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Introduction

The vertebrate immune system can recognize a huge number of antigens

with the estimated 105 8

to 10~ different antibody species it is capable of producing.
Since 1900, immunologists have questioned how so much diversity is generated
in the organism (1).

The antibody molecule is comprised of two types of polypeptide chains,
termed light chains and heavy chains, which are joined by disulfide bridges. The
polypeptide chains of different antibody species differ in their amino acid sequence
(2) and the differences are largely contained in the N-terminal region of the chains
called the variable region (3-7). The constant region is the remaining and rela-
tively invariant (within an immunoglobulin class) portion of each chain. The vari-
able and constant regions are coded for by different DNA sequences (8,9) which
are rearranged during differentiation (10,11). There is evidence that the variable
region itself is composed of two segments, the variable (V) segment and the joining
(J) segment, each encoded by a separate DNA sequence (11,12). The specificity
of an antibody molecule for its antigen or antigens is due to the complementarity
of the antigen-binding site of the antibody and the antigenic determinant(s) (13).
Each antigen-binding site is in a variable domain consisting of a heavy chain variable
region (VH) and a light chain variable region (VL) (14-17). The primary structures
of the variable regions determine the three-dimensional structure and therefore
the antigen-binding properties of the variable domains. This was demonstrated
in an experiment in which antigen-binding or Fab fragments were first reduced
to disconneect the disulfide linkages and denatured (18). Then, upon renaturation,

the majority of the F ab fragments folded back to their original conformation

and thereby regained their original specificity.



Patterns of diversity have emerged from sequence analyses of many
light chain variable (19,20) and heavy chain variable (5-7) regions. The heavy
or light chain variable region sequences can be organized into subgroups having
very similar sequences. Within these subgroups, the few amino acid differences
are conservative and could result from single DNA base changes. By definition,
there are relatively few sequence differences among members of the same variable
region subgroup and many sequence differences in members of different variable
region subgroups. It has been suggested that each subgroup is coded for by at
least one germ line gene so the number of variable region subgroups is & minimal
estimate of the number of germ line genes. Taking this as a premise, the origin
of diversity within a subgroup remains unresolved.

Three major theories attempt to explain the origin of this diversity.
According to the germ line theory, each of the variable regions is encoded by
a different germ line gene. Therefore, the strict germ line theory predicts that
all variable region diversity is inherited.

In the somatic theory, a small number of germ line variable genes (or,
in its extreme form, one gene) can generate a large number of antibody variable
regions by mutation and recombination during the somatiec differentiation of anti-
body-producing cells. Since only the germ line genes are inheritable, the bulk
of the diversity is separately and somewhat uniquely encoded in each individual.

The combinatorial joining model states that two or more DNA sequences,
which are separated in the genome and brought together during the differentiation
of an antibody-producing cell, code for a single variable region (11,12,21-24).
An example of such a model proposes that two such DNA sequences, one coding

for a V segment and the other coding for a J segment, are connected during



differentiation to form one variable region-encoding DNA sequence (11,12). In
this version of the combinatorial joining model, the extent of diversity that an
organism is capable of expressing is determined by its germ line V and J segment
repertoire. The diversity observed is determined during somatic differentiation
by the V and J segment combinations are expressed.

Antibody diversity has been studied by looking at subsets of the antibody
repertoire of an organism. In particular, immunoglobulin subsets that bind known
antigens are characterized. By sequencing sets of immunoglobulins that bind
one antigen, structure-function relationships as well as antibody diversity patterns
can be investigated.

Because of difficulties in the purification of antibodies elicited in an
immune response, homogeneous immunoglobulins were first obtained from arti-
ficially induced tumors. In BALB/c mice, repeated intraperitoneal mineral oil
injections result in neoplastic transformation of antibody-secreting cells producing
myeloma tumors (25). Generally, for each mouse given this treatment a different
myeloma tumor is induced and only one tumor is induced per individual. The im-
munoglobulin (myeloma protein) is secreted into the peritoneal cavity and the
fluid that collects there, ascites fluid, is a good source of homogeneous immuno~
globulin. The induced tumors can be stored (26) and transplanted into the peritoneal
cavities of other mineral oil-primed mice (27). The specificities of an immuno~
globulin produced by an induced myeloma tumor cannot be controlled by the ex-
perimenter but can be determined by sereening with various antigens. In this
way myeloma proteins with specificity for many different antigens (28-37, for

example) including dextran B1355 (38) have been identified.



The use of myeloma immunoglobulins to investigate antibody diversity
has been questioned since the distribution of the myeloma proteins that have been
characterized is different from that of normal immunoglobulin. In the inbred
BALB/e mouse strain, the percentage of the myeloma proteins that bind certain
simple antigens such as dinitrophenol (DNP), phosphorylcholine (PC), and simple
carbohydrates such as dextran (36) is larger than the estimated percentage of
lymphocytes that bound the same antigens in an experiment using murine spleens
(39). Also, a polypeptide chain having an unblocked N-terminus is thought to
come from a different subgroup than one with a blocked N-terminus (40). There-
fore, the observation that heavy chain N-termini are unblocked in about 80%
of BALB/c myeloma proteins and are unblocked in only about 20% of serum im-
munoglobulins (41) is indicative of differing distributions of heavy chain variable
regions in myeloma and serum immunoglobulins. In addition, in BALB/c mice,
the amino acid sequences of some myeloma immunoglobulins have not been found
in the normal immunoglobulin pool (42) and the sequenced normal immunoglobulins
have members not found in the sequenced myeloma protein pool.

However, a myeloma tumor is thought to originate from a normal anti-
body-producing cell and secrete immunoglobulin that might normally be produced
in the organism. The myeloma tumor inducing process may simply work on a set
of antibody-producing cells which, because of their location, are restricted in
specifieity. This idea is supported by the fact that many antigens to which myeloma
proteins bind are found normally in the murine intestine (43). There is evidence
that myeloma proteins are the same as normal antibodies. The BALB/c¢c immuno-

globulins in the set of myeloma proteins that bind phosphoryleholine and dextran



B1355 are the same, at least using the criterion of idiotypy, as some of the anti-
bodies induced by the same antigens in an immune response (44-46).

The question of whether study of the diversity in myeloma proteins is
helpful in understanding the mechanisms of diversity in normal systems need not
be dealt with at all now that lymphoeyte hybridomas can be made. Using cell
hybridization techniques, it has become possible to obtain hybridomas that secrete
homogeneous antibody of predefined specificity (47,48). There are two routes
to guanine nucleotide biosynthesis. The complete biosynthetic route is blocked
by aminopterin. The scavenger route uses guanine or hypoxanthine as precursors
and is catalyzed by hypoxanthine-guanine phosphoribosyl transferase (HGPRT).

If 8-azoguanine is added to cells that have functional HGPRT, the drug is incor-
porated in the DNA and the cells die. Cells which are selected for 8-azoguanine
resistance lack HGPRT, and will die on a medium containing hypoxanthine, ami-
nopterin and thymidine (HAT medium) since they are forced to use the aminopterin-~
sensitive pathway which is blocked in this medium. However, if this type of cell

is fused with a cell in which the HGPRT is functional, the hybrid cell will be able

to survive on HAT medium.

To make hybridomas that are useful in antibody diversity studies, a non-
immunoglobulin-secreting myeloma tumor cell line which lacks HGPRT is selected
for by adding 8-azoguanine to the growth medium. These cells are unable to grow
on HAT medium. Spleen cells from immunized mice also eventually die on HAT
medium as do most somatic cell lines. Cells can be induced to fuse by adding
polyethylene glycol (PEG). The resulting hybrid cells which have both funectional
HGPRT from the spleen lymphocyte and a rate of division approaching the myeloma

cell survive on HAT medium. Clones of fused cells can then be assayed for their



binding specificity. The appropriate cell lines provide a good source of homo-
geneous antibody of the type secreted by the parental spleen cell (48). Amino
acid sequence analyses of the immunoglobulins obtained in this way should give
an excellent deseription of the kinds of diversity that exist in a set of variable

regions which are of biological interest.
The Dextran System

The carbohydrate dextran B1355 elicits an immune response in mice
that is relatively simple in several respects making it a good system for studying
antibody diversity. Structural models for dextran binding immunoglobulins are
provided by the three BALB/c myeloma proteins, M104 (u,2), J558 (a,}), and U102
(a,A) which have been identified as dextran bin}ders by myeloma protein sereening
(49-51). Each of these dextran binding myeloma proteins is idiotypically distinct
(though some idiotypic determinants are shared). Anti-idiotypic antisera, antisera
made to recognize variable region antigenie determinants, have distinguished
five types of antidextran antibody in the murine antidextran immune response.
The four antisera were made to recognize determinants 1) unique to the M104
variable region, 2) unique to the J558 variable region, 3) unique to the U102 variable
region, and 4) common to the variable regions of M104, J558, and U102. The five |
classes of dextran-binding antibody in the antidextran response that have been
identified by the anti-idiotypic antisera are 1) IdI (M104), which has M104-like
individual idiotypic determinants, 2) IdI (J558), 3) IdI (U102), 4) 1dX, which has
idiotypic determinants common to all three myeloma immunoglobulins, and 5)
Id neg, which does not have idiotypic determinants that it shares with any of the

three myeloma immunoglobulins (52). In these terms, the antidextran response



is quite a simple one, though some of the serologically identified antibody classes,
especially IdX and Id neg, are likely to contain more than one antibody type.

The small number of spectrotypes observed in the isoelectric focusing
patterns of murine 7S antidextran antibodies (the 19S antibodies cannot be focused
on the gels used in the experiment) also indicates that the antidextran response
is a limited one (46).

Isoelectric focusing demonstrates that the antidextran response in mice
is not significantly changed in terms of the specificity and the idiotypic and size
distribution of antibodies by an immunization procedure that considerably incréases
the quantity of antibodies produced. Mice are first immunized with dextran B1355
and hyperilmmunized three weeks later. Then after one month, they are given

three injections of Escherichia coli B which has antigenic determinants that are

cross-reactive with dextran B1355. Due to the increase in antibody production,
this immunization protocol permits analyses of the antidextran response in in-
dividual mice. Such analyses show that most of the major spectrotypes seen in
isoelectric foeusing patterns are shared among individual mice (46). The highly
restricted isoelectric focusing patterns and the high degree of similarity among
the patterns of individual mice indicate that germ line contributions to diversity
may be important.

The dextran response appears to be controlled by a limited number of
genes or gene clusters. Some inbred strains of mice, called high responders, re-
spond to dextran B1355 immunization rapidly and appear to produce antibodies
that are restricted in idiotype (53) and that carry similar if not identical lambda
light chains. Light chains from dextran-binding antibodies in the serum of im-

munized mice cofocus on isoelectric focusing gels and focus with the light chains



of the dextran-binding myeloma proteins M104 and J558 (James Schilling, per-
sonal communication) which are known to be identical (54,50). Since only 3 to

5% of murine antibodies are lambda (55), as opposed to the other light chain class,
kappa, the antidextran response is particularly specific with respeet to light chain
in high responders. Other inbred strains, called low responders, respond very slowly
to dextran immunization and produce antibodies that lack both the idiotypes and
the light chain found in the response of the high responders. The antibodies elicited
in low responders have predominantly kappa light chains (53).

The antidextran response appears to be an autosomal dominant trait.

The F1 offspring of a cross between a high responder and a low responder all have
the high responder phenotype (53). Recombination studies have shown the response
is linked to heavy chain constant region markers (53).

The determination of the amino acid sequence of the heavy chain variable
region of J558 was undertaken to gain information about idiotype, diversity, and
the mechanism of antigen binding in the dextran system. The heavy chain of the
myeloma protein M104 has been completely sequenced (56) and the M104 and
J558 light chains are identical. The two immunoglobulins are idiotypically distinet
(46,57) and they have identical light chains. The light chains ecan therefore be
ignored as a source of variable domain heterogeneity and the focus can be placed
on the heavy chain variable regions. Identifying the differences in the variable
region of M104 and 4558 (U102 is no longer available) should prove useful in idiotypic
analyses of murine antidextran responses by making it possible to more precisely
define the anti-idiotypic antisera. The nature of the differences in M104 and
J558 sequences might also yield information about the mechanism of generating

diversity in the dextran system.



The variable region sequence of the J558 heavy chain is also of interest
as a model for dextran-binding immunoglobulins. Hypervariable regions are highly
variable segments within antibody variable regions (21,58). Affinity labeling (59,60)
and X-ray crystallography studies (61,62) have shown that these hypervariable
regions form the antigen-binding crevice. One of the hypervariable regions in
the M104 heavy chain contains a carbohydrate moiety attached to the amino acid
backbone (56). M104 is the only sequenced immunoglobulin with known specificity
having carbohydrate reported in a heavy chain hypervariable region (56). The
heavy chain variable region sequence of J558 would help determine if the presence
of carbohydrate in this hypervariable region is characteristic of dextran-binding

immunoglobulins.

Experimental

Purification of J558. The BALB/c myeloma tumor J558 (Salk Institute)

was carried subcutaneously in BALB/c¢ mice and grown intraperitoneally in mineral
oil-primed CDF1 mice (Cumberland View Farms). The ascites fluid was filtered
twice through Miracloth (Chicopee Mills, Ine.), diluted with borate buffered saline
(BBS) solution, pH 8.2, and the immunoglobulin was purified by affinity chroma-
tography on a Sepharose-dextran column made using the procedure of S. March

et al. (63) for cyanogen bromide activation and bovine serum albumin (BSA) coupling
and the procedure of R. Hiramoto et al. (64) for dextran (given by M. E. Slodki,

U.S. Department of Agriculture) coupling. Ascites fluid containing J558 immuno-
globulin was passed through the column. The eolumn was then washed with BBS,

pH 8.2. The dextran-binding immunoglobulin was eluted from the eolumn first

with 0.1 M glycine-HCI1 buffer, pH 2.8 and then with 0.1 N HCI (64). The
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homogeneity of the protein was monitored by electrophoresis on sodium dodecyl
sulfate (SDS)-polyacrylamide gels (10% acrylamide) (65). The acid-eluted immuno-
globulin was neutralized with 1 M NaOH and concentrated by ultrafiltration (Ami-
con).

Isolation of o Chain. The immunoglobulin was mildly reduced with dithio-

threitol (10 mM) for 2 hours in EDTA and 0.2 M Tris under nitrogen. This was
followed by alkylation with iodoacetamide (23 mM) for 1 hour on ice (66). The
heavy and light chains were separated by gel filtration on an AcA 34 column (LKB)
in 3 M guanidine and 0.2 M ammonium bicarbonate. The identity and homogeneity
of the heavy chain was checked by polyacrylamide gel electrophoresis and the
appropriate fractions were pooled, desalted by gel filtration on a G25 column
(Pharmacia) in 0.2 M ammonium hydroxide, and lyophilized.

Isolation of Cyanogen Bromide Peptides. The a chains were dissolved

in 70% formie acid and digested with eyanogen bromide (MC/B) at 4°C for 20 hours
(67). The reaction mixture was diluted 1:10 with water and lyophilized. The ey-
anogen bromide fragments were separated by gel filtration on an AcA 54 column
(LKB) in 3 M guanidine and 0.2 M ammonium bicarbonate.

The excluded volume fractions (CN1 peak) were fully reduced with dithio-
threitol (10 mM) in guanidine (6 M) and Tris base in a 37°C water bath under nitrogen
for 20 minutes. The fully reduced cyanogen bromide fragments were then alkylated
with iodoacetamide (23 mM) for 1 hour on ice (68) and separated by gel filtration
on an AcA 54 column.

The fractions in the CN1C peak (see Results section) were desalted by gel
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filtration on a BioGel P2 column (BioRad) in 20% formic acid. The protein-con-
taining fractions were diluted 1:2 with water and lyophilized.

The CN6 peak (sixth peak to elute) fractions from the separation of the
heavy chain cyanogen bromide fragments were desalted on a P2 column in 20%
formie acid, diluted 1:2 with water, and lyophilized.

Isolation of Tryptic Peptides. The polypeptides from the CN2 fractions

were dissolved in 20% formic acid and dialyzed in 0.2 M ammonium bicarbonate.
The fragments were digested by adding 1% (of volume of dissolved peptides) of

a 10 mg/m1 trypsin solution and incubating for 60 minutes at 37°C. Then 0.5%
more of the trypsin solution was added and incubated at 37°C for 30 minutes.

The 30-minute digestion was repeated twice and the solution was lyophilized.

A two-dimensional separation of the tryptic peptides was performed using paper
chromatography as the first dimension and high voltage electrophoresis as the
second dimension (69). The solvents for the chromatography dimension were made
by first mixing 800 ml water and 160 m! acetic acid in a 2 1 separating funnel

and mixing well. Then 540 ml n-butanol was added to the funnel and thoroughly
mixed. The layers were allowed to separate for about 15 minutes and the aqueous
(bottom) layer was used to equilibrate the chromatography tank for 1 hour prior
to running the chromatography dimension. The organic (top) layer was used as
the running solvent. The paper chromatography ran for 12 hours. The paper was
then dried in an 80°C oven, dipped in the pyridine acetate buffer, pH 3.5, which

is used for electrophoresis, and placed in a high voltage electrophorator (Gilson,
Model D), which uses Varsol for cooling. The electrophoresis was allowed to run

for 1 hour and the paper was dried in an 80°C oven. The tryptic peptides were
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stained with ninhydrin and eluted from the stained spots, which were cut out of
the two-dimensional map.

Composition and Sequence Determination. The tryptiec peptides eluted

from each spot on the two-dimensional map were hydrolyzed in a 1:1 solution

of proprionie acid and hydrochloric acid for 20 minutes at 160°C. The amino acid

compositions were determined using a Durrum D-500 amino acid analyzer.
Sequence analyses of the fractions from the CN6 peak and the CN1C

peak were done on a modified Beckman sequenator (70,71) which performs auto-

mated Edman degradations. Polybrene R (Aldrich), a non-protein carrier which

helps to hold proteins in the spinning cup, where the sequenator reactions take

place, was used to load the peptide samples (72). The amino acid phenylthiohydantoin

fractions from each degradation cyecle of the sequenator were evaporated with

a stream of nitrogen to remove the solvent. Each sample was then redissolved

in acetonitrile and the phenylthiohydantoin derivatives were identified by high

pressure liquid chromatography on a Dupont Zorbax ODS column (4.6 mm x 25 em)

using a Waters Associates chromatographic system (72).
Results

Purification of J558. The J558 whole immunoglobulin was purified from

pooled ascites fluid by affinity ehromatography. Absorbance profiles of the eluting
of the immunoglobulin from the dextran-Sepharose column with glyeine-HCI buffer
and with HCI are shown in Figure 1. Polyacrylamide gel electrophoresis demonstrated
that immunoglobulin was eluted with both these solutions, as seen in Figure 2.

Slot A in Figure 2 contains a glycine-HCl-eluted sample and slot B contains an

HCl-eluted sample. Since the samples undergo electrophoresis in a buffer containing
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Figure 1. Absorbance Profile of the Dextran Affinity Purification of J558. After
1) allowing the ascites fluid to flow into the dextran-coupled Sepharose column
and 2) washing the column with BBS (not shown), the dextran-specific immuno-
globulin was eluted first with glyeine-HCI buffer and then with HCl. Each arrow

designates fraction at which indicated eluting was begun.
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Figure 2. Polyacrylamide Gel Electrophoresis Showing Glyeine-HCl-Eluted and
HCI-Eluted Protein. (A) glyeine-HCl-eluted protein, (B) HCl-eluted protein, (C)
J558 (IgA standard), (D) bovine serum albumin (standard, MW §8,000), (E) M104

(IgM standard), (F) RAW116 (IgG standard).
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2-mercaptoethanol, a reducing agent, interchain disulfide linkages are cleaved
allowing the light and heavy chains to run separately. The molecular weight stan-
dards are IgA (J558) with heavy chain molecular weight of about 57,000, bovine
serum albumin (BSA) with molecular weight of about 68,000, IgM (M104) with
heavy chain molecular weight of about 65,000, and IgG (RAW116) with heavy chain
molecular weight of about 50,000 in C, D, E, and F, respectively. The light chaing
for each immunoglobulin standard (IgA, IgM, and IgG) have a molecular weight

of about 23,000. As the figure shows, the two major bands in both the glyecine-HCl-
eluted and the HCl-eluted samples run with the light chain (seen most clearly

in slot F) and the J558 heavy chain (slot C). The same results were obtained upon
gel electrophoresis of other samples taken throughout both the glycine-HCl-eluted
and HCl-eluted peaks.

Isolation of o Chain. The whole immunoglobulin was first mildly reduced,

a treatment which cleaves interchain disulfide bonds, and then alkylated to pre-
vent the disulfide linkages from reforming. The heavy chains were separated

from the light chains by gel filtration as shown in the absorbance profile in Figure 3.
The two peaks were identified by polyaerylamide gel electrophoresis, as shown

in Figure 4. Samples taken from five places throughout the first peak to elute

are shown in slots 9 through 13. Each of these slots has one band which, by com-
paring with the standards, IgG (RAW116), IgM (M104), and IgA (J558), slots 1,

2, and 3, respectively, was identified as containing heavy chains. Each of the
samples from the second peeak, slots 4 through 8, has one band which runs with

the light chain, as determined by comparison with the standards. The o heavy

chain peak was pooled, desalted, and lyophilized.



16

Figure 3. Absorbance Profile of the Separation by Gel Filtration of J558 Heavy

and Light Chains. Chain separation was performed on an AcA 34 column.
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Figure 4. Polyacrylamide Gel Electrophoresis of Samples from the Two Peaks
of the Chain Separation. (1) RAW116 (IgG standard), (2) M104 (IgM standard),
(3) J558 (IgA standard), (4-8) samples from various points in the second peak to

elute in chain separation, (9-13) samples from various points in first peak to elute

in chain separation.
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Isolation and Characterization of Cyanogen Bromide Peptides. The mildly

reduced and alkylated heavy chains were digested with cyanogen bromide, which
cleaves protein chains after methionine residues. The eyanogen bromide peptides
produced by this treatment were separated by gel filtration as shown in the absor-
bance profile in Figure 5.

The sixth peak to elute, CN6, was pooled, desalted, lyophilized, and sub-
jected to 5 cycles of degradation in the automatic sequenator. The yield of each
amino acid phenylthiohydantoin at each degradation cyecle is shown in Figure 6.
Though these data are not conclusive since they do not point to a single sequence,
the cyanogen bromide fragment containing the five residue sequence shown above
the figure is evidently ineluded in this sample. This sequence corresponds to resi-
dues 35 through 39 in the M104 heavy chain variable region. The contamination
in the sample may be from other immunoglobulin eyanogen bromide peptides that
elute with this peptide, from peptides of contaminating proteins present in the
ascites fluid, or from randomly hydrolyzed peptides from either of these sources.

The first peak to elute, CN1, in the gel filtration separation of the cyano-
gen bromide peptides, Figure 5, was desalted, lyophilized, fully reduced to break
intrachain disulfide bonds, and alkylated. The peptides generated were separated
by gel filtration. The absorbance profile of this separation is shown in Figure 7.
In another separation of IgA heavy chain cyanogen bromide fragments in which
the same procedures were used, the peaks were labeled CN1A through CN1D in
order of elution (73). In this separation, the CN1C peak (which contained a frag-
ment which extended from residues 84 to 116) was the third to elute and eluted
at about the same place as the peak eluting at about fraction 175 in Figure 7.

Since the fragments from the fully reduced CN1 pesak are likely to be the same



19

Figure 5. Absorbance Profile of the Separation by Gel Filtration of Cyanogen

Bromide Peptides. An AcA 54 column was used to separate these fragments,
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Figure 6. Yields of Amino Acid Phenylthiohydantoins from Five Sequenator Cyecles
of CN6 Cyanogen Bromide Peptide. The amino acids expected from this peptide
at each sequenator step, based on the M104 sequence, are indicated in the graphs
by large dots. The exgected sequence is given above the figure. The expected
sequence appears to be the predominant one in this preparation. However, cycle
1 appears to be especially heterogeneous with high yields of aspartic acid and
glycine derivatives which do not fit with the expected sequence. Glycine yields
are high throughout the run. The sequence above the figure has been recently

~ confirmed by James Schilling (unpublished data).
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Figure 7. Absorbance Profile of the Separation by Gel Filtration of the Fully

Reduced CN1 Peptides. An AcA 54 column was used to separate the fragments.
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in both IgA molecules, the peak in the J558 separation was also labeled CN1C.
This peak was pooled, desalted, and lyophilized. The yield of each amino acid
phenylthiohydantoin from six cyecles of degradation as well as the corresponding
amino acid sequence are shown in Figure 8. Again, the sample is heterogeneous,
but the fragment that was expected in this peak appears to be in the sample.

The N-terminal six residues of this fragment are shown above the figure and cor-
responds to the M104 sequence from residue 82 to residue 87. The likely sources
of contamination are the same as for the CN6 fragment, discussed above, In addi-
tion, the absorbance profile from fractions 90 to 160 was not very smooth and

did not give the characteristic CN1A and CN1B peaks. The separation, therefore,
may not have been good due to a poor column run.

Isolation and Characterization of Tryptic Peptides. A portion of the

pooled CN6 peak was digested with trypsin, which cleaves after lysine and arginine,
and the two-dimensional separation of the peptides is shown in Figure 9. Some

of the ninhydrin spots were thought to contain variable region peptides because
they migrated to approximately the same position as M104 variable region tryptic
peptides. Since tryptophan fluoresces under UV, each UV positive spot indicated
by broken lines on the map, contains tryptophan in its peptide. All spots were

cut out and the peptides were eluted and hydrolyzed. The amino acid compositions
of peptides believed to be from the variable region, based on the comparison with
the M104 map discussed above, were determined. The amino acid analyses of

each tryptic peptide from this fragment is shown in Table 1. These amino acid
compositions correspond remarkably well to the tryptic peptide sequences for

the corresponding M104 fragment (James Schilling, unpublished data).



23

Figure 8. Yields of Amino Acid Phenylthiohydantoins from Six Sequenator Cycles
of CN1C Tryptic Peptide. The amino acids expected from this peptide at each
step, based on the M104 sequence, are indicated in the graphs by large dots. The
expected sequence appears to be included in the sample. High yields of valine

in cycles 2 and 6, proline in cyeles 1 and 2, and glycine in cyeles 1, 2, and 5 do
not fit with the expected sequence.

)

*
The graph of serine gives the relative yield, based on absorbance at each cycle,

of a serine product which could not be quantitated.
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Figure 9. Two-Dimensional Map of Tryptic Peptides. Peptide spots are numbered
in order of their appearance during staining. The peptides found to be fluorescent

under UV are surrounded by broken lines.
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Table 1. Amino Acid Ratios of Tryptic Peptides. The tryptic peptides were gener-
ated from an aliquot of the pooled CN6 peak. The numbers in parentheses are
the expected amino acid ratios based on the M104 sequence. The presence of

homoserine indicates that the sample contains methionine.

PEPTIDE NO. (FROM PEPTIDE MAP, FIGURE 9)

AMINO ACID(S) 1 2 4 ° 12 15
ASP+ ASN 145 (1) 465 (5)
THR 182()  113(D  1.04(1)
SER o 265 163 )
GLU + GLN as2(n 251 (2)
PRO 1.04 (1)
GLY 14K a120) 384(%
ALA 0TI 130

VAL 0.87(1)

ILE 213(2)
LEV 1.00(1) 1£17(0
TYR a9 098(N
PHE a93(1)

HIS aes(f)

LYS 096(1) 128(0 107N QW) 0.66(1)

HOMOSERINE +
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Discussion

The dextran-binding myeloma protein J558 was successfully purified
by affinity echromatography using dextran-coupled Sepharose columns. In order
to determine the heavy chain variable region sequence for comparison with the
myeloma protein M104, which also has specifieity for dextran, variable region
peptides were generated. The light and heavy chains of the immunoglobulin were
separated by gel filtration after mild reduction and alkylation. The heavy chain
was digested with eyanogen bromide and the peptides separated by gel filtration.
One relevant peptide was obtained directly from this separation and the other
was obtained after further reduction, alkylation, and separation by gel filtration.

The complete amino acid sequence of the M104 variable region (51) and
the portions of the J558 variable region which have now been sequenced are shown
in Figure 10. The N-terminal sequence was obtained by subjecting whole J558
heavy chain to automated stepwise degradation. In this way, the N-terminal 54
residues were identified by Hunkapiller and Hood (72) as was previously reported.
The results of automated sequence analyses that have conclusively identified
most of the CN1C fragment, residues 82 through 106 and residues 108 through
110 (James Schilling, unpublished data) are also shown in the figure. The variable
region fragment which elutes in the CN6 peak appears to be identical by two cri-
teria to the M104 cyanogen bromide fragment which extends from residue 35
to residue 81. The tryptic peptides from the J558 CN6 peak and those from the
M104 cyanogen bromide fragment yield two-dimensional maps which are very
similar. Furthermore, the amino acid compositions of the J558, shown in Figure 10,

and M104 tryptic peptides from these fragments are identical.
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Figure 10. The M104 Heavy Chain Variable Region Sequence and the Partial J558
Heavy Chain Variable Region Sequence. Residues 1-54 were determined by an
N-terminal sequence analysis (72). Residues 100-106 and 108-110 were determined

by James Schilling (unpublished data). The amino acid compositions thought to

correspond to residues 55-81 are reported here.

1 2 3 4 5
MR- 2 34 56 TE901234567890123456789012345678950123456783%0
PROTEIN
MiO4 EVALQQASG6PELVKPGASVKMSCKASGYTFTODYYMKWVKQSHGKSLEWLIG6D

JS58 EVGLQQSGPELVKPGASVKMSCKASGYTFTODYYMKWVKQSHGKSLEWIGD

¢ 7 8 9
1234561890123 45C0789012345678350123456T78350123454178
IP
MIO4 INPNBGGTSYNQKFKGKATLTVDKSSSTAYMQLNSLTSEDSAVYYCARD
JSSB8 I NP N(BET.S.Y,ZK NERXGKATL, V.8, XSTAY,M )

1 1

] 1

012345C782012345¢7
MI04 YDWYFDVWEAETTVTVSS
Jssg [REIwy FDV GAG
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As shown in Figure 10, there are two amino acid differences so far identi-
fied in the variable regions of M104 and J558. Both substitutions are located
in the third hypervariable region which extends from residue 99 to residue 106.

At residue 100, M104 has tyrosine and J558 has an arginine and at residue 101,
M104 has an aspartic acid and J558 has a tyrosine. Both these changes are non~
conservative and one requires a change of at least two DNA nucleotide bases
of the three bases that code for the amino acid.

There appears to be a carbohydrate moiety in the J558 variable region
located in the tryptic peptide that corresponds to the M104 variable region tryptic
peptide which was found to contain carbohydrate. One spot on the two-dimensional
map of the CN6 tryptic digest was found to have the same amino acid composition
as the M104 carbohydrate-containing variable region tryptie peptide. This J558
spot was located at about the same place as the spot from the M104 peptide just
discussed. Like the M104 peptide, this J558 peptide migrated only slightly in
the chromatography direction and smeared in the electrophoretic direction, as
is characteristic for carbohydrate-containing peptides. Also, in the sequenator
run of the fragment starting at residue 35, the amount of phenylthiohydantoin
recovered after the degradation cycle dropped significantly at residue 55 (James
Schilling, unpublished observation). This has been observed at other residues at
which carbohydrate is attached including residue 55 in M104. The presence of
carbohydrate in this peptide can be verified by subjecting the peptide to a shorter
hydrolysis and analyzing the hydrolyzate on the amino acid analyzer.

The anti-idiotypic antisera that have been made to J558 and M104 (46)
indicate that each protein contains at least two idiotypic determinants, an IdI

determinant, which is different in the two proteins, and an IdX determinant which
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the two proteins share. Discussion of structural basis for and genetic origin of
the idiotype differences in J558 and M104 must wait until the complete heavy
chain variable region of J558 is determined.

It is now well established that a V segment DNA sequence and a J segment
DNA sequence that are separated in the genome code for a whole variable region
(9-11). The differences so far discovered in the heavy chain variable regions of
M104, J558, as well as the dextran-binding hybridoma immunoglobulins currently
being sequenced by James Schilling can be adequately accounted for by the germ
line theory, the somatic mutation theory, or the combinatorial joining theory.

The M104 and J558 variable region sequences shown along with portions
of several heavy chain variable region sequences of dextran-binding antibodies
secreted from prepared hybridomas (James Schilling, unpublished data) suggest
that the V segment ends at position 101. The variability within this segment ap-
pears to be restricted to residues 100 and 101, which are highly variable. The
two amino acid sequence, starting with residue 101, is different in all seven variable
regions in which these two residues have been identified due to many differences
in both these positions. Based on this probable V segment-d segment boundary,
three different J segments have been identified in the six dextran-binding heavy
chains that have been sequenced in this region.

Each different V segment and J segment could be encoded by a different
germ line sequence. Multiple V and J segment DNA sequences could then be at-
tached in various combinations to generate the diversity observed. The fact that
identical J segments are found attached to different V segments indicates that

germ line contributions to diversity, at least in the J segment, are important.



30

Somatic mutation could generate all or part of the diversity observed.
On;e V segment gene and one J segment gene may each undergo somatic mutation
in a number of antibody-producing cells to give rise to the observed sequences,
Alternately, there may be several V segment and/or J segment DNA sequences
in the germ line and each of these may undergo mutation during differentiation.
Somatie mutation may take place before or after the V and J segment DNA are
joined to form a complete variable region-encoding DNA sequence. Much more
variability could be generated if somatiec mutation were an ongoing process and
cells committed to one antibody species were capable of producing some progeny
which displayed and could secrete antibody of altered specificity. This would
provide a larger antibody pool for antigen selection. Since, as yet, identical V
segments have not been found in the dextran-binding immunoglobulins characterized
in this region, somatic mutation may play a role in V segment diversity.

The high degree of variability found in residues 100 and 101, on the V
segment side of the hypothetical V segment-J segment junction, suggests that
the mechanism by which V segment and J segment DNA sequences are joined
generates the diversity. It is not yet known how the mechanism that leads to
DNA rearrangement occurs, but if rearrangement takes place at or near the protein-
encoding sequences, it may produce protein variability.

It is likely that each of these mechanisms contributes to the diversity
observed in the dextran-binding myeloma proteins and antibodies. The relative
contribution from each possible source remains to be determined. The V segment-
J segment boundary can be confirmed by DNA studies like those that defined
V segments and J segments in light chains (9-11). The specifics of the rearrange-

ment of V and J segment DNA must await further experimentation at the DNA
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level. Completion of the J558 J segment sequence and further sequence analyses
of dextran-binding hybridoma antibodies will provide a more complete picture

of the patterns of variability possible in dextran-binding immunoglobulins.
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