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1. Introdnction

During the past four years I have been making an effort to understsnd and |
internret ssrological vhenomena in terms of molecular structure and molecular inter-
actions., The field of imrunology 1s a0 extensive and the experimental odservations
are so complex (and occasionally contradictory) that no one has found it vossible to
induce a theory of the structure of antibodies from the observational naterial,

As an alternative method of attack we mey vrovound and attermt to anawer the
following questions: What is the simplest structure which can be sugrested, on the
basie of the extensive information now available about intramolecular and inter-

molecular forcesl, for a moleculs with the proverties observed for antidbolies, and

Sea, for agmumary of this infornation, L. Pauling, "The Mature of the
Chemical Bond $nd the Structure of Molecules and Cryetals," Cornell University
Preszs, Ithaca, New York, Second Baigic ., 123¥0.

vhat is the simplest reasonable process of formation of such a molecule?
Proceeding in this way, I have developed a detailed theory of the structure and
process of formation of antidodies and the nature of serological reactions which
is nore definite 2nd more widely anplicable than earlier theories, and which is
compatible with our present knowledse of the structure and properties of simple
moleculaa as well as with most of the direct empirical information about anti-

bodies. This theory 1s described and discussed below,



11. The Pronosed Theory of the
Structure and Process of Formation of Antibodies

When an antigen is injected into an anima)l some of its molecules are

cantured and held in the region of antibody produotiona. An antibody to this

H There iz some evidence that this is the cells of the reticulo-endothelial
system: see Florence R, Sabin, J, Bxp, Hed., 70, 67 (1939), and references
quoted by her.

antigen is a molecule with a configuration which is complementary to that of a

portion of the antigen nolecule3 . This complementariness gives rise to specific

3 The idea of complementary structurss for antibody and antigen was (cufguted
b

by (a) P, Breinl and ¥, Haurowitz, Z. siol., Chem. 192, U5 (1920);

Stuart Mudd, J, Immunel. 23, 423 (Tﬁj’ g;. and has come to be rather generally
acaepted, There ig some i{ntimation of it in the early work of Zhrlich and of
Bordet.

forces of appreciabdble strength between the antidody molscule and the antigen

nolecule; we may describe this ss a bond between the two molecules, I assums,

vith Marrack, Heidelbercer, and other 1nvestigatorsh. that the precipitate obtained

*J. R Marreck, "The Chemistry of Autizens and Antibodles®, Report Mo, 230 of
the Hedical Research Council, His Majesty's Stationery Office, Iondon, 1938;
M. Heidelberger, Chem, Rev. . 24, 323 (1939), and earlier paners.

in the precipitin reaction is a fmmrkﬁ. and that to be effective in forming

5 The framework is sometimes called a "lattice® by immunochemists; the usze of
this vord in immanology 1s to be discouraged because of the implication of
regularity associated with it through its application in orystallography.

the framework an antibody molecule must have two or more distinct regions with
surface configuration complementary to that of the antigen. The rule of pareimony
(the use of the minimum effort to achieve the result) suggests that thers are only
two such regions; that 1s, that the antibody molecules ar~ at the most bivalent.
The proposed theory is based on this reaconsble assumption. It would, of course,

be possible to expand the theory in such a way as to provide a mechanism for the
formation of antibody molecules with valance higher than two; bdut this would



make the theory considerzbly more complex, and it is likely that antibdodies with
valence higher than two ocour only rarely, if at all,

Antibodies are similar in amino-acid corposition to one or another of the
fractions of serum globulin of the animal producing the serum, It is known
that there exist antibodies of different classes, with different moleculur
welghte-the molecular weights of rabbit antibody and of monkey antidody (to
pneuwmococcus polysaccharide) are about 157,000, whereas those of piz, cow, and

horse antibodies are about 930, 0006 The following discussion is for antibodies

5 2, A, Kabat and K, 0, Pedersen, Science BT, 372 (1938); E. A, Zabat,
J. Exp, Med. 69, 103 (1939).

with molecular welght about 160,000, and similar in constitution to the

fraction of serum gio'bulinT; the changes to bs mads to cause it to apply to

T A, Tieelius, Blo
R chem, J. 1464 (1937); Trans. Faraday Soc. 524
(1937); 7. Svedbverg, Ind. tne %ea.. 30, 113 (19357. <

antidbodies of other classes are odbvious.

The effect of an antigen in determining the structure of an antibody
molecule might involve the ordering of the amino-acid residues in the polypentide
chains in a way different from that in the normal glomlin, as sugrested by Breinl

Sa b
and Haurowitz and Hudd” . I assume, however, that this is not ro, but that all

antibody moleculss contain the same polypeptide chains as normal globulin,

and differ from normal glebulin only in the confipuration of the chain; that is,
in the way that the chain is coiled in the molecule. There ia at nresant no direct

evidence supporting this asswmption, The assumption is nade because, although I
have found it impossidle to formulate in detail a reasonable mechanism vhereby
the order of amino-acid residuss in the chain would he determined by the é.ntigcn.
a sirple and reasonable mechanism, describded below, can be advanced vherebdy the
antigen causes the polyneptids chain to asewme a configuration complementary to
the antigen. The number of configurations sccessidle to the polypentide chain

is 30 great as to provide an explanation of the ability of an animal to form



antibodies with considerable svecificity for an apparently unlimited number of

different antigansg. without the necessity of invoking slso a varlation in the

L See K. landateiner, "The Specificity of Sarological Reactiona", Charles
€. Thomas, Baltimore, 1936. ‘

amino-aclid compoesition or amino-acid ordars.

5 It has boen pointed out by A, Rothen and K. landsteiner, Science 90, 65
(1939), that the nossibility of different ways of folding the same polypeptide
chain to obtain different antidodies is worth considering,

The Postulated Process of Formation of Antibodies.--let us assume that the
£lobulin molecule consists of a single polypeptide chaln, containing several
handrad amino-acid residues, and that the order of smino-acid re idues is such
that for the centsr of the chain one of the accessible configurations is much

nmore stable than any other, whereas the two end narts of the chain are of such

a nature that there exist for them many configurations with nearly the same energy.
(This point is discussed in dstail in Section IV.) Four steps in our postulated
process of formation of a normal globulin molecule are illustrated on the left
side of Pigure 1. At stage I the polypeptide chain has been synthesized, the
anino-acid residues having been marshalled into the proper order, presumabdbly with
the ald of nolypentidases and protein templates, and the two ends of the chaln,

A and C, each containing verhaps two hmndred residues, have baen lidermted with
the —astable extended configuration. {The horizontal 1ine in aaeh‘draving
geparates the resion, nelow the line, in which the polypeptide chain is not able

to change its conflruration from the region, above the line, vhere this is possidvle.)
Fach of these chsin andc.than coils v into the most stable or one of the most
atable of the aceessible configurations (stage II) and 1is tied into thils
confiruration by the formation of hydrogen bonds and other weak bonds betwsen

narts of the chain; The central part B of the chain is then liberated (stage I1I)



and assumes its stable folded configuration (stage IV) to zive the completed
globulin nolocﬁlc.

There are also ;pdicatod in Pigure 1 six stages in the process of formation
of an antibody molacule. In stage I there are shown an antigen molecule held at
8 place of globulin preduction and a globulin molecule with its two ends A and C
liberated with the extended configuration. At stage II each of the ends has
assuned a stadble coiled configuration, These stable confizurations A' and C! are
not, however, identical with those A and C assumed in the absence of the antigen,
The atoms and groups which form the surface of the antigen will attract certain
complementary parts of the globulin chain (a negatively-charged group, for example,
attracting a positively-charged group) and repel other parts; as a result of these
intersctions the configurations A' and C?' of the chain ends which are stable in
the presence of the antigen and which ars accordingly assumed in the nresence of
the antigen will be such that there is attraction between the coiled globulin
chain ends and the antigen, due to their complementarity in strusturs. The con-
flguration assumed by the chain end may be any one of a large number, depending
upon which vart of the surface of the antigen happens to exert its influence on
the chain end and how large a reglon of the surfa.e happens to de coversd by it.

When the central part B of the globulin chein is liderated from the place of
its synthesis (stage III), ons of two processes may occeur. If the forces of
attraqtien between the antisen and the portions A' and Cf ars extremely strong,
they will remain bonded to the antigen for an indefinite time, and nothing further
of interest will happen, If the forces are somewhat weaker, however, one will
ih time break away--dissociate from the antigen (stage IV). Then the portion B
of the chain will fold up to achieve its normal stable configuration (stage V),
mking a completed antibody molaecule. In time this will dissoclate from the

antigen and float away (stage VI). It is possidle that an auxiliary mechanism



for freeing the active ends A' and C' from the antiren molecule comes into
onperation; this is discussed in Section VY.

The middle part of the antibody moleculs thus nroduced would be like that
of a nermal globulin molecule, and the two ends would have sonfigurations more or
less complementary to parts of the surface of the antigen. These two active ends
are offective in different directions, =0 that, after the antidbody is completely
formed, only one of them at a time oan grasp a particular antigen molecule.

The antizen molecule, after its desertion by the newly-formed antidody
molecule, may serve as the nattern for another, and continue 4o serve until ite
surface is covered by very strongly held antibodies or portions of antidodies or
until the concentration of antibodies becomes so grezt that even with weak forces
operating the antigen is combined with antibodles mozt of the time (as 1llustrated
in Pirure 1), or until the antigen moleculs is destroyed or escapes from the region
of globulin formation.

111, _Some Points of Comnarison with Experiment
2. The Heterogeneity of Immune Sers.--The theory requires that the serum

homologous to a given antigen be not homogeneous, but heterogeneous, containing
antibody molecules of greatly varied configurations. Many of the antibody molecules
will be bdivalent, with two active ends with confizuration comnlementary to nortions
of the surface of an antigen molecule. Great variaty. in this complementary
configuration would be expected to result from the accidental approxiration to

one or another surface region, and further variety from variation in rosition of
the antigzen molecule relative to the noint of liberation of the Zlobulin chain

end and from accldental coiling and linking of the chain end Yefore it comes under
the influsnce of the antigen. Some of the antibody molecules would be univalent,
ons of the chain ends having, becauss of its too great distance from the antigen,
folded into a normal globulin configuration.



These predictions are varified by exparimental rasulte, It is well knowm
that an immune serum to one antigen will, as & rule, rmact with a related
heterologous antigen, and that after exhaustion with the latter there remains
a fraction which will still react with the original antigen. Landsteiner and

van der Schaarm, using as antigens azoproteins carrying various haptens containing

15 K. landsteiner and J. van der Scheer, J, Fxo, Hed. 63, 325 (1936).

the same active group, have shown that the antiserum for one antigen contains

various fractions diffexj’ing in the sirength of their attraction for the haptens,

By the quantitative stud# of precipitin reactions Heidslberger and Kandann

I M. Heidelbergzer and F. . Kendall, J. Exp. Med, 61, 559 (1935); 62, 467,
697 (1935).

reached the same conclusion, and showed in addition that even after prolonged
irymnizetion the antiserum studied (anti-egz aldumin) contained much low-grade
antibvody, incapable by 1taself of forming & precipitate with the antizen, but with
the property of being carried down in the precipitate formed with a mors reactive

rmctianlg.

12 The older experimental results bearing on this question 414 not permit =
clear distinction between antibody fractions differing in belng complementary to
different active groups in the antigen and fractions differing in the extent of
their complementariness to the sanme group. The experiments are discussed in
Marrack's monograph.

b. The Bivalence of Antibodies and the Multivelence of Antigeng.~—-Our theory
1g based on the ideas that the precipitate formed in the precipitin reaction 1is

a network of antibody and antigen molecules in vhich many or all o? the antidody
molecules grasp two antigen molecules apiece and the antizen molecules are

gragped by several antibody molecules. The direct experimental evidence for this
picture of the precipitate lms been adbly discussed by its pronounders and supporters,
Marrack and Heidelberger and Kendall, and need not be reviewed here. To the

strustural chemist it 1s clear that this picture of the precipitate must be correct.



The great specifioity of antibody-antigen intaractions requires that a definite
bond be formed between an antidody molecule and an antigen molecule, If anti-
Yodies or sntisens were univalent, this would lead to complexes of one antigen
moleculs and one or more antibody molecules (or of one antibody molecule and one
or more antigen moleculse), and we know from experisnce with proteins that these
aggrecates would in general remain in solution. I1f both antidody and antigen
are multivalent, however, the complex will gzrow to an aggregate of indefinite
size, vhich is the precipitate,

This process is observed dirsctly in the agglutination of cells. On the
addition of an agzlutinin to a cell suspension the cells are seen to clump together.
It 1s obvious that the agglutinin molecules which ars holding the cells together

are 'bivalnntu-—each has two active ends, with configuration complementary 4o that

3 Following Heidelberger and Kendall, I use the terminology of chemical wvalence
theory in discuseing the specific mutual atiraction of antigen and antidody.

The antibody-antigen “"valencs donds® are not, of course, to be confused with
ordinary covalent chemical bonds; they are due 1nstoad to the integrated veak
forces discussed in Sec, 1V,

of a portion of the surface of the cells; the agglutinin molecules hold the cells
together at their regions of contact, as shown in Figure 2, ‘
Lk
It seems probable that all antibodies have this structure--they they are
bivalent, with their two active regions oppositely directed. Heidelberger and
his collaborators and Marrack have emphasized the multiwvalence of antibodies and

antigenlm. but limitation of the vslence of antidedies to the maximum value two

14 Professor Heidelberger has ianformed me that in their quantitative treatment
of data on the precipitin reaction he and Dr. Kendall have found no incompati-
bility with this restriction; in their papers they discussed the general case
of multivalence of antidody as well as of antigen,

(1znoring the exceptional case of the atwacimont of two or more antigens or

haptens to the same end region of an antibody) has not previously deen madse,



The maximmm valence of an antigen moleculs would be given by the ratio of
its surface area to the area effectively occupled by one antidody molecule, if
all reglons of the antigen surface wers active. In the speclal case that the
antibody were able to combine only with one group (a hapten, say, with
immanization effected by use of another antigerwith the same hapten attached)
the maxizmm valence of the antigen would be equal to the number of groups per
molecule.

Co2he Antibody-Antigen Molecular Bstio in Precipltates.——Our theory provides

an irmediate simple explanation of the observed antibody-antigen molecular ratios

in nrecipitates, Under optimum conditions a precipitate will be formed in which
all the valences of the antibody and sntigen molecules are satisfied. An idesalized
representation of a portion of such a precinitate is glven in Figure 3, The figure
shows 2 part of a layer with each antigen molecule bonded to six surrounding
antibody molecules; this structure represents the --~lue N = 12 for the valence

of the antigen, each antigen molecule belng attached also to three antidody
molecules abdove the layer represented and to three telcéw. ZRach antidody molecule
is bonded to two antigen molecnles, one at each end. An ideal structure of the
antidody-antigen precipitate for K = 12 may be descrided as having antigen
molecules at the positions corresponding to clomest packingz, with the twelve
antibody molecules vhich surround each antigen molecule lying along the lines
connecting it with the twelve nearest antigen neishdors.

Similar i1deal structures can be suggested for other valuss of the antigen
valence. The antigen molecules might be arranged for N = 8 at the points of &
body-centered cublc lattice, and for ¥ = 6 at the points of a aimple cubie
lattice, with antibody molecules along the connecting lines. For K= U the
antigen molecules, connectad by antidody molecules, might lie at the voints
ccoupied by carbon atoms in dlamond; or two such frameworks might intervenstrate,

as in the cuprous oxide arrangement (copper and oxygen atoms heing replsaced by
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antivody and antigen molacules, respsctively ).

It 1s not to be inferred that the actual precipitates have the regularity
of strusturs of these ideal arrangements, The nature of the process of antibody
formation, involving the uee of a portion of the antigen surface selected at
random ag the template for the molding of an active end of an antidody molewule,
introduces so much irregularity in the framework that a regular structure
analogous to that of a crystal 1e probably never formed. The precipitate is
to Le comnered rother with a glase such as silica glass, in wvhich ench silicon
ptom 1s surrounded tetrahedrelly by fows oxyzen rtoms and each oﬁ:ygen atom 1w
bonded to two siliscon atoms, dbut which lacks further orderliness of arrangement.
22d1tionnl 2isorder is introduced in the precipitate by variation in the effective
valence vf the antigen molecules and by the inclusion of antibdody molecules with
only one active end.

The antidody-antizen molecular ratio R of a nrecinitate is given by the

squation

R = leﬁ..(a.ntigon)/leﬁ'(antihody) (1)

in vhich geff_(antigen) and geff.(antibody) are the avorage effective valences
of antigen and zntibvody molecules, regpectively. The maximum vzlue of
X, ff.(anti’oody) 1s 2 (ignoring the exceptionmal possibility that two emall
haptens can attach themselves to the sane conbining region at one end of the
antidody; steric repulsion of antigen molecules would usually nrevent this
occurrence), and under optimum conditions for formation of the most stable
precipitate we may expect this maximmm value to be closely anorozched. 7The
antivody-antigen molecular ratio them beconas

R = ¥/ (2)
in which ¥ 1s ¥_,, (antigen). Now a sphere can be brought into contact with
twelve surrounding sphersa equal to it in size; hence a spherical antigen
molecule with molecular weight equal to that of the antibody (157,000) might



have the valence ¥ = 12, if all regione of the antizen surface wers active and

1f the antibody molecules were spheriocal; the assumption of elongated antibody
molecules would pormit the valence to be eomevhat larger, The value 12 of ¥
corregnonds to the wvalus 6 for the ratio R. For larger antigens larger values of
R would be expected, and for smaller ones smaller véluss. Even for antigens with
moleculsr welght as small as 11000 the predicted maximum wvalue of R is U (for
svherical antibodies) or larger. In foet, 3 simpla ecalcalation bassd on the

nacking of spheresls leads to the romults given in Todle I 16. It i3 zeen

it Sae L. Pauling, Ref. 1, Sec, liga,

16- It may be noted that valuss of R calenl-ted in the text change with
molecular weight in about the same way as those calculated by W, C, Boyd and
S. B, Hooker, J. Gon. Physiol, 17, 341 (1934), on the assumtion that each
antigzen molecule 1s surrounded by a closs-packed layer of (univalent) antibody
moledules. The Boyd-Hooker valuas agrea roughly with exreriment (Marmck,
loc,cit. p. 161).

Table 1
Coortlination of Spherical Antibody Molecules
about Spherical Antlsen Moleculos

Tomber of anti- Minimum yatio of HMinimm molecunlar Maximun molecular lMaximum mass

body molecules antigen radius to weight of antigen ratio Antibedy ratio
about cntigen antibody radius  (antivody 160,000) Intigen Antibody
in saturated pre-« Antigen
_ cipitate

12 1.000 160,000 6 6

g 0.732 63,000 h 10

6 L1l 11,000 3 il

L .225 1,800 2 178

that our theory provides a simple explanation of the fact that for antigens of
molecule weight squal $o or less than that of the antibody the precipitate contains
considerably more antidody than antigen, The values given in Tabls 1 are not

to be considered as having rigorous quantitative significance. Fhe calculated
maximum molacular ratio wonld be larger for elongated antibody molecules than

_for -pherical antibody molecules, and larger for non-gpherical than for spherieal



12

antigen molecules, and, moreover, in many sera the antibodies might de
compleﬁantary in the main only to certain surface regions of the antigen, the
number of thege determining the walence of the antigen. That this is so is

indicated by the obaervatioan that after long immunization of a radbit with egg

Y M. Heidelberger and F. E, Kendall, J. Zxp. Med. 52, 697 (1935).

aldumin serum was obtained giving a precinitate with a considerably larger

| nolecular ratio than that for eariier blacdings.ls

¥ The discussion of the nature of this phenomenon of change in the serum on
continued immunization must await the detailed treatment of intrecellular
antibody-antigen interactions. The phenomenon may involve the masking of the
nore effective surface regions of the injected antigen molecules by serum anti-
bodies produced by earlier inoculatione, leaving only the lesz effective regions
available for temvlate action,

Obmerved values of R for precipitates formed in the equivalence zone (with
amounts of antigen solution and serum so chogen that neither excess antidody
nor excess antigen can be detected in the suprrnate) for antigens with molecular
weights between about 4,000 amd 700,000 lie detween about 2.5 for the smaller
19

antigens and 15 for the larger ones It 1e seen thrt the values of R are

L] It $s our restrioction of the valence of the antihodyagi'the maximum value
two which leads to our explanation of the antibody-antigen ratios. The general
observation of values of R considerably greater than 1 is not acecunted for by
a framework theory in which antibody and antigen molscules are both multivalent,
unless some auxiliary postulate 1s Iinvolksd to make the effective valence of
antigen considerably greater than that of antibody.

somevhat less than the corresponding valuss from Table 1, which indicates that
not all of the surface regions of the antigens are effective. The data given
in Table 2 are those of Heldelberger and his colladborators; the values reported

by other investigntors are similar in magnitude.
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Tadble 2
Values of Antibody-Antigen Molecular Ratio

for Precipitates from Babbit Antisera®

Antigen Holecular Equi%alencc thru%e anti- An%igen Sul%blo
welght rone body exvess excess compound

Ege albumin %2000 2.5« 3 5 2 1

Dye egg albunin®*  LE000 2.5~ 3 5 0.75 1/2

Serum albumin 67000 34 6 2 1

Thyroglobulin 700000 10 - 14 4o 2 1

The experimental valuss are thove obtained by Heidelberger and colladborators,
and quoted by M. Heidelberger, TH1S JOUNNAL 60, 22 (1938),
[ 1]

R-salt-azobiphenylazo egg aldbumin,

In a precipitate formed from a solution containing an excess of antidody not
all of the antibody valences will be saturated, At the limit of antidody excess
the precipitate will be a network of linear aggregates with a structure such as
that renresented in Figure 4, Here each antizen molscule {with an occasional
exception) 1s surrrunded by ¥ antidody molscules, only two of which bond it o
neighboring antigen molecules. The vadded strings formed in this way are tied
together by an occasional erocss-link to form the precipitate. The antidody~-
antigen molecular ratioc is seen to bYe eloao- to ¥ ~ 1, vhich is one lees than twice
the value ¥/2 for the valence-satursfed precipitate. The vredicted relation
between these ratios

R = 2R

—antibody excess —aquivalence zone
is seen from the data in Table 2 to be verified approximately by experimant for

1

the antigens other than thyroglobulin,

The discrepancy shown by thyrozlobulin ls, indeed, to be expected for an
antigen with molecular welght greatsr than that of the antibody. The requirements
of geometry are such that an arrangement in which each antigen is bonded

equivalently by é.ntibodias to more than twilve surrcunding antigens is impossible.
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Hence for large antigen molecules the molecular ratio can exceed & in the valence-
saturated precipitate only if two or more antibody molecules are shared between
the same palr of antipgen molecules, vhereas in the antidody-excese region the
antire surface of the large antigen may be covered by antidody molecules.

With antigen excess the precivitate formed will have the limiting structure
shown in Figure 5, in which (with an occasional exception) both antigen and
antibody are bivalent, the molecular ratic approaching unity, The reported
experimental values for this ratio (Tadle 2) 1ie between 2 and 3/L,

With great excesa of antigen finite complexes which remain in solution are
formed, with structures such as shown in Figure 6, For these the molecular ratio
varies between 1 and the minimum value 1/2. It is observed that in general no
precipltate forms in the reglon of gresat antigen excess, and Heidslberger and his
collaborators have in fact assigned values 1 a;:d 1/2 to the molecular ratios for
the compleres in solutioen.

¥hereas precinitation is imhibited by antigen excess, it usually oceurs even
with great antidbody excess, although soluble complexes with molecular ratio ¥
and the structure shown in Flgure 7 are expected to exist. It seems prodabls
that the differcnce in behavior of systoms in the excess antigen region and excess
antibody ragion is to be attridbuted to the faet that the molecular ratio for
precipitate and soluble complex differs by a factor as great as two for the fomer
cage, and by only ¥/(¥ - 1) for the latter.

4. The Use of a §insle Antigen Molecule as the Template for an Antibody Molecule,--

There are two ways in which an antibody molecule with two opposed active regioni

comnlementary to the antigen might bYe produced, One is the way described in
Section II, The other would involve the mamufacture ef' the antibody molecule

in its final confisuration hetween two antigen molecules, one of which would serve
ag the pattern for one antibody end and the other for the second., XNo attempt to

decide botween these alternatives seems to have been made before; there exists
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evidence, however, szome of vhich ie mentioned below, to indicate that the first
method of antibody produection, involving only one antizen molecule, occurs
predominantly. It is for thie reagon thi.t I have develonsd ths r-ther complicated
theory described above, with the two end —ortions of the antibody forming first,
one (or both) then separating from the antigen, and the central nart of the antie
body then aseuning its shape and helding the active ends in nosition for
attachment to two antigen molecules,

Thie theory regquirss that the fornhation of antibody be & reaction of the
first order with r:spect to the antizen, wvhereas the other alternative would
require it to be of the second order. There exists very little evidence as to
vhether on immunization with smell amounts of antizen the antidody production is
pr&pértional to the amount of antigen injected or to its square., Some support for
the one-antigen-molecule theory 1s provided dy the experiments dealing with the
injection of a mixture of antigens, If two antigen molecules were required for
antidody form:tion, it would de expected that antibodies A'~B', A'-C', BY-C!, «us
complementary to two different antigens A and B, A and C, B and C,+++ ap well as
thoge A'-A', B'.B' C'-C!', ... complementary to a single antigen would be formed.
The available evidence speaka etrongly cgainat this, Thuz Dean, Taylor, and
Adairac hi.ve reported that the serum produced by imrmunization with a nmixture

—

20

H. R, Dean, G, L. Taylor, and M. B, Adatir, J. Hygiene 3%, 69 (1935).

of egg aldbumin and serum albumin contains distinct antidodies homolozous to the
two antigens, and that precipitation with one antizen leaves the amount of the
heterologous antibody unaltered. An aven more rigorous demonstration wasg

Turnished by Heldelberger and K&bata

A

,» vho, from the serum of a cow which had

M, Heidelberger and E, A, Kabat, J. Exp. Med. 67, 181 (1938).

been injected with types I, II, and III pnewmococei, isclated in succession, with
the corresponding specific npolysaccharide, the three anticarbohydrates, each in

an apparently pure state and with no apprreciable crose-reactivity as to
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pneumococcus tyns. In another striking experiment Hektoen and Boor22

22

found

L, Hektoen and A, X. Boor, J, Infect. Dis. U8, 588 (1931).

that the serum obtnined on injecting a radbii with a mixture of 35 antigens
reacted with 34 of the antigens, and that adsorntion with any one had in the main
little effect on subsequent reaction with another. Since on the two-antigen-
molecule theory the amounts of antibodies At-A' BI.B! ... canadle of causing
precinitation with = single antigen would be sxr1l compared with the total

amount of antibody (of the order of 1/n, for n antigens——about 3% in this case),
these quallitative observations provide significant evidence in favor of the

alternative theory.

£, _Criteris for Antigenic Power.--There has been extensive discussion of the

question of what makes a substance an antigen, bdut no ypenerzlly accerted
conclusions have been reached., Our theory nermits the formulation of the follow-
ing reasonadle criteria for antigenic activity:

1. The antigen molecule must contain aetive groups, canable of sufficiently
stronz inter-ction with the globulin chain to influence its configuration.

2, The configuration of the antizen molecule must be well-defined over
surface regions large snouch to give rise to an integrated antibody-antisen
force suffiecient to hold the molecules together.

3. The ~ntigen molecule must be large enocugh to have two or mors such
surface reglons, and in case that the antigenic activity denends upon a particular
groun the molacule must contain at least two of these gromps, (This critarion
annliag to ant;ba@ios effective in the vrecipitin arnd aggiutinin reactions and
in anaphylaxis,)

These criteria nre satliefied by subdetances kmown to have antizenic antion.
Many proteins, some carbohyirstes with high molecular weight (bacterial poly-

saccharides, invertebrate glycoganes). and some lipids and carbohydrate-lipid

23 D, B. Campbell, Proc. Soc. Exp, Biel, Med. 36, 511 (1937); J. Parasitol.
23, 348 (1937).
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comnlexes are antigenic. The simple chemical substances 90 far studied have
been found to be inactive, excent those which are capable of combining with
proteins in the dody. Non-antigenic eubstances have been reported to become

antigenic vhen adsorbded on narticles (Forssman antigen on ksolinah): in this

®* P, Gonzales and K. Armangue, Corst. Rend. Goc. Blol, 105, 1006 (1931);
X. landsteiner and J, Jacobs, Proc. Soc. &xn. Blol, Wed. 30, 1045 (1933?.

cage the narticle with adsorbed hapten is to Le donsidered the antigen "moleculs®
of our theory, I predict that relatively simnle molecules containing two or
more haptens will be found $o0 bes antizenic; exvoriments to test this prediction

are now undar way.
IV, A More Netailed Discussion of the Structurs

of intibodlen and Othor Proteins

There h-g been gathered so far very little direct evidence regarding tha

datailed structure of protein molecules. Chemierl informstion is cormmatible
with the nolyrentide-chain theory of ~rotsin etrncturé. and this theory is alse

suprorted by the rather small amount of nertinent x-ray evidancezs. It wae pointed

53 A brief statament of the situstion has bheen made by L. Pauling and C.
géamann, THIS JOURRAL 61, 1860 (1939); see also R. 5, Corey, Chem. Rev.
2
' - -

26

out some rears ago that the well-defined propeftias of native proteins require

2%, s, Mirsky and L. Pauling, Proc. Fat., Acad, Sci. 22, 439 (1936); H. wa,
Chinese J. FPhysiel. 5, 321 (19317,

that their molecules have definite configurstions, the polypeptide chaln or chains
in a molacule being coiled in a definite wa) and held in position by forces acting
between narts of the chains. The phenomsnon of denaturation involves the loes of
configuration through the partig{ or complete uncolling of thg chaing, Of the
forces involved 1n'the retention of the native configuration thosze dascriﬁed as
hydrogen bonds are probadly the most important, Our knowledee of the properties

of the hyirogen bond has increamed to such an extent during the nast five years
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as to Justify some epecul:tion :s to the nature of the stable configurations
of protein molecules. |

Hydrogen bonds can be formsd by the peptide carbonyl and imino groups of
a polypeptide chalin, and also by the carboxy, amino, hydroxy, and other oxygen-
and nitrogen-contalning groups in the side chains of the anino acld residues.
In a stable configuration .aa many strong hydrogen bonds as possibdle will de
present, Cne confijuration in which all of the peptide cardonyl and imino
groups ars forming strong hydrogen bonde is that ghown in Figure 8, Here
extended chains are bonded together to form a compact layer, with the side chains
extending alternately ahove and bdelow the nlane of the layer (provided that the
levo configuration is the only one represocnted by the amino~acid residues),
This conflguration has ﬁeon aseigned to B-keratin and qther fidbroue nroteins by

AstburyaT on the basis of x-ray data. Although ‘the structure hag not been

7 W. T, Astbury, Trane. Faraday Soc. 29, 193 (1933), snd other pavers,

verified in defall by the analysis of the x~ray data, the arresment in the

dimensions found experimentally for the nseulo-unit cell of P-keratin and those

28

predicted from the complete structure determinations of glyeine = and diketopiperazineag

2 G. Albrecht ond R, B, Corey, THIS JOURNAL 61, 1087 (1939).
2 R. B, Corey, ibid. 60, 1598 (1938).

nakes 1t very prodahle that the etructure is ecsentially corroct, with, however,

the chalng somevhot Aistorted from the comletely ertended configur:.tion}o .

¥ R, B, Corey, ref. 25.

It is to be noted that the ~NH~-L0-CHR- sequence alternates in altcrnate
lines in such a layer, so that a layer of finite size could bde constructed by
running a sincle polypeptide chain dack and forth, A globular protain could thenm

be made by bduilding several such layers parallel to one another and in contacet,
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like a staclk of pancakes, the layers being held together Yy side~chain inter
actions as well as by the nolypentide chain itself, A vrotein molecuvle with,
for erample, roughly the shape and size of a cubs IO A on edze might contain
four layers, each with about eight strings of about twelve residuss each,

A few yrars ago I noticed, by studying molecular models, that a »roline or
hydroxyproline raosidue in the chain wonld interfere with the structure shown in
Fipure 8 in such a way as to cause the chain to tend to twrn through 180°; hence
if theze residues were guitably distributed along the chain during its synthesis
the chain would tend to assume the confisuration diecuseed above,

layer structures other than this one might aleo be assumed, in vhich the
chaing are not extended, Some fibrous vroteins, such as a-keratin, are known %o
have structures of this general type, hut the nature of the folding c&‘ the chaine
has not yet been determined.

¥e have postulated the sxistence of an extremely large mumber of accessidle
configurations with nearly the sam energy for the end parts of the globulin
polypeptide chain, A laysr structurs, with variety in the type of folding in the
layer, would not, it seems to me, give enoush configurational possidilities to
explain the great observed versatility of the antidody precursor in adjusting
itself to the antiren, and I think that skew configurations mmst be invoked.

But sizple considerations shov that it would be difficult for the chain to assume
a skew configuration in vhich most of the pentide carbonyl and imino bonds take
part in formings hydrozen bonde, =2 they do in the layer structures; and in
congequence the skew configurations wonld be zuch less 2table than the layer
configurations. The way out of this difficulty is provided by the westunlate that

the end parts of the globulla polypeptide chains contain a very larre proportion

(perhaps one-third or one-half) of proline and hyiroxyproline residues and other

residues wiich prevent the essumption of a stable laysr configuration.

We may, indeed, anticinate that globular nroteins may be divided into two

main classns, comprising respectively those in which there 1s a layer structure





















