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STRACT The variable regions of five human immu-
globulin heavy chains of the Vulll subgroup have been
ally sequenced. Three of the heavy chains belonged to
e IgG class and two to the IgA class. Examination of
ese sequences, and comparison with additional pub-
hed heavy chain sequences, showed that a total of four
jpervariable reglons is characteristic of human heavy
ain variable regions.

The relatively conserved character of large segments of
¢ heavy chain variable region was very evident in these
udies. The conserved segments, which are those sections
ated outside the hypervariable regions, comprise ap-
oximately 657, of the total heavy chain variable region.
e following general structural pattern for antibody
olecules emerges from this and related studies: an over-
Il combining region superstructure is provided by the
ore conserved segments while the refinements of the
ctive site specificity are a function of hypervariable re-

he antibody combining site is now believed to reside ex-
vely in the variable regions of the heavy and light poly-
eptide chains of the immunoglobulin molecule. Evidence
s accumulating from several laboratories which indicates
at hypervariable regions within the variable region are
irectly involved in the antibody combining site as well as
ing responsible, at least in part, for the idiotypic determi-
ants of myeloma proteins and specific antibodies (1-5).

The existence of three hypervariable regions in the vari-
ble region of human immunoglobulin heavy chains has been
blished by previous studies from this laboratory. Resi-
ues 31-37 were described as the first hypervariable region
f the heavy chain (6), and, after fragmentation of IgG
vy chains with eyanogen bromide, two additional hyper-
riable regions were localized between residues 86-91 and
101-110 (7).

We have now completed the amino acid sequence from
esidues 41 to 84 of the three VgIII proteins originally re-
ported (6, 7) as well as the complete V region sequence of
wo IgA proteins with VglIII variable regions. The data
nake apparent an additional area of sequence hypervari-
ability between residues 51 and 68, thus supporting the ob-
servations of Cebra et al. made on pooled guinea-pig immuno-
dobulins (5). When these data on VyxIII proteins are in-
tided with that available for proteins of the VI and VgII
subgroups and analyzed by the method of Wu and Kabat (3),
our distinct areas of sequence hypervariability are observed.

MATERIALS AND METHODS
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kappa), and Tur (IgA1l kappa) were isolated from serum or
plasma by zone electrophoresis on polyvinyl copolymer
(“Pevicon™) (8). After further purification by gel filtration
chromatography, they were reduced with 0.1 M g-mercapto-
ethanol and alkylated with iodoacetamide. The heavy
and light chains were separated by gel filtration in propionic
acid (9, 10).

Fragment Preparation: Heavy chains were treated with
cyanogen bromide (11) and the resulting individual frag-
ments purified by gel filtration chromatography in 5 M guani-
dine-HCL Three proteins (Tei, Zap, and Tur) yielded a
large N-terminal fragment comprising residues 1-85. Pro-
teins Was and Jon, which contain a methionine residue at
position 34, gave fragments comprising residues 1-34 and
35-85. Since all human IgG myelomas have a methionine at
position 252, Tei and Was yielded a large fragment comprising
residues 86-252. In protein Jon, however, an additional
methionine was present at position 111. Consequently two
distinet fragments comprising residues 86-111 and 112-252
were obtained from this protein. IgAl proteins contain a
methionine at residue 426 (12) so proteins Zap and Tur both
yielded a very large fragment composed of residues 86-426.

Sequencing Procedure. Positions 1-85: On both the intact
heavy chain as well as on the 1-85 fragment, proteins Tei,
Zap, and Tur were sequenced 60 steps on the automated se-
quencer (13, 14). Tryptic peptides were prepared and sepa-
rated on Dowex 50 X4 with a pyridine-formate buffer system.
In proteins Tei and Zap two invariant peptides were aligned
by homology alone (70-74 and 75-78) while in protein Tur,
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Fia. 1. Representative ion exchange chromatogram of tryptic
hydlolysate of the amino termmal (1-85) cyanogen bromide
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10 20
Tei GLU VAL GLN LEU VAL GLU SER GLY GLY GLY LEU VAL GLN PRO GLY GLY SER LEU ARG LEU SER CYS ALA ALA SER
Was LEU
Jon  ASP LYS
Zap ALA GLY -
Tur LEU ’
30 40 50
Tei GLY PHE THR PHE SER THR SER ALA VAL TYR [ 7 TRP VAL ARG GLN ALA PRO GLY LYS GLY LEU GLU TRP VAL
Was SER ASP ___ MET ___ [ ] .
Jon ALA TRP MET LYS [ ]
Zap THR SER ARG PHE [ ]
Tur ARG VAL LEU SER SER [ ]
60 70
Tei GLY TRP ARG TYR GLU GLY SER SER LEU THR HIS TYR ALA VAL SER VAL GLN GLY ARG PHE THR ILE SER ARG ASN
Was ALA ___ LYS ____ GLN GLU ALA ____ ASN SER ___ PHE ___ ASP THR ___ ASN
Jon VAL VAL ____ GLN VAL VAL GLU LYS ALA PHE ____ ASN ASN
Zap GLU PHE ___ VAL GLN ALA ILE SER ASP ALA
Tur SER GLY ____ LEU ASN ALA ASN LEU ____ PHE ALA
80 920 100
Tei ASP SER LYS ASN THR LEU TYR LEU GLN MET LEU SER LEU GLU PRO GLX ASX THR ALA VAL TYR TYR CYS ALA ARG
Was ASN ARG ALA
Jon ILE ___ VAL THR -
Zap ASN THR GLY ___ ALA e
Tur GLN ALA LEU -
110 120
Tei VAL THR PRO ALA ALA ALA SER LEU THR PHE SER ALA VAL TRP GLY GLN GLY THR LEU VAL THR
Was  PHE ARG GLN PRO PHE VAL GLN [ ] ___ PHE ASP __ PHE
Jon ____ VAL VAL SER THR [ ] SER MET ASP PRO
Zap THR ARG ____ GLY GLY TYR [ ] ASP SER
Tur LEU SER VAL THR ____ VAL [ ] ALA PHE ASP LYS SER

Fia. 2.

the isolation of chymotryptic peptides established the se-
quence unambiguously. In all cases, tryptic peptides were
sequenced in the automated sequencer, often using 4-sulfo-
phenylisothiocyanate (Pierce Chemical) on the lysine pep-
tides (15). In proteins Was and Jon, which contained cyano-
gen bromide fragments 1-34 and 35-85, the first 60 residues

were established by automated sequencing of the intact

heavy chain. Thus, in these two protems
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sequencing

The amino-acid sequence of the variable regions of five human immunoglobulin heavy chains.

Fragment 35-85 of proteins Was and Jon was sequenced 35
and 40 residues respectively; this, together with the
terminal tryptic peptides mentioned above gave the €O™
plete sequence for this section. Residues 86—121: In prO'ﬂeuls
Tei, Was, Zap, and Tur the sequence was established 1?}’
continuous automated run of 45 steps from residue 86 int0 =
the Cul domain. In both Zap and Tur, tryptic digestion &
1solat10n of the resultlng peptldes conﬁrmed a few quest'“)::i
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stion. This sequence was obtained by difference since
ques 1-34 were known from the initial study of the
act heavy chain. Jon fragment 112-253 was subjected to a
o sequencer run which definitely established the sequence
esidues 112-121 as well as providing sequence data into
Cgl domain.

Exchange Chromatography. An example of a Dowex
%4 chromatogram is shown in Fig. 1 for a tryptic digest
the Tur 1-85 fragment; 6.5-ml fractions were collected and
ml of each fraction analyzed by the fluorescamine pro-
ure initially described by Udenfriend et al. (16). Ninhydrin
lysis was also performed after alkaline digestion of 0.5-ml
quots. In most analyses, only the fluorescamine procedure
s employed since it was much more sensitive. As shown in
. 1, 10 fractions were pooled. Each was subjected to amino-
d analysis and several useful peptides were isolated and
wenced. T-1 (Asn Thr Leu Tyr Leu Gln Hsr) (79-85), T-3
sn Asp Ser Lys) (75-78), T-7 (Gly Leu Gly Trp Val Ser
y Arg) (46-53), and T-10 (Phe Thr Ile Ser Arg) (70-74).

RESULTS AND DISCUSSION

e amino-acid sequences of the variable regions of the
¢ human myeloma proteins is displayed in Fig. 2. The
iability-factor values determined by the method of Wu
d Kabat (3) for these as well as all the other human V
jon sequences available is shown in Fig. 3. These calcula-
ns were based on 25 sequences from residues 1 to 34, 11
juences from residues 35 to 85, and 14 sequences from
idues 86 to 122. Previous to this study there were only six
;3 ished complete V region sequences, all but one (Nie) of
Vul (Eu) or VgII (Daw, Cor, He, Ou) subgroup (for
nces see legend to Fig. 3). With five additional VgIII
uences the variability within and between subgroups can
w be compared more meaningfully. In addition, with the
allability of 11 complete sequences and several fragments,
> Wu-Kabat plot becomes more statistically significant.

A discussion of the sequences can be conveniently divided
0 those sections of the V region which are relatively con-
int (1-30, 38-50, 69-83, 92-100, and 111-121), and the
ipervariable regions (31-37, 51-68, 84-91, and 101-110).

About 659, of the variable region of the heavy chain shows
ited variation. In fact, there are 17 positions (14%,) which
ve been absolutely invariant in all human heavy chains
ardless of their V region subgroup assignment. Certain
ons are subgroup specific since at these positions all,
‘nearly all, of the members of one subgroup have a particular
1ino acid, while members of the other subgroup contain a
terent amino acid. Utilizing the four available VylI
‘oteins, positions 3, 9,16, 17, 19, 21, 23, 28, 29, 39, 42, 46, 50,
), 81 and 82 appear to be subgroup spemﬁc As noted
feviously, no subgroup specific residues are identifiable in
le C terminal portion of the V region (7). There are thus
8 positions (27%,) in the V region which are either invariant
I subgroup specific. A comparison with the published se-
Uences of myeloma proteins (17, 18), pooled immuno-
lobulins (5, 19, 20), and specifically purified antibodies (5,
1-23) from lower species, indicates that the particular
Mino acids found at these positions are characteristic of a
Ide variety of mammals and have been faithfully conserved
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F1a. 3. Variability-factor values for the sequences shown in
Fig. 1 as well as several other published sequences (36) deter-
mined according to the method of Wu and Kabat (3).

example, the provision of a distincet backbone structure which
is crucial to antibody function.

As can be seen on inspection of Figs. 2 and 3, about a third
of the heavy chain variable region can be considered ‘“hyper-
variable.” These regions deserve special consideration be-
cause of their specific implications for the formation of the
antibody combining site, the nature of idiotypic determinants,
and various theoretical conceptions of the origin of antibody
diversity.

In light chains, affinity labels have been localized near or
within hypervariable regions (23-25), thus providing direct
support for the general concept that hypervariable regions
participate directly in the antibody-combining site. For the
heavy chain, recent work has also been consistent with this
idea. For example, Ray and Cebra localized affinity labels to
the first (31-37) and the fourth (101-110) heavy chain
hypervariable regions (26), Haimovich et al. (27) localized
an affinity label to residue 54 of the mouse myeloma protein
315 (which has anti-dinitrophenol activity), and Press and
coworkers have localized affinity labels at or near the fourth
hypervariable region in rabbit antibodies (28). Therefore,
although the primary structure and affinity labeling studies
of these proteins was being carried out independently, and
even in different laboratories in many instances, there is a gen-
eral implication from the experimental observations that the
same regions of the molecule which show the highest degree
of sequence variation are near or part of those particular re-
gions of the heavy chain where affinity labels have been local-
ized.

A second piece of evidence linking the antibody combining
site to the hypervariable regions has come from comparisons
of sequences obtained from pooled immunoglobulin heavy
chains with those of specifically purified antibody heavy
chains. Sequence analyses of rabbit (29), guinea pig (5), and
other mammalian heavy chain pools (19), indicate that a
definitive sequence cannot be obtained within those regions
which have been identified as hypervariable on the basis
of studies with myeloma proteins. However, when specifically
purified antibodies are studied, a single major sequence can be
determined, as has been shown most definitively by Cebra and
his coworkers (5).

Additional support for the functional significance of hyper-
variable regions has been provided by current notions con-
cerning the tertiary structure of the immunoglobulin mole-
cule. Crystallographic analysis of human immunoglobulins
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