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In 1946, when I was starting work 
as a research student under the super- 
vision of F. Sanger, the second edition 
of Landsteiner's book The Specificity 
of Serological Reactions (1) reached 
England. In it was summarized the 
considerable body of information avail- 
able on the range of antibody specific- 
ity, and much of it was Landsteiner's 
own work or that by others using his 
basic technique of preparing antibodies 
against haptens and testing the ability 
of the hapten to inhibit the precipitation 
of the antiserum and the conjugated 
protein. Also described in this book 
was the work in Uppsala of Tiselius 
and Pederson in collaboration with 
Heidelberger and Kabat, in which they 
showed that all rabbit antibodies were 
in the y globulin fraction of serum pro- 
teins and that they had a molecular 
weight of 150,000. This combination 
of an apparently infinite range of anti- 
body combining specificity associated 
with what appeared to be a nearly 
homogeneous group of proteins aston- 
ished me and indeed still does. 

Active Fragments of Antibodies 

The preparation of antibodies by 
dissociation of specific precipitates with 
strong salt solutions or in acidic con- 
ditions had been described, as had the 
preparation in fair yield of y globulin 
fractions by salting-out techniques 
from whole serum, so an experimental 
approach to the structural basis of anti- 
body combining specificity was possi- 
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ble. A start had indeed been made by 
showing that the whole molecule was 
not required for the combining spec- 
ificity. Parventjev (2) had introduced 
pepsin treatment of serum as a com- 
mercial method of purification of horse 
antitoxins, and Petermann and Pappen- 
heimer (3) studied the reaction but 
used purified horse antibody against 
diphtheria toxin rather than whole 
serum for the peptic digestion. They 
showed that a product able to floccu- 
late with the toxoid or neutralize toxin 
could be obtained and that it had a 
molecular weight of 113,000, that is, 
substantially less than that of the origi- 
nal molecule. Petermann (4) showed 
later than human y globulin could be 
split by papain to give what she esti- 
mated, by using the ultracentrifuge, to 
be quarter molecules. No antibody ac- 
tivities were, however, investigated in 
this study. 

At about the same time, Landsteiner 
(S) was extending his investigation of 
the antigenic specificity of protein 
antigens and had found that crude but 
apparently low-molecular-weight pep- 
tides from one acid digest of silk 
fibroin could inhibit the precipitation 
of soluble fibroin with its rabbit anti- 
serum. This finding, in conjunction 
with the hapten studies and others, 
suggested that antigenic sites-and pre- 
sumably, therefore, antibody-combining 
sites-were small, certainly very much 
smaller than the antibody molecules; 
further attempts to obtain antibody 
fragments that retained the power to 
combine with the antigen seemed 
worthwhile. Testing for such active 
fragments was by their ability to in- 
hibit the combination of the antigen 
and whole antibody. However, al- 
though a variety of conditions of hy- 
drolysis by acids or enzymes were in- 
vestigated (6), only papain gave an 
active product; this appeared, from 
NH2-terminal amino acid assay, to be 
the quarter molecules previously de- 
scribed by Petermann (4). There was 
no doubt that the combining site was 

in these smaller fragments, and hence 
a substantial reduction in the magni- 
tude of the structural problem had been 
achieved, but protein molecules of 
molecular weight 40,000 were still a 
formidable prospect. This work was 
carried out in Sanger's laboratory in 
Cambridge. With his guidance, NH2- 
terminal amino acid assay and deter- 
mination of the terminal sequences were 
attempted but proved unhelpful in that 
they suggested that the rabbit y globu- 
lins and antibodies had a single open 
polypeptide chain and that the biolog- 
ically active quarter molecules also had 
the same alanine NH,-terminal acid. 
The possibility that there might be 
blocked NH.,-terminal residues was not 
considered. 

A return to papain digestion of rab- 
bit y globulin was made 7 years later, 
but in place of the crude enzyme prep- 
aration used earlier, a crystalline en- 
zyme (7) was used in much lower 
concentrations, at one-hundredth the 
weight of substrate (8). Under these 
conditions a number of points missed 
previously became apparent. First, 
there was a very high recovery of total 
protein after dialysis of the digest- 
very few small peptides were formed 
in spite of the wide specificity of the 
enzyme. The proclucts, all of very sim- 
ilar size (sedimentation coefficient 
3.5S), were one-third the size of the 
original rather than one-quarter. Most 
surprising, one of the products of di- 
gestion crystallized very easily in dia- 
mond-shaped plates (Fig. 1) during 
the dialysis at neutrality in the cold 
room. This last observation, suggesting 
that a protein that itself would never 
crystallize could give a fragment that 
presumably was more homogeneous 
and hence able to crystallize, was quite 
unexpected and indeed was unaccept- 
able. The crystals were dismissed as 
coming from the less soluble amino 
acids and were discarded without fur- 
ther consideration for several months. 
Fortunately, my neighbor in the adjoin- 
ing laboratory at the National Institute 
of Medical Research in London was 
the x-ray crystallographer Olga Ken- 
nard, and when I eventually asked her 
opinion she immediately gave the view 
that they were protein crystals. They 
were then identified as the material in 
the third peak obtained by fractiona- 
tion of the digest products on carboxy- 
methyl cellulose (Fig. 2). They were 
named fraction III and are now known 
as the Fc fragment. Fractions I and II 
were the components of the digest 
which retained the combining specific- 
ity of the original antibody. Fraction 
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III had no such activity, but did carry 
most of the antigenic specificity of the 
rabbit y globulins when tested with 
antiserum from goats, rats, and guinea 
pigs. More detailed studies (9) showed 
that fractions I and II were very simi- 
lar chemically and antigenically, and 
later Nisonoff and colleagues (10) 
showed that the distinction between 
these two fractions was artificial. If a 
basic fraction of y globulin was treated 
with papain, two molecules of II and 
one of III were obtained, and an acidic 
fraction of y globulin gave two mole- 
cules of I and one of III. The slight 
differences in change between fractions 
I and II reflected the charge heteroge- 
neity of the starting material. 

Nisonoff et al. (11) had also re- 
turned to the peptic digestion of y 
globulins. Using the rabbit protein 
rather than horse antitoxin, they 
showed that on reduction the product 
with molecular weight of 100,000, 
comparable to that reported earlier, 
would give half molecules very similar 
to fractions I and II. The latter are 
now named Fab, and the peptic digest 
product is termed (Fab')2. 

The papain digest studies established 
that y globulin, now named immuno- 
globulin gamma or IgG, was formed 
from three globular sections that were 
probably rather tightly folded, inas- 
much as they were exceptionally re- 
sistant to further degradation by 
papain. The Fc fragment was appar- 
ently common to all molecules, whereas 
the two identical Fab fragments each 
carried a combining site and with it 
the inherent variability associated with 
the whole antibody. An attempt was 
made (9) to relate this tripartite struc- 
ture with the supposedly single open 
polypeptide structure deduced from 
end group analysis of rabbit IgG. Of 
course, it made no sense, and progress 
depended upon the demonstration by 
Edelman (12) that human IgG and 
therefore presumably IgG's of all species 
were multichain proteins. It followed 
that there must be blocked NH2-termi- 
nal amino acids and that estimation of 
the free NH2-terminal amino acid was 
of only limited significance. 

The Four-Peptide-Chain Structure 

The solution of the gross structure 
of immunoglobulins depended upon 
establishing the relationship between 
the peptide chains identified by Edel- 
man and the products of papain di- 
gestion. This was achieved easily when 
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Fig. 1. Crystals formed from a papain 
digest of rabbit IgG, the Fc fragment. 

the conditions of isolation of the chains 
were modified by using reduction in 
the absence of denaturing agents-con- 
ditions in which predominantly inter- 
chain disulfide bonds are broken. No 
fall in molecular weight followed such 
reduction, but the chains were dissoci- 
ated and separated when chromato- 
graphed on Sephadex columns in acetic 
or propionic acid to give heavy and 
light chains with molecular weights of 
approximately 50,000 and 20,000, re- 
spectively. These chains now remained 
soluble at neutrality and retained anti- 
genie specificities. A double diffusion 
plate using antiserum specific to Fab 
or Fc showed that Fab contained anti- 
genic sites common to both heavy and 
light chains, but Fc had sites common 
to heavy chains only (Fig. 3). This led 
to the postulated four-chain structure 
(13) (Fig. 4). More detailed studies 
were in agreement with this structure 
(14) and confirmed the position of 
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Fig. 2. Fractionation of a papain digest of 
rabbit IgG on carboxymethyl cellulose in 
sodium acetate buffer at pH 5.5, with a 
gradient from 0.01 to 0.9M. Fractions I 
and II (Fab) carry the antibody cmbin 
ing sites, and fraction III (Fa) wcarry the antibodll combinstal- 
lize easily. 

papain hydrolysis to be about the mid- 
point of the heavy chain. 

It was some years before the rather 
complex arrangement of the inter- and 
intrachain disulfide bonds of the rab- 
bit heavy chains was resolved (15) 
(Fig. 5). The mechanism of blocking 
of the alpha-amino groups of the NH2- 
terminal amino acids also proved more 
difficult to establish than expected, as 
it was found to be due to the ringed 
residue pyrrolidonecarboxylic acid 
(PCA) (16), which was well known 
as an artifact arising from NH.-termi- 
nal glutamine residues. All attempts to 
find NH2-terminal glutamine in IgG 
were unsuccessful, even when it was 
isolated under conditions in which con- 
version to PCA during handling ap- 
peared to be excluded. There is evi- 
dence that glutamine is the residue 
incorporated into the peptide chain 
during synthesis (17), but PCA ap- 
pears to be the terminal residue present 
in the immunoglobulins in the blood; 
it has been suggested that enzymati- 
cally catalyzed cyclization occurs intra- 
cellularly. It has been assumed that 
PCA is the only blocked NH2-terminal 
residue in immunoglobulin molecules 
from all species, but there appears to 
have been little careful study. 

Antibody Combining Sites 

While the four-chain model clarified 
many aspects of the structure of anti- 
bodies, it made no contribution to our 
understanding of what features gave 
the possibility of forming antibodies 
of innumerable different specificities. It 
seemed at the time that the difficulties 
increased as the possibilities of variation 
were reduced. I made repeated unsuc- 
cessful attempts (18) to obtain digest 
products of Fab which still bound the 
antigen; in fact, progress has just been 
reported in isolating a peptic digest 
product of a mouse myeloma protein, 
MOPC 315. This fragment, named Fv, 
appears to be formed from the NH2- 
terminal half of the Fab molecule- 
that is, of the light and heavy chains, 
and retains its full affinity for a dinitro- 
phenyl hapten (19). 

Understanding of the origin of the 
multiple binding sites came of course 
with the discovery of the phenomenon 
of the variable and constant parts in 
Bence Jones proteins (20). Earlier it 
had been shown that the urinary 
Bence Jones proteins were the equiva- 
lent of the light chains of the myeloma 
protein in the blood of the same patient 
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Fig. 3 (left). Double diffusion of the heavy and light chains of rabbit IgG against goat antiserum to rabbit Fab and goat antiserum 
to rabbit Fc. The light chain reacts only with antiserum to Fab while the heavy chain reacts with both antiserums; that is, Fab 
contains parts of heavy and light chains while Fc contains only parts of the heavy chain. Fig. 4 (right). The four-chain structure 
of rabbit IgG postulated on the basis of the double diffusion experiment of Fig. 3 and supporting chemical evidence. 

(21). This observation of the variabil- 
ity in amino acid sequence in the NH2- 
terminal 107 residues of the human 

kappa Bence Jones proteins while the 
remainder were constant immediately 
made possible an understanding as to 
how millions of different combining 
sites could be formed within the same 
structural framework. That the phe- 
nomenon was common to the NH2- 
terminal 110 residues or so of the 
heavy chains was shown (22), and it 
was clear that the combining site was 
likely to be formed from the variable 
sections of both these chains. 

Many lines of evidence have been 
brought to bear in an attempt to define 
more precisely in chemical terms just 
which residues in the variable regions 
of the heavy and light chains are likely 
to be directly concerned in determining 
the specificity of the binding site. They 
have been reviewed recently (23), and 
so the main conclusions could perhaps 
be just listed here: 

1) The size of the antigenic site ap- 
pears to be of the order of a hexapep- 
tide or hexasaccharide. 

2) This is comparable to the size 
of the substrate of a hydrolytic enzyme 
such as lysozyme. In this enzyme 15 
to 20 amino acid residues have been 
identified as probable "contact amino 
acids," that is, residues forming a bond 
with the substrate. Hence, this appears 
to be the likely number of residues to 
line the antibody combining site and 
to play a direct role in determining 
specificity. If any residue could occupy 
any of these 15 to 20 positions, the 
possible number of variants is indeed 
high. 

3) There are at least three hyper- 
variable sections in each of the variable 
regions in heavy and light chains. They 
have been demonstrated rather clearly 
in the plots of Kabat and Wu (24) of 
the frequency of occurrence of differ- 
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ent residues in myeloma proteins along 
the 110 or so positions of the variable 
regions. This hypervariability is also 
apparent in sequence studies of the 
heavy chains of rabbit IgG, and both 
lines of evidence agree in suggesting 
that in most cases the hypervariability 
is confined to one or two positions; but 
in the region of position 96 to 110 of 
the heavy chains, four or five positions 
may be exceptionally variable. In the 
rabbit y chain (heavy chain of IgG) 
there is a section in this position across 
which no satisfactory sequence has been 
obtained, presumably because of the 
complexity of the sequences (25). 

4) Several pieces of evidence sug- 
gest that these six hypervariable sec- 
tions in the two variable regions may 
be brought together in the intact mole- 
cule to contribute to the structure of 
the combining site. The most direct 
evidence comes from affinity labeling 
studies in which an antibody is allowed 
to bind a hapten to which a reactive 
group has been attached. Covalent re- 
action will follow, and after subsequent 
hydrolysis the labeled peptides can be 

identified and placed by comparison 
with the known amino acid sequence. 
A variety of affinity labeling techniques 
have been introduced and used both 
with natural antibodies and with a 
mouse myeloma protein ,showing high 
affinity for the dinitrophenyl group. 
Though the work is in some cases in- 
complete, all studies agree in that the 
labeled reagents are found attached to 
residues in or near one of the six hy- 
pervariable sections. 

5) It is likely that there is a hydro- 
phobic region adjacent to the combin- 
ing site which may not contribute to 
specificity but could increase the affin- 
ity of binding for an appropriate anti- 
genic site. 

The precise details of the combining 
site must await the completion of the 
crystallographic studies on immuno- 
globulins and their fragments, now be- 
ing undertaken in several laboratories. 
There will be considerable interest in 
seeing how far the above predictions 
from chemical studies prove to be cor- 
rect when the full structures become 
available. 

Fig. 5. The structure of rabbit IgG. The rather complex arrangement of inter- and 
intrachain disulfide bonds in the heavy chain is shown. 
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The Genetic Origin of the 

Multiple Forms of Antibodies 

While the discovery of the variable 
region-and particularly of the hyper- 
variable sections in it-seemed likely 
to answer the basic question about the 
structural origin of multiple binding 
specificities, it raised very difficult 
problems as to the genetic origin of 
these many different amino acid se- 
quences. This topic has formed the 
basis of many discussions and reviews, 
and decisive evidence in favor of any 
of the many theories advanced is lack- 
ing. I only wish to make a brief com- 
ment here about the sequence work on 
the variable region of rabbit IgG heavy 
chains which developed as part of the 
other structural work discussed above. 

There are perhaps two main points 
under immediate discussion. First, are 
heavy and light chains each the prod- 
uct of two genes, one coding for the 
variable region and one for the con- 
stant? Second, what are the multiple 
genes that code for the variable re- 
gions: germ line genes, or the product 
of somatic mutation of a much smaller 
number of germ line genes? 

In each case it would be of obvious 
value if allelic variants able to act as 
genetic markers could be found in both 
the variable and constant regions. 
Markers in the constant regions have, 
in fact, been found in many of the 
different classes and subclasses of im- 
munoglobulins of different species. The 
phenotypic character followed is the 
antigenic specificity of the immuno- 
globulin. This specificity has been cor- 
related with amino acid changes, but 
no direct identification of the specific- 
ity and the sequence change-by dem- 
onstration of, say, the inhibitory power 
of a small peptide-has proved to be 
possible. Presumably a much larger 
section of molecule is necessary for the 
integrity of the antigenic site. How- 
ever, in many cases there is no doubt 
that the genetic markers of the con- 
stant region have been found, inas- 
much as they can be shown to be 
present in the Fc fragment. Allocation 
of genetic markers to the variable re- 
gion is less clear, although it is likely 
that this is where the rabbit "a" locus 
allotypes originate. 

In 1963, Todd (26) made the sur- 
prising observation that the "a" locus 
allelic specificities of rabbit immuno- 
globulins were common to IgG and 
IgM (an immunoglobulin with i/ in- 
stead of y as the heavy chain). As the 
structural work progressed it became 
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clear that these antigenic specificities 
were carried by the y and tj chains, 
although these chains differed obvi- 
ously in chemical structure and hence 
in their structural genes. It then seemed 
possible that the "a" locus specificities 
could be determined by the variable 
regions that might be common to both 
chains. This observation of Todd's was 
the first to raise the possibility that two 
genes might be concerned in the struc- 
ture of the heavy chain, and now two 
examples of crossovers out of about 
400 offspring have been reported be- 
tween "a" locus allelic specificities and 
specificities undoubtedly determined by 
structure of the constant parts of the 
y chains. If extended, these studies will 
strengthen the evidence that two genes 
code for the y chains. However, the 
establishment of the structural basis of 
the "a" locus specificities depends at 
present on correlation of amino acid 
sequences in the variable region with 
the specificity and lack of any similar 
correlation in the constant region se- 
quences. This is rather indirect, but as 
far as it is acceptable, such correlation 
extending to about 16 positions in the 
y chains has been found for pooled 
rabbit IgG (27). Work with homo- 
geneous rabbit antibodies against poly- 
saccharide has confirmed this correla- 
tion for some but not all these positions 
(28). 

These "a" locus markers could 
clearly be of decisive importance in 
genetic studies, and indeed their exist- 
ence in the variable region would be 
taken by some as strong evidence 
against the likelihood of many million 
copies of the variable regions being 
present in the germ line. It is, there- 
fore, worthwhile to attempt to obtain 
unequivocal evidence that these appar- 
ent genetic markers of the variable re- 
gion are indeed such. Alternatively, 
however, it should also be possible, 
using the chemical evidence now ob- 
tained, to follow directly the inheri- 
tance of a given allelic peptide rather 
than of an antigenic specificity. One 
such peptide that occurs in two 
forms among different rabbits can 
be identified rather easily by auto- 
radiography after reaction of the half 
cystine residue at position 92 with 
[14C]iodoacetic acid (29). Early evi- 
dence suggests that this peptide is in- 
deed behaving as an heritable charac- 
ter; if confirmed, this will be direct 
evidence for a structural gene marker 
in the variable region. Further work 
should contribute to knowledge of the 
genetic origin of the variable region. 

Some aspects of the structural stud- 
ies of immunoglobulins have reached 
completion in that full chemical struc- 
tures are now available for several hu- 
man myeloma proteins and almost 
complete structures for rabbit immuno- 
globulins. The solution of the structural 
basis of the combining specificity of 
antibodies, which seemed to me the 
central problem, also appears to be 
nearing completion. There is still a role 
for structural work in the solution of 
the genetic origins of antibodies, and 
obviously there are many other appli- 
cations not discussed here. Interaction 
of immunoglobulins with complement 
components and cell surfaces are two 
that are already arousing rapidly in- 
creasing interest. 
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