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We have detennined the nucleotide sequence of the immuno-
globulin epsilon gene doned from newbom mouse DNA. The
epsilon gene sequence ailows 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. Our 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 et 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 et 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 32P-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 et 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 CH, exon
(273 bp)-IVSI (542 bp)-CH2 exon (324 bp)-IVS2 (81 bP)-CH3
exon (324 bp)-IVS3 (78 bp)-CH4 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 CH, and CH2
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 IVS1 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 IVS1 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 CH, domain and there are
two inter-chain (H-H) bonds in the CH2 domain. An extra
intra-domain disulfide bond in the CHi domain of the human
epsilon chain is not present in the mouse epsilon chain.
Identification ofmembrane exons of the epsilon gene
As all the CH 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 memnbrane domain; UT, untranslated region; H, HindlII; B, BamHI; X, XbaI.
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GAATCIAACCAICIGTCTCCIAGACIGGAATGGGGICCCCAGAGCCCIGCICCTGTCACAGCIGCCCI TAACCAGTTCCCCACGC1GCAGGIATGTAGTG 100

ATATAAAIAAGTCIAACCTAGGICCITCCTIICTCACAGCCICITACAGGAACCCICAGCTCTACCCCTTAAAGCCCTGTAAAGGCACIGCI ICCAI GAC 200
SERILEARGASNPROGLNLEUTYRPROLEULYSPROCYSLYSGLYIHRALASERMETTH

CCIAGGCTGCCTAGTAAAGGACTACI ICCCIAATCCI GIGACIGTGACCTGGTAT TCAGACTCCCTGAACAT GAGCACIGTGAACTICCCTGCCCICGGI 300
RLEuGLYCYsLEUVALLYsAsPTYRPHEPRoASNPROVALTHRVALIHRTRPTYRSERAsPSERLEuASNMETSERIHRVALASNPHEPRoALALEuGLY

0
ITClTGAACTCAAGGITCACCACCAGCCAAGITGACCAGCITGGGGCAAGTCAGCCAAGAACTTICACAITGCCACGlTGACACATCCITCCAI CAI ICAACGAAAGI A 400
SERGLuLEuLYSVALTHRTHRSERGLNVALTHRSERTRPGLYLYSSERALALYsASNPHETHRL,HI SVALTHRHi SPROPROSERPHEASNGLUSERA

0
GGACTAICCTAGGTAAGTAGGGATGGGCTGACAGTIACACTGIGTATICICCCCTGGAGATGGAACAGT1ICTGTCTAATCAGGAACI fGTCACAATITC 500
RGTHRILELEUV

CITICAIAGAGGACTTCAIAAGAGAITTTT1 ITCTACITCIAICAIGlTJAGIGATCCAAATAGAITTTAAAAACTGGITGAGTGCAIATIACI11T AGC 600

CTCAGAAGACATCACGCACATTTAAGAGGCAT ITAACITATTIGTAAAITIATTICITGAITGACT IAAAAAAITGCI CACGACITGAGITCGITAlTATTTTT1AAAITAAA 700
TTT1 1AITIAGITITIAGITITIAAAAAAAGAAAAGAAAATTIATTIAAIIT1T1ATTIA,AAAAAITCITCCITATAIT1T1AAAAAAAAAAGAGAAAAAGGCAGAGCITGGGCI GG 800

CITACGGTIACCACAGGAACAITGGTICAGAGGAGGAAGGGACTICTT1AlTACAACCITAlTGACAGGAGAAC GGGAGAC CCAACAITAC I CGGGGGCCTIACCT1TICAG 900

AGAACACAAGGCCAGGGCAAIACTCACGAGACCAGTTGTTCGCCCTGCCCCIAGT TCGACCIGlCACACAITCACIGAGCCCACCTTGGAGCIACTCCAI 1000
ALARGPROVALIHRHI SSERLEUSERPROPROTRPSERIYRSERIL

TCAICGCIGCGACCCCAATGCATICCAITCCACCATCCAGCIGIACTGCT ICATITAT GGCCACATCCTAAATGATGTCTCCGTCAGCIGGCIAAIGGAC 1100
EHISARGCYSASPPROASNALAPHEHiSSERTHRILEGLNLEUIYRCYSPHEILEIYRGLYHISILELEUASNASPVALSERVALSERTRPLEUMETASP
GAICGGGAGAIAACTGATACACITGCACAAACIGl ICIAAICAAGGAGGAAGGCAAACIAGCCTCTACCI GCAGIAAACTCAACAICACIGAGCAGCAAT 1200
AsPARGGLUILEIHRAsPTHRLEuALAGLNTHRVALLEUILELYsGLuGLuGLYLYsLEuALASERTHRCYSSERLysLEuASN ILEIHRGLUGLNGLNT

0
GGATGICIGAAAGCACCTTCACCIGCAGGGTCACCTCCCAAGGCGTAGACTATTIGGCCCACACICGGAGAIGCCCAGGIAGGICTACACTCGCCTGAT G 1300
RPMETSERGLUSERIHRPHETHRCYSARGVALTIHRSERGLNGLYVALASPTYRLEUALAHISTHRARGARGCYSPROA
CCCAGACCICAGAGTCCCIGAGGGAAAGGCAGGCCTACACAGCCCTICCICCCCGACAGATCAIGAGCCACGGGGCGCGAT TACCIACCIGAICCCACCC 1400

sPHi SGLUPROARGGLYALA ILEIHRIYRLEU ILEPROPRO
AGCCCCCIGGACCTGTATCAAAACGGTGCTCCCAAGCT TACCIGTCTGGTGGTGGACCIGGAAAGCGAGAAGAATGTCAATGTGACCTGGAACCAAGAGA 1500
SERPRoLEuAsPLEuTYRGLNASNGLYALAPRoLysLEUIHRCYsLEUVALVALAsPLEuGLUSERGLuLysASNVALASNVALTHRTRPASNGLNGLuL

0

A(AAbLCTICAGICTCAGCAICCCAGTGGTACACTAAGCACCACAAIAACGCCACAACIA(1 AICACCICCAICCIGCCTGTAbI 1GCCAAGGACTGGA1 lbUU
YSLYSTHRSERVALSERALASERGLNTRPTYRTHRLYSHI sHi SASNASNALAIHRIHRSERILEIHRSERILELEUPROVALVALALALYSASPIRP IL

0
IGAAGGCIACGGCTAICAGTGCGTAGTGGACCGCCCIGAIT1ICCCAAGCCCATTGlGCGITCCAICACCCTTCCCCAGGTGAGTACAGGAGGIGGAGAG 1700
EGLUGLYTYRGLYIYRGLNCYSVALVALASPARGPROASPPHEPROLYSPROILEVALARGSERILEIHRLEUPROGLNVALS
IGGCCAGCCCTICICAIGTICAGAGAACAIGGI IAACTGGITAAGICATGTCGT CCCACAGGCCAGCGCICAGCCCCCGAGGTATATGTGTTCCCACCAC 1800

ERGLNARGSERALAPROGLUVALT YRVALPHEPRO7lROP

CAGAGGAGGAGAGCGAGGACAAACGCACACICACCTGTITGATCCAGAACTTCT ICCCTGAGGAATICICTGTGCAGIGGCTGGGGGAIGGCAAACIGAT 1900
RoGLuGLuGLUSERGLuAspLysARGTHRLEuTHRCYsLEUILEGLNASNPHEPHEPRoGLuAsPILESERVALGLNTRPLEuGLYAsPGLYLYsLEU IL

CTCAAACAGCCAGCACAGIACCACAACACCCCIGAAATCCAATGGCICCAAICAAGGCI ICT1CATCTTCAGICGCCIAGAGGICGCCAAGACACICTGG 2000
ESERASNSERGLNHI SSERIHRIHRTHRPROLEULYSSERASNGLYSERASNGLNGLYPHEPHEILEPHESERARGLEUGLUVALALALYSTHRLEUIRP
ACACAGAGAAAACAGITCACCTGCCAAGTGATCCATGAGGCACITCAGAAACCCAGGAAACTGGAGAAAACAAIATCCACAAGCCTTITAACACCTCCC 2100
IHRGLNARGLYSGLNPHETHRCYSGLNVALILEHI SGLUALALEUGLNLYSPROARGLYSLEUGLULYSTHRILESERTHRSERLEUGLYASNIHRSERL
JCCGJCCCTCCIAGGCCTCCAJGJAGCTGTGGTGGGGAAGGTGGATGACAGACAICCGCICACIGTTGTAACACCAGGAAGCT ACCCCE ACTCA 2200
EUARGPROSE R

GlGCCIGAITAGAGCCCTGGGCGCCCGI ICT TCGGGGAAGGCAGGGT ICAI GGGCAGAAATATCICGGCCIGAAAGAAGGGACACCCAAGAGAAGGACAG 2300

GAGTGAAGCACGGCTCACCCAICTGICITCGIGI IGAATAT ITAACACATAGGCGICACAGGACITCAGCAGIGGICCI ICAGCGTCCCCTGA1CCTJCG 2400

CIGCICITCACTGGATATCATGCGCCIGATCICTAGA

Fig 2. Nucleotide 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 IVSI. 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.

(MI 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 SmaI-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 HapII-BamHI fragment (see
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Inmunoglobulin epsflon gene sequence
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GLULEUASPLEUGLNASPLEUCYSILEGLUGLUVALGLU6LYGLUGLULEUGLURLULEUTR
GICTGGGGAAGCTAACTGGCTGGTCCCACCCCAICCCAGAGCIAGACCTCCAGGACCIATGTATIGAAGAGGTGGAGGGCGAGGAGCTGGAAGAGCIGIG
PTHRSERILECYSVALPHEILEIHRLEUPHELEULEUSERVALSERIYRGLYALAIHRVALIHRVALLEULYS
GACCAGIATIIGIGlCTICATCACCCTGlTCCIGCTCAGTGIGAGCTAIGGGGCCACTGICACCGTCCTCAAGGIGGGATCCTGTACCTCAGCGGGTGGG

VALLYSIRPVALLEUSER1HRPROMETGLNASPIHRPROGLNTHRPH
1CCGGGAGGGCCAGGCAAGCCGCAGAGCATCCICACATACACCTTTCCCCTAGGTGAAGTGGGICCTCICCACACCGATGCAGGATACACCCCAGACCTI

EGLNASPlYRALAASNILELEUGLNIHRARGALA
CCAAGACIAIGCCAACAICCICCAGACCAGGGCAIAGGlGCGATGCCAGCACCAIGCAGGCCIG

B
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MU YIS ILGV I l F K VK
DELIA YISS GF F I K V

Fig. 3. Nucleotide 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 Ml 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 etal., 1982) is also present in the
epsilon gene (Figure 3). By comparison with membrane exons
of other CH genes we were able to locate the MI and M2
exons. The putative MI 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 CH genes examined, is located 80 bases 3' to
the MI 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 MI 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 32P-labelled HindIII-XbaI fragment containing
the CH4 exon and the major part of the CH3 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

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 rRNA. 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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S I 0 S P S V F P l I R C CKN I P S N A I S V Cl A Y
6611lCl...61 'CICACA6CClICCACACA6A6CCCA1CC61C11CCCC11 6ACCC6C16C16CAAAAACA11CCC1CCAA1 6CCACCICC61 6AC 1C 1666C16CC166CCAC666C1AC 240
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V T Y 0 G H T F E D S T K K C A
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D S N P R G V S A YL S R P S P F D L F I R K S P I 1 C l V V D l A
CCICCG6TGIACCACAGAIICCAACCCGAGAGGGGIGAGCGCCIACCIAAGCCGGCCCAGCCC G1ICGACC IGTICAICCGCAAGICGCCCCAC GAICACCIGTClGGIGGTIGGACCIGGC 1440

CCTTIC-- CCCCGACAGAI CAI GAGCCACGGGGlCGCGATTACCACt CC iGATCCCACCCAGCCCC C 1G6Acc tGl AlCAAAACGGITGC1TCCCAAGCI 1ACCTGiGGGGAiCililiCC iGGA
D H E P R G A Il Y l P P S P l D l Y Q N G A P K L i C L V V D L E

P S K G 1 V N l I W S R A S G K - = = - P V N H S I R K E E K 6 R N G 1 l 1 - V
ACCCAGCAAGGGGACC IGAACCTGACCTGG1CCCGGGCCAGTGGGAAG-6=========CCIGAACCACICCACCAGAAAGGAGGAGAAGCAGCGCAA1GGCACG ITAACC.. G1 1680

A-=-AGCGAGAAGAAIGTCAATGTGACCTGGAACCAA-==.==GAGAAGAAGAC1ICAGIC1CAGCA1CCCAGTGIACACIAAG--= -=CACCACAATAACGCCACAAC1AG1A1
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CACCTCCATCCIGCCIGiTAGTTIGCCAAGGACTGGATT1GAAGGC1TACGGC1 A1CAG1 GCG1TAG1GGACCGCCC 1GA11 iI CCCAAGCCCAITIGlGCGIICCAICACCCI ICCCCAGGI GAG
I S IL P V V A K DO l E G Y G Y Q C V C D R P D F P K P I V R S I Il P Q V

G P R A
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jT*-=--== ......=========ACAGGAGGIGGAGAGiGGCCA =GCCCIICICA161ICAGAGAACAIGGTIAACI6GIlAAGICAIGlCGICCCACAGGCCAGCGCICAG
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A P E V Y A F A I P E W P G S R D K R I l A C l 1 QN F M P E1 1 S V 6 W l H N
CCCCGGAAGICIAITGCGI 24GC0ACGCCGGAGTGGCCGGGGAGCCGGGACAAGCGCACCCTCGCCTGCCIGAT CCAGAACI I AIGCCTGAGGACA1 C GGIGCAG1GGCIGCALAAC6 2040

CCCCCGA6G1 CATAlG1GlCCCACCACCAGAG=--GAGGAGAGCGAGGACAAACGCACACICACCIGTITGA1CCAGAAC1CICCCIGAGGAGAICICICG1GCAG1GGC1GGGGGA1G
A P E V Y V F P P P E * E E S E D K RI l I C L I QN F F P E D 1 S V U W l G D

E V Q l P D A R H S T I Q P R K I K G S- G F VF S R LE V R A E w E U K
AGGTGCA6CICCCGGACGCCCGGCACAGCACGACGCAGCCCCGCAAGACCAAGGGCTCC-===-GGCI 1CC1 6TCGICA6CCGCC1GGAGGG1ACCAGGGCCGAA166GAGCAGAAA6 2160

GCAAACT GAT CT1CAAACAGCCAGCACAGT ACCACAACACCCC I GAAA1TCCAA1TGGCT1CCAAICAAGGC11TCTIiCAT CT TCCAG1CGCCIA GAGG6 IC GCCAAGACAC I CITGGACACA6AGAA
G K l I S N S Q H S 11 1 P l K S N G S N Q G FF IF S R l E V A K I L WI 0 R

D E F IC R AVR E A S P S V N P G K
AlGAG6TCAIGC6CCGCGCAGTCCATGAGGC CIGTAAAICCCGG A CICCCICCICCI2280
AACAGTTCACCIGCCAAGIGAICCAIGAGGC----A. CA6AAACC..CAGAAAC IGGAAAAA AA1 CCACAA6CC11GG ........ACACCICCCICC61CCCI
K Q f I C Q V I H E A SQSP R K L t K S IS l G N I S L R P

* * * * * . 0

S GCICCAICCAGCGlTGCAGIGGGGA--==GGACIGGCCAGACCI ICIGTCCACIGlIGCAAIGACCCCAGGAAGCIACCCCCAAIAAAC----...IGGCCIGCICAGAGCCCCGGG-- 2400

C6CCCGIICICcAi GlA GGT-G-GGTGGAA1GGGAI--GACAGAC-Ai CCGCICACiGi G AACACCA-GAAGCTA-CCCCAAiAAACACTCAGTGCCTGATIA6A6CCCTAG61A
CACCCAICITC11GGGAGC GGGCAGGGC I-GTIGGGCAGG IGCAIC I IGGCACAGAGGAA IGG-C CCCCAGGAGGGGCAGI GGGAGGAG61 GGGCAGGGC IGAGCCCCCCC IGGA6A66C661 2520

CGCCCGTiiCi CGGGGAAGGCAGGGI iCAi GGGCAGAAATIAiC iCGGCC IGAAAGAAGGGACACCCA..................... =...a-s.s-.-..................

GGGAG6AGGIGGGCAGGGCIGAGGGICCACICAICCAIC1GCCC11CGGlCAGGGTIAITIGlCAA........=ACAGCAIAIC16CAGGGACICAICACAGC1ACCCCGGG 2b33

--==AGAGAAGGACAGGA6IGAAGCACGGC1CACCCAICIGICICGlGTI--GAAJAI IAACACAIAG6bCGICACAGGACI1CAGCAGIGGICCII--CAGCGICCCCIGA
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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 foTn 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 (kacj was

calculated for each domain as well as for the whole C region.
The rate of evolution, defined as per residue per year (vaj),
was evaluated assuming that the time of divergence between
man and mouse is 75 x 106 years. The vaa values of the epsilon
chain are extremely high compared with those of the other
immunoglobulin chains as shown in Table I. The vaa value
(5.2 x 10-9) of the epsilon chain is the highest among known
values except for the value (9.0 x 10-) of fibrinopeptides
(Wilson etal., 1977). We have also found that the delta chain
has a very high rate of evolution (vaa = 5.9 x 10)-9. In con-
trast, the rest of the immunoglobulin chains including the
mu, gamma, alpha, lambda, and kappa chains have vaa
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 CH4 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 (Ks) and
amino acid-substituting (Ka) 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 (Kn) was calculated by
comparing every nucleotide position. It is known that Ks and
Kn values are constant among different genes, whereas Ka
values vary among different genes (Miyata et al., 1980). The
Ks and Kn values of the epsilon gene are about the same as
those of the gamma gene as shown in Table II. In contrast,
the Ka value of the epsilon gene is almost 5007o higher than
that of the gamma gene. The Ks (0.484) of the mu gene, based
on a partial sequence, is similar to that of the gamma gene but
the Ka value (0.17 1) is slightdy 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

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 Ka value of the CH4 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 Ka value but not in
the Ks or Kn 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 dear
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 evolve 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 turned 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 otherH 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 Ml exon, followed by the CHi and CH4
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 theH 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 acid sequences are shown by one letter code. The matched nudeotides 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.

1121



N.lshida et al.

Table I. Comparison of amino acid sequences of human and murine immunoglobulin chains

Immunoglobulin CHI CH2 (hinge) CH3 (CH2) CH4 (CH3) Total chain
chains

kaCa v;a kaCa v;a kaCa vaa kaca vaa kaca vaa

mu 0.43 2.9
delta 0.89 5.9
gammaa 0.45 3.0 1.03 6.9 0.42 2.8 0.52 3.5 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
lambdab 0.35 2.3
kappa 0.51 3.4

Sources of sequences are as follows; human mu (Rabbitts et al., 1981; Dayhoff, 1978), mouse mu (Kawakami et al., 1980), human gamma (Ellison et al.,
1981), mouse gamma (Honjo et al., 1979; Yamawaki-Kataoka et 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 et al., 1980), human lambda (Hieter et al., 1981), mouse lambda (Bothwell et al., 1981),
and human and mouse epsilon (this paper). v;a is equal to v., x 109. Notation of domains of the gamma chain are shown in parenthesis.
aThree mouse gamma sequences, gamma 1, gamma 2a and gamma 2b were separately compared with human gamma 4 sequence. The kc values of three
pairs were averaged.
'Mouse lambda 1, sequence was separately compared with three human lambda chains, mcg, KernOZ+ and OZ-. The kac values of three pairs were averag-
ed.

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

Segment Gamma genea Epsilon gene
of gene Ka Ks(K1 Ka/Ks Ka Ks(K) Ka/Ks

5' flanking 0.380 0.353
IVSi 0.388 0.419
IVS2 0.371 0.349
IVS3 0.360 0.375
total non-

coding 0.375 0.374
CH1 0.220 0.492 0.44 0.299 0.484 0.617
CH2 (hinge) 0.429 0.664 0.646 0.339 0.546 0.621
CH3(CH7) 0.157 0.500 0.314 0.336 0.525 0.64
CH1CH3) 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 I. Notations of domains of the
gamma chain are shown in parenthesis.
aHuman gamma4 and mouse gammal 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 etal., 1980; OGo
and Rougeon, 1982; Schreier et al., 1981; Yamawaki-
Kataoka etal., 1981, 1982).

Materials and methods
Materials

Restriction endonucleases, BamHI, EcoRI, HaeIII, HapII, and T, poly-
nucleotide kinase were purchased from Takara Shuzo Co. (Kyoto, Japan).
Sources of other restriction enzymes were described (Honjo et al., 1979).
[a-32P]dCTP and ['y-32P]ATP were obtained from Radiochemical Centre
(Amersham, UK).
Subdoning of the epsilon gene segments
The clone lge-7 bearing the epsilon gene (Nishida et al., 1981) was digested

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

mu delta gamma 1 gamma 2b gamma 2a alpha

CHI 84 80 57 56 57 73
CH2 83 (80) (83) (80) (84)
CH3 79 82 71 73 72 81
CH4 64 71 59 60 59 66
M 1 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 CH2 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 at., 1977) which had been
cleaved with BanHI 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 doning experiments were carried out in a P3 facili-
ty according to the Japanese guidelines of recombinant DNA.
mRNA hybndization

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 niitrocellulose 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 sequencng 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 (Ka, Ks, and Kn) was described previously (Miyata
and Yasunaga, 1980). kc represents the amino acid difference per residue
after correction for multiple substitutions, namely, klaa = - ln (I - kj.) The
rate of evolution defined as divergence per residue per year (va) was
calculated according to the following equation; v. = k,a/2T, where we
assumed divergence time (7) between man and mouse as 75 x 106 years.
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