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In the preparation of this review it was primarily the author’s
intention to give an account of the experiments on antigens
and serological reactions with simple compounds carried out
by himself and his colleagues and concurrently to discuss the
phenomena of serological specificity, not yet fully explained,
and certain related topics. It was chiefly the chemical aspects
of the immunological reactions that have been considered, and
the material was selected according to its bearing upon basic
questions. Within these limits the writer has attempted to in-
clude the salient facts and to offer a bibliography comprehensive
enough for the use of workers in the field. On the other hand,
explanations of elementary concepts and phenomena of serology
are provided for readers not acquainted with the subject.

Discussions of similar scope but presented from different
points of view may be found in several of the books and treatises
in the list given, which cover the whole or special phases of
immunelogy. These may be consulted for further references.

Since the appearance of the German edition in 1933 signifi-
cant new facts have come to light, necessitating changes in
order to bring the matter up to date; otherwise the plan of the
former text has been followed in the main.

The sequence of the chapters broadly corresponds to the de-
velopment of the subject. Thus, the specificity of natural anti-
gens and antibodies is first taken up, then artificial conjugated
antigens and the serological reactions of simple chemical com-
pounds, and finally the more recent work on the chemistry of
cell antigens.

The author wishes to express his gratitude to Dr. H. Lampl,
J. van der Scheer, and the late Dr. E. Prisek for their most
valuable assistance in the investigations on antigens, and to
tender his thanks to those friends who have helped in revising the
manuscript.

New York, January 1936
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INTRODUCTORY REMARKS

The morphological characteristics of plant and animal species
form the chief subject of the deseriptive natural sciences and
are the criteria for their classification. But not until recently has
it been recognized that in living organisms, as in the realm of
crystals, chemical differences parallel the variation in structure,
This conclusion was arrived at indirectly, not as the result of
studies made with that aim in view. The idea of specificity
originated in the knowledge that after recovery from an infec-
tious disease there remains an immunity for that particular
disease, a fact which found its first practical application in
Jenner's vaccination against smallpox. The scarch for the ex-
planation of this remarkable phenomenon led to the discovery
of a peculiar sort of substances in the blood serum, the so-called
antibodies, some of them protecting against infectious agents
(bacteria and viruses). These substances, apparently of protein
nature, are formed not only as a result of infection, but also in
consequence of the administration of certain complex poisons
(toxins from bacilli,' higher plants® and animals) or of dead
bacilli.* A new era of serological research, and the separation of
serology from the original close connection with the question of
immunity to disease, began with the discovery that the im-
munization against microbes and toxins is only a particular
instance of a general principle and that the same mechanism
is in play when innocuous materials such as cells or proteins
derived from a foreign species® are injected into animals. In
this case, likewise, there appear, in the serum, antibodies caus-
ing the clumping (agglutinins) or disruption (lysins) of cells or
precipitation of soluble proteins (precipitins).

! Roux, Behring, Kitasato. 2 Ehrlich.

¥ Calmette, Phisalix and Bertrand.

* Pfeiffer, Metchnikoff, Gruber, Kraus.

 Techistowitch, Bordet, Belfanti and Carbone, von Dungern, Land-
steiner, Uhlenhuth.



4 SPECIFICITY OF SEROLOGICAL REACTIONS

Substances inciting the formation of and reacting with antibodies are
termed antigens (agglutinogens, precipitinogens, et cetera); poisons incit-
ing the formation of neutralizing antibodies (antitoxins) are called toxins;
and the clumping of blood corpuscles, or release of haemoglobin from these
cells, are referred to as haemagglutination and haemolysis, respectively.
Haemolysis and bacteriolysis (the dissolution of bacteria) by serum require
not only specific lysins (Ehrlich’s amboceptors), but in addition a labile
agent present in fresh blood serum, called complement (alexin) [see (1)].
The designation “normal” or “natural” in distinction to “immune”
antibodies is applied to agglutinins, lysins and other agents which occur
in the serum of untreated animals and in their effects are similar to those of
the antibodies resulting from injection of antigens.

The immune antibodies all have in common the property of
specificity, that is, they react as a rule only with the antigens
that were used for immunizing® or with similar ones, for in-
stance, with proteins or blood cells of one species, or particular
bacteria, and closely related varieties.

Hence a general method for differentiating proteins, distin-
guishable only with great difficulty or not at all by the chemical
methods available, was furnished through the discovery of the
precipitins, and it was found that specific proteins characterize
every species of animals and plants.

The specificity of antibodies, whose range of activity was
later found to extend far beyond the proteins and to include
simple chemical substances, underlies the practical applications
of serology and constitutes one of the two chief theoretical prob-
lems, the other being the formation of antibodies. A complete
understanding of the specific serum reactions on the basis of
current chemical theories has not yet been reached, and thus
far the phenomena of serological specificity have not been re-
produced satisfactorily in experiments with substances of
known chemical composition. The reactions appear to belong
to a particular branch of chemistry which probably includes

® In amplification of its original meaning the term “immunization” is
commonly also used when antigens are not harmful and the antibodies
which are formed have no protective or curative action. Similarly, all sera
which contain dnllhmlu;,s as the result of the injection of antigens are called

“immune sera” or “antisera.” In distinction to active immunization by

injection of antigens, passive immunization signifies protection afforded
by the administration of antisera.
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many important biochemical phenomena, such as enzyme re-
actions and pharmacological and chemotherapeutic effects.”

The term “specificity’ is often used to imply that a certain
immune serum reacts with only one of many biologically similar
substances, as tetanus antitoxin with no other toxin but that
produced by B. tetani. However, it is known for instance that
snake® antivenins may neutralize not only the venom used for
immunization but also to some degree venoms from other
snakes or the scorpion and, as has already been pointed out, the
selectivity is not absolute when proteins or cells of related origin
are tested with an immune serum; indeed it will be seen later
that, using chemically well defined compounds, overlapping re-
actions occur regularly, provided the substances are sufhiciently
similar in chemical constitution. The word “specificity” then
signifies that the reaction with one of the antigens, namely that
used for immunization (“homologous” antigen), is stronger
than with all others (“heterologous™ antigens). Yet even this
definition is not comprehensive enough, since it does not include
a group of phenomena which resemble antibody reactions in all
essentials.

A case in point is that of plant haemagglutinins.” In the seeds
of Abrus precatorius and Ricinus communis, there are along
with toxins (abrin, ricin) substances which clump blood cor-
puscles, quite like the haemagglutinins of animal sera. Agglu-
tinins of this type have also been found in numerous non-
poisonous plants, particularly in Papilionaceae.'” Many of these
substances, which are antigenic and presumably proteins, act in
very high dilutions and upon practically all sorts of blood.
However, when certain concentrations of abrin and ricin, for
example, are mixed with the blood of different animals, it will
be found that the reactions differ in strength; thus one of two
sorts of blood may be agglutinated more intensely by abrin,

* On selective adsorption of enzymes by inorganic substances, see Will-
stitter (2), Waldschmidt-Leitz (3); on the specific action of dyes on
enzymes, see Quastel (4).

¥ See (4a), v. (26). * Kobert (5), ». Schiff (6).

19 Landsteiner and Raubitschek (7), v. Eisler (8), Mendel (9), Kobert

(10).
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the other by ricin. Even more striking differences are demon-
strable with crotin, a substance from the seeds of Croton tiglium
which has haemolyzing and haemagglutinating properties, and
with haemolysins derived from certain bacteria and animals.!!
These lysins act strongly on the bloods of numerous species that
are in no way related, but have little or no effect on others. For
example, arachnolysin,'* contained in the spider Eperia dia-
dema, reacts strongly with the blood of rabbit and man but
has practically no effect on guinea pig or horse erythrocytes,
while the latter blood is very sensitive to the lysins produced
by tetanus bacilli. The natural antibodies, in the author’s opin-
ion, belong in the same category (see p. 88).

The action of plant agglutinins, not limited to a single sub-
strate yet to some extent selective, has not commanded much
attention in spite of its theoretical interest—the agglutinins are
occasionally referred to in the literature as non-specific—and
for this reason as well as the scarcity of reliable data, the fol-
lowing experiment is presented. The highest dilutions were de-
termined in which solutions prepared from seeds still agglu-
tinated suspensions of red blood corpuscles. The titers after
a given time are shown in Table 1. It is of importance that cor-
responding to the variations in the sensitivity of blood cells
there are also distinct differences in the binding capacity for the

agglutinins.

TABLE 1
_ Blood | B Blood
Rabbit Pigmnl. Horse | Pigeon
Bean extract.......... | 125 2000 Iri Abrin. . G ! 128 256
Lentil extract. .. ; | 160 ° | Ricin. . i 4 | g2

The reactions just described may properly be termed specific,
and accordingly it seems adequate to define serological specific-
ity as the disproportional action of a number of similar agents
on a variety of related substrata. Depending upon the number

I The action of snake venoms on different sorts of blood is dealt with
by Kyes and Sachs (11) and'Kyes (12). 12 Sachs (13).
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of substances acted upon and the relative strength of the re-
actions caused by one reagent, one can distinguish differences
in the range of activity and the degree of specificity. Although
the proposed definition includes many chemical reactions it
suffices, if applied only to the subject under discussion, to dif-
ferentiate the serological, and essentially related reactions
from others apparently similar.

Thus, there are various substances which agglutinate blood
cells,* such as salts of heavy metals, inorganic colloidal acids
and bases, and basic proteins (protamines,™ histones). The
haemagglutinating and (with the aid of complement) haemolyz-
ing action of some of these substances, as colloidal silicic acid,'
which 1s detectable in concentrations as low as o.co1 per cent
by agglutination of blood, or tannin,'* parallel the serological
phenomena sufficiently to serve as non-specific models thereof
and to yield information concerning their mechanism (Reiner).
On the other hand, these agents do not possess the character-
istic property of disproportional action and selective absorption.
From the results of a few experiments, the specificity ascribed
to haemagglutination by metallic salts (21) seems doubtful to
the author; at any rate, it is necessary in such tests to con-
sider the influence of the hydrogen ion concentration. A slight
degree of specificity, in the sense defined above, could be demon-
strated in the haemolysis produced by saponins.!

Finally it will be well to mention that commonly in serological
reactions two stages can be distinguished. Thus Bordet found
that although agglutinins and bacteria will combine in salt-
free solutions, clumping does not occur unless electrolytes are
added, and after the fixation of serum lysins to bacteria or
blood cells the addition of complement is necessary in order to
bring about dissolution. The first stage, then, is the specific
union between antibodies and their substrate, and this is fol-
lowed by a visible change, as flocculation or lysis. This second
stage, indeed of minor significance for the problem of specific-

¥ On non-specific agglutination of bacteria, see Schiff (6).

U Thompson (14). ' Landsteiner (15), Browning (16).

R Rcim:r.u:l al. (17), Kruyt (18), Neufeld and Etinger-Tulezynska (19),
Freund (z0). Y Kofler (22), Ponder (23).
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ity, depends on the physico-chemical properties of the sub-
strate, e.g., the greater or lesser stability of bacterial suspen-
sions, and subsidiary conditions.

From recent evidence it appears that the specific forces may intervene
also in the agglutination during the second stage. As Topley and his col-
leagues (24) showed, when a mixture of two sorts of bacteria was acted
upon by a mixture of the two specific agglutinins, the clumps each con-
sisted of one bacterial variety only, rather than being indifferently made
up of both [cf. Abramson (25)]. This result supports the theory advanced
by Marrack and by Heidelberger that due to the specific forces during the
second stage of agglutination and precipitation a lattice is formed consist-
ing, in the words of Topley, of “masses of antigen and antibody molecules
bound together by specific linkages, any one antigen molecule within the
mass being united to two or more molecules of antibody, any one molecule
of antibody to two or more molecules of antigen . . . .
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THE SEROLOGICAL SPECIFICITY
OF PROTEINS

Whercas species specificity is a general attribute of plant pro-
teins as well as those of animal origin, the serological species
differences of proteins have been studied mainly with precipi-
tins obtained by injecting animals, usually rabbits, with blood
serum from other species (Bordet, Tschistowitch). Owing to
the greater difficulty in procuring suitable material, tissues
have been less thoroughly investigated; for the same reason
the mixture of proteins, as it exists in whole serum, has been
mostly used instead of isolated serum proteins. Nevertheless,
in this way an important and general law was revealed by the
work of several authors,! especially Nuttall (1) who tested the
blood from more than 500 animal species with about 30 immune
sera. The material at his disposal was scant in some instances
and not always well preserved, and the tests could not, of
course, be performed simultaneously, but his careful experi-
ments were entirely sufficient to prove that immune sera act
most intensely with the kind of serum used for the immuniza-
tion and in addition with sera of related animals, the intensity
of the reactions in general being in proportion to the degree of
zoological relationship. Therefore, it would be possible on the
basis of serum reactions alone, to outline the genealogical tree
of mammals which have been studied fairly extensively.®

As an example, Nuttall's reactions with two precipitins pro-
duced by injecting human serum are given in Table 2. They
show that the intensity of precipitation diminishes in the order:
anthropoid apes, Old World monkeys, American monkeys.
The figures indicate the volumes of the precipitates formed in
the serum of the different species in comparison with the vol-
ume (100) of the precipitate with human serum.

L Uhlenhuth, Wassermann, and others.

* Concerning investigations on lower animals see von Dungern (2),

Erhardt (3), Makino (4), Kuramoto (3): with reference to precipitins
for snake venom see Kellaway (6).

i



1o SPECIFICITY OF SEROLOGICAL REACTIONS

Ordinarily, save for antigens of very high molecular weight, as haemo-
cyanin (6a), the bulk of specific precipitates is made up of antibody pro-
tein with which is combined a relatively small quantity of antigen. Their
composition varies, that is, the ratio of antigen to antibody in the precipi-
tates becomes greater, up to five or more times the minimum value, when
increasing quantities of antigen are added to constant amounts of immune
serum. With still larger quantities of antigen less and finally no precipitation
occurs, a soluble compound of antigen and antibody being formed.? (For
the participation of lipoids in precipitin reactions see p. 104).

With optimal proportions the resulting precipitate was found in several
cases to have an approximately constant composition for an v one system,
for instance the antigen nitrogen-precipitate nitrogen ratio with egg al-
bumin and its antiserum being between 1:11 and 1:13 according to Dean,
Taylor and Adair (30a), 1:10 according to Hooker and Boyd(r1). When
after injections with two separate antigens an immune serum contains two
antibodies, these react independently of each other [Dean et al, (30a)].

TABLE 2
Immune Serum Immune Serum
I 2
R e e S R e s 100 100
Orang-Utan........ ... 47 8o
Cynocephalus mormon. e 30 50
Cercopithecus petaurista. ... 30 50
Ateles vellerosus.......... ... ..., 22 25

For estimating the potency of precipitating sera several methods have
been devised. Those which came into use early are: determination of the
highest dilution of antigen yielding a precipitate with a given quantity of
immune serum; conversely, titrating a constant amount of antigen with
successive dilutions of antiserum (22); volumetric measurement of the
precipitate. Recent, more reliable methods are determination of the opti-
mum proportion of immune serum and antigen [Dean and Webb (7)] and
nitrogen analyses on the precipitate [Wu et al., Culbertson, Heidelberger
and Kendall (o}, Marrack and Smith (8a), Taylor, Adair and Adair (12)].
The latter method presupposes that precipitates consist of antibody glob-

* For these quantitative relationships and the determination of pre-
cipitins see Dean (7), Marrack (8, 8a), Heidelberger and Kendall (g),
Haurowitz and Breinl (10), Hooker and Bovd (11, 6a), Taylor and Adair
(12), Boyden (13), Opie (14), Baier (15), Manwaring (16), Duncan (1 2y
Culbertson (18), Sobotka and Friedlinder (18a), Goldsworth and Rudd
(18b), Welsh and Chapman (19), Uhlenhuth and Seiffert (20), Jones and
Little (21), Satoh (22), Hoen et al. (23), Wu et al. (24); see also (25-30).
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ulin in combination with antigen and do not contain non-specifically
adsorbed serum proteins to any significant extent, as shown by Marrack
and Smith and Haurowitz and Breinl (10).

The following table of the reactions of immune sera against
ox protein is taken from a thorough study by Boyden,' which
contains, as does a report by Wolfe (31), a number of similar
tabulations. (The decimal fractions given in the original paper
are omitted.)

TABLE 3
Rabbit lmmunn’:E Rabbit Tmmune [Chicken Immune
Serum No. 1 for | Serum No. 2 for Serum for
Ox Protein Ox Protein Ox Protein
5 T s 100 100 1696
Sheep. . . 66 50 100
Goat. . I 50 1s] 100
Pig. 10 3 12
Horse, 16 3 i)
Dog. . s 16 8 3
Man. : 5 3 3
Wild rat. ... o-I o1 1-2

Titers obtained by the method of antigen dilution, homologous reaction= 1co.

1i the species are closely related the distinction by precipitins
is difficult,” but from all other results one may conclude that
diffierences exist between such species as well, perhaps involving
only small parts of the molecule and too minute to be detectable
by the common tests. In one such case (rabbit-hare) Uhlenhuth®
showed that the difficulty could be overcome by using for the
production of the immune sera the very species to be investi-
gated. In this manner, by injecting rabbits with the serum of
hares, he was able to obtain precipitins markedly active for

* The Precipitin Reaction in the Study of Animal Relationship (13).

* Cf, Dean (7), p. 438; Uhlenhuth and Seifiert (20), p. 368; see, however,
Hicks and Little (32) (differentiation of various species of mice). Regard-
ing the supposedly greater specificity of the complement fixation reaction
see Sachs and Bauer (33); 7. p. 31.

€ (34). In the other cases cited by Uhlenhuth (man-lower apes, pigeon-
chicken) the species are not very closely related and the differentiation

can be made by the usual precipitin test. Cf. Holzer (335), (sensitization
of Cavia porcellus with serum of Cavia rufescens).
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hare serum but without action on rabbit serum. Obviously the
differentiation is possible by this method because the formation
of antibodies is incited only by the structurally different and
not the identical parts of the protein molecules. Another way
to distinguish proteins of allied species consists in performing
tests with fluids obtained after centrifuging off the precipitate
formed upon addition of an heterologous antigen. The method
is based on the fact that in immune sera produced by injection
of a single antigen, there are several antibodies of different
range of specificity; the same purpose may be served by partial
absorption in vivo (partial desensitization of sensitized animals)
with heterologous antigens, as demonstrated by Dakin and
Dale (36) and Wells and Osborne (37). The method of partial
precipitation has been applied successfully by a number of
workers,” while it proved less serviceable in the hands of others.®
In experiments carried out by the writer small differences could
be demonstrated between the serum proteins of horse and don-
key and of man and chimpanzee (v. 31), indeed slight quanti-
tative differences by direct precipitin reactions also, but unlike
the results of absorption with blood cells of these animals, it
was not possible to eflect a clear-cut separation of sharply
specific antibodies (51). The discrepant results reported prob-
ably find their explanation in peculiarities of the individual
immune sera and the methods used.?

On the whole, at least in the author’s experience, the prepara-
tion of species specific antiserum fractions and the difierentia-
tion of closely related species with precipitin sera for serum
proteins does not succeed so regularly as with agglutinins and

? Nicolas (38), Hooker and Bovd (39), Wolfe (31), Hallmann (40), Saeki
(41), Moritz (42), Sasaki (43), v. Dungern (26), Makino (43a), Nishe-
gorodzeff (44); cf. Doerr (45). The differentiation of the sera of man and
lower monkeys, for which Fujiwara (46) recommends the absorption
method, can also be carried out without absorption by comparing the
strength of the reactions.

® Beger (47), Furth (48), Ottensooser and Strauss (40), Uhlenhuth (50).

" In such experiments the multiplicity of antigens (globulins, albumins)
in the serum [v. Jones ete. (52)] must be borne in mind, and the fact that
precipitin reactions are inhibited by an excess of the homologous or a re-
lated antigen.



SEROLOGICAL SPECIFICITY OF PROTEINS 13

lysins for blood cells. This may be due to the fact that in the
evolutional scale the proteins undergo continuous variations
whereas cell antigens are subject to sudden changes not linked
by intermediary stages.

The question now arises to what extent the differences be-
tween species found by the serological method can be taken as
a true measure of the actual differences. First it should be
pointed out that the various methods used for quantitative de-
termination are not equally suitable, and that when homologous
or heterologous antigens are added to an immune serum in
varving amounts, the curves representing the quantities of pre-
cipitate formed need not be similar in shape. Morcover, the
specificity of immune sera may be significantly diminished on
continued immunization'* and immune sera prepared by in-
jecting several animals even of the same species with one anti-
gen may vary to some extent in their reactions when tested
against a number of antigens!! (see p. 03). The results are there-
fore only approximate, but their accuracy can be increased by
emploving several sera made with the same antigen, immunizing
more than one species of animals and preparing immune sera
for each of the antigens to be compared, in order to ascertain
whether the ratios obtained with various antisera are in agree-
ment (Bovden). Apparently, the degree of relationship between
the animal species furnishing the antigen and that used for
immunization has considerable influence on the results. Thus
several authors concluded from tests with rabbit immune sera
that rats and mice are widely distant, while, on the other hand,
quite dissimilar species of birds, like chicken, pigeon, goose,
scemed to be closely related.'? In the author’s opinion this is,
so to speak, a case of faulty perspective, and the somewhat
paradoxical results are probably to be explained in accordance
with the principle illustrated by Uhlenhuth’s “cross immuniza-
tion.” From this it may be understood why rabbit immune sera
are very suitable for revealing dissimilarities in the proteins of
other rodents, while in the case of birds, if rabbit sera are em-

' (20], p. 407, Hooker and Bovd (30), Nicolas (38); Wolfe (31).

1 See Manteufel and Beger (53).
'* See (51) p. 103; Hicks and Little (32).
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ployed, the lesser differences will be hidden by structures com-
mon to bird proteins.

Exceptions to the general rule of species specificity, such as
reactions of precipitating immune sera with solutions of pro-
teins not closely related to the homologous antigen, have fre-
quently been reported.” They occur more often after prolonged
immunization and after simultaneous injection of several anti-
gens." These anomalous cases may be due to the presence in
certain sera of antibodies of low specificity, and in some in-
stances the reactions are possibly caused by substances!® ad-
mixed with the proteins. At any rate, the occasional irregular
reactions have little significance for the general notion of pro-
tein specificity, which has been firmly established with the aid
of highly specific precipitins.

As already stated, species specificity is not limited to serum
proteins. Thus, precipitins can be prepared (Leblanc, Ide,
Demees) which sharply distinguish the haemoglobins of various
kinds of animals.'® One may safely assert that the difference
depends upon the globins'” and not on the haematin moiety of
the molecule, the latter probably being the same in all haemo-
globins. With haemoglobin it was possible to demonstrate
species differences by methods other than immunological. It
having been known for a long time that the crystals of various
haemoglobins differ in shape, Reichert and Brown!® carried out

' (54); for bibliography see Uhlenhuth (20). p. 374, Doerr (45) p. 8co,
cf. Nuttall (1), p. 137, 167.

" (45) p. 797; (55); (20) p. 407; (53); cf. (38).

' On the presence in serum of substances reacting like agglutinogens of
cells, see (56-62); cf. (63-66).

' Heidelberger and Landsteiner (67), p. 561; Hektoen and Schulhof
(68) and Boor (69), Higashi (70).

¥ On immune bodies for globin see Gay and Robertson (71), Otten-
sooser and Strauss (72), Hektoen and Schulhof, Johnson and Bradley (73),
Browning and Wilson (74). In Hektoen’s observations (69) on non-specific
reactions of immune sera for haemoglobin, possibly, the haematin present
in all haemoglobins plays a part, see (67); the small number of prosthetic
groups may, as Marrack suggests, explain why cross reactions between
various haemoglobins do not occur regularly.

% {75). With regard to some inconsistencies which require further in-
vestigation, see Robson (76).
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systematic investigations on haemoglobin crystals and found,
in conformity with the serological results, that the shapes and
angles are characteristic for each species, and that the differ-
ences are in proportion to the distance between the species in
the zoological svstem. The validity of these results is unques-
tionable, even though the method used cannot claim a high
degree of accuracy, and the data are not detailed enough to
estimate the errors in measurement or the degree of variation
in individuals or species. Species differences of haemoglobins,
furthermore, were established by investigations on absorption
spectral’ and by solubility determinations. These experiments
were based on the principle,®® applicable in this case, that the
solubility of a given substance is not affected by the presence
of other substances provided they do not react with each other.
Accordingly, the solubility of one haemoglobin in a saturated,
aqueous solution of another haemoglobin ought to be the same
as in water, and preliminary investigations actually were in
agreement with this expectation, except in the case of two
closely related animals (horse-donkey) where the formation of
mixed crystals can be assumed.

Other proteins found to be more or less species specific are
muscle protein,® fibrinogen,** serum mucoid® and the proteins
of eggs® and of milk,* especially casein.*® To this list the globu-
lins of the various organs can probably be added.*” As Doerr
emphasizes, we are far from a complete knowledge of the organ
antigens, vet, from the facts already known, it is reasonable
to conclude that as to species specificity the other proteins be-
have in principle like those present in the serum.

The various proteins in one animal species, distinguishable
by their composition and physico-chemical properties, are also
quite different serologically®® and in consequence the serum re-

¥ Barcroft (77), Anson et al. (78), Roche (70). On the rotation of the
plane of polarization, molecular weight, refractive index, see (So0);(81)

(haemocyanin). * Landsteiner and Heidelberger (82).
% (20), p- 435; (83); see (84). 22 (85-80); see (go).
® (91). " (20, 92, 03). * (94, 92).
* (93, 96). * (97); see (08, 99, goa).

** With respect to the organ and species specific enzymes described by
Abderhalden, see (100), (101-102).
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actions reveal a twofo!d specificity, that of the particular pro-
tein and, for each, that of the species. Blood serum contains
at least four serologically distinct species specific proteins
(globulin, fibrinogen, serum mucoid, albumin) and likewise in
milk and eggs several protein antigens are demonstrable. When
sera are produced with such mixtures the various antibodies
corresponding to the single components can be separated with-
out difficulty by partial precipitation. In such an experiment,
after addition of a sufficient amount of horse globulin to an
anti-horse immune serum possessing precipitins for both globulin
and albumin, the supernatant fluid obtained by centrifuging no
longer acted on globulin, though still with undiminished inten-
sity on albumin.?

Serum globulins and albumins have been examined fre-
quently; in precipitin reactions and in anaphylactic experi-
ments*® they behave like entirely different substances®™ even
when derived from the same species. On the other hand, a high
degree of overlapping is found upon comparing globulins or
albumins, respectively, of closely related animal species, for
instance, testing a precipitin serum prepared with ox globulin
against sheep and goat globulin, By means of precipitin tests
it was possible to verify the questioned chemical individuality
of albumins and globulins and their presence in unaltered blood
serum, and also to disprove the reports on artificial preparation
of globulin from albumin

* Landsteiner and van der Scheer (51).

* The phenomenon of anaphylaxis may be deseribed as follows: an
animal injected with a small quantity of an antigen (e.g. o.001 mg. of
serum globulin) becomes sensitized to a second in jection of the same sub-
stance, otherwise innocuous, given after a certain interval, the result be-
ing either death or characteristic symptoms (anaphylactic shock). Since
this sensitization is tantamount to immunization and anaphvlactic shock
depends upon an antigen-antibody reaction, the anaphylactic reactions
have the same significance for the questions under consideration as serum
tests carried out in vitro, See (45) p. 750, Dale (103).

# (104-112), (51) p. o7. According to Chick (113) euglobulin is a com-
pound of pseudoglobulin and lipoids; cf. (114), (115), (104-112).

* I'anconi; Hooker and Bovd (116).

]
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In some proteins,® such as keratin® species specificity is
either poorly defined or not demonstrable at all.™ The protein
of the lens has usually been cited as a prototype ever since
Uhlenhuth™ discovered that precipitins prepared with the lens
of one animal react with the lens substances of animals of the
most diverse species. But here also there are differences, which
may be considerable in animals widely distant, as in mammals
and fish,"”", and according to Witebsky the relationship between
the lens substances is attributable, in part at least, to the
presence of a common lipoid. A similar condition was found by
Witebsky and Steinfeld™ with brain tissue (p. 63). In the latter
case species specificity of the proteins can be presumed because
attempts to produce antibodies with unaltered brain substance
from animals of the same species were unsuccessful, while anti-
bodies were easily obtained with material from other species
(see p. 64).

The most important studies on the specificity of plant pro-
teins were made by Wells and Osborne *® These investigations
are remarkable because of the careful purification of the sub-
stances tested, in which respect certain types of plant proteins
offer especial advantages such as the ready formation of crystals
(edestin and similar globulins), or the solubility in dilute alcohol
characteristic for gliadin, hordein, and zein.

The studies on bacterial proteins, and the chemistry of toxins
and tuberculin® which in the opinion of many authors are sub-
stances related to proteins but of relatively low molecular
weight, are thoroughly reviewed in a monograph by Pick and

* On thyreoglobulin see Hektoen and Schulhof (117), Witebsky (118),
Adant and Spehl (119); on amyloid see Pick and Silberstein (120).

W Krusius (121).

** No tests for specificity have been made with silk of different origin,
Silk can be used [or the production of antiserum either after solution in
lithium bromide [Fell (121a)] or in hydrochloric acid (author's experi-
ments), % (122), Hofflmann (123).

3 (124), see (123), (1206), (120), (127), (128).

¥ (120), (118) p. 408.

* (130), see Wells (92), p. 83, Jones and Gersdorfi (131), Wells, Lewis
and Jones (132), Lewis and Wells (133).

¥ (134-138).
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Silberstein.® New investigations*® on the isolation and serologi-
cal properties of bacterial proteins were undertaken when the
discovery of specific carbohydrates gave impetus to the study
of the antigenic constitution of bacteria.

PROTEIN SPECIFICITY IN RELATION TO CHEMICAL CONSTITU-
TION.* In view of the imperfect state of protein chemistry, it is
not surprising that neither the observations on natural antigens
nor those on modified proteins to be discussed presently suffice
definitely to interpret the specificity of protein reactions in
terms of chemical structure. Progress in this direction may come
from pursuing the investigation of protein split products* and
from a systematic study of the specificity of artificially pre-
pared antigens, particularly azoproteins containing peptides of
known structure (p. 116). With the latter method it has been
shown already that small differences between polypeptides are
serologically recognizable (p. r29).

Ehrlich’s opinion that serological properties are intimately
connected with chemical constitution is now conclusively estab-
lished, and it is equally certain that the proteins themselves
and not contaminating substances, as was once alleged,® are
responsible for the reactions. That protein specificity depends
on chemical structure, probable because of the serological rela-
tionship of proteins of similar composition, became certain as a

1 (1309), v. Wells (92) p. 49, 54, Zinsser (140), Maschmann (141)
(tetanus toxin). Antibodies to enzymes are discussed by Wells (92), p. 53,
Pick and Silberstein (130), p. 380; see Ten Broeck (141a) (differentiation
of trypsin from swine and cattle), Belfanti (132) (antibodies to lecithinase
of venoms), Walton and Segura (143), Northrop (144), Kirk and Summer
(145) (antiurease); on the specificity of antivenin see Amaral (146),
Phisalix (147).

“ Bruce White (148), Landsteiner and Furth (149), Happold (130),
Lancefield (151), Nelson (152), Heidelberger and Menzel (153), Heidel-
berger (154), Heidelberger, Shwartzman and Cohn (155), Tomcsik and
Szongott (156), Chargaff (157), Gough (158), Boor and Miller (150), Gun-
nison (160), Linton and Mitra (161), Schaefer and Sandor (162): see
Heidelberger (162a). # Cf. Doerr (45), p. 790.

“ Cf. p.132. The protamines and histones, proteins comparatively simple
in composition, have not yet yielded to serological investigation (v. Wells
163). ¥ Obermayer and Pick (164).
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result of investigations on protein derivatives' (Obermayer and
Pick). The first point was stressed by Wells and Osborne
(130) in their extensive work on plant proteins. For example,
in the group of alcohol-soluble proteins, gliadins from wheat and
rve behaved alike, both chemically and in anaphylactic experi-
ments, but hordein of barley (or wheat glutenin) and gliadin
differing slightly in composition, were serologically related but
distinguishable. Similarly, the legumins of beans, vetches and
lentils and the globulins of Cucumis melo and Cucurbita max-
ima, which if not identical are at least very similar chemically,
agree entirely in their immune reactions. That differences in
size of the particles, which certainly afiect the appearance of
serological reactions,’ also influence their specificity is not sup-
ported by reliable evidence. On the contrary, there are observa-
tions to show that changes in the state of dispersion need not
be accompanied by diiferences in specificity. '

If in trying to form a definite idea of the chemical basis of
protein specificity one adopts the current view that proteins
consist of peptide chains®™ or, at any rate, are made up of amino
acids, then their specificity obviously depends in some way on
the nature and arrangement of these components. Clearly the
highly selective action of the immune sera precludes specificity
being determined by simple structures as single amino acids,
and even reacting groups composed of di- or tripeptides could
not furnish a sufficient number of combinations.®® Irrespective,
therefore, of any particular hypothesis concerning their consti-
tution, the specificity of proteins must be referable to compli-
cated structures--possibly multiple, like groups in one molecule
(p. 132)—or to several groupings whose affinities have to be
satisfied before a visible reaction can occur, in which event the

18 See p. 24, Pick and Silberstein (139), p. 333.

17 Sachs and Rondoni (1635), Sachs and Bock (166).

% (167), (168), (169). For the conjecture proffered by K, H. Meyer that
the specificity of colloidal substances depends on their micellar structure
experimental confirmation is wanting,

¥ v. Kurt Meyer (170), Waldschmidt-Leitz (171), Astbury (172).

¥ The number of combinations, allowing for repetition and for differ-

ences in the arrangement, is «" for groups of » amino acids (a representing
the total number of different amino acids).
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spatial arrangement of the reacting groups may be of signifi-
cance. Evidence for the assumpcdon that the intensity of sero-
logical reactions is increased when several combining groups are
involved.™ is afforded by observations on altered proteins. Thus
antibodies for iodized protein precipitate any iodoprotein by
virtue of diiodotyrosine groupings but give the strongest reac-
tions with the iodoprotein used for immunization owing to
additional structures peculiar to the original protein (p. 31).

Although the presence in immune sera of various antibodies
has been demonstrated (p. 141), the view that the specific effect
is in principle brought about by a summation of partial reac-
tions, in other words, by the joint action of a number of anti-
bodies severally directed towards small groupings, is without
experimental proof. Further, it is difficult to reconcile this hy-
pothesis with the low incidence of overlapping reactions which
are infrequent even when severa! antigens are used for immun-
ization at the same time (Hektoen).?

Results obtained with protein derivatives indicate that certain parts of
the molecule are of greater significance for the reactions than others (p. z7),
since there are chemical modifications of proteins which affect their species
specificity but slightly. Thus, combination of free amino groups® with the
methylene radical through the action of formaldehyde was found by the
author not to cause any pronounced change in specificity in the ordinary
precipitin reaction (168,179), and antisera to the formolized antigen pre-
cipitated the native protein. Yet, this change is recognizable (179), as after
injection into rabbits of formolized rabbit serum antibodies are produced
to the modified protein (p. 30). A modification which is peculiar in another
respect is the change by peptic digestion, where serum protein treated with
pepsin and hydrochloric acid rapidly loses its capacity to react with pre-
cipitin sera for unaltered protein and, at first glance, its species specificity.
When the tests are made with precipitin sera obtained by injection of a
peptic metaprotein, the result is different. Such sera precipitate not only
metaprotein but also the unaltered protein,® and this phenomenon, to-

" Heidelberger and Kendall (172a), (325), Burnet (172b).

2 See Hektoen and Boor (173), (326), Hektoen and Delves, Delves (174),
Gara (175), Roesli (176). Hektoen's experiments with such immune sera
tend to show that for each antigen injected a separate antibody is formed, or
“that the same globulin molecule may not have more than one precipitin,”’

* See van Slyke and Birchard (177), Kossel and Edlbacher (178). It is
assumer that the lysine radicals are involved in the reactions.

* Michaelis (18¢), Landsteiner and van der Scheer (181).
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gether with other similar ones (sce p. 140) proves that structu ral differences
do not alwavs manifest themselves in the same manner with various sero
logical reagents.

As alrcady pointed out, the problem of protein specificity is
all the more intricate since one has to account for both species
specificity and the diversity of proteins in a single animal
species.™ In view of their chemical characteristics, proteins of
one type must have some structural correspondence; for ex-
ample, all strongly basic globins must possess a peculiarity in
chemical structure that characterizes them as globins; but of
these substances, chemically similar, there exists a special va-
riant in each animal species. With regard to the chemical basis
for the serological specificity of sundry types of proteins, the
great differences in their content ol the various amino acids
should first be considered. Moreover, it is possible that there are
groupings characteristic for the particular protein type, an ex-
ample being the phosphoric acid content of casein. Even more
difficult to comprehend is species specificity since there exist, in
general, no conspicuous differences in chemical properties and
constitution corresponding to the serological distinctions. More-
over, any chemical interpretation will have to explain not only
the multitude of species specific proteins but also the serological
similarity of closely and to some extent of distantly related
animals as revealed by the “mammalian’™ reaction of chemically
altered proteins (p. 29).

Then, there is the further question of the species specific prop-
erties in the several proteins of one kind of animals. These
seem to be quite independent, which would imply that, for
example, the structures which characterize albumins on the one
hand and globulins on the other as being of human origin have
nothing in common. Another possibility would be that some
similarity in structure exists in the various proteins of one
species; this notion, however, i1s not supported by actual evi-
dence. Otherwise one could more easily understand why usually
no antibodies are demonstrable after injecting homologous pro-
teins, it appearing as if proteins from the same species are

* See Doerr and Berger (182).






































































































































































































































































































































































































































































































