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Production of a family of e mRNAs and
lgE proteins by human B-cells
IgE was ident i f ied as the immunoglobul in that
mediates immediate al lergic react ions some 30
years ago [1] .  Al though funct ional  data provided
indirect  evidence for possible heterogenei ty of
IgE, proof of  th is heterogenei ty and i ts molecular
basis have only been recent ly elucidated. I t  is
now clear that  humans, in contrast  rv i th rodents,
produce a fami ly of  secreted and membrane-
bound IgE proteins,  the product iotr  of  which is
under developmental  and disease-related control .
The chal lenge wi l l  be to use this new informa-
tion to modify the manifestations of IgE-medi-
ated diseases.

Immunoglobulins generally exist in two
forms, membrane-bound and secreted, depend-
irg on alternative splicing and polvadenylation
patterns of primary RNA transcripts. Humans
have only one functional € gene [2], so that after
the switch to the human r  gene, i t  was expected
that i t  would encode a s ingle membrane-bound
and a s ingle secreted IgE protein [3] .  Horvever,
as the result of alternative r; mRNA splicing,
human IgE is far more complex, comprising four
secreted and two membrane-bound proteins

14-71.

Production of a family of lgE proteins by
alternative 3' RNA splicing (Figure l)
Spl ic ing of  CHe4 to two spl ic ing acceptor s i tes in
the second membrane exon, M?,,  resul ts in

r\bbreviations used: rrLAb, monoclonal
in ter leuk in ;  DEP,  d iese l  exhaust  r rar t ic le .

mRNA for two novel secreted IgE isoforms. The 
-{

absence of the conserved hvdrophobic trans-
membrane region encoded by IVI l '  or (N,I1)
makes them secreted proteins.  One mRNA
species,  designated CFI4-IVIZ' ,  resul ts f rom spl ic-
ing of  CFI4 direct ly to the normal MZ exon spl ice
acceptor.  This encodes the e 'grandé'  healy chain
rvhich carr ies 136 amino acids f rom the M2'  exon
and is thus 134 amino acids larger than the clas-
sic secreted c chain.  A second species of  t
mRNA, designated CH4-MZ', is generated by
spl ic ing of  CH4 to a novel  spl ice acceptor in the
terminal portion of the M2' exon. This CH4-M2'
mRNA has a one-nucleot ide reading frame shi f t
compared with the CH4-M2' form and encodes a
protein ( IgE tai lp iece or IgE tp protein) contain-
ing eight unique amino acids and a terminal
cysteine compared with c lassic secreted c.

To determine whether CH4-MZ'- and
CH4-MZ"-mRNA-encoded IgE proteins exist in
ait:o, polyclonal and monoclonal antibodies
(mAbs) were generated against them. When the
NlZ' antiserum was used to probe human pol)'-
c lonal  IgE, i t  reacted with a s ingle high-molecu-
lar-mass band representing IgE grandé.
Detection of the CH4-N[2"-encoded IgE protein
( lgE tai lp iece) used mAbs against  i ts  C-terminal
eight amino acids.  On Western blots,  the MZ"
mAbs detected IgE tailpiece among total serum
IgE from atopic persons who had very high
serum IgE, with levels differing dramatically
among subjects.

The al tered C-terminal  domain of  IgE
grandé may conceivably interfere wi th FceRIe
binding by disturbing the interchain CHR-CH4
interact ions that maintain the necessarv
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ICFIZ-CH3-CH4]2 structure or bv direct ly block-
ing access to the Cl{3-binding si te for  FccRI or
Fcr ;RI I .  IgE ta i lp iece  conta ins  a  C- te rmina l
cysteine. C-Terminal  cysteine residues in
immunoglobul in heary chains are usual lv associ-
ated with the J-chain,  ' ,vhich is involved in forma-
t ion of  d imers or polyrners of  IgNI and IgAl.
Immunoglobul in isofvpes that exist  solely as
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monomers al l  lack th is cysteine. I f  d imer or poly-
mer forms of IgE tailpiece exist, they may be
expected to di f fer  b io logical lv f rom the classic
secreted IgE or other monomeric IgE isoforms.
We have not observed multimeric forms of IgE
tai lp iece in t ' i t ro [8] ,  nor have Bat ista et  a l .  t9] .
However, we know that different cell l ines pro-
cess IgE isoforms di f ferent ly [8,9] ,  and the

A guide to the human r ;  spl ic ing var iants

/ : \  (en '  rpn'a ra^ra 'ont in8 the 3 '  pof t ron of  the pr imary RNA transcr ipt  f rom the s ingle funct ional  human r :  gene is shown from the last
constant  region domain (CH4) to the end of  the l '42 '  exon.  RNA spl ices that  generate mRNA for  secreted lg iproteins are shown as solrd
l ines below the gene schemat ic,  and spl ices that  generate mRNA for  membrane lgE isoforms are shown as dashed l ines and are so named.
(b)  Character is t rcs of  the al ternat ively spirced secreted human lgE rsoforms and therr  mRNA are l is ted.  aa,  amino acid.  (c)  Cartoon of  the
C-termrnal  protein sequence (CH3 onward) of  the four human secreted lgE proteins.  The regron involved the conformatron for  FccRlz
brndrng and the region of  the speci f ìc  contact  peptrdes is  shown in the lef t  hand diagram for  c lassic lgE. The srze and posrt ronal  d i f ferences
between the secreted forms are r l lustrated.

( o )

Classic secreted
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Protein name mRNA splice Fearures compared with classic secreted mRNA exoression
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CH4-M2,

Prototype
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potent ia l  for  format ion of  mult imer ic forms of
IgE tai lp iece needs to be speci f ical lv determined
i t t  t - í ro.  Indeed, Western blots of  immunopreci_
pitated IgE from high-lgE sera show bands ar
the appropr iate s ize for  d imers and tr imers of
IgE tailpiece when allor.vecl to react r.vith IsE tail_
piece rrLAb.

We also def ined a fourth secreted form of
IgE generated by spl ic ing to a previouslv
unknown crypt ic exon, CH5, containinq l0ó
nucleot ides,  located in the intron betrveen the
CH4 and NI l '  exons (Figure l ) .  The r :  mRNAs
using the CH5 exon spl ice to i t  f rom a donor s i te
inside the CH4 exon (CI, I4,) .  . \ l l  the CFI4,_CH5
nrRN.\s enc'de the sanre r : -pr ' tc in isoforr '  ( lg l i
chirnaeric or Ig[ì rltCHa), as tra.slation stops at a
terminzrt ion codo'  i '  cH5. IgE chimaeric is r0
amino acids shorter than classic secretecl  r ; ,  the
C- te rmina l  37  amino ac ids  o f  the  CH4 be ine
replz'rced r,vith the 27 amino acicls encocrecr b;
cFIs.  This creates a hvbr icr  cFl4 'cf-r5 c lomain
that has a cysteine residue in a posi t ion di f ferent
from the conserved cysteine that forms the
immunoglobul in interchain crornain c l is t r rphicre
bond. The domain wi th an al tered cysteine posi_
t ion is predicted to af fect  immunoslobul in
domain fo ld ing.

Trvo species of  mRNAs encocle human
membrane-bound IgE. One speciès cal lecl
CHI;4-M1'-MZ is generared by spl ic ing f rom
CH4 to a novel  spl ic ing acceptor s i te t5ó iucleo_
t ides upstream of the Ml exon, to produce a
membrane-bound form of IgE with 52 addi t ionar
amino acids in the extracel lu lar  port ion beF,veen
CHc4 and the Ml exon. Semiquant i tat ive pCR
by Peng et  a l .  [4]  and ourselves revealed that th is
CHs4-Ml ' -MZ is the dominant form of mRNA
for membrane-bound IgE. This unique IgE pro_
tein can be detected in the surfa. .  of  IgE_secret_
ing  ce l l  l i nes  ( ta ] ;  A .  Saxon,  D.  D iaz_Sanchez
and K. Xhang, unpubl ished work) b,v using
speci f ic  ant iserum against  the extràcel lu lar
S2-amino acid domain.  The mRNA for ,h.pical ,
membrane IgE, CH4 spl iceci  to the acceptór s i te

: f .  
M 1 exon (CH4-NI1-M2),  is  very rare.  This

fai lure to generate ' typical '  
membrane IeE is

apparent ly the resul t  of  humans having gained an
AG dinucleotide in the polypvrimiain. tract
upstream of the Ml spl ice acceptor;  the occur_
rence of  th is dinucleot ide prevents normal use of
the splice acceptor imrnecliateI_v clor,vnstream.

Thc ex t race l lu la r  rcg ion  , r f  tn .  la rge  n ìen ì_
brane IgE contains a pruì in.- . ich c lonral , ,  , t ru,  i .
unic lue rv i th regarcl  to i ts s ize ancl  structure
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among murlne and human membrane immuno_
globul ins.  such an extracei lu lar  c lornain mav plav
an important role in the s ignal  t ransduct ion^ ui"
membrane IgE by binding to speci f ic  l igand(s).
Potent ia l ly ,  th is unique extracel lu lar  region could
be targeted to el iminate the membrane IgE_bear_
ing IgE B-cel ls,  i .e.  cel ls that  are c lest ined to
become IgE-secret ing B-cel ls,  whire not interact-
ing wi th B-cel ls that  have passively acquired IgE
through either high- or low-affinity receptors for
IgE.

Expression of the novel human secreted lgEs os
ge neticolly en gi n ee r ed proteins
' l 'he 

lorv levels of  IgE present even in hieh_leE
sera  and the  s imi la r  mo lecu la r  s ize  o f  se 'e ra l -o f
the isoforms argued against  many approaches to
p^rr i f ìcat ion of  the indiv idual  isoforms. I ìxpres-
sion vectors were developed to produce geneti_
cal ly engineered secreted r ; - isoforms tgl ,  ancl
f o u r  h u m a n  I g E  i s o f o r m s , , c l a s s i c ' ( C H . t _ S ) ,
'g randé '  

(CFI .+-MZ' ) , , ta i lp iece '  ( lg l t  ta i lp iece
pro te in )  (CFI4- IV IZ" )  and,ch imaer ic '  ( lgEúCHa
protein) (CH4'-CFI5),  were expressed as human
ant i -dansvl  ant ibodies.  The var iable expression of
these isoforms in speci f ic  cel l  l ines [g,g]  gave
clear evidence that the synthesis,  u. . . -L ly,
gl ,vcosylat ion and degradat ion of  i rnmunoglobul in
proteins vary in ..-itro and that what actually
occurs in humans at  the protein level  wi l l  neecl  to
be determined in aito.

IgE classic,  IgE grandé and IgE tai lp iece
were each secreted as fu l l -v assembled HzLz
molecules (where H represents heary chain and
L l ight  chain).  IgE chimaeric was secreted pr i_
mari ly as HL monomers,  which migrated u.  a
broad band of  75-90 kDa under non_reducing
condi t ions.  The fai lure to produce FIzLz mole_
cules was also conf i rmed by pulse-chase exper i_
ments.  The di f fuse migrat ion of  IgE chimaeric
r.vas due to heterogeneous glycosylation, as it was
not obsen'ed rvhen cel ls were cul tured in tunica-
n-rycin.  The incomplete assembly of  IgE chimae_
ric is not surpr is ing.  Hz pair ing is in i t ia l ly
stabi l ized by non-covalent i ' teract ions between
the heayy-chain C-terminal  domains,  and the
C-terminal  port ion of  CHs4 is replaced by a
sequence from CFI5 in tgE chimaeric,  making i t
l ikelv that  the normal immunoglobul in c iomai.
structure is .ot  present in the terminal  port ion
of IgE chimaeric.

I t  is  not  surpr is ing that indiv i rJual  members
of the human secreted IgE fami l ,v '  d i f fer  i .  their
abi l i tv  to rnediate IgE funct ions;  a l though thc
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contact  residues for FccRI and Fc, Rl l  are
present in al the IgE isoforms, the complete CH4
domain is cr i t ical  in constraining the three-
dimensional  doughnut shape of  the paired
CH3-CH4 IgE regions that provide for Fc bind-
ing of  IgE [10].  IgE chimaeric merirs special
at tent ion in th is regard s ince i t  is  secreted as HL
or H2L. I f  bound to Fce RI,  i t  wi l l  be at  a marked
disadvantage in cross-linking receptors and
therefore be less able to arm mast cel ls and
basophils for arrtigen-triggered release. It may
even inhibi t  such release.

Differentially regulated developmentat
and disease-associated expression of lgE
isoform mRNAs
We also discovered that some st imul i  that  regu-
late IgE product ion also change the nature of  the
IgE produced, i .e.  a l ter  the relat ive amount of  the
di f ferent c mRNAs [11].  This provides a mech-
anism for al ter ing the qual i tat i r ,e IgE response.
Whi le inter leukin ( lL)-10 increased rotal  €
mRNA approx. lZ-fold, it.also had a marked dif-
ferential effect on c mRNAs in z,itro. Production
of the grandé spl ice var iant  increased 46-fold in
cul tures wi th IL-10 whereas amounts of  IgE tai l -
p iece, c lassic and chimaeric spl ice var iant  mRNA
increased less than twofold. Accordingly, the
rat io of  grandé to c lassic increased from 12: l  to
60:1.  The amount of  IgE grandé in supernatants
of IL-1O-treated cel ls increased approx.  S0-fold
whereas total  IgE increased only threefold,
thereby showing a marked proportional increase
in IgE grandé [7] .

Similarly, polyaromatic hydrocarbons ex-
tracted from diesel exhaust, which enhance IgE
production in aino, led to a similar but not iden-
t ical  shi f t  in IgE isoforms, the most str ik ing
change being increased mRNA for grandé and a
far smaller increase in the levels of tailpiec e l lZ].
Addi t ion of  IL-L,  IL-13 or interferon 7 did not
al ter  the relat ive rat ios of  the s mRNA var iants.
lL-6, while increasing total IgE and total t)
mRNA, did not change the e mRNA spl ic ing
pattern.

Circulat ing B-cel ls that  spontaneously pro-
duce IgE rvere used to determine the pattern of c
mRNAs in t, iz:o. Such B-cells shor.ved a pattern
analogous to that seen with IL- 10 in o^itro .
Grandé nRNA rvas markedly increased and chi-
maeric mRNA was barely discernible in the
B-cel ls of  a l lergic pat ients and was of ten com-
pletely absent f rom the B-cel ls of  parasi te-
infected pat ients.  In contrast ,  immature B-cel ls
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of immunodef ic iency pat ients did not exhibi t  a
'normal '  pat tern of  e mRNA observed with IL-10

[ 13 ] .
We also determined the in aiv-o pattern of r;

mRNAs expressed after in aiao nasal challenge.
Challenges were performed with diesel exhaust
particles (DEPs), rag'rveed antigen or both. DEP
challenge resulted in an approx. f ivefold increase
in lavage IgE protein, no increase in ragweed-
specific IgE and a clear change in the relative
levels of the e mRNAs in the lavage cells (a mini-
mal increase in chimaeric mRNA and an approx.
28-80-fold increase in the other e mRNAs) t141.
Ragrveed challenge resulted in a similar pattern
artd an approx. f ivefold increase in ragrveed-
specific IgE. Notably, DEP plus ragweed chal-
lenge gave an approx. 50-fold increase in t)
mRNAs for the secreted isoforms other than chi-
maeric,  which became relat ively less abundant
than before chal lenge. Topical  steroids admini-
stered I week before ragrveed challenge only par-
tially blocked the rise in ragrveed-specific IgE,
and a ' less mature'  pat tern of  c rnRNAs was
observed, mRNA for IgE chimaeric comprising a
greater proportion.

Summary
T'he use of  spl ice s i tes for  human c mRNAs is
t ight ly regulated, as the potent ia l  number of
spl ice products far  exceeds that actual ly pro-
duced. Our studies show that use of  the c al ter-
native splices is regulated by a l imited number of
stimuli, and the relative production of the Í)
mRNA variants follows a developmental profi le.
In addition, we have found disease-related
changes in the pattern of e mRNA variants
encoding distinctive IgE isoforms. Analysis of the
biological activity of expressed recombinant IgE
proteins and measurement of  their  levels in
disease condi t ions wi l l  d i rect ly answer quest ions
as to the biological  re levance of  the changes
observed in c mRNA splicing. This information
r,r ' i l l  then be able to be used for rational thera-
peut ic design intervent ions in lgE-mediated dis-
orders.

T'h is  work  was suppor ted by USPHS grants  AI -15251,
CA12800 and the UCLA Asthma, Al lergv and Immu-
nologic Disease Center (AI-345ó7 funded bv the
NIAID and the NIEI IS) .
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receptor Fce Rl
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Introduction
The interaction between IgE and its high-affinity
receptor,  FccRI,  is  a cr i t ical  step in the develop_
ment of  an al lergic react ion,  and is therefore a
major focus of attention for the development of
strategies to intervene at the mole.irlu. level to
control  a l lergy [1] .  Al though our understanding
of the three-dimensional  structures of  the two
molecules and of  the nature of  the complex is far
from complete, sufficient is now known for a
structure-based approach to be undertaken. The
design of  an inhibi tor  of  th is interact ion,  which
has an associat ion constant of  the order of  1010
M-' ,  is  c lear ly a chal lenge, but several  promising
approaches are now being pursued, one of which
we descr ibe here.

IgE binds to FcsRI through i ts Fc region,
which consists of  the disulphide- l inked dimer of
the C eZ, CÉ;3 and Ce4 domains.  Var ious stucl ies
involv ing recombinant f ragments [Z-4] ,  chimae-
r ic immunoglobul in molecules t5-8]  and, most
recent ly,  s i te-directed mutagenesis t8]  a l l  point
to Cc3 as the domain in which the s i te of  inter_
act ion l ies.  FccRI,  expressed pr incipal ly on mast
cel ls and basophi ls,  consists of  four t ransmem-
brane pohpeptide chains , afi^,,2, and IgE-binding
act iv i ty resides in the extracel lu lar  region of  the

r-chain.  This consists of  t 'wo immunoglobul in-
l i k e  d o m a i n s  t e r m e d  n ( 1 )  a n d  a ( Z ) . A l t h o u g h
a(2) alone has been shown to display significant
activify, both domains are required together for
the expression of near-maximal binding activity
[9-11],  and ful l  b inding act iv i ry may only be
achieved with the intact  mult ichain receptor.  The
two structures and their mode of interaction wil l
now be considered in more detail.

Modell ing and mutagenesis of lgE-Fc
The structure of  the Ce3 and Ce4 domains of
IgE-Fc have been model led l lZ, l3]  on the basis
of  their  sequence simi lar i ty to the C";Z and Cy3
domains of IgE-Fc, the crystal structure of
which is known [14].  Previous work had impl i -
cated the N-terminal  region of  the Cc3 domain
in  the  in te rac t ion  w i th  FceRI  [1 ,15 ,16 ] ,  and we
therefore targeted a number of  mutat ions to thrs
region which were predicted to be solvent
access ib le  in  the  mode l :  D330S,  P333E,  p333e,

R334S and R35lE (residue numbering of  Dor-
r ington and Bennich [1i ] ) .  These mutat ions
were f ì rst  inserted into IgE-Fc and expressed
transient ly in CHO cel ls.  The supernatants were
assayed by surface plasmon resonance (SpR)
using a BIAcore instrument to determine the
kinet ics of  b inding to FccRI.  Br ief ly,  a fusion
protein consist ing of  the soluble extracel lu lar
domains  o f  the  receptor  (sFccRIz)  l inked to

Abbrcv ia t ion used:  SPR,  sur face p lasmon resonance.
* ' I 'o whorn corrcspondence shoulcl bc at ldressed.
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