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The most striking and characteristic property of biological substances
is the specificity of activity which they show -~ the power to combine selective-
1y with or to influence the behavior of one substance, rejecting others with a
precision and certainty seen in few physical and chemical phenomena, This
specificity of activity is shown by genes im their adbility to reproduce them-
selves, usually unchanged, and to produce the ensymes or other products through
which they determine charactoéﬁ also by engymes, which select from a aixture
the molecules upon which they exert their catalytie actiom, by hormonecs, by
therapeutic agents, and, in an especially striking way, by antibodies, A
complete and relisble understanding of the physicochemical basis of blological
specificity would bring us much nesrer to the solution of the great funda-
mental probles of biology, that of the nature of life.

Xy om interest in biologlcal problems was formed first by a study
of hemoglobin mede a dozen years ago, which led to the discovery that hemo-
globin itself? {ferrohemoglobin) is paramagnetic, whereas oxyhemoglobin and
carbonmonoxyhemoglobin are diamagnetic, It was found that the magnetic prop-

erties of hemoglobin provide a simple physicochemical method of mensuring
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equilibria end rates of reaction involving hemoglobin and its derivatives, and
the magnetic technique has since been found useful also in the study of cyto-
chroae ¢ and other iron-containing proteins., Dr. Alfred Mirsky and I them de-
veloped a theory of the densturation of protainl,l based upon the conmcepts that
in a native proteia the polypeptide chains are colled together into & definite
structure, with a configuretiom which deteraines the specific properties of the
protein, and that heat, alkali, urea, snd other densturing agents and conditions
msy cause the configuratiom of the polypeptide chaim or chaims to be altered,
without neceasarily breaking sny peptide bonds or otherwise changing the covslent-
bond structure of the molecules. Pe pointed out that some protein molecules in
the native state might have thet configuration of coiled polypeptide chains which
is the most stable of the configurations accessible to the chains, and thet these
proteins might be capable of undergoing reversible denaturatiom, with the chains
colling back into the stable configuration characteristie of the native proteim
as the denaturing ageat or condition 1s slowly removed. Other native proteins,
however, might be built originally into a configuratiem which is not the aost
stable of those accessible to the polypeptide chains; these proteins, whem de-
natured by uncoiling their chains, would not, om removal of the densturing sgent,
settle into the original native configuratiom but instead into the postulated
more stable comfiguratiom; accordingly a protein of this sort would not undergo
reversible denaturation, regenerating the original native proteim, although 1t
might be denntured and thes rematured to give a well-defined and cr:stallizsble

protein, with properties different from those of the native protein,

S ———
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When, in 1936, I became interssted in the problem of the structure of
antidbodies, as the result of conversations with Dr, Karl Landsteiner, I found
that the complex and at first confusing reported phenomena of immunology could
be clarified and brought into order by a Lheory of the gtructure of antibodies
based upon the idea of the foldimg of polyprptide chains into the most stable of

the accessible conriguratiaal.z

The theory of the structure and process of forse
ation of antibodies developed in this way involved the acceptsnce of the sug-
gestion that antibody and antigen have complementary structures, originally made
by Breinl and Haurowits, J. Alexander, and Stuart lndd.s The picture of the
serologloal precipitate as s franawaééfgﬁugiitivalent antibody and multivalent
antigen, developed by Marrack and by Heid&lb@r“”a also seemsd to be so rea-
sonadble and 80 in accord with most of the observational dats as to raquire its
acceptanno.‘
!hqﬁtheory of the structure of antibodies and the prooess of antibody
formation depends upon the assumption that the antibody precursor is a polypep-
tide chain of such 2 nature ss o be able to fold into a large number of slter-
native configurations, which have nearly equal free energy, and hence nearly
equal atabllity. In the absence of an antigem in the region in which the anti-~
body precursor is being formed the polypeptide chain will fold into ome of the
most stable of the configurations acceptable %0 1%, producing a molecule of
normsl gamme globulin, However, if an antigen mwolecule 1s present, it must be
conaidered as part of the environmsnt aeting upon the folding of the polypeptide

chain, and the most stable configur-tion of those accessilble to the folding
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chain now becomesdifferent from those in the absence of the antigen; they are now
configurations which take the greatest advantage of the opportunity of intere
action with the antigem, of such & nature as to stabllise the system - that is,
of the opportunity of assuming such & structure as to lead to attraction between
the forming antibody and the aniigen, and hence to the furm:tion of an antigen-
antibody bond., A structure of this sort would be one im which the surface atoms |
of the antibody molecule are able to come into the closest possible proximity to
the surface atoms of the antigen molscule., This could be achieved in case that
the folding antibody molecule were to mold itself over a portion of the surface
of the antigen nol‘cnlc, reproducing the coufiguration of the antigem in the

sanme way as & goin does its die, The prineipal forces of attraction which are
operative are the general van der Weals forces (electronic dispersiom forces),
the forces described. as hydrogen-bond forces, and the electroststic forces be-
tween positively charged and negatively charged ioniszed groups. A very high
degree of specificity can be obtained if the surface area over which the com-
plementariness in structure is exercised is grait enough to include & good muse-
ber of interacting structural units,

The assumption that antibodies are divalent, or have still grester
valence - that is, that esch antibody molecule has two or more surface reogions
ocapable of combining specifically with the homologous =ntigem -~ is necessary in
caagjzg; framework theory of the sesrological precipitate 1s accepted. The gen-
eral evidence, of varied nature, for the fremesork theory, as suamarized by Nar-
rack and Heidelberger, is strong ut not complete, Further evidence was ob-
tained by studies azsé:s Yy my collaborstors(Professor Dsn H, C-mpbell, Dr. Duvid
Prescman, Dr. Carol Ikeda, Dr, M. Ikaem, Mr. David R, Brown, Mr. A. L, Gross-

berg, Dr, Stanley M, Swingle, Dr, Jobn T, Maynard) and myseclf by the study of
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the precipitation of antibodies with simple chemical substances of known siruc-
ture. It was discovered by Landsteiner and vem der Scheer® that o precipitate ip
formed when a dye mads by ecoupling two or more haptemie groups with resoreinol
or tyrosine is added to an antiserum obtained by injecting an animal with an
asoprotein containing the same haptenic group. We investigated the interactiom of
many substances containing the pars-asobensenearsonic acid group snd anti-pare.
asobenzensarsonic acid serum, snd found thst all dyes containing two or =more of
thess haptenle groups were sble to form a precipitate with the serum, whereas
those containing only one haptenic group were not. It wee also found that under
certain conditions the retio of the number of molecules of dihapienie precipitat-
ing antigen to the number of molecules of antibody in the orecinitate was equal
to unity, and if the assumption is made that each of the two haptenic grouns is
operative in bond formation the bivalence of the antitody is proved, However, it
wap also found that the same molecular ratio of unity held for the wrecipitate
formed by trihaptenic and tetrahaptenic dyes. This confusing result can be ex-
plained by the reasonable assumpiion that the steric interaction of the large
antibody molecules about n anall dye molecule is 8o grest ms to prevent more thm
two antibodies usually from combining with the haptonic groups of the sane dye
molecule, the steric repulsion thus »ffectively limiting the vslence cf the noly-
haptsnic substance to two, sand the data then indicate bilvalence of the antibody,
A deterainative experinent has also been carried out, involving the simultirnsous
precipitation of antivodies from two different antisere by a zingle substance,
which is inocapable of preciplitating either of the antisera alone. The substance

is & dye containing one haptenic group of each of tvo different kinds, and the two
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(1932)5 J. Exptl. Med., 56, 399 (19852); 57, 85 [19t8); 67, 79 (19



B

specific antisera which when mixed are simultanecusly precipitated by the dys
are those made by injecting separate rabbits with asoproteins containing, re-
spectively, the two haptenic groups., This experiment provides very strong evi-
dence for the framerork theory of serclogieal pracipitation.5

The precipitation of sntibody and antigen is closely similar to thet
of, say, silver ion by cyanide iom, and the similarity extends also to the
re-golution of the precipitate in an excess of one of the resctants (cyanide
ion or antigem), The cyanide precipitate dissolves in sn excess of cyanide
ion because of the formation of a silver cyanide complex Ag(CN)g , and similarly
the antibody-antigen preciplitate redissclves in an excess of sntigem becsuse
the sntigen moleculee combine with both (or all) of the combining groups of the
antibody, saturatinag thén and forming a soluble complex., It would be of inter-
est to physical chemists to investigate this reaction quamtitatively, and to find
whether the same simple laws of chemical equilibrium apply as to the silver cy-
anide precipitetion snd re-solution. It is found that these simple laws do not
apply, but that instead the behavior of antisera and antigens is that which would
be expected if the antiserum contained aniibody molecules of many diff-reamt kinds,
with their comblring groups differing by several kilooalorice per mole in free
energy of combination with haptens, corresponding to a several hundred-fold or
thousand-fold range in equilibriua constents for the combination reaction. The
data indicate clearly that naturel antibodies are very heterogeneous. This is,
of course, to be expected from the theory of sntibody production described above,

The nature of the spescific forces operative between antigen and antibody
has been investigated especially by the guaatitative study of the phenomenon of
hapten inhibvition. A monchaptenic substance 1s able to coambine with antibody,
but not te form & precipltate. Through combination with the antibedy, however,
the formation of a precipitate by a polyhaptenic substance csn be inhibited, This

L. Pauling, D. Pressuan, and D.H. Campbéll,, J. Am. Chem. Soc., 86, 330
(1944), -
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phenomenon of hapten inhibition was discovered by Landsteiner. Quemtitative stud-
ies of the inhibiting power of different haptens of known structure have beem
made, and subjected to physicochemical interpretation by the use of a theory of
heterogenecus antibody. This theory 1s beased upon the assumption th:t the dis-
tribution fumction for the hetcrogeneous sntiitody is sn error fuanction in the free
energy of interaction of antibody and haptenic group. The sssumption of en error
function in the free encrgy (that is, in the logarithm of the eguilibrium come
stant) is seen to be a reasonable one by the argumemt that the totsl free emergy
of comdination of the combining group of an antilody with the hupten may depend
upon several structursl features, which may be present or sbsent independently
of one another; 1f the number of structural features were large, there would re-
sult an error funetion distribution in the free ecnergy of interaction with anti-
body, to which they make their independent additive contributions.’
It has been found that the haptem inhibition constants of different
hapteas depend very strongly upon the degree of conformity in shape of the haptens
‘e the imsunizing haptemic group. The requirement for simllarity in shape is smh
that the conclusion can be drawn that the antibody reflects or reproduces, in a
negautive way, the shape of the haptenic group of the immunizing antigen to within
about 1 £. 8 Moreover, it has been found for a se¢ries of related haptens contain-
ing substituent groups in the position para to the charged group (the arsonie
acid group) that the average equilibrium constants for combination with antibody
depend significantly upon the optical polarizability of the pars group, in the
way indicated by the London theoory of electronic ﬁisperuiaa forces, the magmitude
of the effect being such as to indicate &p§roxinatiop of the antibody to within

18 of the haptenic group. A third test hss been nade, that of the contritutlon

L. Pauling, D. Pressman, and A.L., Grossberg, J. Am. Chem. Soc., 66, 784
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of an electrical charge to the antibody-sntigem forcea. This test involves com~
parison of a hapten ocontaining the trimethylammonium ionm group and ome contain-
ing the uncharged tertiary tutyl group, and the determination of their haptem
inhibition constants. The difference in free energy of combination indicsted by
these hapten constants cen be expressed in terme of & distence betwesen the positiv
charge of the charged haptenic group and a complementary negestive charge of the
antibody, with the use of effective dielectric constants as indicated by the im-
vestigationa of Schwar:anbuch;ii\lo The distance a0 found 1s 7,0 2. 8ince the
radius of the phenyltrimethylammonium ion is 5.5 :., and the minimum distsnce to
which a negative charge could approach the surface of an antibody is 1.4 g. (the
radius o an oxygen atom), the value 7,0 2. shows that the complementary negative
cherge of the antibody is within 2,1 i. of the minimum possible distence from the
positive charge of the lmmunizing h:optenie group. This evidence also accordingly
supports the thesls that the forces of specific attraction between antibody and
antigen depend upon the very close approximation of the antigem and sntibody mole-
cules, .

FYor a long time there remsined unrecognised a striking analogy between
the highly specific phenomenmon of serological interaction end another highly
specific phenomenon of the chemlstry of slmpler substunces; namely, the phen-
omenon of crystalliszstion., The process of the crystalliszation of a substance
from a complex solution is in general highly specific - often a very pure sub-
stance can be grown as crystals from a complex aixture, as is shown by the ex-
ample of the formatiom of purs crystals of cresm of tartar from grape Jelly.

It is clear that the s@peificity of erystallisation is the result of the same im~
teratomic snd intermoleculsar forces and the aaﬁe striving towsrd complementarip-

es8 thst are resonsible for the spuificity of antibodies., A molecular crystal
/\

99. Pregsman, A.L Grossberg, L.H. Pence, sand L. Puuding, J. Am. Chea. Sog.,
88, 250 (1948).
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i1s stable because all of the molecules pils themmelves into s configuratiom such
that each molecule is surrounded as closely as posslble by other molecules, in
such & way as to mske the forces of sttraction of the molecules within the
crystal as grest ss possible. This result is achieved 1if the cavity im the crys-
tal into which esch molecule fits conforms ss closely as possible to the shape
of the molecule, and if also there is a complementariness in structure, with
respent to hydrogen bond formstion and iomic intersctions, between the molecule
and the surrounding molecules, Other molecules, with diffsrent shape and sirue-
ture, would not fit into this cavity nearly so well, end in consequence other
molecules would not in gemeral be incorporeted in the growing crystal. Omly if
the other molecules were very similar to the molecules of the crystal would
deviation from specificity occur, leading to the formation of solid solutions.
It is well known, for example, that organic compounds containing wethyl groups
tend to form solid solutions with those containing chlorine atoms substituted in
the corresponding positiona, The replacement of methyl groups by ehlorine atoms
similarly lesds to blological crossereactivity - s hapten comtaining a methyl
group interaets nearly se strongly with the serum homologous to s hapten com-
taining & ohlorine group im this position ss does the ghlorine-substituted hapten
itaelf,

The value of a phyaiocochemical sttack on the bidlogical problem of the
nature of the structure and propertian of antibodies has been indicatsd. The
usefulness of this attack is limited by the con@licﬁtion introduced by the het-
erogenelty of antibody. Other natural proteins with apecifie properties zay be
far more homogeneous, and might be still more profitably subjected to physico-
chemical atudy., For examnle, the enzymes, for which the value of the physico-

chemical a’tmck has been shown by the early work of Michaells, are in general
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homogeneous proteins, snd a gquantitative study of such phenomena as sub-
strate ighibition and competition aight well provide very valuable informetinn
about the configuration of the active region of the ensyme molecules and the
aature of the phenomenon of enzymatic catalysis,

The theory of blological specificity described above, which is strongly
supported by the results of lmmumochemical experiments, requires that the mole-
cules which attract one another specifically do so only when they are in immed-
iate juxtaposition, that is, when their surfaces are within a few fngstroms
of one another. These specific forces, depending on the atomio-scale comple-
mentariness of structure of the two interacting molecules, decrease in magni-
tude very rapidly sith incre:sing intermolecular distance, and sre negligible
at distances groater than about 10 i. between the surfaces of the moleoules,
Long-range non-specific forces Letween molecﬁlen exist, of c#urss, but it is
very difficult to drvelop any theory of lomg-rsnge specific forcéa on the
basis of our present knowledge of molecular :truoturt.ll The discovery of
long-range intermolecular forces of such great specificity as is shown in bi.
ological phenomena would be of the greatest int-rest.

Indasmuch as the exiatence »f short-range specific forces, dependent upon
the contact between the molecules, must be secepted, in view of the strength
of the evidence that has been sccumulated for it, the disceovery thut longerange
specific forces between antibody molecules end antigem molecules anleo exist
would be very surprising. The experiments reported during the last two years
by Rothen and interpreted es indlosting the existence cf these long-range

specifie forces are accordiingly of great\intereutwlz Rothem has shown that a

1, Pauling and M. Delbriek, Sclemce, 92, 77 (1940).
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layer of protein antigen, such as bovine albumin, deposited on a metal plete

is able to combine with its homologcus =ntibody, or to be hydrolyzed through

the enzymrtic setion of itrypsin, sven afrr some other maleriel, such &8 Form=
var (a nolyvinyl-formal resin), has also been deposited on the plate. On the ss-
sumption that the Pormvar or other screening matsrials 1s spread uniformly over
the surface of the plate, and thus covers the aniigen, these experimental results
have been interpreted ag showing that the forces of specifice attraction betreen
antigen and antibody or the forces of catalytic sction of the enzyme on the pro-
tein are ablg to operate over distances as great at 100 or 200 3., the average
thickness of the screenin: layers.

I think it is highly probable that it will be found that the specific
interaction of antigen snd antibody and of ergyme and substr-te in these erpere
iments requires the tomic contact of the interacting molecules, and that the
original deposit of s~rum slbumin is not compietely coversd by the screening lay-
er, =~ven though it hns en average thicknese of 100 or 200 i. It seems to me very
likely that = Sni. film of serum slbumin on the suriace of water, in vhich the
protein molecules arespread out into layers one polypsptide chain thick, does not
retain the uniforam soread-cut configurction very long aft.r the flls haz been

transferred to a metal plate, but that instead the protein molecules fold up
sgain into eithsr their originel glovular native configuration, or intv other

configurations than the gingle nolyp~ptide lsyer. The *film® of serum albumin on
the metal oplate would then consist of ilsolated moleculeg or clumps of molecules,
rising perhaps 100 2. or more sbove the surface of the plate, & deposit of Form-
var or other screehing mstrrial wmight well fill in the walleyz hetween these
globular molecules, leaving the tops of the molecules available for direct contact

with gutibody molecules or enzyme molecules. The nany intcrasting experimental
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results of Rothen seem all to be compatible with this interpretation, and hence
not to recuire that apecific forces between antigen and antibody or between en-
syme and suhsirate erert themgelves over distances greater than those involved
in direct molecular contact,

The suceess that has greeted our efforts to understand the properties of
serological systems in terms of physicel chealstry and structural chemlstry aay
well give us hope that with the passing df time i1t will be possible to obtain a
sound insight into the mechaniams by whioh a com~lex orgenisaz grows, undargoes
worphological differentiailon, end carries cn all its functions. I believe that
chemistry will play a very important part in the golden age of blology that is
now beginning.



