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Physical Chemical Studies of Soluble Antigen-Antibody Complexes. I. The Valence 
of Precipitating Rabbit Antibody1 

BY VS. J. SINGER2 AND DAN H. CAMPBELL 

A quantitative ultracentrifugal and electrophoretic study has been performed with the soluble antigen-antibody com­
plexes formed in antigen excess between lightly-iodinated bovine serum albumin antigen and precipitating rabbit anti-bovine 
serum albumin antibodies. A particular species of complex, the a complex, is found to predominate in large antigen excess, 
and it is demonstrated that this complex must be largely the species containing two antigen molecules and one antibody. I t 
is concluded, therefore, tha t the antibodies in this system are largely bivalent. 

A specific precipitate formed between an antigen 
and its antibody can be dissolved by adding to it a 
sufficient excess of the antigen in solution. Heidel-
berger and Pedersen3 studied such solutions, con­
taining egg albumin antigen and rabbit antibodies, 
in the ultracentrifuge. They demonstrated the 
presence of distinct molecular species in solution, 
sedimenting more rapidly than either antigen or 
antibody molecules, and concluded that these 
species were a number of definite complexes formed 
between the antigen and antibody. Pappenheimer, 
Lundgren and Williams4 subsequently investigated 
the diphtheria toxin-horse antitoxin system in the 
ultracentrifuge. Mixtures of the toxin with the 
antitoxic pseudoglobulin in the region of toxin 
excess revealed the presence of complexes sediment­
ing faster than either the toxin or the inert pseudo-
globulin in the solution. Ultracentrifuge experi­
ments which we performed6 with the bovine serum 
albumin (BSA)-rabbit anti-BSA system in antigen 
excess also demonstrated the existence of several 
species of complexes. Becker and Munoz6 have 
recently reported similar results for similar systems. 

We concluded from our preliminary experiments 
that an extensive quantitative study of the ultra-
centrifugal and electrophoretic behavior of these 
systems of soluble antigen-antibody complexes 
could yield valuable information about the nature 
of the immunologic reaction. In particular, knowl­
edge about the structure of antibodies and of the 
free energy of formation of the bond between anti­
gen and antibody might be forthcoming from such a 
study. We accordingly carried out a quantitative 
investigation of the rabbit anti-BSA system, the 
results of which are reported in this paper. These 
results have led to the conclusion that the pre­
cipitating antibodies in this system are largely 
bivalent. The problem of antibody valence is 
still the subject of controversy and in the last few 
years evidence of apparently conflicting nature has 
been obtained by a variety of methods.7 Most of 

(1) This work was supported in part by a grant from the United 
States Public Health Service. This paper was presented before the 
Meeting of the American Society of lmmunologists at Cleveland. Ohio, 
April, 1951, and a preliminary account of it has been published in 
THIS JOURNAL, 73, 3543 (1951). 

(2) Chemistry Department, Yale University. 
(3) M. Heidelberger and K. O. Pedersen, J. Exptl. Med., 65, 393 

(1937). 
(4) A. M. Pappenheimer, Jr., H. P. Lundgren and J. W. Williams, 

ibid., 71, 247 (1940). 
(5) Unpublished experiments, 
(6) E. L. Becker and J. Munoz, paper presented before the Meeting 

of the American Chemical Society, Chicago, 111., ,September, 1950. 
(7) L. Pauling, D. Pressman and D. H. Campbell, THIS JOURNAL, 66, 

330 (1944); H. N. Bisen and F, Karush, ibid.. 71, 303 (1949;; L 

the differences center about the question as to 
whether precipitating antibodies are largely uni­
valent or bivalent; possible higher valences are 
usually not considered, at least not for rabbit anti­
bodies. 

Experimental Methods 
Preparation of Solutions of Antigen-Antibody Complexes. 

•—Our preliminary experiments5 utilized BSA and rabbit 
antibodies to BSA. In the course of these experiments a 
method was developed for preparing solutions of soluble 
antigen-antibody complexes in a region of antigen excess 
much closer to the equivalence zone than was possible by 
other means, and this method has been used in the studies 
reported in this paper. This method, however, renders it 
impossible to determine the exact amounts of total antigen 
and total antibody in the final solutions unless one of the two 
proteins is labeled. Since lightly labeling the antigen might 
be expected to have the lesser effect on the antigen-antibody 
reaction, and since iodination is a simple and well-studied 
method of labeling proteins, the possible use of iodinated 
bovine serum albumin (BSAI) in this research was investi­
gated. 

The effect was determined of different degrees of iodina­
tion of BSA upon the precipitin test between BSAI and anti-
sera to un-iodinated BSA. Eisen and Keston8 have in­
vestigated this problem for the case that on the average 
only one BSA molecule in five or ten is iodinated, using I131, 
and they found no effect of this degree of iodination on the 
precipitin reaction. For our purposes we required higher 
degrees of iodination than were examined by these authors. 
Four preparations, containing an average of 2.4, 5.9, 13.1 
and 20.8 I atoms per BSA molecule, were made. A 7-glo-
bulin fraction from pooled high titer anti-BSA sera was 
prepared by precipitation with 1A saturated (NH4 J2SO4, 
and subsequent solution of the precipitate in saline at pH 
7.5. The results of the precipitin tests with this antibody 
preparation and BSAI and BSA antigens are given in Table 
I . No significant effect on the precipitin test was produced 
by the iodination of the BSA to the extent studied. 

TABLE I 

Antigen 
added, 

mg. 

0.0156 
.0313 
.0625 
.125 
.250 

" Mg. per 
solution. 

BSA 
0.83 
1.7 
2 .5 
2.4 
0.81 

Total 
2.4 I 

0.86 
1.4 
2.9 
2.7 
1.0 

protein precipitated0 

5.9 I 13.1 I 

0.89 
1.7 
2.6 
2 .8 
0.85 

0.30 
1.4 
2 .7 
2 .8 
0.96 

ml. of original antibody-containing 

20.8 I 
0.90 
1.5 
2 .4 
2.9 
1.1 

7-globuli 

Further tests of possible alterations in the immunologic 
reaction produced by iodinating the BSA will be described 

Lerman, Ph.D. Thesis, California Institute of Technology, 1950; 
T. E. Banks, O. E. Francis, W. Mulligan and A. Wormall, Biochem. J., 
48, 371 (1951); F. Haurowitz, "Chemistry and Biology of Proteins," 
Academic Press, Inc., New York, N Y., 1950, p. 290; J. R. Marrack, 
H, Hoch and R. O. S, Johns, Abstr. of Proc. Biochem. Society, Bio­
chem. J., 48, xxi (1051). 

(8; H. N-. Eisen and A. S. Keston. J. Immunol., 63, 71 (1949). 
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SoIn. 
no. 

I 
I-a 
I-b 
I-c 
II 
Il-a 
Il-b 
II-c 
1-1 
I-l-a 
I-l-b 
I-l-c 
I M 
II-1-a 
II-1-b 
IM-c 
1-2 
I-2-a 
I-2-b 
I-2-c 
II-2 
II-2-a 
II-2-b 
II-2-c 
1-3 
• 100 X 

Total 
protein, 
mg./ml. 

18.0 
12.0 
11.1 
6.6 

18.0 
12.0 
8.0 
5.3 

15.7 
10.4 
7.0 
4.6 

16.3 
10.9 
7.2 
4.8 

20.7 
13.8 
9.2 
6.1 

21.3 
14.2 
9.5 
6.3 

23.7 

(AG/AB)w 

0.53 
.53 
.53 
.53 
.56 
.56 
.56 
.56 

1.00 
1.00 
1.00 
1.00 
1.11 
1.11 
1.11 
1.11 
1.64 
1.64 
1.64 
1.64 
2.14 
2.14 
2.14 
2.14 
5.9 

BSA-5I 

3.9 

3.8 
4.0 
4.1 
4.2 
4.1 
4.0 
4.3 
4.1 
4.0 
4.1 
4.0 
4.2 
3.7 
4.0 
4.2 
4.2 

4.0 
4.4 
4.2 

a complex/total complexes. 

TABLE II 

ULTRACENTRIFUGB RESULTS 

$20 
a 

complex 

8.06 
8.31 
8.22 

8.31 

8.27 
8.09 
8.51 
8.35 
8.64 
7.71 
8.09 
8.52 
8.42 
7.75 
7.92 
8.40 
8.36 
7.31 

b 
complex 
11.2 
10.9 
11.3 
12.0 
11.0 
11.2 
11.3 
11.7 
11.0 
11.1 
12.0 
11.7 
10.7 
11.3 
11.0 
11.4 
9.7 

10.8 
11.0 
11.4 
9.7 

10.3 
10.1 
11.4 
9 8 

BSA-5I 

16 
15 
15 
20 
30 
30 
33 
33 
37 
33 
35 
37 

44 
48 
47 

57 
52 
55 

Relative areas 
a b 

complex complex 

5 23 
17 
23 
20 

7 20 
5 15 
5 16 
7 

10 
10 
10 
9 

13 
11 
10 
12 
17 10 
16 14 
15 
12 
11 
15 
14 

8 
8 

14 13 
8 2 

b 
complex 

47 

8 
9 

2 

a / 2 " 

8 
6 
6 
8 

14 
14 
15 
14 
21 
17 
16 
19 

29 
29 
23 

35 
29 
31 

a/b 

0.22 

0 
0 
0 

1 
1 

1 
1 
1 
4 

35 
33 
31 

7 
1 

9 
8 
1 
0 

in a future publication. The information obtained from the 
precipitin tests made it feasible to use BSAI in our experi­
ments. I t was decided to prepare a BSAI containing an 
average of about 5 I atoms per BSA molecule. This figure 
represents a compromise between a minimally altered and a 
relatively uniformly labeled BSAI antigen. After iodina-
tion, the protein was exhaustively dialyzed against saline 
at pH 7.5, and the solution was analyzed for iodine and ni­
trogen. The BSAI contained an average of 5.2 I atoms per 
BSA molecule; it is referred to below as BSA-5I. 

Anti-BSA rabbit sera9 were pooled, and the 7-globulin 
fraction was largely freed of the other serum proteins by 
precipitation in l/s saturated ( N H ^ S C ^ solution twice, 
after which it was dissolved in saline at pH 7.5. One 
hundred and eighty-eight ml. of this 7-globulin solution, con­
taining 505 mg. of anti-BSA antibodies, was mixed with 188 
ml. of a solution containing 58.7 mg. of BSA-5I. (These 
proportions were determined in separate tests under the 
same conditions to be in the zone of maximum precipitation.) 
This mixture was kept at 4° for about 18 hours. The spe­
cific antigen-antibody precipitate was then centrifuged down 
in the cold, washed once with cold saline, and recentrifuged. 
Two hundred and fifty mg. of BSA-5I in 17.5 ml. of saline 
solution was added to the entire precipitate, but after about 
18 hours at 4° very little had dissolved. An additional 250 
mg. of BSA-5I was then added, and the mixture was me­
chanically agitated for several hours. The undissolved pre­
cipitate (P-A) was centrifuged off, and the supernatant (S-
A) was separated. Another 214 mg. of BSA-5I was added 
to P-A and this mixture was agitated for 24 hours. The 
remaining undissolved precipitate (about 10 mg.) was cen­
trifuged off and discarded, and the supernatant (S-B) was 
retained. The two solutions, S-A and S-B were thereafter 
treated separately. At this stage each of the two solutions 
contained a rather large excess of antigen, required to dis­
solve the specific precipitate under the conditions described. 
As mentioned earlier, it was found possible to prepare solu­
tions of soluble complexes in considerably smaller antigen 
excess, which was accomplished as follows. S-A and S-B 
were brought to one-half saturation with respect to (NHOs-
SOi and the pH was adjusted to 7.8 with dilute NaOH. 

(9) These sera contained an average of about 3 mg./ml. of anti­
bodies to BSA. 

The precipitates, formed at room temperature for about an 
hour, were centrifuged down, and were redissolved com­
pletely in buffered saline, and the resultant solutions were 
dialyzed against phosphate buffer, pVS. 7.6 and ionic strength 
(it) 0 .1 . The dialyzed solutions were concentrated by 
evaporation in dialysis bags at 4° and were then redialyzed 
against the phosphate buffer. The solutions which re­
sulted were labeled I and I I , respectively. Solutions I and 
II were analyzed for iodine and nitrogen. The factor 6.25 
was used to convert from mg. N to mg. protein. 

The results listed in Table II indicate that in over-all 
composition solutions I and I I are closely similar. (AG/ 
AB )w signifies the weight ratio of total antigen to total anti­
body in a solution. These solutions, containing known 
amounts of total BSA-5I antigen and total antibody, were 
the master solutions of soluble complexes used in this study. 
That part of the BSA-5I not used in the preparation of solu­
tions I and II was concentrated by evaporation in a dialysis 
bag at 4° , and dialyzed against phosphate buffer, pH 7.6, 
Ii 0 .1. Solutions of soluble complexes a t different and larger 
antigen excesses were then prepared from I and II by adding 
to aliquots of them, the appropriate amounts of the latter 
BSA-5I solution. Ultracentrifugal analyses were carried 
out at several dilutions at each antigen-antibody ratio 
studied. For electrophoretic analysis, solutions at various 
antigen-antibody ratios at a single total protein concen­
tration were prepared, and were then dialyzed for 48 hours 
at 4° against veronal buffer, pH 8.5, n 0 .1. 

Materials and Methods.—The BSA utilized throughout 
this research was the crystalline product obtained from Ar­
mour and Co. I t was iodinated by the method recom­
mended by Hughes, and Straessle.10 The iodine analyses 
were performed by the method of Chaney11 and the nitrogen 
was determined by Nesslerization. A Beckman Model B 
spectrophotometer was utilized in the colorimetric assays. 

The ultracentrifuge used in this study is an electrically-
driven instrument designed and built in this Insti tute. I t 
employs a two-phase synchronous motor connected directly 
to the ultracentrifuge rotor. The variable frequency signal 
driving the motor is generated by an assembly involving a 

(10) W. L. Hughes, Jr., and R. Straessle, T H I S JOURNAL, 72, 452 
(1950). 

(11) A. L. Chaney, Ind. Eng. Chem., Anal. Ed., 12, 179 (1940). 
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calibrated audio oscillator, the output of which is split into 
two phases and these appropriately amplified. The ultra-
centrifuge rotor and cells are the standard size analytical 
equipment supplied by the Specialized Instruments Co., 
Belmont, California, for its Spinco Model E ultracentrifuge. 
The optical system is a Philpot-Svensson cylindrical lens-
diagonal knife edge schlieren system employing parabolic 
mirrors instead of schlieren lenses.12 The temperature of 
the solution during sedimentation is maintained to within 
1 ° by circulating cold water through coils in the rotor chamber 
and maintaining hydrogen pressure of about 0.5 mm. in the 
chamber. The temperature of the solution is measured by 
means of a calibrated thermocouple situated in the slip­
stream of the rotor. Ail of the ultracentrifuge runs were 
performed at 21 ± 1 °, at a rotor speed of 887 ± 2 r .p.s. , in 
phosphate buffer at pH 7.6, u 0.1. The operation of the 
ultracentrifuge was calibrated by several experiments with 
1% solutions of BSA in the phosphate buffer, the sedimen­
tation constant for which was taken as s%0 — 4.05 S.13 

In the determination of sedimentation constants from dia­
grams in which the peaks due to the various components 
were not completely resolved, Gaussian curves3 were con­
structed for the major components and the positions of the 
maxima of these curves were used in the calculations rather 
than the positions of the maxima as they appeared in the 
original diagrams. For the evaluation of the areas the origi­
nal plates were enlarged 1 -3 times and traced. Reference 
baselines for the diagrams were obtained by ultracentrifug-
ing the buffer itself under conditions identical to those of 

-a a a 
'E a • 

Ascending. Descending. 

Fig. 1.—a, Ultracentrifuge diagrams of BSA-Oi; b, ultra­
centrifuge diagrams of the 7-globulin fraction of rabbit anti-
sera from which the antibodies to BSA were specifically pre­
cipitated; c, electrophoresis diagrams of BSA-51, after 
5400 sec. migration; d, electrophoresis diagrams of the 7-
globulin fraction, after 5400 sec. migration. The time after 
full speed was attained is given under each ultracentrifuge 
pattern. The starting positions of the electrophoresis pat­
terns are indicated by the arrows. 

(12) S. M. Swingle. Kev. .S,.i. Instrument:., 18, 12S (. 1 '.< 17,1 
ili!) S. J. Sinner , / . Clu-m. I'iiys. 1 5 , 3 1 ! (]!M7j. 

the protein runs. The dilution factor correction," (xt/xo)2, 
was routinely applied to the areas determined from the sedi­
mentation diagrams. 

The electrophoresis experiments were performed in a 
Perkin-Elmer Model 38 Tiselius apparatus. All experi­
ments were performed at a potential gradient of 6.45 volts/ 
cm., for between 7500 to 7800 see. The ^H of the veronal 
buffer was measured at room temperature, and the buffer 
conductivity, measured at 1.3°, was employed in the mo­
bility calculations. 

Results 
Starting Materials.—Ultracentrifuge and elec­

trophoresis experiments were performed with the 
BSA-5I preparation, and with the original 
7-globulin fraction from which the antibodies to 
BSA were subsequently specifically precipitated. 
Diagrams of these experiments are reproduced in 
Fig. 1. About 99% of the two preparations mi­
grate ultracentrifugally with the appropriate sedi­
mentation constants under single peaks. Electro-
phoretically the BSA-5I is about 95% a single com­
ponent, while of the 7-globulin fraction about 86% 
migrates under a single peak, the rest of the protein 
being 0- and a-globulins. Since the antibody was 
subsequently precipitated from this fairly homo­
geneous 7-globulin fraction, it is considered that 
any non-specific impurities in the final preparations 
of soluble complexes were quantitatively insigni­
ficant. The most probable contaminant would be 
non-antibody 7-globulin, and the electrophoresis 
and sedimentation diagrams to be discussed below 
reveal no indication of free 7-globulin in the solu­
tions of soluble complexes. 

Ultracentrifuge Results.—Several noteworthy 
features of the schlieren diagrams (examples of 
which are reproduced in Fig. 2), obtained upon 
sedimentation of solutions of soluble complexes, 
may be described, and in the order of increasing 
sedimentation rate, these features are: (a) the 
slowest-sedimenting peak, which corresponds to the 
free BSA-5I antigen15; (b) the absence, or presence 
below detectable limits, of a peak with the sedi­
mentation rate of free 7-globulin; (c) the a complex 
peak, with a sedimentation constant of about 8 S, 
which becomes increasingly prominent in solutions 
containing a larger excess of antigen, until in the 
solution with (AG/AB)w = 5.9 it is the predomi­
nant complex species; (d) the b complex peak, 
characterized by a sedimentation constant of 
about 11 to 12 S; (e) higher, or h complexes, prob­
ably consisting of a large number of molecular 

(Ii) T. Svedberg and K. O. Pedersen, "The Ultracentrifuge," 
Clarendon Press, London, 1940, p. 7. 

(lo) In the sedimentation diagrams ol the solution at a total (AG/ 
AB)W = 0.53, (not illustrated in Fig. 2), the free antigen peak ex­
hibits a sharp spike near its maximum which makes precise area 
measurements of the albumin peak in this experiment difficult. The 
behavior of this spike in a number of experiments is analogous to the 
behavior of certain serum lipid-bearing components studied by Gofman 
and co-workers.16 Since this spike becomes decreasingly evident in 
experiments in larger antigen excess, the substance responsible for the 
spike was not present in the MSA-5I solution, but must have been in 
the v-globulin fraction from which the antibodies. weKe speqineaUy 
precipitated, and must further have been carried down with the anti­
gen-antibody precipitate. We have not investigated the significance 
of this observation, nor the possible relationship o£ the substance to 
complement or its components. For the purposes of the experiments 
described in this paper, however, this substance did not significantly 
;<ITt-Ct. the. resutts reported. 

(Ui) J. W. Oofmiui, F. T. Lindgren and H. Elliott, / . Biol. Cllem., 
179, !17:; (l!M!lj. 
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species not clearly resolved, and varying in over-all 
composition with variation of (AG/AB)w of the 
solution. I t is apparent from Fig. 2 that the faster-
sedimenting species within the h complexes diminish 
rapidly as the antigen excess increases. 

The results of the sedimentation experiments 
performed with solutions of soluble complexes are 
summarized in Table II. The first column lists 
the solution designations: the numbers I and II 
which are written first in the designations indicate 
which master solution, I or II, was used to prepare 
the particular solution. In column 4 appear the 
sedimentation constants of the free antigen; since 
the experiments were usually not run much longer 
than was necessary to obtain satisfactory area 
measurements under the free antigen peak, the 
BSA-5I boundary usually did not sediment through 
a sufficient distance in the cell to permit precise 
determinations of its sedimentation constants. 
In columns 7 to 10 are listed the relative areas 
under the various peaks. The values determined 
in solutions at higher total protein concentrations 
are likely to be more accurate. These relative 
areas were determined as 100 times the ratio of the 
observed areas of the components to the total 
area expected in a given ultracentrifuge experi­
ment.17 This total area was calculated as the 
product of two terms: the known total protein 
concentration, and the area per unit protein con­
centration under a fixed set of optical conditions. 
The latter term was evaluated from experiments 
with (a) the BSA-5I preparation; (b) BSA; and 
(c) various rabbit 7-globulin preparations. Within 
the experimental errors, the same value of the 
specific area was obtained for the three materials 
studied. The relative areas under the free antigen 
and a complex peaks which are listed in columns 
7 and 8 are averages of between 4 and 8 exposures in 
a given experiment, and apart from the dilution 
factor and the experimental errors the areas did not 
vary with successive exposures. The areas under 
the b complex peak were often not accurately 
measurable because of inadequate resolution from 
the h complexes at early stages of an experiment, 
and because of the proximity of the b complex 
boundary to the rear of the cell at later stages. 
The areas given for the b complex in column 9 
are therefore only of qualitative significance. 
In those experiments in which the apparent area of 
the h complexes was measured, the total observed 
areas of sedimenting constituents was smaller than 
the value expected for that solution by about 15 to 
20%. This is ascribed to inaccuracies in deter­
mining the areas of the b and h complexes. In 
column 11 is given the per cent, of the total com-

(17) Johnston and Ogston18 have demonstrated that due to the con­
centration dependence of sedimentation rates of proteins, an artifact may 
be produced in the apparent relative areas of sedimenting species in a 
mixture whereby the relative areas of the faster-sedimenting compo­
nents are decreased, and those of the slower-sedimenting ones are in­
creased. These effects, however, for molecular species of the type we 
are concerned with in this investigation, are pronounced only at much 
higher total protein concentrations than those which were examined. 
The absence of a significant downward trend in the relative areas of 
free BSA-5I with decrease in total protein concentration at a constant 
(AG/AB)\y suggests that any such artifacts are within the experi­
mental errors otherwise encountered. 

(IS) J. P. Johnston and A. G. Ogston, Trans. Faraday Soc, 42, 789 
(1946). 

LL Q Q Q 
3700 3100 2400 1610 

3910 3ioo 2460 HlO 

5300 4000 3130 1900 

Li J J [J 
6350 4400 3700 2400 

Fig. 2.—Ultracentrifuge diagrams of soluble antigen-
antibody complexes, at the following values of (AG/AB), 
and total protein concentrations, respectively: a, 0.56, 
18,0 mg./ml.; b, 1.00, 15.7; c, 1.64, 20.7; d, 5.9, 23.7. 
The time in sec. after full speed was attained is given under 
each pattern. Sedimentation proceeds to the left. 
plexes constituted by the a complex, calculated by 
dividing the number in column 8 by the difference 
between 100 and the number in column 7. The 
ratios of the amount of a complex (column 8) to 
the amount of b complex (column 9) are tabulated 
in column 12. Columns 11 and 12 best illustrate 
the increasing prominence of the a complex in solu­
tions in larger antigen excess. 

Electrophoresis Results.—The electrophoresis 
experiments with the solutions of soluble com­
plexes resulted in the data listed in Table III , 
and some representative Perkin-Elmer scanning 
diagrams are presented in Fig. 3. Resolution of 
the free BSA-5I antigen, the most rapidly-migrat­
ing species in solution, was readily achieved in 
both the ascending and descending limbs of the 
electrophoresis cell, but the various species of com­
plexes did not separate well under the conditions 
of our experiments. Only in the solution con­
taining the largest antigen excess studied electro-
phoretically, E 11-2 (corresponding in (AG/AB)W 
to solution II-2 examined ultracentrif ugally), 
did the complex peak definitely split into two parts, 
the faster of which must have been due to the a 
complex. In solutions closer to the equivalence 
zone than E II-2, the peak representing the com­
plexes was distorted toward the higher mobility 
side, but no double maximum in the peak appeared. 
The average mobilities of the complexes which are 
given in columns 6 and 9 of Table III were cal­
culated from the position of the maximum of the 
total complex peak, except for solutions E-I-2 
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HiCT 

Ascending. Descending, 
Fig. 3.—Electrophoresis diagrams of soluble antigen-

antibody complexes, at the following values of (AG/AB)W) 
total protein concentration, and times of migration, respec­
tively: a, 0.56, 18.0 mg./ml., 7740 sec; b, 1.00, 16.1, 7800; 
c, 2.14, 16.5, 7560. The starting positions are indicated by 
the arrows. 

and E II-2, since no more elaborate measurement 
seemed justified. It may be noted that, whereas 
in the ascending limb of each experiment the free 
antigen peak is completely resolved from the 
complexes, so that in the region between the peaks 
the refractive index gradient curve returns to the 
baseline, in the descending limb the curve between 
these peaks is elevated from the baseline. The 
explanation of this effect will be considered below. 

SoIn. 
no. 

E-I 
E-II 
E-I-I 
E-I-2 
E-II-2 

(AG/ 
A B ) . 

0.53 
0.56 
1.00 
1.64 
2.14 

TABLE III 

ELECTROPHORESIS RESULTS 

ReI. 
area 
free 

BSA-5I 
ascend­

ing 

8.6 
12.4 
28.1 
42.6 
50.9 

A 
BSA-

51 

7.3 
7.3 
7.4 
7.3 
7.3 

Mobilities" 
scending Descending 
a com- BSA- ft com­

plex Av.* 51 plex Av. & 

. . . 3.4 

. . . 3.6 

. . . 3.7 

. . . 3.9 
4.8 4.0 

6.4 
6.6 
6 .5 
6.6 
6.6 

. . . 2.8 

. . . 3.0 

. . . 3.1 

. . . 3.2 
4.4 3.3 

° In units of 10 ' cm.'/volt-see. AU components migrate 
atiodically. ' Average mobility of complexes, see text. 

Recent contributions to the theory and practice 
of electrophoresis19 have shown that in order to 
evaluate most precisely the relative concentrations 
of non-interacting components from relative areas 

flfl) V. P . Dole , T H I S J O U R N A L , 67, 111!) (10-15); H . Svensson . 
Arkiv Kemi Mineral. Geol., 22A, N o . 10, 1 (1946); L. G. L o n g s w o r t h , 
J. Phys. Colloid Chem., 5 1 , 171 (1947). 

in electrophoresis diagrams, experiments should be 
performed at various total protein concentrations 
(P) and ionic strengths (/*), and the observed 
relative areas extrapolated to zero P'/p. However, 
in a system of antigen-antibody complexes such 
an extrapolation is complicated by the fact that P 
and n are variables affecting the equilibrium pro­
portions of the various components, and is there­
fore of questionable significance. Under the condi­
tions of our experiments the relative areas of the 
free antigen in the ascending limb are expected 
to be slightly larger than the true values, but no 
correction has been made for this small effect in our 
calculations. 

Discussion 
Effects of Re-equilibration during Sedimenta­

tion and Electrophoresis.—Having presented the 
experimental results obtained with solutions of 
soluble antigen-antibody complexes, we are now in 
a position to discuss a very fundamental aspect of 
these experiments. The various molecular species 
in these solutions are in equilibrium with one 
another. What is the result of effecting a separa­
tion of these species in the ultracentriiuge and 
electrophoresis cells? In particular, what is the 
quantitative significance to be attached to the 
various schlieren diagrams recorded in these 
experiments ? 

It is immediately apparent that the various com­
ponents cannot be in very rapidly-adjusted equili­
brium with one another. If they were, there would 
be no resolution into separate peaks in the ultra-
centrifuge,20 while in electrophoresis the ascending 
and descending limbs in a given experiment would 
show characteristic and pronounced differences.21 

On the other hand, an early experiment which we 
performed with the un-iodinated BSA-anti-BSA 
system in the ultracentrifuge indicated that this 
rate of equilibration among the species in the solu­
tion might not be negligibly slow. Two solutions, 
X and Y, with over all (AG/AB)w ratios similar 
to those of solutions 1-1 and 1-2, respectively, of 
the present study, were ultracentrifuged after 
having been prepared at least 24 hours earlier. 
Another experiment was then performed in which 
to the solution X was added enough antigen to 
make up the solution Y, and this preparation was 
immediately ultracentrifuged. The sedimentation 
diagrams were the same as those earlier obtained 
for solution Y, demonstrating that the new equili­
brium state was largely attained within the time 
necessary to mix the solution and begin resolving its 
components in the ultracentrifuge, which time was 
less than one hour. 

Consideration of the nature of the resolution of 
the various species in the ultracentrifuge cell and 
in the two limbs of the electrophoresis cell pro­
vides insight into this problem. An analysis of 
the effects attending the resolution of the species 
is presented in the appendix to this paper. This 
analysis demonstrates that certain criteria may 
be set up to determine whether the effects of re-
equilibratioti significantly affect the quantitative 

(20) Reference (1-1), p , 28. 
(21) L. G. Longswor th and D. A. M a c l n n e s , J. Gen. Physiol.. 25, 507 

(1042). 
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interpretation of the schlieren patterns, and these 
criteria are utilized in the following sections. 

The Amount of Free Antigen.—The major fea­
ture of the experiments which is used extensively 
in a quantitative manner in the following sec­
tions is the relative area of the free antigen peak. 
In view of the discussion presented in the last 
section and in the appendix, two factors may be 
cited to justify the conclusion that the free anti­
gen area determined from the ultracentrifuge dia­
grams and from the ascending electrophoresis 
diagrams represents the true relative concentration 
of the free antigen in the solution being examined: 
(a) the absence of any additional refractive index 
gradients between the free antigen peak and the 
a complex peak; and (b) the agreement of the 
areas obtained by these two independent methods. 

Because of the better resolution and the more 
precise location of the schlieren diagram baseline 
in the ascending electrophoresis patterns than in 
the ultracentrifuge patterns, and for other reasons 
mentioned in the appendix, the free antigen con­
centrations determined from the former patterns 
are somewhat more reliable. These concentrations 
determined electrophoretically are usually slightly 
smaller than those obtained from the sedimentation 
experiments: this may be due to experimental 
error, or to the fact that the two types of experi­
ments were performed in somewhat different buffers 
and at different temperatures. 

The a Complex.—Since the a complex so clearly 
predominates over other complexes in large anti­
gen excess, it must be the richest antigen-contain­
ing complex possible in this system. The con­
stitution of this complex is therefore of primary 
importance for the problem of the valence of the 
antibodies, for in the a complex the antibody mole­
cule is binding as many antigen molecules as its 
valence permits. 

The sedimentation constants of the a and b 
complexes in a variety of solutions are given in 
columns 5 and 6 of Table II. In order to obtain 
sedimentation constants characteristic of these 
species and independent of concentration effects, 
these constants were plotted as functions of the 
effective concentrations of the solutions through 
which the complexes sedimented. The effective 
concentration in a particular solution was taken, 
for the a complex, as the sum of the concentrations 
of the a complex and the free antigen, determined 
from the relative areas in the sedimentation pat­
tern; for the b complex, the sum of the concentra­
tions of the a and b complexes and the free antigen 
was utilized. Johnston and Ogston18 have shown 
with mixtures of various proteins that such effective 
concentrations can be used for the extrapolation of 
sedimentation constants provided that the concen­
tration dependences of the sedimentation constants 
of the individual species in the mixture are not too 
pronounced. Figure 4 illustrates these plots for the 
a and b complexes. The straight lines drawn 
through the experimental points were determined 
by least-squares analyses, and the extrapolated 
values of s%, are 8.7 and 12.0 S for the a and b 
complexes, respectively. 

For the present let us restrict our attention to the 
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Fig. 4.—Sedimentation data for the a and b complexes. 

a complex. Since the average shape of the mole­
cules of the a complex is unknown, the molecular 
weight, M, of the a complex cannot be directly 
determined from its sedimentation constant. In­
stead, various possible combinations of M and 
f/fo, the frictional ratio, exist which are compatible 
with a given 520, according to the Svedberg equa­
tion 

= rj(///o)67n?JV(3F/47rJV)1/»~[ 'A 

L 1 - VP J 
•q is the viscosity and p the density of the buffer 
solvent, V the partial specific volume of the solute, 
and JV is Avogadro's number. From the known 
values of JIf for BSA and rabbit y-globulin, the 
molecular weights expected for various species of 
complexes can be calculated, and these are listed 
in column 3 of Table IV. In order for the a com­
plex to have the molecular weight given for any one 
of these species, it must be characterized by the 
adjacent / / / 0 value in column 4. Thus, if the a 
complex molecule were constituted of 3 antigen 
molecules and 1 antibody (3AG: IAB), it would 
have an f/fo value of 2.1. This value appears to 
be too large to be compatible with any possible 
structure containing 3 BSA molecules attached to 
the same Y-globulin molecule. For this reason, 
and from the results of quantitative considerations 
to be discussed below, it is improbable that the 
a complex is the 3AG: IAB species, or one still 
richer in antigen. Up to this point, however, it is 
not possible to decide whether the a complex is 
largely the 2AG: IAB or the IAG: IAB species, 

TABLE IV 

MOLECULAR W E I G H T DATA 

Species »"(X 10» M f/fi 
BSA(AG) 4 .5 70,000 1.3 
Rabbit (AB) 7.0 160,000 1.5 
a Complex 8.7 230,000 ( IAG: IAB) 1.5 

300,000 (2AG:IAB) 1.8 
370,000 (3AG:IAB) 2.1 

b Complex 12.0 390,000 (IAG:2AB) 1.6 
460,000 (2AG:2AB) 1.8 
530,000 (3AG:2AB) 1.9 
600,000 (4AG:2AB) 2.1 



1800 S. J. SINGER AND DAN H. CAMPBELL Vol. 74 

with the appropriate value of ///0) or a mixture of 
roughly equal proportions of the two types, having 
coincidentally the same sedimentation constant. 

The last possibility, that the a complex is a 
mixture of the two species, may be excluded as 
follows. Ultracentrifugal examination reveals that 
the a complex constitutes about 33% of all of the 
complexes in solution II-2, while electrophoretically, 
it is found that 40% of the area of all of the com­
plexes is accounted for under the a complex peak 
in solution E II-2. However, IAG: IAB and 2AG: 
IAB complexes should have markedly different 
electrophoretic mobilities,22 and if the a complex 
were a mixture of about equal amounts of the two 
types, which sedimented at the same rate but were 
resolved electrophoretically, the relative area under 
the a complex peak in electrophoresis would have 
been about l/i of that found under the a complex 
peak in sedimentation. The fact that all of the a 
complex peak observed ultracentrifugally can be 
accounted for under a single peak electrophoretic­
ally makes it unlikely that the a complex is a 
mixture of about equal amounts of the two types 
of complexes, but is rather largely one or the other. 

The following considerations demonstrate that 
the a complex cannot be the 1:1 species. If the 
amount of free antigen in a given solution (taken 
from the ascending electrophoresis pattern) is sub­
tracted from the total antigen present, the result 
is the total amount of antigen bound in all of the 
complexes in that solution. This, divided by the 
total antibody (practically all of which is bound up 
in complexes), and multiplied by the molecular 
weight ratio 160,000/70,000, gives (AG/ABJN>B, 
the average number of antigen molecules bound per 
antibody in all of the complexes in the particular 
solution. The results of these calculations are 
presented in Table V. The values of ( A G / A B ) N , B , 
listed in column 4 of this table, increase regularly 
to well above unity as the antigen excess is in­
creased. The sedimentation patterns show that in 
solution I about 5% of all of the complexes is the a 
complex, whereas in solution II-2, it is about 33%, 
the other complexes in these solutions being char­
acterized by smaller antigen-antibody ratios. The 
a complex must therefore obviously be richer in 
antigen than the LAG: IAB species, for (AG/ 
AB)N,B would otherwise not increase to a. value 
above unity. 

(22) Calculations were made, according to the method described by 
Abramson, Moyer and Gorin,23 for the mobilities to be expected for 
various types of complexes under the electrophoretic conditions which we 
employed. The charges carried by the complexes were taken as the 
sum of the charges of their constituent molecules. The latter charges 
were evaluated from the descending mobilities of —6.5 X 1O-5 and 
— 1.6 X 10 ~s cm./sec./volt/cm. for BSA and rabbit -/-globulin, re­
spectively. The appropriate frictional ratios were taken from column 
4 of Table IV of this paper. The model of an unhydrated long cylinder 
was employed and a uniform distribution of charge on the surface of the 
complex was assumed. 1AG:1AB and 2AG:1AB complexes were thus 
accorded mobilities of —4.1 X 1O-5 and —5,3 X 10~5 cm./sec./volt/ 
cm., respectively. Because of the restrictive assumptions involved in 
making these calculations, the precise values of these theoretical mo­
bilities are of questionable significance, but the theory does indicate 
that the two types of complexes should have distinctly different mo­
bilities. 

(23) II. A. Abramson, L. S. Moyer and M. II. Oorin, "Electrophore­
sis of Proteins," Reinhold Publishing Corp . New York. N. Y , 1942, p. 
1,12. 

TABLE V 

COMPOSITION OP ANTIGEN-ANTIBODY COMPLEXES 

SoIn. 
no. 

E-I 
E-II 
E-I-I 
E-I-2 
E-II-2 

Total 
antigen, 

% 
34.7 
35.8 
.50.0 
62.2 
68.1 

Free 
antigen, 

% 
8.6 

12.4 
28.1 
42.6 
50.9 

( A G / A B ) N , B 

0.92 
0.82 
1.01 
1.19 
1.24 

( A G / A B ) N , B 
a - 2:1 

0.87 
.77 
.88 
.92 
.96 

( A G / A B ) N 
a = 3:1 

0.85 
.74 
.81 
.74 
.74 

Extension of this quantitative approach one 
more step provides further evidence that the a com­
plex is not the 3AG: IAB species. Using the 
amounts of the a complex in each solution deter­
mined ultracentrifugally, the antigen and anti­
body in the a complex can be subtracted from 
the total antigen and antibody, respectively, which 
are bound in all of the complexes, assuming that the 
a complex is either the 2AG: IAB or the 3AG: IAB 
species. This permits calculation of values of 
( A G / A B ) N , B , the average number of antigen mole­
cules bound per antibody molecule in all of the com­
plexes in that solution other than the a complex. 
Assuming that the a complex is the 3AG: IAB spe­
cies results in the values of ( A G / A B ) N , B given in 
column 6 of Table V, which decrease as the antigen 
excess is increased, whereas the values in column 
5, with the a complex taken as the 2AG: IAB spe­
cies, increase slightly with increased antigen ex­
cess. The latter trend is in accord with mass ac­
tion considerations, whereas the former is not. 

To summarize the results of this section: we 
have demonstrated that the a complex: (a) is the 
richest antigen-containing complex capable of being 
formed by the antibodies in this system; (b) can­
not be the 3AG: IAB, or any complex species with 
higher molecular weight; (c) cannot be a mixture 
of roughly equal amounts of 2AG: IAB and IAG: 
IAB complexes; and (d) cannot be largely the 
IAG: IAB species. The only remaining possibility 
is that the a complex is largely the 2AG: IAB spe­
cies. Furthermore all the data reported in this pa­
per are compatible with this conclusion. It fol­
lows that the antibodies in this system are largely 
bivalent. 

The maximum amount of univalent antibody 
that could be tolerated within the framework of 
these results is probably about 20% of the total 
antibody if the IAG: IAB species were coincident-
ally to have the same sedimentation constant as the 
2AG: IAB complex. Otherwise, ultracentrifugal 
resolution of the two types of complexes would per­
mit the detection of about 5% of univalent anti­
bodies. 

I t should be recalled that the antibody studied 
in this investigation is a rabbit antibody precipi­
tated with its slightly modified homologous antigen. 
It is conceivable that the course of immunizaton 
might have a bearing on the possible production of 
univalent antibodies. I t is also possible that uni­
valent antibodies were present in the original anti-
sera used in this study, but that they were not ex­
tensively carried down in the antigen-antibody 
precipitate. It is felt, however, that the nature of 
the antigen and the antibodies utilized in this in­
vestigation permits considerable generality to be 
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accorded to the conclusion that precipitating rabbit 
antibodies are largely bivalent. 

Since we have demonstrated that the a complex 
is largely the 2AG: IAB species, it follows from the 
sedimentation data given in Table IV that the value 
of///9 for this complex is 1.8. This large value in­
dicates that the a complex molecule is considerably 
asymmetric, and suggests that the antigen mole­
cules are situated near the opposite poles of the 
elongated antibody molecule. If the departure 
of f/fo from the value of unity for the differ­
ent molecules involved in this study is ascribed 
solely to asymmetry, neglecting the effects of 
solvation, and the model of a prolate ellipsoid 
of rotation is applied to each, then the axis 
ratios of such ellipsoids are found to be about 
5, 9, and 19, for BSA, rabbit 7-globulin, and the 
a complex molecules, respectively.24 The last 
number is the sum of the axis ratios of 2 antigen 
molecules and 1 antibody, suggesting that these 
three molecules are situated in a linear array in the 
a complex. The unknown contribution of solvation 
to the values of / / /0 , however, renders this conclu­
sion somewhat less certain. 

The b Complex.—Consideration of the law of 
mass action applied to the sedimentation dia­
grams of Fig. 2 indicates that the b complex is 
characterized by a smaller antigen-antibody ratio 
than the a complex. Although no definitive set of 
arguments can be submitted to define the composi­
tion of the b complex, all of the information 
available is compatible with the proposal that it is 
the 3AG: 2AB species. If we therefore accord the 
b complex the molecular weight 530,000, and utilize 
the extrapolated value of S20 = 12.0 5 the complex 
is characterized by an average value of f/'fQ = 1.9. 
This value implies that the molecules making up the 
b complex are not all arranged linearly, since f/f0 
would be about 2.4 for such a structure. Indeed, 
it is reasonable to expect that, since the antigen is 
probably multivalent, the two antibody molecules 
of the b complex could be bonded to the central 
antigen molecule in a considerable number of 
equally probable configurations. This would re­
sult in an average value of f/fa smaller than that 
which would be expected for a linear array of the 
3 antigen and 2 antibody molecules, but larger 
than the value found for the linear array of 2 anti­
gen and 1 antibody molecules. The observed re­
sults are in accord with these considerations. 

Additional experiments may be proposed in or­
der to test and extend the conclusions reached in 
this paper. We have performed electrophoresis 
experiments with the BSA-5I- anti-BSA system 
under a single set of conditions, and it would be of 
considerable interest to examine this system in buf­
fers of different ionic strengths and pYL values with 
the object, among others, of achieving better elec-
trophoretic resolution among the complexes. If 
satisfactory resolution of the a complex from the 
other complexes can be accomplished, it should be 
possible to withdraw samples from the electrophore­
sis cell for analysis, and thus more directly establish 
the composition of the a complex. Obviously, 
many other antigen-antibody systems should be 

(24) Reference (14), p. 41. 

quantitatively investigated by the physical chemi­
cal methods we have employed in this study, not 
only to investigate the problem of antibody valence, 
but also the problem of antibody structure, as re­
vealed by the analysis of the frictional ratios attri­
butable to the a and b complexes in a given system. 

Studies utilizing these methods should also be 
useful in the detection of univalent antibodies pos­
sibly present in antisera, but which might not be 
extensively coprecipitated with the antigen and 
bivalent antibodies. Under appropriate condi­
tions, ultracentrifugal resolution of a complex of 
composition IAG: IAB might be achieved. Such a 
complex would probably be most readily detectable 
if the antigen were to have a molecular weight and 
a sedimentation constant close to those of the anti­
body. 

The Free Energy Change of the Antigen-Anti­
body Reaction.—In this investigation we have 
obtained information concerning the amounts of 
free BSA-5I antigen present in equilibrium with 
antigen-antibody complexes in solutions contain­
ing known total amounts of antigen and antibody. 
This information has been used to determine the 
valence of the antibodies in the system. These 
data, however, are also of considerable interest in 
connection with the determination of the equili­
brium constants and the free energies characterizing 
the reaction of the antigen and antibody. The 
treatment of this problem will appear in a future 
publication. 
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Appendix 
Effects of Re-equilibration during Sedimentation and 

Electrophoresis.—It is not our object to present a general 
and rigorous theory for the effects of moderate rates of re-
equilibration in a multi-component system upon the sedi­
mentation and electrophoresis patterns of the system. In­
stead, the discussion is restricted to the special case that is 
applicable to the BSA-5I-anti-BSA system under the con­
ditions studied in this investigation. Our purposes are: 
(a) to achieve a general understanding of the nature of these 
effects; (b) to set up criteria for the quantitative use of the 
schlieren diagrams; and (c) to indicate qualitatively the 
reasons for the observed small differences between the 
ascending and descending electrophoresis patterns. 

Let us first consider what happens during sedimentation. 
We have observed that the rapidly-sedimenting h complexes 
are prominent in antigen-antibody solutions in low antigen 
excess, whereas the slowest-sedimenting complex, the a 
complex, predominates in solutions in large antigen excess. 
Thus, the more rapidly sedimenting species must be richer in 
antibody than the a complex. As the more rapidly sedi­
menting boundaries move through the cell, therefore, those 
molecules of the other complexes which are left behind un­
dergo a variety of reactions to adjust to their new environ­
ments. 

Since our present interests are mainly in the a complex 
and the free antigen, the efiects of these reactions may be 
appropriately illustrated by considering an idealized equilib­
rium system containing substantially only the three species 
(AG)3(AB)2 (the b complex), (AG)2(AB) (the a complex). 
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and AG (free antigen). These species have the sedimenta­
tion constants St, > sa > s,\, and upon sedimentation they 
form the sharp boundaries b, a, and A, respectively. That 
part of the system behind b no longer has the original com­
position, and tends toward a new state of equilibrium. Be­
hind a no reaction occurs, only AG being present, but be­
tween a and b, the original (AG)s(AB)2 having sedimented 
away, disproportionation of (AGMAB) takes place 

2(AG)2(AB) — > (AG)3(AB)2 + AG 

R is the over-all rate constant of this reaction. The addi­
tional AG so produced sediments along with the AG origin­
ally present.' Consider the excess AG produced at time ti 
at the position P a distance x ahead of A (Fig. 5a). At some 
later time k that AG produced at P will have been overtaken 
by a and will be found in the interzone a — A (Fig. 5b). 

Fig. 5.—Boundary positions for the idealized three-com­
ponent system in the ultracentrifuge cell. See appendix for 
details. 

The total excess of AG found at position P, AAG, is simply 
the amount produced at P in the time interval between the 
arrivals of b and a at P, namely 

Introduction 
In a previous paper,2 the autoxidation of diiso-

propyl ketone to an a-hydroperoxide, acetone and 
isobutyric acid was reported. Similar studies have 
been made of the autoxidation of di-w-propyl ke-

(1) Presented in part at the 118th Meeting of the A.C.S., Chicago, 
IU., September, 1950. Abstracted from the Ph.D. thesis submitted 
to the graduate Faculty of Kansas State College by Leo W. Patton, 
August, 1950. Supported in part by a contract with the Office of 
Naval Research. Contribution No. 456, Department of Chemistry, 
and No. 17, Department of Physics. 

(2) D. B. Sharp, L. W. Patton and S, E. Whitcomb, THIS JOUKNAI,, 
73, 5600 (1951). 

AAG = R(x)d( = R(x)]— — [ = 

R(x) x(sb — Ss.) 
(.s* - Sx)(Sb - Sx) 

Here R(x) is the effective average rate of reaction. It 
follows_that d(AAG)/dx is positive (andequal to the con­
stant R(sb — S1)Z(S* — Sx)(Sb — s.O if R is constant) and 
that the schlieren curve in the region a — A will be elevated 
from the baseline correspondingly. If, on the other hand, 
the schlieren curve in this region does return to the baseline, 
then the effects of re-equilibration are negligible, and un­
ambiguously, the area under the free antigen peak corresponds 
to the concentration of free antigen present in the original solu­
tion. With more than three species the situation is more 
complicated, but the same conclusion holds. 

For the system BSA-5I-anti-BSA at pK 8.5, the electro-
phoretic mobilities of the various species have the order 
— HA > -Ma > —Mb > 0. As a result, the ascending limb in 
electrophoresis exhibits a distribution of species which is 
similar to that produced in the ultracentrifuge, and the con­
siderations discussed above apply, with only minor changes. 
The effects of re-equilibration are probably even less signifi­
cant in the ascending limb in electrophoresis than in the 
ultracentrifuge. The electrophoresis experiment is per­
formed near 0°, whereas sedimentation is carried out at 
about 20°. The rates of the re-equilibration reactions 
should therefore be slower in electrophoresis. Furthermore 
Ma and Mb are not very different, and the term (MS — Mb)/ 
[(MA — M»XMA — Mb)] should be less important than the corre­
sponding sedimentation term. For these two reasons, the 
ascending electrophoresis pattern should be more reliable 
than the sedimentation pattern, other things being equal. 

In the descending limb of the electrophoresis cell, how­
ever, a markedly different distribution of components exists 
for this system. Between the free antigen boundary and the 
a complex boundary, all of the complexes are present in a 
region deprived of the free antigen originally in the solution. 
These complexes will then undergo reactions to produce free 
antigen. An analysis of the results by methods similar to 
those applied to the ascending limb has been made, but 
since the descending patterns have not been used quanti­
tatively in this paper, and the effects of re-equilibration are 
involved, the analysis will not be detailed here. It is pos­
sible by this means to explain the experimental observation 
that in the descending limb, but not in the ascending, the 
schlieren curve between the free antigen peak and the a 
complex peak is somewhat elevated from the baseline. 
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tone. Paquot 3 reported t ha t di-w-propyl ketone 
was oxidized by oxygen to a mixture of w-butyric 
acid, propionic acid and smaller amounts of hep-
tanedione-3,4 and M-butyraldehyde. However, he 
used nickel phthalocyanine, which is known to 
accelerate autoxidation processes. I t seemed logi­
cal tha t the exclusion of such catalysts might pro­
vide more reliable information about the course of 
oxidation. 

A multiple investigation of the autoxidation was 
carried out . Inorganic catalysts were excluded 

(fi) C. Paquot, Bull. sac. chim., 12, 450 (1945), 
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Autoxidation of Ketones. II. Di-n-propyl Ketone1 

B Y D E X T E R B. SHARP, STUART E. WHITCOMB, L E O W. PATTON AND A. D W I G H T M O O R H E A D 

Liquid di-n-propyl ketone has been oxidized by molecular oxygen to propionic and w-butyric acids, in the absence of inor­
ganic catalysts. A small amount of water and propionaldehyde also was obtained, but no «-butyraldehyde was isolated. 
The oxidations were followed by chemical analyses. The peroxide content increased very slowly, but the acid content in­
creased rapidly after the induction period. Infrared spectra were obtained periodically during the runs, and changes in 
spectra with oxidation time are reported. The results provided further evidence of the a-position activation by the carbonyl 
group during autoxidations of ketones. 


