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Part I

The Degree of Association of

Some Simple Antigens



The Degree of Assoclation of Some Simple Antigens

Purpose of the Investigation

Landsteiner observed that when an animal is injeCted_
with a protein to which a certain organic group is attached,
‘the animal produces an antibody precipitable by proteins with
-the'group attached, or by simple organic substanqes which con-
tain the group (1). In developing a theory of antigen -
antibody reaction, Pauling and co-workers (2 to 13) assumed
that these synthetic precipitating antigens are monomeric
when they react with antibodies. This assumption is particu-
larly important to the conclusion, reached from measurements
of the ratio of antibody to antigen in the precipitate, that
antibodies are generally bivalent. About 0.8 antibodies pre-
cipitated per antigen molecule in a large number of experi-
ments_(é) with several antlgens. It is assumed that only two
entibody molecules can combine with an antigen because there
1s not enough space for & third, even though the relafively
small antigen may have more than three specific groups. With
this restriction, & reasonable explanation of the observed
ratios 1s the "framework" (14) in which di- or trivalent anti-
bodies alternate with divalent antigens to gilve a large in-
soluble mass. If the antigens are aggregated another possi-
bility exists. The aggregated antigen could be surrounded by

a slightly smaller number of antibodies and this mass, made



insoluble by the "occlusion" forces proposed by Boyd (15),
would form the precipitate. (The occlusion forces are non-
specific and involve a decrease in solubilizing groups on the
protein molecule.) The purpose of the first part of this work
is to investigate the association of some antigens.

‘Previous Work

Landsteiner (16), who first reported precipitin reactions
with simple substances, mentioned that their precipitating
power might be due to thelr association into aggregates in
solution. Acting.on this suggestion, Boyd and Behnke (17)
measured the diffusion coefficient of one antigeh, which ap~
peared to be associated 11 fold. From this observation they
concluded that the precipitabllity of simple substances "is
no stronger evidence for the 'alternation' theory than is the
precipitation of any antigen" and that "Pauling's calculations
of antibody valence become doubtful". Indirect evidenée on
the reaction of antigens is presented in References 2 to 13
and is discussed later in this work.

The problem, essentielly, is to determine the molecular
weights of a number of compounds and %o compare'these weights
with the formula weights, to see if there is assoclation.
These determinations must be carried out under conditions
similar to those of irmmunological tests. Well known methods
are avallable for determination of the molecular weights of

small molecules or of very large moleculesj however, these



methods are hard to apply to molecules of the size of synthetic
entigens whose formular weights vary from about 500 to 1500.
Numerous lnvestigators have attempted to carry out experiments
on the association of dye-like molecules similar to our antigens
and have generally concluded that the more complex molecules
are associated. The forces which hold the molecules together
.are explained as due to resonance iIn the conjugated structures.
(18, 19, 20) |

The problem of associstion of dyes has beeﬁ attacked by
the methods of osmosis (19, 21, 22), conductivity (19, 22, 23,
24), absorption spectrum (18, 20, 25, 26, 27), diffusion (19,
28, 29, 30, 31, 32, 33, 34, 35), partition coefficient (26),
ultracentrifuge (36), and ultrafiltration (22). Most of the
investigators found their dyes assocliated, sometimes ten or
twenty fold at moderate concentrations. The association seems
to depend on ionic strength, pH, and témperature.

Experimental

Simple Antigens

All the simple antigens used in the present work have
been described (2 to 9); the symbols used in those papers will
be used in this work.

R is ~NN-phenyl-AsOzHg

R' is ~NN-phenyl-NN-phenyl-AsOzHg
X 1is -NN-phenyl-COOH

i' is -NN-phenyl-NN-phenyl-COCH



Chromotropic acid is

HO,. S S0;H

IIT 1is o-cresol-Ry

VI is Resorcinol-R5

VII is PhlorOglucinol-R5

XIisPMﬁm@ﬁmthﬂé

XII is 4,4' Bis-(azo-2,4-dihydroxy)
~5,5=di~R'~biphenyl

XX is HgosAs-phenyl-NHCO-phenyl
-NHCO-phenyl-As05H2

XXIII is p-OH-phenyl-R

XXIV is Resorcinol-R

XXX is Chromotropic acid-R}

XXXIV is Chromotropic acid-R2

XXXV is Chromotropic acid-Xé

R'X' 1is H acid-R'-X!

Other antigens are referred to by name.



Diffusion

The diffusion coefficient of a molecular species depends
on the size of the molecules, so ideally one could calculate
the size from diffusion measurements. Practically, the method
is not a good one in most cases since 1/ molecular weight is
‘propoftional to the cube of the diffusion coefficient and to
the sixth power of the quantity measured, as will be seén from
the equations given below. Thus a small’error in measurement
will be increased about six fold in the final résult. Further,
the diffusion coefficlent is dependent on the shape of the
molecule and unless a shape correction can be esiimated an
error of several hundred percent may be introduced. Hydration
also may make indeterminate errors. The diffusion coefficient
is dependent upon the concentration, especially for an associ-
ating substance whose actual size and shape depend on concen-
tratidn. The above difficulties are réduced sufficiently in
the case of dye molecules to make it feasible to attempt
measurements., The color of these molecules makes 1t relatively
easy to obtain accurate results. The strﬁcture of the mole-
cule is sufficiently well known to enable a correction for
shape to be assumed. Most important, the fofmula weight is
known and all that is required is that the diffusion measure-
ments provide a small integer by which the formula: weight is
to be multiplied to give the average molecular weight in so-

lution. Thus the diffusion coefficients of the unassociated



“and dimerized forms of a substance have the ratio 1.28, which
is large enough to permit the two forms to be distinguished.

The literature contains several articles on the methods
and calculations of diffusion experiments (37, 38, 39).

Free Diffusion

In the-free diffusion method a sharp interface is created,
.in a tube, between a solutlion containing the substance of
interest and a similar solution at a lower concentration. The
second concentration 1s often zero. The position of a number
of concentrations or the concentration gradient 1s measured at
several times. The measurement of concentrations is convenient
for colored substances at low concentrations. Temperature
variatlions and mechanical vibrations must be kept small in
order to prevent convective mixing of the solutions.

Barly experiments were carried out in a metal cell, It
was soon found that the antigens precipitate when they come
in contact with metals or traces of metal ions.l Of the metals
tried, only monel is fairly resistant to this reaction. ‘here-
fore, a Lamm type diffusion cell (4) made of bakelite was used.
In this cell the solutions are separated by a thin partition
which can be drawn aside slowly and evenly by a screw and gear
mechanism to bring the solutions in contact. |

The measurements were carried out in the Electrophoresis
Apparatus (41), and concentrations were measured by light ab-

sorption. Several modifications were made.l For more uniform



1llumination the light went directly to a mirror, then
through the diffusion céll to the second mirror and the
camera.2.The mirrors were recoated.3.The thermostat tem-
perature was controlled to 3p.01° by using an infrared bulb
which shone into the bath aé an intermittent heat'soufce. A
‘resistance in series with the bulb was varied to give the
best control. This method was suggested by Dr. R. Badgef.
The stirringvmotor for the thermostat was suspended on a
spring from a mounting which did not touch the bath.

A light absorption method similaf to that of Tiselius
and Gross (42) was used, except that a reference‘céll with
five solutions of concentration 1/8, 1/6, 1/4, 1/2, and 3/4
the initisl concentration was photographed simultaneously
with the diffusion cell, so that the positions of the cor-
responding concentrations in the diffusing column could be-
ldetermineé'by a direct comparison of the photographie,&en«
sities,‘corrected for a slight non-uniformity of illumination.
Photographs were taken periodically until the diffusion was
interrupted, usually after three days. Panatomic-x plates
were used and developed in D76 (Eéstman). Sevefal exposures
were made éach time to give photographic deaéity gradients
suitable for measurement on the micrbcomparator at all con-
centrations. The diffusion coefficient was calculated at
each concentration by the formula D ={A %?f(co/c)/t, in which

A x is the distance between the given concentration ¢ and



-8 =

»x'shhe‘1/2 concentration after time t, and f(co/c) is a function
whose values may be obtained from tables (32). Vélues of
jAﬁ [t were obtained from the slopes of plots of {__A__;_f vs. t.
These plots generally gave a straight line for each concen-
‘tration. The position of the 1/2 concentration generélly
'moved'toward the high concentration end of the cell, indicat-
‘ing that D decreaseé with increasing concentration (43, 44).
A plot of the data from one of the better experiménts is
shown in Figure I. Many earlier experiments were unsatisfact-
ory, generally because of non-uniform illumination or leaky
cells. A numerical average of all values of theVdiffusion
coefficient for each succeséful experiment is réported in

- Table I. ALl were im O.l1 ¥ veroazl aud Co 9% LlaCl.

Free diffusion in a micro cell (30, 32) was also attempt-
ed. The pointsvfor each experiment were in good agreement
but the experiments did not check with each other and the
method was abandoned In favor of the method described.above.

Porous Diaphragm Diffusion

If equal volumes of two solutions are separated by a
membrane of fine sintered glass the amount of maﬁerial in one
solution which passes through the membrane into the other

solution depends on the diffusion coefficient according to the

+ ;
expression D = (K/t)log ;E___El, where ¢ is the final con-
2~ c -

centration in the dilute solution, c¢g is the final cencen-
tration in the more concentrated solution, and K is the cell
constant, obtained from the diffusion of a substance of known

diffusion coefficient (45).
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Table 1

Degree of Assoclation Calculated
from Diffusion Data

Concentration
Compound Mx10° Methods# Dx10° n
H acid-azo~benzene 10. iy 2,13 1.3
10. E 2.36 1.0
19. d 1.83 2.0
H acid=~azo=-benzoic acid 80. d 2,08 1.3
XXX 5. £ 0.77 10.
5. f 0.82 7.
50. d 1.14 3.
A ]
XXXV 6.5 ik 1.07 4.
6.5 P 1.20 3.
6.5 q? 1.25 2.
6.5 gP 0.97 6.
11. a° 1.44 0.8
R1X! 15. d "~ 0.95 8.
15, a® 2,25 7.
10. a®® 3.00 o.8
XII 10. f 0.22 300.
10. b 0.20 400.
10. 4 adsorbed on

- diaphragm
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Table I (Continued)

Concentration

Gompound 1x105 Method* Dx10° n
XI 16. d adsorbed on
diaphragnm
Phenolphthalein . Sat'd. acid a 2.5 1.
, - solution

vl 45. a 1.12 4.

# f means free diffusion, d means diaphragm

a pH 10.

b pH 7.5

c in ethanol

e  at 35°C.
n is the degree of assoclation, corrected for shape,
Mleasurements are at T = 1.3°C and pH 8.0 ¢ 0.3 unless

otherwise noted.
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Five cells of the usuel simple design with Jena G3 or
G4 disks were used, with a volume of 25 ml. on each side of
the disk. Convective stirring was brought about in each
solution by making the.salt concentration in the bottom solu-
tion slightly lower than that in the top solution. The anti-
gens were dissolved in & solution containing 0.9% NaCl and
0.1M veronal buffer at pH 8.0 and were allowed to diffuse
for two weeks, during which time samples were periodicsally
withdrawn for anslysis. The cells were calibrated with 0.15
M KC1 (D = 9.6x10-“6 cm.g/sec. at 1.3°). The average deviation
of five measurements for each cell was 2%. The éells were
used interchangeably. Intefcomparison using the antigen H
acid-azo-benzene gave an average deviation of 4% for 27 measure-
ments, with no significant differences among the five cells.
Analyses were colorimetric and were accurate to about 2%.
Results are given in Table I. Each value was obtained using
only one cell.

Polarographic Determination of the Diffusion Coefficient

The diffusion coefficient of several'antigens_was de-~
_ 1
termined using the Ilkovic equation (46), iz = ND®ck, c 1is

the concentration, k is an instrumental constant, and iy is

the diffusion current. The number of electrons involv;g, N,
was estimated from the behavior of simpler compounds as dis-
cussed later. Duplicate determinations were made at 25° and

pH 8.0 %+ 0.3, and are averaged in Table II.
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Table II

Degree of Association from Polarographic Data

Comgound

phenyl arsonic acld

- chromotropic acid

p- (p-hydroxy-phenylazo)
benzoic acid

XXIIX

phloraoglucinol-p-ago-
benzoic acid

XXIV

XXXIV

- H acid-azo-benzene

H acid-azo-benzoic acid

XXX

XXXV
I1I

VIIT

Concentration

Mx105 px10° n
19. no redactioﬁ.
b7. no redugtion
11. 6.5 0.8
14. 6.3 0.6
62, 2.9 5.
b7. 3.2 4.
40, 3.4 1.3
37. 4.6 :1.0

9. 4.0 1.6
57. 1.7 8.

6. 1.7 a.
13. 1.7 9.
50. 0.91  1300.
44. 0.13  3x10%

All polarographic measurements were made at 25°¢.
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Osmosis

Osmosis was generally unsatisfactory because membranes
impermeable to dye antigens did not equilibrate rapidly enough
to give reproducible results. Membranes made of cellulose,
nitrocellulose, protein, and synthetic polymers were made and
‘tried. ItAwas possible to make measurements on two of the
larger antigens, using Visking cellophane membranes through
which the compounds leak at a rate small compared with the
rate of equillibration. The osmometer consisted of a cello-
phene sack of about 15 ml. capacity fastened to the bottom of
a 1 mm., capillary. The capiliary rise at infiniﬁe time was
obtained from a plot of risé vs. 1/t. The apparatus was check-
ed with two proteins of known molecular weight and gave results
in reasonable agreement with the accepted values. Osmotic

data are given in Table II1I.

Partition Coefflcient

H acid-azo-benzene was found to have a measurable parti-
tion coefficient between water and n-butanol, the results of
which indicate that this substance is associated to the same
extent in both solvents, and is hence probably monomeric., On
a plot of concentration in water vs. concentration in n-butanol,
the experimental points f1t the least squares line through
the origin with an average deviation of 4%, which is much
better agreement than would e possible with even 25% dimeriz-

ation in the aqueous phase.



Compound

XX

X1l

XI
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Table 111

Degree of Association

from QOsmotlc Pressure Measurements

Concentgation

Mx10" T %G
7. 37.5
9.5 37.5

16. 25.0

s

2.

4.

5.

absorbed
on bag

Osmosis experiments were done in 0.9% NaCl at pH 8.1. In

the experiments with XII 0.1 M veronsl was also present,
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Discussion

It is probable that the degree of association is de-
pendent on the concentration, and that the values of dif-
fusion coefficients reported here, being calculated in é
simple manner; répresent the coefficient at some intermediate
conéentration in the'éell. The experimental datg are not
sufficiently complete or accurate to permlt us to uée a more
refined treatment (43, 44). Values of D from freebdiffusion
measurements at 1/8, 1/6, and 1/4c, showed no consistent
trend with concentration, but D f;;ﬁ 3/4c, was generally 60
to 80% of the other three values. o

The polarographic experiments were made to checg the
suggestion (46) that D could be computed from such measure-
ments rather than to acquire data on the degrée bf_association.
- From the measurements on phenylarsonic acid, p-OH-phenyl-azo-
benzoic acid, and XXIII it appears that the azo group and not
the arsenic 1is reduced, and that two electrons are involved
in the reduction of an azo group, except when the group‘is
ortho to a hydroxyl; as in the case of XXXIV and phloroglu~
cinol—p-azo—beﬁzoic acid, in which case four electrons are
removed, possibly due to the strong chelation which would
vweaken the bond between the nitrogens. The agreement with
other methods is fairly satisfactory in most cases, but comn-

pounds IIl and VII have values of n which seem uhreasonably
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high from structural considerations, and as compared to the
data from porous diaphragm diffusion for the similar compound

VI. Since plots of log i/(ig-i) vs. E gave straight lines of

a slope which indicated a one electron reaction (46) one might
assume that the reason for the high n values is incomplete
‘reductlon of these compounds. If it is assumed that only one
of the groups 1is reduced the values of n become 20 and 40.

An assumption of spherical shape is made in calculating

a particle radius r from the Stokes-Einstein equation (47),

ELE:RT/GnT!Nr, in.which n}is the viscosity of the solvent

and N is Avogadro's number. Actually the particies, particu-
larly the monomeric ones of high molecular welght, must be
gquite elongated. Somewhat better particle volumes may be
calculated by multiplying the experimental diffusion coef-
ficient by a correction factor (48) to account forithe higher
'frictional resistance and substituting this corrected D into
the Stokes-Einstein equation. The correction for shape is made
on the assumptions that the shepes of the molecules can be
spproximated by ellipsoids of revolution. The ellipsoid axes
are determined from the known structure of the molecule and

the assumed method of associatioﬁ. The ratio of the frictional
resistance of an ellipsoid to the resistance of a sphere of
equal volume can be obtained from tables (48). One can then

derive the approximate relation D = V/(fn/fo)nlfsto glve the

s# The aggregates are assumed to consist of flat molecules

o
stacked like cards in a deck, 3 or 4 A apart (18).
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diffusion coefficlent in terms of the degree of association
and the frictional ratio iﬁnéiol' V is a comstant for any
spécies which 1s independent of the association. Figure II
shows the diffusion coefficient corrected for shape, as well
as uncorrected, as a function of n for the compound Chromo-
 tropié acid-ﬁé (XXX).. The axial ratio of the monomeric form
of this compound is taken as seven.

| Using for the partial specific volume the value 0.64
ml./g. as obtained for compound XXX, in agreement with
Robinson's value for a different dye (19), values of the
degree of association n were calculated and are feported in
Tebles I and II. The error in n is more than three times the
error in D, vwhich may be large, so that tests of the validity
of the results are desirable. Several are available.

For H acid-azo-benzene the values n = 1 and 1.3 from
free diffusion and n =2 from 27 §oroﬁs diaphrégm difoSion
meésurements may be compared with the partition experiments
which showed this substance probably to be monpmeric. bif-
fusion gave n = 1. for phenolphthalein, Which is presumably
monomeric in the colorless form in which it lacks the neces-
sary résonating electrons for association. Similarly, com=-
‘pounds XXXV and R'X' in ethanol solution are probably mono-
meric, in agreement wlth the diffusion results, n = 0.8. The
compounds XXX, XXXV, and R'X' should all be associated to about
the same extent. Agreement between the valueslfor these com-
pounds is not too satisfactory as the values of n range from

2 to 10.



(1 (] [ 1 N

8 12 16 20
14!

 Figure II. Dependence of a Diffusion
Coefficient on Degree of Association

e COrrected for shape
-  Not corrected for shape




The osmotic pressure data are in poor agreement with
the diffusion data, but nevertheless indicate some degree
of assoclation. Attempts to geain useful information by
studying the changes in absorption spectrum with oongentra-
tion showed that for compounds VI, VII, XII, XXX, and XXXV
‘there is hobchaﬂge, as is in general true for azo dyes (28),

except that in the presence of borate ion, the spectra of

been explalned.

The measurement of Boyd and Behnke (17) (.g =-ll. for
compound XI) seems reasonable. This compound was adsorbed
by both the porous disk and the osmosis membrane, so that
we were unable to obtain data for it.

From these results one may conclude that diffusion
measurements give an apprcximatian(iﬁO%l of the degree of
| association, at least for those com@ounds whi¢h are not too
highly associated. Many of the simple antigené'discﬁssed in
the literature are probably assoclated several fold in saline

solutions.



(1)

(2)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

- 21 -

References

K. Landsteiner and J. van der Scheer, Proc. Soc. Exptl.
Biol. Med., 29, 747 (1932)

L. Pauling, D. Pressmen, D.H. Campbell, C. Ikeda, and
M. Ikawa, J. Am. Chem. Soc. 64, 2994 (1942)

L. Pauling, D. Pressman, D.H. Campbell, and C. Ikeda,
ibid., 64, 3003 (1942) |

L. Pauling, D. Pressman, and C. Ikeda, ibid., 64,
3010 (1942)

D. Pressmaﬁ, D.H. Brown, and L. Pauling, ibid., 64,
3015 (1942) |

D. Pressman, J.7T. Méynard, A.L. Grossberg, and
L. Pauling, ibid., 65, 728 (1943) |

L. Pauling, D. Pressmen, and D.H. Campbell, ibid., 66,
330 (1944) |

L. Pauling, D. Pressman, and A.L. GrosSberg, ibid., 66,
784 (1944)

D. Pressman, S. M. Swingle, A.L. Grossberg, and L.
Pauling, ibid., 66, 1731 (1944)

L. Pauling and D. Pressman, ibid., 67, 1003 (1945)

D. Pressmsn, J. H. Bryden, and L. Pauling, ibid., 67,
1219 (1945) | |

D. Pressmen, A.B. Pardee, and L. Pauling; ibid., 67,

1602 (1945)



- 22 -

References (Continued)

(13) D. Pressman, A.L. Grossberg, L.H. Pence, and L. Pauling,
ibid., 68, 250 (1946)

(14) L. Pauling, ibid., 62, 2643 (1940)

(15) . W. cC. Boyd, J. Exptl. Med., 75, 407 (1942)

{(16) K. Landsteinef; "The Specificity of Serological Reac-
tions", Chafles C. Thomag, Baltimore,vﬁd.,>1936,
p. 120. | “

(17) W. C. Boyd and J. Behnke, Science, 100, 13 (1944)

(18) R. W. Eattgon, J. Chem. Physics, 12, 268‘(1944)

(19) C. Robinson, Trans. Faraday Soc., 31, 245 (1935)

(20) E. Rabinowitch and L. ¥. Epstein, J. Am. Chem. Soc.,
63, 69 (1941) |

(21) C. Robinson and J. W. Selby....., Trans.vFa:aday Soc.,
35, 780 (1939)

(22) R. Zsigmondy...., Z. fir Phys. Chem., 111, 211 (1924)

(23) &) C. Robinson and H.A.T. Mills, Proc. Royal Soc.,
A131, 576, 596 (1931)

b) C. Robinson and J.L. Hoilliet, Proc. Royal Soc.,

4143, 630 (1934)

(24) C. Robinson and H.E. Garrett, Trans. Faradéy Soc., 35,
771 (1939)

(25) S. E. Sheppard =nd A. L. Geddes, J. Am. Chem. Soc.,
66, 1995 (1944) |



(28)

(30)
(31)

(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

(40)

- 23 -

References (Continued)

S. E. Sheppard and A. L. Geddes, J. Am. Chem. Soc.,
66, 2003 (1944)

G. N. Lewis, O. Goldschmid, T.T. Magel, anerrgBigeleisen,
J. Am. Chem. Soc., 65, 1150 (1943) |

S. Lenher and J. E. Smith, J. Am. Chem. Soc., 57, 497
(1935) | ,»

G. S. Hartley and C. Robinson, Proc. Royel Soc., Al34,
20 (1931) |

S. Lenher ;nd J. E. Smith, Ind. Eng. Chem.,tgz, 20 (1935)

R. O.‘Herzog and A. Polotzky, Z. ffr Phys. Chem., 87,
449 (1914) -

R. Flirth...., Kolloid Z., 41, 300, 304 (1927)

A. Nistler...., Kolloidchem. Beihefte, 28, 296 (1929)

A. Nistler...., Kolloidchem. Beihefte, 31, 1 (1930)

E. Valko......, Trans. Faraday Soc., 31, 230 (1935)

0. tuensel...., Trans. Faraday Soc., 31, 259 (1935)

J. W. Williams and L. C. Cady, Chem. Rev., 14, 171 (1934)
H. Neurath...., Chem. Rev., 30, 357 (1942)
A. L. Geddes, in "Physical Methods of . Organic Chemistry";
A. Welssberger, editor, Interscience Pubiisﬁers,
New York, N.Y. (1945), p. 277.
0. Lamm, Dissertation, Upssla (1937); A. Polson,

Kolloid Z., 87, 149 (1939)



(41)

(42)
(43)

(44)
(45)
(46)

(47)
(48)

- 24 -

S. Swingle, Thesis, California Institute of Technology
(1943) |

A. Tiselius and D. Gross, Kolloid Z., 66, 11 (1934)

C. 0. Beckman and J. L. Rosenberg, Annals N.Y. Acad.

Sci., 46, 329 (1945)

" E. M. Bevilacqua, E. B. Bevilacqua, M. M. Bender, and

J. W, Williams, Annals N. Y. Acad. Sci., 46, 309
(1945)

A. R. Gordon, Annals N.Y. Acad. Sci., 46, 285 (1945)

I. Kolthoff and J. J. Lingame, "Polarography", Inter-
science Publishers, New York (1941) |

W. Sutherland, Phil.‘Mag. (8), 9, 781 (1905)

T. Svedberg and K.0. Pederson, "The Ultracentrifuge”,

Clarendon Press, Oxford, (1940) p. 41.



Part II

“

The Reactions of Synthetic Antigens with

Specifically Purified Antibodies



- 25 -

" The Reactions of Synthetic Antigens with

Specifically Purifiled Antibodies

Purpose of the Investigation

If a protein to which azo-phenyl-arsonic acid groups are
attached iS»injeéted into an animal, the blood of the animal
is SOOn found to contain substances called antiquies which
will precipitate with proteins to which this group is attach=-
ed (1). The reaction is complicated by a lack of knowledge
of the nature of both of the reactéﬁts, of the forces holding
the molecules togéﬁher, by the variable ratio of. combination
in the precipitate, and by the absence of evidence regarding
the part played by other substances in the blood. A consider-
~able advance was made when it was discovered that simple sub-
stances of known structure; such as organic molecules contain-
~ing two or more azo phenyl arsonic acid_groups,’could also
précipitate the antibodies against the above mentioned proteins.
(Of course other groups than the one mentioned could and have
been used throughout but this is the one with which this in-
vestigation concerns itself.) It was found that-the mole ratio
of antigen to ahtibody in the precipitate of such simple anti-
gens was oneor two over a wide range of conditions; The amount
6f precipitate obtained passes through a maximum, as shown by
the curves of Figure V (dashed line, from S. M. 8wingle, Thesis,

CIT, 1943). The nature of the reactién has been discussed in
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ythe.literature'(Z). It seems reasonable to investigate the
effect of a further simplification, namely the removal of the
serum constituents other than the antibody itself, and the
investigation of this change is the purpose of the present
work. First, some measurements on the properties of ﬁhe anbi-
body alone ﬁeré'made‘to characterize 1t as well as possible,
and to compare it with other purified antibodles described in
the literature (3, 4), which were found to be gémma’glébulins
modifiéd in some way to possess antibody properfies. 'Second,
- the reaction of antibody with several synthetic antigens was
investigated with the idea that if the serum has\noveffect, a
simpler system might give mére easily interpretsable quahti—
tative data. It developed that serum had a great effect on
the reaction, and so although quantitative conclusions Were
not forthcoming, & better qualitative picture, especially of
the status of the antiger, was obtained. |

Because of the possibility of several interpretations of
the data, I have tried to first present the results'and then

have gone to the less straightforward matters.

Experimental

Antigens. - The synthetic antigens have been listed on
pages 3 and 4 of this Thesis. |

Antibodies.and other Substances. - The anti-B serum was

obtained from rabbits by the method usually used in the Cali~

fornia Institute of Technology Chemistry Department (5).
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Specifically purified anti-R antibody (referred to in
this work as purified antibody) was prepared by Dr. D. H.
Campbell by reacting antiserum with antigen XXX or Hesorci-
nol-Ré‘in slight antigen excess. The precipitate obtéined
Was.wéshed and then dissolved with the hapten arsanilic acid
-and_acidifiéd to pH 3, leaving the antigen as a preclpitate
from which the antibody could be centrifuged. The remaining
hépten was dialyzed away. Various batches of this antibody
were pooled and used fﬁr the sucdeeding experiments.

The pneumococcus type I antibody usea in some‘cf the
experiments was a commercial preparation, Lederle Refined
and Concentrated Rabbit Globulin. The purified polysaccharide
was prepared by Dr. J. Cushing.

The rabbit serum albumin was prepared by salt precipi-
tation by Mr. G. Feigen.

‘Precipitin Reaction - General Methods

Antigen-amtibody mixtures in 0.9% NaCl wers allowed to
stand aﬁ hour at room temperaﬁure and two to five days in
‘the refrigerator. After washing, thé precipitétes were anal-
yzed for éntigen by adding 2.5 ml. of 1 N NaOH, making up to
5.5 ml. in a centrifuge tube, and reading the light absorp-
tion on a Beckmann Spectrophotometer at an_appropriate wave-
length eand slit width. Resorcinol-Ri was read at 500. mpg.
~and 0.03 mm. slit width, and XXX was read at 600. mu. and

0.04 mm, slit widbth. Nelther of these antigens showed any
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tenéency to fade over a period of several days in alkali or
over several months in néutral solution. Antigen R'X' faded
about 20% in a day in-alkali. All gave spproximately linear
plots of optical density vs. concentration. The error in this
procedure is estimated at t 3% or less for samples'coﬁtaining
more than 4 ﬁg. of antigen, and is somewhat greater for small-
ér_samples. '

The same saniple was then analyzed for protein by the Folin-
Ciocalteu method (6). A correction wag made for-the célor of
the‘antigen. To test the method ten triplicate analyses were
run on purified antibody samples by both the Foliﬁ-éiocalteu
and the Nessler method by two analysts. The fifst method gave
values which averaged 1.035 % .035 times the second.

In some of the experiments with purified antibody the
supernates were decanted from the centrifugeéd precipitates,
both parts were analyzed, and the pfécipitate was corrected
for the small amount of antigen and protein in the remaining
supernate. On the éverége 0.07 # .01 g. of supernaste remained
after careful decanting. 1In some of the léter experiments
only the precipitatesrwere analyzed and the correction was
calculated from the amount of reactants added;

The molecular weight of the antibody was taken as 160,000

for calculations.

All experiments were carried out in 0.9% NaCl, without
buffer present unless otherwise noted. When a buffer is re-
corded as 0.0l M this means that the sum of all forms of the
buffer is 0.0l moles per 1iter,
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Properties of Purified Antibody

The approximate molecular weight of the antibody was de-
termined by osmotic pressure measurements. Measurements were
at pH 7;3 in 0,3M NaCl plus 0.04 M phosphate buffe:, The
protein was concentrated frcm 0.8% to 2.1% by placiﬁg over
caCly in a vacuum desiccator in the refrigerator for a week.
‘The osmometers used were of the static rise type, one with
a bag and the other with a flat membrane of Visking sausage
casing at the end. The values obtained were 136,000 and 144,000
as compared to the literature value 158,000 (7). As a check
on the method the molecular weight of a serum albumin sample
was also determined and found o be 68,000 and 71,000 com-
pared to the literature values of 68,000 and 70,000.

The molecular weight was also measuwred by the light scat-
tering method by Mr. R. Blaker. He obtained the value 150,000
4 10,000. The change of refractive index with weight frac-
tion was found to be 0.171 per gram per gram.

Dr. S.M. Swingle measured the electrophoretic mobility
in the Tiselius apparatus at pH 7.2 and'found,the purified
ant ibody essentially homogeneoué with a mobility like that of
gamma globulin. |

A sample of the purified antibody was dialyzed for a
period of two weeks. The dialysate was tested for protein
by the Nessler me thod and by the Folin method. The former

indicated that 1% of the total protein in the sample was
dialysed while the latter gave 0.4 this amount.
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Reaction of Purified Antibody with Antigens

Resorcinol-ﬁé precipitated a maximum of 84% of the anti-
body, Chromotropic acid-ﬁé precipitated 75%, H acid-R'X!
precipitated 50%, Resorcinol-—ﬁ5 precipitated about 25%. Chromo-
‘tropic-acid-Rz and Compound XX, Terephthalanilide-p, ﬁ'-di-

arsonic acid, gave no . precipitates.

Rate of the Reaction

Asg contrasted to the visible rate of reaction'in & system
which contains serum, the antigen-antibody reaction between
purified serum and synthetic antigen is very fast. To 2.5 ml.
of solution containing 12.5 pg. (12.5 x 1077 molés) of anti-
gen XXX were added 2.5 ml. of solution containing 1300 pe.
(8.1 x 10"9 moles) of purified antibody. These are about the
opt imum proportions. The turbidity of the mixture Was'follow—
ed in a Klett-Summerson colorimeter. In 1% minutes the turbid-
ity was 95% of maximum. In 3 minutés a fine suspensioﬁ was vis-
ible; in 10 minutes the maximum turbidity had béen,reéched,
and the.colorimeter readings began to‘decrease, In 20 minutes
flocks were settling out, and in 40 minutes the reading was
down to 60% of the maxiﬁum; it coﬁld be increased to 95% by
shaking and\reduced to effectively zero by cehtrifuging. " In
a second experiment, in which a small amount of antigen was
added to an antibody solution thirty times as concentrated as
above, the ﬁurbidity was decreasing at 50 seconds;, the time of
the first reading. These experiments were in 0.9% NaCl at

pH 7.5.
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Precipltations with Resorcinol-ﬁé gave experimentally
the same results when analyzed after two hours or three days.

Reversibilityfbf the Reaction

Table I presents data of some experiments on thereffect
of method of addition of Reéorcinol-Ré to purified antibody.
The aﬂtigén'waS'added,in equal portions to the antlbody at
‘hourly intervals. The volumes of all tubes were the same at
ail times during the‘experimeﬂt. The tubes were shaken every
half hour for eight hours following the first addition. The
first four tubes were just on the antigen excess side of the
optimum and the second four were on the antibody‘eXcess side.
Tubes number nine and ten tested the reversibility of the
hapten-antigen reaction with antibody. To tube nine was add-
ed 25 x 1079 moles of Resorcinol-R! and 4.5 x 1079 moles of
antibody, and two hours later 430 x 1072 moles of hapten XXIII.
'The hapten and antigen were added in reverse order in tube

ten. All samples stood two days.

Size of Perticles in Supernate

The following experiments were made to see iIf soluble
aggregated are in equilibrium with the antigen—ahtibody’pre-
cipitate. A relatively small amount of antigen XXX was added
to a solution containing 8 mg. per ml. of purified antibody.
The precipitate was allowed to form for several days, and fhen
was centrifuged a half hour at 14,000 r.p.m. It was calculated

that a particle of molecular weight about 108 would be removed
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>froﬁ the solution by this treatment. A4 light scattering
determination was then made on fhe supernate, it was analyzed
for protein, and its optical density and refractive index were
determined. The remaining supernate was then returned to the
precipitate, snd more antligen was added and the prcceés was
're@eated.' Since‘the,antigen used, XXX, is colored and absorbs
.the wave length used for scattering (5461 g or 4358 E), these
experiments can be carried out only at low antigen“ccnéentra-
tions; otherwise the correction for absorbed lightAmakes the
result too uncertain to be of value. It was possible to make
such determinations over the range of antibody eicéss. The
supernate was then removed énd a solution containing phenyl
~arsonic acid was added to the precipitate. Several determin-
ations were made on the dissolved material, but this hépten
did not seem strong enough to dissolve much of the precipitate.
It was replaced by hapten XXIII and-a further determinétion
Was'carried out. The data are summarized in Table II. This
work wes done with Mr. R. Blaker,who made the light scatter-
ing and refractive index measurements and'calculated the
molecular weights. | | |

Non-specific Precipitation

The purified antibody was added to varying amounts of
Chromotropic acid =~ Xé (compid- AXXV). The precipitate obtain-
ed was a dirty brown color instead of the blue obtained with

Chromotropic acid =~ Ré or R'X!' and so may have been caused by
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an impurity in the blue antigen. Difficulties with an im-
purity are mentioned in the preparation of this antigen (8).
Results are given in Table III.

Hepten Inhibition

Varying amounts of the strong hapten, XXIII,'wefe added
to an'optimél mixture of purified antibody and antigen XXX.
The results, given in Table IV, show that hapten can inhibit
a precipitate almost completely, and gave a hetéroganeity
index ¢ = 1.5 (9). On the other hand, leﬁmolés/ml.'of the
weaker hapten phenyl arsonic acid had no effeect on the pre-
cipitation of purified antibody by Resorcinol-Ré;

Volume of System

Different amounts of antigen XXX were added to the same
amount of purified antibody in varying volumes of buffered
saline, The reéults are given in Table V. It can be seen
that the amount of precipitate 1is féirly independent of the
volume.’ A similar experiment at two different volumés and a
larger number of antigen concentrations is given in Table VI.
Both antigen and antibody in the precipitate were measured.

Precipitin Reactions

Tables VI to XIV give the mg. of protein precipitated
and the ratiés of moles antigen to moles antibody in the
precipitate for a number of experiments in which varying
emounts of antigen were added to a constant amount of puri-

fied antibody. The antigen and the pH are different for
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different experiments. Tables XV to XVII give data on experi-
ments In which varying amounts of purified antibody were added
to a constant amount of an antigen. The volume was thejsame
in all tubes of any one of the above experiments. FLgure§

IT1I and IV show the data of Tables VII and XVI graphically.

‘Reaction of Purified Antibody with Synthetic Antigens in

the Presence of Serum or of Serum Albumin

| Reactions of purified antibody with antigens in the pres-
ence of rabbit serum are given in Tables XIX md XX. The
éntigen R'X'!' gave no precipitate in quantitative experiments
over a range of antigen concentrations like thosé shown in
Table XX for antigen XXX. Serum albumin had the same effect
as normal rabbit serum and completely inhibited precipitations
by R'X' and reduced the amount of precipitate given by'anti-
gen XXX. The tésts in serum albumin were at pH 6.2. The
pneumococcus polysaccharide system &esdribed inlthe neit para-
greph was also precipitated in serum to see if there was an

effect (Table XXI).

Reaction of Pneumococcus Polysaccharide I with its’Antibody

in the Presence of Synthetic Antigens

To seerhow much antigen was non-specificélly held to the
precipitates in the purified asntibody experiments precipita-
tions were carried out between purified pneumbcoccus polysac-
charide type 1 and a commercial globulin preparation from

rabbits, containing about 10% antibody precipitable by the
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Npolysacch&ride} In the first four tubes of Table XXII the
‘antigen”Resorcinol-Ry was present at the time of precipita-
tion. In tubes five to eight, the precipitation was complet-
ed and then the supernate was replaced by solutions of the syn-
thetic antigen. Synthetic antigen was added to the aﬁtibody
'prepafatién.in tubes nine and ten to test for non-specific
precipitation. Table XXIII gives results for experiments
similar to those of tubes one to four of Table XXII at two
amounts of polysaccharide, with'antigen” XXX preéent. Controls
showed no precipitation of polysaccharide or antibody by this
synthetic antigen. The “antigens” Chromotropic acidéRg, Resorci-
nol-RS, and R'X' were non-sbecifically bound to about the same

extent as was “antigen” XXX, as shown by semi-quantitative tests.

Discussion

The antibody, like other purified preparations, seems o
be a gamma globulin from its molecular weight and electropho-
resis pattern. The agreement of the number average molecular
weight from osmosis and the weight avéragé molecular weight
from light scattering indicate that the preparation is fairly
homogeneous; The single electrophoretic peak‘and the absence
of diffusible material also indicate that there are not impur-
ities of considerably different molecular weight. It is dif-
ficult to give a figure for the fraction of specifically pre-

cipitable protein. The best antigen, Resorcinol-Ré, precipitated
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at most 84% of the protein, but some of this may heve been
held'by non-specific forces and there may have been some
antibody left in solution. One might guess, however, that

80 to 90% of the protein in the sample was specifically pre-
cipitable. This fraction could probably be increaseﬁ’by using
‘a freshly pfepared entiserum (the sample used in these experi-
 ments had stood for sbout 12 months before it was used) which
was purifiedlwith the test antigen only. Tests with Hesorci-
nol-Ré immediately after preparation of the antibody gave
better than 95% precipitable antibody, according to Dr. D. H.
Campbell. o

The precipitate is obtéined in a much shorter time in
the sbsence of serum, Probably the maximum smount is reached
in less than an hour while there is some indication thét
systems in serum shoﬁld be allowed to stand almcsf'a week (10).
The reason for this increased rate may be tmt non-speéific
combination of antigen with serum proteins reduces the effective
antigen concentration and hence the rate of the reaction in the
system containing serum.

The experiments on feversibiiity are not vefy conclusive
as they Weré not carried out undér the conditions where ir-
reversibility would be most noticeable. In the range where the
experiment was carried out, however, the reaction does not seem
to be altogether at equilibrium in the two day period. The
hapten-aﬁtigen competition seems to be at equilibrium, how-

ever, in agreement with experiments in serum (11). -
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The work on size of particles in the supernate is Inter-
esting because it shows that large aggregates are not found.
This is in agreement with the ultracentrifugal work of Pappen-
heimer et. al. (4) who found only smeil aggregates, and with
the‘work of Heoker and Boyd (12) who observed no birefringence,
'Which'indicétes-that‘long chains are absent. The molecular
‘weights given in Table II are weight averages and hence very
sensitive to large particles. Experimental difficulties were
such that the increasing values of the first six molecﬁlar
weights could be due to error; however the average'increase is
the sort that would be due to an appreciable fraction of the
molecules being in the form of aggregates containing two or
possibly three antibodies, not larger aggregates. For example,
if 25% of the antibodies existed as tetramers and the rest
as monomers, the observed molecular welght would be about
' £60,000. The experiments on solution of the precipitate are
inconeclusive, those with phenyl arsonic acid Eeeause this hap-
ten seemed to have almost no effect, and the one with hapten
XXIII because it is only one measurement and hence open to
considerable doubt. Since almost no inhibition'in’antibody
excess is observed in this purified rabbit entibody system
v(see later) particles containing two antibodies and one anti-
gen (ABy), which should be very common in excess antibody,
must rearrange into larger particles and split off the extra

antibodies to give precipitates containing all the antigen
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with the observed antigen-antibody ratios (always one or great-
er for synthetic antigens). It is ihteresting to speculate on
the source of energy for rearrangement of the smaller aggre-
gates. Since the number of sntigen-antibody bonds is not
changed when two_(ABg) aggregates combine to formﬁanl(AQBg)
'aggregateAthe energy of the reaction must come from some source
‘such as attraction of the antibodies for one another, although
they do not aggregaté in the absence of antigen (or after the
antigen is removed). When held together by'antigens they
should arrenge themselves so that as large a fraction as pos-
siblé of their surfaces touch, snd since this sufféce is not
in contact with water theyshould decrease in solubility. Such
~an alteration has been suggested previously in regard to com-
bination with water (13). An alternstive explanation ﬁight
be that both of the combining sites on an antibody ﬁolecule
are of about the same strength. Thén in antibody excess both
ends of only the strongest molecules pould combine with anti-
gen and form a "framework”, i.e. the minimum number of anti-
vodies would go into the precipitate. |

The results shown in Table III are open to some question
for the subétance which caused the hon-specific precipitation
may have been an impurity. There is little doubt that non-
gpecific precipitation is indicated by the decreasing amounts
of precipitate in Table XXII. Such an effect is not observed

in systems containing serum, as evidenced by experiments with
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‘R'X', (10). Tables XXII and XXIII also show a pronounced
non-specific adsorption of the synthetic antigens on to the
precipitate. This adsorption is much stronger on the pre-
cipitate than it is on proteins in solution, as shown ,by the
lafger fraction of antigen which combines with the précipitate
‘even thoughvthé'supernate contains much more protein. The
antigen is not trapped in interstices of the precipitate be-
cause the second four tubes of Table XXII, in which the anti-
gen was added to the formed precipitate, show approximately

the same fraction of antigen on the precipitate as do the

first four tubes. Further, the protein in the pfedipitate is
not more effective for adsofption of antigen beéause it is of
a different type than the protein in the supernate, This is
shown by Table XXIII. The second four tubes precipitate'only
a part of the antibody, yet show a fraction of adsorbed anti-
‘gen which approaches the fraction ih the first‘four‘tubes

when the amount of added antigen becomes small. These observa-
ﬁions can perhaps be best explained by considering the precipi-
tate to have a few locations where aﬁ antigen ﬁolécule can
attach itself very firmly, perhaps by combining with several
protein molécules. Such sites would be absent in the protein
in solution. Since only a few antigen molecules could go into
these locations, the fraction of antigen combined with the pre-
cipitate would be large when there was little antigeg in the

system, and would become smaller when the antigen was increased
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and the stronger locations were filled. Then the protein
in solution would compete on even terms with the smaller
amount of precipitate. NOn-specific;adsorption is far less
marked in the presence of serum (14).

The hapten inhibition data, Table IV,are much like that
_for a'similar éystem in serum (9). The heterogeneity index,

g = 1.5, is of about the same order of magnitude also.

The amount of precipitate and the antigen—antibody ratio
seem to be almost independent of the volume of fhe syétem.
This is in marked contrast to the observations in a system
containing serum (11) in whioh a three-fold incréaée in the
volume of the system caused the precipitate to decrease 50%.

Tebles VII, IX, XVI, and XVII show that the first few
washings remove a.considerable fraction of the precipitated
‘protein and antigen in. approximately the ratio in which’they are
present in the precipitate. The next few washings remove
much less precipitate (11). Whether this precipitate is
specific or merely occluded protein could be determined by
another experiment, as described 1ater_in this paper.

The experiments in which various amounts of antibody
were added to a constant amount of antigen showed a slight
decrease in precipitated protein at the largest amounts of
antibody in every experiment. This is similar but not nearly

so marked as the effect in serum (10) in which a four-fold
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Jincrease in antibodj above the optimum decreased the amount
of precipitate to a third the mékimum value, It might be
remarked that antigen excess inhibition is found at an anti-
genfantibody ratio much greater than the antibody-antigen:
ratio employed in these experiments., Also, it is-notlsurpris-
ing that antibbdy excess inhibition is not observed in the
conventional precipitin reaction, for the region in which it
is expected to occur 1is a very small one of low accuraéy
experimentally (in rabbit serum). Some experiments do show

a small antibody excess inhibition (See Figure V). These
experiments with variable antibody also show thaf more pre-
cipitate can be obtained at‘the optimum of a conventional
Qrecipitin experiment (variable antigen) by adding more anti-
body; i.e., thevoptima do not coincide.

The data for the precipitin experiments with purifiéd
kantibddy are sﬁmmarized in Table XXiV. Some eXperimenﬁs with
sysﬁems,in’serﬁm are taken from other'papers for comparison
and are given in Table XXV, A stands for antigen and B stands
for antibody. The first two columns give.the antigen and the
pH of the system. The rest of the columns are intended to give .
enough data to describe the experiment.

Columns 3 to 5 have to do with conditions at the optimum,
i.e. at the maximum amount of precipitate. Cdlumn three gives

the percént of total antibody precipitated. In the experiments
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where the antibody present is not known, the ﬁg. of precipi-
tate is given., It can be seen that the amount of precipitate
depends on the antigen and, at least for Resorcinol-Rs, de=-
creases with increasing pH. The purified-antibody syétems
differ very much from the systems in serum. The presénce of
serum gives an‘dptimum pH at about 9.0 (20). More striking,
the presence of serum greatly reduces the pereent of precipi-
table antibody especially in the case of antigen R'X' which
gives'no precipitate, -

Column four gives the number of moles of antigen required
per mole of antibody to give the maximum precipifaté. It may
be considered a measure of ﬁhe position of the 6ptimum. In
the experiments where the antibody present is not known, the
moles of antigen added is given. The more highly associated
_antigen Resorcinol-Ré requires a higher ratio and the ;atio
is greater at lower pH, presumably in pért because the repulsive
forces between the antigen molecules are smaller and hence larg-
er aggregates of antigen exist, and because the non-specific
attraotibn between antigen and antibody are greater due to
decreased negative charges on both molecules.. This will be
discussed in more detail later. Antigen R'X' has a strikingly
different ratio than does the structurally'similar XXX. The
presence of serum seems to have 1little effect on this ratio

for Resorcinol—R% but a large effect for X(X. Serum reduces
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the amount of antigen required for maximum precipitation
for antigen XXXV,

The fifth column gives the mole ratio of antigen to
antibody in the precipitate. The values in Table XXIV are
yery similar to the ratios given in column four, and ﬁhey de-
.Qrease with increésing pH. The antigen R'X' is an exception,
requiriﬁg a much higher ratio in the systémlthan in the pre-
cipitate. Experiments in serum have a lower antigeh-antibody
ratio in the precipitate than they have in the total system.
| The sixth column gives the antigen—antibddy‘mole ratio
extrapolated to zero antigen. These values were obtained
using the experiments with variable antibody when possible.
There is good agreement between the limiting ratios from the
two types of experiment. The ratio is of interest because |
‘one would expect non-specific reaction of serum with antigen
to be smallest when there is a large excess of'antibody in the
system.’ If the values in the fifth and sixth columns of
Table XXIV agree, the non-specific effects in the purified
antibody éxperiments'are probably small. Association of anti-
body may also play a role in determining these values. Ideally‘
the ratio should be unity according to the "framework" theory
(14). This is the value found for antigen}XXX~and approached
' a5 the pH is decreased. The experiment. which

by Resorcinol-—R3
was started at pH 9.9 and finished at pH 7.6 acted as if the
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antigen combined with antibody as monomer et the higher pH
and remained uhassoclated after the pH was decreased. The
presence of borate buffer seems to give a higher limiting
ratio, which is in line with the observation that borate
.changes the absorption spectrum of some antigens, making the
antigen appear more associated. R'X' has a higher limiting
ratio than the structurally'similaf antigen XXX,'indicating
that R'X' is associated in the precipitate even at’very low
relativeramounts. The experiments in serum all have fairly
klow ratios.

The last two columns of the table give an indication of
the shape of the precipitin curve, The seventh column gives
the ratio of the amount of antigen in the system at the point
in antibody excess where the precipitate is half the maximum
amount to the amount of antigen present at the optiﬁum, and
the eighth column gives the similar ratio in antigen excess.

Since it is often difficult to determine the exact amount of
antigen at the optimum, because the precipitate may change
very slowly with added antigen, the values given are not very
acecurate. In general the values of column seven are about

1/5 and those of the last column are about 7 in eithef“serum
or purified antibody. Bxoeptions are the siightly higher value

in borate and lower values of Resorclnol-Ré and R'X' in anti-

body excess, and the very high values of R'X! in purlfled
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antibody and XKXV in serum in antigen excess. Explanations
of these divergences probably depend on different degrees of
association of the antigen, on mon-specific reaction with pro-
teins, and on relative strengths of reaction of aggregated and
monomeric antigen.
| ' it can be seen from the above data that although there are
éimilarities between the antibody-antigen reaction in purified
antibody and in antiéerum, there are also very marked differenc-
es, The principal differences are the smaller fraction of the
antibody precipiteated in experiments with serum present and
the larger and rapidly changing ratio of antigen‘té antibody
in purified antibody as compared to the constant low ratio
~in experiments with antiseruﬁ. The antigen R'X? gives a pre=
cipitate with purified antibody and does not ?récipitate‘with
~antiserum. |

A striking illustration of the differencefthat serum can
make in a precipitin reaction is given by a pair of experiments
shown in Figure V. These tests were made by Dr. S. M. Swingle
(8)., A very strong anti-X serum was dilufed l/lQ,_in one case
with saline;at-pH 7.8 and in the other with antiovalbumin at
pH 8.0. Varying amounts of antigen XXXV weré added and the
precipitates were allowed to form and were washed and analyzed
for antigen (with the Klett colorimeter) and for protein.

Although there was serum protein in both experiments, the dif-

ference is quite marked. The initial portions of these curves
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are given on the same plot withka more widely spaced scale
to show the antibody excess inhibition. Further data are
given in the last two rows of Table XXV.

Some of these effects can be explained by considering
the antibody and other protein in the system to have é non-
‘Specific attraction for synthetic antigens, as has been sug-
gested earlier in this paper?ﬁ The experiments of Tables XXIT
and XXTTIT indicatse a‘definite non-specific interaction be-
tween antigen and protein, especially precipitafed‘prdtein.
The affinity of proteins, especially albumin, for numerous
small molecules has recently been stressed in thé literature
(15, 16). There is little doubt that if the synthetic anti-
gens can adsorb on a polysaccharide precipitate,'they can also
adsorb on their own specific precipitates. Ihis'explains the
‘high antigen-antibody ratios in the purified serum éxperiments,
for much of the antigen can be non-specifically held. As the
antigen in the system is increased more and more of it sticks
to the precipitate. Such a process should occur té a much
‘smaller extent in serum because the large amount of protein
effectively "buffers™ the antigen, permitting‘only a small
concentration of free antigen in the system. Some of the
spécific sites on the antibody are probably stronger than non-
specific sites and hold antigens, giving the observed low
ratio, but very 1ittle non-specific antigen is attached be-

cause of the competition of the serum proteins.

* Phis susgestion iz due to br. V. schoualer.
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The decreése in amount of precipitate in the presence of
serum can not be due to non-specific adsorption of‘antigen
molecules for this should merely lead to an optimum at some
higher antigen concentration. That there is considerable
reactive antigen in a precipitin reaction in the presénce of
-serunm is indicated by the occurence of an optimum. Another
explanation for the greater amount of precipitatelin’a}puri-
fied antibody system might be that antigen reacts more strong-
1y when it is aggregated. Presence of serum reduces the average
kdegree of aggregaﬁion and might thus decrease the amount of
precipitate. That this is not a reasonable explanation is
indicated by the observation that Antigen XI (similar to Re-
sorcinol-Ré) will precipitate as much antibody from én‘anti-
serum as will R'-ovalbumin (5). Antigen XT gives an antigen-
‘antibody ratio in serum which indicates that it is honomeric
(14) and since this antigen when associated should not be
stronger than azo-ovalbumih it is not likely that the associ-
ated form is stronger than the monomer. |

Tt seems reasonable that serum proteins eould combine
with the free end of an antigen attached to one actibody. This:

'
non-specific combination would make the antibody essentially
honovalent, or would terminate the chain of antibodies in a
nframework". Such an effect might be small in large antibody

excess where the strong antibodies could compete against the
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great number of serum proteins for the few antigens present,
but it would become important and would reduce the precipitate
when the antigen concentration became larger.> Another way of
looking at the same idea is to say that when a serum protéin
attaches itself to an antigen, this antigen becomes effectively
a monovalent hapten. "The fraction of the antigen in this mono-
valent state would increase as the antigen in the system in-
creases and so the inhibition would become greater at higher
antigen concentrations. When the total antigen in the system
is very large, several antigens would be attached to some serum
proteins and vis versa, forming a non-specific precipitaté.
These effects would be much less important in an exXperiment
with purified antibody.

One might expect such a mechanism to trap'SCme non-anti-
- body protein in the specific precipitate. A method=ofvtesting
for these proteins would be to mix radiocactive normal serum
with non-radiocactive antiserum and measure the activity of the
precipitate. |

In support of these ideas we find that weaker antigens
show a greater‘decrease in percent of prqtein precipitated.
A more gradual decrease in the amount of precipitate with in-
creasing antigen in antigen excess is also observed for the
weaker antigens. The exceptionally weak antigen XXXV shows a
very gradual decrease in antigen exeess with a_wéak antiserum

and a rather rapid decrease with strong antiserum.
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It was suggested that a slow rate of reaction was re-
sponsible for the smaller amount of precipitate obtained in
the presence of serum. To check this possibility equilibrium
was approached from both sides. It was found that a precipi-
tate of purified.antibody and Resorcinal-Ré was redncéd to
594 of the initlal amount in three days when placed in serum.
Similar smounts of the reactants initially in serum gave 26%
of the precipitate obtained in the purified sysﬁem‘in'the
same time. It 1s probable that a large part of.the discrep-
ancy between these fwo amounts lies in the slow resolution
of the centrifuged and tightly packed precipitaté.. The dif-
ference between the amount éf precipitate in purified antibody
and in serum is & real one waich exists at equilibrium, al-
though it is not clear that equilibrium is reachéd in serum
in three days.

A not entirely satisfactory exﬁlanétion df'the reiative
positions of the optima in serum and in purified antibody
can be given. Strong combination of antigen with serum pro-
teins and strong association as compared ﬁo combination with
antibody should reduce the number of reactive anfigens in a
solution. if the effect of association is gréater-than that
of non-specific combination, the optimum in purified amti-
body should be at higher antigen than the optimum in serum
(entigen XXXV). If nbn-specific combination is more import-

ant, the optimum in serum will be at larger antigen (antigen XXX),
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.and if both are large both optima will be at large antigen

(Resorcinol—ﬁé). It is hard to‘unaerstand why, in the case
of XXXV, a combination of association and non-specific com-
bination in serum does not shift the optimum to at least as
high a value as is reached in the sasbsence of serum.

We sﬁiil do not know if associated antigens enter into
the precipitate. A comparison of the antigen absorbed in an
experiment like the ones shown in Tables VII or X and an experi-
ment involving only non-specific adsorptiqn like Tables XXIT
or XXIII was made, correcting for the one molecule of antigen
supposed attached to every antibody molecule in the specific
precipitate. It was concluded that possibly more antigen was
held per antibody by the specific precipitate at a given anti-
gen-antibody ratio in the system but the difference was too
small to be gi#en much weight. FIFurther, such an iqcrease
‘might'be due to differences other than'association of the
spécific ant igen molecules. A much better expefiment is the
one involving antigen R'X' which should precipitate with anti
R serum alone only when it is associated. The fact that a
precipitate is obtained with antibody in the absence of serum
and not inAthe presence of serum and the antigen—antibody
mole ratio of nearly three in large antibody excess, as well
as other differences noted on the previous pages, is strong
evidence for the reaction of R'X' as a small aggregate. That

the action of serum is due to non-specific lowering of the
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“effective concentration of antigen in the solution, decreas-
ing associatidn, and is-not‘due to some mysterious component
of blood, is supported by the experiment with serum albumin,
which also entirely prevented precipitation. This antigen,
from the mole ratio in the precipitate with mixed'antisera,

is apparehtiy monomeric in the presence of serum (16). Ex-
‘tending th ese results we may say that sntigens generelly are
not associated in the presence of serum, bubt may be’aséociated
in @ system containing only antigen and antibodj both in the
precipitate and in the supernate. Antigen XXXV seems some-
what gssociated even in serum, for 1ts antigen-anfibbdy ratio
is congiderably greater thaﬁ one in antibody exéesé and gradu-
ally increases with thie antigen in the system.

Some of the differences between anti-X and anti~R serum
may be due to a smaller affinity of the X group for proteins.
‘The carboxyl groups on en immunizing antigen might havé less
effect on the antibody while it forms itself abcut‘the anti-
gen and hence the production of antibody groups capable of
competing for precipitating amigens with ﬁon-specific sites
may be much less freguent than in the case of thé arsonic
group. As has been previously mentioned, the'tendency of
antigen XXXV to assoclate is so strong that 1t is not entirely
prevented by combination with protein non—specifically,and

 since the tendency to associate is probably about the same in
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structurally similar arsonic and carboxylic synthetic anti-
gens, the non-specific forces must be weaker 1n the latter.
The higher pH optimum of the carboxylic antigen may be at-
tributed to a decrease in the non-specific forces which are
probably coulombic in nature, while the specific forcés,
Which'arerdﬁe to Van der Waals attraction to a greater extent
(18), do not decrease so fast with increasing negative charge
on the antibody. A decrease in these ncn-specific-fbrées is
indicated by the higher antigen-antibody ratio at higher pH.
The pH optimum for ovalbumin azo benzoic acid, for which non-
specific forces are lessg important, is 7.7. Finélly, it has
been noted that very weak héptens actually increase the amount
of precipitate in the carboxylic system. This may be because
these haptens have a greater effect on the non-specifié sites
than they do on the specifiec ones, releasing more’aptigen to
combine with the antibody. | |

The failure of Boyd (13) to obtain precipitates‘in gerum
with some many-hapten antigens may in part be due to weak
sera and in part to combination of the exfré ant&ggn groups
with albumin or other highly soluble blood compdnents.

It seéms reasonable that antisera should contain a large
amount of non-précipitating antibody, as measured by the usual

precipitin test. This may explain the occurrence of sntisera

which "protect” against an antigen but which do not precipitate.
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Also, the antibody excess inhibition in horse serum and the
occurence of monovalent antibodies might be explained by the
difference in strength of the specific sites of the large
horse antibody, only one being strong enough to combine with
antigén in the presence of serum. This may also be the ex-
.planationfor the large antibody excess inhibition in serum
(LO) compared to the smaller inhibition in purified antibody
(Tables XV to‘XVIII). It would 'be interesting to see if the
gamma globulin in an animal, as determined by\eiectrophoresis,
increased much fasier on immunization that the precipitable
antibody, and to measure the titers of a serum béfdre non-
specific purification and of the globulin afterwards.

These experiments were carried out with synthetic dye-
like antigens. It would be interesting to see if other anti-
gens are aiffected by the presence of serum. A préliminary
‘experiment of this sort is given ianable XXI.,{There is no
prebipitate inhibition, in fact there seems to’beSLightly
more precipitate in antigen excess with serum present. The
effect of serum on some systems has been discussed‘by Marrack

(19).

Summarz

Antigens in solution may exist as monomers and as ag-
gregates. They may combine with proteins in solution and with

the precipitate specifically and non-specifically both as
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monomers and as aggregates. If there 1is much protein other than
antibody in the systenm the‘assoéiated antigen is absent and

the amount of antigen which combines with the brecipitated
antibody non-specifically is smail. The presence of serum

has a large effect on the antigen-antibody ratio in the pre-
 cipitéte éﬁd on the emount of the precipitate and on the shape
bf the precipitin curve in some cases. Any theoretlcal con-
sideration of the reéction should take non-specific combina-
tion into consideration.

Experiments were also carried out on the size of the
antibody, the rate of the reaction, reversibility,“size of
aggregates in the supernate‘in antibody excess, non-specific
precipitation, hapten inhibition, effect of varying the volume,

and effect of varying the pH of the system.
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Table I

Reversibility Experiment

Antigen - Resorcinol-Ré, Antibody 730 pg., pH. 7.5, no buffer,
done in triplicate, volume 4 ml.
Antigen ' ppt. ppt. Mol. Ratio

added No. of  Protein Antigen Antigen
Moles xlO9 Portions ME . Moles xlO9 Anti%oay

50 1 510 50 16
50 2 516 40 13
50 b L98 L1 13
50 6 505 34 1
25 1 523 23 6.9
25 2 505 23 7.2
25 L 478 22 : 74
25 6 421 22 8.2
25 1+H 3,7 0 22 io

25 H+l 335 21 10
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Table II

Size of Particles in the Supernate

Antigen or Protein Wt. Ave,
Hapten added in Soln. Mol. Wt.
Moles x107 mg/ml.

Antigen XXX

0.0 8.5 148,000
1.0 o 8.0 200,000
2.0 6.7 162,000
4.0 ) b3 176,000
8.0 1.8 211,000
16.0 1.0 217,000

Hapten phenyl arsonic acid

0.0 - 0.21 75,000
30. 0.23 220,000
90. 0.33 72,000

Hapten XXIIT
9.0 0.26 945,000
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Table ITII

Non-specific Precipitation

‘Antigen” - Chromotropic acid-X!, Antibody 610 ng., volume
4 mli,, pH. 7.9, 0.01 M Veronal buffer, done in duplicate.

Mole
Antigen ppt. ppt. Ratio,:
added, 9 Protein Antigen 9 Antigen
Moles x10 Be. Moles x10 Antibody
480 168 9.0% | 8.5
160 . 94 L.5 7.7
53 L1 2.5 9.5
18 -—— 1.5 -—-
6 -—- 1.0 ——
2 -—- 0.0 -—-

* The precipitated antigen was calculated assuming it to

be the antigen added and not an impurity.
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Table IV

Hapten Inhibition

Antigen - XXX 12 x 107 moles, Hapten XXTIT, Anti--
body 850 mg., volume 0.8 ml., pH. 7.6, 0.0l M Veronal

 buffer, done in triplicate.

Hapten ppt. ppt.
added g frotein, Protein,
moles x 10 NE.
280 89 15
140 186 32
70 - 294 50
35 396 67
18 L79 81
9 529 90
heb 573 _ -7

0.0 590 100
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Table V

Volume of System

“Antigen - XXX, Antibody 830 mg., pH 7.6, 0.01 i Veronal

buffer, done in duplicate.

vAntigen . Volume of System, ml.
added, 9 0.2 0.4 0.8 1.6 . 3.2
Moles x 10 ,
ppt. protein, mg.
40 280 4,00 420 390 380
20 _ 480 500 530 500 490
10 500 560 620 590 - 560
5 L20 450 500 500 530
2.5 210 230 260 260 - 280

1.2 90 110 120 —— -——
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Table VI

Volume of System. Precipitin Reaction

Antigen - XX, Antibody 770 pg., pH 8.1, no buffer,

done in duplicate.

Volume of System

6 ml. 3 ml.
Antigen ppt. Mol.Ratio ppt. ‘Mol.Ratio
added Protein, Antigen Protein, Antigen
Moles x109» Me. Zntibody . ne. Antibody
300 125 L2, 95 53,
150 165 14. 150 22,
75 190 5.7 225 7.0
38 | 265 3.0 295 2.7
19 450 1.5 380 1.6
10 565 1.3 540 1.2
5 500 1.1 - _—
2.5 255 1.0 255 0.9

1.2 155 0.9 125 0.9
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Table VII

Precipitin Reaction

Antigen - XXX, Antibody 675 mg., pH 8.1, no buffer,

done in triplicate, volume 4 ml.

Antigen ' ppt. Mol.Ratio,

Hioles 107 I iy
261, 70 130 9.2 11.6
132 85 145 5.9 8.2

66 100 165 4.9 5.5
33 155 2L5 2.6 3o
16 205 295 2.0 - 2.7
8 220 385 1.9 1.8
A 230 330 1.5 1.6
2 160 235 1.2 1.3
1 95 165 (1.0}  (0.9)

* The first column is for experiments which were

washed conventionally. The second is for experi-

ments in which the supernate was decanted frémvthe

precipitate and both analyzed as described in the
- paper. |

The ratio of the amounts is 55 - 70%.
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Table VIII

Precipitin Reaction

Antigen - Resoroinol-Ré, Antibody 520 mg., pH 6.6, 0.1 M

boric acid present, done in triplicate, volume 5 ml., ppt.

analyzed without Washing

nate.

Antigen
Moy o5’ 109
1,00
133
Lk
15
5
1.7
0.6

and corrected for occluded super-

ppt.
Protein,

Rg.
270
390
L10
235
130

90

70

Mol.Ratio,
Antigen

Antibody

55.
37.
15.
8.8
5.1
2.9
1.2
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Table IX

Precipitin Reaction

Antigen - ResorcincleRé, Antibody 655 mg., pH 6.9, no buffer,

done in triplicate, volume 4 ml.

Antigen ” ppt. Mol. Ratio
foles’ae? g e
400 185 215 25. | 25.
200 405 430 22. 3.
100 505 51,0 18. 20.
50 5,0 . 565 11.3 12,

25 470 L95 7k 7.9

12 250 300 7.2 6.4

6 120 145 6.7 6.7

3 65 80 5.5 5.6

1.5 30 55 L.7 0 4.3

* See note of Table VII. The ratio of the

amounts is 80 - 95%.



_66—
Table X

Precipitin Reaction

Antligen = Resorcinolfﬁé, Antibody 1400 mg., pH 7.9, no
buffer, done in triplicate, yolume 4 ml, ppt. analyzed

without washing and corrected for occluded supernate.

Antigen : pot. Mol, Ratig;
Motes %107 | P%ﬁ;?in’ %%%%?ggy
400 260 - 32.
200 m 525 17.
100 775 10.5
50 915 6.3
25 915 3.5
12 725 2.3
6 375 2.4
3 170 2.8
1.5 95 2.3
0.8 65 1.7
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Table XI

Precipitin Reaction

Antigen - Resorcinol-Ré, Antibody 520 pg., pH 8.7, 0.01 M
Veronal buffer, done in triplicate, volume 5 ml. ppt. ana-

lyzed without washing~and corrected for occluded supernate.

Antigen ppt. Mol. Ratio,

Atdc'ied, 9 Protein, Antigen
Moles x10 B Antibody
400 140 55.
153 190 37,

44 - 295 15,

15 535 8.8
5 ’ 210 5.1
1.7 95 2.9 .

0.6 6.5 - 1.2
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Table XII

Precipitin Reaction

Antigen - Hesorcinol-Ré, Antibody 700 mpg., pH 8.8, O.1 M

Borate buffer, done in triplicate, volume 5 ml.

Antigen | ppt. Mol. Ratio,
@dded, 9 Protein, Antigén‘
Moles x10~ ME. Antiboady
400 | 65 57.
133 265 | 25.
44 ~ 410 11.4
15 410 5.2
5 110 6.0
1.7 35 6.0
0.6 20 ' 4.6



- 69 -
Table XIII

Precipitin Reaction

Antigen - Resorcinol-ﬁé, Antibody 690 mg., pH 7.6%, no

buffer, done in triplicate, volume 4 ml.

Antigen H ppt. liol. Ratio,
Added, Protein, Antigen -
Moles x10  TT= Antibody
400 : 105 58.
200 159 | 31.
100 ‘ 305 19.5 .
50 - 420 12.5
25 510 6.6
12 485 3.7
6 415 2.2
S 275 : - 1.8
1.5 165 1.3
0.8 100 1.3

% These tubes were mixed at pH 9.9. ©No precipitate
was obtained and a small smount of acid was added to

each tube to bring the pH to 7.6.
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Table XIV

Precipitin Reaction

Antigen R'X', Antibody 610 mg., pH 7.9, 0.01 M Veronsal

buffer, done in triplicate, volume 4 ml.

Antigen | pot. Mol. Ratio,
Added, Protein, Antigen
Moles x10 : MNEZ. Antibody
425 ' 260 5.8
142 300 5.1
a7 310 4.6
16 285 4.1
5.3 145 . 3.2

1.8 54 (5,1)
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Table XV A

Precipitin Reaction - Varying Antibody

9

Antigen - XXX, 4.7 x 10 7 moles, pH 8.1, no buffer, done:

in duplicate, volume 6 ml,

. ppt.. ‘Mol.Ratio.
rw A e
2300. ' 515 0-95
1550. 225 ‘ 0.95
770. 500 1.1
385. 315 1.2

190. 165 | 1.3
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Table XVI

Precipitin Reaction - Varying Antibody

Antigen XXX, 4.1 x 1077 moles, pH 8.1, no buffer, done in

triplicate volume 4 ml.

iol.Ratio,

ﬁgggg?dig. ‘ ggg%ein, %%%%%%%y ”
| Bg. * -

2700. 320 500 1.1 1.1

2000. 325 Lb5 1.4 1.1

1350. 335 bh5 1.4 1.2

675. 230 330 1.5 1.6

338. 105 185 1.8 1.9

169. 35 70 (1.8) 2.7

* See note in Table VII



- 73 -

Table XVII

Precipitin Reaction - Varying Antibody

Antigen Resorcinol-Ré,

buffer, done in triplicate, volume 4 ml.

Antibody
added, ug.
2600,
2000.
1300.
650,
325.
163.

305
315
305
250
185
120

ppt.

Protein,

reg.

* See note of Table VII,

360
365
340
300

12.5 x 1077 moles, pH 6.9, no

Mol.Ratio
g,
5.9 5.2
5.7 5.4
5.9 5.7
7.2 6.4
9.4 - 9.0
13.1 13.8

%
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Table XVIIT

Precipitin Reaction - Varying Antibody

Antigen R'X', 20. x lO”9 moles, pH 7.6, no buffer, done

in duplicate, volume 2 ml.

. ppt. Mol.Ratlo,
jtibody  poletn amlgn
7200. 705 2.7
3600. 785 3.0
1800. 740 3.1
900. 505 3.4
450. 220 b2

225. 105 boby



_75..

Table XIX

Precipitin Reaction with Serum Present

Antigen Resorcinol-R!, Antibody 700 pg., pH 8.5, no
buffer, done in triplicate, volume 4 ml, Serum at half

concentration, no non-specific pptn.

Antigen ppt. Mol .Ratio,

added, 9 Protein, Antigen
Moles x 10 ne. Antibody
400 80. | L1.
133 65. 7.
Ll - 190. 2.2
15 225. 2.2
5 5C. 3.0
1.7 | 5. --

0.6 0. . | —
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Table XX

Precipitin Reaction with Serum Present

Antigen LXX, Antibody 1280 mg., pH 8.1, 0.0l M Veronal
buffer, one tube at each amount, volume 5 ml,, Serum -

at 0.4 cohcentration.,

Antigen ppt.
Added, 9 Protein,
Moles x10 M.
530. 145,
~ 17s. 190.
60. . 240,
20. 180.
7 0.

2.5 6.
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Table XXI

Effect of Serum on Precibitation of Polysaccharide

Pneumococcus polysaccharide I 1:10,000. Antibody globulin
4530 pg./ml. Either 2 ml of saline or of rabbit serum added

to each tube. Total volume 4 ml. Stood 3 days. In dupli-

éate.
Polysaccharide Globulin ppt. Protein, mug.
added, ml. added, ml. in Serum 7 in Saline
pH 7.6 pH 7.1
1 1/2 290 o 220
1 1 ‘ 410 ‘ 405

1/2 1 220 S 245
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Table XXII

Non-specific Adsorption of Antigen

Pneumococcus polysaccharide 1:10,000 1 ml. Total protein
added 4,530 mg., pH 8.0, no buffer, done in duplicaté, volume

3 ml. Antigen Resorcinol-Rl.

Synthetic :
Antigen pot. Mol.Ratio Fraction
added, 9 Protein, Antigen . %ntigen
moles x10 ME. ppt. Protein in ppt.
400 . 280 12.0 0.09
g5 525 8.8 . 0.353
22 470 | 4.8 0.60
6.5 420 1.9 0.80
400 385 T 7.1 0.04
85 420 9.5 ©0.29
- 2Z 450 5.7 0.73
6.5 420 2.1 0.85
85 (no sacch.) 50 - 30, I—

22 (no seacch.) 30 14. . _—
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Table XXIII

Non-specific Adsorption of Antigen

Pneumococcus Polysaccharide 1:10,000 in first four experi-
ments, 1:20,000 in last four 1 ml., total protein added
4530 ng., pH 7.1, no buffer, done in duplicate, volume 3 ml.

Ant igen XXX.

Synthetic | “
Antigen ppt. Mol.Ratio, . Fraction
added, 9 Pfotein, éntiggn . Ant}gen
moles x10 B ppt. Protein in ppt.
- 530 435 8.6 . 0.04
132 415 : 4.8 . 0.09
353 390 1.7 0.12
8 : 370 0.9 0.26
530 190 6.9 - 0.02
132 180 4.7 . 0.04
335 185 2.2 '0.08

8 185 1.4 : ' 0.20
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The Size and Shape of Molecules of "A" Substance

FrcmvHog Gegtric Mucin

In 1936 Landsteiner and Chase (1) isolated a material
from hog gastric mucin which inhibited the agglutinatioﬁ of
human type A biood cells. Ofther ﬁaterials fromrvarious
sburces had been found which posessed this interesting and
_potentially useful property (2) but the hog stqmaéh,pre-
sented a convenient starting material and several workers
commenced investigation of the properties of the A Substance
from this sourc;. This material (which will be called "4
Substance" in this work) was found to consist largely of car=
bohydrate with which was associated about 25% of amino acids.,
Since this paper deals with the phyéical rather than with the
chemical properties of g Substance the findings goncerning the
chemistry of this material will not be discussed except to
say that there seem to be.numerous reactive'groups‘énd that
the isoelectric point is quite low; in fact positive charges
may be absent.

Not very much has been done on the size and shape of
é'Substance, but there has been some work on more or less
closely related mucoproteina. The recent review by Mejer
covers the field (2). The data given below deal with a
number of compounds and it is likely that the shspe and

especially the size of many of these may be quite different.
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from A Substance. Further, the compounds may be degreded and
made more or less homogeneous, or may be changed in shape in
the process of isolation, and different methods may have dif-
ferent effects8. Other work in the literature can serve only
as a rough-guidé and comparison, and conversely the findings
’-of'this péper can not be applied too closely to other prepara-
>tions;

Landsteiner snd co-workers mentioned the high viscosity
of mucoid substance from horse saliva (3) and from pe?sin (1).
Viscosity and ultraceﬁtrifuge data are given for degraded,and
undegraded preparations frqm hog stomach (4). At é2.5°c,one
percent solutions had relative viscosities of 1.2 and 3.7 and
sedimentation constants of 3.6 and 6.9 Svedbergs, réspectively.
This gave a minimal molecular weight of 40,000 for the less

degraded material. The ultracentrifuge indicated é homo-

| geneoﬁs preparation. Osmosgis measureménts gave a molecular
welght of 70,000 for the degraded preparation and a variable
figure of 120,000 to 200,000 for the undegraded sample.
Occasional passage of biologically active material through
cellophane membranes was noted.

Meyer and Palmer concluded on the basis of viscosity and
appearance of thekprecipitate that their product, from hog
gastric mucosa, consisted of polydisperse long threadlike

molecules (5).
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Gurin and co-workers (6), working with gonadotropic
hormone, obtained a sedimentation constant at 20°C of 4.3

-7 cm?/sec.

Svedbergs and a diffusion coefficient of 4.4 x 10
They estimated the molecular weight to be 60,000 to 80,000.
They found an isoelectric point of 3.3 to 3.5 and an electro-
phoretic'mbbility of -4.85 x 107° cm/sec at pH 7. Later work
(7) gave a sedimentation constant of 5.4 and a specific volume
in solution of 0.76,’which gave a molecular weight of 100,000.
Morgan and Watkins (8) found a relative visgosity of
1.9 at 37°C for a 0.5% solution and state that their prepara-
tion, from ovarian cyst fluid, is electrophoreﬁically homo-
geneous. Morgan and King‘(Q) found a relativé viséosity of
2.8 at 0.5% concentration for samples from hog gastric mucin.
They state that 2-3% solutions have elastic properties and 4-5%
solutions will not flow from inverted test tubes, Degrada-
tion decreased the viscosity markédly; Titration did not
réveal any group ionizing between pH 2 and 10.5. However,
electrophbretic mobility changed from essentially zero at

a low pH to the small value -0.4 x 107°

at pH 8, (Dr. Swingle
states that such archange might be due to voluﬁe changes in
the electrode vessels.) They believe the mblecules are long
chains.

Blix and Snellman (10) found that hyalufonic acid, a

somewhat distantly related compound, is polydisperse and

o
consists of chains from 4,000 to more than 10,000 A long.
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Assuming a diéﬁetéf of 10 K they calculate the molecular
weight %o be‘200,000 to 400,000, This information was obtain-
ed by meésurements of double refraction of fiow.

Extensive electrophoretic measurements have been made in
these laboratories by Mr. D. Brown and Mr. E. Bennett on
pbepérations of A substance similar to those used fof the work
in this paper. They found that the mobility was very low and

that the preparations seemed electrophoretically homogeneous.

Experimental

The A Substance used in this work was prepafed by
Mr. G. Holzmen, working with Dr. C. Niemann. I am indebted
to them for supplying this material. The essentiaily identi-
cal materials. R18-Fl0 and R18-Fll were isolated in 5.9%
yield from Wilson Hog Gastric Mucin by three precipitations
wiﬁh 50-60% ethenol sand two el ectrodialyses. RL8-F11 was
adjusted tc pH 3 and ionic strength 0.0011 with HCl. Fif-
teen percent precipitated and was given the number R19-F2a, and
the 85% in solution was listed as R19-Fla. Repeated treat-
ment of these'fractions showed that the solubilities are
actually different. All of the above samples had the séme
A activity, about five times that of the'original mucin,
R18-F10 and R18~F1l1l had similar absorption spectra while
R19-F2a showed diminished absorption in the ultfaviolet

- compared with R19-Fla. Fraction R18-F2 was afcrude prep?
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“aration obtained in an early stage of the purification of
RlB-FlO.. A more complete deséription of this work should be
published soon.
Osmosis

Osmotic pressure measurements were made in'bagé of
Visking'séusage caéing attached to apprbximately 1 mm, cgp~-
illary tubing. The rise of solvent in the apparatus was
measured. in one set of experiments a back—pressure was
applied and the rise in the capillary was kept at a constant
level. Such a procedure considerably shortened the time of
the experiment.

The formula used to éalculate the molecular welght M is

M = 2.52 x 10°C(1 + 0.15C)/p  (at 25°C)

where C is the concentration in percent and p is the pressure
in em. of Watér. The term (1 + 0.15C) takes infolaccount the
deviation from ideal behavior at highér concentratioﬁs and
the number 0.15 is obtained from the slope of the light scat-
tering data which is related to the slope of the osmotic

pressure curve (1i). This correction is.valid onlyvfor homo-
geneous systems; neglecting it M = 220,000 for R18-F10.

The results of the three experiments carried out are
given in Table I, The pressures are corrected fof capillary
rise. The experiments in saline reached equilibrium, but
- those in formamide did not and the value given is an average
of four extrapolations of p vs. 1/t to infinite time and is

good to about # 10%. The solubility of A substance in form-

amice is about 4% at room temperature.
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Light Scattering

Measurements of the molecular weight by light scattering
were made by Mr. R. Blaker. Several samples of concenbtration
between 1% snd 0.1% were prepared and measured in each ex-
periment. Plots were made of scatter over concentration vs.
'concéntrétion and from these plots, which gave straight lines,
‘a value at zero concentration was obtained and used to calcu-
late the moléoular weight (11). All samples Wére'Ceﬁtrifuged
at 16,000 r.p.m. for a half hour to remove dusﬁ before read-
ing. ?repération~RlS-F2 gave a molecular weight of more than
3 x 106 in formamide. Preparation R18-Fl0 gave 1;700,000,
R19-Fla gave 900,000 and R19-F2a gave 1,100,000 in 0.15M
saline. The refractive index increment in saline was 0.14
per gram/graum, |
Diffusion

Diffusion measurements were made in a Neﬁrath type cell
(12) in the Tiselius apparatus thermostat, using a Schlieren
optical system, at 1.3% (13). Experiments were‘darried out
with R18-F10 at two initial concentratiohs and pictures were
taken at intervels over about a three day period (Process
Panchromatic plates developed in D-11). TheApictures at the
higher concentration were falirly symmetrical but those at the
lower were somewhat skewed. The diffusion coefficient was

calculated by two methods. The first, which depends on the
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height'and area of the curvesl(ls), gave D = 0.60 % 0.06
x10™7 cmz/séc as an a#erage for five pictures, and the
second method, which depends on the width and the height
at that width of several positions on the curve, gave

D = 0.55 # 0.04 xlO-vamz/sec for five pictures. The two

concentrations gave results which agreed within experimental

error.

Density

Measurements of the weight and volume of a sample of

R18-F10 in saline gave a density in solution of 1.52 g/ml.

Viscosity

Odtwald viscometers were used to measure the viscosity
of A Substance. A temperature bath at 25.0°C was used, which
was made by Mr. S. Burket. to whom I arm grateful.a The vis-
cometer which was used for preparations RlQ-Fla and R19-F2a
had a'caﬁillary of length 6.9 cm., radius 0.022 dm., and a
volume of 3.0 ml. The viscometer used for all other measure-
ments had for the corresponding dimensions 7.5’cm, 0.038 cm.,
and 4.0 ml. The viscosity increment ﬁ_waS‘calculatedrfram
the times of flow of solvent and solution to and t and the

volume fraction of the solute ¢ by the equation (15)
v = (t/t, -1)/ &
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The average shearrgradient at zero concentration was calcu-
lated from the equatioh (15)

Gs = 8v/51rr3t0.1
where v 1s The volume of the viscometer and r is its radius.
Values of \Jo were obtained by extrapolation to zero concen-
tration,band‘y5g was obtained by extrapolation ofv:gg'to zZero

| average shear gradient by assuming a curve shape similar to

the theoretical shape (16). The data gre given in Table II.

Discussion

From the data Jjust presented three wvalues éf.the molecular
welght may be calculsated. ‘The diffusion coefficient aﬁd vis-
cosity data can be combined if an assumption is made regarding
the shape of the molecule. The viscosify increment of‘é
- Substance is so large that there are only two»ideglizations of
the Shape that are reasonable. Thé mdlecule may be sfatisti-
célly coiled into a roughly spherical shape or it may be a
long rod-Shaped particle. If we assume the first of these
forms, we find that, since the viscosity‘increment of a sphere
is 2.5, th@ statistically coiled molecule must have a density .
in solution of 1.52 x 2.5/ ¢ . The radius of the sphere r
can be caleculated from the diffusion coefficienf by the Stokes-
Einstein equation (15), D = RT/6W erl » and the molecular

weight is obtained from M = 1.52 x 2.5 x 4Wr°N/3$ which
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is the product of the volume times the density. If, on the
other hand, we assume that the particles are rods, or better
(for calculation), rod-like ellipsoids, we find the axial

ratio from tables (15), and then the friction factor f/f,

from another table (15). This is used 'in the Stokes-Einstein
» equaﬁion»as a correction - D = ET/6TTVLNrf/fO snd the molecular
weight is calculated from the formula M = 4 x 1.52 roN/3.
We must also considér.hydration in this case becaﬁse‘the
volume fraction is greater if water is attached té the molecule
and this changes the friction factor. This effect turns out
to be small, an assumed 30% hydration changes the.molecular
weight in solution by about +15%. The axial ratio for the
preparation RLB-F10 is found to be 60/1 and the molecular
weight is 980,000, assuming the molecule to be unhydrated.
Because the viscosity of the larger molecules is mbrevimport-
ant,'this should be more like a weight-than a number average.
The assumption of a statistically coiled molecule gives a
molecular weight of 350,000. Because of the assumptions re-
garding shape this is a rather crude method of getting the
molecular weight.

The results of light scattering on R18=-FlO do not agree
well with those on the two fractions R19-fla and 2a. This
may be due to a difference in the preparations R18-".0 and Fll
(from which R19 was obtained) or may be due to a pH in the un-

buffered R18-F10 samples which varied over several pH units
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fof some unknown reason. We prefer to believe that the light
scattering gives a molecular weight of about a million, since
a single sample of R18-F10 in buffered saline fell nicely on
the scatter-concentration curve for R19-Fla. If the molecules
of A Substance are as long as we think they are, the light
'scattering formula ﬁSed is not strictly applicable. The calcu-
lated value would be too low.

The osmésis data do . not agree with the result ffdm
light scattering, giving a molecular weight for.RlB-”iO of
260,000. This difference might be due to heterogeneity éince‘
light scatter gives a weight average and OSmosis‘gives a
number average molecular weight, and a Tew percent of quite
high or guite low molecular welght material could cause the
difference (3% of meterisl of m.w. 10% with 97% of molecular
weight 106, for example).

It is desirable to distinguish betﬁeen the two possible
shapes of A Bubstance. To do this, it was suggested by Dr. H.
Kuhn that viscosity measurements be made at several shesar
gradients. A statistically coiled molecuie should have a
falrly constant viscosity Increment until a high shear is
reached, expecially if iﬁ is not easily deforﬁed. On the
other hand, a rod-like molecule would tend-to orient itself
and the viscésity would increase considerablybat low shears

(16, 17). We see that A Substance behaves like a rod-like
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molecule and indeed the data agree semi-quantitatively with
theory according to Dr. Kuhn. We therefore corclude fhat un-
less 4 Substance is an extraordinarily easily deformed long
chain molecule, it must be rod-shaped and choose thé molecular
- weight of 980,000 from viscosity and diffusion.

'Thaf the material is not extremely heterogeneous is
indicated by the diffusion data; One method of calculation
involves the height‘of the differential diffusion curve, a
value sensitive to heterogeneity, while the otﬁer method uses
differences between the widths of the curves at various heights.
Agreement between the valuesvfrom various widths is taken as
a sign of homogeneilty; the values obtained agreed to 10% with
no trend in the deviations except perhaps a slight broadening
at the base which might indicate a low mw. component. The
average values by the two methods of calculat ion, énevof which
is sénsitive to heterogeneity, also agfeed within experimental
error.. It should be remembered that diffusion is not a good
measure of heterogeneity.

It may be noted that the data from the less pure sample
R18-F2 gave about the same molecular weight from osmosis and a
higher one from light scattering, indicating greater hetero-
geneity, as would be expected.

The only earlier work suitable for comparison is that
of Landsteiner and Harte (4). Using their value for the sedi-

mentation constant and our values for the density and diffusion
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céeffiéient a molecular weight of 470,000 is obtained, which
is of the order of magnitude of our values and which is larger
than their osmotiec pressure data.

To summarize - Measurements on A Substance give a weight
average molecular weight 6f about 106, a number avefage mol-
ecular ﬁeight'about”a gquarter that value, and an axial ratio
of 60 to 1. The discrepancy may be &ue to a low molecular
weight impufity since diffusion does not indiéate‘mafked

heterogeneltye.
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Table I

Osmotic Pressure Data

Experiment 1: Preparation R18-F2 in 0.3M saline plus

0.04M phosphate buffer, pH 7.2. T = 2°C.

Conc.%
2.0

2.0

cll. M
2.3,1.9 300,000
3¢944.9 160,000

Experiment 2: Preparation R18-F2 in formamide. T = 25°C.

2.5

5.1

170,000

Experiment 3: Preparation R18-F10 in 0.15 M saline plus

0.02M phosphate buffer, pH 7.1, T = 24.9°C.

1.93
1.93
0.96

0.96

2.2
2.8
1.2

0.9

285,000
. 225,000
230,000

310,000 |

Average 260,000 # 32,000
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Table ITI

Viscosity of A Substance

Sample G x107 ¢ x10’ v
R18-F2 | 0.45 1.78 320
(formamide) ,

1.23 330
| 0.64 | 300
R18-F2 1.3 0.66 185
(distilled HZO) ' :
, 0.33 - 183
R18-F10 ° 1.3 12.7 . 537
(saline, pH 7.2)
, 6.4 , 363
3.2 293
1.6 261,
0.8 250
0.0 P =225
R19-Fla , ‘
(saline, PH 7.2) 1.0 3.91 302
| 1.96 256
0.78 240
0.00 Y= 225
5.4 3.91 207
1.96 168
0.78 1L
0.00 ,gb= 135
10.2 3.91 150
1.96 126

0.00 ¥ - 110
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Table II
(Continued)
Sample 3, x1073 - §&xo’ ¥
ng-Fla 0
(saline, pH 7.2) 0.0 0.00 !io=230
R19-Fa - 1.0 3.31 400
1.65 . 330
0.66 294
0.00 \_’0=265
5.4 3.31 35k
0.66 217
0.00 _\30=200
10.2 3.31 188
1.65 . 170
L 0.66 167
0.00 ¥ =153

0.0 0.00 ¥9=275
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Summary
The association of some synthetic aﬁtigens has been
investigated. The more complex antigens were found %o
exist as aggregates of varying sizes in dilute solgtions.
vThe-reactionSapf some synthetic antigens with specif-
ically purified anfibody have been invesfigated.v The
. results are compared with results of the reaction>in the
presence of serum and it is found that considerable dif-
ferences exist in the two systems. These differences are
considered on tﬁe basis of non-specific interaction of
antigen and protein, and association, in competition with
the specific reaction.
The size and shape of "AY" Substance has been investi-
gated by various physicél methods. Conclusions regarding

these properties are reached.
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Propositions

lL.a. The present methods of studying monomolecular.
layers on metal slides do not give'information on the uni-
fdrmity of the layers. I propose that techniques sgch as
quanfitative ahalysis of the deposited material, electron
microscdpy, and light scattering at a small ang;é of in-
cidence should be developed to supplement the abovéymethods.

b. The layerihg technique could be used to demon-
strate reagins, and antibodies witﬁ combining regions of
different homoldéy on the same molecule, if such exist.

2. Light scattering measurements would give information
on particle size in the supernate, and mechanism of the early
steps of the antigen-antibody reaction, if a system such as
purified pneumococecus polysaccharide and purified antibody
was used.

5. Radiosctive materials could be used 6 study the
precipltin reaction in the following ways:

8. To determine the antigen-antibody ratios in the
precipitate, using a radioactive protein antigen (or puri-
fied antibody).

b. To discover how rapidly antigen aﬁd antibody‘in
the supernate exchange with the precipitate.

¢c. To find how much non-specific protein enters an

antigen-antibody precipitate.
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4.a. The "constant" C' in the paper J. Am. Chem. Soec.
66, 784 (1944) can not be neglected because it is of the
order of magnitude of the other terms in the equation, at
least for a strong hapten and antibody. It should be given
a value of one.

b. A pfincipal defect of this heterogeneity theory is
that it does not consider the heterogeneity of the’antigen—
antibody combination constant K, and the formula obtained
is too complicated to be substituted back in the,equétions
of J. Am. Chem. Soc. 64, 3003 (1942). A simpler approxi-
mation might be more useful. It 1s suggested thaf an approxi-
mation of the form

1/(1+

P = 1- (1/2)(21% Hy) /(14P)
fits the experimental data fairly well. The symbols are the
same as in the original paper, except that @ takeé the place
of 6;. Proceeding by mesns of equatién (2) of the first
réference it can be shown that

K = o/f2® (148) (1-p)F /€1 -ci.
If it is assumed that Kk has a heterogeneity like K', such an
expression, with P representing the fraction of uncombined
antibody sites, could bevsubstituted into the eguations of
the second reference as an approximation for K and a quali-

tative idea of the effect of heterogeneity on the precipitin

curves could be obtained.
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5. Cut flowers might be preserved for an appreciably
longer time by infiltration with a proper nutrient solution.

6. The polarograph at a fixed voltage cbuld be used to
study exchange reactions between complexed and uncomplexed
radioactive metal ions by collecting the mercury droplets
and'couﬁ%ing the reduced metal in them. Reaction times of
a few seconds could be measured.

7. On the basis of consideration of gout as a disease
due to a small discrepancy between large rateé of production
and elimination of uric acid, and the observation that uric
acid is strongly adsorbed to gels, I propose tﬁat.injections
of oxypolygelatin solutions would forestall gouty seizures.

8.8. A method of putting two solutions tcgethér so that
they can be mixed at a desired time is to make them of dif-
ferent densities and layer with an inert solvent between.
The layers can be mixed rapidly bj shéking or mechanical or
manual stirring.

b. Traces of metal lons in solution could be determined
with fair precision by using polyhaptenic simple substances
like Chromotropic acid-Ré as avprecipiting ageﬁt and measur-
ing the decrease in color of the solution. |

9. The complex of 12 with thiocyanate might be useful
when it is desired to get considerable iodine in solution
without contaminating it with I =, for example in experi-
ments witn radio-iodine. The structure of this complex

might be interesting to investigate.
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10.a. The present system of charging 20% for stockroom
supplies and labor is neither fair nor ecoﬁemical,'and in
some cases is a deterrent to good research.

b. Some attention should be paid to 1Oth propositions.



