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The nucleotide sequence of the 3’ region of the & chain gene for human gk is i
presented. A comparison of the entire region from 5" of exon CI to the M2 exon
of the mouse., rat and human ¢ chain genes shows that the overall structure of the ¢
chain gene have changed only minimally during the 60-70 million vears of
evolutionary separation between rodents and man. :
We have previously shown that a number of rearrangements larger than 10 bp :
have relatively recently occurred in the CH#/MIL intron of the rat or the mouse !
¢ chain genes. A majority of these rearrangements were found within or in close
proximity to repetitive sequences of Z-DNA-forming potential (CA dinucleotide

repeats). The CH/M I intron has evolved very rapidly. to such an extent that no

apparent homology can be detected between rodents and man. Only remnants of

the repetitive sequences are present in man. supporting the theory that repetitive

sequences having Z-DNA-forming properties may play a role in the evolution

of the eucarvote genome by promoting recombinations. leading to a rapid
evolutionary drift of sequences in close proximity to these repeats.

We report here the characterization of the membrane domains of human IgE and

four novel mRNA transcribed from the human e chain locus. The primary

structures have been determined by polymerase chain reaction cloning and

nucleotide sequence analysis. All five mRNA contain the C3 domain and the

membrane exon 2 (M2). Due to frame shifts caused by novel splice sites or novel

splice-site combinations. the proteins encoded by three out of these four novel

mRNA differ in their carboxy-terminal end from the classical secreted or
membrane-bound immunoglobulins. Northern blot analysis shows significant

levels of at teast three out of these four novel mMRNA in an [gE-producing human

cell line.
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One of the mRNA encodes a transmembrance-like structure which has characters
in common with the transmembrane region of the CD3 components of the T cell
receptor complex (CD3 v. 0 and ¢). This indicates that IgE-producing Bcells
possibly have two separate signal-transducing systems.

A comparison of the classical membrane anchoring domain of the human € chain
with a panel of immunoglobulin membrane domains from fish to higher mammals
is presented. A tvrosine and a glutamine residuc is found to be conserved between
all cvtoplasmic domains of all post-switch immunoglobulin classes indicating a
functional conservation of these amino acid residues. Suggested functions for
these residues are their participation in signal transduction or in linkage to the
cytoskeleton for internalization of antibody-antigen complexes.

1 Introduction immune defense against parasitic infections [3}. A compar-

ison of the corresponding peptide regions of human and
rodent Ig shows that the ¢ chain has the lowest degree of
conservation of all five Ig classes. Since the high-affinity
interaction between the IgE antibody and its high-affinity
receptor on mast cells and basophilic leukocytes is main-
tained in both rodents and man, this is strongly indicative of
; a co-evolution of the antibody and its receptor and an
f [110391] evolutionary advantage of maintaining the IgE mast cell
system.

lgE has attracted a major interest since its discovery in 1967
by Johansson and Bennich [1] and Ishizaka and Ishizaka
[2]. due to the central role it plays in atopic allergies.
Although the normal function of IgE is not known, it has
been suggested that [gE could be of importance for the

* This investigation was supported by grants from the Swedish
Natural Sciences Research Council (B-BU 9400-301) and the

! ( The nucleotide sequence has previously been determined
Knut and Alice Wallenberg Foundation.
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mouse and rat. we have demonstrated that the positions of
all Targer insertions and deletions in this chromosomal
region are. to a large extent. localized to repetitive
sequences containing repeated CA dinucleotides [9]. Such
repetitive sequences have been found. in vitro and possibly
i vivo, to adopt Z-DNA conformation. The localization of
the rearrangements to the repetitive sequences were strik-
ing, implicating a role of these sequences in gene rear-
rangements and the evolutionary drift of the eucaryote
genome. This prompted an analysis of the corresponding
region in man. Primates and rodents separated during
evolution approximately 60-70 million years ago whereas
the evolutionary separation of mouse and rat occurred
approximately 10-20 million years ago.

Except for the sterile transeripts preceding the isotvpe
switeh [10-12]. the mRNA encoding the classical secreted
and membrane-bound antibodics have long been consi-
dered the only mRNA transcribed from an Lo locus. A few
examples have been described where two or sometimes
three separate transcripts are present for the membrane [y
[13]. These have been shown to differ onlv in the position of
their polvadenylation sites [13]. Here we report the char-
acterization of the classical membrane TgE and four novel
MRNA originating from the human ¢ chain locus. Three of
these encode proteins which clearly difter from the classical
secreted and membrane-bound IgE. One of the novel
proteins contains a potential transmembrane region which
shows similarities to the CD3 components of the Teell
receptor. This indicates that lgE-producing Bcells poten-
tially have a sccond signal-transducing svstem separate
from the classical membranc-bound Tg. Recently a study
was published describing the structure of the classical
membrane form of human IgE and two additional tran-
scripts encoded from the ¢ chain locus [14]. One of these
mRNA is identical to one of the transcripts we describe in
this communication and the second encodes a novel variant
of the classical membrane anchoring IgE with an additional
St amino acids (aa) positioned between the C4 domain and
the transmembrane region. The structure of the present
seven different mRNA transcribed from the ¢ chain locus is
compared and their possible biological function and signit-
icance will be discussed.

The transmembranc lg is. together with the accessory
signal-tranducing molecules encoded by the genes mb-1
and B-2Y. essential for antigen-dependent signal transduc-
tion and antigen presentation by the B cell. A comparative
analysis of membrane-spanning and cytoplasmic domains
of a large panel of Ig genes from fish to man is presented in
an attempt to define aa residues of importance for these two
important events in Bcell development.

2 Materials and methods
2.1 Subcloning and nucleotide sequence analysis

Following a detailed restriction enzyme mapping of the
cosmid clone Coslgl0 [15], a Hind [II/Xba [ fragment of
approximately 4.8 kb in size containing the four constant
region exons and 1.5 kb of 3" sequences of the € chain gene
was excised from the cosmid by restriction enzyme cleavage
and purified on a low-melting-point agarose gel. The
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fragment was ligated into pGEM2. A 976-bp Sac I frag-
ment and a 510-bp Nhe I/Pst I fragment from the 3" end of
the € chain gene was excised from the cosmid clone and
subcloned into pGEM2. Detailed restriction maps were
generated for the subclones and fragments of 200400 bp in
size were subcloned for nucleotide sequence analysis by the
method of Sunger ct al. [16]. Allasequences depicted in
Fig. 1 were determined for bothr@ircctions of the DNA
molecule. The cosmid clone was a kind gift from Dr. T.
Rabbitts.

2.2 Northern blot analysis

Total cellular RNA was purificd from the human Igk-
producing Bcell fine U-266 as previously described [g]
The RNA was further purified by one cycle of oligo (&)
selection prior to separation on formaldehyde-containjng
1.0% agarose gel [18]. The gels were blotted on Hybomg C
extra membranes (Amersham Int., Amersham. GB) [13].
The filters were hybridized with seven different probes
originating from various regions of the human e chain gene
(see Fig. 6 for details). Probes were labeled by random
priming (Amersham Multiprime). The filters were washed
at medium stringency 2 % SSC.0.5% SDS at 63°C.

2.3 Polymerase chain reaction (PCR) amplification

Single-stranded ¢DNA was prepared as follows: 3 ug of
poly A7 RNA was added to a solution containing 30 ma
Tris-HCH (pH 7.6). 60 my KCL 10 mat MeCls. 1T my DTT.
L' U/ul of RNasin. 30 ug/ml of actinomycin D and | U/ml
AMV reverse transeriptase. to a final volume of 40 ul. After
2 h of incubation at 42°C the RNA template was removed
by addition of NaOH to a final concentration of 0.25 a1 and
the reaction was continued at 63°C for an additional 1 h.
The sample was neutralized by the addition of 1/10 volume
of 1M Tris-HCl pH 7.5 and 3M HCIl in an amount
equivalent to the NaOH added to the reaction tube. Two
hundred and fifty microliters of a solution containing
20 mm Tris-HCL. pH 7.5, 10 mM EDTA. 0.1 M NaCl. and
0.5% SDS was added and the sample was extracted with
phenol: chloroform (50 :30). This was followed by chloro-
form extraction. The ¢cDNA was ethanol precipitated.
washed in 70% ethanol and dissolved in 20 ul double-
distilled water. Five microliters of this cDNA was used as
template in a PCR amplification performed according to
standard procedures [19].

3 Results

3.1 Nucleotide sequence analysis of the 3’ region of the
human ¢ chain gene

Three fragments originating from the e chain gene of the
cosmid clone Cos Igl0 [15] were subcloned into pGEM 2
for further analysis. The nucleotide sequence was deter-
mined for a region from the fourth constant region to
approximately 800 bp downstream of the coding region of
exon M2 (Fig. 1). The tentative positions of exons M1 and
M2 were determined on the basis of homology to the rodent
counterparts [4, 5].
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ysAspGluPhelleCysArgAlavalHisGlualaAlaSerProSerGlnThrvalGlnArgAlavalServalAsnPro
(:4. AAGATGAGTTCATCTGCCGTGCAGTCCATCAGGCAGCGAGCCCCTCACAGACCGTCCAGCGAGCGGTGTCTGTAAATCCC 80

L;vLysTer

GGTAAATGACGTACTCCTGCCTCCCTCCCTCCCAGGGCTCCATCCAGCTGTGCAGTGGGGAGGACTGGCCAGACCTTICTG 160
Ld

TCCACTGTTGCAATGACCCCAGGAAGCTACCCCCAATAAACTGTGCCTGCTCAGAGCCCCAGGTACACCCATTCTTGGGA 240

GCGGGCAGGGCTGTGGGCAGGTCCATCTTCGCACAGAGGAATGGGCCCCCCAGGAGGGGCAGTGGGAGGAGGTGGGCAGGE 320
GCTGAGTCCCCCCAGGAGAGGCGGTGGGAGGAGETGGGCAGGGCTCAGGTGCCACTCATCCATCTGCCTTCGTGTCAGGG 400
TTATTTGTCAAACAGCATATCTGCAGGGACTCATCACAGCTGCCCCGGGCCCTCTCTGCCCCCACTCTGGGTCTACCCCC 480
TCCAAGGAGTCCAAAGACCCAGGGGAGGTCCTCAGGGAAGGGGCARAGGGAGCCCCACAGCCCTCTCTCTTGGGGCTTGCT 560
TCTACCCCCCTGGACAGGAGCCCCTGCACCCCCAGGTATAGATGGGCACACAGGCCCCTCCAGGTGGAARAACAGCCCTA 640
AGTGAAACCCCCACACAGACACACACGACCCGACAGCCCTCGCCCAAGTCTGTGCCACTGGCCTTCGCCTCTCTGCCCTG 720
TCCCGCCTTGCCGAGTCCTGGCCCCAGCACCGGGGCCGGTGGAGCCGAGCCCACTCACACCCCGCAGCCTCCGCCACCCT 800
GCCCTGTGGGCACACCAGGCCCAGGTCAGCAGECAGGCCCCCTCTCCTACTGCCCCCCACCGCCCCTTGGTCCATCCTGA 880
ATCGGCCTCCAGGGGATCGCCAGCCTCACACACCCAGTCTCGCCCACTCACGCCTCACTCARGGCACAGCTGTGCACACA. 960
CTAGGCCCCATAGCAACTCCACAGCACCCTGTACCACCACCAGGGCGCCATAGACACCCCACACGTGGTCACACGTGCCE 1040
ACACTCCGCCTCTCACGCTGCCTCCAGCCAGGCTACTGCCAAGCCCTTCCTCTGAGCCATACCTGGGCCGCTGGATCCCA 1120
GAGAGAAATGGAGAGGCCCTCACGTGGTGTCCTCCAGTCCAACCCTCCCTGTCACCCTGTCAGCAGCACCCCACAGCCAA 1200
ACACAGGATGGATGCGTGGGCTCCATCCCCCACTCACCCACACCGGAACCCCAGAGCAGGCTACGTGCCCCTCACAGACC 1280
TCAAACCCACATGTGCATCTGACACCCCAGATCCAAACGCTCCCCCCGGTCATGCACACCAAGGGCACAGCACCCACCAR 1360
ATCCACACAGAAACACGGGCACCGGGCACCCCATGAGCACAAAGCCCCTCCATG TCTGAAGACAGTCCCTGCACACCGTC 1440
ACAGCCATACATTCAGCTTCACTCTCACGTCCCAGCCCACCTGCACCCAGCTCTGGGCCTGGAGCAGCAGAAAGAGGTGT 1520
GAGGGCCCGAGGCCGGACCTGCACCTGCTGATGACCCGGGACCAGCAGGCAGCTCACGGTGTTGGGGAAGGGAGTGGAGG 1600
GCACCCAGGGCAGGAGCCAGAGGGACCAGGCTGGTGGGCGGGGCCGGECCGGGGTAGGGCCAGGAGGCAGCTCTGGACAC, 1680
CCACAGGCCTGGGCTCATAGTCCACACCAGGACAGCCCCTCAGAGCACCCATGCAGTGAGTCCCAGGTCTTGGGAGCCAG 1760
GCCGCAGAGCTCACGCATCCTTCCGAGGGCCCTGAGTGAGGCGGCCACTGCTGTGCCGAGGGGTTGGGTCCTTCTCTGGG 1840
GAGGGCGTGGGGTCTAGAGAGCCGGAGTGGAGG TAACCAGAGGTCAGGAGAGAAGCCGTAAGGAACAGAGGGAARATGGG 1920
GCCAGAGTCGGGGCGCAGGGACGAGAGGTCAGGAGTGGTCGGCCTGGCCCTGGGCCGTTGACTGACTCGGGACCTGEGTG 2000
CCCACCCTCAGGGCTGGCTGGCGGCTCCGCGCAGTCCCAGAGGGCCCCGGATAGGGTGCTCTGCCACTCCGGACAGCAGC 2080
AGGGACTGCCGAGAGCAGCAGGAGGCTCTGTCCCCCACCCCCGCTGCCACTGTGGAGCCGGGAGGGCTGACTGGCCAGGT 2160

(G) luLeuAspValCysvalGluGluAlaGluGlyGluAlaProTrpThrTrpThrGlyLeuCysI lePheAalaaAl

“n1 CCCCCAGAGCTGGACGTGTGCGTGGAGGAGGCCGAGGGCGAGGCGCCCTCGGACGTGGACCCGCCTCTGCATCTTCCCCOE 2240
d

aLeuPhelLeulLeuSerValSerTyrSerAlaAlaleuThrLeuLeuMet
ACTCTTCCTGCTCAGCGTGAGCTACAGCGCCGCCCTCACGCTCCTCATGGTGGGCACCCACCTCCAGGGGCCCAGCCAGG 2320

valGlnArgPheLeuSerAlaThrArg
M2 GCAGGEGGTTEEGCAGAGCCAGCAGAGCGCCCTGACCCACGCCCTCCCCTCAGGTGCAGCGGTTCCTCTCAGCCACGCGE, 2400
L4

G1lnGlyArgProGlnThrSerLeuAspTyrThrAsnValleuGlnProHisAlaTer
CAGGGGAGGCCCCAGACCTCCCTCGACTACACCAACGTCCTCCAGCCCCACGCCTAGGCCGCGGGCCACTCACGCTCCAC 2480
CAGGCCCAGCTTTTTCTCTGCCAGCGCCTGAGCCTCCCTCGGGCTGCACCCTGCCCTGGGTGGGAAAAGGGAAGCAGACA 2560
AGAAAAGGGGGCACAAGGTCACTACTGTGGGCTGATGGCCAGTGAACCTGAGCCCAGAGGGGCCGGCTCAGCCGCAAGGT 2640
TACAGGCGCCGAGAGAACCACCAGTCGCAGCCCCCACCCGAAAACCGTGTCTGTCCCTTCAACAGAGTCATCGAGGAGGG 2720
GTGGCTGCTAGCCGTTCTGAGCTCATCCCAGGCCCCTGGGTCTCCGGGTCACTCCCATTCTGACTGTACAATCACCAAAA 2800
GCCAAGGAGGGCCCGGCACCCAGCCCAGGGCACAGCTGAGTCTGCGTCCAGCCCAACACCAGCCCACGGCCTCACTCCCQA 2880
AGCCTCGGTCTGACCCTTCTAGCCCTGAGATCCAAGTECCTGGCATCCCCGToCCeCARGCCTCACCCACGACCTTCITTIC, 2960
CCTTCACCCACCCCTCCTGCCACCCATCCACAGCCCCCATCCCTTCACCCACCCCTCCTGCCATCTATCCTCAGCCCCCA 3040
TCCCTTCACCCACCCCTCCTGCCATCCATCCACAGCCCCCATCCCTTCACCCACCCCTCCTaC A TCTATCCICACCCCe 3120
CATCCCTTCACCCACCCCTCCTGCCATCTATCCTCAGCCCCCATCCCTTCACCCACCCCTCCTGCCATCCACCTGCAG 3198

Figure 1. (A) shows a schematic map (to scale) of the human e chain locus. The hatched boxes indicate the position of the coding regions
and the dotted boxes the nc regions of all exons (C1-C4 = constant region exons | to 4: Mt and M2 = membrane domain exons | and 2).
(B) shows the complete sequence of the region from C-terminal end of exon C4 to the region of exon M2. Exon sequences are marked by a
thick black line below the corresponding sequence. Splice sites for the M1 and M2 exons are shown by hatched boxes below the
corresponding sequence. The splice site in the C4 exon is marked by an empty box below. and an arrow above the actual site. The coding
regions are indicated by the aa sequence above the corresponding nucleotide sequence. The polvadenylation signal is indicated by a black
box below the actual sequence in the 3" end of exon C4. Thin lines below the sequence in the C4/M 1 intron show the remnants of the CA
repeats described in the Sect. 3.2.
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3.2 Nucleotide sequence comparison of genes for the

¢ chain of Igk in rodents and man

The nucleotide sequence of the human ¢ chain gene was
compared to the mouse and rat counterparts using a dot
matrix computer program (Mac Molly-Compare. windows
25t allowing 9 nonmatching nt: Fig. 2). Significant
homologies were found only in and around all exons. The
larger introns (C1/C2 and CHM 1) have div ereged to such an
extent that no apparent homologies can be found (Fig. 2.

Four large clusters of repeated CA - dinucleotides are
prcscnl i the CHML intron of the rat ¢ chain gene

Fig. 3A). No longer repeats. but multiple short stretehes
<>1 (A-containm;{ scquences. were found in the C4/N
mtron in man indicating that the CA repeats were present in
the intron prior to the evolutionary separation of rodents
and man (Fig.

The size of the CHMI intron (from the poly A site) is
1762 bp in mousc and 1934 bp in man [9]. while rat differs
by approximately 475 bp compared to mouse (an intron size
of 2237 bp) [9]. When these extra sequences were analyzed
mm mscrtions or duplications. farger than 10 bp. were
tound [V]. Two of these (22 bp and 90 bp) were found to be
direct duplications or dglumns inside a block of repetitive
sequences (Fig. 3A). One small duplication of 22 bp was
found outside of the repetitive sequences (Fig. 3A) [].
One farge insertion of 349 bp was found adjacent to two
blocks of repetitive sequences (Fig. 3A). No apparent
homology to this 349-bp sequence was found to any other
region of the rat ¢ chain gene. showing that this extra
sequence did not originate from a duplication and thereby
must be considered as a direct insertion [9] (Fig. 3 A).

Aninsertion of a highly AT-rich sequence has been found in
the CHC2 intron of the mouse [4. 3] (Fig. 3A). This
insertion ot 366 bp is flanked by a 22-bp direct repeat
resembling the situation found for many transposable
clements [3]. No larger open reading frame is found in this
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Figure 2. A dot matrix comparison of the human and rat £ chain
genes. The exon intron structure of the human and rat ¢ chain genes
is shown on the Yand X axes of the figure. respectively. The test
window in the dot matrix program Mac Molly Compare was 23
nucleotides long with a maximum of 9 mismatches allowed in order
to give a line of homology.
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mdicating that this DNA clement does not code
protein. The origin and possible funciion of this
sequence is not known. We have shown that this sequence is
present in @ few hundred copies in the mouse genome
(Steen ot al.. unpublished results) and s transeribed at a
low fevel ax an approximately 400-nt transcript (unpub-
lished results Hellman et al.).

PCR amplification to determﬁte the structure of the
3" region of the membrane form of the human
¢ chain mRNA

To confirm the predicted structure of the membrane exons
and to determine the exuact splice sites for the membrane
forms. two oligonucleotide primers were synthesized for
PCR amplification of the 3 end of these mRNA. These
oligonuclcom ey were u)mplcmcn ary to sequences fgm
the 37 reaion of exon C3 and o sequence starting 3¥hp
downstream of the predicted stop codon in exon w2
Single-stranded ¢DNAL prepared from mRNA of the
human lek-producing mycloma U-266{20. 21}, was used as
starting material in a PCR amplification. Two main bands of
approximately 300 bp and ) bp were detected. DNA
from both of these bands was purified and subcloned into
pGENMZ for further analysis. Ten clones originating from
cach of the bands were characterized by nucleotide
sequence analysis. Among these clones the mRNA encod-
mg the classical membrane-bound lg and four novel mRN A
were found. Based on this sequence information we were
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Figure 3. (A) shows a map of the regions analvzed by detailed
nucleotide sequence determination for the ¢ chain genes of IgE in
mouse. rat and man. The position of the transposon-like insertion
in the mouse & chain gene iy indicated by a large T above the
corresponding region in the line marked DI (deletions and
insertions). The positions of the four larger insertions and deletions
found in the C4-M1 intron deseribed in [9] is shown by the numbers
I to 4. The four farge blocks of CA repeats in the rat CHM 1 intron
are indicated by the letters A to D below the corresponding
location in the figure of the rat ¢ chain locus. (B) The exons and the
splice sites described in Fig. 4 are shown in the upper part of the
figure for an casy identification of those regions the sequence
conservation refers to. In row (A) the relative Jevel of sequence
conservation is shown in % below the corresponding region. In row
(B} the total size of the regions used for the comparison is indicated
by the number of base pairs.
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Fiewre 4. Atthe wop of the Tigure a schematic map (to scale) of the
human ¢ chain locus is presented. The hlack boxes indicate the
position of the cading regions of exons (C1-C4 = constant region
exons | to 41 M1 and M2 = membrane domain exons 1 and 2). The
hatched boxes indicate the ne regions of the mRNA for the classical
membrane and secreted IgE molecules. Below the schematic map
we find an extended map of the exon regions where the splice sites
arc indicated by filled or open circles. Donor sites are indicated by
filled circles and acceptor sites by open circles. The regions whose
full sequence is shown at the bottom of the figure are indicated by a
thin line below the detailed map of the locus. with one or two
asterisks referring to the corresponding sequence in the lower part
of the figure. In the central region of the figure we show the splicing
pattern of the present seven different mRNA transcribed from the
human ¢ chain gene. The boxes indicate the exons. their positions
and their approximate sizes. The boxes in grey are the regions of the
novel exons which are not present in the exons of the mRNA for
the classical membrane or secreted TgE molecules. In the lower
part of the figure the nucleotide sequence of the regions where we
find the four novel splice sites described in the text are depicted.
The sequence indicated by one asterisk is the 3" end of exon C4
where the carboxy-terminal end of the reading frame for the
seereted IgE molecule is shown above the corresponding nt
sequence. The sequence indicated by two asterisks is the 5” region
of exon M1 with the novel 156-bp exen region present in the
mRNA M:D and M:E. The aa sequence of the M1 exon is
depicted above the corresponding atsequence. This reading frame
is utilized in the mRNA M : A. Donor splice sites are indicated by
filled circles and acceptor sites by open circles. The polvadenylation
signal is indicated by 4 box and the polyadenylation site by a black
arrow below the corresponding sequence.
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able 1o determine the exact positigns of the exons M1 and
M2 and the exon boundaries for four novel ¢ chain mRNA
(Fig. 4.

3.4 Characterization of the classical membrane IgE and
four novel mRNA transcribed from the £ chain locus

One of the novel mMRNA. the S: B. encodes a secreted Igk
molecule identical to the classical secreted [gE (Fig. 4). The
difference between this mRNA and the earlier described
mRNA for the secreted IgE. the St A is located in the ¥
non-coding (nc¢) region (Fig. 4). §:B has here an extra
extension. originating from a novel donor site located 8 nt
downstream of the poly A site of S: AL This donor site is
ligated directly to the acceptor site of exon M2 resulting i
an mRNA which is probably polvadenylated at a poly A
site common to all M2-containing mRNA. Based on
Northern blot analvsis this poly A site is estimated to be
Jocated 1 kb downstream of the acceptor site for exon M2
(Fig. 4).

The mRNA M : A encodes the classical membrane-bound
[¢E (Fig. 4). A donor site located 5 ntupstream of the stop
codon for the secreted teE (within the Cdexon)is ligated to
the acceptor site of exon M1 and subsequently the M1 exon
to the M2 exon (Fig. 4).

The mRNA M : B is spliced dircctly from the donor site of
exon C4 to the acceptor site of exon M2, This results in an
mRNA which lacks the entire M1 exon. The M2 exon is.
through a frame shift generated by the splicing reaction
from exon C4 to exon M2 (Fig. 4). translated in a different
reading frame compared to the classical membrane trans-
cript M AL This results ina 136 aa-long carboxy-terminal
extension of vet unknown biological function (Fig. SA).
The stop codon is located 326 nt downstream of the stop
codon of M AL

Analysis of mRNA M: C (Fig. 4) reveals two novel sphice
sites which are both located within the C4 exon. A new
donor site is located 111 bp upstream of the stop codon for
the secreted IgE and a new acceptor site 26 nt downstream
of the same stop codon (Fig. 4). The open reading frame.
from exon C4. continues through the new exon (the old
3’ neregion) and terminates within the poly A signal of the
C4 exon (the UAA of the AAUAAA) (Figs. 4 and 3).
The mRNA M : D (Fig. 4) lacks the entire coding region of
exon C+. This occurs through a splicing reaction directly
ligating the donor site of exon C3 to an acceptor site located
in the 3’ nc region of exon C4. This acceptor site is identical
to the site used in the M : C mRNA (Fig. 4). The new exon.
within the former 3’ nc region of exon C4. is translated in a
different reading frame compared to the M : C mRNA. The
M : D mRNA does not utilize the classical acceptor site for
the M1 exon but a novel acceptor site, which is located
136 bp upstream of the 5" end of this exon (Fig. 4). This new
acceptor site is ligated to the donor site. located 8 nt
downstream of the poly A addition site of S: A. The M: D
mRNA is translated in a different reading frame through
the M1 exon. compared to the M: A mRNA. and termi-
nates 32 bp upstream of the donor site of this exon (Fig. 4
and > B).




164 I.. Hellman

In Fig. 5 we show a comparison of the carboxy-terminal
ends of five out of the six different proteins encoded from
the human ¢ chain locus.

3.5 Northern blot analysis

The abundance of the seven different ¢ chain mRNA was
studied by Northern blot analysis of mRNA from the
human tgE-producing m\donm U-266 [20.21]. The low
number of IgE-producing B eells or plasma cells. even in
atopic patients. makes it impossible to work with normal
cells for this type of studies. The blots were analyzed with
probes originating from different regions of the human
¢ chain gene. Using probes complementary to the coding
region of exon C4. we see one major band of a size of

Eur. I Immunol. 1993, 23 139-167

In U-266 we sec a minority of the € chain-specific mRNA in
the region of the differcnt membrane transcripts and the
great majority in the region of approximately 2.4 kb where
we find the transcripts for the secreted IgE (S: A: Fig. 3).
This is in line with the finding that this cell line has been
phenotypically characterized as an IgE-producing myeloma
(plasma cell leukemia). -

During Bcell development the amounts of the separate
mRNA change guite drastically from the early B cell. which
mainly expresses the membrane-bound mRNA | to cells in
the terminal plasma cell stage. a stage which expresses
93%=99% of its lg mRNA in the secretory form. This shift
m the relative amounts of the different mRNA is regulated
at the level of differential splicing and possibly 10 s0

extent at the level of transcriptional termination.
approximately 2.4 kb and two minor bands within the range ‘ {
of 3.1-4 kb (Fig. 6). The two latter are the only transcripts Further dissection of the abundance of the different
that hybridize to the M2-specific probe (Fig. 6). M2-containing transcripts shows that the lower band of the
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Figure 5. The aasequence. in one-letter code. of the C-terminal end of five of the six so far-characterized proteins encoded by the human
¢ chain locus The hatched circles indicate where in the aa sequence the new protein begins to differ from the aa sequence of the classical
secreted IgE (encoded from mRNA S : A). Above the corresponding region of the S : A aa sequence the regions encoded by exons C3 and
C4are indicated. Below the corresponding aa in each of the six different lanes. the positions of positively or negatively charged aa and the
cysteines are indicated by +. — or C, respectively. in order to facilitate the analysis of possible structural entities of the novel proteins. (A )
shows the carboxy-terminal ends of the proteins encoded by the mRNAS : AL M: A and M : B. The transmembrane region of the classical
membrane-anchored [gE is indicated above the aa sequence in lane M : A, The protein encoded by mRNA M : B does not have a longer
stretch of h\dmphohm aa with the characteristics of a membrane-anchoring region. This depends on a relatively even distribution of
charged aa through the 136-aa extension. (B) shows the carboxy-terminal ends of the proteins encoded from the MRNAS: A, M:Cand
M:D.The aa sequence starts with the 6-aa carboxy-terminal end of exon C3 which is common to all of the five different proteins. The
protein encoded by mRNA M : C has a cysteine which might substitute for the cysteine lost by the novel splicing pattern. This novel protein
might thereby function as a variant of a secreted IgE molecule. The levels of the mRN A are then. however. probably toolow in comparison
to the much larger amounts of the highly abundant mRNA'S : A to be of any biological significance. The mRNA M : D has a region of 29 aa
where we only find one charged aa. a glutamic acid in position 11. This should be compared to the transmembrane region of the
M : A-encoded protein which has a similar region of 31 aa and the Tcell receptor CD3 components w hich in addition have a negatively
charged aa. in the same position as in the M : D. (C) The hvdropholm region of the M : D protein is indicated by a dotted line below the
corresponding sequence. One striking feature of this protein is. however. that this hydrophobic region is followed by an extremely
basically charged region. A few posmwlx charged aa arc commonly found at the intracellular border of many transmembrane proteins. In
this protein we find seven positively charged aa within a region of ten aa. (C) shows a comparison of the carboxv-terminal end of the
M D-encoded polypeptide and the three human CD3 components. the CD3 v. d and & chains [3 “] The region of M : D which originates
from exon C3 is shown above the corresponding sequence. Together with the highly charged region on the cytoplasmic side of all four
polypetides certain aa in the extracellular and transmembrane region of the CD3 components and the presumed transmembrane region of
the M : D protein is indicated by a region shaded in grey to show more clearly the similarity between the four different polvpeptldcs which
have very low primary sequence homolo«*\
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Figure 6. (A) shows a schematic map of the ¢ chain locus with the
position of the different probes indivated below the corresponding
region of the gene. (B) Poly(A) RNA was purified from the
human TeE-producing Beell fine U260 and separated on u
formaldehvde-containing agarose gel. Eight identical fanes were
oaded on the same gel with 10 ug of poly (A)Y7 RNAin cach fune.
The gel was blotted and the filter was cut into strips. These were
hvbridized separately with seven different probes originating from
various regions of the human e chain gene {see A The position of
the 18S and 288 ribosomal RN A is indicated as size markers. Two
Janes marked M2 are presentin the figure. The M2 lane shows the
approxiniate amounts of the M2 hvbridizing mRNA compured to
the lanes 3 Mand M 1. A shorter exposure is included {lane M2 o
show more clearly the two different bands discussed in the resubs
section.

two membrane transcripts is lacking the M1 exon (lane Ml
in Fig. 6). Approximately 40% of the membranc transcripts
arc found in this region of the gel. The mRNA M B (Fig. )
probably represents the major transcript in this band. The
oligonucleotide probe complementary to the 3" ne region
hvbridizes with a fow but detectable signal to two or
possibly three mRNA of different sizes in the region of the
membrane-containing transcripts. in addition to a strong
band for the mRNA S A cocoding the secreted Igk (Lane
3 ncin Fig. 6).

As can be scen from lane 37 Mof Fig. 6 the region upstream
of the M1 exon. which is present in the mRNA M:D.is
expressed at quite signiticant levels.

The amount of the different mRNA has not been possible
to measure with high accuracy except for the hybridizations
done with probes directed against regions which are
common to all transcripts. However. as we can easily detect
most of these mRNA on Northern blot analysis (Fig. 6).we
conclude that the mRNA are present at significant levels
compared to the classical membrane transcript.

4 Discussion

The overall structure of the ¢ chain gene has changed only
minimally during the 60-70 million years of evolutionary
separation between rodents and man. The conservation ot
the coding regions. together with a high evolutionary drift
of the intron sequences. is strongly indicative of an
evolutionary advantage for the retention of the functional
IgE mast cell system. The functional conservation. within a
single species. of the high-affinity interaction between the
[gE molecule and its receptor adds further support to this
conclusion.

Novel immunoglobulin & chain mRNA N

The existence of short regions of CA-containing repetitive
sequences in the large CHMU intron indicates that in man
there are remnants of the large blocks of CA repeats that
are found in rodent CHM 1 introns. This implies that the CA
repeats were present in this intron before the evolutionary
separation of rodents and man. Does there exist a mecha-
nism that keeps these repeats intact and nonmutated in the
way we see in rodents? Does gene conversion contribute in
maintenance of the integrity of certain repetitive sequences
and do certain types of repetitive sequences actively get
inserted into the genome? One example of a direct
insertion of a CA repeat is found in the mouse Ig d chain
acne. This repeat is not present in the human counterpart
and the CA repeat is flanked by 8-bp direct repeats 220
The regions in close proximity to the CA repeats have. in
rodents. gone through a large number of inscrtions and
duplications. When we extend this comparison to include
both rodents and man. the intron sequences have diverged
to such an extent that no detectable homology can be
found. This suggests that potential  Z-DNA-forming
sequences and possibly other types ol repetitive sequences
may stimulate rearrangements and thereby may speed up
the evolutionary drift of regions in close proximity to these
repeats. The existence of the Jarge numbers of repetitive
sequences found in all higher eucaryotes may thereby be of
selective advantage. The low population sizes and the long
generation times make the existence of mechanisms which
speed up evolution a requirement for the development of
higher cucaryotic species. The cevolution of large gene
familics by gene duplication is one powertul mechanism in
evolution. The existence of repetitive sequences. spread
through the genome. may here increase the level of
duplications by uncqual “crossing-over” targeted at dis-
persed clusters of repetitive sequences.

We describe the characterization of four novel mRNA
transeribed from the human 1¢E ¢ chain locus. One of the
MRNA encodes a seereted TeE molecule identical to the
classical secreted TgE but no biological function has vet
been assigned to the proteins encoded by mRNA M: B,
M - Cand M : D. Recently one additional membrane-bound
1¢E was characterized by Peng et al. {14]. This novel splice
variant. the M : E. encodes an 1gE molecule which has 51
additional aa inserted between the C4 domain and the
classical M1-encoded transmembrane region (Fig. 4). The
authors show that this protein is present on the surface of
the IgE-producing Bcell. This molecule has transmem-
brane and cytoplasmic regions identical to the classical
rransmembrane IgE. indicating a functional identity.

What is the significance of the large number of mRNA
transcribed from the human ¢ chain locus? By differential
splicing the complexity of a locus can be greatly enhanced
and a low level of presently erroneous splice combinations
is probably of selectable advantage for the species as a
source of potentially new proteins. Based on these ideas we
favor the possibility that some of the variants are nonfunc-
tional by-products of the complicated system of ditferential
splicing.

However. for one of these novel transcripts our data suggest
that its potential protein product might be functionally
significant. The 3" nc region of exon C4 and the 156-bp 3 of
exon M1 (both are present in the mRNA M:D and the
latter in the mRNA M: E) are highly conserved between
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rodents and man. The 3’ ne region has « level of sequence
conservation which is a few percent higher than any of the
coding regions for the secreted [¢E molecule (Fig. 3B and
[5.23]). In addition the 156-bp region 3 to exon M1 has
actually the same level of sequence conservation as the M
exonitself (Fig. 3B). When comparing regions just 3’ or 5
to these novel exons we see that the level of sequence
conservation falls to close to baseline levels (Fig. 3B).The
high degree of sequence conservation in the novel exons
indicate that there are functional constraints to Keep these
regions conserved through evolution.

Data that on the other hand arguc against a specific
tunction is that even it all the splice sites described for these
six different mRNA have been conserved between rat and
man we sce a relatively fow level of conservation of the
reading frames depending on a few frame shift mutations
and afew stop codons in some of the reading frames. We can
not. however. rule out the possibility that mutations could
have atfected the choice of splice sites and that we here
have species-related differences.

The M:B.M:Cand M: D transcripts are probably iden-
tical. in their 3" ends. o the mRNA for the classical
seereted and membrane-bound I¢E which is why we can.
therefore. assume that thev are etticiently translated.
However. nothing is known concerning their stability and

vossible function. We find. bv an analvsis of the Yositions of
I ! 3

charged aa and cvsteines in the carboxv-terminal exten-

sions of these proteins. a few interesting characteristics of

these proteins (Fig. 5). The proteins encoded by M: B and
M C have no structure which resembles a transmembrane
region indicating that. if they are stable after translation.
they are secreted IgE molecules (Fig. 5). Another possibil-
ity. which at this time cannot be ruled out. is that they are
unstable and degraded after translation and thereby repre-
sent nonfunctional products generated by errors in the
differential splicing mechanism.
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In-the carboxy-terminal end of the protein encoded by
M:D. we find a region which weakly resembles the
transmembrane regions found in a group of T cell-specitic
proteins, the CD3 +. 0 and ¢ chains (Fig. 5B and C). The
transmembrane region of M:D cqfitains a negatively
charged glutamic acid in position‘ql from the outer
membrane border which coincides with the position of a
negatively charged aa found in all three CD3 components
(Fig. 5C). This negatively charged aa interacts with g
positively charged lysine in the transmembrane region of
the Teell receptor @ and P chains thereby stabilizing the
interaction between the different T cell receptor compo-

nents. The potential transmembrane region is preceded by (\%

cvsteine and a few charged aa in similar positions as for the
CD3 components. and is followed by a strongly positively
charged region with seven arginines (Fig. 5C). The latter is
characteristic of cvtoplasmic borders of many transmem-
brane proteins. At this stage. we can only speculate on the
presence ot a novel signal-transducing molecule which
mteracts with the presumptive protein product of the
mRNA M:D.

- A

Recently the nt and aa sequences for the membrane lgM
were published for two different species of bony fish
(teleosts) [24.25] In these two species the first membrane
exon is spliced directly to the C3 exon. thereby deleting
exon C4inamanner similar to that isseen in the ¢ transcript
M Do However, the presumptive transmembrane region of
M D has no direct aa sequence homology to the classical
membrane-anchoring tail of the different surface lg. This
indicates that we have potentially new signal-transducing
system for [gE-producing B cells which clearly difters from
the classical membrane-bound Ig. Other possibilities are
that the M:D is a remnant of an ancestral membrane
lg-encoding mRNA or. as we at present cannot rule out. a
nonfunctional protein product of the differential splicing
mechanism. Fusion proteins are being prepared for produc-
tionof specific antisera for cach of the new proteins in order

Extracellular Transmembrane Cytoplasmic
IgM yt-chain mouse EGEVNAEEEGFE NLWITASTERVUFULSUEYSTTVILE KvK
IgM p-chain human ) GEVSADEEGFE NLWATASTERVEEULSLFYSTTYTLR.XVK
IgM Heterodontus DSSDHIWIEDNEEES ATONASTEL ILEFLSILEYRAAYILY KVK
IgM fctalurus punctatus VCIWSTEIFHYEMENDDD NMANTALTFVFLFLITLEYSIGYTVE KVK
19D & chainmouse G IVNT1QHSCIMDEQSOSYMDLEEEN GLqumTé‘_uL LjﬁTLLstcrv?rl XYK
IgD & chainhuman  LAMTPL IPQSKDENSDDYTTFDOVG SLWTY EILTLLYSGIVIFI (XK
i Rk e * *

IgG1  y chain mouse GLWITITIFESL
IgG2a y chain mouse
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IgE € chain mouse
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Figure 7. The figure shows a comparison of a pancl of Ig membrane domains from fish to higher mammals. All aa regions encoded by the

M1 and M2 exons are depicted in the figure. The aa regions showing
conserved between mousc. rat and human ¢ chains are shown by filled

a high degree of conservation are shown within grey boxes. aa
boxes below the corresponding sequence in the lower part of the

figure. All aa which are conserved between the transmembrane regions are shown by open boxes below the corresponding sequence. The

conserved glutamine and tyrosine in the cytoplasmic region of all non-u.

non-0 Ig classes is indicated by an asterisk above the

corresponding aa. The aa encoded by the separate exons is shown in the bottom of the figure. This is valid for all [g classes except for the

o chain where the

complete region is encoded by one single exon (M).
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to answer questions concerning their location. stability and
possible tunction.

In Fig. 7 the aa sequence of the transmembrane and
cytoptasmic regions of human IgE is compared to a panel of
membrane g characterized in mouse. man and two species
of fish. An cexceptionally high degree of sequence conser-
vation is found in the membrane-spanning region of the
antibodics from fish to man (Fig. 7). This part of the
molecule has been found to be crucial for the interaction
with accessory signal-transducing molecules [26-28}.

All antibodies formed after a switching event (non-u and
non-0) have an intracellular extension of 14 (« chain) or 238
aa (v and € chains) attached to their carboxy terminus [ 13].
This can be compared to only three aa for the wand & chains
[13]. Nothing is vet known about the function of this
cvtoplasmic extension. The o chain is relatively distantly
related to the v and ¢ chains. which are highly homologous
to each other (Fig. 7). This is also reflected in the organi-
zation of the exons where the « chain membrane region is
encoded by one exon compared to two exons for both the
and & chains. A few interesting characteritics are found
upon a more detailed analysis of these peptide extensions.
We find one glutamine and one tvrosine residue conserved
between all non-pand non-0 cytoplasmic membrane exten-
stons (Fig. 7). Tyrosine residues have been implicated to
play a role in the internalization of membrane-bound
receptor molecules. One example is found in the Tow-
density lipoprotein receptor where a cytoplasmic tyrosine
has been shown to be vital for rapid endocytosis [29].

The coupling of signal-transducing molecules to the mem-
brane-bound forms of the Ig may be influenced by a
difference in the structure of the cytoplasmic tail of the
antibody. Three membrane proteins have been found to
interact with the surface-bound [gM molecule and thev are
all phosphoproteins. In at least one of these three polypep-
tides the phosphate is bound to a cytoplasmic tyrosine [27].
There is. however. no evidence that this phosphate has a
regulatory function.

Some of the different signal-transducing molecules differ in
size between the w and the O chains [27. 30]. Recent data
from Venkitaraman et al. {31] show that all Ig isotypes are
associated with proteins encoded by the genes cloned as the
B cell-associated proteins mb-1 and B-29 and that the
difference in size of the a chains (mb-1) associated with u
and & chains are due oaly to a difference in glycosylation.
They show that that mb-1 and B-29 are sufficient for surface
expression of the membrane [g of all isotypes. Whether
these are the only molecules associated with all the
different surface Ig is not yet clear. The cytoplasmic region
of the membrane Ig may substitute for functions performed
by as yet uncharacterized accessory molecules for the wand
0 chains or may perform additional functions needed for
B cells which have gone through an isotype switching event.
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