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ABSTRACT The complete amino acid sequence of the
heavy chain variable regions of two different molecules of
immunoglobulin M anti-gamma globulin has been deter-
mined. These proteins, from different human patients,
had independently been shown to share idiotypic specifi-
city. Only eight sequence differences were discernible for
the entire length of their heavy chain variable regions. Five
of the differences occurred outside hypervariable regions,
while three were placeable within such regions. A com-
parison of these molecules of anti-gamma globulin with
the seven iuman VgIII variable region sequences presently
available for immunoglobulins without known antibody
activity showed that the great majority of sequence differ-
ences between the two idiotypically similar antibodies and
these seven proteins were confined to hypervariable re-
gions. ]

This study illustrates in precise terms a convergence of
the distinct immunological properties of idiotypy, hyper-
variable region structure, and combining site specificity as
they relate to the variable region of the immunoglobulin
molecule. To a great degree these properties now appear
to be a reflection of the same structural attributes of the
variable region.

Subsequent to the discovery of the antigenic individuality of

myeloma proteins by Slater, Ward, and Kunkel (1), a con-
siderable body of experimental evidence has suggested that
these unique characteristics can be localized to the variable
regions of immunoglobulin molecules. When the concept was
extended to specific antibodies (2, 3), the term ‘‘idiotypy”’
was introduced. In recent years, these determinants have
been utilized in a wide variety of immunological studies, es-
pecially as markers for particular viriable regions of im-
munoglobulin molecules. Recent observations concerning the
inheritance of idiotypy may have profound implications for
theories of antibody diversity (4).

The first evidence that the idiotypic determinants might
relate directly to the antibody-combining site came from an
investigation of immunoglobulin M (IgM) cold agglutinins by
Williams, Kunkel, and Capra (5). This study demonstrated
that immunoglobulins with similar specificities shared anti-
genic determinants (termed “cross-idiotypic specificity” or
“shared idiotypy’’), and it was postulated that the structures
these proteins shared included the antibody-combining site
itself. Kunkel et al. (6) extended these studies to the IgM
antibodies against gamma globulin and showed that these
proteins could be classified into two cross-idiotypic groups.
Again, evidence was presented which suggested that the anti-
body-combining site was involved in the idiotypic crossreac-
tion.

Abbreviation: IgM, immunoglobulin M.
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Two proteins were selected from one of these cross-idiotypic
groups for the determination of the complete amino-acid se-
quence of the variable regions of their heavy and light poly-
peptide chains. We hoped to at least approach an answer to
the following questions: () Would two proteins with similar
combining specificities and shared idiotypic specificities,
selected out of a population of antibodies from genetically
dissimilar individuals, share structural similarities at the level
of primary structure? and (2) If there were similarities, ex-
actly where within the variable region would they be located?

MATERIALS AND METHODS

Protein Isolation. The IgM anti-gamma globulins used
in this study were first precipitated from plasma at 4°.
The cryoglobulin was then washed five times with cold
phosphate-buffered saline (pH 7.8) and subsequently warmed
to 37°. Any material that remained as a precipitate after
centrifugation at this temperature was discarded, and the
supernate was applied to an A-50 DEAE-Sephadex column
(2.5 X 100 cm) equilibrated with 0.1 M phosphate buffer
(pH 8.2) in a 37° walk-in incubator. Under these conditions,
the IgG portion of the IgM-IgG “mixed cryoglobulin” is
eluted from the column. The same buffer, made 1 M with
NaCl, was then applied to the column and the IgM was
eluted. In most cases this material was pure by ultracentrif-
ugal and immunochemical analyses. Occasionally proteins
had to be recycled on the same column. Heavy and light
chains were separated by standard procedures (7).

Protein Selection. The specific techniques used in the selec-
tion of these proteins have been described and will only be
briefly reviewed here. About 40 IgM-IgG “mixed cryoglobu-
lins” have been studied and divided into two groups on the
basis of their cross-idiotypic specificities. Some proteins can-
not be presently classified into either group. About 209, of
IgM anti-gamma globulins have been -classified in the
Po group (6). This group is named for protein Pompa
(abbreviated Pom in the present report). This particular
group of anti-gamma globulins is characterized in a
hemagglutination inhibition system, which includes ery-.
throcytes coated with protein Pom and an antiserum made
to protein Lay and absorbed with normal human serum plus
a pool or IgM proteins without antibody activity against
gamma globulin. Certain anti-gamma globulins inhibit this
system, while others do not. Those that do are con-
sidered members of the Po group. (See Table IV, ref. 6).
Despite the extensive crossreactions between these two pro-
teins, they still contain easily detectable, individually specific
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Fie. 1. Elution profile of the cyanogen bromide digestion of
the heavy chain of protein Lay on Sephadex G-100. Absorbance
was monitored -at 280 nm. In all gel filtration procedures, 5 M
guanidine- HCI was used.

antigenic determinants, and when an antiserum made against
protein Lay is absorbed with protein Pom it will still react
with protein Lay. The converse experiment identifies indi-
vidually specific determinants on protein Pom. Thus, while
these two proteins have extensive idiotypic sharing, which is
more extensive than proteins of the normal pool, each still
contains unique determinants.

Specificity Studres on these proteins have been reported (8).
In addition, they have been performed extensively in other
laboratories (9, 10). The antibody activity for both proteins
has been localized to the Fab fragments of the IgM molecules.
The antigenic determinants against which this activity is
directed are localized to the Fec region of the IgG molecule.
Extensive studies on their reactivity with immunoglobulins
from the various subclasses of human IgG and various animal
IgGs indicated that, while the two proteins share many speci-
ficities, there are some clear differences. In particular, protein
Lay reacts with aggregated human IgG3 myeloma proteins
while protein Pom does not.

Fragment Preparation. The partially reduced heavy chains
were subjected to cyanogen bromide digestion (11), and the
resulting fragments were fractionated on G-100 Sephadex
(5 X 100 cm) in 5 M guanidine- HCIL. The elution diagram is
shown in Fig. 1. The pattern obtained was essentially identical
for both proteins, and so only protein Lay is illustrated. CBII,
after further purification on a 2.5 X 100-cm G-100 Sephadex
column in 5 M guanidine - HCI, was completely reduced and
alkylated, and the resulting material fractionated as shown
in Fig. 2. CBIIA was fragment 86-204 [fragments F-3, 4, and
5 of the Ou sequence of Putnam et al. (12)]. The two methio-
nines in the fourth hypervariable region of protein Ou were
not present in either protein Pom or Lay. CBIIB was frag-
ment 1-34, which was linked to CBIIA via the Cys-Cys bond
22-98. In both proteins, fragment 34-85 was obtained rela-
tively pure as the smallest cyanogen bromide fragment, and
after further purification on G-50 Sephadex; the sequence of
this fragment was determined directly on the automated
sequencer. Tryptic digestion resulted in the isolation of several
useful peptides that helped establish the sequence. The se-
quences of both intact heavy chains were determined to posi-
tion 50 from the amino terminus, and, thus, an overlap be-
tween CBIIB and CBV was readily obtained. Long sequencer
runs on fragment CBIIA resulted in the establishment of the
sequence from 86 into the Cxl domain. No overlap was ob-
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F16. 2. Elution profile of completely reduced and alkylated
Lay CBII (see Fig. 1) after a further gel filtration step. Fraction
CBIIA was found to contain peptide fragment 86-204, and
CBIIB was the NHy-terminal 34-residue fragment.

tained between fragment CBV and CBIIA. Position 56 in
protein Pom is reported as Asx, while it is clearly Asn in pro-
tein Lay. On two separate determinations, about 509, Asn
and 50% Asp was detected at this position in protein Pom.
It is likely that this is due to deamination during isolation,
and in all comparisons, position 56 will be considered an Asn
in both proteins.

Amino-Acid Sequence Analysis. The techniques of auto-
mated sequencing used in this laboratory have been exten-
sively reported (13-16). An updated Beckman 890A sequencer
was used for all studies. The latter parts of the study were
done with newer procedures such as the fluorescamine detec-
tion system for peptides (16, 17), and the use of 4-sulfophenyl-
isothiocyanate on lysine peptides (16, 18, 19). The sequences
of some fragments of protein Pom were determined with a
solid phase sequencer.

RESULTS AND DISCUSSION

The complete amino acid sequences of the variable region of
the heavy chains of proteins Lay and Pom are displayed in
Fig. 3. Differences in sequence have been shaded and the
heavy chain hypervariable regions (16) have been enclosed.
There are only eight amino-acid differences between these
two heavy chain variable regions, three within hypervariable
regions and five in the “framework” residues.

Fig. 4 depicts the seven presently completed heavy chain
variable region sequences from human myeloma proteins of
the VyIII subgroup without known antibody activity (16, 20,
21). Proteins Lay and Pom are again displayed in this format.
A line indicates identity with protein Tie. The structural dif-
ferences among the seven VgIII myelomas whose sequences
were previously determined are shown in Table 1. These
seven proteins differ in about 33 of the 124 positions of the Vg
region, with a range of 28 to 45 differences. As can be seen
from Table 1, however, the overwhelming number of dif-
ferences are confined to the hypervariable regions. Thus, the
typical VgIII myeloma differs from another by only six
residues (range, 3-13) in the framework residues, while they
differ in 27 positions (range, 25-32) in the hypervariable posi-
tions. The extreme in both situations is protein Gal, which is
considerably different from the other six proteins. Nonethe-
less, the presence of only three amino-acid differences in all
four hypervariable regions makes the similarity of proteins
Pom and Lay unique among human proteins whose sequences
have been determined. Two entire hypervariable regions
(residues 51-68 and 101-110) are absolutely identical.



4034  Immunology: Capra and Kehoe

10

7

Proc. Nat. Acad. Sci. USA 71 (1974)

20

VZ S .
Lay Z/ALA/VAL GLN LEU LEU GLU SER GLY GLY GLY LEU VAL GLN PRO GLY GLY SER LEU ARG LEU SER CYS ALA ALA SER

A . . S .
Pom ;/E/L/B;VAL GLN LEU LEU GLU SER GLY GLY GLY LEU VAL GLN PRO GLY GLY SER LEU ARG LEU SER CYS ALA ALA SER

30

Lo

Lay GLY PHE THR PHE SER %SER ALA MET SER [
7

Pom GLY PHE THR PHE SERESERZSER ALA MET SER [

TRP VAL ARG GLN ALA PRO GLY LYS GLY LEU GLU TRP VAL

TRP VAL ARG GLN ALA PRO GLY LYS GLY LEU GLU TRP VAL

60

70

Lay ALA TRP LYS TYR GLU ASN GLY ASN ASP LYS HIS TYR ALA ASP SER VAL ASN GLY|ARG PHE THR ILE SER ARG ASN

Pom ALA TRP LYS TYR GLU ASX GLY ASN ASP LYS HIS TYR ALA ASP SER VAL ASN GLY|ARG PHE THR ILE SER ARG ASN

80

90

Lay ASP SER LYS ASN THR LEU TYR LEUFGLNMET ASN/G5 LY’LEU GLN ALA GLX

Y,

Pom ASP SER LYS ASN THR LEU TYR LEUJLEU/MET ASN ,SER/LEU GLN ALA GLX

4
/ALA’I L{,TYR TYR CYS ALA ARG

/ /ALA/LEU4TYR TYR CYS ALA ARG
////////// 927075

110

120

VL
Lay ASP ALA GLY PRO TYR VAL SER PRO THR PHE|PHE ALA HIS?RP?GLY GLN GLY THR LEU VAL THR

7, .
Pom ASP ALA GLY PRO TYR VAL SER PRO THR PHE|PHE ALA HISZ/TYR¢GLY GLN GLY THR LEU VAL THR

22

Fic. 3. The amino-acid sequente of the variable regions of the heavy chains of proteins Lay and Pom. The differences between the
two sequences have been shaded and the hypervariable regions have been enclosed. Hyphens between residues have been omitted.

A considerable body of experimental evidence suggests
that the major idiotypic determinants of the immunogiobulin
molecule are related to the antibody-combining site. Brient
and Nisonoff (22) showed that the reaction between idiotypic
antibodies to antibodies directed against p-azobenzoate and
p-azobenzoate was inhibited by the homologous hapten by as
much as 699,. This finding suggests that the region of the
combining site for this particular hapten is, in fact, & major
idiotypic determinant. It is of course possible that combina~
tion of the hapten with the site results in a conformational
change in other portions of the variable region that alters the
idiotypic determinants. Similat results have beeh obtained by
Sher and Cohn (23), who showed that phosphorylcholine in-
hibited the reaction between a miouse antibody against
phosphorylchioline myeloma protein and its anti-idiotypic
antiserum. More recent studies linking the cross-idiotypic
determinants to the combining site comes from the work of
Weigert et al. (24) with antibodies against « (1 <> 6) dextran
mouse myelomas. These authors introduced the term “ligand-
modifiable idiotype” to indicate an idiotypic reaction that is
inhibited by specific ligand. _

Conclusions concerning the relationship between the hyper-
variable regions and the arntibody-combining site come pri-
marily from studies with affinity labels. In light chains, af-
finity labels have been localized nedr or within hypervariable
regions (25-27), providing direct support for the general con-
cept that hypervariable regions participate directly in the
antibody-combining site. Most of the recent work on the
heavy chain supports this general view. For example, Ray
and Cebra localized affinity labels to the first (31-37) and
fourth (101-110) heavy chain hypervariable regions (28);
Haimovich et al. (29) localized an affinity label to residue 54
of mouse myeloma protein 315; and Press and coworkers have

localized affinity labels at or near the fourth hypervariable
region in rabbit antibodies (30). Koo and Cebra have recently
affinity labeled a lysyl residue at position 59 of the heavy
chain of guinea pig antibodies against p-azobenzene arsonate
(31). Thus, the general idea has emerged that the same regions
of the molecule that show the highest degree of sequence
variation are nesr or part of those exact regions of the heavy
chain where affinity labels have been localized.

Another line of evidence linking the hypervariable regions
to the antibody-combining site comes from sequence studies
on pooled immunoglobulins from several species. These studies
indicate that no definitive amino acid sequence can be ob-
tained in most hypervariable positions in pools (32, 33), while
specifically purlﬁed antibody does have a defined sequence
throughout at least the first three hypervariablé regions (33).
Finally, crystallographic studies on human (34, 35) and mouse
(36) myeloma proteins with antibody activity indicate that,
in general, the hypervariable regions line a “pocket” or
“groove,” which is thought to represent the combining site
itself.

TABLE 1. Variable region structural differences among
V alII myelomas and two IgM proteins with
cross-idiotypic specificily
Total Framework Hypervariable
residues  residues residues
(124) (83) (41)
ValIl myelomas (Tie,
Was, Jon; Zap, Tur, 33 6 27
Gal, Nie) (28-45) (3-13) (25-32)
Pom/Lay IgM anti-
gamma globulins 8 5 3
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Fi1e. 4. The seven complete human VgIII sequences from proteins without known antibody activity compared with proteins Lay and
Pom, two IgM anti-gamma globulins with shared idiotypy. Identities with protein Tie are indicated by a line. Hyphens between resi-

dues have been omitted.

The genetic origin of hypervariable regions has not been
established. The clear demonstration of the inheritance of
idiotypic determinants (37-39), and the indication from hap-
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ten inhibition studies (22-24) and the present study that the
hypervariable regions are the major idiotypic determinants,
could very readily be explained if the information encoding the
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hypervariable region sequences is carried in the germ line.
This would either vastly expand the number of germ line
genes so that even the most stringent somatic mutation theories
would become in effect “multi-gene,” or it would indicate that
there are, in fact, vast numbers of germ line genes and that
somatic mutation plays little if any role in the generation of
antibody diversity.

The complete identity of two of the four hypervariable
regions in these two anti-gamma globulins from genetically
distinct individuals, however, suggests a third possibility:
gene interaction (J. D. Capra and T. J. Kindt, Immuno-
genelics, in press). According to this view, the hypervari-
able region sequence would be carried on a separate piece
of DNA, and the information contained within this DNA
region would be combined with the information for the rest of
the variable region to form a mRNA molecule encoding for
the entire variable region. This concept has the advantage of
allowing for the more stable portions of the variable region
(those portions containing the phylogenetically associated
residues and the variable region allotypes in certain species)
to be encoded by a single (or a very few) germ line gene,
while the hypervariable region, idiotypic and combining site
sequences would be carried in the germ line, selected upon by
evolution, and inherited as indicated above.

Finally, it is possible that neither the germ line nor gene
interaction hypotheses are correct and that the hypervariable
region sequences arise by localized somatic mutation events
(40). A major difficulty with this proposal is explaining how
two genetically unrelated individuals can generate, by a
random process such as somatic mutation, two different pro-
teins (2.g., Lay and Pom) that have one or more hypervariable
regions of absolutely identical amino acid sequence.

No matter what the actual genetic origin of hypervariable
regions, the studies reported here imply that the antibody-
combining site is primarily determined by such regions, local-
ized near a groove or pocket, and that antigenically potent
portions of this exposed groove are responsible for the major
idiotypic determinants of immunoglobulin molecules. Thus,
three independently conceived immunological concepts
(idiotypes, hypervariable regions, and the combining site)
should be considered as an interrelated ensemble in any
further hypotheses concerning the nature of antibody diver-
sity.

Note Added in Proof. Recently, Lifter et al. (1974) [Bio-
chemistry 13, 3567-3571] have shown that an affinity label
can be localized to positions 33 and 88 of the heavy chain of
the murine myeloma protein MOPC 460, which possesses
anti-dinitrophdnol activity. Thus, all four heavy chain
hypervariable regions have now been affinity labeled in one
system or another.
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