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ABSTRACT: Membrane-bound immunoglobulins have, in addition to the transmembrane and cytoplasmic
portions, an extracellular membrane-proximal domain (EMPD), absent in the secretory forms. EMPDs of
immunoglobulin isotypesR, γ, andε contain cysteines whose role has so far not been elucidated. Using
a genetic strategy, we investigated the ability of these cysteines to form disulfide bridges. Shortened
versions of human membrane immunoglobulins, depleted of cysteines known to form intermolecular
disulfide bonds, were constructed and expressed on the surface of a B-cell line. The resulting membrane
proteins contain a single chain fragment of variable regions (scFv) linked to the dimerizing domain from
the immunoglobulin heavy chains (CH3 forR andγ or CH4 forε isotypes), followed by the corresponding
EMPD and the transmembrane and cytoplasmic domains. The two functional membrane versions of the
ε chain, containing the short and long EMPD, were analyzed. Our results show that the single cysteine
within R1L andγ1 EMPD and the short version ofε EMPD form an interchain disulfide bond. Conversely,
the cysteine resident in theε transmembrane domain remains unreacted.ε-long EMPD contains four
cysteines; two are involved in interchain bonds while the remaining two are likely forming an intrachain
bridge. Expression of a full-length membraneε heavy chain mutant, in which Cys121 and Cys209 within
domain CH2 (involved in interchain bridges) were mutated to alanines, confirmed that, within the complete
IgE, EMPD cysteines form interchain disulfide bonds. In conclusion, we unveil evidence for additional
covalent stabilization of membrane-bound immunoglobulins.

Immunoglobulins (Igs)1 are expressed as secretory or
membrane-bound proteins, depending on the stage of dif-
ferentiation of B-cells. On the surface of B-lymphocytes,
membrane-bound Igs constitute the antigen-specific compo-
nent of B-cell receptors (BCR) (1). Conversely, when
produced by differentiated plasma cells, Igs are actively
secreted, becoming relevant components of the serum. The
constant (C) region of immunoglobulin heavy (H) chain is
composed of different domains, of which CH1, in all
isotypes, associates with the C region of light (L) chains.
CH2 and CH3 domains for IgG and IgA and CH2, CH3,
and CH4 for IgM and IgE constitute the so-called Fc
fragments, common to both membrane and secretory forms.
Membrane Igs, however, contain three additional C-terminal
domains, namely, the extracellular membrane-proximal
domain (EMPD), the transmembrane domain (TMD), and
the cytoplasmic domain (CytoD).

In most Ig isotypes (with the exception ofR) these three
domains are encoded by two additional exons called M1 and
M2. Exon M1 encodes the EMPD and TMD while M2 codes
for the cytoplasmic C-terminal domain. In the case of the
humanεH-chain gene, alternative splicing in the 3′ part of
theε locus involving exons M1 and M2 generates a number
of different ε-mRNAs coding for two functional secretory
(namedεS1 and εS2) (2, 3) and two functional membrane
isoforms (namedε-short,εSh, andε-long, εL) (4-7). Mem-
braneεSh andεL result from two alternative splice acceptor
site usage in exon M1 and differ only in the EMPD length.
While εSh EMPD is composed of 14 residues,εL EMPD has
52 additional amino acids at the N-terminus (66 in total). A
similar mechanism appears to take place in theR1 andR2
H-chain transcripts, generating a long (RL) and a short (RSh)
EMPD (8). Among all Ig isotypes, EMPDs have different
lengths (13 forµ, 18 forγ1, γ2, γ3, andγ4, 27 forδ, 28 for
R1Sh andR2Sh, 34 for R1L andR2L, 14 for εSh, and 66 for
εL), share abundance of acidic residues, and present a low
degree of homology (Figure 1). The extra 52 amino acids
of εL EMPD have no homology to any other EMPD isotype,
thus excluding a possible gene duplication origin of the
EMPD stretch. TMDs are highly homologous within Igs,
while the cytoplasmic domains show little similarities with
only three amino acids forµ andδ up to 12 forR, 26 for ε,
and 28 forγ.

An interesting structural feature ofγ, RL, andε EMPDs
is the presence of cysteine residues, albeit in different
numbers. WhileR1L, γ, and εSh EMPDs have only one
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cysteine,R2L has two andεL EMPD has a total of four (R1Sh

and R2Sh have no EMPD cysteines). Inγ and εSh EMPDs
the unique cysteine is located in a conserved position,
whereasR1L-Cys and one of the two adjacentR2L-Cys are
more related either to Cys147 or to Cys149 of εL (Figure 1).
Although the membrane long isoform of IgA2 has been
described (8), we were unable to obtain the corresponding
cDNA fragment by RT/PCR.

To analyze the disulfide bond formation in the EMPDs
of the different isotypes, we followed a genetic strategy, using
the membrane versions of our previously described small
immune proteins (SIP). These molecules are recombinant
miniantibodies where a scFv is fused to the dimerizing
domain of the H-chain Fc (9); in the membrane version they
also contain the isotype-specific EMPD, TMD, and CytoD,
determining cell surface localization (mSIP, Figure 2a).

By the use of mutants of this class of molecules, we
showed that the unique cysteine inR, γ, andεSh EMPD and
two (out of four) cysteines ofεL EMPD form stable interchain
disulfide bridges between the two H chains of membrane-
bound immunoglobulin. On the contrary, the cysteine present
in ε TMD is not involved in disulfide bridge formation. As
a consequence, this feature should lead to a covalent
stabilization of membrane Igs, in addition to the well-known
hinge interchain bridges.

EXPERIMENTAL PROCEDURES

Plasmids Construction.The construction of the vectors
for the expression of complete membraneε heavy chains
(whose structure, for the long EMPD version, is schematized
in Figure 2b-I), either with the long or the short EMPD
(pCIG-CεCH4-M1′-M2 and pCIG-CεCH4-M1-M2, respec-
tively), has already been described (6, 7). From both of these
plasmids aBsu36I/XbaI fragment, containing theε CH4,
EMP, TM, and cytoplasmic domains, was excised and
inserted in the eukaryotic expression vector pcDNA-SIP (9),
containing a scFv derived from a human lymphoma, arranged
with the VL gene 5′ to the VH gene, and the secretion form
S2 of the humanε CH4 domain (J. Sepulveda and O. R.
Burrone, unpublished results;3). The resulting constructs
(pcDNA-εL-mSIP, Figure 2b-III, and pcDNA-εSh-mSIP,
Figure 2b-VII, respectively) contain the recombinant genes
under the control of the cytomegalovirus promoter for
expression in eukaryotic cells.

The cDNAs of the humanγ1 and R1L CH3 with their
EMP, TM, and cytoplasmic domains were amplified by RT/
PCR from mRNA extracted from normal human lymphocytes

with primers 5G1 (TACTCCGGAGGCTCTGGCGGGCAGC-
CCCGAGAACCACA) and 3G1 (CTGAATTCTTAGGC-
CCCCTCTCCGATCATGT) for theγ1 and 5A1 (TACTC-
CGGAGGCTCTGGCGGAAACACATTCCGGCCCGA) and
3A1 (CTGAATTCTTAGTACTGGGGGCCCTCCCT) for
the R1. The amplified fragments were cloned withBspEI/
EcoRI into the pcDNA-εSh-mSIP vector, thus substituting
theε-specific portion of the molecule with the corresponding
γ andR. The resulting constructs are shown in Figure 2b-
XI (γ1-mSIP) and Figure 2b-XII (R1-mSIP).

The plasmid pcDNA-ε-mSIP/∆EMPD (Figure 2b-IX) was
obtained by removing aXmaI/KasI fragment from pcDNA-
εL-mSIP and inserting a linker with the sequence CCCGGGG-
GATCCGCGGCGCC, containing aBamHI site for further
constructions.

The plasmid pcDNA-εSh-mSIP/C113A (Figure 2b-VIII)
was constructed by PCR amplification of theεSh EMPD with
primers MS-CA (GAGCTGGACGTGGCCGTGGAGGA)
and MS-END (TCGGTACCTCAGAATGGGAGTGA) and
cloning of the resulting fragment in pcDNA-εL-mSIP digested
SmaI/SacI.

To construct the plasmids pcDNA-εL-mSIP/C147A;C165A
(Figure 2b-IV) and pcDNA-εL-mSIP/C149A;C165A (Figure
2b-V), theεL EMPD was first PCR-amplified with primer
pairs EMPD-UP (TCACAGACCGTCCAGCGAGCGGT-
GTCT)/Cys2A (GGCTCCACAGTGAGCGCGGGGGT),
EMPD-UP/Cys3A (CCGGCTCCAGCGTGGCAGCG), and
EMPD-UP/Cys4A (ACGGCGCCTCGCCCTCGGCCTC-
CTCCACAGCCACGTCCA), then the fragment from am-
plification with EMPD-UP/Cys4A was cut withApaI, and
the longer portion (corresponding to the 3′ end of the EMPD
cDNA) was annealed to either of the other two fragments
and reamplified with primers EMPD-UP/Cys4A. The two
resulting fragments were then cloned withXmaI/KasI in the
vector pcDNA-ε-mSIP/∆EMPD.

In the so obtained plasmid pcDNA-εL-mSIP/C147A;C165A
an 806 bpPpuMI fragment from pcDNA-εL-mSIP was
substituted, thus producing the construct pcDNA-εL-mSIP/
C165A (Figure 2b-VI).

The plasmid pcDNA-ε-mSIP/γEMPD (Figure 2b-X) was
obtained by annealing the two primersγEMPD-1 (GATC-
CGAGCTGCAACTGGAGGAGAGCTGTGCGGAGGCG-
CAGGACGGGGAGCTGGACG) andγEMPD-2 (GAT-
CCGTCCAGCTCCCCGTCCTGCGCCTCCGCACAGCT-
CTCCTCCAGTTGCAGCTCG), to reconstitute a synthetic
γ EMPD cDNA, and cloning the resulting fragment in the
BamHI site of the vector pcDNA-ε-mSIP/∆EMPD.

FIGURE 1: Sequence alignment of EMPDs of human membrane Ig isotypes. The number of amino acids is shown in parentheses. Arrowheads
indicate cysteine residues; dashes represent missing amino acids at the corresponding positions. EMPD multiple sequence alignment was
produced with ClustalW (26), visually inspected and manually corrected where necessary.
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For the construction of the plasmid containing the full-
lengthε heavy chain mutated in theεCH2-Cys (Cys121 and
Cys209), pCIG-Cm-εL/C121A;C209A (Figure 2b-II), theε
heavy chain genomic region containing theεCH2 domain
gene was PCR-amplified with primers pairs C1A-down
(TGAAGATCTTACAGTCGTCCGCTGACGGCGGCGGG-
CACT)/C1A-up (CCACCAGACAGGTGATCGTGGGC-
GACTTGCGGA) and C2A-down (GACAGCACCAAGAAG-
GCTGCAGGTACGTTCCCACCTG)/C2A-up (CTGCAC-
TGGTAGGTCTCCCCCTCGATCCAGTCTC), then the two
PCR products were annealed and reamplified with primers
C1A-down/C2A-up, and the resulting fragment was digested
with BglII/HpaI and used to replace the correspondingBglII/
HpaI fragment in the plasmid pCIG-CεCH4-M1′-M2.

Cell Transfection and FACS Analysis.For each transfec-
tion about 106 mouse myeloma A20 (ATCC, TIB-208) cells
were resuspended in 0.5 mL of cold PBS (10.1 mM Na2-
HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 3 mM KCl, pH
7.2) and put in a cuvette for electroporation with an electrode
gap of 0.4 cm; 10µg of PVuI-linearized plasmid was added

to the cells, and electroporation was performed with a single
pulse at 960µF, 250 V, in a Bio-Rad Gene Pulser equipped
with a capacitance extender. After electroporation cells were
kept for 5 min on ice, washed, resuspended in 10 mL of
culture medium, and seeded in 96-well plates at a density
of approximately 104 cells/well. After 24 h selective medium
containing Geneticin (G-418 sulfate; Life Technologies,
Gaithersburg, MD) at a final concentration of 400µg/mL
was added. Selected clones were screened by FACS analysis,
following incubation with FITC-conjugated antibodies anti-
human IgE, IgG, or IgA (Kirkegaard & Perry Laboratories,
Gaithersburg, MD), where appropriated, using a FACSCali-
bur (Becton Dickinson) and the CellQuest software.

Immunofluorescence Analysis.Transfected A20 cells grown
on glass slides (TC Chamber Slides; Nunc, Roskilde,
Denmark) were washed twice with PBS and fixed for 20
min in 3% paraformaldehyde in PBS. The fixed cells were
washed in PBS, quenched with 0.1 M glycine in PBS, and
blocked with 3% bovine serum albumin in PBS. After
blocking, cells were incubated for 1 h atroom temperature

FIGURE 2: Schematic representation of membrane SIPs and FACS analysis. (a) Proposed structure of a cell surface displayed membrane
SIP (mSIP). (b) Schematic representation of membraneεH-chain and mSIPs constructs. Residue 1 corresponds to the first amino acid on
CH1 for theεH chain, and on CH3 or CH4 for mSIPs, as indicated. Cysteine residues are shown as vertical bars with the position number.
Horizontal dashed line spacings were used to maintain alignments of theε heavy chain regions. (c) Cytofluorometric analysis of A20 cells,
wild type and transfected withεSh-, εL-, R1L-, andγ1-mSIP constructs, as indicated.
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with the appropriated FITC-conjugated antibodies and then
extensively washed in PBS. The slides were mounted in
ProLong mounting medium (Molecular Probes, Eugene, OR)
and observed with a confocal microscope Axiovert 100 M
(Zeiss).

Biotinylation of Membrane Proteins and Immunoprecipi-
tation. Surface membrane proteins were biotinylated with
the Amersham ECL protein biotinylation system (Amersham-
Pharmacia Biotech), following the directions provided by
the manufacturer, with minor modifications. Transfected cells
(about 107) were washed twice with cold PBS and then
resuspended in 0.5 mL of ice-cold biotinylation buffer (40
mM NaHCO3/NaCO3 buffer, pH 8.6, 100 mM NaCl). Forty
microliters of biotinylation reagent (provided with the kit)
was next added, and cells were incubated for 30 min at 4
°C on an orbital shaker. After being washed with cold PBS,
the cells were lysed in 100µL of TNN buffer (50 mM Tris-
HCl, pH 8.0, 250 mM NaCl, 0.5% NP-40), containing
protease inhibitors (1 mM phenylmethanesulfonyl fluoride,
0.8 µM aprotinin, 40µM bestatin, 22µM leupeptin, and 15
µM pepstatin A, all from Sigma) and 20 mM alkylating agent
N-ethylmaleimide (NEM, Fluka), which prevents rearrange-
ment of disulfide bonds (10). The cell lysates were centri-
fuged for 10 min at 10000g at 4 °C, and the supernatants
were preadsorbed onto protein A-agarose (Repligen,
Needham, MA), to remove A20 surface IgG, then mixed
with 5 µL (5 µg) of the relevant antibody (anti-human IgE
for all of the ε-mSIP constructs, anti-human IgA and anti-
human IgG for theR-mSIP andγ-mSIP, respectively, all
from Kirkegaard & Perry Laboratories), and incubated for
2 h at 4°C. Immune complexes were precipitated with 25
µL of protein A-agarose. Beads were washed with 2 mL
of TNN, 2 mL of TNNB (TNN + 1% bovine serum
albumin), 2 mL of RIPA buffer (0.1 M Tris-HCl, pH 8.0,
0.1 M NaCl, 5 mM MgCl2, 1% NP-40, 1% deoxycholate,
0.1% SDS), and 2 mL of PBS (all washing solutions
containing 20 mM NEM). Immune complexes bound to
protein A were eluted with 50µL of the SDS sample buffer
(30 mM Tris-HCl, pH 6.8, 1.5% SDS, 10% glycerol, 0.1
mg/mL bromophenol blue, 20 mM NEM), either reducing
(with 2.5% â-mercaptoethanol) or nonreducing (without
â-mercaptoethanol), and loaded onto 10% SDS-polyacryl-
amide gels. After electrophoresis, the separated proteins were
transferred to a PVDF membrane (Millipore) and detected
with peroxidase-labeled streptavidin and the chemilumines-
cent reagent provided with the ECL kit.

Membrane Extract and Western Blotting.About 4× 107

cells were collected and washed twice in cold PBS. Cells
were then resuspended at a concentration of about 107/mL
in hypotonic buffer (20% PBS containing 0.25 M sucrose,
20 mM NEM, and protease inhibitors as above) and lysed
by 3-4 freeze-thawing cycles. The suspension was centri-
fuged for 10 min at 700g to separate nuclei and unlysed cells,
and then the supernatant was ultracentrifuged for 1 h at
100000g. The membrane pellet was resuspended in 400µL
of TNN buffer (see above) with 20 mM NEM and protease
inhibitors. Twenty microliters of this membrane extract was
separated in SDS-polyacrylamide gel, either in reducing or
in nonreducing conditions, transferred to PVDF membrane,
probed with peroxidase-labeled anti-human IgE antibodies
(Kirkegaard & Perry Laboratories), and detected with the

ECL chemiluminescent reagent (Amersham-Pharmacia Bio-
tech).

RESULTS

To understand the role of EMPD cysteine residues in the
assembly of membrane Igs, we followed a genetic strategy.
Membrane versions of our previously described small
immune proteins (SIPs) were constructed and expressed in
the A20 B-cell line. SIPs are dimeric molecules in which a
scFv is fused to the dimerizing domain of the H-chain Fc
(CH3 forγ andR and CH4 forε). We have previously shown
that secretory SIPs are efficiently folded, assembled, and
secreted in dimeric form for bothγ and ε isotypes (J.
Sepulveda and O. R. Burrone, unpublished observations;9).
Secretoryε-SIP was derived from bothεs1 andεs2, the latter
being an alternatively spliced secretory isoform (2, 3),
containing a distinct CH4 C-terminal tailpiece, with a
cysteine in the last position involved in an interchain bridge
(3). Membrane SIPs (mSIPs) have, in addition to the
dimerizing CH3 or CH4 domain, the isotype-specific EMPD,
TMD, and CytoD determining cell surface localization
(Figure 2a). Schematic representations of the constructs used
in this work are shown in Figure 2b. In all of the mSIPs
generated, the cysteines participating in H-H interchain
disulfide bridges of the full-length H-chain are absent.
Therefore, the only possible interchain disulfide bonds should
derive from EMPD cysteines or from the single cysteine in
γ andε TMD.

Transfection in A20 cells of mSIPs corresponding toεL,
εSh, γ1, andR1L (whose structures are represented in Figure
2b-III, 2b-VII, 2b-XI, and 2b-XII, respectively) yielded
efficient constitutive expression of the proteins on the cell
surfaces (Figure 2c). These molecules were also efficiently
expressed as surface proteins in myeloma Sp2/0 and in CHO
cells (11).

To investigate whetherεSh-, εL-, R1L-, andγ1-mSIPs were
expressed on the cell membrane as covalently linked dimers
via disulfide bonds, we performed surface biotinylation of
living cells followed by immunoprecipitation and SDS-
PAGE analysis. As shown in Figure 3a, a single band of the
expected size for the monomeric proteins was obtained in
reducing conditions for all of the constructs. On the other
hand, under nonreducing conditions all of the material
recovered had a mobility corresponding to dimers. These
results indicated that EMPD and/or TMD cysteines form
interchain S-S bridges. However,R1L does not contain a
TMD cysteine, demonstrating that Cys114 of R1L EMPD was
directly involved in the interchain S-S bond. This suggested
that the cysteine residue present in the TMD of other isotypes
(i.e., γ andε) may also not participate in covalent bonding.
The above assumption was indeed confirmed with two
additionalε-mSIP constructs: the EMPD deleted version (ε-
mSIP/∆EMPD, Figure 2b-IX) and a mutant ofεSh in which
the EMPD Cys113 was mutated to alanine (εSh-mSIP/C113A,
Figure 2b-VIII). BothεSh-mSIP/C113A andε-mSIP/∆EMPD
were efficiently expressed on the cell surface and appeared
as monomers in nonreducing SDS-PAGE (Figure 3b, lanes
2 and 3), demonstrating that the cysteine in the TMD does
not form an interchain S-S bond. In addition, grafting of
γ1 EMPD intoε-mSIP/∆EMPD restored the ability of the
chimera (ε-mSIP/γ1EMPD, Figure 2b-X) to dimerize co-
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valently (Figure 3b, lane 4). Thus, our results showed the
presence of interchain disulfide bridges formed by cysteines
in the EMPDs of membrane-bound Igs, suggesting an
important structural role for these moieties.

This conclusion was further confirmed by the expression
of a complete membrane IgE mutant, following transfection
of a full-length membraneεL H chain construct in which
Cys121 and Cys209 were mutated to alanines (m-εL/C121A;
C209A, Figure 2b-II). The above cysteines, located respec-
tively N- and C-terminally toεCH2, are known to form the
interchain bridges between H chains of IgE, basically
replacing the hinge region of other Ig isotypes (12). This
double mutant was expressed on the cell surface, as revealed
by surface immunofluorescence staining (Figure 4a). As
expected, nonreducing SDS-PAGE analysis demonstrated
that m-εL/C121A;C209A formed covalent dimers (Figure 4b),
proving that cysteines inεL EMPD participate in the disulfide
bond stabilization of membrane IgE.

However, εL EMPD contains three other cysteines in
addition to Cys165 (equivalent to Cys113 in εSh) in positions
126, 147, and 149. To complete the possibleεL EMPD
disulfide pattern, we analyzed three additionalεL-mSIP
mutants, two of which were double mutants (εL-mSIP/
C147A;C165A, Figure 2b-IV, andεL-mSIP/C149A;C165A,

Figure 2b-V), with either Cys147/Cys165 or Cys149/Cys165

simultaneously mutated to alanines, and one was a single
mutant (C165A, Figure 2b-VI).

Following cell surface biotinylation and immunoprecipi-
tation, the two double mutants appeared exclusively as
monomers in nonreducing SDS-PAGE, whereas the single
C165A mutant migrated as a dimer (Figure 5). Taken
together, these results indicate that two of the four cysteines
are involved in interchain SS bonds (Cys165 and either Cys147

or Cys149), and the two remaining should likely form an
intrachain bond (Cys126 linked to either Cys147 or Cys149).

Therefore, we have demonstrated that membrane IgA, IgG,
and IgE are further stabilized via disulfide bridges occurring
within their EMPDs.

DISCUSSION

Membrane immunoglobulins (all isotypes) differ from their
secretory counterparts for three additional domains, namely,
the extracellular membrane-proximal domain (EMPD), the
transmembrane domain (TMD), and the cytoplasmic domain
(CytoD). The transmembrane domain, in addition to sup-
porting the insertion of immunoglobulins in the cell mem-
brane, may conceal a relevant role for the assembly of the
B-cell receptor with the other accessory molecules of the
complex, such as CD79a (IgR) and CD79b (Igâ) (13-15).
The cytoplasmic portion of membrane Igs (CytoD) shows
high variability in sequence and length, thus excluding
possible common features among Ig isotypes. Finally, the
structure and function of the extracellular membrane-
proximal region (EMPD) of cell-bound Igs are largely
unknown. The extracellular location, together with a topology
bridging the antibody Fc region to the cell membrane

FIGURE 3: SDS-PAGE analysis of immunoprecipitated, surface
biotinylated mSIPs. Extracts from surface-biotinylated cells ex-
pressingεSh-, εL-, R1L-, andγ1-mSIP (a) andεSh-mSIP,εSh-mSIP/
C113A, ε-mSIP/γ1EMPD, andε-mSIP/∆EMPD (b) were immu-
noprecipitated with the appropriated antibodies (anti-ε, anti-R, or
anti-γ chains), separated in SDS-PAGE in reducing and nonre-
ducing conditions, as indicated, and revealed by incubation with
peroxidase-labeled streptavidin. Open and filled arrowheads indicate
monomeric and dimeric forms, respectively.

FIGURE 4: Immunofluorescence and Western blotting of cell
membrane IgE. (a) Immunofluorescence of optical sections of intact
A20 cells expressing wild-type (wt) and mutant (C121A;C209A)
mLIgE, using a FITC-conjugated anti-human IgE, showing cell
surface restricted expression of the transfected proteins. (b) Western
blotting of membrane extracts from A20 cells expressing wt and
mutant mLIgE, resolved in reducing and nonreducing SDS-PAGE,
as indicated, and probed with peroxidase labeled anti-human IgE
antibodies. Open and filled arrowheads indicate the band corre-
sponding toεH chain and to fully assembled H2L2 IgE, respectively.
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environment, likely dictates a crucial role for Igs EMPD in
BCR assembly and performance. In this context, EMPD
relative sequence similarities may reflect a common structural
role, while permitting isotype-specific functions.

In particular, membrane Igs are associated with the
accessory glycoproteins IgR and Igâ to form the correspond-
ing BCR (1, 16). We have previously reported that differ-
ences in the level of terminal glycosylation of IgR molecules,
associated with either the short or the long alternative splice
membrane variants of human IgE, depend exclusively on the
sequence of theε EMPD (7). Similarly, differences in the
level of glycosylation of the IgR molecules associated to
either IgM or IgD have been described and suggested to
depend on the sequences of the corresponding EMPDs (17,
18). In addition, different sets of BCR-associated proteins,
specific for the IgE-BCR (namedε-BAPs), have been
reported, and they were demonstrated to differentially
associate with the membrane short and longε-chain through
their EMPDs (7).

An interesting structural feature ofγ, R, andε EMPDs is
the presence of cysteine residues, albeit in different numbers.
We have investigated the role of cysteine residues present
in Ig EMPD in the stabilization of membrane-bound immu-

noglobulins. Using a genetic strategy, we engineered short
antibody-like molecules deprived of any known inter-
molecular disulfide-forming cysteine. These downsized
antibodies represent the membrane version of SIPs (small
immune proteins), recombinant molecules in which a scFv
is fused to the dimerizing C-terminal heavy chain constant
domain of different Ig isotypes (9). Isotype-specific SIPs
were fused to the corresponding isotype-specific EMP, TM,
and Cyto domains, thus obtaining Ig-like membrane mol-
ecules.

Here we show that the single cysteine present inR1L, γ1,
andεSh EMPD forms an interchain disulfide bridge. Deletion
of the EMPD in theε version resulted in a membrane
molecule lacking disulfide bonds despite the presence of the
cysteine in the TM domain. Grafting ofγ1 EMPD into ε

membrane SIP reconstituted the covalent dimerization in the
cell surface exposed protein, indicating thatγ1 andεShEMPD
may assume a similar structural role in the context of a
membrane Ig.

In addition, by mutating the cysteine inεSh EMPD, we
excluded any reactivity of the cysteine residue present in
the transmembrane domain.

In all of the assays performed, disulfide bond interchange
after cell lysis was prevented by alkylating the cell extraxts
with N-ethylmaleimide (NEM;10).

Unlike the others,εL EMPD contains four cysteines. By
mutagenesis studies we propose a disulfide pattern in which
two cysteines, Cys147 (or Cys149) and Cys165, form inter-
molecular bonds and the remaining Cys126 and Cys149 (or
Cys147) are likely to form an intramolecular bond. Therefore,
as opposed to all other isotypes,εL EMPD presents a more
complex conformation, both for its substantially longer
sequence and for its pattern of disulfide bonds.

Dimerization via disulfide bridges within an extracellular
membrane-proximal stalk appears frequently in Ig-like recep-
tors (e.g., CTLA-4 and gp49A). CTLA-4 presents a striking
similarity to membrane Igs, since 3D structure determination
of its Ig module (19) revealed a dimerization mode very
similar to the C-terminal Ig heavy chain domain (e.g.,γ
CH3). In addition, like mIgA, mIgG, and IgE, CTLA-4
presents an intermolecular disulfide bond in its EMPD (20).
A recent report on the murine Ig-like receptor gp49A (21)
revealed the presence of an EMPD cysteine residue undergo-
ing homodimerization. Mutation of this cysteine to alanine
(21) abrogated the association of gp49A with raft membrane
microdomains (22, 23), suggesting a possible parallel with
rafts association of BCRs (24) mediated by membrane Ig
EMPD.

Membrane Ig EMPDs were previously predicted to be in
R-helical conformation, although the study was performed
with synthetic peptides, without considering the role of
cysteine residues (25). However, one cannot exclude that
the Ig EMPD structure may be influenced by the proximity
of the membrane Ig domains and interactions with other BCR
components.

In perspective, it will be interesting to see whether, in
addition to their structural role, different isotype EMPDs
directly regulate BCR functions or influence differential
association of membrane Igs with accessory proteins to
constitute isotype-specific BCRs.

FIGURE 5: Surface biotinylation ofεL-mSIP mutants. SDS-PAGE
analysis of immunoprecipitated, surface biotinylatedεL-mSIP,
double mutantsεL-mSIP/C147A;C165A andεL-mSIP/C149A;C165A,
and single mutantεL-mSIP/C165A, analyzed under reducing and
nonreducing conditions, as indicated. Open and filled arrowheads
indicate monomeric and dimeric forms, respectively.

FIGURE 6: Proposed model of disulfide bonds occurring within
cysteines of membrane Ig EMPDs. Horizontal and vertical bars
indicate intrachain and interchain disulfide bonds, respectively.
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