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Endosomal Targeting by the Cytoplasmic Tail of 
Membrane Immunoglobulin 

Peter Weiser,*t Ralph Muller," Uschi Braun, Michael Retht 

Membrane-bound immunoglobulin (mlg) of the IgG, IgA, and IgE classes have conserved 
cytoplasmic tails: To investigate the function of these tails, a B cell line was transfected 
with truncated or mutated y2a heavy chains. Transport to the endosomal compartment 
of antigen bound by the B cell antigen receptor did not occur in the absence of the 
cytoplasmic tail; and one or two mutations, respectively, in the Tyr-X-X-Met motif of the 
tail partially or completely interrupted the process. Experiments with chimeric antigen 
receptors confirmed these findings. Thus, a role for the cytoplasmic tail of mlg heavy 
chains in endosomal targeting of antigen is revealed. 

T h e  B cell antigen receptor (BCR) is a 
multiprotein complex that includes the 
membrane-bound immunoglobulin mole- 
cule (mIg) and the Ig-a,Ig-@ heterodimer 
( 1  ). The latter molecules function as the 
signaling subunit of the BCR. The\- are also 
required for the intracellular transport of 
IgX1-BCR to the endosolnal compartment, 
where the bound antigen is proteolyticallv 
degraded (2) .  All classes of inIg are associ- 
ated with the Ig-a,Ig-P heterodimer ( 3 ) ,  
but the heavy chains differ in the length of 
their c\-toplasmic tails: there are 3 aiui1-10 
acids for 1~111 and 61n tails and 28 amii~o 
acids for y111 and ~ 1 n  tails. No f ~ ~ n c t i o n  has 
so far been attributed to the conserved cy- 
toplasmic sequence of mIgG molecules that 
are expressed on memory B cells. 

T o  analyze the f~lnction of the 28-amino 
acid cytoplasmic tail of the y2am heavy 
chain, we truncated or mutated the se- 
quence (4) coding for this tail in the ex- 
pression vector pSV211eoy2am (5). The 
chain lacking all cytoplaslnic ami i~o  acids 
except for the three KVK (6)  residues 
(~vhich are identical to the COOH-termi- 
nus of the IJ-in chain) we called y2aintl. 
Point lnutations were introduced to change 
the YXXX1 motif in the y2am cytoplasmic 
sequence to either LXXM (y2amY2CL) or 
LXXL (y?amY20L,h,123L). Expression vec- 
tors for these heavy chai~ls were transfected 
into K46A12 B lymphoma cells expressing a 
A1 light chain. The expressed wild-type and 
mutated y2am chai~ls associate with the A1 
light chain to form 5-iodo-4-h~droxy-3-11i- 
trophen\-1-acetyl (TIP)-specific mIgG2a 
molecules. 

After surface biotinylatioi~ ofK46Xy2am 
and K46Xy2amtl cells, the wild-type and 
tailless IgG2a-BCR colnplexes were affini- 
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ty-purified over NIP-Sepharose (7) and an- 
alyzed by protein immu~~oblotting (Fig. 1 ) .  
This analysis confirlned that the y2amtl 
chain has a lower molecular weight than 
the wild-type y2am chain (Fig. 1, lanes 4 
and 2) and showed that both mIgG2a mol- 
ecules are associated with the Ig-a,Ig-P het- 
erodiiner to the same extent. Yet unidenti- 
fied surface proteins of 41 and 42 kD were 
copurified together with the wild-type but 
not truncated IgG2a-BCR complex. These 
molecules ma\- thus require the y2am tail 
for efficient binding. X fluorescence-acti- 
vated cell sorter a l ~ a l ~ s i s  confirmed that 
similar amounts of mIgG2atl and wild-type 
mIgG2a were expressed on  K46 cells, 
whereas the two point-mutated mIgG2a 
molecules were expressed in amounts that 
were reduced by a factor of 3 to 5. 

The endosoinal transport of al~tigen 
bound to xild-type or mutated IgG2a-BCR 
was tested in an ovalbuinin (OVA) peptide 
presentation assay (8). The different y2ain 
transfectal~ts of K46Al2 cells were cocul- 
tured n i th  the T helper cell line 3DO54.8, 
\vhich is specific for the OVA 323-339 pep- 
tide in the presence of NIP-OVA or OVA 
alone (Fig. 2). The K46Ay2am cells, which 
express nild-type IgG2a-BCR, were able to 
present the antigenic peptide to the T cells 
when exposed to lo~v alnounts of NIP-OVA, 
whereas exposure to the same anlount of 
OVA did not result in antigen presentation 
(Fig. 2B; P < O.CQ1). K46Ay2aintl cells, 
which express the tailless IgG2atl-BCR com- 
plex, did not present the O\'A peptide even 
when cultured x i th  large amounts of the 
specific antigen (Fig. 2C). The same defect 
was found in two independent y2am trans- 
fectants of K46Al2 that expressed an IgG2a- 
BCR x i th  a double ( Y  + L, M + L) (6) 
mutation of the YXXX1 motif. These are 
referred to as K46Ay?amY2CL,M23L (Fig. 2, 
E and F). K46Ay2amY2CL cells, expressing 
an IgG2a-BCR with a single Y -. L muta- 
tion of the YXXM motif, had a lnodest but 
not statistically sigi~ificant capacity to 
present antigen (Fig. 2D; P < 0.3). The 
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endosomal targeting function of the y2am 
tail was tested by a second approach that 
used expression vectors for chimeric single- 
chain antigen receptors (scAgR) (9). These 
receptors consist of the covalently linked VH 
and VL domains of the NIP-specific antibody 
B1-8 (10) attached to the CD8a hinge re- 
gion and the transmembrane part of the T 
cell receptor 5 chain, to which different tail 
sequences can be appended. K46 cells were 
transfected with several variants of scAeR: - 
one with a wild-type y2am tail, one with a 
YXXM point mutation, and one with a trun- 
cated (tl) scAgR, which carried RRIDP (6) 
as a cvto~lasmic tail. These were tested in , . 
the antigen presentation assay. After expo- 
sure to the antigen NIP-OVA, the 
K46scy2am cells efficiently presented the 
OVA peptide (Fig. 3A; P < 0.001), whereas 
K46scy2amY20L,M23L (Fig. 3C) or K46sctl 
(Fig. 3D) cells did not. The K46scy2amY20L 
cells, which express a chimeric receptor with 
the Y + L point mutation of the YXXM 
motif, were able to present antigen, although 
they did so less efficiently than K46scy2am 
cells (Fie. 3B: P < 0.01). - ,  

It 'has previously bekn shown that chi- 
meric receutor molecules containing the cv- - 
toplasmic component of Ig-p or Ig-a can 
mediate transport to the antigen-processing 
compartment (2, 11). We have generated 
transfectants of K46 expressing scAgR with 
either the wild-type or an altered Ig-a tail 
sequence carrying a Y + F (MI) mutation 
(1 2) of both tyrosines of the immunorecep- 

tor tyrosine-based activation motif 
(ITAM). Upon exposure to low doses of 
NIP-OVA, both transfectants were able to 
efficiently present the OVA peptide (Fig. 3, 
E and F; P < 0.001). These results showed 
that the Ig-a tail has a targeting function 
that is not abolished after a Y += F mutation 
of the two tyrosines of the ITAM. 

The aggregation of chimeric receptors 
that contain a y2am tail does not result in 
intracellular signaling (2, 13), which in- 
dicates that the internalization and pre- 
sentation of antigen are independent from 
signal transduction. The sequence around 
the YXXM motif (SPDYRNMIG) (6) is 
conserved in all IgG classes and has simi- 
larities to the NPXY (6) internalization 
signal of the low-density lipoprotein re- 
ceptor for which a type I p-turn structure 
has been demonstrated (14). Such a struc- 
ture seems to mediate the contact between 
the receptor and intracellular transporter 
molecules. The tail of the Em chain car- 
ries, at the same position as the YXXM 
motif, a YXXI sequence that may function 
as an endosomal transport signal for the 
mIgE molecule. 

The targeting function of the YXXM mo- 
tif is abolished by the double mutation (Y + 
L, M + L) but not by a single Y + L 
mutation. Apparently, a bulky hydrophobic 

amino acid such as leucine can functionally 
replace a tyrosine in such a targeting signal. 
It is possible that the YXXL/I sequences in 
the ITAM of Ig-a and Ig-p also act as tar- 
geting signals and that the studied Y += F 
mutations of the two tyrosines of ITAM (Fig. 
3F) are not sufficient to abolish this target- 
ing function. For the FcyRIII receptor, the 
ITAM in the y chain has been shown to 
function as a targeting signal (1 5). 

Our data apparently contradict previous 
studies of a chimeric IgM-MutB-y2bm mol- 
ecule that is not tameted to the endosomal 

c7 

compartment (2). However, in contrast to 
scAeR-v2am. the MutB-v2bm molecule is " 8 

only very inefficiently internalized and this 
may prevent the y2bm tail from exerting its 
targeting function. The tailless mIgG2atl has 
the same cytoplasmic sequence (KVK) as 
mIgM. Both molecules are expressed on the 
cell surface in association with the Ig-a,Ig-p 
heterodimer. It is, however, possible that 
because of differences in the transmembrane 
sequence, the mIgG2a is less tightly associ- 
ated with the heterodimer than the mIgM or 
mIgD molecules. If, during endosomal trans- 
port (perhaps promoted by endosomal pH 
changes), the Ig-a,Ig-p heterodimer dissoci- 
ates from mIgGZa, the latter molecule would 
require its own cytoplasmic targeting signal 
to reach the endosomal compartment. The 
transuort of a tailless mIeG2atl molecule - 
would thus not occur. %e above scheme 

Fig. 1. Composition of wild-type IgG2a-BCR (lane 
2) and tailless IgG2atl-BCR (lane 4) on the surface 
of K46A12 cells. After surface biotinylation, a 1 % 
digitonin lysate of the different y2am transfectants 
was incubated with either Sepharose (S; lanes 1 
and 3) or NIP-Sepharose (NP; lanes 2 and 4), and 
bound molecules were analyzed by SDS-PAGE 
on 10% gels with protein immunoblotting. 

Antigen (pglml) 

Fig. 2. Dose response of antigen presentation by (A) 
untransfected K46A12 cells and the dierent y2am- 
transfectants, (B) K46Ay2am, (C) K46Ay2amt1, (D) 
K46Ay2amY20L, (E) K46Ay2amY20L,M23L#l, and 
(F) K46Ay2arnY20L,M23L#2 exposed for 24 hours 
to different concentrations of either NIP-OVA (black 
squares) or OVA (white triangles). Mean values and 
standard deviations from triplicates are shown. 11-2 
production is presented-as relative OD,,,, as de- 
scribed in (8). 

Antigen (pglml) 

Fig. 3. Dose response of antigen presentation 
by K46 cells expressing different chimeric 
scAgRs. The transfectants (A) K46scy2am, (B) 
K46scy2amY20L, (C) K46scy2amY20L,M23L, 
(D) K46sct1, (E) K46sclg-a, and (F) K46sclg-aM1 
were exposed for 24 hours to different concen- 
trations of either NIP-OVA (black squares) or 
OVA (white triangles). 
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EE33a 
could also explain why a mlgM molecule 
that carries a Y —» F mutation in its trans
membrane part and presumably is less tightly 
associated with the Ig-a,Ig-|3 heterodimer 
than wild-type mlgM does not reach the 
antigen-presentation compartment {16). 

B cells require T cell help for the pro
duction and affinity maturation of antibod
ies against protein antigens {17). Our find
ing that B cells with a tailless IgG2a-BCR 
cannot efficiently present antigen to T cells 
explains the reduction in IgGl and IgE 
serum concentrations in mutant mice that 
express tailless IgGl-BCR and IgE-BCR, 
respectively {18). Activated memory B cells 
appear to require the cytoplasmic tails of 
mlg molecules and the efficient antigen 
presentation connected with this structure 
in order to expand and differentiate into 
antibody-producing plasma cells. Thus, the 
conserved COOH-terminal sequences of 
mlg molecules are finally assigned an im
portant immunological function. 

REFERENCES AND NOTES 

1. M. R. Gold and A. L. DeFranco, Adv. Immunol. 55, 
221 (1994); C. M. Pleiman, D. D'Ambrosio, J. C. 
Cambier, Immunol. Today 15, 393 (1994); M. S. 
Neuberger ef a/., Immunol. Rev. 132, 147 (1993); M. 
Reth.Annu. Rev. Immunol. 10, 97 (1992). 

2. K. J. Patel and M. S. Neuberger, Cell 74, 939 (1993); 
A. Lanzavecchia, Curr. Opin. Immunol. 8, 348 
(1996). 

3. A. R. Venkitaraman, G. T. Williams, P. Dariavach, M. 
S. Neuberger, Nature 352, 777 (1991). 

4. The expression vector pSVneo72amtl is a derivative 
of pSV72am. For the construction of this vector we 
used two overlapping oligonucleotides as a linker to 
introduce a Bgl II site and a stop codon after the 
sequence coding for the cytoplasmic amino acids 
KVK. Point mutations were introduced into the se
quence coding for the 72am tail by the polymerase 
chain reaction (PCR). As a template for PCR, we 
used the linearized P72am plasmid. The PCR prod
ucts were cloned into P72am from which we gener
ated the expression vectors pSV2neo72amY20L 
and pSV2neo72amY20L,M23L. The expression 
vectors for the chimeric scAgR were constructed 
from psc-cyt (R. Muller and M. Reth, in preparation), 
a derivative of the vector pHpAPr1neoFvCD3£ (9). 
The psc-cyt vector encodes the VH and VL domains 
of the NIP-specific antibody B1-8, followed by a 
CD8a linker region and the CD3£ transmembrane 
part, and carries a Bam HI cloning site after the CD3£ 
sequence. Bam HI fragments of the wild-type or mu
tated cytoplasmic 72am and mb-1 coding sequenc
es were obtained by PCR and inserted into psc-cyt 
to yield the expression vectors pANPCD872am, 
pANPCD872amY20L, pANPCD872amY20L,M23L, 
pANPCD8mb-1, and pANPCD8mb-1M1. The 
pANPCD8tl vector encodes a scAgR with a short cy
toplasmic sequence of the five amino acids RRIDP. 
The vectors were linearized with Pvu I and introduced 
into K46 and K46X12 cells by electroporation. 

5. P. Weiser, C. Riesterer, M. Reth, Eur. J. Immunol. 
24,665(1994). 

6. Single-letter abbreviations for the amino acid resi
dues are as follows: D, Asp; G, Gly; I, lie; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; R, Arg; S, Ser; V, Val; X, 
any amino acid; and Y, Tyr. 

7. Transfected cells were surface-biotinylated and lysed 
with 1% digitonin buffer as described (5). After a pre-
clearing step with Sepharose beads, NIP-specific mol
ecules were immunoprecipitated from the lysates with 
the use of NIP-Sepharose or Sepharose as control. Af
ter being washed three times with the 1 % digitonin buff

er, the NIP-Sepharose beads were boiled in reducing 
SDS sample buffer. The released proteins were sepa
rated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% gels and electroblotted onto a nitrocel
lulose membrane. Biotinylated proteins were detected 
with Str-HRP and the ECL detection system (Amer-
sham, Braunschweig, Germany). 
Antigen presentation of K46-transfectants exposed to 
the antigen NIP-OVA was tested by the ability of the T 
cell hybridoma 3D054.8 (which recognizes the OVA 
peptide 323-339 in the context of the l-Ad major his
tocompatibility complex class II molecule) to secrete 
interleukin 2 (IL-2). IL-2 production was quantitated in 
chromogenic proliferation assay (EZ4U, Biomedica, 
Vienna) using the IL-2-dependent cell line CTLL. The 
K46 transfectant and the 3D054.8 line (4 x 104 cells 
each) were incubated in a 96-well plate for 24 hours in 
Dulbecco's modified Eagle's medium (DMEM) with 
different concentrations of NIP-OVA or OVA. The 
plates were then frozen at -80°C, and after thawing, 
the cell-free supernatant of each well was incubated 
for 24 hours with 3000 IL-2-starved CTLL cells. As 
high and low controls, CTLL cells were cultured with 
or without excess of exogenous IL-2. After addition of 
substrate solution and incubation for 3 to 5 hours, 
absorbance at 450 nm (OD450) was measured on a 
Molecular Devices ELISA reader and analyzed with 
the program Softmax. The calibration of the assay 
was done by the formula (sample OD450 - low control 
OD450)/(high control OD450 - low control OD450) and 
is presented as relative OD450. Mean values and stan
dard deviations from triplicates were then used to plot 
the dose-response curves. The statistical relevance of 
each mean value was verificated by use of Student's t 
test. Apart from transfectant K46\72amY20L, two or 
three independent clones of each transfectant were 

analyzed. B cells were propagated in RPM11640 me
dium containing 10% fetal calf serum (FCS) (Vitromex, 
Vilshofen, Germany) and G418 (0.5 mg/ml); theTcells 
were cultured in DMEM containing 10% FCS and, in 
case of the CTLL cells, 5% of supernatant of the IL-
2-producing transfectant X63-IL-2. 

9. T. Brocker, A. Peter, A. Traunecker, K. Karjalainen, 
Eur. J. Immunol. 23, 1435 (1993). 

10. A. L M. Bothwell etal., Cell 24, 625 (1981). 
11. C. Bonnerot et al„ Immunity 3, 335 (1995). 
12. H. Flaswinkel and M. Reth, EMBOJ. 13, 83 (1994). 
13. K. M. Kim, G. Alber, P. Weiser, M. Reth, Eur. J. Im

munol. 23,911 (1993). 
14. J. L. Goldstein, M. S. Brown, R. G. W. Anderson, D. 

W. Russel, W. J. Schneider, Annu. Rev. Cell Biol. 1, 
1 (1985); A. Bansal and L. M. Gierasch, Cell67,1195 
(1991); I. V. Sandoval and O. Bakke, Trends Cell Biol. 
4,292(1994). 

15. S. Amigorena, J. Salamero, J. Davoust, W. H. Frid-
man, C. Bonnerot, Nature 358, 337 (1992). 

16. R. N. Mitchell etal., J. Exp. Med. 181, 1705 (1995); 
T. L. Stevens, J. H. Blum, S. P. Foy, L. Matsuuchi, 
A. L. DeFranco, J. Immunol. 152, 4397 (1994). 

17. C. Watts, P. A. Reid, M. A. West, H. W. Davidson, 
Semin. Immunol. 2, 247 (1990). 

18. T. Kaisho, F. Schwenk, W. Muller, K. Rajewsky, Sci
ence 276, 412 (1997); G. Achatz and M. C. Lamers, 
ibid, p. 409. 

19. We thank L. Nitschke, M. C. Lamers and K. Rajew
sky for communication of unpublished data; T. 
Brocker, K. Karjalainen, and T. Simon for single-
chain vectors; and L. Leclercq and P. Nielsen for 
critical reading of this manuscript. Supported partly 
by grants from the Deutsche Forschungsgemein-
schaft (Re 571 -3-1 and SFB 364). 

22 November 1996; accepted 25 February 1997 

Effect of Transmembrane and Cytoplasmic 
Domains of IgE on the IgE Response 

Gemot Achatz,* Lars Nitschke, Marinus C. Lamersf 

B cells use immunoglobulin M (IgM) and IgD as antigen receptors, but after contact with 
antigen they can switch and use IgG, IgA, or IgE. In mice lacking the transmembrane and 
cytoplasmic domains of IgE, serum IgE is reduced by more than 95 percent and, after 
immunization, specific responses are negligible. In mice lacking most of the cytoplasmic 
tail of IgE, serum IgE levels are reduced by 50 percent and specific responses are 
reduced by 40 to 80 percent, without a clear secondary response. Thus, membrane 
expression is indispensable for IgE secretion in vivo, and the cytoplasmic tail influences 
the degree and quality of the response. 

Immunoglobulin E contributes least to the 
serum immunoglobulins (Igs). Its specific 
function is not understood, although it is 
well known as the cause of allergic reactions 
(1). IgE, like other Igs, is also expressed as 
an integral membrane protein (mlgE) on B 
cells. The transmembrane segments of mlgs 
are 25 amino acids long, whereas the cyto
plasmic domains vary in size from three 
residues [Lys-Val-Lys (KVK)] for mlgM and 
mlgD to 14 to 28 residues for other isotypes 
(2). The nature and effects of the signals 
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generated by mlgs other than IgM and IgD 
are mostly unknown, but they may control 
affinity maturation, memory induction, and 
differentiation into plasma cells (3). To 
study the role of the transmembrane do
main and cytoplasmic tail of mlgE, we made 
mouse lines that carried mutations in these 
domains in the germline 8 gene, using the 
gene-targeting technique, in embryonic 
stem (ES) cells (4, 5) (Fig. 1). The AM1M2 
line lacks the transmembrane and cytoplas
mic domains of IgE, whereas the KVKAtail 
line can only express a cytoplasmic tail of 
three amino acid residues (KVK), which is 
identical to the cytoplasmic domain of 
mlgM and mlgD. 

Serum Igs in 7-week-old unprimed 
mice were measured (Fig. 2A). There was 
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