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ABSTRACT: Comparative structural study of four IgM macro-
globulins from different patients has been done to determine
the switch point between the V (variable) and the C (constant)
regions of p heavy chains and to aid in elucidating the mech-
anism governing their genetic control. Three new u chains
were partially sequenced, Ga, Di, and Dau; these were com-
pared with the u chain of IgM Ou for which the complete
amino acid sequence has been reported. Although many dif-
ferences were found in the V region of the four u chains, no
differences have yet been identified in the C region. The C
region begins at residue Ser-125 (in the Ou numbering sys-

Antibodies are immunoglobulin molecules consisting of
a pair of heavy chains and a pair of light chains disulfide
bonded to each other in a symmetrical tetrapolypeptide chain
structure that has two equivalent combining sites for specific
antigen. For « and X light chains, and for the v heavy chain,
it has been shown that each chain is divided into a variable
(V) region comprising the first 110-120 amino acid residues
of the amino terminus and a constant (C) region representing
the rest of the chain. It is believed that all immunoglobulin
polypeptide chains have this basic structure and that the C
region has a characteristic amino acid sequence which defines
the type (x or \) of light chain or the class (v, a, u, 8, or €) of
heavy chain. The V region differs idiotypically, that is in-
dividually for each patient with a plasma cell tumor, such as
multiple myeloma or macroglobulinemia, and is believed to
differ uniquely for each antibody specificity (Putnam, 1969).
A principal problem of molecular immunology today is to
establish the structural characteristics of each class of heavy
chain as an aid to the elucidation of the genetic control of
structural variability in immunoglobulins and its relation-
ship to antibody specificity. To this end, we have determined
the complete amino acid sequence of one u chain and the
partial amino acid sequence of three other u heavy chains
from human IgM immunoglobulins; these results have en-
abled definition of the switch point between the V and C
regions of u chains and identification of conservative and
hypervariable segments with different functions in the V region.

The experimental design of this work was to dissect out
large accessible fragments of IgM proteins Ga, Di, and Dau
that were suitable for analysis with the sequenator and to
compare the sequence of these fragments with the complete
amino acid sequence established for the Ou u chain by a com-
bination of conventional and automatic methods (Putnam
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tem) and in each u chain is preceded by a variable region that
has a unique amino acid sequence. The V region sequence is
independent of the class of the heavy chain, and subgroups
denoted V1, Vurr, and Vuirr have been proposed which are
shared by all classes of heavy chains (u, v, «, 8, and €). Ex-
tensive sequence analysis of the four g chains generally sup-
ports this classification, but the subgroups appear less well
defined than previously thought. The division of x chains into
V and C regions supports the hypothesis that separate V
region and C region genes are required for biosynthesis of
heavy chains.

et al., 1973). Since all four u chains are blocked, direct analy-
sis of the N-terminal region with the sequenator was not
possible. One of the main objectives was to isolate a large
fragment containing the switch region, that is, the segment in
which the sequence changes over from variable to constant.
From previous work we had postulated that the Cu region
begins with Val-123 in the sequence Val-Ser-Ser (Putnam
et al., 1971, 1972), If our scheme for the structure of the u
chain is correct, the first methionine in the C region should
be Met-204 in the Ou numbering system.! Because the loca-
tion and number of methionine residues in the V region dif-
fer for different u chains, the number of CNBr fragments
obtained from the V region will vary. Furthermore, although
the sequence of the switch region should be constant from
the V/C juncture to Met-204, the amino terminal portion of the
switch region will be variable, as will the length of the fragment.
To obtain the switch region peptide, Fab fragments of IgM were
prepared by tryptic cleavage at 60°; these were succinylated,
cleaved with CNBr, reduced, and alkylated, and the resulting
fragments were separated by gel filtration and were sequenced.

Experimental Section

Materials. Plasma containing IgM in high concentration
(2-8 g/100 ml) was obtained from four patients with Walden-
strom’s macroglobulinemia, designated Ou, Ga, Di, and
Dau.? Sephadex products were obtained from Pharmacia

} Because u heavy chains may have different lengths in the V region
and because the complete sequence was not determined for IgM proteins
Ga, Dau, and Di, the numbering of residues for all chains is referred
to the numbering system for the Qu u chain (Putnam et al., 1973) in
comparisons of the sequences. However, in presentation of the sequence
for Ga, for which the entire V region was determined, a continuous
numbering system beginning with the N-terminus is used.

: Plasma was obtained from cooperating physicians as follows: Ou,
Dr. John Fahey and Dr. William D. Terry, National Cancer Institute,
Bethesda, Md.; Ga, Dr. Samuel Murphy, Ohio State University School
of Medicine, Columbus, Ohio; Di, Dr. Thomas Newcomb, University
of Florida School of Medicine, Gainesville, Fla.; Dau, Dr, John Harter,
Massachusetts General Hospital, Boston, Mass. Antiserum for normal
1gM and antiserum prepared with IgM Ga as an antigen were supplied by
Dr. Fred Hymes of Meloy Laboratories, Inc. Large scale purification of
1gM Ga was donefor us by Drs. Milan Wickerhauserand Yu-lee Hao of the
American National Red Cross Blood Research Laboratory, Bethesda, Md.
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Fine Chemicals, and carboxypeptidases A and B and Tos-
PheCH,Cl-trypsin from Worthington. Reagents used for the
sequenator (sequenal grade) were from Beckman Instruments
Inc. Reagents used for amino acid analysis and sequence
determination have been described (Titani er al., 1970).
Antisera were prepared by immunization of rabbits with
purified IgM, u chains, or light chains (Migita and Putnam,
1963) or were obtained from Meloy Laboratories, Inc.?

Methods. Preparation of IgM. The 19S IgM was isolated
from the plasma by a combination of euglobulin precipita-
tion and gel filtration based on the procedure of Putnam ez al.
(1967).3 The plasma was first dialyzed against a solution of
0.1 % CaCl, to remove the fibrinogen. After a tenfold dilution
with distilled water, the plasma was dialyzed in the cold
against distilled water to precipitate the IgM. After centrifuga-
tion, the IgM globulin was purified by gel filtration on
Sephadex G-200 to remove any contaminating IgG. The
immunochemical purity of the IgM preparations was checked
qualitatively by immunoelectrophoresis and semiquantita-
tively by immunodiffusion using serial dilutions with an-
tisera that were monospecific for IgM, IgA, IgG, and for var-
ious plasma proteins; by these criteria and by analytical
ultracentrifugation, the IgM preparations were at least 98 7
pure and contained less than 1% IgG. Of course, in analytical
ultracentrifugation minor IgM peaks representing higher
polymers of IgM, such as 22S and 26S components, were
present in addition to the predominant 19S component.
All of the four IgM globulins had « light chains. No subclas-
sification of the IgM proteins could be made by methods
using various antisera specific for the u chain or for the Fc
region.

Preparation of Fabu Fragment. The Fabu fragment con-
sists of the light chain attached by a disulfide bond to the
Fd’ portion (about 213 residues) of the u heavy chain char-
acteristic of IgM. For all four IgM proteins the Fabu frag-
ment was prepared by the “hot trypsin” method; that is,
by limited cleavage of undenatured IgM by incubation at
60° with trypsin for 45 min with a ratio of enzyme to sub-
strate of 1:50 and an IgM concentration 1.59 (Plaut and
Tomasi, 1970). The Fabu fragment (s;, = 3.5 S, molecular
weight of about 50,000) was separated from the Fcu fragment
(s2s = 10 S, molecular weight of about 340,000), Fcu is a
decamer of the carboxyl-terminal portion of the u heavy
chain. Sometimes uncleaved IgM remains associated with the
Fcu fragment in the column eluate. The third and last peak
eluted consists of a mixture of peptides resulting from ex-
tensive cleavage of some molecules and from the excision and
degradation of the third homology region of the u chain (des-
ignated Cu2 because it is the second homology region of the
constant portion of the u chain). With different proteins and
in different experiments with the same protein, the yields
varied somewhat, but the usual recovery of Fabu was about
409 of theoretical.

Succinylation of Fabu. In order to obtain larger peptides
suitable for sequenator analysis the IgM proteins were suc-
cinylated. This blocks the lysyl groups and also improves the
solubility of the reduced-alkylated p chains and of the CNBr
fragments. The IgM proteins were succinylated with solid
succinic anhydride which was added in small portions to the
protein solution over a period of 1 hr in a ratio of 5 g of suc-

3 We are indebted to Dr. Yu-lee Hao and Dr. Milan Wickerhauser
of the American National Red Cross Research Center, Bethesda, Md.,
for collaboration in the large scale purification of the plasma from
patient Ga and for a supply of partially purified, normal human IgM.

cinic anhydride per g of protein. The pH was kept between
8 and 10 by adding solid Na,CO;. The excess of reagent was
removed by dialysis (Klotz, 1967).

The cyanogen bromide cleavage was performed on succinyl-
ated Faby in 707 formic acid by reaction for 4 hr at room
temperature at a ratio of 5 g of CNBr/g of protein. The excess
of CNBr was removed by lyophilization (Witkop, 1968).

Reduction and Alkylation. After succinylation of the Fabyu
and reaction with CNBr, all disulfide bridges were reduced
and alkylated by reduction with 0.1 M mercaptoethanol in
8 M urea buffered with 0.1 M Tris-HCI (pH 8.0), followed by
alkylation with 0.2 M iodoacetamide (Titani er al., 1969).

Enzymatic Hydrolysis. Tryptic hydrolysis of the reduced-
alkylated, succinylated CNBr fragments was done by in-
cubation at 37° for 30 min in 19 ammonium bicarbonate
with a 1: 50 weight ratio of trypsin to substrate. Chymotryptic
hydrolysis was done under the same conditions. Purification
of the peptides is described in the Results section.

Amino Acid Analysis. Samples for amino acid analysis were
hydrolyzed for 22 hr with 5.7 § HCI in an evacuated sealed
tube and analyzed with the Beckman Model 120 automatic
amino acid analyzer equipped with high sensitivity cuvets
and recorders. Glucosamine was determined from the short
column analyses; no correction was made for destruction by
acid hydrolysis, which is considerable (Moore and Putnam,
1973).

Amino Acid Sequence Analysis. Sequence analysis was done
almost entirely by the automatic method with the Beckman
Model 890 sequencer. The phenylthiohydantoins were identi-
fied by gas chromatography with two columns (Pisano and
Bronzent, 1969) with verification of the regenerated amino
acid as needed. For automatic sequence analysis, procedures
similar to those of Hermodson er al. (1972) were followed.
The amino end groups of peptides were determined by the
dansyl-Edman method (Gray, 1967), and the dansyl deriva-
tives were characterized by the procedure of Woods and
Wang (1967). Information on the carboxyl-terminal sequence
of peptides was obtained by incubation for 1 hr at 37° in
0.1 M Tris-HCI buffer (pH 8.0) with a mixture of carboxy-
peptidases A and B. The liberated C-terminal residues were
determined with the amino acid analyzer.

Nomenclature of the Peptides. Because the tryptic peptides
were prepared from succinylated CNBr fragments of 4 u
chains having different amino acid sequences in the V region,
a nomenclature system was devised which identifies each
peptide with the u chain and the CNBr fragment from which
it was derived. In this system, V and C represent the variable
and constant regions, respectively. This is followed by designa-
tion for the u chain referring to the patient from whom the
IgM was obtained, e.g.,, Ou, Ga, Di, or Dau. Cyanogen
bromide fragments are indicated by the symbol B followed
by a number indicating the order of this fragment in the u
chain from which it is derived. Tryptic peptides from a suc-
cinylated CNBr fragment are designated T followed by a
number indicating their order in the fragment. For example,
VDiBI1T1 indicates the amino-terminal tryptic peptide T1,
which is derived from the amino-terminal CNBr fragment
VDIiB1 which is in the V region of the u chain from IgM
Di. If lysyl peptides were prepared from the unsuccinylated
u chain, a second number is given to indicate the order within
the succinylated tryptic peptide, e.g., the succinylated tryptic
peptide from the amino terminus of the Di x chain is VDiBIT1,
and the corresponding peptides from the unsuccinylated u
chain are VDiB1T1-1 and VDiB1T1-2. Because the V regions
of u chains vary in length and also because the V region
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FIGURE 1: Schematic alignment of the CNBr fragments of the Fd
portion of the u heavy chain of human IgM immunoglobulins Ou,
Ga, Di, and Dau. The fragments are aligned with reference to the
known amino acid sequence of the Ou u chain (Putnam et al.,
1973). The position of methionine residues is indicated by vertical
solid lines and of arginine residues by vertical dotted lines. The
bracket at the N terminus indicates the chain has a blocked end
group of pyrrolidonecarboxylic acid. The sequence of each chain
is depicted by the heavy horizontal line to the scale given below.
Light horizontal lines for Ga, Di, and Dau indicate analyses with
the sequencer. Tryptic peptides from the succinylated chains are
designated T1, T2, etc. CNBr fragments are denoted Bl, B2, etc.,
as described in the text. CHO indicates carbohydrate. Vertical
shaded lines identify regions of sequences that are hypervariable
in the V region of all heavy chains.

sequences were not complete for all four u chains, the num-
bering system for amino acid residues is based on homology
of the sequence to that of the V region of the Ou u chain,
for which the complete sequence has been reported (Putnam
et al., 1973). To facilitate identification of the CNBr fragments
and the tryptic peptides described in the Results section,
a schematic diagram is given in advance in Figure 1 showing
their localization in the various u chains. Evidence for this
localization is given in the Results and Discussion sections
and in later figures.

Results

Isolation of CNBr Fragments. The polypeptides obtained
by CNBr cleavage of the reduced-alkylated, succinylated
Fabyu fragments of IgM Ga, Di, and Dau were separated by
gel filtration on Sephadex G-100 in 6 m urea—0.05 M formic
acid at room temperature. Figure 2 shows the elution pattern
obtained for the Fabu fragments of Ga (upper figure) and
Di (lower figure). A somewhat different elution pattern was
obtained for the Fabu fragment of IgM Dau because the «
light chain also contains methionine and yields two CNBr
fragments.!

Because of the varying number and distribution of the
methionine residues in the V regions of u chains and the pos-
sibility of methionine residues in light chains the elution
profiles may differ significantly for different Fabu fragments.®

4 Because extensive structural studies of IgM Dau will be reported
separately (Lehman, D., Ph.D, Dissertation, in preparation), detailed
data on the preparation and sequencing of the CNBr fragments are not
given in this paper.

% Amino acid analyses of the Fabu fragments are not reported because
the presence of a different x light chain in each Fabu fragment greatly
affects the results. Predicted numbers of CNBr fragments are not given
because the number of methionine residues in the V region of each u
chain has to be estimated by difference and exact stoichiometry is diffi-
cult to obtain for very large proteins such as IgM. Thus, the numbering
of CNBr fragments is based on the number actually isolated, and their
location is based on sequence determination and homology to the Ou
chain.
2484 1974
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FIGURE 2: Separation of CNBr fragments of succinylated, reduced,
and alkylated Fab fragments of IgM immunoglobulins Ga (upper
diagram) and Di (lower diagram). Gel filtration on Sephadex G-100
was done at room temperature with 6 M urea, 0.05 M formic acid;
the column size was 2.5 X 100 cm and the fraction size was 3.5 ml.

In each case in Figure 2 the first major fraction contains light
chain and is devoid of methionine and homoserine. The
second fraction (VGaB4 for Fabu Ga, and VDiB2 for Fabu
Di) is a large fragment that includes the V/C switch area.
This was first suggested by the presence of a large amount of
glucosamine attributable to the carbohydrate at position 170
in the p chain, for carbohydrate has been identified at this
position in the Ou and Di g chains (Shimizu er al., 1971;
Putnam er al., 1972). Carbohydrate is located in a similar
sequence in the Dau u chain according to unpublished results
of our laboratory and preliminary data of Hurst er al. (1973).
Accordingly, the third peak should contain the CNBr frag-
ment that is N-terminal in the Fd portion of each u chain.
In the separation for Fabu Ga the third peak contains two
CNBr fragments (VGaBl and VGaB2), each of about 40
residues in length, whereas only one fragment (VDiB1) was
present in the third peak for Fabu Di. In addition, a CNBr
fragment that was only a tetrapeptide (VGaB3) was found in
the salt peak for Fabu Ga. The position of the third fraction
eluted from the CNBr cleaved Fabu Di indicates that the
fragment (VDIiB1) is larger than the fragments (VGaBI1 and
VGaB2) in the corresponding fraction for Faby Ga. In the
case of Di the resolution between the light chain and the
fragment including the switch area (VDiB2) was poor. The
resolution of VGaB1 and VGaB2 was accomplished by gel
filtration of the CNBr cleavage products of Fabu before and
after reduction—alkylation, as described below.

The amino acid composition, NH,-terminal residues, and
probable placement of the CNBr fragments of the Fd’ re-
gion of the Ga u chain (VGaBI1 to VGaB4) and of the Di p
chain (VDiB1 and VDiB2) are given in Table I. The carboxyl-
terminal amino acids of some of these fragments are given in
Table II. The pattern of the separations, the nature of the
N-terminal residues identified in each fraction (Table I),
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TABLE I: Amino Acid Composition of the CNBr Fragments from VGa and VDi.?

VGaB1 VGaB2 VGaB3 VGaB4 VDiBl1 VDiB2
Lysine 2.6(3 434 4.1 3.6(4
Histidine 1.0(D)
Arginine 2.3(2) 2.8(3 4.0 3.5 5.0
CM-cysteine +(1) 2.4(3) 0.5 2.0(3)
Aspartic acid 4.8 (6) 11.0(11) 4.8 10.6 (11)
Threonine 1.3 1.9(2) 8.5(9 4.0 12.4 (10)
Serine 5.2 (6) 4.4 (5 15.0 (19) 5.8 20.2 (22)
Homoserine 0.8(1) 0.5(1) 0.5(Q1) +@ + +@)
Glutamic acid 4.3 3.203) 1.0(D 6.5 (5) 9.0 5.003)
Proline 0.9 1.3 (D) 5.6 (6) 6.1 6.8 (6)
Glycine 5.1(5 4.1 11.0(10) 8.1 8.4(8)
Alanine 3.4(4) 2.9(3) 11.0(11) 3.2 9.6 (10)
Valine 3.903) 3.1(3) 9.2(9) 7.2 10.6 (11)
Isoleucine 1.92) 4.5@% 3.8 2.0(2)
Leucine 2703 2.4(2) 1.0(1) 10.0 (10) 5.6 10.6 (12)
Tyrosine 0.8 (1) 2.6(3) 1.01) 5.1(5 2.7 4.2 4)
Phenylalanine 1.9(2 1.2 4.7 4) 1.6 4.6 (5
Tryptophan +@2) +Q2) + +@©2)
Carbohydrate 2.0° 1.1°
Total residues 34 45 4 117 (70) 118
Residue positions 1-34 35-79 80-83 84-204 (1-72)¢ 73-204
NH; terminus PCA His Tyr Asn PCA Ser

¢ Values are given in molar ratios. Figures in parentheses were deduced from sequence analysis; these are omitted for VDiB1
because the sequence is incomplete. * Values given are for glucosamine uncorrected for loss during acid hydrolysis. ¢ The number
of residues is approximate in some cases because the complete sequence of the CNBr fragment was not determined.

and the results obtained by carboxypeptidase assay (Table
II) suggest the presence of three methionine residues in the
variable region of the Ga u chain, at least two in the Dau u
chain, but of only one in the variable part of the Di u chain
compared to four in the Ou u chain. The probable disposition
of these is shown in the alignment of the u chains given in
Figure 1.

Isolation of the Tryptic Peptides from CNBr Fragments.
From the published sequence of the Ou u chain (Putnam
et al., 1973) the largest CNBr fragment of the Fd region
should be the one containing carbohydrate and ending with
Met-204 (see later figure). If the C u region begins at ap-
proximately Val-124, this fragment must have a minimum
length of 80 residues from the C region plus the portion of the

V region extending to the nearest arginyl residue. Fragments
VGaB4 and VDiB2 met these criteria and were therefore
digested with trypsin. The succinylated tryptic peptides of
VGaB4 and VDIiB2 were purified by gel filtration on a column
of Sephadex G-75 in 197 NH,OH (Figure 3). Because of
succinylation of the lysyl residues, all these peptides should
have COOH-terminal arginine except for the COOH-ter-
minal peptide of each CNBr fragment which is recognizable
by the homoserine in the carboxyl-terminal position. Four
peaks containing tryptic peptides were identified in the elu-
tion pattern of the tryptic digest of CNBr fragments VGaB4
and VDiB2 (Figure 3). In each case the last peak contained
salt plus two small tryptic peptides which had to be separated
by paper electrophoresis. One of these was a heptapeptide

TABLE 1I: Carboxyl-Terminal Amino Acids of Tryptic Peptides and CNBr Fragments.®

VGaBIT1 VGaB1 VGaB2 VGaB2T2 VGaB3 VDiB1? VDiBIT1
Arginine 1.0 1.0 1.2 1.0
Threonine 0.9 1.1 1.4
Serine 1.8 1.4 1.4
Homoserine 1.0 1.0 1.0 0.8
Glutamic acid 0.9
Glycine 0.9
Alanine 1.2
Isoleucine 1.0 1.2
Leucine 0.7
Tyrosine 1.0 0.7
Phenylalanine 1.6
Tryptophan 1.2

@ All peptides were incubated with a mixture of carboxypepticases A and B for 1 hr at 37°. ® Carboxypeptidase B action stopped

at lysine which was succinylated.
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FIGURE 3: Separation of the tryptic peptides from the succinylated
CNBr fragment including the switch area from the p chain of
IgM Ga (VGaB4, upper diagram) and IgM Di (VDiB2, lower
diagram). Gel filtration was done on a column (2.5 X 100 cm) of
Sephadex G-75 in 1% NH.OH with a fraction size of 3.5 ml.

that was identical for both proteins (VGaB4T4 and VDiB2T4,
respectively); this peptide corresponds to the segment of the
C region from Gly-180 to Arg-186, i.e., Gly-Phe-Pro-Ser-
Val-Leu-Arg. The other peptide from the C region that was
identical for both proteins was fraction 2 which contained
VGaB4T5 and VDIiB2TS5, respectively; this is the COOH-
terminal segment of the Fd’ u region and corresponds to the

FLORENT et al.

sequence from Gly-187 through Met-204, This set of peptides
was identified by their amino acid composition and amino
end groups but only VGaB4T5 was sequenced. The switch
peptides (VGaB4T3 and VDiB2T3) were analyzed with the
sequencer (see later). The amino acid composition, NH,-
terminal residues, and probable placement of the succinylated
tryptic peptides of VGaB4 and VDIiB2 are given in Tables
III and IV, respectively.

The third peak eluted after gel filtration of the reduced—
alkylated CNBr cleaved products of Fab Ga contained two
fragments, VGaB1 and VGaB2 (Figure 2). The mixture was
digested with trypsin, and the succinylated tryptic peptides
were separated by gel filtration on Sephadex G-75 in 1%
NH,OH followed by further purification by paper electro-
phoresis at pH 1.9. Three peptides derived from VGaBl1
were obtained (VGaB1T1, VGaB1T2, and VGaB1T3); the
former had a blocked end group and therefore was assigned
to the amino terminus of the chain (Table V). Four peptides
later identified with VGaB2 were also purified (VGaB2T1,
VGaB2T2, VGaB2T3, and VGaB2T4) (Table V). Since
VGaB2T4 contained homoserine it must be carboxyl ter-
minal.

Although some of the above peptides could be placed by
homology to the Ou u chain, they did not account for all of
the amino acid residues in the fragments VGaB1 and VGaB2.
It was therefore necessary to separate these fragments and
purify the missing tryptic peptides. From Table I it is seen
that VGaB2 lacks Cm-cysteine, which is present in VGaBl;
this indicates the latter is linked elsewhere in the u chain
through a disulfide bond—presumably through an intra-
chain bridge to the second half-cystine in VGaB4 since
VGaBl is NH;-terminal (see Figure 1). Accordingly, VGaB2
was prepared by CNBr cleavage of the unreduced Fab frag-

TABLE 1II: Amino Acid Composition of the Succinylated Tryptic Peptides Corresponding to the CNBr Fragment VGaB4.?

VGaB4(T1 + T4) VGaB4T2 VGaB4T3 VGaB4T5
Lysine 1.9(2) 2.0
Histidine
Arginine 2.0(2) 0.8(1) 1.1(1)
CM-cysteine 0.6 (1) 1.5(2)
Aspartic acid 1.01) 1.4 9.1(8) 1.1(1)
Threonine 1.1(1) 6.6(7) 1.0 (1)
Serine?® 2.1 12.8 (15) 1.9(2)
Homoserine —+(1)
Glutamic acid 1.2(1) 3.503) 1.3(1)
Proline 1.0(1) 4.2(4) 1.0(1)
Glycine 2.0 0.9 (0) 6.7 (7) 2.1(12)
Alanine 2.7 (3) 6.0 (6) 1.8(2)
Valine 1.2() 1.3 5.2(5) 1.8(2)
Isoleucine 3.6(4)
Leucine 2.2(2) 5.6 (6) 1.6(2)
Tyrosine 1.6(2) 1.8(2) 0.8(1)
Phenylalanine 1.2(1) 3.003)
Tryptophan +(2)
Carbohydrate 2.0°
Total residues 11 11 77 18
Residue positions (84-87) -+ (180-186) 88-98 99-179 187-204
NH, terminus Asx + Gly Ala Ser Gly

2 Values are given in molar ratios. Figures in parentheses were deduced from sequence analysis. See also footnotes to Table L.
> Serine values are uncorrected for loss in acid hydrolysis. ¢ Values given are for glucosamine uncorrected for loss during acid

hydrolysis.
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TABLE IV: Amino Acid Composition of the Succinylated Tryptic Peptides Corresponding to the CNBr Fragment VDiB2.*

VDiB2T1 VDiB2(T2 + T4) VDiB2T3 VDiB2T5
Lysine 1.9(2) 1.9(2)
Histidine
Arginine 0.9(1) 2.0 1.5
CM-cysteine +@) 1.5(2)
Aspartic acid 2.3(3) 6.8(7 1.3QD)
Threonine 4.04) 6.7 (5 1.2(Q)
Serine 3.3(% 0.6(1) 12.2 (19) 2.2(2)
Homoserine +(1)
Glutamic acid 3.4(2) 1.2
Proline 0.9(1) 4.94) 1.3
Glycine 0.9 4.3 (5 1.8(2)
Alanine 4.04) 4.0(4) 1.8(2)
Valine 3.203) 1.0Q1) 4.7(5) 1.7Q2)
Isoleucine 1.5(2
Leucine 2.8 1.2(1) 4.1(5 1.7Q2)
Tyrosine 2.1 1.4(1) 0.8(1)
Phenylalanine +Q) 1.0 2.50)
Tryptophan +(2)
Carbohydrate 1.7%
Total residues 28 1+7 64 18
Residue position 73-100 115 + (180-186) 116-179 187-204
NH; terminus Ser Free Arg + Gly Trp Gly

® Values are given in molar ratios. Figures in parentheses were deduced from sequence analysis. * Values given are for gluco-

samine uncorrected for loss during acid hydrolysis.

ment of Ga. Gel filtration on Sephadex G-100 in 6 M urea
yielded a major peak containing the light chain and VGaBl1
and VGaB4 (all disulfide-bonded together) plus a second
peak containing VGaB2. The first peak was reduced and
alkylated and again passed through Sephadex G-100 in 6 M
urea. In the second gel filtration the light chain and the large
switch-region fragment VGaB4 were eluted together as the
first peak, and VGaBl separated as the second peak.

The purified fragment VGaB2 was digested with trypsin,
and the tryptic peptides were purified by paper electrophoresis.
Since VGaB2 was not succinylated, seven peptides were ex-
pected and found (three lysyl and three arginyl peptides plus
the COOH-terminal fragment). This procedure enabled puri-
fication of all of the tryptic peptides in VGaBl and VGaB2
except VGaBI1T3; it also helped provide some of the overlaps
of the tryptic peptides and aided assignment of the disulfide
bridge. The amino acid composition, amino-terminal groups,
and residue-position numbers of these peptides are given in
Table V.

VDIiBl1, the succinylated CNBr fragment representing the
NH,-terminal end of the Di g chain, could not be sequenced
directly because of the blocked end group. Hence, VDiB1
was digested with trypsin, and the tryptic peptides were sep-
arated on Sephadex G-50 in 1% NH,OH. Only two arginine
residues were present and the corresponding peptides VDi-
B1T1, VDiBIT2, and VDIiBIT3 were obtained (Figure 4).
Amino acid analysis showed that the first peak on the column
in Figure 4 represented the COOH-terminal portion of the
Fd p chain (residue positions 206-237). The amino acid
analyses, amino-terminal groups, and residue positions of
the succinylated peptides ascribed to VDiB1 are given in
Table VII.

Because the blocked amino-terminal peptide VDiB1T1
was poorly characterized, an attempt was made to prepare

the smaller unsuccinylated peptides. The Fab fragment was
cleaved with CNBr, reduced, and alkylated, and the CNBr
fragments were separated on Sephadex G-100 in 6 M urea.
VDiB1 was digested with trypsin and a two-dimensional
peptide map prepared at pH 1.9 by the method used previously
in our laboratory for light chains (Putnam et a/., 1967). How-
ever, the peptides were reacted with trinitrobenzenesulfonic
acid and the yellow peptide spots were eluted and analyzed.
By this procedure, three additional peptides were isolated:
VDiB1T1-1, VDiB1T1-2, and VDiB1T2-3 (Table VII). This
still left gaps, so VDiB1 was digested with chymotrypsin.
The chymotryptic peptides were likewise separated by the
two-dimensional peptide map method, stained with trinitro-
benzenesulfonic acid, eluted, and analyzed (Table VI).

Absorbance at 230 nm

(Solt)

160 200 240 280 320 360 400 440 Volumeiml}
FIGURE 4: Separation of the tryptic peptides (T1 and T2) derived
from VDIBI, the succinylated CNBr fragment that represents the
N-terminal portion of the Di u chain. Gel filtration was done on a
column (2.5 X 100 cm) of Sephadex G-50 in 1% NH;OH with a
fraction size of 3.5 ml. The unlabeled first peak represents the C-
terminal portion of the Fd piece of the Di x chain (residues 206-237
in the Ou numbering system).
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Sequence Analysis of the V Region of the Ga u Chain.® The
strategy for sequence determination of the V regions of the p
chains consisted of three lines of attack: (1) isolation and
analysis with the sequenator of all unblocked CNBr fragments
having ten or more residues, (2) isolation of tryptic peptides
of the CNBr fragments followed by either manual or auto-
matic sequence analysis of only those peptides needed to
extend the data on the CNBr fragments, (3) use of homology
with published sequences of heavy chains to align CNBr
fragments and tryptic peptides and to place residues in areas
of undetermined sequence. Data for the sequencer results on
the Fd region of the Ga u chain are given in Table VIII, and
the sequence data are summarized in Figure S.

Partial Sequence of Cyanogen Bromide Fragment VGaBl.
Because of the blocked end group, a direct determination
could not be made of the sequence of the intact Ga u chain,
nor of the CNBr fragment VGaB1 or of its amino-terminal
peptide VGaBIT1. The blocked residue was not removed
from the p chain by pyrrolidonecarboxylic acid peptidase,’
but the enzyme was sufficiently active on VGaB1T]1 to enable
use of the sequenator for eight cycles on the pentadecapeptide
prepared from it (Figure S). The sequence of VGaB1T2 was
established by the dansyl method and the specificity of trypsin
(Figure 5). Sequenator analysis of VGaB1T3 gave data for
ten steps (Table VIII). Methionine is placed at the carboxyl
terminus of VGaB1 because of the liberation of homoserine
by carboxypeptidase. The order of the tryptic peptides in
VGaBl is determined by the fact that VGaB1T3 contained
carboxyl-terminal homoserine and VGaB1T1 was blocked.

Cyanogen Bromide Fragment VGaB2. Sequenator analysis
corresponding to positions 35-73 was performed for 29 steps
on VGaB2 with good yields and clear results on most of the
steps (Table VIII and Figure 5). Digestion with carboxypep-
tidases A and B gave the carboxyl-terminal sequence Thr-
Met for VGaB2 (Table IT) and Ser-Arg at positions 71-72
(steps 37 and 38) for the tryptic peptide VGaB2T3. The
sequencer analysis covered and aligned all of the tryptic
peptides in VGaB2 and joined them to the Asx residue, which
is the amino terminus of VGaB2T4. The partial sequence of
VGaB2T4 was deduced from dansyl determinations on
VGaB2T4-1 and VGaB2T4-2 (Table V) and the carboxy-
peptidase results on VGaB2 (Table II).

Cyanogen Bromide Fragment VGaB3. The sequence of this
tetrapeptide was deduced by dansyl determination of the
amino terminus as tyrosine and by carboxypeptidase diges-
tion (Figure 5 and Table II).

Cyanogen Bromide Fragment VGaB4 and Tryptic Peptide
VGaB4T3. Sequenator analysis of VGaB4 for 39 cycles
gave clear results for the first 26 steps and for a number
of steps thereafter up to the beginning of the C region (Table
VIII and Figure 5). The last residue clearly identified was the
isoleucine at position 120 (position 124 in the Ou sequence).
In three other x chains we had found this position to be valine
and we had thought it marked the beginning to the C region.
It was therefore essential to extend the sequence. This was
done by sequenator analysis for 35 steps on the tryptic

¢ In the proof of sequence the residues in the V region of the Ga u
chain are numbered consecutively but in comparison to the Qu u chain
gaps are placed to maximize the alignment. All residues in the C region
are given the Ou numberings. A more detailed proof of sequence has
been submitted for examination to the reviewers and can be obtained by
writing directly to the authors.

T Experiments with pyrrolidonecarboxylic acid peptidase were per-
formed by Florence Dunne, The enzyme was supplied by Dr. Robert
Fellows, Duke University School of Medicine, Durham, N. C.
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FIGURE 5: Amino acid sequence of the V region and of the beginning of the C region of the Ga u chain.® Sequenator analysis of CNBr
fragments VGaB2 (residues 35-79) and VGaB4 (residues 85-204) is shown by arrows (—) directly under the sequence for each residue
determined. The tryptic peptides B1T1, B1T2, etc., are shown, and residues that were identified by various methods are indicated by
symbols as follows: sequenator (—), dansyl method (D—), and digestion with carboxypeptidases A and B («<<). The constant region
begins on the bottom line with Ser-121 (Ser-125 in the Ou numbering system). Residues in parentheses on the bottom line represent the
continuation of the constant sequence as determined in the Ou p chain (Putnam et al., 1973),

of which are identical with the sequence established for the
Ou u chain.
Remaining Sequence of the Fd Region of the Ga u Chain.

peptide VGaBA4T3 (Table VIII). This gave an overlap with the
parent CNBr fragment VGaB4 for 22 steps and extended
the sequence into the C region for 13 steps after Ile-120, all

TABLE vii: Amino«Acid Composition of Tryptic Peptides from VDiB1.°

VDiBI1T1 VDIiB1TI1-1 VDIiBIT1-2 VDIiBIT2 VDiBIT2-3 VDiBIT3
Lysine 1.4 0.9 (1) 2.3(2)
Histidine 1.1
Arginine 1.0 0.8(1) 0.8 (1) 1.2(1)
CM-cysteine +
Aspartic acid 1.1 3.1(3)
Threonine .0 0.8 (1) 2.0(2) 1.0(1)
Serine 4.9 1.2 (1) 0.7 () 3.1(3) 1.0(1)
Homoserine 0.8 (1)
Glutamic acid 5.1 3.4(3) 0.8(1) 3.9
Proline 1.0 1.4 (0) 3.3
Glycine 6.1 2.0 1.1() 4.8(4)
Alanine 2.3 1.1(D)
Valine 2.3 0.7(1) 1.2() 1.6 (1)
Isoleucine 1.4 1.0(1) 1.1(1) 1.0(1)
Leucine 4.2 2.5@2) 2.4(2)
Tyrosine 1.4 1.9(3
Phenylalanine 0.9
Tryptophan + +(1) +(1)
Total residues 38 12 7 29 2 3
Residue number 1-40 1-12 34-40 41-67 68-69 70-72
N terminus PCA PCA Gln

¢ Values are given in molar ratios. Figures in parentheses were deduced from sequence analysis. Peptides VDiB1T1, VDiB2T2,
and VDiB1T3 were from the succinylated fragment VDiB1 ; the others were from the unsuccinylated fragment.
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FIGURE 6: Amino acid sequence of the V region and of the beginning of the C region of the Di u chain. Sequenator analysis of CNBr frag-
ment VDIiB1 and of tryptic peptide VDiB2T3 is shown by arrows (—) directly under the sequence for each residue determined. Other tryptic
peptides (B1T1-1 etc.) and chymotryptic peptides (C1-C14) described in the text are identified. Dotted lines in parentheses indicate missing
residues. The numbering system is based on homology to the V region of other heavy chains, the first invariant tryptophan being regarded
as Trp-38. The constant region begins on the bottom line but the exact numbering is uncertain because of the gap after Arg-100. Residues
in parentheses on the bottom line represent the continuation of the constant sequence as determined in the Ou u chain (Putnam ez al., 1973).

The rest of the Fd sequence of the Ga u chain was placed by
homology to the Ou u chain. VGaB4T4 with the sequence
Gly-Phe-Pro-Ser-Val-Leu-Arg at positions 180-186 was
present in the last peak of Figure 3. Sequenator analysis of
VGaB4TS gave very clear results for 12 steps and probable
identification for three more as follows

Gly-Gly-Lys-Tyr-Ala-Ala-Thr-Ser-Glu-Val-Leu-Leu-Pro-Ser-Lys

This places the peptide in the sequence for residues 187-
204 in the Ou g chain (see Figure 9 later). Moreover, the
residues (Ser,GIx) for which the order was uncertain in the
Ou u chain were placed in sequence as Ser-Glu, each residue
being identified both by gas chromatography and by amino
acid analysis after regeneration.

Alignment of CNBr Fragments of the Ga u Chain. VGaBl1
is placed at the N-terminus of the Ga u chain because both
have blocked end groups and because VGaB1 has the char-
acteristic invariant half-cystine at position 22 and a methi-
onine residue at position 34. VGaB2 is placed as the second
fragment in the Ga u chain because of homology and such
characteristic features as the invariant tryptophans at posi-
tions 36 and 47. VGaB3 provides a characteristic methionine
residue for position 83. The sequence after this is continuous
from the N-terminus of CNBr fragment VGaB4 into the C
region. VGaBl1 and VGaB4 are linked through an intrachain
disulfide bridge. Slant lines are used in Figure 5 to indicate
that the order of VGaB2 and VGaB3 was not established.

Sequence Analysis of the V Region of the Di u Chain. Amino
Terminus. The blocked amino terminus indicates that VDiB1
is the NH;-terminal CNBr fragment of the Di u chain (Figure
6). The blocked amino-terminal tetrapeptide (T1-1C1) was

reported previously by Kohler et al. (1970). The succinylated
tryptic peptide (VDiB1T1) could not be sequenced because
of the blocked end group but digestion of VDiBIT1 with
carboxypeptidases A and B (Table II), together with the data
on C-7 (Table VII), gave the COOH-terminal sequence of
Ser-Trp-lle-Arg. The chymotryptic peptides C-1-C-7 (Table
VII) were tentatively placed by homology to the Ou and Ga
u chains (see later figure).

Residues 41-72 in CNBr Fragment VDiBl1. As shown in
Figure 6, this portion of VDiB1 was established by sequencer
analysis of VDiB1T2 (Table VIII) supplemented by amino
acid analysis of the chymotryptic peptides C-8-C-14 (Table
VII) and carboxypeptidase digestion of VDIiB1 (Table II).
C-8 gave the overlap to VDiB1T1. The COOH-terminus of
VDiBI1 is given by the overlapping peptides C-12-C-14 (Table
VII) and by digestion of VDiB1 with carboxypeptidase.
VDIiBIT3 must be carboxy-terminal in VDiB1 because of the
presence of homoserine.

Residues 73-100. Tryptic Peptide VDiB2T1. The complete
sequence of VDiB2T1 was determined with the sequenator
(Table VIII, Figure 6). No overlap of the CNBr fragments
VDiB1 and VDiB2 was obtained. However, VDiB2T1 must
be amino-terminal in VDiB2 because of the serine end group
(Tables I and IV) and the presence of the characteristic
sequence of most heavy chains for positions homologous to
91-99, i.e., Asp-Thr-Ala(X)Tyr-Tyr-Cys-Ala-Arg (Putnam
etal., 1972).

Hypervariable Deletion Region. Despite a careful search,
no peptide was found in the tryptic digest of VDiB2 that cor-
responded to the section designated positions 100-114 in the
Ou u chain (i.e., immediately after Cys-Ala-Arg). In other

BIOCHEMISTRY, VOL. 13, No. 12, 1974 2491
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TABLE vIII: Automatic Edman Degradation of Peptides.”

VGaB1Tl1 VGaBI1T3 VGaB2
Position: 1-16 20-34 35-79
Analysis: 2-9 20-29 35-73
Step Amino Yield Step Amino Yield Step Amino Yield
No. Acid Gle (%) No. Acid Glc (%) No. Acid Gle ()
1 Val 100 1 Leu 100 1 His
2 Glx 2 Ser 2 Trp 60
3 Leu 90 3 (CmC)*® 3 Val Val 61
4 Val 100 4 Ala 52 4 Arg
5 Glx 5 Ala 55 5 Glx
6 Ser 6 Ser 6 Ala 100
7 Gly 45 7 Gly 10 7 Pro 27
8 Gly 19 8 Phe 12 8 Gly Gly 30
9 (Ser)® 9 Lys
10 Phe 6 10 Gly 25
11 Leu 50
12 Glx
13 Trp 10
14 Leu 45
15 Ser
16 Val 55
17 Ile 45
18 Ser
19 Tyr 73
20 Asx
21 Gly 14
22 Asx
23 Asx
24 Glx
25 Tyr 73
26 Tyr 41
27 Ala 20
28 Ala Ala 20
29 (Ser)
30 Val 18
31 Lys
32 Gly
33 Arg
34 Phe 11
35 Thr
36 Ile 11
37 (Ser)¢
38 (Arg)?
39 Asp

heavy chains this section is denoted the hypervariable dele-
tion region (Putnam et al., 1971, 1972) because it is character-
ized by numerous deletions and a remarkable diversity in
amino acid sequence. Because overlaps between VDIiB2TI1,
VDIiB2T2, and VDiB2T3 were not established, the sequences
found for VDiB2T3 are not numbered.

Switch Region. Peptide V DiB2T3. The presence of the switch
region in VDiB2T3 was verified by sequenator analysis for
20 steps to the phenylalanine residue, which is 11 residues
into the C region (Table VIII, Figure 6). The high serine con-
tent at the beginning of the C region (eight serines in the first
23 residues) thwarts a more extended analysis.

COOH-terminal Portion of Fd'. Residues 180-204. VDi-
B2T4 and VDiB2T5 (Table IV) complete the Fd region of the
Di u chain. VDiB2T4 is the same as VGaB4T4 and represents
the sequence Gly-Phe-Pro-Ser-Val-Leu-Arg for positions

2492 BIOCHEMISTRY, VoL 13, No. 12, 1974

180-186 in the Ou u chain. VDiB2T5 and VGaB4T5 are iden-
tical and represent the sequence established for positions
187-204 at the COOH-terminus of the Fd fragment in the Ou
u chain,

Glycopeptide Containing Oligosaccharide CI1. A glycopep-
tide with the sequence Phe-Ser-Trp-Lys-Tyr(Asx, Asx, Ser,
Asx, Lys) and containing the complex oligosaccharide C1 was
isolated from the Di u chain (Shimizu et al., 1971). An iden-
tical glycopeptide is present in the Ou u chain at positions
165-174 (see later figure) and probably in IgM Dau (Hurst
etal., 1973).

Discussion

The sequence data on u chains presented herein, together
with complete sequences of other workers on v chains and
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TABLE vill (Continued)

VGaB4 VGaB4T3 VDiBI1T2
Position: 84-204 99-179 41-72
Analysis: 84-122 99-133 41-59

Step Amino Yield Step Amino Yield Step Amino Yield

No. Acid Glc (%D No. Acid Glc (%) No. Acid Glc (%)
1 Asn 1 Ser 1 GIln
2 Ser 2 Gly 100 2 Pro 58
3 Leu 100 3 Ile 64 3 Pro 58
4 Arg 4 Ala 64 4 Gly 100
5 Ala 88 5 Leu 49 5 Lys
6 Glu 6 Gly 85 6 Gly 58
7 Asn 7 Ser 7 Leu 100
8 Thr 28 8 Val 42 8 Glx Glu
9 Ala 42 9 Ala 53 9 Trp 14
10 Val 87 10 Gly 55 10 Val 61
11 Tyr 76 11 Thr 11 Gly 30
12 Tyr 70 12 Asx Asp 12 Glx

13 CmC 13 Tyr 13 Ile 61
14 Ala 51 14 Trp 24 14 Asx

15 Arg 15 Gly Gly 42 15 Tyr 52
16 (Ser)¢ 16 Glx Glx 16 Ser

17 Gly 25 17 Gly 9 17 Gly 14
18 Ile 70 18 Thr 18 Thr

19 Ala 18 19 Leu 16 19 Thr

20 Leu 48 20 Val 1

21 Gly 12 21 Thr

22 Ser 22 Ile Ile 11

23 Val 12 23 Ser

24 Ala 13 24 Ser

25 Gly 14 25 Gly 7

26 Thr 4 26 Ser

27 (Asp)® 27 Ala 6

28 Tyr 22 28 Ser

29 Trp 29 Ala 5

30 (Gly)® 30 Pro 2

31 (Glx)® 31 Thr

32 Gly 2 32 Leu 2

33 Thr 3 33 Phe 2

34 Leu 13 34 Pro 1.3

35 Val 9 35 Leu 1.7

36 (Thr)®

37 Ile 1le 9

38 (Ser)®

39 Ser

partial sequence data of our laboratory and others on «
chains, afford a comprehensive picture of the structural char-
acteristics of human heavy chains, which is probably valid for
heavy chains of all species. The V region of heavy chains re-
gardless of class (Vg) may be pictured schematically (Figure 7)
as being composed of three alternating segments that are
characteristic of the Vy subgroup and independent of the
class of the C region. The subgroup-characteristic segments
are intercalated among three hypervariable regions that are
related to antibody specificity. Of the latter, the largest and
most important is the hypervariable deletion region (posi-
tions 100-115) which probably determines much of the anti-
gen-combining site of the heavy chain (Ray and Cebra, 1972).
The hypervariable deletion region is preceded by a conserva-
tive segment (positions 91-99) and is followed by the switch
point joining the V and C regions. Paradoxically, the sub-

group-characteristic and conservative segments of the V
region have been more stable in evolution than have the C
regions that define the classes of heavy chains. These char-
acteristics of heavy chains, as revealed by u chain sequence
data, will be discussed beginning with the evidence that the V
regions of u and v chains are comparable in length but are not
terminated or followed by a common sequence that might
serve as a recognition for union of Vg genes with C genes.

Although much evidence for V and C regions in human u
chains has been adduced from peptide maps (Putnam er al.,
1967) and from partial sequence data obtained on unblocked
u chains® by use of the sequenator (Kghler et al., 1970; Wang

8 Although most heavy chains of the Vurrr subgroup are not blocked
at the amino terminus, two chains (Nie and Ga) for which the V region
sequence has been completed or nearly completed are blocked.

BIOCHEMISTRY, VoL 13, No. 12, 1974 2493



FLORENT et al.

TABLE vill {Continued)

VDIB2T1
Position: 73-100
Analysis: 73-100 VDIB2T3
Step No. Amino Acid Glc Yield (%) Step No. Amino Acid Glc Yield (%)
1 Ser 1 Trp 100
2 Leu 52 2 Gly 66
3 Asp 3 Ser
4 Thr 4 Gly 54
5 Ser 5 Gly 27
6 Val 100 6 Leu 83
7 Asx 7 Val 57
8 Leu 50 8 Thr
9 Phe 51 9 Val 48
10 Ser 10 Ser
11 Leu 76 11 Ser
12 Ser 12 Gly 20
13 Leu 48 13 Ser
14 Thr 14 Ala 24
15 Ser 15 Ser
16 Val 80 16 Ala 17
17 Thr 17 Pro 12
18 Ala 42 18 Thr
19 Ala 40 19 Leu 10
20 Asp 20 Phe 11
21 Thr
22 Ala 28
23 Val 46
24 Tyr 15
25 Tyr 30
26 CmC
27 Ala 36
28 Arg

¢ The yields are based on gas-liquid chromatography data. Because absolute molecular weights of peptides were not determined,
yields are based on the first amino acid present with the largest amount. The yields are determined only for the amino acids
present in the standard. Residues that were uncertain in the sequenator analysis and identified by other procedures are placed in
parentheses. ? Not identified with sequencer; placed by homology to other heavy chains from amino acid composition of tryptic
peptide. ¢ Determined by carboxypeptidase (Table II). ¢ Determined by carboxypeptidase on VGaB2T3. ¢ For placement see

sequencer analysis of VGaB4T3.

et al., 1970, 1971; Capra, 1971), the length of the V region and
the location of the switch point from the V to the C regions in
u chains were not previously established. Partly on the basis of
unpublished data and partly from homology to the v heavy
chain, Putnam et al. (1971, 1972) had proposed that the C
region of human u chains begins with Val-124 in the Ou u
chain sequence. The present studies on three additional human
u chains suggest that the C region begins one residue later at
Ser-125 in the Ou numbering system. Thus, in the switch
region, i.e., the juncture of the V and C regions, human u and
v chains share at most only the Ser-Ser sequence. This is
illustrated in Figure 8 showing the sequence at the switch
region for the four u chains studied by us in comparison with
the sequence of five human 41 chains and one %3 chain
studied by other workers. This short dipeptide sequence cor-
responding to only six nucleotide bases seems an insufficient
recognition signal for the union of V and C genes.

Of course, as more human u chains are sequenced com-
pletely, the length of the V region may be extended by one or
two more residues, as was the case for human « light chains
(Putnam, 1969). Indeed, Figure 8 suggests that Val-115,
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which begins the C region of human v chains (in the Eu
numbering system), may be substituted in other v chains, just
as the corresponding position of Val-124 is in the Ga u chain,

Because of the presence of the hypervariable deletion region
at residues 100-115, the length of the V region of human
heavy chains is somewhat longer (about 114-124 residues)
than the V region of human « and A light chains, which is
about 108 residues. For example, most human X light chains
have a V region of 108 residues but in some cases the A V
region may be as short as 105 residues and in others as long as
112 residues (Putnam, 1970). In human v heavy chains thus
far sequenced the Vg region varies in length from 114 to 118
residues (Edelman et al., 1969; Cunningham er al., 1969;
Press and Hogg, 1970; Ponstingl and Hilschmann, 1972). The
Ou g chain has the longest Vy region so far recorded (124
residues), and the Vg region of the Ga u chain is 120 residues;
however, the Vg region of the Di u chain may be as short as
108 residues if the apparent deletion from 100 to 114 is real.
In heavy chains of normal unimmunized animals the hyper-
variable deletion region has not been determined because of
the multiple sequences (Fruchter et al., 1970; Bourgois and
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Hypervariable
deletion

Subgroup
specific

Conservative

V region C regien

FIGURE 7: Schematic diagram of the structural features common to
&, v, and « heavy chains. The V region (114-124 residues) consists
of a subgroup-specific region (90 residues) followed by a conserva-
tive region (positions 91-99) and a hypervariable deletion region.
The subgroup-specific region consists of three segments inter-
calated among three hypervariable regions. The latter are indicated
by zigzag lines after Cys-22, around position 60, and after position
99, Because of variation in length of the hypervariable deletion
region, and also because of subgroup-specific gaps in the first 90
residues, the V region varies in length. However, at the switch
point a constant sequence characteristic of the class of the chain is
initiated. The C region of the human +1 chain has 332 residues, and
the C region of the al chain probably has a similar length. How-
ever, the C region of the human u chain has 452 residues (Putnam
et al., 1973). The human u and ¥ chains have about 309 identity in
sequence, whereas the sequence identity of the human x and «
chains is higher, especially at the COOH terminus. Chains with
different C regions but belonging to the same V region subgroup
may have twice as much homology in the V region as in the C region.

the composition and properties of the peptides obtained for
the remainder of the Fd’ region through Met-204 exclude any
major differences in structure (Figure 9). Furthermore, the
sequence around the light-heavy interchain disulfide bridge is
identical in a number of other human u chains (Frangione
et al., 1971; Metzger, 1970). Of course, small allotypic differ-
ences in sequence of the Fd’ portion of the C region of the y
chain are not excluded.

Discussion regarding the homology of the C region of u, v,
and « chains will be reserved for a later paper describing more
extensive studies on the sequence of the Fc¢ region of a series of
human u chains.® Some figures illustrating the homology of n
and v chains have already been published (Putnam er al.,
1971, 1972), and data regarding the homology of the COOH-
terminal portion of u, v, «, and € heavy chains are in press
(Bennich er al., 1973; Putnam et al., 1974). The results are
shown schematically for u, v, and « chains in Figure 7.
Whereas u and v chains have about 30 %; identity in sequence
(excluding a few gaps and omitting one of the five homology
regions of the u chain), u and « chains have 55-60 & homology
in the last 50 residues of their C regions (Chuang et al., 1973;
Putnam et al., 1973). However, preliminary data of our lab-
oratory indicate that this high degree of homology does not
e xtend throughout the C regions of the u and « chains (Put

120 124

VARIABLE CONSTANT

115
Ou W VHII
Ga ¢ VHIII
Di u  VHI
Dau u ?
106 110
Eu vyl VHI
Cor vl VHIL
Daw vyl VHII
He y1 VHII
Nie vyl VHIII
Jon vy3 VHIII

Met-Asp-Val-Trp-Gly-Lys-Gly-Thr~Thr-Val-Thr-Val-Ser~Ser
—— Asp-Tyr-Trp~Gly-Gln-Gly-Thr-Leu-Val-Thr-Ile~Ser-Ser
——- —— Arg-Trp-Gly-Ser~Gly-Gly-Leu-Val-Thr-Val-Ser-Ser

—- Asp-Val~Trp-Thr-Ser-Gly-Thr-Thr-Val-Thr-Val-Ser-Ser

115
—— ——— Glu~Glu-Tyr-Asn-Gly-Gly-Leu~Val-Thr-Val~Ser~Ser

Gly-Ser~Ala-Ser-Ala

Met-Asp-Val-Trp~-Gly-Arg-Gly-Thr-Pro-Val-Thr-Val-Ser-Ser

Phe-Asp-Tyr-Trp-Gly-Gln-Gly-Ile~Leu~Val-Thr-Val-Ser-Ser

Ala-Ser-Thr-Lys-Gly
Phe-Asp-Val-Trp-Gly-Gln~Gly-Thr-Lys~Val-Ala-Val-Ser-Ser
Phe-Ala-His-Trp-Gly-Gln~Gly-Thr-Leu~Val-Thr-Val~-Ser-Ser

Met~Asp-Val-Trp-Gly-Gln-Gly-Thr-Pro-Val-Thr-Val-Ser-Ser

FIGURE 8: The switch region of four human u chains reported in this work compared to human ~1 and 43 chains reported by other workers
(En, Ed;lman et al., 1969; Cor and Daw, Press and Hogg, 1970; He, Cunningham et al., 1969; Nie, Ponstingl and Hilschmann, 1972). The
numbering system given is for the Ou u chain and for the Eu + chain. The V region varies in length for heavy chains, e.g., in the Eu 1

chain, the C region begins with Val-115.

Fougereau, 1970). This is also a site of extensive deletions in
defective heavy chains from patients with ‘heavy-chain
disease’’ (Franklin and Frangione, 1971).

All four u chains studied differ in sequence and probably all
differ in length of the V region, but in the C region beginning
with Ser-125, the three studied have identical sequence
through Phe-135 and in all of the many additional segments
thereafter (including much of the Fc region) for which we
have thus far completed the structure.® Although the sequence
of the Ga, Di, and Dau u chains is incomplete in the area
around and after the light-heavy disulfide bridge at Cys-140,

¢ Florent, G., Lehman, D., Lockhart, D., and Putnam, F. W, sub-
mitted to Biochemistry,

nam et al., 1974). In contrast, the V regions of heavy chains,
regardless of class, may have up to 70 %% homology if they are
of the same subgroup. In fact, the V region of our u chain Ga
differs from the V region of the 1 chain Nie (Ponstingl and
Hilschmann, 1972) by only 13 out of the first 98 residues if the
two are aligned for maximum homology without any gaps.

The remaining discussion will consider the structural
characteristics of the V region of u chains beginning with the
hypervariable deletion region. This region has been impli-
cated as the major determinant of the antibody combining
site of heavy chains by a number of workers using various
techniques (Porter, 1973; Benjamin et al., 1972). As a result,
much discussion has ensued, including our own comparisons
of the sequence of this region in a number of human and
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10 20
Ou ¥  VHII PCA~Val-Thr-Leu-Thr-Glu-Ser-Gly-Pro-Ala-Leu-Val-Lys-Pro-Lys-Gln-Pro~Leu=Thr-Lau-Thr~Cys-Thr-Phe-Ser-Gly=-
Ga U VHIII  PCA-Val-Glx-Leu-Val-Glx-Ser-Gly-Gly(Als,Gly,Val,Glx,Pro,Gly)Arg-Ser-Leu-Arg-Leu-Ser-Cys-Ala-Ala-Ser-Gly-
DI  u  VHI PCA-Val-Gln-Leu(Thr,Glu,Ser)Gly-Gly (Ala,Leu)Lys(Lys,Pro,Gly,Glu,Ser,Leu,Thr,Leu)
30 40 50
Ou u Phe-Ser-Leu-Ser-Thr-Ser-Arg-Met-Arg-Val~Ser-Trp-Ile~Arg-Arg-Pro-Pro~Gly-Lys-Ala~Leu-Glu-Trp~leu-Ala-Arg~
Ga Phe-Ser-Phe (Ser,Thr,Tyr —— ~— Ala)Met/His-Trp-Val-Arg-Gln-Ala-Pro-Gly-Lys-Gly-Leu-Glu-Trp~Leu-Ser-Val-
DL u (Ser,Leu) ——(Val,Glu,Gly)Ser-Trp-Ile~Arg-Gln-Pro~Pro-Gly-Lys~-Gly~-Leu-Glu-Trp-Val-Gly-Glu~
Dau Met-Trp-Val(Arg)Gln-Ala-Pro-Gly-Lys~Gly-Leu-Glu( ? )Val-Ser-Val-
60 70
Ou Ile —— Asx ~—— Asx-Asx-Asp-Lys-Phe~Tyr-Trp-Ser-Thr-Ser-leu-Arg-Thr-Arg-Leu-Ser~Ile-Ser~Lys-Asn-Asp~Ser-
Ga u Ile-Ser-Tyr-Asx-Gly-Asx-Asx-Glx-Tyr-Tyr — Ala~Ala-Ser-Val-Lys~Gly-Arg-Phe-Thr-Ile-Ser~Arg-Asx(Asx,Ser)
DL Ile-Asp-Tyr-Ser-Gly-Thr-Thr-Asp~-Tyr(Tyr—YAsp,Glx,Ser,Leu)Lys-Ser-Arg(Thr,Ile)Met/Ser~Leu-Asp-Thr~Ser-
Dau U Ile-Thr( ? )Asx-Gly( ? X ? )Thr-Tyr-Tyr —— Ile-Asx-Ser-Val( ? )Gly( ? )Phe-Thr-Ile-Ser-Arg
80 90 100
Ou u Lys-Asn-Gln-Val-Val~Leu-Ile-Met~Ile-Asn-Val-Asn-Pro-Val-Asp~Thr-Ala-Thr-Tyr-Tyr-Cys-Ala-Arg-Val-Val-Asn~
Ga b Lys-Asx-Thr-Met/Tyr-leu-Glu-Met/Asn~Ser-Leu~Arg-Ala-Glu~Asn~Thr-Ala-Val-Tyr-Tyr-Cys-Ala-Arg-Ser~Gly-1le-
Di U Val-Asn-Leu-Phe~Ser-leu-Ser-Leu-Thr-Ser-Val~Thr-Ala-Ala~Asp~Thr-Ala-Val-Tyr-Tyr-Cys-Ala-Arg/
Dau M Met-Ser-Ser-Leu-Arg-Thr-Glu~Asp-Thr~Ala~Val-Tyr-Tyr-Cys-Ala-Leu{ ? )Leu-Glu-
110 120 VARTABLE CONSTANT
Oou Ser-Val-Met —— Ala-Gly-Tyr~Tyr-Tyr-Tyr-Tyr-Met-Asp-Val-Trp-Gly-Lys«Gly-Thr-Thr-Val-Thr-Val-Ser-Ser-Gly-
Ga 1y Ala-leu-Gly-Ser-Val-Ala-Gly-Thr —— —— —— —— Asp-Tyr~Trp-Gly-Glx~Gly-Thr-Leu-Val-Thr-Ile-Ser-Ser-ly-
DL /Arg/Trp-Gly-Ser~Gly-Gly-Leu-Val-Thr-Val-Ser-Ser-"ly-
Pau ¥ Ala(Ser) Tyr-Ser-Leu —m mm e e e o —— A8P~Val=Trp( 2 X 2 )Gly( 7 X ? )Val-Thr-Val
130 140 130
Ou u Ser-Ala-Ser-Ala-Pro-’mr—Leu-Phe-Pro-Leu-Val-Ser-Cys-Glu-Asn-Ser(Asx,Pro.Ser,Ser,Thr)Val—Ala-Val-(‘.ly-Cys-
160 CRoO VGaB4T3
Qu Leu—ALa-Glx-Asp-?he—Leu—Pro-Asp-Ser-Xle-’ﬂ\r-Phg-Ser-Trp-Lys-Tyr(Asln.Alx.Ser,Asx, Lvs) Qe—Ser-Ser—ﬁ&;gg;
180 150 ¢ 200 T
Ou Gly-Phe—Pro—Ser-Val—Leu—Arg—Gly-Gly-Lys-'l‘yr—Ala-Ala—"mr(Ser,Glx)Val-Leu-Leu-Pro-—Ser-Lys—Asp-\ al-Met
VGaB4T4 VGaB4T5
VDIB214 > VDiB2T5

FIGURE 9: Comparison of the sequences of the V region of four human u chains (Ou, Ga, Di, and Dau). The sequence is also given for the
Ou i chain through Met-204, and the Ou numbering system is used (Putnam et al., 1973). The position of various peptides from the C region
of the Ga and Di chains is also shown. The question marks in the Dau sequence indicate serine and threonine residues that were tentatively
identified by gas chromatography but which need further verification. The probable sequence of the Dau u chain from positions 114 to 124
(in the Ou numbering system) is Asp-Val-Trp-Thr-Ser-Gly-Thr-Thr-Val-Thr-Val-Ser-Ser. Position 100 is probably arginine.

animal heavy chains (Putnam et al., 1970, 1971, 1972). The
additional results on u chains shown in Figures 8§ and 9 val-

84 90 95
Ou u  VHII m:‘ue-un-vu-un ProfVal] Mp-’mr-AlaM’l}’r—’l}'r-Cys-Ala—Arg'
Ga u  VHIII Met-Asn-Ser-Leu-ArgtAlafGlu-Asn~Thr~Ala-Val-Tyr-Tyr-Cys-Ala-Arg
DL w  VHI Leu~Thr- Ser«lVal-Thr-AlA-Ala Asp-Thr-Ala-Val-Tyr-Tyr-Cys~Ala-Arg
Dau u ? E{S::Ser-beu-kg Thr$Glu-Asp-Thr-Ala-Val-Tyr-Tyr-Cys-Alajleu
Til w VHIII Met-Asn-Ser-Leu~Arg{AlafGlu-Asp-Thr-Ala-Val-Tyr-Tyr-Cys-Alajlys
Eu yl VHI T\.\-E{Su-beu-mg' SerfGlu-Asp~-Thr~AlatPhe}TIyr Cys—-AlafGly
Cor yl VHII Pro Val’Alp-'n\r-Ala ThrpTyr-Tyr-Cys-Ala-Arg
Daw yl VHIL ProfGlyfAsp-Thr-AlafThrfTyr-Tyr-Cys-Ala-Arg
Ha  yl VHII ProfvalfAsp-Thr-AlagThrTyr~Tyr~CystVal-His
Nie yl1 VHIIL Met~Asn-Ser-Leu-Arg~Pro-Glx-Asx~Thr-Ala-Val-Tyr~-Tyr-Cys-Ala-Arg
Jon v3 VHIIL m:fiT: serfval-The}ero-cixfval] 'ﬂ\r-Ala—VllWl-Ala—Atg
Was vl VHILI Met-AsndArgfleudGlu-AlafClx-Asx-Thr-Ala-Val-Tyr-Tyr-Cys-Ala-Arg
Tei yl VHILI MettleufSer-LeujGlufPro-Glx-Asx-Thr-Ala-Val-Tyr-Tyr~CysyThriArg

FIGURE 10: Comparison of the sequences of five human u chains and
eight human « chains in the segment from Met-84 through Arg-99
in the Ou numbering system. Although the first few positions are
quite variable, the sequence Asx-Thr-Ala-Val-Tyr-Tyr-Cys-Ala-Arg
is highly conserved for all three subgroups. Sources of data for Eu,
Cor, Daw, He, and Nie as in Figure 8. Data for Jon, Tei, and Was
from Kehoe and Capra (1971) and for Til from Wang er al. (1973).
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idate the designation of the segment from position 100-115 as
a region of hypervariability and of deletions. Although the
Ou and Ga u chains are identical at half of their first 100 posi-
tions, a series of arbitrary gaps has to be inserted to align a
single pair of residues in the next 15 positions. Also, the Ga u
chain is three residues shorter than the Ou u chain in the area
from the invariant Ala-98 through the almost invariant Trp-
116. Similar considerations apply to the Dau u chain, and, as
was noted earlier, no peptides for this area were recovered for
the Di u chain.

In contrast to the hypervariable deletion region is the con-
servative region just preceding it from positions 90 to 99.
Here the prototype sequence is Asx-Thr-Ala-Val-Tyr-Tyr-
Cys-Ala-Arg; there are few deviations whether the chain is u
or v, whether Vyr, Vi, or Vairr (Figure 10) or even animal
or human (Putnam et a/., 1972). Kehoe and Capra (1971) ex-
amined all Vg sequences available at that time and concluded
that no subgroup-specific sequences could be identified from
position 96 to the beginning of the constant region of a series
of heavy chains of different classes. They suggested that the
last subgroup-specific residue of Vi appears to be 94, i.e.,
phenylalanine for Vyi, threonine for Vgir, and valine for
Vurir. However, our Di u chain has valine at position 94; yet
though difficult to type, this chain resembles the Vuyr sub-
group in sequence more closely than it does Vi1, From the
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TABLE 1X: Matrix Table of Identities in the First 100 Residues of the Subgroup Specific (V) Region of Human u and 4 Chains.?®

Subgroup Class Protein Identities

VHI 1 H Ou 100

VHI 1 71 Cor 75 100

VHII 71 Daw 72 79 100

VH 11 71 He 61 65 64 100

VHIII v1 Nie 47 47 45 40 100

VHIII m Ga 43 49 49 42 81 100

Va1 1 Eu 31 34 30 28 53 50 100
Protein Ou Cor Daw He Nie Ga Eu

Class i 1 y1 1 1 i 71
Subgroup Vri1 VuI Vui1r VHII Varr VHII Vui

¢ To simplify comparisons some assumptions have been made with respect to amide groups, and some residues in the Ga p

chain have been placed by homology.

tabulation of sequences given in Figure 10 we conclude that
the subgroup classification does not extend beyond residue 90.

The three heavy chain subgroups in human immunoglob-
ulins (Vy1, Vuir, and Varrr) have previously been defined
largely by reference to the complete Vi sequences of the Ou u
chain and of five y1 chains!® and by amino-terminal se-
quences of from 20 to 40 residues obtained by sequenator
analysis of many u, v, and « chains of the unblocked Vi1
subgroup (Kohler et al., 1970; Putnam et al.,, 1971, 1972;
Wang et al., 1970, 1971; Capra, 1971). The Ga u chain clearly
belongs to the V11 subgroup as is shown by Table IX which
gives a matrix comparison of the number of identities in the
first 100 residues of the subgroup-specific (Vg) region of two
human u and five 1 heavy chains.!® Whereas the first 100
residues of the Ga u chain have at least 809 identity in se-
quence with the Nie 41 chain of subgroup Vwuirr, there is
somewhat less than 50 7} identity with the corresponding por-
tion of the Ou u chain and with v1 chains of the Vg1 sub-
group and about 507 identity with the similar portion of the
Eu v1 chain of the Vg1 subgroup. This reaffirms the conclu-
sion earlier based on complete sequence data for only one u
chain (Ou) that V region sequences of heavy chains can be
placed into subgroups independent of the class of the C
region. From Table IX it is evident that Vg1 subgroup se-
quences (Ga and Nie) are intermediate between Vgr and Vair
and are almost equally related to the latter two subgroups.
These interrelationships partly reflect the fact that 21 of the
first 100 residues are identical in the two u chains and the five
v1 chains, that is, about one-fifth of the V region sequence is
conserved regardless of the subgroup.

Although the partial sequence data given on the Dau u
chain in Figure 9 indicate that Dau like Ga is in the Vg
subgroup, it is much more difficult to make a subgroup as-
sighment from the partial sequence data for the Di u chain,
In the segment from Trp-38 through Arg-99 the Di u chain
has almost equal homology with the subgroup Vg1 chain Eu
(37%), with the subgroup Vg1 chains Ga and Nie (45 and
41%, respectively), and with the subgroup Vgr chain He
(37%). However, in the same segment the Di u chain has 53 %
homology with the more representative subgroup Vur; chain
Cor including identity of the decapeptide sequence from
Trp-38 through Trp-49. Hence, though we at first thought the
Di u chain was of the Vg1 subgroup because of the partial se-

10 For a listing of these sequences see Figure 5 of Putnam et al, (1972)
or TableIll of Wang et al. (1973).

quence close to the amino terminus (Kohler e af., 1970),
from more extensive data it appears more related to Vyir.
This inability to assign a subgroup unambiguously although
half the sequence of the V region has been determined casts
some doubt on the sharpness of the definition of subgroups.
It also raises question about the validity of the assignment of
many heavy chains to subgroups on the basis of amino-ter-
minal sequences of only 20-30 residues.

The identification of the subgroup of a heavy chain would
be much easier if certain residues at a number of positions
were unfailingly characteristic of the subgroup. Despite a
careful review of published sequence data and the new results
on u chains herein, we are unable to identify a set of such sub-
group-specific residues. The following residues are highly
characteristic of subgroup Vuirr in that they are common to
Nie and Ga but absent in Ou, Cor, Daw, He, and Eu: Gly-9,
Gin-13, Arg-16, Arg-19, Ala-23, and Tyr-32. However, when
these positions are checked against the 20 Vyirr heavy chains
listed by Wang ez al. (1970, 1971) and Capra (1971) for which
data are available for positions 1-35, only Gly-9 was unique
for Vurir. All the other positions varied in one or more of the
Varr chains. A similar situation would probably prevail if
more extensive data were available after position 35. Thus, as
additional data accumulate, it is getting more difficult to
identify any positions that are absolutely characteristic for the
subgroup. Though subgroups represent a convenient classi-
fication for the bewildering variety of heavy-chain V region
sequences, intermediate sequences occur with some restric-
tions at some positions. Increasingly, subgroups appear to
reflect overlapping multimodal distributions rather than a
small number of segregated sets of sequences. This conclusion
has considerable implications for current theories of the
origin of immunoglobulin genes—whether by evolution,
somatic mutation, or somatic mutation and recombination.
It is more in accord with the “germline’’ theory than with re-
combination theory which excludes crossing-over between
genes specific for each subgroup.

Although the lack of subgroup-specific residues suggests
extensive evolutionary divergence or extraordinary somatic
mutation of heavy chain V genes, the Vi genes also have
strong conservative features. In fact, Vg genes seem more con-
servative than Cyu genes on an evolutionary basis, for the two
u and five ¥1 Vy regions completely sequenced have 21 res-
idues in common, which is much more than the three Cy and
four Cu homology regions do. Despite many similarities in
primary structure, all 14 of these homology regions (7 Vx, 3
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Cv, and 4 Cyu) have only three common residues: the two
half-cystines in the intrachain disulfide bridge and the tryp-
tophan residue some 14 positions after the first half-cystine.

The new sequence data for three additional u chains sum-
marized herein (Ga, Di, and Dau) extend to u chains the
evidence for the switch region earlier established for + chains.
The results show that the variable (Vg) regions of u and v
chains are of comparable length and may have very close
homology in amino acid sequence—much closer in the case of
members of the same subgroup than exists between the C
regions of different classes. This finding supports the concept
that there is a switch in biosynthesis of IgM antibody in the
primary response to 1gG antibody in the secondary response,
that need only involve a shift from synthesis of the C region of
the u chain to the C region of the v chain (Wang et a/., 1973).
Such a switch is explained by the hypothesis of separate genes
for the V and Cregions of heavy chains.
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