneity. 

It is a pleasure to acknowledge the technical assistance of Mr. Robert McCleskey and the 
gifts of the Salmonella enteritidis polysaccharide (lot 211) by Dr. Maurice Landy and the 
sheep anti-rabbit IgM by Dr. Parker A. Small, Jr. Dr. Rose Mage kindly performed the 
Ouchterlony analyses. 

Note Added in Proof.--P. H. Plotz, H. Colten, and N. Talal (March 1968. J. Im- 
munol.) have reported the existence, in mice, of a noncomplement-fixing subpopula- 
tion of IgM molecules. 
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