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ABSTRACT  Protein WIS is a human v3 heavy (H) chain
disease immunoglobulin variant whose amino acid sequence
is most readily interpreted by postulating that three residues
of the amino terminus are followed by a deletion of most of the
variable (Vg) domain, which ends at the variable-constant (VC)
joining region. Then there is a stretch of eight residues, three
of which are unusual, while the other five have striking homo-
logy to the VC junction sequence. This is followed by a second
deletion, which ends at the beginning of the quadruplicated
hinge region. These findings are consistent with mutations re-
sulting in deletions of most of the gene coding for the V region
and Cyl domain followed by splicing at the VC joining region
and at the hinge. These structural features fit well the notion
of genetic discontinui?' between V and C genes and also suggest
similar mechanisms of excision and splicing in the interdomain
regions of the C gene of the heavy chain.

Amino acid sequence studies of heavy chain disease (HCD)
proteins and other immunoglobulin variants have demonstrated
that most often these molecules contain deletions and that the
deletions are not random but frequently involve immuno-
globulin domains (1). In particular, in all but one of the y HCD
proteins for which degradation can be definitively excluded,
the deletion encompasses part of the variable (V) region and
all of the Cyxl domain of the constant (C) region, with re-
sumption of normal sequence at the beginning of an unusual
region known as the hinge, which contains the interchain di-
sulfide bridges. The hinge varies for each class and subclass, is
rich in cysteine and proline, has little homology with any heavy
(H) chain domain, and can undergo duplications. Three 1
myeloma proteins with internal deletions were recognized
because of their dissociability under nonreducing conditions,
and it was shown that only the hinge region from residues
216-230 is missing (2-4; L. A. Steiner, personal communica-
-tion). Two other myeloma proteins with internal gaps in the
light (L) chains (SAC and SM) have deletions of much of the
variable region; the deletions end at points that may correspond
to the VC joining region (5, 6).

The present report presents detailed amino acid sequence
studies of a v3 HCD protein WIS, which is of interest because
the amino acid sequence is most consistent with the existence
of an apparently normal amino-terminal sequence followed by
two large deletions of Vi and Cyl, which are separated by a
small stretch with striking homology to the VC joining region
of the H chain. The second deletion ends at the beginning of
the quadruplicated hinge (7). Though the precise mechanism
for the generation of these deletions remains to be worked out,
these findings are consistent with the possible existence of
transcriptional units corresponding to immunoglobulin do-
mains.
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MATERIALS AND METHODS

Protein WIS was isolated from the urine of a patient with HCD
by precipitation with 60% saturated ammonium sulfate and
purified by ion-exchange chromatography on DEAE-cellulose
(Whatman DE-52). Immunoelectrophoresis and Ouchterlony
double diffusion in agar were performed with antisera to v
chains, Fd, Fab, and Fc fragments, and light chains (8). Mo-
lecular weights were determined in 10% polyacrylamide gels
containing 0.1% sodium dodecyl sulfate (9). Reduction was
performed with 5 mM dithiothreitol and alkylation with
iodo[!4Clacetic acid (0.7 Ci/mol; 1 Ci = 3.7 X 100 becquerels)
(10). Cyanogen bromide (CNBr) cleavage was carried out
overnight at room temperature with a 5-fold excess (wt/wt) of
CNBr to protein in 70% (wt/wt) formic acid (11). Reduced and
alkylated CNBr fragments were separated by gel filtration on
a (2 cm X 40 cm) Sephadex G-25 column in 35% formic acid.
The hinge fragment was purified on Sephadex G-100 followed
by isoelectric focusing in an LKB 810 (Bromma, Sweden) (110
ml) column, in 1% Ampholine (LKB) at pH 3.5-5 (12).
Chemical typing and tryptic fingerprints were performed as
described (10). Digestion by trypsin treated with L-(1-tosyla-
mido-2-phenyl)ethyl chloromethyl ketone (Worthington) was
carried out in 0.2M NH4HCOs, pH 8.2, for 1 hr at room tem-
perature at an enzyme-to-substrate ratio of 1:100 (wt/wt).
Digestion by Pronase (Sigma) of the completely reduced and
alkylated protein was performed in 0.1M NH,HCOs, pH 8.2,
for 3 hr at 37°C at an enzyme-to-substrate ratio of 1:50 (wt/wt).
The digest was applied to a Dowex AG 50W-X2 (Bio-Rad)
column in water to separate the peptides containing pyrrolidone
carboxylic acid (<Glu, pyroglutamate) and carbohydrate
(CHO) (13).

Digestion by calf liver pyroglutamate aminopeptidase
(Boehringer Mannheim) of completely reduced and alkylated
protein was done in 0.1M sodium phosphate buffer, pH 8.0,
made 5 mM in dithiothreitol, 10 mM in Nay; EDTA, and 5%
(vol/vol) in glycerol, for 9 hr at 4°C followed by 14 hr at room
temperature at a crude enzyme-to-substrate ratio of 1:10
(wt/wt) (active enzyme, 1:200) (14).

Isolation and purification of peptides and amino-terminal
analyses by the dansyl chloride method were done as described
(8). Amino acid sequences were determined automatically with
a Beckman model 890C sequencer by the method of Edman
and Begg. Amino acid residues were identified by gas/liquid
chromatography performed with a 7620A Hewlett-Packard
gas chromatograph, by thin-layer chromatography of phe-
nylthiohydantoin derivatives, and by amino acid analysis using
a Durrum D500 amino acid analyzer after hydrolysis with HCI
(7). The position of carboxymethylcysteine (CmCys) was con-
firmed by measuring radioactivity.

Abbreviations: H chain, heavy chain of immunoglobulins; L chain, light
chain; V region, variable region; C region, constant region; HCD, heavy
chain disease; CHO, carbohydrate (oligosaccharide).
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FIG. 1. Purification of CNBr fragments of protein WIS. (A) Chromatography on Sephadex G-25. Peak II is the amino terminus. (B) Chro-
matography on Sephadex G-100 of peak I from A. (C) The contents of tubes 105-120 from B were further purified by isoelectric focusing. Tubes

15-20 were used for further analyses.

RESULTS AND DISCUSSION

On sodium dodecyl sulfate/polyacrylamide gel electrophoresis,
protein WIS migrated as a homogeneous band with a molecular
weight of 85,000 in the unreduced state and 43,000 after re-
duction and alkylation. The protein was typed chemically and
immunologically as belonging to the ¥3 H chain subclass and
found to contain the intact hinge with antisera specific for the
hinge of 43 (15). Fingerprint analysis demonstrated all the
peptides characteristic of the Fc fragment, including the cys-
teine-containing peptides of the hinge. Amino-terminal analysis
was negative. Because this was probably due to an amino-ter-
minal <Glu, the protein was subjected to Pronase digestion. The
composition of the three major peptides—Prl: Glu,Met;
Pr2: Cys,Asp,Thr,Glu,Gly,Val,CHO; Pr3: Cys,Asp,Thr,
Gluy,Gly,Val,Met, CHO—suggests that the amino-terminal
sequence is <Glu-Met. Therefore, 250 mg of protein was
completely reduced and alkylated, desalted on Sephadex G-25
to remove free iodoacetic acid, and then subjected to cleavage
with CNBr. Separation on a column of Sephadex G-25 in 35%

formic acid (Fig. 1A) yielded two major components. The
second small peak, which coeluted with free iodoacetic acid,
was purified by paper electrophoresis at pH 6.5 and shown to
consist of glutamic acid and homoserine (Hsr) as predicted from
the Pronase peptides. Because peak I contained the rest of the
molecule, it was subjected to gel filtration on Sephadex G-100
in 35% formic acid (Fig. 1B). One major radioactive peak,
which was presumed to contain the region of the molecule
starting with residue 3 and going past the hinge to residue 252
(Eu numbering) (16), was recovered between tubes 105 and
120. It was further purified by isoelectric focusing (Fig. 1C).
Amino acid analysis indicated that all three fractions obtained
by isoelectric focusing were identical and that the observed
heterogeneity resulted from incomplete alkylation (data not
shown). Only the major radioactive peak, indicated by a bar
in Fig. 1C, was used for further studies. Amino-terminal
analysis was negative due to the fact that the Gln in position 3
had cyclized during the preparative procedures (17).

To obtain the amino-terminal sequence, two types of studies
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FIG. 2. Amino acid sequence of amino terminus and hinge fragment of protein WIS compared to hinge of v3 (7). Automatic sequence analysis
after .rer.noval of <Glu yielded a sequence to residue 39. Tryptic peptides T4 and Ts were placed by homology. Pr, Pronase peptides. Evidence
for triplication of peptides T3 and T} is provided in Tables 1 and 2. Amino acid sequence identity (—) starts with Glu at position 12.
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Table 1. Amino acid compositions of CNBr hinge fragment and

its tryptic peptides
CNBr fragment Peptide

(Flg IC) Tl T2 T3 T4 T5
CmCys* 10 1.5 0.3 0.8 0.9
Asp 6.0 2.1 1.0 1.0
Thr 8.6 4.6 1.0 1.0
Ser 6.8 2.2 1.0 1.0
Glu 6.6 2.3 1.1 1.1
Pro 28.0 3.1 2.0 4.3 6.5
Gly 43 18 2.3
Ala 1.0 0.9
Val 3.2 1.6 1.0
Leu 6.4 2.0 30 1.1
Phe 5.4t 1.9
His 1.0 14
Lys 5.2 1.2 1.0 1.9
Arg 4.6 0.9 1.0
Hsr + 0.5
CHO + +

Compositions are expressed as residues per mole.
* Yields low due to poor recovery.
t Falsely high due to CHO.

were performed: (i) The intact molecule was treated with calf
liver pyroglutamate aminopeptidase, and after removal of
<Glu it was possible to obtain the sequence of the first 39 resi-
dues by automatic sequencer analysis (Fig. 2). () The CNBr
fragment containing the hinge region was digested with trypsin
and the peptides were purified by high-voltage electrophoresis
at pH 6.5, 3.5, and 2.1. Table 1 shows the amino acid analysis
of the major CNBr fragment and its tryptic peptides. In Fig.
2 an attempt is made to align the sequence data and the Pronase
and tryptic peptides with the established sequence of the v3
hinge (7). Starting with residue 12, there is identity with the v3
hinge (7). However, residues 1-11 do not correspond to the
sequence preceding the 3 hinge or the homologous region of
the ¥1 heavy chain. When the first 11 residues are compared
to various regions of the H chain (Fig. 3), optimal homology is
achieved by aligning residues 1, 2, and 3 with the amino ter-
minus of the Vy1 region; Met can result from Val by a single
base substitution. Positions 4-7 do not match with any of the
published Vg amino terminal sequences, but positions 8-11
show striking homology to the end of the Vi1 sequence from
residues 114-117, commonly considered as the VC joining re-
gion (18). It should be noted that the presence of a typical
complex oligosaccharide linked to Asn and the presence of a
Cys residue in this region are unique. To account for these
unusual residues, we have chosen to place the start of the de-
letion at position 3 and we included Gly as an invariant residue
after the deletion near the beginning of the VC joining region.
However, it is equally possible to have the deletion begin at
residue 7 and end with Thr-Val-Ser-Ser. This is then followed
by a deletion of the entire Cyl domain, with resumption of

Res1DUE 1 3 4 CHO
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Table 2. Radioactivity associated with tryptic peptides obtained
from CNBr fragment (Figs. 1C and 2)

Peptide (Fig. 2) cpm Ratio
Tha 40,000 0.6
T;b 65,000 1.0
T, 187,000 3.0
Ts 370,000 6.0
Ty Not recovered —

normal sequence at the beginning of the hinge. The other
possibility, that the molecule begins somewhere within the
variable region, was examined by attempting to establish
homology to other parts of Vy, especially near the VC joining
region. Although methionine has been observed previously in
five proteins at or near residue 100 (16), comparison of the se-
quence in protein WIS with the amino acid sequence preceding
or following that methionine makes it unlikely that the amino
terminus corresponds to this point. Similarly, alignment with
the three residues preceding Gly (residue 110, Eu numbering)
yields poorer homology. The third possibility, that the first 11
residues represent the precursor peptide, is unlikely in view of
the sparsity of hydrophobic residues (19, 20).

The hinge of 3 has been shown to be unusually large due
to the quadruplication of a 15-residue subunit (7). Three types
of analysis were carried out on protein WIS to demonstrate that
the same holds true for its hinge. (i) The molecular weight of
the CNBr fragment was shown to be approximately 10,000. (i)
Comparison of the amino acid analysis of the CNBr fragment
(Table 1) to various combinations of the four peptides gives the
best fit when peptides T and Ty are triplicated and T}, T4, and
Ts are included only once (Table 1). (i#i) The radioactive
peptides were isolated by two-dimensional chromatography
and high-voltage electrophoresis from a tryptic digest of 25 mg
of completely reduced and alkylated CNBr fragment. Under
the conditions of this experiment there was an additional
cleavage site after the lysine at residue 14, giving two peptides
known as T)a and T)b. Table 2 lists the radioactivity recovered
in each of these peptides and indicates that the cpm in peptides
T)a and T;b are approximately one-third of peptide T3 and
one-sixth of peptide T3, which contains two Cys residues. This
indicates that peptides Ty and Tj are triplicated. In this ex-
periment peptide T4 was not recovered, but, on the basis of
other studies, it can be assumed not to be triplicated.

Fig. 4 summarizes the structural data on eight YHCD pro-
teins, three molecules with a deletion limited to the hinge, and
protein WIS. In the myelomas with a deleted hinge, the defect
is limited to the 15-residue hinge. In most ¥ HCD proteins in
which degradation can be excluded, a normal or at times an
abnormal amino terminus (23) is followed by a large deletion
that ends at the beginning of the hinge with the sequence
Glu-Pro-Lys. However, in the case of ¥3 HCD proteins the

11 12
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F1G. 3. Alignment of amino terminus of protein WIS with Vy1 and hinge of v3. Boxes indicate identity. //, Sites of deletion.



Immunology: Franklin et al.

Proc. Natl. Acad. Sci. USA 76 (1979) 455
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FI1G. 4. Diagram of normal v1, 2, and 3 H chains, five v¥1 and one y2 HCD proteins with internal gaps to residue 216, three myeloma proteins
with deletions of hinge only (216-230), two v3 HCD proteins with deletions ending at the hinge, and protein WIS. Structures of most proteins
are summarized in ref. 1; VAU, LEB, and ZAN are unpublished; McG (2), LEC (3), DOB (4), CHI (21), ZUC (22), HAR (23). », V region;.. . .,

deletion; —, C region.

deletion can end at the beginning of the extended hinge with
the corresponding sequence Glu-Leu-Lys or within it at one of
the quadruplicated regions (ZUC). These findings have given
rise to the idea that the hinge represents an unusual site for
genetic events (1-3, 8). Protein WIS is of interest because it
suggests the preservation of another normal recognition site at
the VC joining region where splicing may take place after an
internal deletion of about 107 residues. For unknown reasons,
perhaps as a result of a second mutation, this is followed by a
second deletion, which ends at the beginning of the hinge.
Possible mechanisms that can result in these unusual struc-
tural features remain to be established. The most likely possi-
bilities are either some mutational events resulting in the
transcription of an altered RNA molecule or faulty processing
of the heterogeneous nuclear RNA, because studies of several
proteins such as ovalbumin (24), hemoglobin (25), immuno-
globulin light chains (26), and a number of viral proteins (27,
28) have shown that DNA is transcribed first into a heteroge-
neous nuclear RNA, from which sectiqns are looped out and

()

excised in the formation of a smaller mRNA that serves as a
template for translation. In order to assure translational fidelity,
certain regions of the RNA must serve as sites for the splicing
process.

In discussing these two possibilities, it seems appropriate to
consider two myeloma proteins with abnormal light chains (5,
6) for which protein structure can now be correlated with the
DNA sequence obtained by cloning (26). Fig. 5 shows that, in
the cloned DNA from a murine Ay producing plasmacytoma,
there is a large untranslated region of DNA at the end of the
precursor peptide and another one at residue 98 in the embryo
(26) and at residue 110 in the myeloma DNA (29). In comparing
this to the deletions of the only two L chain mutants known, it
becomes apparent that the gap in the L chain of SM ends at
residue 110 (which corresponds to the myeloma untranslated
region and is close to the chemically defined VC joining region
.of the L chain) and resumes with the sequence Gln-Pro-Lys,
while that of the other protein, SAC, ends at residue 99 [which
corresponds exactly to the position of the second intervening

() )

DNA and < !

heterogeneous nuclear RNA =

geneous nuclear o8 110

Precursor Pre \Y; C

L chain ’ + + 4
L chain } + <4
SAC — + -

99
SM — + -
110

FI1G. 5. Diagram of L chain DNA (based on data in refs. 26 and 29), the precursor L chain, the L chain, and two L chain mutants (5, 6) whose
deletions (broken lines) end at the sites of the introns (intervening sequences) (2) defined by DNA sequencing. The stretch from position 99

to 110 has recently been called the J sequence (29).
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sequence (intron) in the embryonal A\;; DNA defined by To-
negawa et al. (26)]. Thus, splicing seems to have taken place
at the next available recognition site, which is the VC joining
region. Because, depending on the L chain class or subclass, and
perhaps on the state of differentiation of the cell, this may be
somewhere in the vicinity of residue 110 and not always exactly
at the chemically defined VC joining region, it is difficult to
define precisely the beginning of the C region.

If one attempts to predict the structure of H chain DNA on
the basis of the characterized H chain mutants, it seems likely
that recombination or splicing sites may exist not only at the VC
joining region but also at the beginning and end of the hinge.
In addition, results with other rarer or less well characterized
human variants (1) and several murine proteins (30) suggest that
each of the domains may correspond to a separate transcrip-
tional unit defined in terms of excision and splicing of hetero-
geneous nuclear RNA.

The possibility that protein WIS starts around residue 110
as a consequence of degradation of a larger precursor should
be mentioned but appears unlikely for two reasons. First, at-
tempts to align the amino-terminal sequence with this region
in each of the Vy subclasses is not possible without deviating
from at least one invariant residue (18). Second, and perhaps
more important, in each of the 12 HCD proteins presumed to
be the result of degradation, proteolysis occurs at various sites
in the hinge region and has never been noted elsewhere in the
molecule (31).
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