Molecular Defect in a Gamma-2 (v2) Heavy Chain

Abstract. The first gamma-2 (y2) heavy chain disease protein Gif has pyrroli-
dinecarboxylic acid as its amino terminal residue, much of the Fd variable region,
and an internal deletion of the heavy chain of about 100 residues corresponding to
most of the Fd constant region. Normal sequence resumes with a glutamic acid
residue at position 216 in the hinge region. This is the third gamma heavy chain dis-
ease protein where normal sequence resumes at the same position after the deletion.

Gamma heavy chain disease (yYHCD)
(1) is characterized by the production
of an aberrant protein which consists
of the Fc fragment and part of the Fd
fragment of immunoglobulin heavy
chains (2). Investigations of three
YyHCD proteins have shown that the
structural defect is an internal deletion.
In protein Zuc (3), a y3 protein, there
is a gap of almost the entire Fd frag-
ment starting at residue 18. The Glu
(4) at residue 19 of Zuc corresponds
to position 216 (5) in the normal se-
quence found in y3 heavy chains, and
from this point to the COOH-terminal
end of the molecule it is apparently
normal. Cra (6), a yl HCD protein,
has a heterogeneous NH,-terminal re-
gion. After these 11 residues normal
sequence is resumed at the same resi-
due as in Zuc. In another HCD pro-
tein, Hi (7), there is also an internal
deletion, but its size and exact location
have not been identified. Studies of
these proteins may yield valuable clues
about the genetic control of immuno-
globulin heavy chains.

Protein Gif was isolated from the
serum by starch-block electrophoresis
and repeated filtration on Sephadex
G-200. It was typed as a y2 protein im-
munologically and chemically (8).
Molecular weights were determined by
acrylamide-gel electrophoresis in so-
dium dodecyl sulfate (9). The na-
tive protein exists as a dimer with a
molecular weight of 80,000; the mono-
mer formed by reduction has a molec-
ular weight of 40,000.

Amino terminal analysis with the
dansyl (diaminonaphthylesulfonyl)
chloride method was negative, indicating
a blocked NH,-terminal. A Pronase
digest of Gif was passed through a
Dowex-50 column and then subjected
to high-voltage electrophoresis at pH
6.5. A ninhydrin-negative, chloride-
positive spot was identified as a dipep-
tide, Glu-Val. Tryptic peptide patterns
of Gif contained 10 to 12 peptides in
addition to those present in the Fc frag-
ment (/0). Since these findings sug-
gested that Gif is an incomplete heavy
chain, an attempt was made to identify
the site and magnitude of the abnor-
mality.
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Because of a limited amount of ma-
terial, we attempted to characterize all
the cysteines of the molecule, partic-
ularly those in the hinge region.
Amino acid composition of the oxidized
protein revealed ten cysteic acid resi-
dues per heavy chain, based on an
estimate of 360 residues per heavy
chain. A peptic-tryptic diagonal map
(11), obtained at pH 3.5, showed the
presence of seven cysteic acid peptides.
There were three pairs of linked cys-
teines plus one peptide which ap-
peared unlinked. The three cystine
bridges have been identified (see be-
low) as the intrachain loop of the Fd
variable region and the two intrachain
loops of the Fc region (Fig. 1). The
hinge peptide which contains four cys-
teines appears unlinked, since it is
bridged to the identical peptide on the
other heavy chain. We were unable to
label any cysteines when the unreduced
protein was alkylated in tris-guanidine,
indicating the absence of any free SH
groups.

Techniques for cleavage of the
peptide chain by pepsin and trypsin

“and separation of the resulting peptides

by high-voltage electrophoresis and
radioautography have been described
(12). Sequences of isolated radioactive
peptides containing carboxymethylcys-
teine (CMCys) were determined by
dansylation of amino terminal residues
after sequential Edman degradation
(Fig. 1). Four of the CMCys-contain-
ing peptides correspond to the two
intrachain loops of the Fc fragment,
while a fifth cysteine peptide has
marked homology with the peptide that
includes the cysteine at position 97 in
the Fd variable loop (I3). Peptide PT,
with the composition Leu, Thr,
CMClys, 5 could include either the first
variable cysteine at position 22 or the
cysteine of position 367. Because of
the size of the molecule and the pres-
ence of a third cystine bridge on di-
agonal maps we believe PT; and T,
are linked and represent the intrachain
disulfide loop of the Fd variable region.
We were unable to identify the cysteine-
containing peptides from the Fd constant
region including the constant loop and
the peptide joining the heavy to the light
chain (Fig. 2B). This places the begin-
ning of the deletion somewhere after
residue 100, and probably at the begin-
ning of the constant region of the Fd
fragment. Since the sequence around
the hinge region of a y2 myeloma pro-
tein (Sa) is known (I4), we attempted
to characterize this region of the mole-
cule in the hope of characterizing the
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Fig. 1. Carboxymethylcysteine peptides isolated from peptic (P), tryptic (T), and
peptic-tryptic (PT) digests of the fully reduced and alkylated 42 HCD, Gif. Three
intrachain disulfide bridges of the molecule are present. No CMCys peptides correspond-
ing to the Fd constant region were identified. The heavy-light peptide is absent, and
the peptide containing the interchain bridges (linking the heavy chains) is shown in

Fig. 2.
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Fig. 2. (A) Sequence of the hinge region of protein Gif, derived from tryptic-chymotryptic (TCa), peptide-tryptic (PTa), and pep-
tic (P,) digests of the molecule. From the Glu at position 216 the sequence of Gif is identical with another 2 protein, Sa. The
first five residues of P, are not homologous with protein Sa, indicating that the normal sequence begins at position 216. Small

arrows indicate residues sequenced in peptides P and TCa.

(B) Schematic representation of a 42 heavy chain monomer. The

solid lines represent Gif and the dotted area is the deleted segment corresponding to the Fd constant region.

end of the deletion. A partial sequence
of a peptide isolated from tryptic-chy-
motryptic and peptic-tryptic digests of
the reduced molecule showed that the
region containing the heavy chain
bridges from 218 to 235 was identi-
cal to that found in Sa (I4) (Fig. 2A).
A related peptide (P,), which con-
tains several additional residues at the
NH,-terminal side, was then obtained
(in low yield) from a peptic digest of
the unreduced protein (15) by a series
of steps that included high-voltage elec-
trophoresis, descending chromatography
with a butanol, acetic acid, water,
pyridine system, and ion exchange
chromatography (AG50W-X8, over a
gradient of pH 3.1 to 3.7). Sequential
Edman degradation revealed that the
first five residues of P, have the se-
quence Val-Thr-Asp-Val-Ser. These res-
idues are not homologous with the
region preceding residue 216 in protein
Sa. Also, P, contained carbohydrate,
which must come from the amino

terminus of the peptide since PT,
lacked carbohydrate (Fig. 2A). The
composition of the remainder of this
peptide from the Glu at position 216
to position 234 is identical with protein
Sa. Not enough material was available
to determine the sequence of Glu and
Arg at residues 216 and 217. However,
the location of the tryptic cleavage sug-
gests that the sequence is as shown in
Fig. 2A. A schematic representation of
the molecule is given in Fig, 2B.

Gif differs from Zuc and Cra in the
size of the deletion, but it resembles Hi
in having a deletion of about 100 resi-
dues per heavy chain. As is shown by
the sequences in Fig. 3, Gif is similar
to Cra and Zuc in that normal sequence
resumes at or around the Glu of posi-
tion 216 and that carbohydrate is at-
tached to Asn just before the regular
sequence resumes. It would seem that
more than coincidence must be involved
in such a regular occurrence. If we
suppose that the synthesis of the heavy

chain is under the control of either a
single or a series of closely linked
genes, and that these arose by gene
duplication from a smaller ancestral
gene, then the sequence around residue
216 might be expected to be homolo-
gous with the NHy-terminal of the
heavy chain or the Fd constant region.
However, this region which is known
as the “hinge region” and contains the
disulfide bridges linking the heavy
chains is not homologous with any
other region of the heavy or light chain
and has been noted to contain the
greatest subclass variability in IgG (16)
and IgA (I7). This lack of homology
raises the possibility that it represents
the product of a satellite DNA which
has been inserted during the duplication
of a primitive immunoglobulin gene.
An alternative explanation for the ob-
served lack of homology and great
variability of this region is that, while
it represents the results of gene dupli-
cation, it is unique because of still un-
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Fig. 3. The sequence from the hinge region of three HCD proteins as compared to the known sequence of proteins of the same sub-
class (3, 13, 14). All three HCD proteins begin regular sequence at position 216, and carbohydrate.is attached to the molecule
just before this site. Underscoring indicates the nonhomologous regions preceding the normal sequence.
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known functional requirements that
have permitted this degree of variability
during evolution.

Since the four known subclasses of y
chains are under the control of a series
of closely linked genes (I8), it seems
particularly striking that, as is shown in
Fig. 3, yHCD proteins belonging to
three of these subclasses have normal
sequences after the same wposition. Thus
it seems possible that Glu at residue
216 near the hinge region could rep-
resent the beginning of another gene.
The data on two other immunoglobulins
with large deletions do not provide
further support for this possibility. The
deletion in protein Hi has not .been
defined sufficiently to be informative
(7, 19). Protein Sac, an unusual yGl1
myeloma protein, has a light chain
with an internal deletion of about 70
residues, and a heavy chain lacking
the first 102 residues (20). The pos-
sibility that the findings in the heavy
chain are the result of proteolysis has
not been excluded. Smithies has pro-
posed a branched-chain DNA for im-
munoglobulin genes, one that would
result in varying deletions dependent on
DNA breakage and differing mecha-
nisms of repair (21). This could explain
the results of the three HCD pro-
teins if codon 216 was particularly sus-
_ceptible to DNA breakage. The limited
number of proteins studied makes any
proposed mechanism highly speculative,
but future studies may establish the
reason for the unusual structure of the
hinge region and provide the mecha-
nism by which two, three, or more
genes are integrated so that a single
polypeptide chain is synthesized.
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Acetylcholine Receptors: Number and Distribution at

Neuromuscular Junctions in Rat Diaphragm

Abstract. The number of acetylcholine receptors per motor end plate in the
rat diaphragm, measured by the binding of ['*’Ila-bungarotoxin, varies directly
with rat size and is (4.0 = 0.2) X 107 for full-grown male rats. Autoradiographic
analysis of single fibers labeled with this substance reveals that virtually all of
these receptors are localized in the end plate.

«-Bungarotoxin («-BGT), a poly-
peptide isolated from the venom of Bun-
garus multicinctus, binds tightly to skele-
tal muscle and electroplax membranes in
the microregion of the acetylcholine
receptors and blocks the response of
these cells to acetylcholine (ACh)
(1-3). The polypeptide binds specifi-
cally to ACh-sensitive cells (4), and
both ACh and d-tubocurarine com-
pete with «-BGT in the binding re-
action (I, 2). For these reasons,
a-BGT labeled with 1251 or 131 js
used as a tag for the ACh receptor.

We have used [125[]-BGT to deter-

mine the number and spatial distribution
of ACh receptors in the muscle mem-
branes at rat neuromuscular junctions.

To determine the number of recep-
tors per end plate, we pinned the left
hemidiaphragms of male and female
Sprague-Dawley rats (100 to 380 g)
to stainless steel grids; in each hemi-
diaphragm, the endplate region of a
layer of deep muscle fibers was ex-
posed by dissecting along the phrenic
nerve as it courses through the muscle
mass. The pinned diaphragms were
incubated for 2 hours at 37°C in
modified Ham’s F12 culture medium,
which was buffered with N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid
as zwitterion and contained [125]]a-
BGT, 10—¢ g/ml. Then the diaphragms
were transferred to fresh medium that

lacked «-BGT, washed with 12 changes
of medium for 5 minutes each, fixed
in glutaraldehyde, and stained for the
end-plate marker acetylcholinesterase
(AChE) (5). Groups of muscle fiber
segments containing 0 to 60 end plates
were dissected from the muscle, the
number of end plates in each group
was determined, and each group was
hydrolyzed in 100 ul of 6N HCI at
115°C for 48 hours. The hydrolyzates
were dissolved and counted by scintilla-
tion spectrometry (6). Groups of mus-
cle fibers that were free of end plates
were analyzed to determine the cor-
rection factor for nonspecific binding
(which was about 3 percent of total
binding).

From 45 determinations on full-
grown male rats (345 to 380 g), the
number of ACh receptors ([125]]a-BGT
binding sites) per end plate was de-
termined to be (3.98 =0.21) X 107
(mean = standard error), and the range
was (1.14 to 8.70) X 107 sites per
end plate. Part of this variability is pre-
sumably due to variation in the size
of individual end plates. The values de-
termined for rats of various sizes are
presented in Table 1. From the bind-
ing of ['3]e-BGT to whole hemidia-
phragms of rats (weight unspecified),
Miledi and Potter (2) estimated a pop-
ulation of about 4.7 X 107 receptors
per end plate.
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