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Oligomeric organization of the B-cell antigen receptor

on resting cells

Jianying Yang' & Michael Reth!

B lymphocytes are activated by many different antigens to produce
specific antibodies protecting higher organisms from infection. To
detect its cognate antigen, each B cell contains up to 120,000 B-cell
antigen receptor (BCR) complexes on its cell surface. How these
abundant receptors stay silent on resting B cells and how they can
be activated by a molecularly diverse set of ligands is poorly under-
stood'. Here we show, with the use of a quantitative bifluorescence
complementation assay (BiFC)>?, that the BCR has an intrinsic
ability to form oligomers on the surface of living cells. A BCR
mutant that fails to form oligomers is more active and cannot be
expressed stably on the B-cell surface, whereas BiFC-stabilized
BCR oligomers are less active and more strongly expressed on
the surface. We propose that oligomers are the autoinhibited form
of the BCR and that it is the shift from closed BCR oligomers to
clustered monomers that drives B-cell activation in a way that is
independent of the structural input from the antigen.

The BCRs of all major immunoglobulin classes (IgM, IgD, IgG, IgE
and IgA) form a complex comprising the transmembrane-bound
immunoglobulin (mlg) molecule and the Igo—IgP heterodimer sig-
nalling subunits*. The cytoplasmic tails of Igat and Igf both contain
an immunoreceptor tyrosine-based activation motif (ITAM) with
tyrosine residues that are phosphorylated by the protein tyrosine
kinases Lyn and Syk®. Because the BCR is not activated by soluble
monovalent ligands, the current model of BCR activation entails
crosslinking of at least two BCR complexes that results in the recip-
rocal phosphorylation and activation of ITAM-bound kinases lead-
ing to BCR activation. However, on closer examination, the
crosslinking model has several problems. First, the monomeric
BCR complex contains two ITAMs (that of Igo and IgP) and thus
could place two associated kinase molecules in close proximity to
each other without crosslinking. Second, the BCR is activated by
structurally highly diverse ligands, which would not always be
expected to place the two BCR monomers in the right conformation
for reciprocal kinase phosphorylation. Third, this model does not
attribute any role to the evolutionarily highly conserved amino acids
in the transmembrane region of the mIg molecule apart from those
involved in the binding of the Igo—Igf heterodimer. In a biochemical
study, we previously detected oligomeric forms of the BCR and sug-
gested that it is the opening of closed BCR oligomers by antigen
rather than crosslinking that results in BCR activation"®. This model
was challenged by a fluorescence resonance energy transfer (FRET)
study with yellow fluorescent protein (YFP)-tagged and cyan fluor-
escent protein (CFP)-tagged BCR components, concluding from the
low Igo:Igo FRET value that the BCR on living cells is a monomer”?.

To show that the BCR has an oligomeric organization on living
cells, we first chose a synthetic biology approach, namely rebuilding
the BCR in S2 Drosophila Schneider cells’ and monitoring the recep-
tor with the BiFC method**. A BCR s efficiently transported onto the

S2 cell surface only if all of its four components (membrane-bound
heavy chain (mHC), lambda light chain (A-LC), Igo and Igf pro-
teins) are expressed together (Supplementary Fig. 1). Thus, the qual-
ity control of the endoplasmic reticulum seen in B cells is also active
in S2 cells. In all our experiments we expressed BCR specific for the
hapten 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP). The BiFC
method monitors the dimerization of tagged proteins by means of
the assembly of a complete YFP (cYFP) domain from the amino-
terminal and carboxy-terminal half-domains of YFP (YN) and CFP
(CC), respectively. To monitor the proper assembly and expression
of the Iga—Igp heterodimer in living S2 cells, we co-expressed trun-
cated forms of Iga and IgP carrying the YN and CC half-domains,
respectively instead of a C-terminal tail. After 12 h of co-expression of
the BCR components, we detected the cYFP fluorophore at the
plasma membrane, indicating that the co-expressed Iga-YN and
IgB-CC proteins formed a stable dimer that was transported as part
of the BCR onto the S2 cell surface (Fig. 1a and Supplementary Fig.
2a). To test for the formation and localization of a BCR oligomer, we
expressed the mIgM molecule in combination with wild-type (WT)
IgP and two forms of truncated Igo carrying either the YN or the CC
half-domain at the C terminus. In this experiment we also found an
efficient accumulation of the cYFP chromophore at the plasma mem-
brane, indicating a stable expression of an oligomeric BCR complex on
the S2 cell surface (Fig. 1b and Supplementary Fig. 2b). As a negative
control for these experiments, we co-expressed an IgM-BCR complex
containing the Iga-YN protein together with a chimaeric CD8 mole-
cule carrying the CC half-domain as its cytosolic tail. S2 cells co-
expressing these proteins formed only a small amount of the cYFP
fluorophore. However, at the observed time point, the Igo-YN-CD8-
CC complexes formed did not accumulate at the S2 cell surface
but were retained inside intracellular compartments (Fig. 1c¢ and
Supplementary Fig. 2c¢). This experiment was also conducted in
B cells with the same results. Only Igo-YN-Igo-CC-containing BCR
oligomers, but not Iga-YN-CD8-CC-containing heterocomplexes,
were stably expressed on the B-cell surface (Supplementary Fig. 3).
Once the fluorophore has formed, the YN and CC half-domains
are covalently bound to each other. The assembly of the cYFP domain
is thus an irreversible process. Given enough time, a cYFP domain
could form even between low-affinity or non-specific binding part-
ners’. We therefore expressed the BCR for only 6 h under inducing
conditions (0.1 mM CuSO,) to avoid overexpression (Supplemen-
tary Fig. 4). To quantify the formation of cYFP within BCR com-
plexes, we developed a new method based on the immunoprecipita-
tion of multiprotein complexes detected by flow cytometry (IP-
FCM)'. For this, we used latex beads coupled with the antigen
NIP(15)-BSA to purify the NIP-specific BCR complexes from serial
dilutions of digitonin lysates of the transfected S2 cells (Fig. 1d).
Using phycoerythrin (PE)-labelled anti-Flag antibodies binding to
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Figure 1| BCR oligomers on S2 cell surface detected by BiFC and IP-FCM.
a—c, S2 cells co-expressing the indicated receptor components for 12 h were
harvested and analysed for the formation and localization of the cYFP
domain by confocal microscopy. a, Localization of the Igo/Igf heterodimer
in S2 cells co-expressing the mIgM molecule, the YN-tagged Igo (Igo-YN)
and the CC-tagged Igf (IgB-CC). b, Localization of BCR oligomers in S2 cells
co-expressing the mIgM and Igf molecules as well as Igo-YN and a CC-
tagged Igo (Iga-CC). ¢, Localization of heterologous BCR—CDS8 protein
complexes in S2 cells co-expressing the mIgM and IgP molecules together

a Flag tag at the N terminus of Igo, we used flow cytometry to
measure the total amount of bound BCR and the protein—protein
interaction within or between BCR complexes by means of the cYFP
fluorophores formed (Fig. 1e). The mean fluorescence intensity of PE
and YFP at different dilutions was then used to calculate the BiFC
efficiency (Fig. 1f).

The formation of the Igo-YN—IgB-CC heterodimer in the IgM-BCR
complex serves as a positive control in this analysis and we set its level of
cYFP formation as 100% BiFC efficiency. High BiFC efficiency (about
50% to 70%) was also detected for the oligomerization of both the
IgM-BCR and the IgD-BCR (Fig. 1g, h). The formation of the aberrant
BCR-CD8 complex that is not expressed on the cell surface has a low
(less than 15%) BiFC efficiency for both the IgM—BCR and the IgD—
BCR. Note that in the Iga-YN-IgB-CC heterodimer, the (YN:CC)
BiFC pairs are always placed next to each other, whereas BCR homo-
dimers can also carry (CC:CC or YN:YN) pairs, which cannot make the
complementation (Supplementary Fig. 2d). This explains the
decreased (about 50%) BiFC efficiency of BCR oligomerization and
may also be one of the reasons for the low FRET between BCRs con-
taining Igo—YFP and Igo—CFP on the B-cell surface’.

To confirm that the formation of the Iga-YN-Iga-CC dimer mea-
sured by microscopy and IP-FCM reflects the interaction between
fully assembled BCR complexes rather than the dimerization of unas-
sembled Igo, we co-expressed Igo-YN and Igo-CC with mlg in the
absence of Igf. In this case, the cYFP signal was retained inside the cell
and no BiFC signal was detected by the IP-FCM method

2

Igo-YN + CD8-CC

. . . .

NATURE

g +

ag-PE

migM + Igo-YN migD + Igo-YN
120 120
B S
3 )
'5 80 .5 80
© ©
© ©
g 40 g 40
@ o
0 0 £
& L & &
F ¢ § F ¢

with Iga-YN and a CC-tagged CD8 molecule (CD8-CC). d, Schematic
drawing of the application of IP-FCM. e, An overlay of the FACScan analysis
of the NIP(15)-BSA-coupled latex beads incubated with a series of five
twofold dilutions of cell lysates after staining. f, An example of quantifying
the BiFC efficiency by IP-FCM. For each sample, data from three
independent experiments are shown (in red, green and blue, respectively).
8, h, BiFC efficiency between the indicated partners in S2 cells expressing
IgM-BCR (g) or IgD-BCR (h) complexes. Data are shown as means and
s.e.m. for four independent experiments.

(Supplementary Fig. 5). In addition, by conducting a multicolour
BiFC assay'', we showed that Igo-YN-Iga-CC complexes forming
before the full assembly of the BCR were mostly retained inside the
cells and were hardly detected by the IP-FCM assay (Supplementary
Fig. 6). From this experiment we conclude that the observed high Iga-
YN-Igo-CC BiFC efficiency indicates BCR oligomerization on the
surface of living cells. A control supporting this conclusion was our
finding that the cYFP fluorophore did not form in the cell lysates of the
transfected S2 cells or on the latex beads (Supplementary Fig. 7).
Having developed a quantitative assay to monitor BCR oligomer-
ization on living S2 cells, we employed this method to identify
mutants that were defective in this process while still allowing the
assembly of a BCR complex. The transmembrane part of mHC of
different classes is highly conserved and is likely to form an o-helix
with two functionally distinct sides'. One side (TM-C) is conserved
in all mHC classes and contains amino acids that bind to the trans-
membrane regions of the Igo—IgB heterodimer. The second side
(TM-S) is class specific. Simultaneous mutation of six amino-acid
residues on the dm (membrane-bound d HC) TM-S side including all
hydrophilic residues (dmTM-Smut) resulted in a reduction of the
IgD-BCR oligomers to dimers as detected by a native gel analysis®.
This finding suggests that the TM-S side of dm is involved in BCR
oligomerization. However, a comparison of IgD-BCR complexes
containing either the WT or dmTM-Smut in the S2 system did not
show a difference in the BiFC efficiency of either Igo—IgP hetero-
dimerization or BCR dimerization (Fig. 2a). This result is explained
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Figure 2 | A double-mutant IgD-BCR complex without oligomerization.

a, b, BiFC efficiency between the indicated partners in S2 cells expressing the
IgD-BCR complex containing either WT or mTM-Smut with YN-tagged
WT (a) or mutant (b) Igo. ¢, Comparison of the amount of BCR on the
surface of S2 cells expressing WT, single-mutant or double-mutant
IgD-BCR complex. d, Comparison of the phosphorylation of IgD-BCR
expressed on the S2 cells, with or without the co-expression of Lyn and Syk
kinases. The phosphorylation level was measured by IP-FCM and is
represented as a phosphotyrosine (pY)/Iga ratio. e, Comparison of the
amount of BCR on the surface of S2 cells expressing IgD-BCR complexes
with or without the co-expression of the kinases. Data are shown as means
and s.e.m. for three independent experiments. Significant differences
between samples: three asterisks, P < 0.0001. f, Sequence of dm
transmembrane region; the mutation sites are indicated.

by the fact that the TM-S mutated BCR still can form dimers; we
therefore searched for additional mutations of BCR components
that, in combination with the SmTM-S mutation, would comprom-
ise dimer formation.

One of the mutations we tested was a cysteine-to-serine exchange
in the linker region of Iga (IgaS), preventing the formation of a
covalent disulphide bridge between the Iga protein and the IgP pro-
tein'?. This mutation, which probably makes the Igo—Igp heterodi-
mer more flexible, did not change the BiFC efficiency of Iga—IgP
heterodimerization or its incorporation into IgD-BCR complexes
containing either WT or TM-Smut dm chains (compare Fig. 2a with
Fig. 2b). However, the BiFC efficiency of BCR oligomerization
dropped drastically from 50% for the WT or single-mutant IgD—
BCR to 5% for the double-mutant IgD-BCR complex (Fig. 2b). A
fluorescence-activated cell sorting (FACS) analysis showed that 6h
after induction of receptor expression, WT, single-mutant or double-
mutant IgD-BCR complexes were found in similar amounts on the
S2 cell surface (Fig. 2¢). Furthermore, in a kinetic study, we did not
find any significant difference in the transport of WT or double-
mutant IgD-BCR to the cell surface (Supplementary Fig. 8). This
indicates that the double mutant can efficiently form an IgD-BCR
complex although no BCR oligomers.

We next examined whether the defect of intrinsic oligomerization
changes the signalling behaviour of the BCR. For this, we expressed WT
or mutant IgD-BCR in S2 cells and monitored their tyrosine phos-
phorylation in the absence or presence of the protein tyrosine kinases
Lyn and Syk by the quantitative IP-FCM assay. In the presence of the
kinases, the double-mutant IgD-BCR showed increased tyrosine phos-
phorylation and decreased expression on the cell surface in comparison
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with WT IgD-BCR (Fig. 2d, e). This shows that BCR complexes with
defects in oligomerization are hyperactive and less stably expressed on
the cell surface. BCR oligomers therefore seem to be an autoinhibited
form of this receptor, the activation of which seem to be accompanied
by conformational changes and an increased accessibility of the ITAM-
containing tails. Such conformational changes have indeed been found
for the T-cell antigen receptor (TCR)">™.

To test for the function of mutant IgD-BCR on the surface of
B cells, we used the mlg-negative and Igo-negative pre-B-cell line
3046 generated from the bone marrow of an Iga and SLP65 dou-
ble-knockout mouse™. The 3046 B cells were first transfected with
retroviral vectors coding for the A-LC and the dm-HC (either WT or
dmTM-Smut). Those 3046 B cells producing an mIgD molecule were
further transfected with a vector coding for either the Igoo WT or the
IgolS mutant. In the absence of Iga: protein, the mIgD molecules (WT
and mutant) were not expressed on the 3046 B-cell surface (Fig. 3a,
left panels). The restoration of Iga expression allowed the assembly
and stable expression of a WT or single-mutant IgD-BCR complex
on the 3046 B-cell surface (Fig. 3a, middle panels). However, the
double-mutant (IgaS + dmTM-Smut) IgD-BCR complexes were
expressed only at a lower level on the 3046 B-cell surface (Fig. 3a,
lower right panel).

The decreased expression of double-mutant IgD-BCR on 3046
Bcells could be due either to inefficient assembly or to increased
internalization of this receptor. To study this in more detail, we
developed an internalization assay employing a fluorescent peptide
carrying only one NIP group (1NIP-peptide; Supplementary Fig. 9a).
The INIP-peptide was efficiently bound by the NIP-specific BCR
without stimulating it and this binding could be abolished by the
free hapten NIP-CAP (Supplementary Fig. 9). To test for constitutive
or induced internalization, we exposed B cells expressing either the
single-mutant or double-mutant IgD-BCR to the 1NIP-peptide for
3 min in the absence or presence of anti-IgD antiserum. After this
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Figure 3 | Monomeric BCR is not stably expressed on the B-cell surface.
a, FACScan analysis of the expression of IgD-BCR complexes on the surface
of 3046 B cells transfected with retroviral vectors that encode A-LC and the
indicated WT or mutant forms of dm HC and Iga. b, Comparison of the BCR
internalization of 3046 B cells transfected with retroviral vectors that encode
A-LC, SmTM-Smut HC and the indicated WT or mutant Igo, with or
without stimulation. The amount of internalized BCR is represented as a
percentage of the amount of the surface BCR after 3 min of internalization.
Data are shown as means and s.e.m. for four independent experiments.
Significant differences between samples: three asterisks, P < 0.0001.

¢, FACScan analysis of the expression of IgD-BCR complexes on the surface
of 3046 B cells transfected with retroviral vectors that encode A-LC, SmTM-
Smut HC and the indicated Igo. mutant fusion proteins. The grey area
represents data from cells without Iga. Data are representative of three
independent experiments.
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Figure 4 | Oligomeric BCR is highly expressed and autoinhibited.

a, b, Schematic diagrams and representative confocal microscopy images
(a) and FACScan analysis (b) of the expression of IgD-BCR complexes on
the surface of 3046 B cells transfected with retroviral vectors encoding A-LC,
dm-HC and the indicated Igo fusion proteins. The grey area represents data
from cells without Igo. Data in b are representative of three independent
experiments. ¢, Calcium flux measured by FACScan for cells expressing
IgD-BCR containing Igo—YFP or Igo-CC-Iga-YN after stimulation of the
NIP(15)BSA antigen (Ag) at2 or 20 ngml !, Data are representative of three
independent experiments. d, Schematic drawing of the dissociation
activation model.

time we removed the 1NIP-peptide still bound to the surface with
free hapten and measured the internalized peptide in a FACScan.
This study shows that, in comparison with the single mutant, the
double-mutant BCR has an increased constitutive and anti-IgD-
induced internalization rate (Fig. 3b).

The BiFC technique can be used not only to monitor receptor
dimerization but also to stabilize receptor dimers. However, the latter
method requires the constitutive expression of the reaction partners.
Under these conditions we showed that the formation of an IguS-
YN-IgB-CC heterodimer (Supplementary Fig. 10) or an IgaS-YN—
IgaiS-CC homodimer (Fig. 3¢) could, to a certain extent, restore the
expression of a double-mutant IgD-BCR on the B-cell surface. In
these experiments we used as control an Igo—YFP fusion protein that
also lacked the Igo tail but could not participate in the BiFC reaction.
Replacing the WT Igo with this Igo—YFP did not change the surface
expression of the IgD-BCR (Supplementary Fig. 11). A direct com-
parison of unmutated IgD-BCR complexes containing either Igo—
YFP or the BiFC-stabilized Igoi-YN-Igo-CC homodimer showed that
the latter expressed larger amounts of IgD-BCR on the cell surface
(Fig. 4a, b). However, in spite of its increased expression on the B-cell
surface, the BiFC-stabilized IgD-BCR showed a decreased calcium
response at low doses of antigen (Fig. 4c) and was also less well
internalized than the Igo—YFP containing IgD-BCR (Supplemen-
tary Fig. 12). This shows that BiFC-stabilized IgD-BCR oligomers
behave completely differently from antigen-induced BCR clusters. It
is therefore feasible that the former mimic the proposed autoinhib-
ited BCR oligomers (Fig. 4d).

Currently, the BCR is studied mostly in its active state, whereas little
is known about the conformation of the BCR before its exposure to

4

NATURE

antigen. Using a new quantitative BiFC method, we found that in the
absence of antigen, the IgM-BCR and IgD-BCR have an intrinsic
ability to form oligomers on the surface of living S2 or Bcells. A
double-mutant IgD-BCR defective in BCR oligomerization but not
in BCR assembly and transport was more readily phosphorylated and
had an increased internalization rate. Our finding that a monomeric
BCR was not stably expressed on the B-cell surface and was more
active than an oligomeric BCR calls into question one of the major
assumptions of the crosslinking hypothesis, namely that resting B cells
express large amounts of signalling-inert monomeric BCR on their
surface. Oligomeric forms have been found for the TCR'®, and a recent
study suggests that on resting T cells the TCR is preclustered and
confined in lipid islands". Similar structures have also been found
on B cells" and it is feasible that BCR oligomerization is required for
its retention in such lipid islands. Furthermore, it has been shown that
on resting B cells the BCR is associated with the cytoskeleton'.

The oligomeric organization of the BCR on the membrane of
living cells suggests that it is more the dissociation than the aggrega-
tion of the BCR that drives B-cell activation. We propose a new
dissociation activation model for BCR activation (Fig. 4d).
According to this model, most of the BCRs on resting B cells form
closed autoinhibited oligomers and the few BCR monomers that exist
in an open, active conformation may provide a tonic survival sig-
nal***'. In the presence of antigen, the oligomer/monomer equilib-
rium of the BCR is shifted towards the more active monomer for
signalling. Only a polyvalent antigen can keep the bound BCR mono-
mers apart so that they can no longer form a closed oligomer. Because
this (keeping-apart) function does not require a precise spacing of
antigenic epitopes, it explains why so many structurally different
soluble or membrane-bound antigens can activate the BCR*>**. We
think that the dissociation activation model explains the existing
experimental data better than the crosslinking model. We hope that
this improved model will suggest experiments that will finally result
in a more profound understanding of BCR activation and a better
treatment of immune diseases, particularly those that are caused by a
hypoactive or hyperactive BCR**".

METHODS SUMMARY

Drosophila S2 cells (Invitrogen) and 3046 (Ig-o. ' SIp65 ') pre-B cells were
propagated and transfected (see complementary vectors described in Methods)
as described previously”'>".

Transfected S2 cells were fixed 12h after induced protein expression and
mounted on slides (Marienfeld) before being imaged with a Zeiss 510 Meta
confocal microscope (Carl Zeiss).

For quantitative IP-FCM, S2 cells were lysed with digitonin lysis buffer after 6 h
of induced expression®. Five twofold serial dilutions of each cell lysates were
immunoprecipitated by NIP(15)-BSA-coupled latex beads. After being washed
with PBS, the beads were stained with antibodies and subjected to FACScan.
Samples with single staining were used to calculate the crosstalk between the
fluorophores, and the data were corrected for the crosstalk before further analysis.

Cell-surface expression of the reconstructed BCRs was measured by FACScan on
an LSRII system (Becton Dickinson) after being stained. Calcium measurements
were performed as described. Calcium flux was also measured with the LSRIL

Surface BCR internalization was determined by culturing the cells with 1NIP-
peptide (IRIS Biotech) for 3min. Surface-BCR-bound INIP-peptide was
removed from the surface by incubating the cells with excess free hapten, and
the internalized peptides were then measured by FACScan on LSRII.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Plasmids and retroviral vectors. The vectors for the expression of the BCR
components in Drosophila S2 cells were described previously’. To construct
the expression vector for the BiFC assay, DNA fragments coding for the
N-terminal half (residues 1-172, YN) and the C-terminal half (residues 155—
238, CC) of venus (Clontech) and eCFP (Clontech), respectively, were first
amplified by PCR and cloned into the BamHI/Sall site of the S2 cell vector
pRmHa-3 (ref. 9). A synthesized DNA fragment encoding the short linker
sequence RSIATRS was then inserted into the BamHI site upstream of the YN
or CC coding sequence. Finally, the sequence encoding a Flag-tagged Igo (resi-
dues 1-169), or haemagglutinin-tagged Igf (residues 1-191) or CD8a. (residues
1-219) was amplified by PCR and inserted upstream of the liner.

To perform the BiFC assay in B cells, we used the 3046 pre-B-cell line with
retroviral expression vectors as described previously®'. Sequences encoding the
BiFC plasmids were amplified by PCR and cloned into the respective retroviral
vectors carrying different selection markers after the internal ribosome entry site
(IRES). For the YFP-tagged Iga,, DNA fragments coding for venus (Clontech)
were first amplified by PCR and cloned into the BamHI/Sall site of the S2 cell
vector pRmHa-3. A synthesized DNA fragment encoding the short linker
sequence RSIATRS was then inserted into the BamHI site upstream of the venus
coding sequence. Then, the sequence encoding a Flag-tagged Iga (residues
1-169) was amplified by PCR and inserted upstream of the liner. Finally, the
resulting sequence encoding Igo—YFP fusion protein was amplified by PCR and
cloned into the respective retroviral vectors.

For the reconstitution of the BCRs in 3046 pre-Bcells, we used retroviral

expression vectors as described previously”'. Sequences encoding SmTM-Smut
and Ig-aS were amplified by PCR and cloned into the respective retroviral
vectors.
Cell culture and transfection. For transient transfection, 3 X 10° Drosophila S2
cells from an exponentially growing culture were cultured for 24 h in 24-well
plates. The different plasmids were mixed (0.1 pg of each plasmid with the
exception of the plasmid encoding the heavy chain, of where we used 0.15 pig)
and diluted in 40 pl of serum-free medium. The amount of DNA was equalized
with the empty vector pRmHa-3. After the addition of 40 pl of serum-free
medium containing 3 pl of CellFectin (Invitrogen), the vector DNA was incu-
bated for 10-15min at 25 °C. The mixture was then adjusted to 250 ul with
serum-free medium and added to cells previously washed with serum-free med-
ium. After incubation for 18 h, the solution was replaced with 1 ml of medium
and the cells were cultured for a further 24 h. Plasmid encoding GFP was co-
transfected when determination of the transfection efficiency was needed. For
induction of gene expression, CuSO, was added to the culture at a final concen-
tration of 1 mM for 12h (for microscopic analysis) or 0.1 mM for 6h (for
quantitative BiFC with IP-FCM and FACScan analysis of cell surface expression)
before collection of the cells.

The 3046 (Ig-0 '~ SIp65~' ") pre-B cells were maintained and transfected as

described previously®'.
Quantitative IP-FCM. Carboxylate Modified Latex (CML) beads with a dia-
meter of 6 um (Interfacial dynamics) were coupled with NIP(15)-BSA
(Biosearch Technologies) in accordance with the manufacturer’s instructions.
For measuring the BiFC efficiency, 10° S2 cells were washed once with PBS and
lysed in 150 ul of 1% (v/v) digitonin lysis buffer®. Cell lysates were diluted with
PBS in a U-form 96-well plate (Greiner Bio-one) and five twofold serial dilutions
were made for each sample (Fig. le). To each dilution, 5 X 10° NIP(15)-BSA-
coupled CML beads were added and incubated for 1 h at 4 °C. After being washed
with PBS, the beads were stained with anti-Flag—PE antibody (1:100 dilution;
Martek) for 15 min on ice and washed once with PBS. The amount of bound
antibody and cYFP was measured in the FACScan. For measuring the ITAM
phosphorylation, transfected S2 cells were lysed with digitonin and the BCR in
the lysate was purified on NIP(15)-BSA-coupled CML beads with the same
method. The beads were then stained with fluorescein isothiocyanate (FITC)-
conjugated anti-phosphotyrosine antibody (4G10-FITC; 1:100 dilution;
Upstate) to determine the phosphorylation level and with anti-Flag—allophyco-
cyanin (APC) antibody (1:100 dilution; PerkinElmer) to determine the amount
of BCR.

nature

To quantify the IP-FCM data, FACS experiments were performed with the
LSRII system (Becton Dickinson) and data were exported in FCS-3 format and
analysed with Flowjo (Tree Star) software. Samples with single staining were
used to calculate the crosstalk between the fluorophores; data were corrected for
crosstalk before further analysis. To measure the BiFC efficiency, for each sample
the mean fluorescence intensities of cYFP were plotted against the mean fluor-
escence intensities of anti-Flag—PE from its five dilutions (Fig. 1f). Although
standard controls for quantifying each fluorophore were not available for each
sample, one can clearly see a linear relationship between the two fluorophores
(Fig. le, f), which measures the amount of total bound BCR and complemented
cYFP, respectively. In this way, the BiFC efficiency can be quantified by fitting the
data with a linear regression by using Prism (Graphpad) software. The calculated
slopes were then normalized to the slope of the positive control and plotted as a
bar plot with Prism. Similarly, to quantify the ITAM phosphorylation of the
BCR, for each of the five dilutions of the lysate we performed a linear regression
of the mean fluorescence intensity of 4G10-FITC bound to the CML beads
plotted against the mean fluorescence intensity of anti-Flag—APC. Again, all
further analysis was done with Prism.

Surface BCR internalization assay. INIP peptide (H-K(Dylight649)-S-K(NIP)-
GESAG) with more than 95% purity (verified by HPLC) was purchased from
IRIS Biotech. 3046 cells expressing WT or a mutant form of IgD-BCR were
cultured to a concentration of (1-2) X 10° cells ml ™! before the assay. The cells
were first diluted with fresh medium to 10° cells ml ™" and transferred to U-form
96-well plates (Greiner Bio-one). Each well was filled with 200 pl of mixture
(2 X 10° cells). The cells were then cultured in 37 °C incubator for 30 min before
the assay. The cells were kept at 37 °C for 3 min after the addition of 10 ul of the
4uM INIP peptide with or without anti-IgD antiserum (1:5 dilution;
eBioScience), and the cells were collected and kept on ice. After being washed
twice with FACS buffer (0.05% azide, 3% FCS in 1 X PBS), 30 pl of NIP-CAP
(100 uM) was added to the cells for 15 min on ice to remove the INIP peptide
attached to the surface BCR. As control, two wells of the cells without the 3-min
treatment of the peptide were stained with 1NIP peptide (20 pl, 0.2 pM) after the
wash of FACS buffer, and one was also treated with NIP-CAP after the staining to
check the surface BCR expression and the effect of the NIP-CAP. All the cells
were washed again twice with FACS buffer and the internalized 1NIP peptide was
measured by FACS on the LSR II. FACS data were then analysed with Flowjo.
Calcium measurement and flow cytometry. Calcium measurements were per-
formed as described®'. Cells (5 X 10°) were stimulated with 2 or 20 ngml ™"
NIP(15)-BSA. Calcium flux was measured with the LSR II. For FACS analysis
of BCR surface expression in S2 and 3046 cells, cells were stained with anti-Flag—
APC (1:100 dilution; PerkinElmer) for the Flag-tagged Igo, or NIP(15)-BSA-
biotin (1:400 dilution) and streptavidin-PerCP-Cy5.5 (1:200 dilution; Becton
Dickinson) for the NIP-specific mIg, and measured with the LSR II. In certain
cases, INIP peptide (0.2 pm) was used for the surface staining to determine the
expression level of NIP-specific BCR. Data were exported in FCS-3 format and
analysed with Flowjo software.

Data processing and statistic analysis. Means and s.e.m. from three or four
independent experiments were used for plotting with Prism software. To deter-
mine differences between data sets, a one-tailed unpaired ¢-test was performed. P
values for each test are given in the corresponding figure legends.

Imaging. S2 cells were collected and washed with PBS 12h after the induced
expression of the BCR components. Cell pellets were then fixed with 2% para-
formaldehyde (Sigma) and mounted on slides (Marienfeld) with Fluoromount-
G (SouthernBiotech). A Zeiss 510 Meta confocal microscope (Carl Zeiss) was
used for fluorescence microscopy. A Zeiss (Plan-Apochromat) 63X water-
immersion objective lens was used for image acquisition. To reveal the BiFC
in 3046 cells, cells were collected and washed with PBS 12h after retroviral
transfection of the cells with the BiFC plasmids. Cells (10°) were then resus-
pended in 800 pl of PBS buffer and loaded on a 35-mm M-dish (Ibidi). A Zeiss
(Plan-Apochromat) 63X oil immersion objective lens was used for image
acquisition.
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