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Mouse Immunoglobulin D: Messenger
RNA and Genomic DNA Sequences

Philip W. Tucker, Chih-Ping Liu
J. Frederic Mushinski, Frederick R. Blattner

Immunoglobulin molecules on the
membranes of lymphocytes serve as re-
ceptors and in this form play a pivotal
role in regulating the immune response
of an animal to antigenic challenge (/).
One example is the antigen-dependent

cess are additional controls that prevent
triggering of B cells bearing self-reactive
antibodies (3) and, in the case of cellular
antigens, histocompatibility restrictions
that regulate T cell-B cell interactions (¢,
5).

Summary. The molecular structure of a mouse immunoglobulin D from a plasmacy-
toma tumor and that of the normal mouse gene coding for immunoglobulin D are
presented. The DNA sequence results indicate an unusual structure for the tumor &
chain in two respects: (i) Only two constant (C) region domains, termed C81 and C83
by homology considerations, are found; the two domains are separated by an unusual
hinge region C3H that lacks cysteine residues and thus cannot provide the covalent
cross-links between heavy chains typically seen in immunoglobulins. The two do-
mains and hinge are all coded on separate exons. (ii) At the carboxyl end of the &
chain there is a stretch of 26 amino acids that is coded from an exon located 2750 to
4600 base pairs downstream from the rest of the gene. Analogy with immunoglobulin
M suggests that this distally coded segment C6DC may have a membrane-binding
function; however, it is only moderately hydrophobic. A fifth potential exon (C8AC),
located adjacent to the 3’ (carboxyl) end of C83, could code for a stretch of 49 amino
acids. The tumor’'s’expression of the 8 gene may be aberrant, but the simplest inter-
pretation would be that this tumor expresses one of the several biologically significant

forms of the & chain.

triggering of B cells (2). To be eligible to
differentiate into a proliferating anti-
body-secreting cell, a particular B cell
must produce and bear on its surface an
immunoglobulin that can react with the
antigen. Thus the animal’s protein-syn-
thesizing resources are not devoted to
large-scale synthesis of useless anti-
bodies for which an antigen is not pres-
ent.

Superimposed on this regulatory pro-
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Immunoglobulin D (IgD) whose role is
at present poorly understood, is a major
immunoglobulin receptor on B cell mem-
branes (6). The IgD class is distinguished
by its & type heavy chains. Membrane
expression of IgD may be associated
with such functions as memory propaga-
tion (7) and maturation (8), prevention of
tolerance (9), idiotype suppression (/0),
and early B cell development (/7). Al-
though IgM appears first in ontogeny (/2,
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13), IgD is present along with IgM on a
majority of splenic B lymphocytes (12,
14). On each cell these two classes of re-
ceptor share the same antigenic specifici-
ty and idiotype (I5), which probably
means that they have the same variable
region.

Most of the available knowledge about
immunoglobulin structure has come
from analysis of plasmacytoma proteins,
which are assumed to reflect the secreted
rather than the membrane form of anti-
bodies. Both types of immunoglobulin
molecules are generally composed of
paired heavy (H) and light (L) chains,
each of which is made up of a series of
domains of about 110 amino acid resi-
dues. Both heavy and light chains con-
tain a variable (V) region domain at the
amino terminal end; the heavy chain and
light chain V regions interact to form the
antigen-combining site. Light chains
have a single constant (C.) region do-
main located at the carboxyl terminus
which is linked to the first constant re-
gion domain of the heavy chain (Cgl). In
all normal secreted immunoglobulins so
far studied, heavy chains have either
three or four Cy domains depending on
class. The heavy chains interact with
each other covalently by disulfide bonds
and noncovalently by other interactions
to form an H,L, tetramer (which in im-
munology is traditionally termed a
monomer) of characteristic three-dimen-
sional structure (/6). In IgM and IgA, the
secreted form of these monomers are
further polymerized. In the IgG class, a
peptide segment termed the hinge is
present between the first and second Cy
domains. This segment of amino acids is
generally rich in proline, is involved in
disulfide bonding between heavy chains,

Philip W. Tucker was assistant professor, Depart-
ment of Biochemistry, University of Mississippi
Medical Center, Jackson 39216. He is now associate
professor, Department of Microbiology, University
of Texas Southwestern Medical School, Dallas
75235. Chih-Ping Liu is a postdoctoral fellow, Labo-
ratory of Genetics, University of Wisconsin-Madi-
son, Madison 53706. J. Frederic Mushinski is senior
investigator, Laboratory of Cell Biology, National
Cancer Institute, Bethesda, Maryland 20205. Fred-
erick R. Blattner is associate professor of genetics,
Laboratory of Genetics, University of Wisconsin-
Madison, Madison 53706.

1353



and permits a high degree of segmental
flexibility for the antigen-binding arms,
thus allowing an optimal fit of the com-
bining site to antigenic determinants at
varying distances and angles on the anti-
gens (/6).

Recent studies done by DNA cloning
techniques have shown that immuno-
globulin genes are expressed from a
number of separate ‘‘exonic’’ segments
of DNA that are arranged in modules in
the genome (/7). Several types of rear-
rangements, involving both DN A joining
and RNA splicing, occur under develop-
mental control during the expression
of immunoglobulins (I8), and it is be-
coming increasingly attractive to specu-
late that ‘‘exon shuffling’’ plays a major
role in the regulation of the immune
response.

Recently, it has become possible for
some deductions about immunoglobulin
proteins to be made more easily and rap-
idly from nucleic acid studies than from
studies of the proteins themselves. An
example of this is the work of Early ez al.
(19) and Rogers et al. (20) in defining a
carboxyl terminal exon shuffle (see dis-
cussion by Liu et al., pages 1348-1353)
that may be responsible for the secreted
and membrane forms of IgM; their find-
ings were consistent with the analysis of
the secreted and membrane forms of the
u protein chains (21).

A carboxyl terminal exon shuffle may
not be the complete explanation in all
cases for differences between mem-
brane-associated and secreted forms of
immunoglobulins. For example, Oi et al.
(22) identified antigenic differences be-
tween secreted and membrane forms of
IgG2a localized to the hinge or Cy.,2 do-
main. Such changes could also be medi-
ated by exon shuffles.

For IgD, data on the protein have been
particularly hard to come by. Analysis of
the secreted form of the IgD protein has
been difficult because of its low abun-
dance in serum, its extreme susceptibili-
ty to proteolytic cleavage, and the rari-
ty of IgD myelomas (23). Nonetheless,
Spiegelberg (24) succeeded in obtaining
limited amino acid sequence from a hu-
man IgD myeloma Fc fragment and con-
cluded that IgD showed some resem-
blance to IgG. These findings have re-
cently been corroborated and extended
by Lin and Putnam (25) on another hu-
man IgD myeloma protein, WAH. The
human & chain appears to have three typ-
ical Cy domains and an extended hinge
of some 50 residues between Cé1 and
Cs2.

Mouse serum has an extremely low
concentration of IgD. Two sizes of &
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chain from serum, 81 and 82, have been
estimated as 57,000 and 69,000 daltons,
respectively (26, 27). The membrane
form of IgD has been characterized in
several studies (28-30). These reports,
which rely on labeling of membrane
preparations and specific immunopre-
cipitation techniques, generally agree
that the membrane & chain is a glycopro-
tein of 65,000 to 72,000 daltons, as deter-
mined by gel electrophoresis. However,
all the measurements of 8 chain size ra-
diolabeled in vivo are strongly affected
by glycosylation. By one estimate (29)
the length of the 8 chain after enzymatic
carbohydrate removal was 50,000 dal-
tons, which is about 20,000 daltons less
than the fully glycosylated protein. The
major but uncertain contribution of car-
bohydrate to molecular size has ham-
pered attempts to determine the size of
the 8 chain and the organization of its do-
mains. An additional finding that may
have biological significance is that there
may be IgD ‘‘half-molecules,”” con-
sisting of only a single light and a single
heavy chain on lymphocyte surfaces 3/,
32), in addition to the standard H.L,
monomer.

One might hope to obtain an under-
standing of IgD function by careful anal-
ysis of its protein structure and its ge-
nomic organization. The article by Liu ez
al. (33) showed the relationship of the
Cun and C8 genes in the mouse genome.
In this article, we focus on the fine struc-
ture of Cd exonic segments.

Materials and Methods

The recently classified tumors, TEPC
1017 and TEPC 1033 (34), are the first
mouse plasmacytomas that have been
characterized as producing an immuno-
globulin of the IgD class. Immunoglobu-
lin D, which is identified by immuno-
precipitation by the 10-4.22 hybridoma
antibody (35), is both secreted from and
found on the surface of these cells 34).

Polyadenylated RNA was isolated
from TEPC 1017 and was used (36) to di-
rect the cell-free synthesis of a 44,000-
dalton protein specifically immuno-
precipitable by a class-specific antibody
to 8 (34). From this heavy chain messen-
ger RNA (mRNA), a complementary
DNA (cDNA) plasmid clone, pd54J, was
constructed by a modification of the
method of Maniatis et al. (37). The con-
struction of this plasmid and its veri-
fication as an authentic IgD clone by
mRNA selection will be described else-
where (36).

The pd54J cDNA plasmid was used in

(33) to isolate genomic clone Ch28 257.3,
which contains the 8 gene from BALB/c
mouse liver DNA. This germ-line clone
and the cDNA clone were used for the
structural studies described in this ar-
ticle.

Arrangement of Cé Exons in
BALB/c DNA

The first step of analysis of the C&
gene was the preparation of fine-scale
maps of the cloned 8 chain mRNA in
pd54] and the corresponding BALB/c
genomic DNA cloned in Ch28 257.3. We
used agarose gel electrophoresis, South-
ern hybridization (38), and DNA se-
quencing techniques for this purpose.
Figure 1 shows the results of the map-
ping. Dotted lines are used to indicate
the relationship between genomic and
mRNA segments. We found that the
TEPC 1017 & constant region mRNA is
derived from four exons in genomic
DNA. The first three exons code for two
constant region domains separated by a
hinge segment and map into the leftmost
of the two hybridizing regions identified
in (33). The fourth exon codes for the 26
amino acids at the carboxyl terminal end
of the 8 chain and maps to the rightmost
hybridizing region. This distally coded
segment was mapped in the genomic
DNA clone by Southern hybridization
with the 3’ terminal Hinf I-Pst I fragment
of pb54] as a probe. Since we have not
refined the mapping in this area yet, we
can only place this exon within the re-
gion between 2750 and 4600 base pairs
downstream from the rest of the gene.
We also cannot exclude the possibility
that the distal segment is coded on more
than one exon within that area.

Nomenclature

The arrangement of the mouse Co
gene is typical of other immunoglobulin
genes in that domains and hinge seg-
ments are coded by separate exons.
However, the presence of only two do-
mains separated by a hinge in the C3
constant region is unprecedented. Other
heavy chains, including the human &
chain WAH, have at least three Cy do-
mains. We do not yet know whether the
short & chain of TEPC 1017 is an aber-
rant arrangement, but it clear from the
homology consideration discussed below
that the second domain we found is more
like the human C83 domain than the hu-
man C82. We have therefore decided to
call the TEPC 1017 mouse Cd segments

SCIENCE, VOL. 209
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Fig. 1. Relationship of Cé gene and TEPC 1017 8 mRNA. The region of the BALB/c genome cloned in Ch28 257.3 (33) that contains the C5 gene is
shown in the upper panel. Distances are given in base pairs. Exons are designated by boxes, and introns and flanking regions are designated by
lines. The restriction map for the cDNA insert of pd54J cloned from TEPC 1017 tumor mRNA is given in the lower panel. The beginning of the
insert in the plasmid is nucleotide 90. Dashed lines from the genomic map indicate the contiguous exonic arrangement in the mRNA of C81, CSH,
C83, and C8DC segments and 3’ untranslated region (3' UT). For both DNA'’s, the dots and arrows denote the DNA sequencing strategy.
Fragments were cleaved and labeled at the dots, and the direction and length of the sequence obtained from these sites, using the Maxam and
Gilbert method (39), are indicated by the arrows.

Cd1, CoH, and C83, rather than number-
ing the domains consecutively as would
be the usual practice for a new plasmacy-
toma protein.

The carboxyl terminal arrangement of
the & gene also presents a problem of no-
menclature. This arrangement is very
similar to that of C8, in which the mem-
brane (M) terminus, py, is coded distally
to the last domain and the secreted (S)
terminus, g, is coded adjacent to the
last domain. However, for Cu, informa-
tion was available to indicate a mem-
brane-binding function for the distally
coded terminus, and protein sequence
data proved that the adjacently coded
segment is used to code the secreted
form of the antibody. Neither of these
relationships has been shown for C8.
Since it would be unwise to assume that
topographical similarity defines function-
al analogy, we refer to these regions in
the & gene as CSAC (adjacently coded)
and C8DC (distally coded) instead of as
S and M.

Amino Acid Sequence of Mouse &

Chain as Deduced from DNA Sequence

The structure of the TEPC 1017 pro-
tein indicated by our analysis of both
mRNA and gene is unusual for an immu-
noglobulin heavy chain in that only two
constant region domains separated by a
hinge are present. Before discussing the
possible significance of these findings,
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we will comment on the sequences them-
selves.

Figure 2 shows the DNA sequence
[see (39)] obtained for each exonic seg-
ment of the 8 gene, including the CSAC
segment, which may at different times be
either intronic or exonic, if the ex-
pression of this gene follows the pattern
of the u gene. The data are presented
with 5’ sides of the segments aligned to
facilitate comparisons. All of the se-
quences presented in Fig. 2 were deter-
mined from both strands of both mRNA
and BALB/c genomic DNA with three
exceptions: (i) 95 nucleotides at the 5’
end of C82 were determined from the
two strands of genomic DNA only; (ii)
COAC was sequenced from the two
strands of genomic DNA only; and (iii)
C8DC was sequenced only from the two
strands of the mRNA clone.

Translation of the DNA sequences al-
lowed the amino acid sequence to be pre-
dicted (see Fig. 2). We found that the
C81 and C83 mouse amino acid se-
quences have structures expected for im-
munoglobulin domains (/6) with con-
served Cys (40) residues (denoted by $ in
Fig. 2) that enclose approximately 60
amino acids and include conserved Trp
residues (in Fig. 2) within the disulfide
loops. The C81 domain exhibits generic
properties characteristic of Cy1 domains
of heavy chains. For example, all Cyl
domains sequenced to date, except for
two, have one rather than two invariant
Trp residues located on the carboxyl ter-

minal side of the first invariant Cys resi-
due (41). The intradomain disulfide loop
in Cyl domains is also characteristically
longer (average, 66 residues including
the Cys residues) than that in Cy2 do-
mains (average, 53 residues) (41). Fur-
thermore, all mouse Cyl domains have
in addition to their invariant Trp and Cys
residues several other highly conserved
amino acids (* in Fig. 2). All of these cri-
teria are met by the domain that we have
termed C&1. Potential linkage to the light
chain may be provided by either of the
two Cys residues on the amino terminal
side of that proposed for the intra-Cédl
domain loop.

Since the cDNA clone pd54J is not
long enough to include the 5’ terminus of
Cd1, the choice of this 5’ boundary is
based on the identification of an RNA
splice site in the genomic DN A sequence
flanking C31. We have chosen the third
of four feasible 5’ (acceptor) RNA splice
sites. This junction is more compatible
with the consensus donor derived on sta-
tistical grounds (42) (see Fig. 4) and fits
the Ul RNA sequence (42) better. The
other possibility is indicated by a slash in
Fig. 1. Our preferred choice provides a
C381 domain of 102 amino acids, which is
similar to other Cyl domains 41).

Amino acid sequence homology com-
parisons were made between the C581 do-
main and the corresponding Cy domains
for which complete sequence informa-
tion is available (4/). The method is to
introduce gaps when necessary into the
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AACTTCACTATCTGTCTTGFAGGT(ATAAAAAGGAACCTGACATGTTCCTCCTCTCAGAGTGCAAAGCCCCAGAGGAAAATGAAAAGATAAACCTGGGEIGTTTAGTAATTGGAAGTCAGCCACTGAAAATCAGCTGGGAGCCAAAGAAGTCAAGTATAGTTGAACATGT
+ i + ¥ + T + '+ + +
“ F T I CLAGDMPKKEPDMFLLS CKAPEENEKTINLGEG LVIGSA@PLKISHWEPKIKSSIVEHV

----- * * * * * % &

AGTCATGGGATTCCCAGTCCTCTAAGAGAGTCACTCCAACTCTCCAAGCAAAGAATCACTCCACAGAAGCCACCAAAGCTATTACCACCAAAAAGGACATAGAAG
SHDSQSSKRVIPTLQAK N H S TEATKAITTKKDTIESF® G

AMAPSNLTVNILTTSTHPEMSSNLL%EVSGFFPENIHLMWLGVHSKMKSTNFVTAN
_____ .

* 8
GTAAGTCACAACTGGGTAAGAGTGTCAATCAAGGACAGCACTTGGTACCTATGATAGACAAATA(TCCTGTTTGGGAAGAGGAGGTCTGCATTGTCTAGQTAAGAGGAACACTGTGCTTATCTGTTTCAGTTTAAAAGPCAGAACTACATAACACTTCACCCTTTCTACA

KSQLG6GKSVNA@GAHLYVPMIDKYSCLGRGG6LHCLDKRNTVLICFSTLEKD +R TT .

GATGCTACCQCCTCCTGCCIGAGTCAGACQGTCCTTCAGQAAACCTGATQGTCCTGCCCITGCCTGAGAECTTTCTAGGETGAATGGTCQTCATGTCCAETGTCTGGTTQGCTTGGTTGQCTCTGTGTTQAGTTGCTTCﬁTACTACATGIAGCAAGGAAQGTTACCTTTE

CYHLLPESDGPSGNLMVLPLPETFLG: .

Fig. 2. Nucleotide sequence of C3 exons. The segments denoted C81, C8H, and C83 were sequenced both from genomic (Ch28 257.3) and TEPC
1017 tumor mRNA (p854]), whereas CSAC was determined exclusively from genomic clones and C8DC was determined exclusively from cDNA.
Refer to the text for the significance and continuity of these segments. The symbol + appears under every tenth base. The slash at nucleotide 36 in
C81 indicates a potential RNA splice site (see Fig. 4). Amino acids predicted to be translated are directly below the first base of the corresponding
codon. The domain sizes in amino acid residues/base residue are: C81, 102/304; C8H, 35/105; C83, 107/321; CS8AC, 49/321; CSDC, 26/206.

sequences in order to align the invariant
intradomain Cys and Trp residues and
other regions of homology (note * in Fig.
2). The gaps correspond to single evolu-
tionary deletion or insertion events. The
Cd81 domain was most similar to the Cy,1
domain (26 of 93 residues, =~ 28 percent
agreement, with four gaps including 11
amino acids) and somewhat more sim-
ilar to the other 7y subclass domain
(Cyzpl = Crysel, which is = 23 percent,
with four gaps, including 8 amino acids)
than to either Cal (15 of 87 residues,
=~ 17 percent, with three gaps including
15 residues) or Cul (17 of 90 residues,
=~ 19 percent, with three gaps including
11 residues). Since it is generally as-
sumed that all Cy domains have evolved
by duplication and subsequent mutation
from a common ancestral sequence, the
C81 and Cy,1 domains appear to be more
recent relatives. Similar conclusions
were reached for the human by Spiegel-
berg (24) after analysis of the first 53 resi-
dues of a myeloma Fc fragment.

The C$é hinge region, as with mouse vy,
and 7, chains ¢3), is encoded on a sepa-
rate exon (CSH in Fig. 1). This 35-amino
acid segment is longer than any other se-
quenced mouse hinge, yet in contrast
with other hinge sequences, no Cys resi-
dues are found. Thus no disulfide link-
ages between heavy chains are possible
for this region of the protein. The C6H
region contains only one Pro residue,
which is also unusual since most hinges
are proline-rich (¢/). Lin and Putnam
(25) have reported fragmentation and
composition results indicating that the
IgD protein WAH hinge is about 50 resi-
dues long, rich in O-linked sugars and
unexpectedly low in Pro residues. The
WAH hinge is highly charged at its car-
boxyl terminus because of a cluster of
seven Lys, three Arg, and ten Glu resi-
dues (44). The mouse & hinge is also rela-
tively highly charged with six basic and
five acidic residues out of 35 (Fig. 2), but

these do not appear to be clustered.
There are also five Ser and six Thr resi-
dues which could serve as sites for O-
glycosyl linkage of carbohydrate moie-
ties.

The C63 domain has generic proper-
ties unique to carboxyl terminal domains
of immunoglobulins. The disulfide loop
($ in Fig. 2) contains 60 amino acids with
two invariant Trp residues included (& in
Fig. 2). Residues in the region of the in-
variant Cys at the carboxyl terminal end
are similar to all carboxyl terminal do-
mains (* in Fig. 2), and the homology of
C63 with Cud is particularly strong in
that area (9 of 10 residues). The amino
acid sequence of mouse C63 matches the
C43 domain of WAH in 52 percent of the
positions up to the end of the C83 exon in
mouse genomic DNA. Beyond this point
the WAH protein extends for seven
amino acids, only one of which matches
C83 (44).

Potential Alternate Carboxyl
Termini for the 8 Chain

The C8DC exonic segment codes for
the 26 amino acids at the carboxyl termi-
nal end of the & chain coded by TEPC
1017 mRNA, whereas the CSAC seg-
ment would code for an alternate carbox-
yl terminus of 46 amino acids if it were
transcribed into RNA. Figure 3 shows a
comparison of these alternative carboxyl
termini with the two analogous ones for
IgM. We computed several hydro-
phobicity indices and secondary struc-
ture predictions for the 26-residue C6DC
peptide and for a 12-residue subfragment
of this sequence denoted C6DC’. These
values were compared to the 26-amino
acid hydrophobic core of wy, to the en-
tire 49 residues of C6AC peptide, and to
the hydrophobic core of the prototypic
transmembranal protein, glycophorin
45). As anticipated, the C6AC terminus

is very polar, and it is unlikely that this
segment could interact with a membrane
unless the buried charges were neutral-
ized by ion pair formation. Models for
such interactions have been proposed
“6).

The calculations for C8DC do not
clearly suggest that this is a trans-
membrane protein, nor do they rule it
out. The peptide is moderately hydro-
phobic, even though the presence of
three acidic residues elevates the polari-
ty values considerably. The stretch of
amino acids between charges (C8DC’) is
extremely nonpolar and it may be long
enough to span a lipid bilayer in a 8-
pleated sheet conformation (47). On the
other hand, the core structure of wy is
extremely hydrophobic as judged by all
criteria. Rogers et al. (20) proposed that
this segment was a transmembranal o-
helix with its positively charged carboxyl
terminus providing the link to the cyto-
plasm. We calculate that the wy core
could span the membrane equally well
either on an «-helical or a B-pleated
sheet conformation. Very similar param-
eters are observed for glycophorin. We
conclude that a membrane association
for the Cé6DC structure is not beyond
reason according to present calculations,
but the parameters place this segment
within the range of normal non-
membrane associated segments of amino
acids (48). It appears that if C6DC does
function in binding the lymphocyte mem-
brane, it probably does so in a manner
different from that of uy.

Carbohydrate Attachment Sites

The sequenced portion of the 8 protein
of TEPC 1017 has seven instances of
Asn-X-Thr or Asn-X-Ser (where X can
be any amino acid) (see Fig. 2), which
can serve as a recognition site for car-
bohydrate addition via the dolichol phos-
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Invariant Cys residues proposed to participate in intradomain linkages are indicated with $. Conserved Trp residues are marked by &, and other
conserved amino acids that are diagnostic of domain type (note discussion in text) are indicated by *. The residues boxed in C33 match the
corresponding region of the MOPC 104E u chain (44). Proposed N-linked sugar attachment sites are indicated by +- - -+. The single letter
abbreviations are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser;

T, Thi; V, Val; W, Trp; Y, Tyr [see 40)].

phate N-linked pathway (49). It is not
surprising that measurements of the size
of IgD chains in gels have been heavily
influenced by carbohydrate - »ieties that
decrease electrophoretic mobility.

RNA Splice Sites

The DNA sequences that span the in-
tron-exon junctions of the C8 gene are
presented in Fig. 4. As in other eu-
karyotic genes, potential RNA splice
sites can be chosen in each case to obey
the GT-AG rule (50), and the neighboring
intronic sequences share features ob-
served in the consensus splice sequences
42) denoted in Fig. 4. Of the four poten-
tial junctions for the 5’ side of the C8&1
domain, the second appears by homolo-
gy considerations to be the best choice.
A consensus 5’ (donor) splice site ap-
pears at the end of the C83 domain be-
tween the dipeptide Gly-Lys in the puta-
tive CSAC form of the protein. This posi-
tion is the same in Cu and, as pointed out
by Rogers et al. (20), corresponds to the
ends of both IgG class heavy chains that
have been sequenced at the DNA level
43). This strengthens the analogy be-
tween Cu and C3 in this area.

3’ Untranslated Regions

The 3’ untranslated region of TEPC
1017 6 mRNA as cloned in pd54) is
shown in Fig. 1. Its sequence (Fig. 2) ex-
tends from the terminator at the end of
C8DC for 125 nucleotides before reach-
ing the homopolymeric polycytidylate
tails (not shown) used for the plasmid
construction. The absence of the proto-
type polyadenylate addition sequence
AATAAA (51) suggests that we have not
cloned all of the 3’ untranslated region.
We have also sequenced approximately
170 base pairs rightward from the termi-

nation codon of the CSAC exon (Fig. 2)
without reaching any putative poly-
adenylate addition site.

Is What We Sequenced the Major
0 Chain Expressed by TEPC 1017?

Several lines of evidence converge to
show that the sequence we have deter-
mined corresponds to the major heavy
chain expressed in TEPC 1017. Rudikoff
(52) has sequenced two 1l-amino acid

stretches from the amino termini of cy-
anogen bromide fragments of the TEPC
1017 & chain. These sequences matched
segments of both Cé domains underlined
in Fig. 2. This showed that the mRNA
and gene segments we have sequenced
code for amino acid sequences present in
the major IgD protein produced by the
plasmacytoma.

From the amino acid composition of
Cé1, C8H, Cd83, and C8DC we calculate
a molecular size of 30,040 daltons for the
constant region of the TEPC 1017 &

+ + -+ + -+ et
C GAC AISG/KSQLGKSVNQGQHLVPMIDKYSCLGRGGLHCLDKRNTVLICFSLKDRTT
+ -
CuS DKST/GKPTLYNVSLIMSDTGGTCY
C GDC AISG/CYHLLPESDGPSGNLMVLPLPETFLG
- - ——— + +
CUM DKST/EGEVNAEEEGFENLWTTASTFIVLFLLSLFYSTTVTLFKVK
Carboxyl terminal segments
Parameter , Glyco-
C8AC CuM core CsDC CsDC phorin
Polarity 14.2 0.947 8.5 0.985 0.432
Internal residue 0.977 1.268 1.123 1.223 1.637
preference
Hydrophobicity (AG) —820 - 1466 -1110 —-1100 —1447
(surface tension)
Hydrophobicity (AG) —-612 -1323 -719 —-692 —1495
(transfer)
a-Helix potential (P,) 0.959 1.039 0.971 912 0.973
B-Sheet potential (Pg) 1.045 1.185 0.952 1.034 1.295

Fig. 3. Comparison of alternative carboxyl terminal amino acid sequences predicted from § and
w chain DNA sequences. The upper comparison is a sequence alignment in which the junction
of the last domain (C83 or Cu4) is indicated by the slash. Basic (+) and acidic (—) residues are
indicated, and the underlined regions of the C8DC and CuM are referenced below as the C§DC’
and CuM cores, respectively. The comparison below gives hydrophobicity and secondary
structure predictions for these sequences and for the membrane-binding segment of glycophorin
45). All parameters have been normalized to a per residue basis and are defined as follows.
Polarity (46) reflects the number of charged residues and tendency of uncharged residues to be
polarized; larger values indicate greater polarity. The internal residue preference (62) predicts
the ability of peptide to be buried in a nonpolar environment; larger values indicate greater
preference. The hydrophobicity-surface tension method (63) is based on the transfer of amino
acid from the aqueous solution to the surface phase; AG is the change in free energy in kilo-
calories per mole; more negative values indicate greater hydrophobicity. Hydrophobicity-trans-
fer (64) is based on the transfer of residues from water to alcohol. The Chou-Fasman secondary
structure predictions (65) indicate that residues with the highest P, values will initiate a-helix
formation and those with the highest P, values will initiate 8-pleated sheet formations; values
> 1.000 indicate a significant tendency to form the structure.



Intron (Acceptor)/

TTTYTTTTTTCTTNAG/G

Exon
Consensus

Csl A,

B. AGTTCCATGTCCTCAG/AACTTCACTATCTG. v\

C. ACTATCTGTCTTGCAG/GTGATARARAGGAR, . ...\

CsH TCTTCTTTAACTCCAG/AGTCATGGGAT . . v v vvv

Cs3 CCACTTCTCCTTGCAG/BGGCCATGECA . v vt

chain. Addition of 14,000 daltons for a
typical Vy region and 1,000 daltons for
an amino terminal leader segment of 10
to 15 amino acids (53) can account well
for the 44,000-dalton & chain synthesized
in vitro and the 43,000-dalton & chain
made in vivo in the presence of tuni-
camycin (36), an inhibitor of N-linked
glycosylation. Thus we feel reasonably
confident that we can account for the
complete -8 chain of TEPC 1017 by the
DNA sequences presented in this article.

Are Minor & Chains Expressed in
TEPC 1017?

Several experiments have been done
to test whether additional Cé exons are
expressed in TEPC 1017. Southern hy-
bridization experiments using labeled tu-
mor mRNA (uncloned) as probe re-
vealed no hybridization to regions of
cloned genomic DNA other than the four
exonic segments we have sequenced.
Specifically, no hybridization was found
to fragments on the left of the Bgl II site
in Fig. 1 [see also figures 2 and 3 in (33)].
Negative results were found for the large
Sst I-Xba I fragment derived from the in-
tron between the C8H and C81 domains
and for the Xba I fragment in the genom-
ic clone that contains C6AC. We con-
clude that no large amount of mRNA is
present that could code for a domain to
the left of C81, for a C82 domain from
the intron, or for an adjacently coded
carboxyl terminal segment.

This general conclusion was con-
firmed by electron microscopy of about a
dozen R-loop molecules (data not
shown), formed between the isolated
TEPC 1017 8 chain mRNA and the ge-
nomic Cé clone Ch28 257.4. The results
are consistent with the expression of on-
ly two full-sized domains and clearly
showed the large 890-base pair intron.

There are, however, some indications
for alternative forms. Mushinski et al.
36), using RNA blotting procedures,
noted several minor species of C8-hy-
bridizing RNA from TEPC 1017. The sig-
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ARGTTTCCTG/GTGAGTATCCCTGACC

/(Donor) Intron
AG/GTAAG

Fig. 4. Intron-exon sequence junctions in the mouse C8 gene. Se-
quences spanning the RNA splice sites are aligned. The slashes de-
note splices that follow the GT-AG rule (50) without altering protein

sequence. Assignment of the 5’ boundary of C81 is tentative, and four
possible splice sites are denoted A through D; B is the preferred site
used in Fig. 2, and the slash corresponds to the 5’ boundary of C§1
shown in Fig. 2. The intron of B and all of A are not shown in Fig. 2,
since they are to the left of what we feel is the C81 exon. Coding trip-
lets are shown by horizontal lines. The consensus RNA splice sites are

from Rogers and Wall ¢2); N represents any base and Y represents
either pyrimidine. The term donor refers to the site on the 5’ side of an

intron and acceptor refers to the 3’ side. The overlap of A and B is

underlined.

nificance of these forms remains to be
determined, since it is not known which
sequences are present in these molecules
and whether or not they are expressed as
protein. Another indication of possible
minor forms is the finding that there is a
significant difference between the elec-
trophoretic mobility of membrane-la-
beled & chains and secreted 8 chains for
TEPC 1017 (34). However, this result
could be due to differences in glycosyla-
tion just as well as to changes at the pep-
tide level. As a general conclusion we
find that the form of TEPC 1017 & chain
that we have sequenced is the major
form synthesized by this tumor, but ex-
pression of other forms in small quan-
tities cannot be ruled out at the present
time, especially if they have a structure
similar to the major form.

Is Native Membrane Cd Like
TEPC 1017 C8?

The TEPC 1017 plasmacytoma protein
should have a role in revealing the struc-
ture of & chains that have biological sig-
nificance for the immune system. How-
ever, it is difficult at present to know to
what extent our results, arising as they
do from a tumor, can be extrapolated to
normal 8 chains in their several forms on
B cell membranes (32) and in serum (26,
27).

A most important initial question is
whether native forms of mouse IgD have
only two Cé domains. Estimates of mo-
lecular size for membrane & range from
62,000 to 72,000 daltons, but these esti-
mates include a large component of un-
known magnitude due to carbohydrate
attachment.

The seven N-linked glycosylation sites
that we find in the C8 sequences could
account for the large shift in molecular
size (~ 20,000 daltons) accompanying
removal of these moieties (29) if each
carbohydrate adds about 3000 daltons to
the apparent molecular size determined
by sodium dodecyl sulfate (SDS) gel
analysis.

Kessler and Finkelman (54) have com-
pared radioactively labeled membrane &
chain from TEPC 1017 directly with
comparable material from splenic B cells
in parallel channels of a single SDS gel.
They found no difference in mobility
(68,000 apparent molecular weight), in-
dicating that the membrane & of TEPC
1017 and that of native B cells are the
same size. A very large compensatory
difference in carbohydrate would be
needed for the two chains to differ by a
domain at the peptide level, yet show the
same molecular size.

A molecular weight estimate has been
obtained by Goding and Herzenberg (29)
for the native form of mouse membrane &
chain after enzymatic removal of N-
linked core oligosaccharides. The size
they found was about 50,000 daltons,
and it led them to postulate three con-
stant region domains for C8 instead of
the four that had been previously sug-
gested. However, this measurement is
only 6000 daltons (half of a domain)
greater than our estimate for the TEPC
1017 protein based on sequence. The gel
measurement could be an overestimate,
especially since O-linked oligosaccha-
rides present in the hinge, and else-
where, may not have been removed by
the enzymatic treatment used. Thus,
taken as a whole, the available evidence
on size is consistent with the two do-
mains plus hinge structure for the con-
stant region of & chains on the mem-
branes of mouse B cells.

A significant question concerning the
relevance of the TEPC 1017 protein to
membrane-bound IgD is raised, how-
ever, by the unconvincing membrane-
binding potential of the C6DC segment
compared with the membrane-binding
component of the w chain. This corre-
lates with the finding that TEPC 1017 se-
cretes IgD as well as exhibiting it on the
membrane, but it is not very satisfying as
an explanation for the membrane binding
of native IgD, which is quite stable (34).
Another component such as an Fc recep-
tor may be involved in attachment of IgD
to B cells. However, there is no direct
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evidence that the carboxyl terminus we
have sequenced is on the membrane. In-
stead it may serve a role that we do not
yet appreciate or no role at all.

A Proposal to Explain IgD Half-Molecules

One of the striking aspects of the se-
quence in Fig. 2 is the lack of Cys resi-
dues that could cross-link the heavy
chains to form an immunoglobulin mono-
mer with two heavy and two light chains.
The only plausible candidate for such a
cross-link in our sequence would be the
first residue of the C8DC segment. The
other two Cys residues are in C81 and
are probably involved in attachment of
light chains. They are certainly not in-
volved in cross-linkage between heavy
chains since it has been shown by tryptic
fragmentation that all H-H cross-links
are on the carboxyl terminus side of the
hinge in membrane 8 chains (30).

If the only cross-linkable Cys residue
is on the C8DC segment, it might provide
a mechanism to explain the finding of Ei-
dels (37) and of Mescheret al. (32) of two
noninterconvertible forms of surface
IgD, one of which is cross-linked to form
H,L, monomers and the other which ex-
ists as H-L ‘‘half-molecules.’’ To explain
these two forms, alternative carboxyl
terminal exons, one with a Cys residue
(C8DC) and the other without, could be
postulated. The same effect could also be
accomplished by more elaborate C3 do-
main switches.

Is There a C62 Exon in BALB/c Mouse?

A major puzzle is raised by the ab-
sence of a C62 domain in the TEPC 1017
protein. This is clearly in contrast to the
secreted form of human IgD exemplified
by WAH. We suspect that the gene for
C42 may be missing from the BALB/c
mouse genome. The incomplete nucle-
otide sequence we have derived for the
introns (arrows in Fig. 1) have been ex-
amined, and no obvious domain-like fea-
tures or homology with the human C82
amino acid sequence of the human &
chain of WAH were revealed (¢4). If in
fact the mouse turns out not to have a
gene for a C82, it would signify a major
difference between the immune systems
of mouse and man. On the other hand, if
a C82 domain is found in the intron be-
tween COH and C&3, there will have to
be some explanation for its lack of ex-
pression in TEPC 1017. This lack could
simply be due to a defect of the tumor.
Domain skipping mutations have been
observed both in certain mouse plas-
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macytomas and in human heavy chain
diseases, but deletion of a Cyx2 domain is
unprecedented in either case (55). It
would also be surprising that the only
two tumors of this class, TEPC 1017 and
TEPC 1033, are both afflicted by the
same kind of defect. Moreover, the evi-
dence that normal B cells have mem-
brane & chains similar in size to that of
TEPC 1017 suggests that these tumors
express a normal form of the & gene and
not an aberrant one.

If mouse in fact has a C32 gene, we
would suggest that it may appear only in
the secreted form, as seen in the human
case. If this is true it would raise the
question of control at the level of domain
skipping. Specifically, the RNA splicing
pattern in the B cell would have to be al-
tered after triggering to include an extra
domain in the heavy chain mRNA. Some
indirect support for this notion comes
from the report by Bargellesi et al. (27)
that serum 8 chains of human and mouse
appear to be the same size.

Possible Structure-Function

Relationships

The unusual structure we determined
may be pertinent in elucidating the dif-
ferential roles of IgD and IgM on B cell
membranes. As noted above, the nature
of their membrane attachment may be
quite different and may further suggest
that their heavy chains interact with dif-
ferent molecules on the cell surface. For
example, immunofluorescence studies
(56) suggest that both IgD and IgM are
associated with lipopolysaccharide re-
ceptor, yet only IgM is associated with
the lymphocyte Fc receptor. On the other
hand, IgD, but not IgM, appears to
associate with the membrane comple-
ment C3b receptor (57).

A possible correlation of IgD structure
with its putative role in triggering B cell
differentiation may be provided by the
unsual & chain hinge structure. The ex-
treme susceptibility of membrane IgD to
proteolysis under conditions in which
IgM remains intact prompted the sugges-
tion (58, 59) that hinge region proteolysis
following antigen exposure plays a major
role in triggering. Our COH sequence is
not only rich in tryptic-like cleavage
sites, but these sites and others may also
be more exposed conformationally ow-
ing to the absence of inter-§ chain di-
sulfide bridges and scarcity of Pro resi-
dues.

These same properties of the & hinge in
conjunction with its somewhat extended
length might allow IgD to be cross-linked
on the membrane by polyvalent antigens

with a higher degree of efficiency than
IgM (no hinge region and two inter-p
chain disulfide bridges). There is sugges-
tive evidence (60) that membrane IgD is
more effective than IgM in triggering B
cells by thymus-dependent antigens that
have a low density of antigenic determi-
nants.

Conclusion

The data we have obtained provide a
look at the primary structure of mouse
IgD proteins and their genes. A major
portion of the heavy chain mRNA from
the IgD plasmacytoma TEPC 1017 and
the region of genomic DNA encoding
this C6 mRNA has been cloned and se-
quenced. The structure we deduced for
the plasmacytoma protein is unprece-
dented and provocative in that only two
Cu domains separated by a hinge are
found. We have discussed a number of
indirect lines of evidence suggesting that
this unusual constant region domain
structure is characteristic of BALB/c
membrane 8 chains. Although our data
answer some structural questions, they
raise many more regarding function. It is
tempting to speculate that the exon-
shuffling mechanism, as seen for IgM,
will provide a flexible and complex array
of possible forms of IgD adapted to bio-
logical function. The & gene provides a
wealth of potential RNA splice sites that
could mediate such functions (61).
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DNA Sequences Mediating Class
Switching in a-Immunoglobulins

Mark M. Davis, Stuart K. Kim, Leroy E. Hood

The antibody molecule is a set of dis-
crete molecular domains that carry out
two general types of functions. The vari-
able (V) domain binds antigen and the
constant (C) domains trigger effector
functions such as complement fixation.
The V and C domains arise from the in-

teractions of two different polypeptides,

light (L) and heavy (H), which in turn are
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encoded by a series of discrete gene seg-
ments—V, J;, (joining), and Cy, encoding
the light chains and Vy, D (diversity),
Ju, and Cy encoding the heavy chains (7 -
4). During the differentiation of anti-
body-producing or B cells, two distinct
types of DNA rearrangements of these
gene segments occur ¢, 5). One type
generates the Vi, gene by direct joining of
the Vy, and J;, gene segments and the Vy

~gene by direct joining of the Vy, D, and

Ju gene segments. These DNA rear-
rangements are termed V-J or V-D-J
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joining and they are, in part, responsible
for the generation of antigen-binding di-
versity in V domains.

A second type of DNA rearrangement,
termed Cy switching, allows important
flexibility in the use of a given antigen-
binding site. At an early stage of B cell
differentiation, an individual B cell ini-
tially expresses immunoglobulin M (IgM)
molecules with a single V domain (V-
Vu combination) (6, 7). Later, this B cell
or its clonal progeny may express another
immunoglobulin class while continuing to
express the same V domain (8). Since
the class of immunoglobulin is determined
by the Cy region (C,, C,, and C, deter-
mining IgM, IgG, and IgA, respectively),
the B cell must shift from the expression
of another C, gene to the expression
of another Cy gene during differentiation.
Thus, Cy switching associates a particu-
lar antigen-binding specificity, the V do-
main, with a series of different effector
functions encoded by the various Cy re-
gions.

Two types of experiments have pro-
vided insights into the mechanism of Cy
switching. First, Honjo and Kataoka (9)
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