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We have determined the nucleotide sequence of the immuno-
globulin epsilon gene cloned from newbom mouse DNA. The
epsilon gene sequence allows prediction of the amino acid se-
quence of the constant region of the epsilon chain and com-
parison of it with sequences of the human epsilon and other
mouse immunoglobulin genes. The epsilon gene was shown
to be under the weakest selection pressure at the protein level
among the immunoglobulin genes although the divergence at
the synonymous position is similar. Qur results suggest that
the epsilon gene may be dispensable, which is in accord with
the fact that IgE has only obscure roles in the immune defense
system but has an undesirable role as a mediator of hyper-
sensitivity. The sequence data suggest that the human and
murine epsilon genes were derived from different ancestors
duplicated a long time ago. The amino acid sequence of the
epsilon chain is more homologous to those of the gamma
chains than the other mouse heavy chains. Two membrane
exons, separated by an 80-base intron, were identified 1.7 kb
3’ to the CH4 domain of the epsilon gene and shown to con-
serve a hydrophobic portion similar to those of other heavy
chain genes. RNA blot hybridization showed that the epsilon
membrane exons are transcribed into two species of mRNA
in an IgE hybridoma.

Key words: mouse epsilon gene/nucleotide sequence/mem-
brane exons/high evolutionary rate

Introduction

Immunoglobulins are classified into five major classes,
IgM, IgG, IgA, IgD, and IgE, by the primary structure of the
heavy (H) chain constant (C) regions mu, gamma, alpha,
delta, and epsilon, respectively. Each class has a different
physiological function. IgE is unique in that it mediates an
undesirable reaction, reaginic hypersensitivity, although it is
not yet clear whether this immunoglobulin plays an essential
role in the immune defense system mechanism. Structural
analyses of the epsilon gene and the protein it codes are essen-
tial to understand the molecular mechanism which triggers
the series of events ultimately leading to the release of vaso-
active amines and other pharmacologically active substances
responsible for the clinical manifestations of hypersensitivity
(Ishizaka and Ishizaka, 1975).

We have already reported the cloning of the mouse epsilon
gene, which showed that the epsilon gene is located between
the gamma 2a and the alpha genes (Nishida ez al., 1981). We
have now determined the nucleotide sequence of the gene
coding for the secreted and membrane-bound forms of the
mouse epsilon chain and compared it with that of the human
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epsilon gene (Nishida ef al., 1982; Ueda et al., in prepara-
tion). Such comparison revealed that the epsilon gene diverg-
ed much more rapidly than others, suggesting that the epsilon
gene might be dispensable.

Results
Sequencing strategy

The clone (Ige-7) bearing the mouse genomic epsilon gene
was isolated from a Charon 28 phage library containing par-
tial Sau3A digests of DNA from newborn BALB/c mice
(Nishida et al., 1981). The 4.6-kb BamHI fragment contain-
ing the structural sequence of Ige-7 was subcloned into
pBR322. Restriction site mapping was carried out by cleavage
of the clone with several restriction enzymes and by the par-
tial cleavage of terminally 3P-phosphorylated fragments. The
restriction sites used to determine the nucleotide sequence are
shown in Figure 1.

Nucleotide sequence of the mouse immunoglobulin epsilon
gene

The complete nucleotide sequence of the epsilon gene is
presented in Figure 2. The sequence predicts the entire amino
acid sequence of the C region of the secreted form of the
mouse IgE H chain. The epsilon gene has four exons, each
encoding a domain and being interrupted by the intervening
sequence (IVS). Each domain was defined on the basis of
homology to the amino acid sequence of the human epsilon
chain (Bennich et al., 1974; Ueda et al., in preparation). The
borders of each domain were determined by the consensus se-
quences of RNA splicing (Breathnach er al., 1978; Konkel
etal., 1978) and by the distance from two cysteine residues
responsible for the intra-chain disulfide bond. The structure
of the mouse epsilon gene is summarized as Cy, exon
(273 bp)-1VS1 (542 bp)-Cy, exon (324 bp)-IVS2 (81 bp)-Cy;
exon (324 bp)IVS3 (78 bp)}-Cy, exon (350 bp)-3' un-
translated sequence (107 bp).

In comparison with other classes of immunoglobulin genes
the epsilon gene has the longest IVS between the Cy, and Cy,
exons (Honjo et al., 1979; Kawakami et al., 1980; Tucker et
al., 1980, 1981; Yamawaki-Kataoka et al., 1980, 1981). At
the 5’ portion of the IVSI1 there is an extremely AT-rich
region (217 bp) surrounded by inverted repeat sequences (13
bp). Such structure suggests that this 217-bp segment might
have been inserted into the IVSI of the epsilon gene, thus in-
creasing the length of IVS1 from the usual 300—350 bp to
542 bp.

The amino acid sequence predicted has six putative sites of
carbohydrate attachment, Asn-X-Ser(Thr) (Figure 2), the
same number as in the human epsilon chain. Four of these six
sites are in fact identical to those of the human epsilon chain.
There is one intra-domain disulfide bond in each domain, one
inter-chain (light-H) bond in the Cy; domain and there are
two inter-chain (H-H) bonds in the Cy, domain. An extra
intra-domain disulfide bond in the Cyy; domain of the human
epsilon chain is not present in the mouse epsilon chain.

Identification of membrane exons of the epsilon gene
As all the Cy genes so far examined have two extra exons
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Fig. 1. Restriction cleavage map and sequencing strategy of the mouse epsilon gene clone. The top, middle, and bottom lines show the restriction map, the se-
quencing strategy, and the structure of the epsilon gene, respectively. Only restriction sites used for sequencing are shown. a, probe used for the secreted do-
main; b, probe used for the membrane domain; UT, untranslated region; H, HindlIl; B, BamHI; X, Xbal.
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GARTCTAACCATCTGTCTCCTAGACTGGAATG6G6TCCCCAGAGCCCTGCTCCTGTCACAGCTGCCCTTAACCAGTTCCCCACHCTECAGGTATGTAGTG 100

AIAIAAATAAGICIAACCIAGGICCIICCTIlCICACAGCC1ClAICAGGAACCCICAGC]CIACCCCIIAAAGCCCIGIAAAGGCACIGCIICCAIGAC 200
SERILEARGASNPROGLNLEUTYRPROLEUL YSPROCYSLYSGLYTHRALASERMET TH

CCTAGGCTGCCTAGTAAAGGACTACTTCCCTAATCCTGTGACTGTGACCTGGTATTCAGACTCCCTGAACATGAGCACTGTGAACTTCCCTGCCCTCGET 300
RlEUGLVC!}[EUVAL[VSASPTVRPHEPROASNPROVAL1HRVAL]NR1RPIVRSER“SPSER[EUA%NHETSENTHRVALASNPHEPNOALALEUGLV

TCTGAACTCAAGGTCACCACCAGCCAAGTGACCAGCTGGGGCAAGTCAGCCAAGAACTTCACATGCCACGTGACACATCCTCCATCATTCAACGAAAGTA 400
SsnGLulsulvsVALTunTnRSERGLNVALINRS:aTanLvLvsSenALALvsAsuPnz1nucx§H1sVALlnaﬂlsPnoPnoSsuPusAgnGLuSenA

GG?C]?]CEIA&GIAAGTAGGGAIGGGC]GACAGIIACACIGlGIA]ICICCCITGGAGATGGAACAGIIICIGICIAAICAGGAAC]IG]CACAATT]C 500
RGIHRILELEU

CTTTCATAGAGGACTTCATAAGAGATTTTTITTCTACTICTATCATGTTTAGTGATCCAAATAGATTTTAARAACTGGTTGAGTGCATATTACTTTTAGC 600
CTCAGAAGACATCACGCACATTTAAGAGGCATTTAACTATTGTAAATTATTCTGATGACTTAAAAAATGCTCACGACTGAGTCGTATATTTTTAAATAAA 700
TTTTATTAGTTTAGTTTAAAAAAAGAAAAGAAAATTATTAATTTTATTAAAAAATCTCCTATATTTAAAAAAAAAAGAGAAAAAGGCAGAGCTGGEGCTG6 800
CTACGGTTACCACAGGAACATGGTCAGAGGAGGAAGGGACTCTTATACAACCTATGACAGGAGAACGGGAGACCCAACATACTCGEGGGCCTACCTICAG 900

AGAACACAAGGCCAGGGCAA1ACICACGAGACCAG]IGIICGCCCIGCCCC]AGIICGACCIGICACACAIICACIGAGCCCACClIGGAGCIAClCCA] 1000
ALARGPROVALTHRH1sSERLEUSERPROPROTRPSERT YRSERIL

TCATCGCTGCGACCCCAATGCATTCCATTCCACCATCCAGCTGTACTGCTTCATTTATGGCCACATCCTAAATGATGTCTCCGTCAGCTGGCTAATGGAC 1100
EH1 SARGCYSASPPROASNALAPHEHT SSERTHRILEGLNLEUTYRCYSPHEILETYRGLYHI S ILELEUASNASPVALSERVALSERTRPLEUMET ASP

GATCGGGAGATAACTGATACACTTGCACAAACTGTTCTAATCAAGGAGGAAGGCAAACTAGCCTCTACCTGCAGTAAACTCAACATCACTGAGCAGCAAT 1200
AspAnsGLulLe1HaAsrlnalsuALAGLnlunVALlsulLzLvsGLuGLuGLvlvsLEuALASsnInRCvsSERLvsLsuAsnILEIuaGLuGLuGLnI

GGA1GICIGAAAGCACCYICACCIGCAGGGICACCICCCAAGGCGIAGACIAI11GGCCCACACICGGAGAIGCCCAGGIAGGICIACACICGCCIGAIG 1300
RPMETSERGLUSERTHRPHETHRCYSARGVALTHRSERGLNGLYVALASPTYRLEUALAHI STHRARGARGC YSPROA

CCCAGACCTCAGAGTCCCTGAGGGAAAGGCAGGCCTACACAGCCCTTCCTCCCCGACAGATCATGAGCCACGGGGCGCGATTACCTACCTGATCCCACCC 1400
sPHISGLUPROARGGLYALAILETHRTYRLEU ILEPROPRO

AGCCCCCTGGACCTGTATCAAAACGETGCTCCCAAGCTTACCTGTCTG6T65T6GGACCTGGAAAGCGAGAAGAATGTCAATGTGACCTGGAACCAAGAGA 1500
SERPRolEuAsPLEuTvaGLNASNGLvALAPRoLvslEuInn§!§LEuVALVALASPLsuGLuSERGLuLvsAsuVALAgNVALlMRIRPAsnGLnGLuL

AGAAGACTTCAGTCTCAGLATCCCAGTGGTACACTAAGCACCACAATAACGCCACAACTAGTATCACCTCCATCCTGCCTGTAGTTGLCAAGGACTGGAT 1600
VSLVS1HRS£RVALSENALASERGLN1RPTVR]NR[VSHIsHlSﬂsnﬂ:rALA]NR1HRSER|LE1MRSERlLElEUPROVALVALALALVSASP]RP|L

TGAAGGCTACGGCTATCAGTGCGTAGTGGACCGCCCTGATTTTCCCAAGCCCATTGTGCGTTCCATCACCCTTICCCCAGGTGAGTACAGGAGGTGGAGAG 1700
EGLUGLYTYRGLYTYRGLNCYSVALVALASPARGPROASPPHEPROLYSPROILEVALARGSERILETHRLEUPROGLNVALS

TGGCCAGCCCTTCTCATGTTCAGAGAACATGGTTAACTGGTTAAGTCATGTCGTCCCACAGGCCAGCGCTCAGCCCCCGAGGTATATGTGTTCCCACCAC 1800
ERGLNARGSERALAPROGLUVALTYRVALPHEPROPROP

CAGAGGAGGAGAGCGAGGACAAACGCACACTCACCTGTTTGATCCAGAACTTCTTCCCTGAGGATATCTCTGTGCAGTGGCT66666ATG6CAAACTGAT 1900
ROGLUGLUGLUSERGLUASPLYSARGTHRLEUTHRCYSLEUILEGLNASNPHEPHEPROGLUASP [LESERVALGLNTRPLEUGL YASPOLYLYSLEUIL

CTCAAACAGCCAGCACAGTACCACAACACCCCTGAAATCCAATGGCTCCAATCAAGGCTTCTTCATCTTCAGTCGCCTAGAGGTCGCCAAGACACTCTGG 2000
eSERASNSERGLNHI SSERTHRTHRTHRPROLEUL YSSERASNGLYSERASNGLNGL YPHEPHE ILEPHESERARGLEUGLUVALALAL YSTHRLEUTRP

ACACAGAGAAAACAGTTCACCIGCCAAG]GAICCAIGAGGCACI1CAGAAACCCAGGAAACIGGAGAAAACAA]AICCACAAGCC]IQHAACACCICCC 2100
THRGLNARGLYSGLNPHETHRCYSGLNVAL ILEHI SGLUALALEUGLNLYSPROARGLYSLEUGLUL YSTHRILESERTHRSERLEUGL YASNTHRSERL

ngGlgCC;CC]AGGCC]CCA]GTAGCIG1GGIGGGGAAGGIGGAIGACAGACAICCGCICACIGIIﬁlAACACCAGGAAGCIACCC ACTCA 2200
EUARGPROSER

GTGCCTGATTAGAGCCCTG6G6CECCCGTTCTTCG6GEAAGGCAGGGTTCATGEGCAGAAATATCTCGGCCTGAAAGAAGGGACACCCAAGAGAAGGACAG 2300
GAGTGAAGCACGGCTCACCCATCTGTCTCTGTGTTGAATATTTAACACATAGGCGTCACAGGACTTCAGCAGTGGTCCTTCAGCGTCCCCTGATCCTTCG 2400
CTGCTCTTCACTGGATATCATGCGCCTGATCTCTAGA

Fig 2. Nudleotide sequence of mouse epsilon gene. Nucleotide sequence containing the secreted exons and their flanking regions is displayed with the direction
of transcription from left to right. The amino acid sequence predicted is shown below the nucleotide sequence. Vertical arrows indicate the putative splicing
site to the membrane exon. Horizontal arrows show the inverted repeat sequences in IVS1. Cysteine residues responsible for intra-domain disulfide bonds are
underlined. Putative polysaccharide attachment sites are shown by closed circles. Poly(A) additional signal is boxed.

(M1 and M2) encoding the membrane domains at the 3’ side membrane exons of the epsilon gene, Ige-7 DNA was digested
of the exons of the secreted form (Rogers et al., 1980, 1981; with several restriction enzymes and its Southern blot was
Early et al., 1980; Nakai et al., 1982; Tyler et al., 1982; hybridized with a gamma 2a membrane exon probe (0.95 kb
Yamawaki-Kataoka et al., 1982), it is reasonable to assume Smal-EcoRI fragment of gamma 2a-9 clone). (Yamawaki-
that the epsilon gene has the membrane exons somewhere in Kataoka et al., 1982). The gamma 2a membrane exon probe
the 3'-flanking segment. To determine the location of the hybridized to the 360-base Hapll-BamHI fragment (see
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Fig. 3. Nudeotide sequences of the membrane exons of the epsilon gene and comparison of amino acid sequences of the membrane domains among mouse
immunoglobulin H chains. (A) Nucleotide sequences of the M1 and M2 exons of the epsilon gene are displayed with the direction of transcription from left
to right. (B) Comparison of membrane domains of mouse H chains. Amino acids are shown by one letter code as described (Honjo et al., 1979). Amino acid
residues homologous to the epsilon chain are boxed. Hydrophobic region is positions 28 — 53.

Figure 1). The nucleotide sequence surrounding this region
was determined.

The sequence clearly demonstrates that the highly conserv-
ed hydrophobic region of the putative transmembrane seg-
ment (Rogers et al., 1981; Tyler et al., 1982; Yamawaki-
Kataoka et al., 1982; Cheng et al., 1982) is also present in the
epsilon gene (Figure 3). By comparison with membrane exons
of other Cy genes we were able to locate the M1 and M2
exons. The putative M1 exon is located ~1.7 kb downstream
of the CH4 exon of the epsilon gene. The putative M2 exon,
the first two amino acids (valine and lysine) of which are com-
mon to all the Cy genes examined, is located 80 bases 3’ to
the M1 exon. The length of the putative M2 exon of the ep-
silon gene, encoding 27 amino acid residues, is the same as
those of the M2 exons of the gamma subclass genes
(Yamawaki-Kataoka et al., 1982).

Note that the splice sites between the M1 and M2 exons are
located at the end of the codon whereas all the other splice
sites in immunoglobulin H chains are between the first and se-
cond bases of the codon (Sharp, 1981). This is true for all the
membrane exons so far sequenced. A donor splice site to
membrane exon 1 is located at position 2088 (Figure 2) based
on the consensus sequence of the splicing site.

Two species of membrane epsilon mRNA are synthesized in
an IgE hybridoma

A hybridoma secreting IgE, IgE-53-569 (Bottcher et al.,
1980), carries a small amount of IgE on the cell surface (T.
Kishimoto, personal communication). To confirm that our
putative M1 and M2 exons are transcribed, cytoplasmic
poly(A)-RNA from this hybridoma was probed by hybridiza-
tion with the 3?P-labelled HindIII-Xbal fragment containing
the CH4 exon and the major part of the Cyy, exon (probe a in
Figure 1) and with the 32P-labelled putative M2 exon (probe b
in Figure 1).

As shown in Figure 4, the CH3 and CH4 exon probe
(probe a) hybridized with three mRNA species: a strong band
(2.2 kb) and two very weak bands (3.15 and 3.7 kb). The M2
exon probe, however, hybridized with the two larger mRNA

A B

Fig. 4. RNA blot hybridization of poly(A)* RNA of an IgE hybridoma.
In A the secreted exon probe (probe a in Figure 1) was used. in B the M2
exon probe (probe b in Figure 1) was used. Size markers used are mixtures
of mouse and E. coli IRNA. Numbers are lengths in kb.

bands (3.15 and 3.7 kb). The results clearly indicate that the
2.2-kb mRNA codes for the secreted form of the epsilon
chain and the 3.15-kb and 3.7-kb mRNAs encode the mem-
brane form of the epsilon chain. Furthermore, the putative
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M2 exon was shown to be transcribed into the mRNA of the
membrane form. As the sum of the length of all exons is
~1.8 kb, the 3’ untranslated sequence of the mRNA of the
membrane form is at least 1.35 kb. The primary structural
difference of the two membrane-form mRNAs could be due
to the presence of a third membrane exon, to RNA splicing
within the 3’ untranslated region (Cheng et al., 1982), to
aberrant splicing in the hybridoma, or to the presence of the
cytoplasmic precursor molecule to the mature mRNA.

Discussion
Comparison of nucleotide sequences of the murine and
human epsilon genes

The nucleotide sequence of the mouse epsilon gene was
compared with that of the human epsilon gene determined in
our laboratory (Nishida et al., 1982; Ueda et al., in prepara-
tion; Max et al., 1982; Flanagan and Rabbitts, 1982). The two
sequences were aligned to maximize the homology with a
computer program described previously (Miyata and
Yasunaga, 1980). The amino acid sequences predicted from
the nucleotide sequences of the epsilon genes were also align-
ed simultaneously (Figure 5).

The divergence of the amino acid sequences (k$) was
calculated for each domain as well as for the whole C region.
The rate of evolution, defined as per residue per year (v,,),
was evaluated assuming that the time of divergence between
man and mouse is 75 x 108 years. The v,, values of the epsilon
chain are extremely high compared with those of the other
immunoglobulin chains as shown in Table I. The v,, value
(5.2 x 10~ 9 of the epsilon chain is the highest among known
values except for the value (9.0 x 10~ 9) of fibrinopeptides
(Wilson et al., 1977). We have also found that the delta chain
has a very high rate of evolution (vo; = 5.9 x 10~9. In con-
trast, the rest of the immunoglobulin chains including the
mu, gamma, alpha, lambda, and kappa chains have v,,
values ranging from 3.5 x 10~ 9 to 2.3 x 10~ 9. These results
indicate that the epsilon and delta chains are under weaker
constraint than the other immunoglobulin chains. The last
domain of the epsilon chain is the most conserved, probably
because the Cy, domain is the most important part of the
molecule for binding to the surface receptor of the mast cells
(Ishizaka et al., 1970).

The divergence of the nucleotide sequences of the coding
region was calculated separately for synonymous (K and
amino acid-substituting (K3,) sites. Nucleotide divergence at
the synonymous sites of the coding regions is free from the
selective constraint operating at the protein level. The
divergence of the non-coding region (K,,) was calculated by
comparing every nucleotide position. It is known that K and
K, values are constant among different genes, whereas K,
values vary among different genes (Miyata et al., 1980). The
K and K, values of the epsilon gene are about the same as
those of the gamma gene as shown in Table II. In contrast,
the K, value of the epsilon gene is almost 50% higher than
that of the gamma gene. The K (0.484) of the mu gene, based
on a partial sequence, is similar to that of the gamma gene but
the K, value (0.171) is slightly lower. These results, as ex-
pected, agree with the comparison of the amino acid se-
quences and clearly indicate that the epsilon gene is relatively

Immunogiobulin epsilon gene sequence

free from the selective constraint operating at the protein
level, although the mutation rate at the nucleotide positions
irrelevant to the protein structure is equivalent to those of the
gamma and mu genes. The K, value of the Cy, exon is close
to those of the gamma exons, again in agreement with the
amino acid sequence comparison. Note that the hinge exon of
the gamma gene seems to diverge most rapidly.

Why does the epsilon chain drift faster than the other H
chains? Since the difference is only in the K, value but not in
the K or K, value, this phenomenon is most likely to be
related to the property of the protein — either structural or
functional characteristics of the epsilon chain. Although the
epsilon chain has a structure similar to that of the mu chain,
i.e., four C domains, the epsilon chain or IgE has a unique
physiological function. IgE mediates an undesirable and
harmful reaction, hypersensitivity, whereas it is not clear
whether IgE is essential to the immune defense system.
Although IgE may help to protect the animal from parasite
infections to a limited extent, the epsilon gene may be dispen-
sable. In general, functionally less important molecules evolve
faster (Dickerson, 1971; Kimura and Ohta, 1974; Wilson et
al., 1977). From such a view point it might be reasonable to
assume that the epsilon chain is not constrained strongly by
the selection presssure to conserve the protein structure but
rather allowed to drift relatively faster to evolvz a less harm-
ful H chain molecule. Note that the delta chain, which does
not have any clear physiological role in the defense
mechanisms, because of its extreme lability in the serum, also
seems to be less constrained by selection pressure at the pro-
tein level. It is also interesting that both epsilon and delta
chains are least abundant in the serum.

Another explanation which we have to take into account is
that the human and murine epsilon genes may have different
ancestors. In this case we assume that the duplication of the
epsilon gene took place before mammalian radiation
(paralogous). The ancestor of the murine epsilon gene might
have tumed into a pseudogene or been lost from the human
genome. On the other hand, the ancestor of the human ep-
silon gene must have been lost from the mouse genome,
which has only one epsilon gene but no epsilon pseudogene.
This model can be easily tested by analyzing the organisation
of the epsilon gene in many mammals. The presence of two
epsilon genes in the rat genome (Y.Yaoita and T.Honjo, un-
published data) is consistent with this model.

Comparison of amino acid sequences of mouse immuno-
globulin epsilon and other H chains

The amino acid sequence of the murine epsilon chain was
compared with those of other murine H chains. As shown in
Table III, the epsilon chain is more homologous to the gam-
ma chains than to the mu, delta, and alpha chains. The
homology between the epsilon and gamma chains is most
significant in the M1 exon, followed by the Cy, and Cy,
exons. The amino acid sequence of the hydrophobic segment
of the epsilon gene is 74% and 69% homologous to those of
the gamma 2a and the mu genes, respectively, while the
homology of the other coding region is <41% (Figure 3B).
The results indicate that the transmembrane segment is under
a stronger constraint from selective pressure than the other
parts of the H chain. Note that the lengths of the M2 exons of

Fig. 5. Aligned nucleotide and amino acid sequences of mouse and human epsilon genes. The human (upper two rows) and mouse (lower two rows) se-
quences are aligned to maximize homology. Amino adid sequences are shown by one letter code. The matched nucleotides and amino acids are shown by
: and *, respectively. Double dashes indicate deletions to maximize the homology. Boxed regions were omitted from calculation of divergence because frame-

shift mutations completely changed amino acid residues.
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Table I. Comparison of amino acid sequences of human and murine immunoglobulin chains

Immunoglobulin Cuy Cyy (hinge) Chs (Cyp) Cus Cla) Total chain
chains - - - -
ke Via ks Vaa ke Vaa ke Via K Via
mu 0.43 29
delta 0.89 59
gamma?® 0.45 3.0 1.03 6.9 0.42 2.8 0.52 35 0.48 3.2
epsilon 0.83 5.5 0.96 6.4 0.83 5.5 0.57 3.8 0.78 5.2
alpha 0.53 3.5
lambdaP® 0.35 2.3
kappa 0.51 34

Sources of sequences are as follows; human mu (Rabbitts ez al., 1981; Dayhoff, 1978), mouse mu (Kawakami et al., 1980), human gamma (Ellison et al.,
1981), mouse gamma (Honjo ef al., 1979; Yamawaki-Kataoka ef al., 1981, 1982), human alpha (Tsuzukida et al., 1979), mouse alpha (Tucker et al., 1981),
mouse delta (Tucker et al., 1980), human and mouse kappa (Hieter ef al., 1980), human lambda (Hieter ef al., 1981), mouse lambda (Bothwell ef al., 1981),
and human and mouse epsilon (this paper). v, is equal to v,, x 10°. Notation of domains of the gamma chain are shown in parenthesis.

2Three mouse gamma sequences, gamma 1, gamma 2a and gamma 2b were separately compared with human gamma 4 sequence. The ka‘:a values of three

ed

Table II. Comparison of nucleotide sequences of the immunoglobulin gamma
and epsilon genes between man and mouse

Segment Gamma gené® Epsilon gene
ofgme k. KKy K/K, K,  K&K) KK
5’ flanking 0.380 0.353
IVS1 0.388 0.419
IvVS2 0.371 0.349
IVS3 0.360 0.375
total non-
coding 0.375 0.374
Cmr 0.220 0.492 0.44 0.299 0.484 0.617

Cy, (hinge)  0.429 0.664 0.646 0.339 0.546 0.621
CuiCyd 0.157 0.500 0.314 0.336 0.525 0.64

CudCuyd 0.214 0.486 0.44 0.239 0.532 0.449
total coding 0.204 0.502 0.406 0.301 0.521 0.578

Sources of sequences are shown in Table L. Notations of domains of the
gamma chain are shown in parenthesis.

aHuman gamma, and mouse gamma, gene sequences were compared.
Similar values were obtained with other combinations.

the epsilon and gamma genes are identical, whereas those of
the mu and delta genes are much shorter (Figure 3). Such
homology might be due in part to gene conversion between
gamma and epsilon genes. Nikaido et al. (1982), however,
have shown that the switch (S) region sequence of the mu
gene, which is responsible for class switch recombination, has
greatest homology to that of the epsilon gene. Such paradoxi-
cal dissociation of the segmental homology may suggest that
recombination took place among mouse immunoglobulin H
chain genes as suggested previously (Miyata et al., 1980; Ollo
and Rougeon, 1982; Schreier et al., 1981; Yamawaki-
Kataoka et al., 1981, 1982).

Materials and methods

Materials

Restriction endonucleases, BamHI, EcoRl, Haelll, Hapll, and T, poly-
nucleotide kinase were purchased from Takara Shuzo Co. (Kyoto, Japan).
Sources of other restriction enzymes were described (Honjo et al., 1979).
[¢-2P]dCTP and [y-3?P]JATP were obtained from Radiochemical Centre
(Amersham, UK).
Subcloning of the epsilon gene segments

The clone Ige-7 bearing the epsilon gene (Nishida et a/., 1981) was digested
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irs were averaged.
muse lambda 1, sequence was separately compared with three human lambda chains, mcg, KernOZ™* and OZ~. The kfa values of three pairs were averag-

Table III. Divergence of amino acid sequences between mouse immuno-
globulin epsilon chains and other H chains.

mu delta gamma 1 gamma 2b gamma 2a alpha
Cm 84 80 57 56 57 73
Chz 83 80 @®3) 80) ®4)
Chs 9 82 71 73 72 81
CHa 64 71 59 60 59 66
Ml 60 70 49 47 47 -
M2 - - 71 68 64 -

Amino acid sequences of corresponding exons of immunoglobulin H
chains were compared with those of the epsilon chain. Hinge regions of the
gamma and alpha chains were paired with the Cy, domain of the epsilon
chain, and shown in parenthesis. Numbers are percentages of divergence as
compared with the epsilon chain.

with BamHI and ligated with pBR322 (Boliver et al., 1977) which had been
cleaved with BamHI and treated with bacterial alkaline phosphatase. The
ligated DNA was then used to transform an Escherichia coli strain x1776.
Transformants that contained the epsilon gene were identified by restriction
cleavage site mapping. All cloning experiments were carried out in a P3 facili-
ty according to the Japanese guidelines of recombinant DNA.

mRNA hybridization

Cytoplasmic RNA from the hybridoma cell line, IgE-53-569 (Bottcher et
al., 1980), was twice enriched with an oligo-(dT) cellulose column. Glyoxal-
treated RNA was fractionated by electrophoresis on a 1.2% agarose gel. RNA
was transferred to nitrocellulose filters (Schleicher & Schuell B85) according to
Thomas (1980). Hybridization was carried out as described by Southern
(1975) except that RNA blots were washed as described by Thomas (1980).

DNA sequencing and other procedures

DNA sequencing was performed according to the method of Maxam and
Gilbert (1980). Plasmid DNA was prepared as described (Clewell and Helin-
ski, 1969). Southern blot hybridization was carried out as described previously
(Southern, 1975). Nick-translation of probe DNA was carried out as described
by Maniatis et al. (1975). The computer program used for calculation of
nucleotide divergence rates (K,, K;, and K;)) was described previously (Miyata
and Yasunaga, 1980). kfa represents the amino acid difference per residue
after correction for multiple substitutions, namely, £, = —In (1 - k,,). The
rate of evolution defined as divergence per residue per year (v, was
calculated according to the following equation; v,, = k,,/2T, where we
assumed divergence time (7) between man and mouse as 75 x 10¢ years.
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