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B lymphocytes have the ability to sense thousands of structurally
different antigens and produce cognate antibodies against these
molecules. For this they carry on their surface multiple copies of the B
cell antigen receptor (BCR) comprising the membrane-bound Ig (mig)
molecule and the Iga/lgp heterodimer functioning as antigen bind-
ing and signal transducing components, respectively. The mlg is a
symmetric complex of 2 identical membrane-bound heavy chains
(mHC) and 2 identical light chains. How the symmetric mlg molecule
is asymmetrically associated with only one Iga/Igp heterodimer has
been a puzzle. Here we describe that Iga and Igp both carry on one
side of their a-helical transmembrane domain a conserved amino
acid motif. By a mutational analysis in combination with a BCR re-
building approach, we show that this motif is required for the re-
tention of unassembled Igax or Igp molecules inside the endoplasmic
reticulum and the binding of the Iga/Igf heterodimer to the mig
molecule. We suggest that the BCR forms within the lipid bilayer
of the membrane a symmetric Iga-mHC:mHC-lgf complex that is
stabilized by an aromatic proline-tyrosine interaction. Outside the
membrane this symmetry is broken by the disulfide-bridged dimer-
ization of the extracellular Ig domains of Iga and Igp. However,
symmetry of the receptor can be regained by a dimerization of 2
BCR complexes as suggested by the dissociation activation model.
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he B cell antigen receptor (BCR) plays a key role for the

clonal selection of B cells. It can bind to self or nonself an-
tigens and translate this binding into cellular signals resulting
in B lymphocyte deletion or activation (1). To fulfill its antigen
sensing function, the BCR comprises antigen binding and signal
transducing components. These are the membrane-bound Ig (mlg)
molecule and an Iga/Igp heterodimer (also known as CD79a/
CD79b), respectively (2). The mlg molecule consists of 2
membrane-bound heavy chains (mHC) and 2 light chains (LC). It
has a symmetric structure that is stabilized by interchain disulfide
bonds. The BCR signaling components, Iga and Igp, each have a
similar structure consisting of an extracellular Ig domain, a short
linker, a conserved transmembrane (TM) domain, and a cyto-
plasmic tail carrying an immunoreceptor tyrosine-based activation
motif (ITAM) that connects the BCR to the protein tyrosine kinase
Syk (2, 3). Iga and Igp are covalently linked to each other by a
disulfide bond that connects the 2 Ig domains of these proteins (3,
4). In contrast, the Igo/Igf heterodimer is noncovalently associated
with the mlg molecule involving specific contact sites in the
membrane-proximal C-domain and TM region of mlg (5). As is the
case for most type I transmembrane proteins, the TM regions of
Iga, Igp, and mHC are thought to form an a-helix within the lipid
bilayer of the plasma membrane and o-helical TM interactions
seem to be important for the stability of the BCR complex as well
as for the oligomeric structure that the BCR forms on the surface
of resting B lymphocytes (6, 7).

B cells can produce different classes of antibody (IgA, IgD,
IgE, IgG, and IgM) and mlg molecules. The different classes of
mlg are associated with the same Igo/Igp heterodimer to express
isotype-specific BCRs on the B cell surface (6). A sequence
comparison of the a-helical TM region of different mlg isotypes
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revealed 2 evolutionary conserved sides. One side (TM-S) is
specific for each isotype and the other side (TM-C) is conserved
between isotypes (7, 8). While the TM-S side is expected to be
involved in the formation of an mHC:mHC homodimer as well
as the BCR oligomer, the TM-C side is implicated in the binding
to the common Iga/Igp heterodimer (7). Indeed, mutations of
the highly conserved tyrosine Y18 and serine S19 (numbered
from the start of the TM region) that are both located on the
TM-C side prevent the binding of the Iga/Igp heterodimer to the
mIgM molecule (9, 10).

The 4 BCR components are assembled in the endoplasmic
reticulum (ER) and then transported together onto the cell surface.
Nonassembled BCR components are recognized by a quality con-
trol system and retained inside the ER (2, 6, 11). Thus, a deficiency
in any BCR component prevents the transport and expression of
the remaining components on the cell surface. Molecular require-
ment for BCR assembly and signaling can be studied by a rebuilding
approach using Drosophila S2 cells that display a high cotransfection
rate. With this system, we provided evidence for the oligomeric
structure of the BCR and studied the role of Syk in BCR opening
and amplification of the BCR signal (12-15).

Originally, it was thought that, similar to the T cell antigen
receptor, the BCR forms a symmetric complex with an Iga/Igp
heterodimer binding to each site of the mHC:mHC homodimer
(7). However, this 1:2 mIg:Iga/Igf interaction model was aban-
doned after a biochemical study demonstrated that a digitonin
solubilized BCR complex contains only one Igo/Igp heterodimer
per mlg molecule (16). This 1:1 interaction model was further
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confirmed by a quantification of fluorescence-labeled BCR com-
ponents (17). How one Iga/Igp heterodimer is asymmetrically
interacting with the symmetric mIg molecule remained a puzzle of
the 1:1 interaction model. We here use the S2 rebuilding approach
to study the interaction of wild-type (wt) and mutant TM regions
of Iga and Igp with the mIg molecule. We find that the formation
of symmetric Iga-mHC:mHC-Igf complex within the membrane is
required for the stable expression of the BCR on the cell surface,
thus confirming the 1:1 interaction as well as the oligomeric
BCR model.

Results

Retention of Iga in the ER via a Conserved Amino Acid Motif in the TM
Region. The sequence of the TM region of Iga is highly conserved
during evolution (Fig. 14). Interestingly, this sequence contains 2
amino acids (aa), namely glutamic acid E142 and proline P153,
that, in this combination, are rarely found inside the TM region
of type I transmembrane proteins (18). A negative charged aa
such as glutamic or aspartic acid is, however, also found in the
TM region of signaling subunits of other immunoreceptors and
plays an important role in the proper assembly of immuno-
receptor complexes as well as in the retention of unassembled
signaling subunits in the ER (19, 20). To test whether or not the
conserved E142 retained unpaired Iga in the ER, we mutated
this aa to either alanine (E142A) or lysine (E142K) (Fig. 1B).
Furthermore, we generated a proline to alanine (P153A) muta-
tion of Iga. Expression vectors for either wt, single or double
mutants of a Flag-tagged murine Iga were transiently transfected
together with a GFP vector into Drosophila S2 cells (21). The S2
cells have a high cotransfection rate and most GFP+ S2 cells
coexpress Iga. We thus compared Iga expression on the surface
of GFP— and GFP+ S2 cell using flow cytometry after anti-Flag
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Fig. 1. A conserved E-X;o-P motif in the transmembrane region of Iga is
responsible for its retention in ER. (A) Sequence comparison of Iga of dif-
ferent species. The conserved glutamic acid and proline are highlighted in
red. (B) Sequence comparison of wt and mutant forms of Iga. The mutated
amino acids are highlighted in red. (C) Flow cytometry analysis of the ex-
pression of Flag-tagged Iga on the surface of S2 cells transfected with
plasmids encoding the indicated wt and mutant forms of Iga. Gray: GFP—
untransfected cells; Red: GFP+ transfected cells. (D) Quantified Iga surface
expression results presented as a bar graph. Data represent the mean and SE
of a minimum of 3 independent experiments.
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antibody staining (Fig. 1C). This analysis showed that Iga-wt failed
to be expressed on the S2 cell surface whereas small amounts of
the E142A mutant of Iga were transported onto the cell surface.
ER retention was not released by the P153A mutation alone but
the EP/AA double mutant of Iga was found in large amounts on
the cell surface of GFP+ S2 cells. The replacement of the nega-
tively charged glutamic acid E142 with a positively charged lysine
again reduced the expression of E142K single or EP/KA double
mutant of Iga on the S2 cell surface, indicating that a charged aa
at position 142 promotes the ER retention of Iga (Fig. 1C). The
quantified analysis of repeated S2 experiments confirmed that the
EP/AA double mutant of Iga was most efficiently transported
onto the surface of up to 60% of the GFP+ S2 cells (Fig. 1D). This
indicates that the conserved E-X;(-P motif in the TM region of
Iga functions as an ER retention signal.

A Similar Conserved Amino Acid Motif in the TM Region of Igp. The
sequence of the TM region of Igp is also evolutionary conserved
and contains a Q-X;o-P motif that is similar to the E-X;q-P motif of
Iga (Fig. 24). Furthermore, the aa of both motifs are situated at an
identical position in their respective TM region. To test the function
of the Q-X;o-P motif, we mutated glutamine Q164 of HA-tagged
murine Igp to either alanine (Q164A) or lysine (Q164K) and
combined these mutations with a P175A mutation (Fig. 2B). In
addition, we mutated the cysteine 135 to serine (C135S) to prevent
the formation of covalent Igp/Igp homodimers or Iga/Igp hetero-
dimers (3, 4). Expression vectors for either wt, double, or triple
mutant Igf were transiently transfected together with a GFP vector
into Drosophila S2 cells that we tested by flow cytometry for Igp
expression using anti-HA antibody (Fig. 2C). In contrast to Iga-wt,
the Igp-wt protein could be transported as a homodimer onto the S2
cell surface where it was detected by the anti-HA antibody. A co-
valent Igp/Igp homodimer no longer formed after the C135S mu-
tation of IgB (SI Appendix, Fig. S1) and this mutant was also less
well expressed on the S2 cell surface (Fig. 2C). The QP/AA double
mutation increased the expression of Igp on the S2 cell surface.
Furthermore, in comparison with the C135S single mutant, the
CQP/SAA triple mutant of Igf was found in larger amounts on the
S2 cell surface. The introduction of a positively charged lysine at
the 164 aa position again increased ER retention of the double QP/
KA as well as the triple CQP/SKA mutated Igf. The statistical analysis
of repeated S2 experiments confirmed that QP/AA and CQP/SAA
mutated IgB was most efficiently transported onto the S2 surface,
indicating that the conserved Q-X;(-P motif in the TM region of Igp
also functions as an ER retention signal for unpaired Igp (Fig. 2D).

The Conserved E/Q-X:o-P Motif Is Not Required for Iga/lgp
Heterodimerization. Normal B cells coexpress Iga and Igp and as-
semble an Igo/Igp heterodimer that binds to the mIg molecule thus
forming the BCR complex (3). In contrast, the IgB/Igp homodimer
is not part of a BCR complex and only poorly expressed on the
B cell surface (22). We next tested whether or not the Igo/Igp
heterodimerization requires the E/Q-X;-P motif. For this, we
transiently expressed different combinations of wt or double-
mutated Iga and IgB as well as C135S mutated Igp in S2 cells
and monitored the presence of Iga on the cell surface by flow
cytometry using an anti-Flag antibody (Fig. 34). While Iga-wt
alone was retained inside the ER, the Igo/IgB heterodimer was
transported onto the S2 cell surface efficiently (Fig. 34). This
expression, however, requires the formation of a disulfide bond
between the 2 subunits as the IgB-C135S mutant was not bringing
the Iga-wt onto the cell surface (Fig. 34). The Iga-EP/KA and/or
Igf-QP/KA mutant still could form an Igo/Igp heterodimer that
was transported onto the S2 cell surface. Thus, a double mutation
of the E/Q-X;(-P motif in either Igx, Igp, or both components does
not prevent the assembly of the Igo/Igp heterodimer. The statis-
tical analysis of repeated S2 experiments confirmed that cysteine
C135 of Igp but not the E/Q-X;o-P motif is required for the
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Fig. 2. A conserved Q-X;o-P motif is responsible for retention of Igp in the
ER. (A) Sequence comparison of Igp of different species. The conserved
glutamine and proline are highlighted in red. (B) Sequence comparison of wt
and mutant forms of Igp. The mutated amino acids are highlighted in red.
(C) Flow cytometry analysis of the expression of HA-tagged Igp on the
surface of S2 cells transfected with plasmids encoding the indicated wt and
mutant forms of Igp. Gray: GFP— untransfected cells; Red: GFP+ transfected
cells. (D) Quantified Igp surface expression results presented as a bar
graph. Data represent the mean and SE of a minimum of 3 independent
experiments.

formation of the Igo/Igp heterodimer and its transport onto the S2
cell surface (Fig. 3B).

Both Iga and Igp Interact with the mlg Molecule via the E/Q-X;o-P
Motif. We previously demonstrated that mIg requires assembly
with an Igo/Igf heterodimer for its expression on the S2 cell surface
(12). To test the function of the conserved E/Q-X;,-P motif in BCR
assembly, we expressed wt or the double mutants of Iga and Igf
together with either the mIgM or the mIgD molecule. The expressed
mlg molecule comprises the B1-8 mHC and lambda-1 LC and binds
to the hapten 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP). This
allowed us to monitor BCR expression by flow cytometry using a
NIP- and DyLight 649-coupled fluorescent peptide (1NIP-pep)
(12). As expected, the mIgM or mIgD molecules were trans-
ported onto the S2 cell surface only in the presence of the Igo/
Igp heterodimer (Fig. 4 A, Upper and Lower). A replacement of
Igp-wt with IgB-QP/KA did not change the expression of mIg on
the S2 surface, whereas the exchange of Iga-wt by Iga-EP/KA
reduced the expression of mIgM and to a lesser extent that of
mlgD on the S2 surface (Fig. 44). More strikingly, S2 cells
producing an Igo/Igp heterodimer with double-mutated Iga-EP/
KA and Igp-QP/KA failed to express either class of the mlg at
the cell surface (Fig. 44). The statistical analysis of repeated S2
experiments confirmed that IgD-BCR assembly is less affected
by the Iga-EP/KA mutation than IgM-BCR assembly and that
both BCR classes were no longer transported onto the S2 cell
surface when both Iga and Igp are double mutated (Fig. 4B).
Our study of the requirement for BCR assembly in the S2 cell
system was complemented by a parallel study within a murine
pro-B cell line 3046 lacking the expression of mHC, LC, Iga, and
SLP65 (12). Using the CRISPR/Cas9 technique (23), we ren-
dered the 2 endogenous Igp alleles of 3046 inactive and con-
firmed the defective Igp production in 12 of 13 tested 3046 cell
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clones by Western blot (SI Appendix, Fig. S24). A mixture of 5
different IgB-KO clones (3046p-KO) were retrovirally trans-
duced with mHC and LC vectors for the expression of NIP-
specific mIgM or mIgD molecules. The sorted mlg expressing
B cells were further transfected in different combination with
vectors encoding Iga-wt, IgB-wt, Iga-EP/KA, and IgB-QP/KA and
monitored for their BCR expression by flow cytometry (Fig. 4C).
The BCR was transported onto the cell surface as long as the
Igo/Igp heterodimer contained one wt form. However, a double-
mutated heterodimer consisting of Iga-EP/KA and Igf-QP/KA
failed in BCR assembly and the transport of BCR onto the 3046
pro-B cell surface (Fig. 4C). The 3046 pro-B cell transfectants
expressing Iga-EP/KA in combination with IgB-wt showed in
comparison with the vice versa transfectants a reduced BCR
expression, in particular of the IgM-BCR, indicating that the TM
interaction between Iga and mHC is more important than the
one between Igp and mHC for BCR assembly. We also expressed
wt or double-mutant Iga and Igp alone in the 3046b-KO cells and
found that in these cells the ER retention of each component
is released by the AA but not the KA double mutations of the
E/Q-Xo-P motif (SI Appendix, Fig. S3). Our mutational analysis
of the Iga/Igp heterodimer thus showed similar phenotypes in
both the Drosophila S2 and the murine 3046 pro-B cells.

The Disulfide Bond Between Iga and Igf Plays a Supportive Role in
BCR Assembly. As the KA and AA double mutants of the E/Q-X;(-P
motif display different phenotypes in the retention of isolated Iga
and Igf components, we next tested how the AA mutations of Iga
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Fig.3. The conserved E/Q-X;o-P motif is dispensable for Iga/Igp heterodimer
formation. (A) Flow cytometry analysis of the expression of Flag-tagged Iga
on the surface of S2 cells transfected with plasmids encoding the indicated
wt and mutant forms of Iga and IgB. Gray: GFP— untransfected cells; Red:
GFP+ transfected cells. (B) Quantified Iga surface expression results pre-
sented as a bar graph. Data represent the mean and SE of a minimum of 3
independent experiments.

Gottwick et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907481116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907481116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1907481116

L T

/

1\

BN AS  DNAS P

A Iga - wt wt EP/KA EP/KA C migM
lgp - wt QP/KA wt QP/KA
migM *
migD 7
XN
g - v T T
5 3 = > 3 —r migD
B o 1NIP-pep GFP- OGFP+
o
= 100 4 migM ! migD
@ § |
g 80+ |
a0 |
Z < 60
£ I
=
2§ 40- ! o [ 7
33 ! i o . .
J s 20 4 | E 100 10t
ey | > 1NIP-pep
¢ ol L LI 11 1. o T U T o oo
o Iga - wt  wt EP/KAEP/KA wt  wt EP/KAEP/KA - wt wt EP/KAEP/KA
gp - wt QP/KA wt QP/KA wt QP/KA wt QP/KA wt QP/KA wt QP/KA

Fig. 4. Both Iga and Igp interact with the mlg molecule via the E/Q-X;o-P motif. (A) Flow cytometry analysis of the expression of NIP-specific IgM- or IgD-BCR
on the surface of S2 cells transfected with plasmids encoding migM or migD and the indicated wt and mutant forms of Iga and Igf. Gray: GFP— untransfected
cells; Red: GFP+ transfected cells. (B) Quantified BCR surface expression results presented as a bar graph. Data represent the mean and SE of a minimum of 3
independent experiments. (C) Flow cytometry analysis of the expression of NIP-specific IgM- or IgD-BCR on the surface of 30463-KO cells transfected with
plasmids encoding migM or migD and the indicated wt and mutant forms of Iga and Igf. Data are representative of 5 independent experiments.

and Igp affect the assembly and transport of the IgM- or IgD-class
BCR onto the S2 cell surface (Fig. 54). Furthermore, we combined
these mutations with a C135S mutation of IgB preventing the
formation of a covalent disulfide bond between Iga and Igp (3,
12). Unlike the KA mutant, the AA double mutant of Iga is not
defective in forming a BCR complex in combination with Igp-wt
(compare Fig. 44 and Fig. 54). However, the Igo/Igp heterodimer
comprising Iga-EP/AA and IgB-QP/AA failed to be efficiently
expressed together with either the mIgM or mIgD molecule on the
cell surface (Fig. 44). Interestingly, when we replaced in these
experiments Igf-wt with the Igf-C135S mutant or the double-
mutant IgB-QP/AA with the triple-mutant IgB-CQP/SAA, the
BCR assembly was more strongly affected. In particular, the
combination of the Iga-EP/AA mutant with either the IgB-wt or
the Igf-C135S mutant showed a reduced BCR expression on the
S2 cell surface only in the latter case, indicating that the disulfide
bond between Iga and Igp supports BCR assembly. The statistical
analysis of repeated S2 experiments confirmed these conclusions
and also showed that the Igo/Igp disulfide bond is more important
for the stability of the IgD-BCR than the IgM-BCR (Fig. 5B). This
is in agreement with previous finding that mIgD associates with
Igo/IgP heterodimer mainly through its TM region (5).

Discussion

The molecular interactions that stabilize the BCR complex within
the membrane are currently poorly understood. We here show
that both Iga and Igf carry in their TM sequences a conserved
E/Q-X;o-P motif that is required for the retention of isolated
Iga and Igp proteins in the ER and the stable expression of the
BCR on the cell surface. Furthermore, we show that this motif
is specifically involved in mlIg binding but not in the formation
of the Iga/Igp heterodimer or Igf/Igp homodimer.

The mlg molecule is a symmetric homodimer containing 2
identical mHC. It thus was previously thought that an Iga/Igp
heterodimer is binding to each side of the mIg molecule. How-
ever, this 1:2 model of the BCR complex was discarded after a
biochemical study and a fluorescent spectroscopy study both
supported a 1:1 interaction between the mlg molecule and the

Gottwick et al.

Igo/Igp heterodimer (16, 17). According to textbook drawings of
the 1:1 BCR model, only 1 of the 2 TM-C side of the mHC:mHC
homodimer is interacting with the Igo/Igp heterodimer (24). This
asymmetric binding of Iga/Igp to the symmetric mIg molecule is
an unsolved problem of this model. The TM-C side of the pmHC
and the SmHC both contain a Y18-S19 aa pair (Fig. 64) required
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Fig. 5. The disulfide bond between Iga and Igp plays a supportive role in
BCR assembly. (A) Flow cytometry analysis of the expression of NIP-specific
IgM- or IgD-BCR on the surface of S2 cells transfected with plasmids encoding
migM or migD and the indicated wt and mutant forms of Iga and IgB. Gray:
GFP— untransfected cells; Red: GFP+ transfected cells. (B) Quantified BCR sur-
face expression results presented as a bar graph. Data represent the mean and
SE of a minimum of 3 independent experiments.
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for the binding of the Igo/Igp heterodimer (9, 10). One thus
should assume that both mHCs of the mIg molecule are involved
in Igo/Igp binding and we suggest here that this is indeed the
case. The Iga and IgBf TM sequences most likely cross the lipid
bilayer as an o-helix (25). Interestingly, the residues of the
conserved E/Q-X;(-P motif of Iga and Igp are situated all on one
side of such an a-helix (Fig. 6B). This side contains 12, I3, L.20,
and L21 (numbered from the start of the TM region) and 4 other
conserved aa that are found in both the Iga and Igf TM se-
quence. Thus, the TM o-helixes of Iga and Igp have both a
conserved side (here referred to as aTM-C and pTM-C) whose
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Fig. 6. Models of BCR complex assembly and BCR dimer formation. (A)
Scheme of the TM a-helix of pmHC and 8mHC. Amino acids are indicated by
single-letter code in circles with different shades indicating their properties.
Hydrophobic, polar, positively charged and negatively charged aa are
marked with green, yellow, red, and blue, respectively. Proline is marked
with light gray. The tyrosine and serine residues known for interacting with
Iga and Igp are highlighted by red color and big size. (B) Scheme of the TM
a-helix of Iga and IgB. Amino acids are indicated by single-letter code in
circles with different shades indicating their properties. The residues of the
conserved E/Q-X1o-P motif of Iga and Igp are highlighted by red color and big
size. (C) Schematic drawing of the symmetric arrangement of the 4 TM re-
gions of one BCR complex. Amino acids involved in the TM interactions are
highlighted. (D) Schematic drawing of the BCR complex, showing that the
extracellular Ig domains of Iga and IgB are in tight contact to form the
disulfide bond (red line). (E) Schematic drawing showing that the extracel-
lular disulfide bond (red dashed line) linked Iga and Igp tilt their TM region
and resulted in the exposure of the TM-S side of mHC to the lipid environ-
ment of the plasma membrane. (F) Schematic drawing showing that BCR
forms dimers through the interaction between the exposed TM-S side.
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aa composition is nearly identical between these 2 different
proteins. It is thus feasible that «TM-C and pTM-C each inter-
acts with one TM-C side of the mIg molecule thus forming inside
the membrane a symmetric Iga-mHC:mHC-IgB complex (Fig.
6C). According to this model, the charged E6 of Iga and the
polar Q6 of Igp (numbered from the start of the TM region)
would interact with a polar patch comprising T4 and T7 of mHC
whereas P17 of «aTM-C and pTM-C would be in close contact
with Y18 and S19 of the TM-C sides of the mHC:mHC homo-
dimer. Thus, amino acids whose mutation in their respective
protein results in the disruption of the BCR complex are conju-
gated in this model. It is satisfactory to see that according to this
symmetric model most charged or polar aa of the TM domains of
the BCR complex are interacting with each other and thus are
shielded from the hydrophobic environment of the plasma mem-
brane. Furthermore, the alignment of P17 with Y18 suggest that
these 2 conserved aa interact with each other via an aromatic
proline interaction (26, 27).

The extracellular Ig domain of Iga and Igf are covalently
bound to each other by a disulfide bridge (3, 4). Based on the
crystal structure of the Igf/Igp homodimer, a 3-dimensional
model of the extracellular part of the Igo/Igp heterodimer was
generated. It shows that the cysteines forming the disulfide
bridge are situated in the middle of the respective Ig domain (4).
Thus, whereas inside the membrane Iga and Igp are separated
from each other by the mHC:mHC homodimer, extracellularly
they form a tight complex (Fig. 6D). We think that this feature
implies that the TM regions of the Iga-mHC:mHC-Igp complex
are tilted in a way that allows the extracellular part of Iga and Igp
to move close together (Fig. 6F). In such a tilted structure, the
TM-S side of the mHC homodimer would be more exposed to
the lipid environment and this could promote a dimerization of
the BCR complex that we previously described (12, 16). According
to this model, it is the rotation and the shielding of the TM-S side
from the lipid bilayer that stabilizes a symmetric, dimeric BCR
structure (Fig. 6F). In favor of this model is the phenotype of a
mutant IgD-BCR carrying several aa alterations at the TM-S side
of the 8m TM region and lacking the disulfide bridge between Iga
and Igp. This hyperactive SmTM-S/Iga-S mutant still forms an
IgD-BCR complex but no longer a BCR dimer and is not stably
expressed on the B cell surface (12). It is thus likely that TM re-
gions of the mutant I[gD-BCR are reorganized, preventing a closed
autoinhibited BCR dimer conformation. A similar reorganization
of the TM regions may occur upon the binding of an antigen to the
BCR that according to the DAM hypothesis involves the opening
of the BCR dimer (28). The reorganization of the TM regions
upon BCR dissociation may induce a conformational change that
is transmitted across the membrane to the cytoplasmic tail of Iga
and Igp, thus increasing the accessibility of the ITAM sequences to
cytosolic kinases such as Syk. The evolutionary high conservation
of the TM regions of the BCR complex may thus be important
not only for the stabilization of the dimeric BCR but also for its
activation.

According to the symmetric Iggo-mHC:mHC-Igf TM model,
the TM-C side of Iga and Igf are nearly equivalent in their
binding to the mHC:mHC homodimer. It thus should be feasible
that the Igp:Igp homodimer also binds to the mIg molecule and
promotes the expression of a BCR complex on the cell surface,
but this is not the case (22). This feature suggests that Iga plays a
more important role in the binding of the mIg molecule than Igf.
Indeed, our mutational analysis showed that the IgM-BCR ex-
pression is more affected by the Iga-EP/KA than the Igp-QP/KA
(Fig. 44), and the same is true for the AA mutations of the E/Q-
X10-P in the absence of an Igo/Igp stabilizing disulfide bond (Fig.
5A). One explanation for this may be that the E6 at the aTM-C
side promotes stronger mHC binding than the Q6 at the fTM-C
side. More likely, however, is that the extracellular Ig domain of
Iga has a more extended interface and stronger binding to the
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mlg molecule than that of IgP. This notion is supported by the
finding that N-linked glycosylation sites in the Ig domain of Iga
are affected by the binding to different mlg classes (29, 30).

Recently, a molecular dynamics simulation technique was used
to generate a structural model of TM region interactions within
the IgM-BCR complex (31). This study also supports a 1:1 stoi-
chiometry of the BCR complex but the TM region interaction
model suggested by this study is not in line with our mutational
analysis. Most importantly, that model failed to identify the con-
served aTM-C and PTM-C sides of the Iga/IgB heterodimer and
does not contribute a special role of the E/Q-X;,-P motif for the
interaction with the TM-C region of the mHC molecule. A reso-
lution of this conflict has to await the generation of a cryo-EM
structure of the complete BCR complex.

Materials and Methods

Cells and Cell Culture. Drosophila Schneider (S2) (a gift from K. Karjalainen,
NTU Singapore) were cultured in S2 Drosophila medium (Invitrogen) and
transfected using FUGENE HD (Roche) as described (21).

The 3046 (Iga'~SIp65~") pro-B cells were maintained and transfected as
described previously (12). Retroviral transfection of the 3046 cells were per-
formed as previously described (32). In brief, Phoenix cells were transfected
using PolyJet DNA in vitro transfection reagent following the manufacturer’s
protocol (SignaGen Laboratories). Retrovirus-containing supernatants were
collected 48 h after transfection and used for transduction.

Generate the 30464-KO Pro-B Cells by CRISPR/Cas9. CRISPR/Cas9 KO plasmids
for murine Igp were purchased from Santa Cruz. The KO plasmids were
delivered to the 3046 cells using the Neon transfection system (Invitrogen).
For 1 reaction, 1 million cells were resuspended with 100 pL transfection
medium containing 20 mM Hepes (Gibco) and 1.25% DMSO (Sigma) in RPMI
medium (Gibco) and then mixed together with 4 pg of KO plasmid. The cells
were then transfected using a single pulse at 1,350 V, with a 30 ms pulse
width. The transfected GFP+ cells were single sorted into 96-well plates 24 h
to 48 h posttransfection. The single sorted cells were cultured in 96-well
plates for 10-14 d and then transferred to larger wells for expansion.
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Inactivation of the target gene was verified by Western blot and/or geno-
typing. The resulted KO cells were maintained and transfected as described
for 3046 cells.

Plasmids and Mutagenesis. The vectors for the expression of the BCR com-
ponents in Drosophila S2 cells and 3046 pro-B cells were described previously
(12). Site-directed mutagenesis is achieved using the Quikchange site-directed
mutagenesis kit (Stratagene) following the manufacturer’s instructions, and
the introduced mutations were verified by sequencing.

Western Blotting. Cells were collected and lysed as described (14). Cleared
lysates were boiled in Laemmli buffer for 5 min and aliquots equivalent to
1 x 10° cells were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and Western blotted using Odyssey (Licor). The following
antibodies were used for Western blot: anti-Flag (Mouse, M2, Sigma-
Aldrich), anti-HA (Rat, 3F10, Roche), Alexa Fluro 680 Goat anti-Mouse IgG,
Alexa Fluor 680 Goat anti-Rat 1gG (Invitrogen) and IRdye 800 Goat anti-
Mouse 1gG, IRdye 800 Goat anti-Rat 1gG (Licor).

Flow Cytometry. For flow cytometry analysis of BCR component surface ex-
pression, cells were stained with anti-Flag APC (1:100, BioLegend) for the
Flag-tagged Iga, or anti-HA PE (1:100, BioLegend) for the HA-tagged Igp, or
anti-lgM APC (1:100, eBioscience), or 1NIP-pep (200 nM, custom order from
IRIS Biotech) (12, 33), and measured with LSRIl or LSRFortessa (BD Biosci-
ences) or Attune NxT (Thermo Fisher) flow cytometer. Data were exported in
FCS-3 or FCS-3.1 format and analyzed with FlowJo software (TreeStar).

Data Processing and Statistical Analysis. Means and SEM from a minimum of 3
independent experiments were used for plotting with Prism software
(GraphPad). To determine differences between data sets, a 2-tailed unpaired
t test was performed. P values for each test are given in the figure.
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