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The sequence has been completed of the N-terminal 94 residues of the variable
section of the Fd fragment of heavy chains from rabbit immunoglobulin G (IgG)
of allotype Aal. Most of the sequence of the same section from IgG of allotype
Aa3 is also reported. These results, in conjunction with a substantial sequence
of the variable region of allotype Aa2 reported elsewhere (Fleischman, 1971),
show the presence of 16 positions (including six consecutive positions) in which the
residue present correlates with the allotype. No allotype-related sequence
variation has been found in the constant section of the Fd fragment. This
evidence supports the view that two genes code for the heavy chain and it can
be used as evidence in favour of somatic mutation as the origin of the variability
in the sequence of the N-terminal section. The evolutionary origin of the 'a' locus
allotypes of rabbit immunoglobulins remains obscure.

It has been shown that, within one species, the
sequence of the C-terminal half of the light chains
of immunoglobulin is constant for a given type and
a given allele. In the N-terminal half the sequences
differ between each myeloma protein (Hilschmann
& Craig, 1965) and presumably for those contained
in the many different molecules of immunoglobulin
in the blood of any normal animal. Similarly,
in the heavy chains of myeloma proteins, the N-
terminal 115 residues differ, whereas the C-terminal
330 residues are constant for each allelic form of
each subclass (Press & Hogg, 1969; Edelman et al.
1969).

It appears that there are very many different
sequences occurring in these N-terminal sections of
both heavy and light chains and there are two
opposing views as to the genetic origin of such
variability. One is that there are corresponding
numbers of genes in the germ line which code for
all the sequences that arise. A substantial part of
the DNA of the cell would be required for this
purpose. The alternative view is that there is in
the germ line only a small number of genes coding
for the sequences of the heavy and light chains and
that extensive diversification arises by somatic
mutation or recombination early in embryonic life.

Study of the antigenic specificities of myeloma
proteins and immunoglobulins of normal animals
has shown that inherited variants occur and sub-
sequent structural studies have shown that most of

* Present address: Department of Biochemistry,
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these allotypic specificities can be correlated with
sequence differences in the amino acid residues in
the constant sections ofboth heavy and light chains.
An exception to this, however, occurs with the
allotypes of the heavy chains of rabbit immuno-
globulins, where amino acid analysis suggested that
related differences were in the N-terminal sec-
tion (Inman & Reisfeld, 1968; Koshland, 1967;
Koshland, Reisfeld & Dray, 1968; Koshland, Davis
& Fujita, 1969), and sequence studies showed cor-
relation with residues in several positions in the
N-terminal 34-residue section (Porter, 1967;
Wilkinson, 1969a). The apparent presence of a
genetic marker in the variable section was clearly
a major advantage in investigations of the origin
of the variability. The known sequence has now
been extended from position 35 to include most of
the variable sections of the heavy chains of both the
Aal and Aa3 allotypes. A further striking cor-
relation of sequence and allotype has been found.
The sequence of the first 65 residues of a relatively
homogeneous rabbit antibody of allotype Aa2 is
reported elsewhere (Fleischman, 1971).

MATERIALS AND METHODS
IgGt was prepared, as described by Prahl & Porter

(1968), from rabbits of known allotype (kindly typed by
Professor P. G. H. Gell). Enzymes and other materials

t Abbreviations: IgG, immunoglobulin G; Fd fragment,
N-terminal half of the heavy chain of IgG; CMCys, Hsr,
pGlu (in amino acid sequences and tables), S-carboxy-
methylcysteine, homoserine and pyrrolid-2-one-5-carb-
oxylic acid.
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were uised as previously described (Cebra, Steiner &
Porter, 1968). The C-1 fragment of the y-chain was
prepared (Fruchter, Jackson, Mole & Porter, 1970) and
fully reduced and [14C]alkylated (O'Donnell, Frangione
& Porter, 1970).
The conditions of enzymic digestions of peptides were

as follows: tryptic digestion (300,ug of trypsin/,umol of
peptide) in 1% (w/v) NH4HCO3 buffer, pH8.2, at 37°C
for the C-Ts4 peptides (digestion time II h), the C-GR
peptides (digestion time 4 h) and Aa3 fragment C5
(digestion time 8 h); peptic digestion of peptide C-Ts4-2
(300,ug of pepsin/,umol of peptide) in 5% (v/v) formic acid
at 37°C for 2 h; chymotryptic digestion of peptide
C-GR-3 (l0,g of chymotrypsin/,umol of peptide) in
1% (w/v) NH4HCO3 buffer, pH 8.2, at 37°C for 4 h;
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Fig. 1. Fractionation of a tryptic digest of the Aal heavy
chain C-1 fragment blocked at the c-amino groups of
lysine by citraconic anhydride. After removal of the
blocking group the digest was put on a Sephadex G-50
column (220cmx3.Ocm) in 50% formic acid. ,E280;

radioactivity (c.p.m./50p.l of eluate).

papain digestion of peptide Aa3-Ts4 (300,ug of papain/
,umol of peptide) in 0.05M-pyridine acetate-O.Ol M-2-
mercaptoethanol, pH4.3, at 37°C for 5h.

High-voltage paper electrophoresis at pH6.5, 3.5 and
1.9 was carried out as described by Cebra et al. (1968).
Amino acid analyses were performed as described by
Wilkinson (1969b), radioautography as described by
O'Donnell et al. (1970) and isolation of methionine-
containing peptides as described by Wilkinson (1969b).

Citraconylation and tryptic digestion of citraconylated
C-1 fragment. Citraconic anhydride (BDH Chemicals
Ltd., Poole, Dorset, U.K.) was used to block lysine
residues (Dixon & Perham, 1968). The [14C]carboxy-
methylated C-I fragment (10mg/ml) was dialysed against
water. The suspension was adjusted to pH 8 by addition
of 1M-NaOH and a 20-fold molar excess of citraconic
anhydride over the lysine content was added in 50 1,
portions with vigorous stirring at room temperature, each
portion being allowed to dissolve before addition of
the next. Throughout the procedure 5M-NaOH was
added manually through a micrometer syringe to maintain
the pH at 7.5-8.5. The clear solution was then dialysed
against several changes of dil. NH3, pH9.0, before
digestion with trypsin.
The enzyme (1%, w/w) was added in four portions

at 15min intervals and 0.2M-NaOH was added by auto-
titrator to maintain the pH at 8.3. After complete
digestion (1.5-2 h) the solution was freeze-dried, taken
up in 0.04 M-pyridine-acetate buffer, pH 3.5, and left
at room temperature for 24 h to remove citraconyl
groups. The suspension was freeze-dried and dissolved
in 98-100% formic acid for fractionation on a Sephadex
G-50 column (220cmx 3.0 cm) in 50% (v/v) formic acid.

RESULTS
Sequences for the heavy chains of Aal and Aa3

allotype rabbit IgG have been reported for residues
1-34 (Wilkinson, 1969a), and for pooled IgG from
about residues 120-240 (Cebra et al. 1968). Our
objective was to establish the sequence for Aal
and Aa3 y-chains from residue 35 to the hyper-
variable section commencing at about position 95.

Table 1. Major radioactive peptides isolated from a tryptic-chymotryptic digest of reduced and [l4C]carboxy-
methylated fragment C-1 (inter-chain disulphide bonds not labelled) by paper electrophoresis at pH3.5
(O'Donnell et al. 1970)

Mobilities are expressed relative to aspartic acid (-1), the origin being taken as the position of E-DNP-lysine.

Mobility
Position of

half-cystine residue
146
146
97

201

22

22

133-134

At pH 3.5 At pH6.5 Sequence implied from amino acid composition
0.73 0 Gly-CMCys-Leu-Val-Lys
0.65 0 Related to peptide Al
0.56 0 (CMCys,Ala,Arg)

-0.08 -0.31 Ser-Glx-Pro(Pro,Ser)Thr-CMCys-Asn-Val

-0.15 -0.29 Thr-Leu-Thr-CMCys-Thr-Vall-Ser-Gly-Phe
-0.27

-0.27

0.34 Thr-CMCys-Thr-Val -Ser-Gly-Phe
-0.60 Ala-Pro-Ser-Val-Phe-Pro-Leu-Ala-Pro-CMCys-CMCys-

Gly-Asp-Thr-Pro-Ser-Ser-Thr-Val-Thr-Leu

1971

Peptide
Al
A2
A3
B

Cl

Dla

D2

coeD
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Fig. 2. Re-fractionation of material eluted between 795 and 930 ml from the Sephadex G-50 column in
50% formic acid. The material was fractionated on a Sephadex G-50 column (220cm x 3.0 cm) in 0.05M-NH3.

, F280;...... E230; -X--, radioactivity (c.p.m./0.5ml of eluate).

C-Ts4-1 C-Ts4-2
I I 2
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Fig. 3. Chromatography of the C-Ts4-containing material (from the Sephadex G-50 column in 0.05m-NH3)
on a Dowex 50(X2) column (30 cm x 1.5 cm). The starting buffer was 0.2 m-pyridine acetate, pH 3.1, and the
first linear gradient was to 2M-pyridine acetate, pH 5.0, with 370 ml in each open chamber; the second linear
gradient was from 2M-pyridine acetate, pH 5.0, to 4M-pyridine acetate, pH 6.5, with 330 ml in each chamber;
the third linear gradient was from 4M-pyridine acetate, pH 6.5, to 8.5M-pyridine acetate, pH 6.5, with 100 ml
in each chamber. The arrows show the commencement of the gradients. , Ninhydrin colour (E570);
-.-, radioactivity (c.p.m./0.5ml of eluate).

Sequence of the section 35-94 for Aal y-chain.
O'Donnell et al. (1970) showed that the TI fraction
from a tryptic digest of C-1 fragment in which the
lysine residues had been treated with S-ethyl
trifluorothioacetate was an aggregate derived from
several sections of the peptide chain. Dissociation
could not be effected satisfactorily, so the alterna-

tive technique of blocking the lysine residues with
citraconic anhydride before tryptic digestion was

used, the citraconyl groups being removed before
fractionation on a Sephadex G-50 column in 50%
formic acid (see the Materials and Methods section).
The elution diagram (Fig. 1) shows that no major
aggregate peak equivalent to fraction T I is present.
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The eluate was scanned for the distribution of the
radioactive S - carboxymethylcysteine - containing
peptides after tryptic-chymotryptic digestion

Table 2. Amino acid composition of peptides
C- Ts4- 1, C- Ts4-2 and C- Ts4-3

(O'DoL¶nell et al. 1970). The characteristics of these
peptides are given in Table 1. The eluate was
also scanned for peptides ending in Gly-Arg by
tryptic digestion of samples and electrophoresis on
paper at pH6.5.
The presence of peptide Al at 615ml and 750ml

elution volume and peptide B at 570ml showed

Composition (mol of amino acid
residue/mol of peptide)

C-Ts4-1 C-Ts4-2 C-Ts4-3
1.4 2.1 2.06
1.0 1.0 1.0
0.5 0.5 0.95
2.7 2.5 2.34
8.0 8.4 8.6
3.3 3.6 3.5
1.4 1.5 1.3
1.6 1.5 1.3
1.7 1.5 0.6
2.6 2.5 2.2
1.7 1.6 1.2
1.4 1.9 2.1
2.2 1.9 1.3
1.0 1.2 1.1
1.6 2.2 2.2
0.2 0.1 0

O-0r

0.8

0.6

0.4

0.2
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Fig. 4. Fractionation of a tryptic digest ofpeptide fraction
C-Ts4-2 on a column (220 cm x 1.2 cm) of Sephadex G-50
in 0.05M-NH3 . -E215; *-., radioactivity (c.p.m./
lO0pl of cluate).

Table 3. Isolation and amino acid composition of constituent peptides of peptide C-Ts4-2
Elution volumes (with 0.051M-NH3, fronm Sephadex G-50) are given relative to exclusion volume= 1.0. Mobilities are given

relative to lysine + 1, aspartic acid -1 and E-DNP-lysine 0.

N-Terminal Relative
Peptide amino acid eltution vol.
C-Ts4-2 Phe/some Len

Tryptic peptides isolated from peptide C-Ts4-2
C-Ts4-2B1 lie 1.56
C-Ts4-2B2 Ile 1.56
C-Ts4-2C1 Thr 1.80
C-Ts4-2C2 Thr 1.80

C-Ts4-2D1 Phe 2.25
C-Ts4-2D2 Phe/CMCys 2.25

Peptic peptides isolated from peptide C-Ts4-2
C-Ts4-2Pel Lys
C-Ts4-2Pe2 Phe

Paper electrophoresis
pH Mobilit-pH Mobility

6.5 -0.35
6.5 -0.41
3.5 + 0.40
3.5 + 0.07
6.5 -0.37
3.5 +0.55
3.5 +0.25

3.5 +0.45
3.5 + 0.35

Comiiposition (mol of amino acid residue/mol of peptide)

Tryptic peptides

Pes-T4 -sD DPeptide ... C-Ts4-2Bl C-Ts4-2B2 C-Ts4-2C1 C-Ts4-2C2 C-Ts4-2Dl C-T.s4-2D2
- 1.0 1.0 1.0 -

- - - - 1.0
-- - - 0.6

1 1 1 1 5 1 .2 -1.1

4.2
1.0
1.0
1.0
0.2
1.0

0.75
0.16
0.91
0.62

1. I 1. -

2.85 1.7
1.2 1.6

- 0.7

1.0 1.0

.1 I 1.1

1.0
1.1

0.2

1.0

0.3

0.3
1.1

- 1.0 0.4

Peptic peptides

C-Ts4-2Pel C-Ts4-2Pe2
1.0 1.0

- 1.0
2.3 3.4
1.3 1.2
0.6 -

0.9 -

0.2 -

- 0.8
0.9 0.9
0.3 0.8

- 0.8

Peptide
Lys
Arg
CMCys
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Hsr

Lys
Arg
CMCys
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Lei
Tyr
Phe

0.92
0.52
1.1
4.2
1.0
1.0
0.97
0.20
1.85

0.75
0.15
0.95
0.95

1
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Phe-Thr-Ile-Ser-Lys-Thr-Ser-Thr-Thr-Val-Asp-Leu- MetLys u-Thr-Ser-Pro-Thr-Gln-Asp-Thr-Ala-Thr-Tyr-Phe-CMCys-Ala-Arg

^_a&_9nlW , ^._vs_9n. Lys,Ile4_R

Thr-Ser-Thr-Thr-Val-Asp-Leu-Lys- Leu -Thr-Ser-Pro-Thr
Ile

- )-4 -4-4-4-4 * -T-2---

f ~~~C-Ts4-2B2 ........-

Leu-Thr-Ser
Ile Thr-Tyr-Phe

4-------C-Ts4-2D2--

Phe-CMCys-Ala

4 -C-Ts4-2Pe2 - C-Ts4-2Pel >

Phe-Thr-Ile-Ser-Lys-Thr-Ser Lys -LeU-Thr-Ser
Ilie

Fig. 5. Amino acid sequence of tryptic peptide C-Ts-4 showing the peptides derived from it. Sequence
determination from the N-terminal end was by the dansyl-Edman technique, shown by --, and from the
C-terminal end by hydrolysis with either carboxypeptidase A, shown by <-, or by a mixture of carboxy-
peptidases A and B, shown by e--. The phenylalanine residue preceding the carboxymethyleysteine
residue was present as an alternative residue in the peptides C-Ts4-2B2 and C-Ts4-2D2, and is indicated by a

dotted line. The amino acid sequence of residues 85-88 is assumed from that of the peptide Ts4 (O'Donnell
et al. 1970), which has properties identical with those of peptide C-Ts4-2BI.

that the material eluted between 500 and 750ml
was predominantly from peptides T2 and T3, the
constant C-terminal region of the C-I section of the
heavy chain (Cebra et al. 1968). Peptide A3
(CMCys-Ala-Arg) was found in peaks eluted at
825ml, 1020ml and 1140ml. Peptides Cl and Dla
derived from sequences around the cysteine residue
at position 22 were also present in the peak eluted
between 825 and 900ml. It can be concluded that
peptides ending in CMCys-Ala-Arg were present
as three fragments differing substantially in size.
The smallest proved -to be free CMCys-Ala-Arg.
The peptide of intermediate size corresponded to
the Ts4 pentadecapeptide isolated by O'Donnell
et al. (1970) and the large peptide, named C-Ts4,
appeared to be about double this size. A peak with
high u.v. absorption at 280nm was eluted at 870ml
in the same region and this contained a peptide,
named C-GR, terminating in Gly-Arg, which by
homology with the y-chain of human myeloma
proteins (Press & Hogg, 1969; Edelman et al. 1969)
was thought to be the other major peptide account-
ing for the unknown section in the variable region.
Thus the fraction eluted from 795 to 930ml

contained the peptides of major interest and they
were fractionated further on a Sephadex G-50
column in 0.5M-ammonia, since it was expected
that peptide C-GR, which has a high content of
aromatic amino acids, would be retarded on a

Sephadex G-50 column in a solution of low ionic
strength. When the eluate (Fig. 2) was scanned
for radioactive peptides as described above, peptide
A3was in the fraction eluted between 600 and 705 ml.
Peptides Cl and Dla were present in the eluates
from 550 to 720ml. The C-GR peptide had been
retarded and was eluted after 750ml and had
therefore been separated from peptide C-Ts4.
The first fraction (600-705ml), containing pep-

tide C-Ts4, was freeze-dried, dissolved in water,
adjusted to pH 2.0 and fractionated further by
chromatography on a Dowex 50 (X2) column in
0.2M-pyridine acetate, pH3.1. Gradient elution
gave the profile shown in Fig. 3 and a radio-
autographic scan showed that peptides containing
CMCys-Ala-Arg sequences were present in the
three radioactive peaks; the corresponding peptides
were called C-Ts4-1, C-Ts4-2 and C-Ts4-3. Peptides
C-Ts4-1 and C-Ts4-2 were both contaminated by

Vol. 124 305
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Fig. 6. Refractionation of the C-GR peptide-containing material from a Sephadex G-50 column (220cmx
3.0cm) in 0.05M-NH3 on the same column. --, E280; ..... ,E230; radioactivity (c.p.m./0.2ml of
eluate).

material from the cysteine-22 region, as judged
by analysis. There was about 20% of such con-
taminating material in the first peak, and about
10% in the second. Peptide C-Ts4-3 was pure on
isolation (see Table 2).

It was known from the work of Wilkinson
(1969a) that the cysteine-22 material contained
no trypsin-sensitive bonds, and so it was expected
that tryptic digestion of material from the first
two peaks would give in each case peptides easily
separable from the small amount of contaminat-
ing material. This proved to be so, as tryptic
digestion and subsequent fractionation on a
Sephadex G-50 column resulted in the localization
of all the contaminating material in peak A in both
cases (Fig. 4).

Table 3 shows the isolation procedure for the
tryptic peptides of C-Ts4-2 together with their
analyses. The sequence results are summarized in
Fig. 5. The order of the peptides was confirmed
by a peptic digestion and the subsequent isolation
of peptides 2-Pel and 2-Pe2. Peptide C-Ts4-2C2,
whose mobility at both pH 3.5 and pH 6.5 was
inconsistent with its analysis, may be an artifact
of citraconylation but, as it was split by trypsin,

the lysine residue was presumably unblocked. It
was present in only one-sixth molar yield relative
to peptide C-Ts4-Cl, but does not appear to be
derived from a variant sequence.
The presence of a methionine residue at position

79 in about 20% of the Aal y-chain molecules was
deduced from the isolation of a cyanogen bromide
fragment equivalent to fragment C5 of Aa3 y-
chain (see below). The only other variant recog-
nized in this section is the leucine-for-isoleucine
replacement at position 80 in 15-20% of the mole-
cules. The presence of both phenylalanine and
carboxymethylcysteine as N-terminal in peptide
C-Ts4-2D2 arises from chymotryptic-like hydrolysis
on either side of the phenylalanine residue, as
shown in Fig. 5.

Peptide C-Ts4-3, on hydrolysis with trypsin,
gave peptides identical with those obtained from
peptide C-Ts4-2, but the fraction containing
peptide C-Ts4-1 contained only small amounts of
the N-terminal Phe-Thr-Ile-Ser-Lys sequence; it is
likely that incomplete reaction with citraconic
anhydride led to partial hydrolysis of the lysine-
threonine bond at position 71-72 during the tryptic
digestion of C-1 fragment. The presence of small

1971
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Table 4. Amino acid composition of peptides
C-GR-2 and C-GR-3

Composition (mol of amino acid
residue/mol of peptide)

Peptide
Lys
Arg
CMCys
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Hsr

... C-GR-2
1.2
1.0
0.2
1.1
2.2
2.2
1.6
1.6
3.3
1.6
1.0
1.3
1.8
1.3
0.5
0.2

C-GR-3
1.80
1.0

1.26
2.0
2.4
2.2
1.8
5.0
2.7
0.7
2.1
1.6
2.1
0.5

amounts ofPhe-Thr-Ile-Ser-Lys in fraction C-Ts4-1
was probably due to the proximity of the peak
containing peptide C-Ts4-2. The difference be-
tween peptides C-Ts4-2 and C-Ts4-3 was not due
to a difference in primary sequence (Mole, 1971).
Thus no evidence of heterogeneity of sequence in

this section has been found except for the methion-
ine-for-lysine and leucine-for-isoleucine replace-
ments mentioned above.

Fraction C-GR. Re-fractionation of fraction
C-GR on a Sephadex G-50 column in 0.05M-
ammonia gave the elution pattern shown in Fig. 6.
When the fractions shown were analysed and
scanned for radioactive peptides, fraction C-GR-1
contained predominantly cysteine-22 peptides,
fraction C-GR-4 had only a trivial content of
peptide material in spite of the high absorption
at 230nm and most of the C-GR peptides were
found in fractions C-GR-2 and C-GR-3. The
amino acid analyses (Table 4) suggest that frac-
tion C-GR-2 may have 30-40% contamination by

Table 5. Isolation and amino acid composition of tryptic peptides of peptide C-GR-3

Elution volumes (with 0.05M-NH3, from Sephadex G-50) are given relative to exclusion volume = 1.0.
Mobilities are given relative to lysine +1 and E-DNP-lysine 0. Tryptophan was detected by the Ehrlich stain.

Paper electrophoresis
N-Terminal Relative , A,_ _

Peptide amino acid elution vol. pH Mobility

C-GR-3
C-GR-3TA
C-GR-3TB
C-GR-3TCA
C-GR-3TCB
C-GR-3TDA
C-GR-3TDB
C-GR-3TDC

Glu
Gly
Gly
Glu

Gly
Ala
Tyr

1.6
1.8
2.2
2.2
2.5
2.5
2.5

3.5 0.65
3.5 0.19
3.5 0.89
3.5 0.59
3.5 0.48

Column fractions

Composition (mol of amino acid residue/mol of peptide)

Peptides

C-GA-3TA C-GR-3TB
0.8 0.2

1.2
1.2
1.7
1.2
0.3
2.7
1.6
0.4
1.6
1.0
1.4
0.2
+ve

1.2
1.2
1.3
1.2
0.4
2.9
1.0
0.6
1.6
1.0
0.8

+ve

C-GR-3TCA C-GR-3TCB C-GR-3TDA C-GR-3TDB C-GR-3TDC
1.0 1.0 - 1.0 1.0

1.0

1.1
1.0
1.1
0.9

1.2 1.5
1.0
0.9 _
1.1 1.2 0.4 0.6
1.0 1.7 1.7

0.7

+ve +ve

Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Trp

307Vol. 124
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40 50 60

pGuL - Tyr - Tyr VaiAsnpGuAia-Pro-Gly-Lys-Giy-Leu-Glu--y_Iie-Giy-Ile- Va-Asp(Gly,Thr, Ser)Tyr-Tyr-Aia-Ser-Trp-Ala-Lys-Gly,-ArgGin Trp Phe Ilie Thr

C-GR-3TCB
C-GR-3TCA

Gln Gly-Leu Gly-Arg

Gly-Leu Tyr

C-GR-3C-2C C-GR-3CL1

Tyr Ile-Gly-Ile- -Asp
Vai

Ala

C-GR-
3C-5D C-GR-3C-5B

C-GR-3C-4A
C-GR-3C-5A

Tyr Tyr Ala-Ser-Trp Ala-Lys-Gly-Arg
Thr
Asn-a -a<- -,

-C-GR-3C-2A - -C-GR-3C-4C*

Tyr Ile-Gly-Tyr
Phe

4 ) =-* 0

- C-GR-3C-3C

Gln-Ala Trp

- C-GR-3C-3A
I Tryptic digest

Tyr-Ala-Ser-Trp
Thr
Asn

o C-GR-3C-3A-1 -C-GR-3C-3A-2--

I Gly-Leu-Glu-Trp

Fig. 7. Amino acid sequence of peptide C-GR-3 showing the peptides derived from it. Sequence determination
from the N-terminal end was by the dansyl-Edman technique, shown by ->, and from the C-terminal end
by hydrolysis with carboxypeptidase A, shown by <-. The presence of N-terminal pyrrolid-2-one-5-
carboxylic acid (pGlu), resulting from cyclization of glutamine, is indicated by [.

cysteine-22 peptides as judged by homoserine
content, whereas fraction C-GR-3 has less than
5% of such contamination.
The results on the constituent tryptic peptides

of peptide C-GR-3 are summarized in Table 5.
Although identical on analysis, peptides C-GR-
3TCA and C-GR-3TCB differ in mobility owing to
cyclization of the N-terminal glutamine residue.

Difficulty in isolating a unique peptide C-GR-3TA
suggested considerable heterogeneity in this section
and the subsequent sequence studies shown in
Fig. 7 confirmed that alternative residues existed
in at least four positions. Chymotryptic-like splits
during tryptic digestion gave rise to peptides
C-GR-3TDC and C-GR-3TDB, which were isolated
in low yields.

Chymotryptic digestion of peptide C-GR-3 gave
the peptides listed in Table 6 and 7. The presence
of three alternative residues in position 59 was

deduced from the analyses of peptides C-GR-3C-5B

and C-GR-3C-5C and subsequent sequence deter-
mination of both, which showed the same com-

plexity in the third position of peptide C-GR-3C-5C
and the second position of peptide C-GR-3C-5B;
asparagine rather than aspartic acid is allocated
to one of the variants on the basis of mobility
results. Similar considerations led to the assignment
of three alternative residues to position 50 and two
to position 51, and also tyrosine and tryptophan to
position 47. The blocked N-terminal pentapeptide
C-GR-3TCA was assumed to have the same
amino acid sequence as the corresponding peptide
(C-GR-2TCB) isolated from peptide C-GR-2 (see
below).

Peptide C-GR-2 could not be purified further.
After tryptic digestion of this peptide similar
peptides to those obtained from peptide C-GR-3
were isolated (Table 8) and their sequences partially
determined (Fig. 8). The amino acid sequence of
the blocked peptide C-GR-2TCB was deduced in

1971

Gln

I

ol
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Table 6. Iolation of chymotryptic peptide8 of peptide C-GR-3
Elution volumes (with 0.05M-NH3, from Sephadex G-50) are given relative to exclusion volume = 1.0.

Mobilities are given relative to lysine +1, aspartic acid -1 and e-DNP-lysine 0.

N-Terminal
amino acid

Ile
Gln

Gln
Ala
Ile
Ala
Ala
Tyr

Gly

Relative
elution vol.

1.64
1.82
1.82
1.94
1.94
2.12
2.12
2.46
2.46
2.46
2.46

309

Paper electrophoresis

pH Mobility
6.5 -0.24
3.5 +0.42
3.5 +0.11
6.5 +0.21
6.5 +0.07
3.5 +1.0
3.5 +0.21
3.5 +1.0
3.5 +0.23
3.5 +0.17
3.5 +0.04
6.5 0
6.5 -0.39

Table 7. Amino acid compoBition of chymotryptic peptide8 of peptide C-GR-3
Composition (mol of amino acid residue/mol of peptide)

Peptide ... C-GR-3C-1 C-GR-3C-2A C-GR-3C-2C C-GR-3C-3A C-GR-3C-3C
1.0 1.0 1.0 1.0

0.2 _
0.4 0.3 - 0.3
1.9 2.2 2.0 2.2
1.2 1.2 1.0 1.0
1.9 2.4 2.0 2.3
0.7 1.1 0.9 1.1
0--

0.9 0.9
0.8

+ve
4C C-GR-3C-5A

1.0
1.0

1.1
1.0

1.0

+ve
C-GR-3C-5B

0.2
0.3
0.7

0.1
1.0

+ve

C-GR-3C-3A-1
1.0

0.2
1.1
1.2
1.3
1.0

C-GR-3C-5C

0.2
0.3
0.8

0.2
1.0

1.0

+ve

C-GR-3C-3A-2

1.0

1.1

1.0

+ve
C-GR-3C-5D

0.4

1.0

Vol

Peptide
C-GR-3C-1
C-GR-3C-2A
C-GR-3C-2C
C-GR-3C-3A
C-GR-3C-3C
C-GR-3C-4A
C-GR-3C-4C
C-GR-3C-5A
C-GR-3C-5B
C-GR-3C-5C
C-GR-3C-5D
C-GR-3C-3AI
C-GR-3C-3A2

1.0
1.1
1.2
0.3

1.9
0.4
0.3
1.8
0.2
0.8
0.2

1.0
0.8

Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Trp

Peptide
Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Trp

... C-GR-3C-4A
1.0
1.0

0.3

1.4
1.1

C-GR-3C-

0.5

1.1

1.0

0.6
0.4

the following manner. After Pronase digestion a peptide of composition (Glx,Ala,Pro) was obtain-
and subsequent passage down a column ofDowex 50 ed. No N-terminal residue could be detected, but
(X2; H+ form) (Wilkinson, Press & Porter, 1966), hydrazinolysis e3tablished the C-terminal residue as
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Table 8. Isolation and amino acid composition of tryptic peptides of peptide C-GR-2
Elution volumes (with 0.05 M-NH3, from Sephadex G050) are given relative to exclusion volume= 1.0.

Mobilities are given relative to lysine +1 and e-DNP-lysine 0. Tryptophan was detected by the Ehrlich stain.

N-Terminal
amino acid

Glu

Gly
Ala
Tyr

Relative
elution vol.

2.2
2.2
2.5
2.5
2.5

Paper electrophoresis
Mobility at pH 3.5

+0.65
+0.18
+0.87
+0.59
+0.48

Composition (mol of amino acid residue/mol of peptide)

C-GR-2TCA C-GR-2TCB
1.0 1.0

1.1

1.0

1.0

1.0

1.0

0.9
1.1
1.0

C-GR-2TDA C-GR-2TDB C-GR-2TDC
1.0 1.0

1.0
0.2 0.2

- 0.2 0.3
1.1 1.4

1.1 0.2
1.9

+ve

0.3
1.8
0.8
+ve

C-GR-2TCA Gln-Ala-Pro-Gly-Lys

C-GR-2TCB pGlu-Ala-Pro-Gly-Lys

C-GR-2TDA Gly-Arg

C-GR-2TDB Ala-Ser(Trp,Ala)Lys

C-GR-2TDC Tyr-Ala(Ser,Trp,Ala)Lys

Fig. 8. Amino acid sequence of tryptic peptides of
peptide C-GR-2. Sequence determination from the N-
terminal end was by the dansyl-Edman technique, shown
by --*, and from the C-terminal end by hydrazinolysis,
shown by *-. The position of cleavage of peptide
C-GR-2TCB by Pronase is shown by t.

proline. On elution of the Dowex column with
M-ammonia a peptide of composition (Gly,Lys)
was obtained; it had glycine as the N-terminal
residue. Thus the sequence of peptide C-GR-2TCB
is pGlu-Ala-Pro-Gly-Lys. As further sequence

results could not be obtained, peptide C-GR-2
probably contained sections of even greater hetero-
geneity than did peptide C-GR-3.

Overlap peptides and ordering of the Aal peptides
within the variable region. Arginine-containing
peptides were isolated from a chymotryptic
digestion of fragment C-1 as described by Fruchter
et al. (1970). The C-1 fragment had been treated
with maleic anhydride and then passed through a

column of Dowex 50 (X2; H+ form). The fraction
that was retained and subsequently eluted with
M-ammnonia was greatly enriched in the arginine-
containing peptides.
Two of these, namely peptides C-C-1-6d and

C-C-1-5b, were isolated as shown in Table 9. The
sequence ofpeptide C-C-1-6d was established direct-
ly as shown in Fig. 9. Peptide C-C-1-5b was

digested with trypsin and its sequence determined
(Fig. 10). Peptide C-C-1-6d overlaps peptides
C-GR and C-Ts4, whereas peptide C-C- I -5b overlaps
the N-terminus of peptide C-GR. A tryptic digest
of C-1 fragment yielded peptides Ser-Trp-Val-Arg
and Gly-Trp-Val-Arg, which extend the N-terminal
section and give a sequence of the Aal y-chain
between positions 34 and 94 (Fig. 10).
A methionine-containing peptide Flb was iso-

lated, as described by Wilkinson (1969b), by label-
ling the methionine residues of the Aal Fd frag-
ment with iodo[14C]acetamide at pH 3.5 and sub-
sequently digesting the fragment with trypsin
and chymotrypsin. Fractionation of this digest
by Sephadex G-50 gel filtration followed by electro-
phoresis on paper at pH 3.5 and pH 6.5 gave a pep-
tide of composition: serine 0.3, glycine 0.6, alanine
1, tryptophan 1, carboxymethyl methionine 1,
with alanine as the N-terminal residue. Boiling
in water for 2h cleaved the peptide (Tang &
Hartley, 1967), and three ninhydrin-reactive pep-
tides were separated by paper electrophoresis at
pH1.9. Two of these peptides also gave positive

Peptide
C-GR-2TCA
C-GR-2TCB
C-GR-2TDA
C-GR-2TDB
C-GR-2TDC

Peptide
Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Tyr
Trp
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Table 9. leolaction and amino acid compo8ition of overlap peptide8from fracgment C-l

Elution volumes (with 0.05 M-NH3 from Sephadex G-50) are given relative to exclusion volume= 1.0.
Mobilities are given relative to arginine +1, aspartic acid -1 and c-DNP-lysine 0. Tryptophan was detected
by the Ehrlich stain and carboxymethylmethionine (CM-Met) was positive on amino acid analysis.

N-Terminal
amino acid

Ala
Val
Gly
Glx
Val
Ala
Ser
Gly

Paper electrophoresis
Relative ,- - --

elution vol. pH Mobility
2.8
2.5

2.8

6.5 +0.85
3.5 +0.66
3.5 Neutral
3.5 +0.56
3.5 +0.81
6.5 -0.47
6.5 +0.40
6.5 +0.50

Composition (mol of amino acid residue/mol of peptide)

Chymotryptic peptides

C-C-1-6d C-C-1-5b C-C-1-5b-i C-C-1-5b-2 C-C-1-5b-3 Fib
1.0 0.7
1.0 1.0

0.4
1.9
1.2

1.1 1.6
1.0 1.0

0.9

0.9

1.4 0.9
1.2

1.4 1.1
1.0

1.2

0.3

1.0

0.6
1.0

0.9 1.0

0.8
+ve
+ve+ve +ve

Peptide C-C-1-6d Ala-Lys-Gly-Arg-Phe

Rabbit Aal y-chain Ala-Lys-Gly-Arg-Phe-Thr-Ile-Ser-Lys
C-GR C-Ts4

Human yl-chain Eu Phe-Gln-Gly-Arg-Val-Thr-Ile-Thr-Ala

Human yl-chain Cor Leu-Glu-Thr-Arg-Leu-Thr-Ile-Ser-Lys

Fig. 9. Amino acid sequence of peptide C-C-1-6d.
Sequence determination from the N-terminal end was
by the dansyl-Edman technique, shown by -÷. Peptide
C-C-1-6d overlaps peptides C-GR and C-Ts4 as shown by
the homology with human yl-chains Eu (Edelman et al.
1969) and Cor (Press & Hogg, 1969). Residues identical
in the human and rabbit sequences are underlined.

hence had the sequences Gly-Trp and Ser-Trp.
The other peptide was Ala-Hsr and hence the

sequence must be Ala-Met-Gy-Trp, establishing

the overlap at position 34.
All the above sequence results are summarized

in Fig. 10.
Sequence of the variable region of Aa3 y-chain.

After citraconylation and tryptic digestion of
fragment C- 1 from Aa3 y-chain, fractionation of the
peptides on Sephadex G-50 in 50% formic acid
gave the elution diagram shown in Fig. 11. A
radioautographic scan showed that the CMCys-
Ala-Arg-containing peptides were in peaks eluted
at 855ml, 1050ml and liBOml. The peak eluted at
1050ml was expected to contain the peptide
corresponding to peptide Ts4 from Aal y-chain,
and this was isolated by further fractionation on
a Sephadex G-50 column in 0.05M-ammonia.

Peptide
C-C-1-6d
C-C-i-5b
C-C-i-5b-i
C-C-1-5b-2
C-C-i-5b-3
Flb
T8a
T8b

Peptide
Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
CM-Met
Trp

Tryptic
peptides

T8a T8b

1.0 1.0

0.9

1.0

1.0 1.0

+ve +ve

reactions with the Ehrlich stain and hence contained
tryptophan. These two peptides had glycine and
serine as their respective N-terminal residues and
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Ala-CMMet-Gly-Trp-Val-Arg-Glx-Ala-Pro (Gly, Lys) Gly-Leu-Glu (Trp)

Val-Arg-Glx-Ala-Pro (Gly, Lys) Gly-Leu-Glu (Trp)

*C-C-1+ ( C-C-1-5b-2-3 > ( C-C-1- 5b-l- o
5b-3

Val Glx-Ala-Pro Gly-Leu-Glu

Ser(Trp,Val,Arg)

Gly(Trp,Val,Arg)

<- Flb 11

Ala-CMMet-GlYTrpSer

Fig. 10. Partial amino acid sequence of residues 33-47 of Aal heavy chain, with numbering from the
N-terminus. Sequence determination from the N-terminal end was by the dansyl-Edman technique,
shown by -+. The derivation of the sequence of peptide Flb is described in the text. Abbreviation: CMMet,
carboxymethylmethionine.

1.2

0.8 _

0.4 _

il

i

I!

300 600 900 1200 1500
Elution volume (ml)

010

24

0S.
16 .

._

Ca
0
'5

8 .-

x

O o0

Fig. 11. Fractionation of a tryptic digest of the Aa3
heavy chain C-1 fragment blocked at the a-amino group
of lysine by citraconic anhydride. After the removal of
the blocking group the digest was put on a Sephadex
G-50 column (220cm x 3.0 cm) in 50% formic acid.
E28; ---, radioactivity (c.p.m./50,u1 of eluate).

Only one fraction contained radioactivity and this
was subjected to electrophoresis on paper at
pH 6.5, after which two radioactive peptides were
isolated. Their analyses (Table 10) were identical
and it is considered that peptide Ts4-A, which was
isolated in low yield, may contain a second carb-
oxymethylcysteine residue (O'Donnell et. al. 1970).
The sequence of the major peptide was established
by papain digestion as shown in Fig. 12, the
analyses and mobilities of the peptides being given
in Tables 11 and 12. Peptide P3B was alanyl-
alanine as judged by electrophoretic mobility at

Table 10. Isolation and amino acid composition of
peptides Aa3-Ts4-A and Aa3-Ts4-B

Gel filtration was on Sephadex G-50 in 0.05M-NH3.
Elution volumes are relative to exclusion volume = 1.0.
Paper electrophoresis was at pH 6.5; mobilities are given
relative to aspartic acid -1 and c-DNP-lysine 0.

Peptide ...

Relative elution vol.
Mobility on paper electro-

phoresis
Amino acid composition

(mol/mol of peptide)
Arg
CMCys
Asp
Thr
Ser
Glu
Gly
Ala
Val
Leu
Tyr
Phe

Aa3-Ts4-A
1.85

-0.36

Aa3-Ts4-B
1.85

-0.19

1.0 1.0
0.6 +ve
1.1 1.1
3.8 3.9
1.1 1.1
0.2 0.3
0.4 0.3
4.0 3.9
0.1 0.2
1.1 1.0
1.0 1.0
1.0 1.0

pH 1.9 and amino acid analysis of the un-
hydrolysed peptide, which gave no peak in the
position of alanine. Peptides P1 and P9 were shown
to be free amino acids in a similar manner.
The larger C-Ts4 peptide could be separated

from the eysteine-22-containing peptides on a
Sephadex G-50 column (220emx 3.0cm) in 0.05M-
ammonia but a persistent homoserine-containing

0
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Peptide Aa3-Ts4-B Thr-Ser-Leu-Thr-Ala-Ala-Asp-Thr-Ala-Thr-Tyr-Phe-Cys-Aa-Arg

P3H P6 P3 I P3A
4 b < y # y <>~~~~~~~4

Thr-Ser-Leu-Thr Ala-Ala-Asp-Thr Ala-Thr-Tyr-Phe CMCys-Ala

P3F P3B P7 P3G P9 P2
<. 4 4- --------- <

Thr-Ser-Leu Ala-Ala Asp-Thr-Ala Thr-Tyr-Phe CMCys Ala-Arg
*

-----

P3D
Leu-Thr

P3E
Ser

--P8 P4

Asp-Thr Ala-Thr

P1
Arg

P5
Tyr-Phe)

Fig. 12. Amino acid sequence of peptide Aa3-Ts4-B. Sequence determination from the N-terminal end was by
the dansyl-Edman technique, shown by ->. Peptides obtained in low yield are shown by dotted lines.

Table 11. Isolation proceduresfor component papain
peptides of peptide Aa3-Ts4-B

Mobilities are given relative to lysine +1, aspartic acid
-1 and c-DNP-lysine 0. The material with zero mobility
at pH6.5 was resewn and separated at pH 1.9.

N-Terminal Paper electrophoresis
Peptide amino acid Mobility at pH6.5
Ts4-B-P1 - +0.94
Ts4-B-P2 Ala +0.75
Ts4-B-P3 0
Ts4-B-P4 Ala -0.36
Ts4-B-P5 Tyr -0.48
Ts4-B-P6 Ala -0.57
Ts4-B-P7 Asp -0.66
Ts4-B-P8 Asp -0.87
Ts4-B-P9 -1.0

Peptide
Ts4-B-P3A
Ts4-B-P3B
Ts4-B-P3C
Ts4-B-P3D
Ts4-B-P3E
Ts4-B-P3F
Ts4-B-P3G
Ts4-B-P3H
Ts4-B-P3I

N-Terminal
amino acid

Ala
Thr, Ala
Leu
Ser
Thr
Thr
Thr
Ala

Paper electrophoresis
Mobility at pH 1.9

+0.77
+0.65
+0.51
+0.39
+0.26
+0.23
+0.18
+0.14
+0.07

contaminant peptide remained. Tryptic digestion
of this C-Ts4 peptide did not release a peptide
corresponding to the peptide Ts4 isolated from
Aal y-chain, suggesting that in Aa3 y-chain no

lysine residue is present in position 79.
Fragment C-5 from cyanogen bromide digestion of

Aa3 y-chain. In the fractionation of the cyanogen

bromide digest (Fruchter et al. 1970) of the Aa3

y-chain it was observed that there was a relativ-
ly high content of fragment C-5 (Fig. 13). From
analysis and subsequent sequence studies it became
apparent that this fragment was derived from
splitting of methionine residues at both positions
34 and 79. On a molar basis the yield was about
16%. The peptide was difficult to handle as it was
rather insoluble in 1% ammonium hydrogen car-

bonate buffer, pH8.2, but tryptic digestion for 8h
gave a soluble product that could be fractionated on
a Sephadex G-50 column in 0.05M-ammonia. The
characteristics of the peptides produced are given
in Table 13 and their sequences in Fig. 14.
Peptides Gln-Ala-Pro-Gly-Lys and Phe-Thr-Ile-Ser-
Lys are identical with the corresponding peptides
isolated from Aal y-chain. The C-terminal homo-
serine-containing peptide:

Thr(Ser,Thr,Thr,Val,Glu,Leu)Hsr

is identical with the equivalent sequence from
Aal y-chain except that there appears to be a

glutamic acid-for-aspartic acid replacement.

DISCUSSION
The use of citraconic anhydride rather than

S-ethyl trifluorothioacetate to block the lysine
residues of C-1 fragment before tryptic digestion
was of major advantage, as the tryptic hydrolysis
went to completion, and aggregated or partial
hydrolysis products comparable to fraction TI
were not obtained. This made possible a more

accurate estimation of the relative recoveries of
peptides from different parts of the variable
section, this information being necessary for assess-

ing the significance of the sequences that have been
obtained. All the available results for the sequence
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Table 12. Amino acid composition of papain peptides of peptide Aa3-T84-B

Composition (mol of amino acid residue/mol of peptide)

Peptide ... Ts4-B-P1
Arg Free Arg
CMCys
Asp
Thr
Ser
Gly
Ala
Leu
Tyr
Phe

Ts4-B-P2
1.0

Ts4-B-P4 Ts4-B-P5 Ts4-B-P6 Ts4-B-P7 Ts4-B-P8 Ts4-B-P9 Ts4-B-P3A

0.4 +ve
0.4

1.1 0.4
0.4 0.3
0.4 0.2

1.0 1.1 0.5

0.9 1.0
1.0 1.0

1.0 1.0
1.0 0.9

0.2
0.3

1.9 1.1

1.0
0.9
0.2

0.5

1.0
Free CMCys +yve

1.1

Peptide ... Ts4-B-P3B Ts4-B-P3C Ts4-B-P3D Ts4-B-P3E Ts4-B-P3F Ts4-B-P3G Ts4-B-P3H Ts4-B-P31

1.0 1.0

1.8

0.9
1.0 1.2

1.0 1.0 1.0

0.9 1.7
1.0

1.0
0.7
1.0

0.8

1.0

0.7
1.0

0 200 400 600 800
Elution volume (ml)

Fig. 13. Fractionation of a CNBr digest of rabbit Aa3
heavy chain on a column (140 cmx 3.0 cm) of Sephadex
G-100 in 6M-urea-0.2M-sodium formate, pH3.2.
E280. Naming of the fractions is as shown.

of the variable region of the three allotypes are sum-

marized in Fig. 15. The positions at which residues
are considered to correlate with allotype have been
boxed. At other positions, e.g. 3 and 4, where
serine or leucine or valine respectively are common,

the correlation appears uncertain and the residues
have not been boxed.

In spite of the inevitable losses during fraction-
ation, it appears clear that peptides containing the
CMCys-Ala-Arg sequence (residues 92-94) are com-

mon to all or almost all the molecules in fragment
C-1 from both the Aal and Aa3 y-chains. The
fact that this sequence is found in three peptides of
various lengths is explained by cleavage at the
methionine residues which occur in some cases at
position 79 in both y-chains, and by partial tryptic
hydrolysis of the immediately preceding Tyr-Phe
and Phe-CMCys bonds. No other peptides from
this section (residues 67-94) were found in the
fully characterized Aal y-chain, and as far as

could be judged from a comparison of the radio-
activity of these peptides with that of the
carboxymethylcysteine-containing peptides from
the constant region, the yield in the crude fractions
was nearly 100%. It therefore follows that section
67-94 is exceptionally stable with only two
positions (79 and 80) showing recognizable replace-
ments.

It is more difficult to assess the recoveries of
peptides from the region of positions 34-66 but it
is apparent that there is much more variability,
particularly between positions 50 and 60. A re-

placement has also been identified at position 35.
The comparison of the sequences of the variable

regions of the y-chains of the Aal, Aa2 and Aa3
allotypes (Fig. 15) confirms that allotypically
related differences in sequence occur in positions
10, 13, 15, 16, 17, 27, 28, 29 and 33 in the N-terminal
34-residue section. In the region from positions 35
to 66 there is considerable variability between posi-
tions 50 and 60, with apparently two insertions

Arg
CMCys
Asp
Thr
Ser
Gly
Ala
Leu
Tyr
Phe

+ve
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Table 13. Isolation and amino acid composition of tryptic peptides offragment C5

Elution volumes (with 0.05M-NH3, from Sephadex G-50) are given relative to exclusion volume= 1.0.
Mobilities are given relative to lysine +1 and e-DNP-lysine 0.

Paper electrophoresis

N-Terminus

Gly
Glu
Phe

Thr

Relative
elution vol.

3.0
2.6
2.6
2.6

2.0

pH Mobility
6.5 +0.80
6.5 +0.49
6.5 +0.42
6.5 Neutral
1.9 +0.14
1.9 -0.05

Composition (mol of amino acid residue/mol of peptide)
T

Peptide ..... C5-T7A
Lys
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Tyr
Phe
Hsr

C5-T6A C5-T6B C5-T6C C5-T4A
1.0 1.0 1.0

1.0

1.0
1.0

1.1 1.0
0.9

0.9
1.2

1.0

0.9

3.5
1.8

1.1 0.9
1.1
1.2 0.5
0.9

1.0

1.0

0.8

Peptide Sequence

C5-T7A Gly-Arg

C5-T6A Gln-Ala(Pro,Gly)Lys

C5-T6B Phe-Thr-Ile-Ser-Lys

C5-T6C ([G1x,Ala,Pro,G1y,Lys)

C5-T4A Thr(Thr2.5,Serl.8,Glx,Leu,Val)Asr

Fig. 14. Amino acid sequence results of the tryptic
peptides isolated from fragment C-5. Sequence deter-
mination from the N-terminal end was by the dansyl-
Edman technique, shown by --. The presence of N-
terminal pyrrolid-2-one-5-carboxylic acid (pGlu), resulting
from cyclization of glutamine, is indicated by [.

in the Aa2 sequence of a homogeneous antibody
(Fleischman, 1971) relative to the Aal sequence.
The variability makes it unlikely that allotypic-
ally related changes occur but there may be such
a change in position 43. As the sequence of Aal
and Aa3 heavy chains from pooled IgG is the
same, the difference in Aa2 sequence may be idio-
typic rather than allotypic.

Between positions 68 and 94 only two positions
(79, 80) with alternative residues have been de-
tected and for residues 81-94 in both Aal and Aa3

sequences no variability was found, and yields
based on the recovery of the radioactive marker at
position 92 appeared to be high. It was between
positions 80 and 85 that the most striking allo-
typically related difference was found. No peptides
deriving from position 95 to about position 115 have
been recognized, and it is believed that this is due
to the exceptional variability and hence low yield
of any one peptide in this section. An attempt was

made to assess this complexity by radioactive
'mapping' of chymotryptic peptides, all of which
had the N-terminal sequence CMCys-Ala-Arg
(S. A. Jackson, unpublishedwork). More than 30
such peptides could be distinguished and it seems

clear that the variability of this section is much
higher than is found in positions 30-35 and 50-60,
where, although replacements occur, some coherent
sequence could be established.
The constant section from about position 115 to

beyond the extent of the Fd fragment is accounted
for by two large peptides, T2 and T3, and a small
peptide T7. The constituent peptides of T3 have
been isolated from both Aal and Aa3 y-chains and
have been found to be identical in electrophoretic
mobility, amino acid analysis and N-terminal assay.

Peptides T2 and T7 from both allotypes have the
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ALLOTYPE SEQUENCES OF IgG HEAVY CHAINS

same analysis, as has also been reported by Koshland
(1967), and hence it appears that all the allo-
typically related differences in sequence are found
in the variable section. Support for this con-
clusion is given by comparing the differences
between Aal and Aa3 sequences with analysis
results reported by other laboratories (Table 14).
The three sets of results show good agreement.
The methionine-threonine replacement at about
position 220 reported by Prahl & Porter (1968) as
correlating with the Aa3 and Aal allotypes was
shown subsequently to show a close relation with the
newly discovered All and A12 allotypes (Prahl,
Mandy & Todd, 1969). By chance the rabbits of
Aa3 allotype used by Prahl & Porter (1968) were
also of the then unknown All allotype, whereas
the Aal and Aa2 allotypes were A12. The associ-
ation of the methionine-threonine change with the
'a' locus allotype was fortuitous. Thus the allo-
typically related differences in sequence are con-
fined to the variable region and occur there in
eight positions scattered near the N-terminus, in
a block in positions 80-85 and possibly also at
positions 43 and 77. That there are multiple
changes associated with the rabbit allotypic
specificities has always been probable because they
have been detected by precipitating antisera, rather
than inhibition methods, implying that several
antigenic sites are involved.
The pattern of residue changes in the variable

section, consisting of one hypervariable region
(positions 95-115), two less variable regions
(positions 30-35 and 50-60) and fewer changes
elsewhere, is in general agreement with that found
on comparison of sequences of the heavy chains of
myeloma proteins (Press & Hogg, 1969; Edelman et
al. 1969; Wikler, Kohler, Shinoda & Putnam, 1969).
The same pattern is also apparent from comparison
of the much more extensive results on the variable
sections of the light chains (see Wu & Kabat, 1970).

In our work, if the allotypically related residues
do in fact determine the allotypic specificity, it

would be expected that there would be absolute
constancy in 16 positions in the variable section
of the y-chain of a given allotype. In five of these
positions, however, alternative residues have been
detected and it may be that they reflect the further
subdivision of the allotypic specificities that has
been reported (Oudin, 1960).
Numerous attempts to explain the genetic origin

of this complex pattern of variability have been
made, most recently by Milstein & Pink (1970),
Gally & Edelman (1970), Wu & Kabat (1970),
Weigert, Cesari, Yonkovitch & Cohn (1970), Hood,
Eichmarn, Lackland, Krause & Ohms (1970),
Baglioni (1970) and Makela & Cross (1970). There
appears to be general agreement that there are two
separate genes coding for the variable and constant
sections ofboth heavy and light chains. The present
confirmation that the Aal, Aa2 and Aa3 allotypic
specificities are determined by sequences in the
variable region, when considered together with the
observation that these specificities are found in
any combination with the All and A12 (Mandy &
Todd, 1968) and A14 and A15 (Dubiski, 1969)
specificities in the constant section of the y-chain,
and also of ,u- (Todd, 1963), o- (Feinstein, 1963)
and c-chains (Kindt & Todd, 1969), supports this
view. In breeding experiments (Mage, Young-
Cooper & Alexander, 1971), one recombinant of the
'a' locus gene with A14/15 has been detected among
151 progeny of 42 different litters. Other genetic
markers suggest that the parentage of the recom-
binant was correct and hence, if this rate of
recombination is confirmed, supports the view that
distinct genes do control the synthesis of the
variable and constant sections of the y-chain.
More extensive results will be necessary to establish
the map distance between these genes. In earlier
experiments no somatic recombination had been
observed, but the methods available gave an
accuracy of only about 5% (Landucci-Tosi, Mage
& Dubiski, 1970; see also Kindt, Mandy & Todd,
1970).

Table 14. Comparison of differences in amino acid content between Fd fragment of Aal and Aa3 allotypes
by analysis and by sequence results

For further details see the Discussion section.

Sequence results

This paper, and Wilkinson (1969a)
Arg
Thr
Glu
Pro
Ala
Ile
Val
Phe

-1
-2
+1
-2
+3
-1
-1

Analysis results

Koshland (1967) Inman & Reisfeld (1968)
-1
-2
+1
-1
+2 (-+3)
-1
-1

+0.6 +1

-1
-2
+1
-1
±2
-1
-1 (-+2)
+1
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Wu & Kabat ( 1970) have made the additional sug-

gestion that there may be an episome coding for the
short hypervariable section and this inserts into
the two fusing genes. Since our results emphasize
the quite exceptional variability in the region of
residues 95-115 they are compatible with some
such unique mechanism. However, as Makela &
Cross (1970) noted, the observed pattern of one
hypervariable region, two less variable regions,
fewer changes in some positions and stability in
others is similar to that found in the analysis of
spontaneous mutations in the rII region of the T4
bacteriophage (Benzer, 1961). There seems no
reason to invoke any special mechanism such as an
episome, though the origin ofspontaneous mutation
is unknown. The finding of allotype-related
sequence changes throughout the variable region
suggests that there is only one or a small number
of copies of each allelic gene, as it is difficult to
envisage the method of conserving the allotype
determinants if there are very many copies. If
this is correct, exceptional rates of somatic muta-
tion, probably associated with cell division, must
occur in the precursors of the immunocompetent
cells.
The origin of the postulated allotypic deter-

minants remains obscure. In some positions, the
residue changes necessitate a double nucleotide-
base change in the codon, implying that frequent
mutation was occurring during the divergence of
the allotypes and yet the allotypes are now stable.
One suggestion (W. F. Bodmer, unpublished work)
would be that controlling rather than structural
allelic genes are responsible for the allotypes.
The function of the controlling gene would be the
prevention or elimination of mutations in certain
sections of a highly mutable structural gene coding
for the variable region, particularly in those
sections coding for the allotypic determinants.
Such a system could reconcile the wide sequence
differences between the allotypic sequences with
their present stability. The controlling gene might
also influence the sequence changes determining the
antibody-combining specificity and hence lead to
some relationship between the allotype and the
range of combining specificity. However, there is
no simple dependence of recognizable specificities
on sequence (Porter, 1971), so the testing of such
a hypothesis does not seem feasible.
We thank Professor P. G. H. Gell for typing of the

rabbit scra, Professor W. F. Bodmer, Mr C. E. Fisher
and Dr D. B. Roberts for much valuable discussion and
Mr T. Gascoyne and Mr A. C. Willis for their excellent
technical help.
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