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Successful B cell activation, critical for high-affinity antibody production, is controlled by the B cell antigen receptor (BCR).
While the main components of the BCR signalling machinery are relatively well characterised, we still lack a comprehen-
sive protein-level view of the very dynamic multibranched cellular events triggered by antigen binding. In this study, we
pioneer usage of APEX2 proximity biotinylation for studying antigen receptor signalling. APEX2 provides critical spatial
and kinetic resolution, 20 nm and 1 min, to trace early protein dynamics upon antigen engagement. We identified a total
of 1677 proteins to locate in the vicinity of APEX2 at the plasma membrane lipid raft domains, where the BCR translocates
upon activation. Our data provides unprecedented insights into the composition of lipid raft environment in B cells and
the dynamic changes triggered upon BCR cross-linking. The data provides new understanding into the behaviour of pro-
teins known to be involved in the proximal antigen receptor signalling, and the simultaneously triggered processes, such
as actin cytoskeleton remodelling and endocytosis. Interestingly, our differential enrichment analysis identified dynamic
responses in various proteins that have not previously been linked to early B cell activation. We validated Golga3 and Vti1b
as novel proteins responding to BCR activation, confirming that our dataset serves as a valuable tool for future studies.
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Introduction

B lymphocytes constitute a critical branch of the
adaptive immune system by differentiating into antibody
producing plasma cells after recognition of specific anti-
gens via their signature B cell receptor (BCR). BCR sig-
nalling is a robust trigger that leads to detectable phos-
phorylation of, for instance, the downstream kinases and
structural cellular processes, like actin cytoskeleton reor-
ganisation and internalisation of the BCR, within minutes
of activation. Numerous studies on BCR signalling have
sketched a picture of a multi-branched signalling network
that triggers not only the signalling cascades to change
the transcriptional program but also other cellular ma-
chineries such as cytoskeleton reorganisation, endocyto-
sis and vesicle transport, as well as protein degradation
(Harwood & Batista, 2010; Kuokkanen et al., 2015; Kwak et al.,
2019). Coordinated engagement of such a vast variety
of, often interlinked, cellular pathways have challenged
our understanding of the early events of B cell activa-
tion. One of the major limitations has been the inability
to study the combinations of cellular changes broadly, yet
with sufficient spatial and temporal resolution. An effi-
cient way to analyse the signalling network and to identify
novel players in given cellular pathways is proteomics.

Quantitative mass spectrometry (MS)-based proteomics
has previously been employed to study BCR signalling.
For instance, Satpathy and colleagues used affinity purifi-
cation to study the dynamics of BCR interactions upon
stimulation with biotinylated anti-IgG F(ab´)2 at differ-
ent time points(Satpathy et al., 2015). However, the sam-
ple preparation for traditional proteomic approaches, re-
lying on co-immunoprecipitations or organelle purifica-
tion, occurs in the test tube and, thus, poses significant
challenges in capturing weak or transient protein inter-
actions (Qin et al., 2021). In recent years, proximity la-
belling techniques have become a powerful tool for map-
ping protein-protein interactions in the native cellular en-
vironment. These techniques include antibody-based ap-
proaches, such as EMARS and SPPLAT, the promiscuous
biotin ligases BioID/BirA*, the engineered ascorbate per-
oxidases APEX, and the variants thereof (Bosch et al., 2021;
Samavarchi-Tehrani et al., 2020; Qin et al., 2021). Proximity-
based techniques are typically based on in cellulo biotiny-
lation triggered by enzymes, tagged to a compartment
or protein of interested, that generate short-lived biotin
radicals that mark their immediate molecular environ-
ment. Of these techniques, only SPPLAT (selective pro-
teomic proximity labelling using tyramide) has been suc-
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cessfully applied to the study of BCR interactions, using
anti-IgM-HRP antibodies to capture the proteins proxi-
mal to the BCR clusters in the chicken B cell line DT40 (Li
et al., 2014). However, because SPPLAT relies on subject-
ing living cells to HRP-conjugated antibodies, the biotiny-
lation is thus restricted mainly to the extracellular side of
the plasma membrane, failing to capture the whole com-
plexity of processes triggered inside the cell. BioID and
APEX2, on the other hand, have a biotinylation radius of
10-20 nm and they have been successfully used to identify
both specific protein interactomes as well as protein envi-
ronments in various intracellular compartments, such as
the mitochondrial matrix, mitochondrial intermembrane
space and primary cilia (Bareja et al., 2018; Hung et al.,
2014; Mick et al., 2015; Rhee et al., 2013; Roux et al., 2012;
Bosch et al., 2021). The second generation version of APEX,
APEX2, that achieves efficient biotinylation in 1 minute,
is to date the fastest and most efficient labelling enzyme
(Hung et al., 2016; Lam et al., 2015). In contrast, TurboID,
the fastest member of the BioID family, requires 5-10 min
(Chen & Perrimon, 2017; Doerr, 2018). Therefore, the fast
labelling kinetics enabled by APEX2 makes it truly pow-
erful in capturing signalling events with high dynamics,
such as receptor signalling. For example, APEX2 was
recently used in a tour de force of tracking GPCR sig-
nalling and internalisation with high spatial resolution
(Paek et al., 2017). However, as for any other fusion pro-
tein, expression of APEX2 as a fusion partner of a par-
ticular signalling protein can prove technically challeng-
ing and also potentially compromise the protein func-
tion. In such a scenario, targeting the enzyme to the cel-
lular compartment of interest could provide a better read-
out. Upon antigen binding, BCR is known to translocate
from fluid, detergent-soluble plasma membrane domains
to less fluid, detergent-resistant cholesterol/sphingolipid-
rich membrane domains, called lipid rafts, for signalling
and internalisation (Aman & Ravichandran, 2000; Cheng
et al., 1999; Gupta et al., 2006; Sohn et al., 2006; Núñez et al.,
2020; Sedwick & Altman, 2002; Stone et al., 2017; Varshney
et al., 2016). This transition provides a spatial window for
utilizing proximity biotinylation to study BCR signalling.
In the past, B cell lipid rafts have been isolated for pro-
teomic analysis via cell fractionation methods (Gupta et al.,
2006; Mielenz et al., 2005; Saeki et al., 2003). However, the
challenging nature of the biochemical fractionation is il-
lustrated by the limited protein identification, with re-
ported protein numbers in these studies varying between
18 and 39. Here, we pioneer the use of APEX2 for track-
ing the cellular events occurring in B cells after BCR ac-
tivation with high spatial and temporal resolution. We
utilised the well-defined translocation of the BCR to the
lipid rafts in order to capture the signalling events and
immediate cellular responses at 5, 10 or 15 min after BCR

engagement, with a 1-min resolution window as allowed
by APEX2. Our data, containing 1677 high-confidence
hits, provides an encyclopaedia of the proteins locating at
the B cell plasma membrane and the lipid rafts, while at
the same time, revealing the dynamics therein induced by
BCR stimulation. We identify a wealth of previously un-
characterised proteins responding to the BCR stimulation
and also verify the translocation of two of them, Golga3
and Vti1b, towards activated and internalised BCR indi-
cating novel machineries in early antigen vesicle trans-
port.

Results

Validation of a B cell line expressing lipid raft-
targeted APEX2. In order to gain novel, spatiotempo-
ral information about the immediate cellular responses
to BCR activation, we decided to employ a proximity
labelling enzyme, APEX2, capable of promiscuously bi-
otinylating proteins within a 20 nm range with a 1-min
temporal resolution. As BCR is known to translocate to
the lipid raft regions of the plasma membrane upon ac-
tivation (Aman & Ravichandran, 2000; Cheng et al., 1999;
Gupta et al., 2006; Sohn et al., 2008, 2006; Stone et al., 2017;
Varshney et al., 2016), we decided to fuse APEX2 with a
specific 7 amino acid lipidation sequence, MGCVCSS, to
target it to the lipid raft domains (Fig.1A). The MGCVCSS
sequence contains one myristoylation (Gly-2) and two S-
acylation sites (Cys-3 and Cys-5) for palmitoylation, orig-
inally identified in the NH2-terminus of Lck, to the NH2-
terminus of APEX2. These modifications are responsible
for the localisation of Lck to the lipid rafts (Yasuda et al.,
2000) and it has been shown to be able to target fusion pro-
teins to the membrane, and to the immunological synapse
of T cells (Bécart et al., 2008; Bi et al., 2001). In addition,
we equipped our APEX2 construct with an mCherry fluo-
rescent protein to facilitate the detection of APEX2 expres-
sion and generated the final raft-APEX2 construct (Fig.1A,
zoom inset).

Next, we transfected raft-APEX2 into cultured A20 B
cells, that stably expressed transgenic hen egg lysozyme
(HEL)-specific D1.3 IgM BCR (A20 D1.3) (Aluvihare et al.,
1997), and generated a stable A20 D1.3 raft-APEX2
cell line. The flow cytometry analysis confirmed that
mCherry+/IgM+ cells composed > 99% of the result-
ing cell line (data not shown). To confirm that raft-
APEX2 indeed localises to the plasma membrane, we anal-
ysed its localisation using AiryScan confocal microscopy
(Huff, 2015) to gain sufficient resolution to unambigu-
ously detect signals deriving from the B cell plasma mem-
brane. Raft-APEX2 clearly colocalised with the membrane
marker, wheat germ agglutinin (WGA), demonstrating
strong enrichment at the plasma membrane (Fig.1B). The
lipid raft domains in resting cells are typically very small
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Figure 1: Targeting of APEX2 to the lipid rafts to study B cell activation: design and validation. A) Schematic illustration of the
raft-APEX2-mediated proximity biotinylation as a read out of BCR signalling response. MPP-mCherry-APEX2 (raft-APEX2) (Continued)
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Figure 1: (Continued) construct is targeted to the lipid raft membrane domains, where also BCR translocates upon activation, and where
it induces biotinylation of proteins in the < 20 nm range in a 1 min time window. The technique allows identification and label-free
quantification of proteins proximal to the lipid rafts at different time points of BCR activation. B) A20 D1.3 B cells expressing raft-APEX2
were settled on a fibronectin-coated glass coverslips for 1 h prior to fixation. Cells were stained with WGA as a membrane marker
and DAPI for nucleus. Left: Airyscan super-resolution confocal microscopy was used to image mCherry to visualise raft-APEX2 (ma-
genta), WGA-Atto488 (cyan) and DAPI (grey, merge). Right: line scan analysis of the colocalisation of raft-APEX2 and WGA. C) A20
D1.3 B cells expressing raft-APEX2 were settled on a fibronectin-coated glass coverslips for 1 h, activated (bottom panel) or not (upper
panel; resting) by addition of 1 µg of HEL for 5 min, and fixed. The samples were stained for IgM and DAPI was used to label the
nucleus. Airyscan super-resolution confocal microscopy was used to image mCherry to visualise raft-APEX2 (magenta), IgM (cyan) and
DAPI (grey, merge). Right: box scan analysis of the colocalisation of raft-APEX2 and IgM. D) Parental (non-transfected) and raft-APEX2-
expressing A20 D1.3 B cells were stimulated with 10 µg of anti-IgM F(ab´)2 for 10 min and subjected to Western blotting. The membranes
were probed with HRP-anti phospho-Tyrosine antibodies, and anti /beta-actin as a loading control. E) Raft-APEX2 expressing A20 D1.3
B cells were treated with 0, 0.1, 1 and 10 mM H2O2 for 1 min. Cells were lysed and subjected to Western blotting as in D. See Suppl.
Fig.S1C for the uncropped image corresponding to D and E.

and transient in nature, making their detection highly
challenging even with modern microscopy techniques
(Gupta & DeFranco, 2003; Sezgin et al., 2017; Stone et al.,
2017). Upon activation, BCR forms clusters that are rich
in signalling activity and, at the same time, represent
larger detergent-resistant membrane domains (Gupta &
DeFranco, 2003; Mattila et al., 2016; Stone et al., 2017). Thus,
we next activated the IgM BCR by HEL antigen and fol-
lowed the colocalisation of IgM with raft-APEX2. As ex-
pected, upon cell activation, we detected increased clus-
tering of the IgM as well as enrichment of APEX2 in the
same structures (Fig.1C), indicative for localisation of the
raft-APEX2 probe in the IgM signalling clusters. To inves-
tigate the membrane domain localisation of raft-APEX2 in
more detail, a flow cytometry-based assay was adopted
(Gombos et al., 2004). We expressed raft-APEX2 in A20
D1.3 cells together with model proteins resident either at
lipid raft (GPI-DAF-GFP) (Legler et al., 2005) or detergent-
soluble membrane domains (TDM-GFP) (Nikolaus et al.,
2010). In this assay, the cells were treated with 0.1% Tri-
ton X-100 to release the detergent-soluble proteins from
the plasma membrane and a detergent resistance index
was calculated based on the fluorescence before and af-
ter detergent treatment (Suppl. Fig.S1A). The analysis
showed a considerable fraction of raft-APEX2 resisting the
detergent treatment although slightly less than the GPI
anchored model protein (Suppl. Fig.S1B). The detergent-
soluble model protein TDM-GFP, on the other hand, was
almost completely removed from the plasma membrane
after detergent incubation. We also stained the cells with
non-stimulatory Fab fragments of anti-IgM antibodies to
label the BCR, which was then activated or not using
the model antigen HEL. Consistent with previous stud-
ies (Aman & Ravichandran, 2000; Cheng et al., 1999; Gupta
et al., 2006; Gupta & DeFranco, 2003; Sohn et al., 2006, 2008;
Stone et al., 2017), we saw IgM substantially shifting to-
wards detergent-resistant membrane domains upon cell
activation. This analysis provided important support to
our approach to use lipid raft-preferring raft-APEX2 as

a proxy to label proteins enriched at the vicinity of sig-
nalling BCRs. We then proceeded to test for possible
negative effects caused by the expression of raft-APEX2
in our system. We found normal levels of IgM BCR in
our raft-APEX2 cell line and the BCR was internalised
at normal kinetics upon receptor stimulation (data not
shown). Upon BCR-activation the cells showed indis-
tinguishable levels of phosphorylation, detected by anti-
phospho-Tyrosine antibodies, as compared to the parental
cell line (Fig.1D and Suppl. Fig.S1C). Triggering of the bi-
otinylation activity of APEX2 requires addition of H2O2.
Notably, H2O2 has been shown to inhibit protein phos-
phatases and thereby to be able to trigger signalling (Reth,
2002; Wienands et al., 1996). However, we detected no
increase in general protein phosphorylation upon incu-
bation of cells with 1 mM H2O2 for 1 min, the condi-
tions used to trigger biotinylation by APEX2, while ten
times higher concentration of H2O2 induced profound
signalling, consistent with previous reports (Reth, 2002)
(Fig.1E and Suppl. Fig.S1C). This data suggests that there
is no significant unspecific phosphorylation occurring in
B cells caused by the H2O2 addition to the reaction.

Proteomic analysis For preparing the proximity bi-
otinylation samples, biotin-phenol supplemented cells
were activated with potent surrogate antigen, F(ab’)2 frag-
ments of anti-IgM antibodies for 0, 5, 10 or 15 min
(Fig.2A). The biotinylation was triggered by addition of
1 mM H2O2 and quenched with addition of Trolox after
1 min. The efficiency of biotinylation was verified in each
set of samples by flow cytometric analysis, which typically
showed biotinylation in ≈70% of cells (Suppl. Fig.S1D).
Lysed cells were subjected to streptavidin affinity purifica-
tion to pull down the biotinylated proteins for mass spec-
trometry (MS) analysis (Fig.2B). To control for the possible
baseline activity of the APEX2 and the levels of endoge-
nous biotinylation, samples without H2O2 or without
biotin-phenol were prepared, respectively. All conditions
were performed in triplicates. Trypsin-digested samples
were analysed by LC-ESI-MS/MS using nanoflow HPLC
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Figure 2: Experimental design and pathway analysis. A) schematic representation of the experimental samples and controls prepared
and analysed by quantitative label-free MS in this study. Three different biological replicates were prepared for all conditions. B) To
monitor for basal levels of biotinylation, raft-APEX2 expressing A20 D1.3 B cells were subjected to alternating conditions of anti-IgM
stimulation (10 µg/ml, 10 min), H2O2 (1 mM, 1 min) or biotin-phenol (500 µM, 45 min). Left: Total cells lysates were analysed with TGX
Stain-Free SDS gel, and a Western blot probed with streptavidin-HRP. Right: The samples eluted from the streptavidin-coated beads
were analysed with a Silver stained SDS-PAGE, and a Western blot probed with streptavidin-HRP. C) Flow chart shows the filtering
steps used for the data analysis. D) A KEGG pathway enrichment analysis for the 1677 identified proteins shows cellular (Continued)
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Figure 2: (Continued) pathways enriched among the identified proteins. To remove redundancy in the identified pathway terms, terms
that had ≥ 50% similarity were grouped and the one with the lowest adjusted p-value is shown. E) Classification of the 1677 identified
proteins based on cellular component gene ontology (GO) terms. To remove redundancy in the GO terms, GO terms that had ≥ 50%
similarity were grouped and the one with lowest adjusted p-value is shown.

system (Easy-nLC1200, Thermo Fisher Scientific) coupled
to the Orbitrap Fusion Lumos mass spectrometer and pep-
tide/protein calling was done with MaxQuant software
(Cox & Mann, 2008). Differential analysis was done us-
ing NormalyzerDE (Willforss et al., 2019). After filtration
of known contaminants and background, we found 1677
proteins with 2 or more unique peptides identified (Fig.2C
and Suppl. File 1A). High confidence hits from all exper-
imental conditions together are listed in the Supplemen-
tary File 1A. As expected, we detected, with very high in-
tensity values, several proteins associated with lipid rafts
and BCR signalling (Suppl. Files 2, 4A and Fig2D, E).
At the same time, the large total number and variety of
identified proteins illustrate the high efficacy of APEX2-
mediated protein biotinylation that reaches also to the cy-
tosolic environment immediately beneath the membrane.

Lipid raft-resident proteins in B cells As a way
to further validate the lipid raft localisation of our raft-
APEX2 construct, we first shortlisted our data for proteins
that were likely to reside at the closest vicinity to raft-
APEX2. Here, we analysed the protein intensities between
the experimental samples and the control samples with-
out added H2O2, using a similar approach as Paek and
colleagues (Paek et al., 2017). Taking into consideration the
low-level basal activity of APEX2, we took an assumption
that the proteins locating at the closest vicinity to the raft-
APEX2 are prone for biotinylation already before extracel-
lular addition of H2O2, with the aid of low-level endoge-

nous H2O2. The same proteins are expected to be very
efficiently labelled upon addition of H2O2 and, thus, yield
high peptide intensities in the MS data. We selected pro-
teins that were identified in control samples and showed
a prominent, ≥ 1.5 log2 fold change upon triggering of
biotinylation by H2O2. Additionally, we filtered out pro-
teins that responded with ≥ 1.0 log2 fold change to BCR-
stimulation to selectively shortlist only those proteins that
were constantly at the closest vicinity of raft-APEX2. As
a result, we identified 346 proteins that we considered as
B cell raft-resident proteins (Suppl. File 2). Almost 90%
of the proteins were also found in the available RaftProt
databases (Mohamed et al., 2019) (Fig.3A, Suppl. Fig.S2A),
providing important confidence to the preferred raft local-
isation of our APEX2 construct. Among the strongest raft-
resident proteins that showed most prominent intensity
increase upon H2O2 addition were, for instance, Dock8
and Hcls1, reported regulators of BCR signalling and B
cell activation (Hao et al., 2004; Randall et al., 2010), as
well as filamin and spectrin, scaffold proteins linking the
plasma membrane and the underlying cytoskeleton (Liem,
2016; Razinia et al., 2012) (Fig.3B). An earlier study by
Saeki and colleagues identified 34 proteins in the isolated
detergent-resistant membrane domains from human Raji
B cells (Saeki et al., 2003). Out of these 34, our approach
identified 20, of which 10 proteins as raft-resident pro-
teins (Suppl. Fig.S2A). The lack of the 10 previously pro-
posed raft proteins could be explained by possible resis-

Figure 3: Lipid raft-resident proteins. A) A comparison of the lipid raft-resident proteins identified in this study and the whole dataset
of 1677 proteins to the RaftProt database shows the overlap between the datasets. B) Top ten proteins that show the highest enrichment
in the lipid rafts of B cells as reported by raft-APEX2-mediated biotinylation prior (control 1) and post addition (resting, 0 min) of H2O2.
The difference of the protein intensities between the two conditions was used for ranking.
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Figure 4: Proteins identified in different conditions of BCR activation. A) An UpSet plot showing the numbers of proteins identified
in each experimental condition. When 10 or less proteins were identified, the names of the identified proteins are shown on top of the
bar. B) A Venn diagram showing intersections of proteins identified in activated samples (5, 10 and 15 min of anti-IgM stimulation).

tance for biotinylation, the differences between the in vitro
biochemical fractionation and in cellulo labelling, or sim-
ply the different cell line used.

Membrane-proximal proteome. To obtain a broad
view on the full set of 1677 proteins identified in our
study, we used GO cellular components analysis (Ash-
burner et al., 2000) and KEGG pathway assignment (Kane-
hisa et al., 2016). We identified the highest protein counts
in various cytoskeletal and membrane structures, linked
to fundamental cell biological pathways such as regula-
tion of the actin cytoskeleton and endocytosis (Fig.2D, E).
Among the more specific terms, we found “Membrane
rafts”, “Immunological synapse” and “BCR signalling” to
significantly enrich in our data, providing confidence to
our approach to detect changes in the protein environ-
ment linked to BCR signalling. Out of total of 1677 high
confidence hits in our data (Suppl. File S1A), a large ma-
jority, 1143 proteins, were common to all conditions. 48
proteins were specific for resting cells and 40 were specif-
ically detected only upon BCR activation (Fig.4A, B and
Suppl. File 1B, C). Only 2 proteins, Kif20 and Golga3, were
found in all activation time points and not in any of the
non-activated controls (Fig.4A, B and Suppl. File 1C). A
major part of our dataset consisted of proteins that were
found present in all or most of the conditions. The pro-
tein abundance in each sample was obtained via intensity
analysis using MaxQuant software. For statistical analy-

sis of the changes in protein abundance at different condi-
tions, we first applied the criteria of the proteins needing
to be present in at least 12 out of 18 experimental samples,
which restricted the analysis to 1258 proteins (Fig.2C,5A,
B and Suppl. File 3A). The missing values were then im-
puted using k-Neareast Neighbor (kNN) and quantitative
differential analysis was done using NormalyzerDE (Will-
forss et al., 2019). The majority of the proteins did not un-
dergo significant dynamics upon BCR activation but in-
stead showed relatively stable abundance throughout dif-
ferent conditions. 213 proteins showed significant dynam-
ics with log2 fold change ≥ 1.5 or ≤ -1.5 upon cell acti-
vation (Fig.5B, Suppl. FileS3B). Distinct sets of proteins
were found to be enriched, or diminished, upon different
time points. While 75, 53 and 55 proteins were signifi-
cantly altered at 5, 10 and 15 min time points, respectively,
only 7 proteins were found significantly altered at all the
studied time points (Fig.5A, B). Interestingly, of those 7
proteins, two, namely Shq1 and PolR2c, changed from be-
ing significantly downmodulated to significantly enriched
or vice versa. These findings suggest that while most of
the proteins do not change their localisation dramatically,
there is a minor fraction of proteins that clearly respond by
translocations. Interestingly, our dataset also contained a
significant fraction of proteins linked to cellular machiner-
ies that are generally not associated with the vicinity of
the plasma membrane, such as ribosomes, regulation of
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translation and RNA transport (Fig.2E). Arguing against
identification of these proteins as potential background
resulting from low-intensity biotinylation or unspecific
binding to the streptavidin beads, several such proteins
were identified amongst the lipid raft-resident proteins,
i.e. with very intimate colocalisation with raft-APEX2
(Suppl. File 2). Also, two earlier independent studies
have reported ribosomal and nuclear proteins undergoing
S-acylation modification targeting them to the lipid raft
domains (Martin & Cravatt, 2009; Yang et al., 2010). The
prominent lipid raft localisation of ribosomes, could also
contribute to the abundance of proteins linked to endo-
plasmic reticulum, RNA transport and ribonuclear pro-
tein granules. Interestingly, proteins associated with tran-
scriptional regulation, as defined by belonging to the func-
tional category “transcription” at DAVID knowledgebase
(Huang et al., 2009b,a), constituted about 10% of the de-
tected proteome. We found, for instance, that NF-κB pro-
teins, c-Rel, RelA, NF-κB2 and regulatory IκBα are iden-
tified in the vicinity of the raft domains of non-activated
B cells and show dynamic behaviour upon BCR activa-
tion (Suppl. Fig.S3A). FoxO1 transcription factor, whose
translocation out of the nucleus is mediated by PI3K-Akt
signalling (Brunet et al., 1999), associated with raft-APEX2
at 15 min after activation. The transcription factors par-
ticularly important for B cell development and differenti-
ation, IRF5 and IRF4, were detected at the raft proximity
in all conditions. This could be explained by the associ-
ation of IRFs with membrane-proximal TLR adapter pro-
tein MyD88 and Src kinases, including Lyn (Negishi et al.,
2005; Ban et al., 2016). The possible unexpected relation-
ships, suggested by our data, between BCR signalling,
plasma membrane, and proteins playing a role in trans-
lational regulation, RNA transport and nuclear transport,
are interesting topics for future studies.

The dynamics of proteins linked to BCR signalling
As expected, Ighm, and IgK-V, the heavy and light chain
components of the transgenic IgM BCR specifically ac-
tivated in our setup, showed greatly increased intensity
in activated samples (Suppl. File 3A, B; Fig.5A, C). This
finding importantly agrees with the translocation of IgM
to the lipid raft domains, as expected. In contrast, Ighg,
the endogenous IgG2a BCR, remained largely unchanged
upon receptor activation. This notion proposes that the
mechanisms driving activated BCR to the lipid raft do-
mains have specificity to antigen engaged receptors and
do not carry notable bystander effect, at least in inter-
isotype manner, that would change the localisation of the
unligated BCRs. However, in comparison to IgM, IgG2a
was detected at higher levels already in resting cells, sug-
gesting for stronger tendency to localise to lipid rafts prior
to activation (Suppl. File 2). Interestingly, despite of
substantial enrichment of IgM heavy chain and kappa

light chain to the lipid rafts upon activation, we saw de-
crease in the abundance of Igα and Igβ, proteins essential
for both signal transmission and the stability and mem-
brane transport of the BCR (Fig.5C). This finding would
indicate that the local ratio of Igα/β and the BCR heavy
chain is not fixed but can be tuned depending on the
membrane location and/or the activation state. Our data
suggests that upon cross-linking, perhaps facilitated by
tighter molecular organisation, IgM molecules could more
efficiently share their Igα/β sheath molecules increasing
the IgM:Igα/β ratio. When analysing the known com-
ponents of the BCR signalling pathway, the results were
somewhat unexpected. We did not identify prominent
BCR regulator proteins among the proteins exclusively
found either in resting cells or activated cells (Fig.4A) pro-
moting rather incremental changes in the signalling pro-
tein localisation than dramatic translocations induced by
antigen engagement. Various components of the BCR
signalling pathway did either not show significant dy-
namics, or they rather showed diminution while the IgM
was translocating to the lipid rafts (Fig5C). This is con-
sistent with proximal receptor signalling cascades being
typically heavily dependent on protein modifications such
as phosphorylation, which are not necessarily reflected as
changes in total protein localisation. Among the iden-
tified tyrosine kinases involved in early BCR signalling
were Lyn, Fyn, Blk, and Btk (Suppl. File 1A). Lyn is of-
ten considered as one of the main kinases triggering BCR
signalling, due to its early requirement to phosphorylate
Igα/β ITAM motifs, and it also preferentially locates to the
lipid rafts (Xu et al., 2005). Accordingly, we found Lyn in
the rafts in all conditions, however, it was significantly di-
minished upon BCR activation. Total internal reflection
microscopy (TIRFM) of B cells activated on bilayers indi-
cated that while Lyn does colocalize with clustered BCR,
the confinement to the clusters is not very clear and, inter-
estingly, the closest vicinity to the BCR, measured by fluo-
rescence resonance energy transfer (FRET), is seen within
the first 200 s of BCR activation, after which the interaction
diminishes (Sohn et al., 2008). On the other hand, BCR sig-
nalling was reported to have no effect on the enrichment
of Lyn in isolated rafts (Gupta et al., 2006). The existing am-
biguousness over the mechanistic details of Lyn, further
complicated by the dual role of the kinase as both neg-
ative and positive regulator of BCR signalling (Xu et al.,
2005).The triggering of BCR signalling cascade is shared
with Fyn, another Src-family protein tyrosine kinase (Xu
et al., 2005). In our data, Fyn shows higher abundance
across the conditions and seems to be largely located at
the lipid raft-like regions. Another Src-family kinase iden-
tified in our data was Yes. Although not commonly linked
to BCR signalling, we detected a significant enrichment of
Yes at the lipid rafts at 5 min activation. From the other
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Figure 5: Enrichment analysis. A) Volcano plots illustrate the detected protein intensity dynamics upon anti-BCR activation at 5, 10
and 15 min. The data is based on the differential enrichment analysis of 1258 identified proteins (see Fig.2C). The proteins showing sta-
tistically significant (adjusted p-value ≤ 0.05) enrichment in non-activated conditions are shown in violet and in activating (Continued)
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Figure 5: (Continued) conditions in orange color. The proteins with a log2 fold change ≥ 1.5 are further denoted with stronger color tone.
The names of the 7 proteins deferentially enriched in all three time points are shown in bold. The proteins with a log2 fold change > 5
are denoted with a star symbol. B) A Venn diagram showing the numbers of significantly enriched proteins with log2 fold change ≥
1.5 at any time points and their intersections. In total, 213 proteins. C) A heatmap of proteins classified to GO term “B cell activation”
showing the changes in the protein intensity at different time points of BCR activation.

components of the BCR signalling pathway, for example,
the activatory co-receptor CD19 was constantly found in
high abundance in all samples and classified as a lipid
raft-resident protein (Suppl. File 2) (Fig.5C). This could
suggest that the reported enrichment of the CD19 in the
BCR signalling microclusters (Depoil et al., 2008; Mattila
et al., 2013) would reflect gathering of the raft domains al-
ready containing CD19. Two other transmembrane pro-
teins linked to BCR activation predominantly as nega-
tive regulators, Siglec CD22 and FcgR2, were also iden-
tified in the data. While CD22 showed enrichment to
the lipid rafts at 5 min of activation FcgR2 was defined
as lipid raft-resident protein. Btk, an important regula-
tor of BCR downstream signalling, also showed increas-
ing strong negative fold-change upon activation, indicat-
ing exclusion from the forming BCR clusters in these set-
tings. Btk is known to be recruited to the plasma mem-
brane by PI(3,4,5)P3 phosphoinositide, a signalling lipid
critical for B cell activation (Saito et al., 2001). Consis-
tently, we detected a strong diminution of the regulatory
subunit of PI3-kinase, Pik3r1, from the lipid rafts upon
cell activation. These notions would suggest early sepa-
ration of the IP3 -signalling from the immediate vicinity
of the BCR. Also, B cell linker (BLNK), a binding partner
of Btk and various other BCR signalling proteins was sig-
nificantly downregulated at the rafts upon BCR activation,
although it showed substantial abundance throughout the
conditions. Phospholipase-γ2 (PLCγ2), that forms the
other branch of lipid signalling downstream of BCR, was
found constitutively present as a lipid raft-resident pro-
tein (Suppl. File 2). In summary, intriguingly, we found
BCR signalling proteins mostly either non-dynamically
raft-resident, or decreasing from the raft regions upon ac-
tivation.

Vesicle trafficking proteins Golga3 and Vti1b are
novel proteins linked to early BCR signalling In ad-
dition to signalling proteins, we detected substantial dy-
namics of various proteins linked to the steps immedi-
ately subsequent to BCR activation, such as cytoskele-
ton remodelling, endocytosis and membrane traffic, all
essential for internalisation of BCR-antigen complex and
further processing for antigen peptide presentation. Our
data illuminates employment of different regulators driv-
ing these processes, highlighting for example, existence of
various components of the clathrin-mediated endocytosis
(Suppl. File 4, Suppl. Fig.S3B). Several of them, such as
Cltc, Hip1R and Eps15, were detected as lipid raft resident

proteins (Suppl. File 2) or they got differentially enriched
during BCR activation (Suppl. File 3), such as AP2 com-
plex subunits alpha and beta. Our attention was drawn to
various proteins linked to intracellular membrane traffic
that showed specific recruitment towards the lipid rafts
upon BCR activation. For instance, both of the proteins
identified purely in activatory conditions, Golgin subfam-
ily A member 3 (Golga3) and kinesin Kif20a (Fig.4), are
associated with endomembrane system. Similarly, one of
the strongest intensity enrichments in our data was de-
tected for a SNARE protein Vti1b (Fig.5). As none of
these proteins have previously been associated with BCR
signalling, we sought to verify their dynamics using mi-
croscopy. Due to the lack of suitable immunofluorescence
antibodies against mouse or human Kif20a, we focused
on Golga3 and Vti1b. In the immunofluorescence studies
we used Raji human B cell line, facilitated by the better
availability of human specific antibodies but, at the same
time, this served to test our findings in an unrelated B cell
line. Our Raji D1.3 cell line stably expressed the same D1.3
transgenic mouse IgM BCR as the A20 D1.3 mouse cell
line used in the proximity proteomic study. Golga3, also
known as Golgin-160, is a peripheral membrane protein,
that has been shown to localise to the Golgi apparatus but
also throughout the cytosol at least in HEK293 cells and
primary neurons (Dumin et al., 2006). Golga3 is a poorly
understood multifunctional protein linked to regulation
of membrane transport of selected plasma membrane pro-
teins (Hicks et al., 2006; Hicks & Machamer, 2005; Williams
et al., 2006), ubiquitination (Dumin et al., 2006) apopto-
sis (Maag et al., 2005), and interestingly, also to dynein
function (Yadav et al., 2012). In Raji B cells, we found
Golga3 widely distributed in the cells in a vesicular fash-
ion. Upon BCR activation with F(ab´)2 anti-IgM, the dis-
tribution of Golga3 vesicles indeed altered and the vesicle
pool at the cell membrane became more prominent. Utilis-
ing cell volume segmentation based on microtubule stain-
ing (Suppl. Fig.S4A), we analysed the Golga3 vesicles se-
lectively at the vicinity of the plasma membrane before
and after BCR activation. We found that the Golga3 vesi-
cles become significantly larger and brighter in the acti-
vated cells as compared to the non-activated counterparts
(Fig.6A, B; Suppl. Fig.S4B). Also, the shape of the vesicles
became more elongated and the vesicles showed notable,
yet partial, colocalisation with internalised surrogate anti-
gen. The colocalisation analysis at the cell periphery by
Pearson’s correlation coefficient, measuring overall corre-
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Figure 6: Translocation of Golga3 and VTI1b to the cell periphery upon BCR activation and colocalisation with antigen. A) Human
Raji D1.3 B cells were let to adhere on CellTak-coated microscopy coverslips, activated (lower panel) or not (upper panel) with 10 µg/ml
Alexa Fluor®-labelled F(ab’)2 fragments of anti-IgM antibodies (antigen, pseudocolor in single channel image and magenta in merge) for
15 min, fixed and permeabilised and subjected to immunofluorescence analysis with anti-Golga3 (cyan) antibodies. Cells were imaged
with spinning disc confocal microscopy. B) The colocalisation of antigen and Golga3 as well as the Golga3 vesicles were analysed from
the cell periphery (see Suppl. Fig.S4A) from deconvoluted images. The levels of colocalisation were measured with Pearson’s correlation
co-efficiency (0.21) and Manders’ overlap coefficiency (M1: 0.61, M2: 0.56). The intensity, volume and length of the Golga3 vesicles are
shown. C) Raji D1.3 B cells were prepared as in A), but activated (lower panel) or not (upper panel) with 5 µg/ml hen egg lysozyme
(HEL; antigen, pseudocolor in single channel image and magenta in merge) for 15 min and subjected to immunofluorescence analysis
with anti-Vti1b (cyan) antibodies. Cells were imaged as in A). D) The colocalisation of antigen and Vti1b as well as the Vti1b vesicles
were analysed from deconvoluted images. The levels of colocalisation were measured with Pearson’s correlation co-efficiency (0.42) and
Mander’s overlap co-efficiency (M1: 0.75, M2: 0.81). The distance from the centre of mass (CM) of Vti1b signal to nucleus’ CM (Y-axis
starts at the approximate distance of the nuclear envelope from the nucleus CM), as well as the volume and length of the Vti1b vesicles
is presented. Each dot represents a measure from an individual cell and results are shown as mean ± SEM of all the cells (≥ 35 cells for
Golga3 and >50 cells for Vti1b) from n = 3 independent experiments. Single confocal planes from deconvoluted images of representative
cells are shown. Scale bar 5 µm. Huygens software was used for image analysis. **: p < 0.05; ***: p < 0.001; ****: p < 0.0001
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lation for the two signals, suggested very weak positive
correlation with coefficient of 0.21. However, Manders’
overlap coefficient showed marked colocalisation of both
Golga3 signal in antigen clusters (M1: 0.61), and antigen
signal in Golga3 vesicles (M2: 0.56). In addition, we also
investigated the protein hits showing the most dramatic
enrichment response towards the lipid rafts upon BCR
signalling (Fig.5A). While our dataset contained several
SNARE family proteins, such as syntaxins, responsible for
different membrane fusion events, most of them did not
show significant dynamics upon cell activation. How-
ever, a Q-SNARE Vti1b (vesicle transport through inter-
action with t-SNAREs homolog 1B), showed a very strong
Log2 fold-change of 5, being the protein most enriched at
15 min. We studied Vti1b localisation in B cells via im-
munofluorescence analysis first in resting cells and found
it to localise throughout the cytosol in vesicular manner,
in good agreement with previously published data where
Vti1b has been indicated in various intracellular vesicles
(Kreykenbohm et al., 2002). Importantly, we detected a dra-
matic change in the protein localisation upon BCR activa-
tion. Vast majority of the Vti1b signal shifted to the imme-
diate vicinity of the plasma membrane and showed very
strong colocalisation both with the surrogate antigen anti-
IgM and with HEL, the native antigen for the D1.3 BCR
expressed in the cells (Fig.6C; Suppl. Fig.S5). The colo-
calisation analysis confirmed a highly significant colocal-
isation by both Pearson’s correlation coefficient of 0.42 as
well as Manders’ overlap coefficients of 0.75, for Vti1b sig-
nal in antigen clusters, and 0.81, for antigen in Vti1 vesi-
cles. We also quantitatively analysed the Vti1b vesicles
from the whole cell volumes and detected a clear and sig-
nificant shift in the centre of mass positions demonstrat-
ing translocation towards cell periphery (Fig.6D). Also,
the volume and the area of the vesicles increased signifi-
cantly (Fig.6D; Suppl. Fig.S5C). Notably, the striking over-
lap of Vti1b and antigen was diminished in the vesicles
farther from the plasma membrane, indicating that Vti1b
is specifically recruited to the vesicles close to the plasma
membrane at the time of internalisation and shortly af-
ter that (Suppl. Fig.S5B). Considering the known func-
tions of SNAREs in vesicle fusion, this could indicate a
role for Vti1b in the early vesicle trafficking of internalised
antigen. Together, the immunofluorescence studies well
supported our proteomics data on identifying Golga3 and
Vti1b as novel proteins translocating to the proximity of
the BCR upon antigen activation.

Discussion

To better understand BCR signalling and the immedi-
ate, multibranched cellular responses it triggers, develop-
ment of improved large-scale approaches with sufficient
spatiotemporal resolution are critical. Here, we pioneer

APEX2-mediated proximity biotinylation proteomics ap-
proach, to track at large scale, protein dynamics at the
plasma membrane lipid raft domains where BCR translo-
cates upon activation. As APEX2 efficiently biotinylates
its vicinity in the range of 20 nm in the time scale of 1 min,
it poses significant power to report on protein abundan-
cies at large scale in a time-resolved manner. By identi-
fying and quantitatively analysing over 1600 proteins, we
draw a landscape of proteins at or very close to the plasma
membrane in B cells and report their dynamics during
BCR activation. Our data proposes various new protein
players responding to the BCR signalling, out of which we
were able to validate two vesicle traffic regulators, Golga3
and Vti1b. With its high efficiency, APEX2-based prox-
imity proteomics provides a sought-after opportunity for
an ensemble view to the various cellular machineries trig-
gered upon BCR activation. After facing challenges in fus-
ing APEX2 to the signalling subdomains of the BCR, we
took advantage of the well-described translocation of the
receptor to the lipid rafts upon activation. As compared
to direct targeting of APEX2 to the BCR or other func-
tional proteins, we postulated that targeting by a lipid raft
directing lipidation sequence implied a minimised risk
of interference with the signalling cascades while still re-
porting about BCR vicinity with good accuracy. We suc-
cessfully verified the preference of our construct to the
plasma membrane and the vicinity of IgM by microscopy
(Fig.1) and, more specifically, to the lipid raft domains by
detergent treatment followed by flow cytometry analy-
sis (Suppl. Fig.S1A, B). Although a fraction of the probe
might remain also in the non-raft regions, strong prefer-
ence to lipid rafts was clear and also supported by our
shortlisting of the most efficiently and constitutively bi-
otinylated proteins, out of which 90% were found in the
RaftProt database (Mohamed et al., 2019) (Suppl. File 2).
We also saw a drastic enrichment in IgM BCR in acti-
vatory conditions (Fig.5) further proving the correct tar-
geting of the APEX2 and the validity of this approach to
report on BCR-proximal proteome. Of the 1677 proteins
identified, a vast majority were detected, at least to some
level, both in resting and activatory conditions. This can
be a consequence of the known heterogeneity of the raft
domains (Sezgin et al., 2017) or simply from the high sen-
sitivity of APEX2-mediated biotinylation leading to de-
tection of also those proteins that are present at low lev-
els. 88 proteins were selectively identified either in resting
or activated cells (Fig.4). Additionally, the quantitative
analysis revealed 213 proteins with a condition-specific
enrichment profile (Fig.5B). The relatively small propor-
tion of differentially behaving proteins is consistent with
only a few changes reported to occur in the isolated lipid
rafts upon BCR signalling (Gupta et al., 2006). Unfortu-
nately, the study of Gupta and colleagues only reports
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a selected and limited set of 39 proteins in rafts making
thorough comparisons between the data impossible. The
highly dynamic nature of the BCR signalling response was
clear in the data such that several changes occurring at 5
minutes after activation, for instance, were seen reset by
10 or 15 min (Fig.4). Interestingly, in general, we found
slightly more proteins diminished than enriched at lipid
rafts upon signalling. This is in agreement with the fusion
and stabilisation of lipid rafts to promote signalling mi-
croclusters concomitant with coming together of smaller
nanoclusters (Gupta & DeFranco, 2003; Mattila et al., 2013,
2016; Stone et al., 2017), which could reduce the detection
of proteins locating preferentially at the borders or sur-
roundings of the rafts. The presence of 48 proteins exclu-
sively in non-activated samples (Fig.4A and Suppl. File
1B) shows BCR-induced exclusion of quite a substantial
set of proteins, perhaps partially reflecting the reorgani-
sation of the plasma membrane but also suggesting inter-
esting new players orchestrating the signalling cascades.
Also, while the abundance of the IgM BCR itself dras-
tically and clearly increased upon activation, the known
components of the BCR signalling pathway showed vari-
able responses (Fig.5C). For example, we noticed an in-
teresting reduction in the abundance of Lyn, Btk, and the
Igα/β signalling sheath of the BCR, which could indicate
that some parts of the signalling pathways separate from
the lipid rafts, which on the other hand, become platforms
for BCR endocytosis. The reduction of Igα/β upon BCR
triggering was, however, not reported in the isolated lipid
rafts and also no changes in the levels of raft-bound Lyn
were declared (Gupta et al., 2006). However, Gupta et al
report similar reduction in the levels of Ezrin and simi-
lar increase in the levels of Myh9 as we observed in our
setup. As expected, we found several BCR signalling pro-
teins readily located in the lipid rafts, as suggested by the
robust detection of many of them already in the steady
state (Suppl. File 1) as well as the raft-resident, non-BCR-
responsive localisation of some of them, such as PLCγ2
and CD19 (Suppl. File 2). Thus, the strong transloca-
tion of the engaged BCR to the rafts could promote sig-
nalling in an energy efficient manner, as it reduces the
need of various other concerted protein translocations. A
crucial role in BCR signalling is played by protein phos-
phorylation cascades that have been studied in good de-
tail. This level of regulation was not analysed in this study.
Rapidly adjustable post-transcriptional modifications are,
however, well-suited drivers for fast signalling events and
might not always go fully hand-in-hand with the slower
protein translocations. It is also important to note that
while a wealth of our knowledge about BCR signalling
comes from studies using soluble antigen, the specific de-
tails about signalling protein recruitment are largely de-
rived from microscopy studies using surface-bound anti-

gens, and might differ between different forms of anti-
genic stimuli (Depoil et al., 2008; Harwood & Batista, 2010;
Kuokkanen et al., 2015; Mattila et al., 2016). In future stud-
ies, it will be very interesting to apply the APEX2 prox-
imity proteomics to the B cell activation by surface-bound
antigens. Of note, some of the expected proteins linked
to BCR signalling, such as Syk, were not identified in
the data. Such lack of detection can be caused by sev-
eral reasons. For example, some proteins are inherently
challenging to be detected by MS, or APEX2-mediated
biotinylation might be inefficient due to steric obstruc-
tion by other proteins, or there might be a lack of suit-
able amino acid moieties on the protein surface. On the
other hand, somewhat unexpectedly, we detected various
nuclear proteins, ribosomal proteins and transcriptional
proteins. Arguing against unspecific background, many
of them showed marked intensity and qualified as B cell
lipid raft-resident proteins, or showed significant enrich-
ment upon BCR cross-linking. The detection of many of
these proteins could indeed be explained by direct tar-
geting to the lipid raft membrane domains. Two inde-
pendent studies, in T cell hybridoma and prostate can-
cer cells, suggested a set of ribosomal and nuclear pro-
teins to undergo S-acylation and discovered their target-
ing to the lipid rafts (Martin & Cravatt, 2009; Yang et al.,
2010). Also, increased tyrosine-phosphorylation of eIF3
complex proteins has been observed upon antigen stim-
ulation of B cells (Matsumoto et al., 2009), further advo-
cating that some translational regulators could be early
targets of BCR signalling. Membrane localisation may
serve a regulatory role for these transcriptional and trans-
lational regulators and BCR activation with its gathering
to the lipid raft domains could, either directly or indi-
rectly, induce the release of this reserve. As we know
from the previous studies, large part of the antigen-BCR
complexes are internalised soon after BCR activation and
they rapidly target to peripheral, early antigen process-
ing compartments, eMIICs, locating immediately beneath
the plasma membrane (Hernández-Pérez et al., 2020). Ac-
cordingly, many of the proteins that we identified with
marked dynamic response to BCR signalling were linked
to different branches of intracellular vesicle trafficking or
cytoskeletal reorganisation. As potential novel regulators
of B cell activation, we chose to validate the observed
BCR-induced translocation of Vti1b and Golga3 by im-
munofluorescence studies. We indeed detected recruit-
ment of Golga3 and VTI1b to the vicinity of the plasma
membrane and the BCR (Fig.6). Golga3 showed partial
overlap with antigen and a significant change in its vesic-
ular appearance in the periphery of the cells upon BCR
activation. In the literature, Golga3 has been shown to re-
cruit cytoplasmic dynein, a minus-end microtubule motor
protein, to the Golgi apparatus, and to be responsible for
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the positioning of the Golgi to the vicinity of the centro-
some (Yadav et al., 2012). Thus, it is tempting to speculate
that Golga3 could be involved in the centripetal move-
ment of internalised antigen vesicles in B cells. For Vti1b,
our immunofluorescence analysis revealed an extremely
strong translocation to the plasma membrane upon BCR
activation, as well as a striking colocalisation with antigen
(Fig.6). Vti1b belongs to the SNARE family of proteins
responsible for specific membrane fusion events and has
been mainly linked to late endosomal vesicle traffic (An-
tonin et al., 2000) and macroautophagosomal maturation
(Chou et al., 2020). Interestingly, in immune cells, Vti1b
has been reported to play specialised roles. In cytotoxic T
cells it has been reported essential for lytic granule exocy-
tosis (Dressel et al., 2010). Also, it was recently suggested
that Vti1b interacts with the invariant chain of MHC and
directs the specific membrane fusion events in the early
endosomal pathway that allow efficient antigen process-
ing and MHC antigen loading (Margiotta et al., 2021). As
our previous work demonstrated that MHCII and the in-
ternalised antigen/BCR complex colocalise immediately
after internalisation (Hernández-Pérez et al., 2020), it could
be postulated that VTI1b would serve as a link to direct
antigen/BCR complexes and MHCII to the newly formed
eMIICs and to the correct endosomal path for antigen pro-
cessing and peptide antigen presentation on MHCII in B
cells. Altogether, our results draw an important picture of
the overall proteome at the B cell plasma membrane and
provide both a comprehensive view and unprecedented
information on the protein dynamics responding to BCR
signalling. Our work provides a pioneering example of
the application of proximity biotinylation to study anti-
gen receptor signalling. At the same time, as lipid rafts
have been identified as hotspots for various membrane re-
ceptors and signal transduction machineries (Mollinedo &
Gajate, 2020; Varshney et al., 2016) our approach can serve
as an easily adaptable platform also for studies of other
signalling systems.

Materials and Methods

Design and cloning of raft-APEX2. pcDNA3-mito-
APEX (Rhee et al, 2013) was a kind gift from Alice Ting
(Addgene plasmid #42607) and it was used as a tem-
plate to create and PCR amplify V5 (GKPIPNPLLGLDST)
epitope tagged APEX2 cDNA. mCherry with N-terminal
seven amino acid sequence (MGCVCSS) that encodes the
acylation sequence and APEX2 were then cloned into
pcDNA™4/TO plasmid with zeocin selection (Invitrogen
V1020-20).

Cells. The mouse A20 and human Raji B cell
lines stably expressing a hen egg lysozyme (HEL)-specific
IgM BCR (D1.3) (Williams et al., 1994) were a kind gift
from Prof Facundo Batista (the Ragon Institute of MGH,

MIT and Harvard, USA). A20 D1.3s were maintained in
complete RPMI (cRPMI; RPMI 1640 with 2.05 mM L-
glutamine supplemented with 10% fetal calf serum (FCS),
4 mM L-glutamine, 50 µM β-mercaptoethanol, 10 mM
HEPES and 100 U/ml penicillin/streptomycin). Raji
D1.3s were maintained in Raji cRPMI (RPMI 1640 with
2.05 mM L-glutamine supplemented with 10% FCS, 4 mM
L-glutamine and 100 U/ml penicillin/streptomycin).

Generation of raft-APEX2 expressing stable cell
line. Raft-APEX2-pcDNA™4/Zeo/TO plasmid was
transfected into A20 D1.3 cells line as previously de-
scribed (Šuštar et al., 2018). In brief, 4 million cells were
resuspended in 180 µl of 2S transfection buffer (5 mM KCl,
15 mM MgCl2, 15 mM HEPES, 50 mM Sodium Succinate,
180 mM Na2HPO4/ NaH2PO4 pH 7.2) containing 10 µg
of plasmid DNA and electroporated using AMAXA elec-
troporation machine (program X-005, Biosystem) in 0.2
cm gap electroporation cuvettes. Cells were then trans-
ferred to 4 ml of cRPMI containing extra 10% FCS to re-
cover overnight. Cells were sorted, using Sony SH800 Cell
Sorter, single cell/well into 96-well flat bottom plates con-
taining 100 µl of cRPMI containing 20% FCS. Cells were
left to recover in cRPMI supplemented with extra 10%
FCS for 48 h before adding Zeocin (600 µg/ml final con-
centration). Clones expressing raft-APEX2 were selected,
expanded few weeks after sorting and the expression of
raft-APEX2 was verified with flow cytometry analysis for
mCherry, V5 and functional biotinylation.

Proximity biotinylation. 10 x 106 A20 D1.3 cells
expressing raft-APEX2 were treated with 500 µM biotin-
phenol (BP) (Iris-Biotech, CAS no.: 41994-02-9) for 45 min
and activated with 0 or 10 µg/ml of goat anti-mouse IgM
F(ab’)2 fragments (Jackson ImmunoResearch 115-006-020)
for 5, 10 or 15 min. 1 mM H2O2 (Sigma-Aldrich, cat. no.
H1009-100ML) was added for 1 min and then quenched
with 2X quenching solution (20 mM sodium ascorbate,
10 mM Trolox (Sigma-Aldrich, cat. no. 238813-1G) and
20 mM sodium azide solution in PBS). Cells were repeat-
edly washed 4 time with 1X quenching solution. Non-
biotinylated control samples were prepared similarly but
without anti-IgM and H2O2. Background control sam-
ples were prepared similarly but without BP and anti-IgM.
To validate biotinylation for each experiment we used
flow cytometry, where cells were fixed, permeabilised and
stained with streptavidin 633 (Thermo Fischer Scientific).
Samples were lysed with modified RIPA buffer (50 mM
Tris, 150 mM NaCl, 0.1% SDS, 2% Octyl glucoside (Sigma-
Aldrich, 29836-26-8), 0.5% sodium deoxycholate and 1%
Triton X-100, pH 7.5) with 1× protease phosphatase in-
hibitor mini tablet (1 tablet/10 ml, Thermo Fisher Scien-
tific, cat. no. A32961). Lysate concentrations were mea-
sured using Pierce 660 nm protein assay (Thermo Fisher
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Scientific, cat. no. 22660), aliquoted into 360 µg of total
protein/aliquot, snap frozen and stored at -80 °C.

Streptavidin pull-down of biotinylated proteins.
350 µg of whole lysate diluted in additional 500 µl of RIPA
buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate and 1% Triton X-100, pH 7.5, 1× protease
phosphatase inhibitor mini tablet) was incubated with 30
µl (0.3 mg) of streptavidin magnetic beads (Pierce, cat. no.
88817) for 1 h at RT on rotation. Beads were washed sev-
eral times with 1 ml volumes for 5 min each, on ice, as fol-
lows: twice with RIPA buffer, twice with 1 M KCl, twice
with 0.1 M Na2CO3, once with 4 M urea in 10 mM Tris-
HCl pH 8.0, once with 50 µM biotin, 4 M urea in 10 mM
Tris-HCl pH 8.0, and three times with RIPA buffer. Bi-
otinylated proteins were eluted by boiling the beads in 30
µl of 3× SDS loading buffer supplemented with 2 mM bi-
otin and 20 mM DTT for 10 min.

In-gel Digestion. Eluted samples were run on 10%
SDS-PAGE and the gel was stained with SimplyBlue
SafeStain (ThermoFisher Scientific, cat. no. LC6065). For
the digestion, the protocol adapted from Shevchenko et
al. was used (Shevchenko et al., 2007). Each gel lane was
cut into 4 pieces that were washed twice with 200 µl of
0.04 M NH4HCO3 / 50% Acetonitrile (ACN) and dehy-
drated with 200 µl 100% ACN. Then, gel pieces were re-
hydrated in 200 µl of 20 mM DTT and dehydrated again
as above. Gel pieces were then rehydrated with 100 µl
55 mM Iodoacetamide for 20 min in the dark, RT, washed
twice with 100 µl 100 mM NH4HCO3 and dehydrated as
above. 30 µl of 0.02 µg/µl of trypsin (Promega V5111) so-
lution was added to the gel pieces for 20 min followed by
addition of 60 µl solution containing 40 mM NH4HCO3
/ 10% ACN to completely cover the gel pieces and the
samples were incubated at 37°C for 18 h. Peptides were
extracted using 90 µl of ACN followed by 150 µl of 50%
ACN / 5% HCOOH at 37 °C for 15 min.

Mass spectrometry analysis. Data were collected by
LC-ESI-MS/MS using a nanoflow HPLC system (Easy-
nLC1200, ThermoFisher Scientific) coupled to the Orbi-
trap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with a nano-
electrospray ionisation source. Peptides were first loaded
on a trapping column and subsequently separated inline
on a 15 cm C18 column. A linear 20 min gradient from 8
to 39% was used to elute peptides. MS data was acquired
using Thermo Xcalibur 3.1 software (Thermo Fisher Scien-
tific). A data dependent acquisition method that consists
of comprising an Orbitrap MS survey scan of mass range
300-2000 m/z followed by HCD fragmentation was used.

Protein Identification. The raw MS data were pro-
cessed using MaxQuant software version 1.6.0.1 (Cox &
Mann, 2008). MS/MS spectra were searched against
mouse UniProt (reviewed (Swiss-Prot), released Septem-

ber 2019) using Andromeda search engine (Cox et al.,
2011). The following configuration was used for
MaxQuant search: Digestion set to trypsin, maximum
number of missed cleavages allowed set to 2, fixed modifi-
cation set to Carbamidomethyl and variable modifications
set to N-terminal acetylation and methionine oxidation.
Peptide and protein false discovery rate were set to 0.01.
Match between runs was enabled. MaxLFQ that enables
determination of relative intensity values of proteins and
also normalise proteins intensity between samples was
enabled but not used in downstream analysis (Cox et al.,
2014). After MaxQuant run, 2526 proteins were identified,
from which contaminants and reverse hits were removed.
For further analysis, only the proteins identified with at
least 2 unique peptides were considered identified (1677
proteins). The identified proteins were then classified us-
ing both KEGG pathway analysis (Kanehisa et al., 2016) and
gene ontology (GO) classification (Ashburner et al., 2000).
The proteomic data set generated in this work will be sub-
mitted to PRIDE (Vizcaíno et al., 2016).

Proteomics and differential enrichment analysis.
Normalisation and differential enrichment analysis were
done using NormalyzerDE (Willforss et al., 2019) tools in
Bioconductor. Quantile normalisation was selected as the
best normalisation method following comparison of var-
ious normalisation methods in NormalyzerDE (data not
shown). Prior to normalisation and differential expres-
sion analysis, identified proteins with missing values ≥7
out of 18 conditions were filtered out. For the remain-
ing proteins, missing value imputation was done using
k-Neareast Neighbor (kNN) Imputation. Differential en-
richment analysis was done using NormalyzerDE with
statistical comparison method set to limma, logTrans set
to FALSE, leastRepCount set to 1 and sigThresType set to
FDR (Benjamini-Hochberg corrected p-values). To iden-
tify proteins that are likely raft-resident a strategy adapted
from Paek et al., 2017 was used (Paek et al., 2017). We
first selected proteins with ≥1.5 log2 fold-change in non-
activated biotinylated sample compared to control sam-
ples (sample without H2O2 triggered biotinylation). Then,
proteins that show log2 foldchange ≥ 1 in surrogate anti-
gen stimulated samples compared to non-activated sam-
ples were filtered out. The list of the proposed raft-
resident proteins was compared with previously pub-
lished mammalian lipid raft proteins available in RaftProt
database (https://raftprot.org/) (Mohamed et al., 2019).

Bioinformatics analysis. All downstream analysis
were carried out with R. Enhancedvolcano, which was
used to generate volcano plots (Blighe et al., 2018). Enrich-
ment analysis was done using R clusterProfiler package
(Yu et al., 2012). UpSet plot was constructed to show inter-
sect between conditions. A Venn diagram was constructed
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to depict intersect of proteins significantly enriched upon
BCR cross-linking at different time points.

Western blotting. Raft-APEX2 A20 D1.3 cells were
starved for 20 min in serum-free media and incubated
with either 10 µg/ml of goat anti-mouse IgM F(ab’)2 frag-
ments (Jackson ImmunoResearch 115-006-020) for 10 min
or 0.1 mM, 1 mM and 10 mM H2O2 for 1 min. After which
cells were lysed with 2x SDS PAGE loading buffer, son-
icated and proceeded to SDS gel and Western blotting,
probed with streptavidin-HRP (Life Technologies, cat. no.
S-911).

Detergent Resistance Membrane analysis by flow
cytometry. A20D1.3 cells were electroporated with raft-
APEX2, GFP fused with GPI-anchored decay-accelerating
factor (CD55) glycosyl phosphatidylinositol (GPI-DAF)
(Legler et al., 2005) as a raft marker, or GFP fused to
influenza virus hemagglutinin transmembrane domain
(TDM) (Nikolaus et al., 2010) as a non-raft marker. The as-
say was performed according to Gombos (Gombos et al.,
2004). In short: 24 hours after transfection cells were incu-
bated with Atto633-labeled Fab fragments of anti-mouse
IgM (Jackson ImmunoResearch 115-007-020) on ice for 15
min, then the sample was split for activation with or with-
out 1 µg/ml of HEL for 10 min at 37 °C, and precooled
on ice for 5 min. The samples were divided for incuba-
tion in 0 or 0.1% Triton X-100 in Imaging Buffer, 5 min on
ice, to preserve or release the proteins bound to the non-
raft domains. Final concentration of 1% of paraformalde-
hyde was added and the cells were kept on ice until anal-
ysed by flow cytometry. The parameter of detergent re-
sistance was calculated as DRI=(FLdet-FLBgdet)/(FLmax-
FLBg), where FLdet stands for fluorescence of the cells
treated with detergent for 5 min, FLBgdet for autofluores-
cence of the detergent-treated cells, FLmax for fluorescence
of labelled untreated cells (proportional to the protein ex-
pression level), FLBg for autofluorescence (background)
of the unlabelled cells. The experiment was repeated at
least 7 times for each marker in non-activated cells and 3
times for activated cells.

AiryScan confocal microscopy to analyse raft-
APEX2 localisation. Glass-bottom microscopy chambers
(Mattek) were coated with 4 µg/ml fibronectin in PBS for
1 h RT and washed with PBS. Similarly to the mass spec-
trometry samples, cells were incubated in 500 µM BP in
complete medium at 37 °C for 45 min. The cells were
then let to settle on the microscopy chambers at 37 °C
for 15 min and incubated with 1 mM H2O2 together with
4% paraformaldehyde and 0.1% glutaraldehyde to imme-
diately fix the sample, washed and continued to fix for
further 10 min. Cells were washed, blocked in block-
ing buffer (BSA + goat serum) at RT for 1 h, labelled
with Atto488-labelled WGA, washed, permeabilised with
0.1% Triton X-100, at RT for 5 min, blocked again, and la-

belled with streptavidin-Alexa Fluor® (AF)-633 (1:2000)
and DAPI at RT for 1 h. After washing, the samples
were mounted in Vectashield. For visualisation of raft-
APEX2 upon BCR activation, after settling, 1 µg/ml of
HEL antigen was added on ice, then incubated at 37 °C
for 5 min and fixed for processing as above with exception
of staining with Atto488-labelled goat anti-mouse IgM
F(ab’)2 fragments (Jackson ImmunoResearch 115-006-020)
instead of WGA-Atto488. Images were acquired using a
laser scanning confocal microscope LSM880 (Zeiss) with
an Airyscan detector (32-channel Airyscan Hexagonal el-
ement) equipped with 405 (Diode), 488 (Argon) and 633
(HeNe) laser lines and an oil-immersion 63× Zeiss Plan-
Apochromat objective. Images were acquired using the
standard super-resolution mode (Zen Black 2.3). The pro-
file intensity analysis was done in Fiji ImageJ (NIH).

Immunofluorescence sample preparation for Vti1b
and Golga3. 8-well polymer coverslips (µ-Slide 8,
high-well, IBIDI 80806) were coated with CellTak sub-
strate (CellTak, Corning®, purchased from Sigma-Aldrich
DLW354242) according to the manufacturer’s recommen-
dations. In short, 80 µl of 56 µg/ml CellTak in H2O was
applied in each well. CellTak was topped with 120 µl of
0.1 M NaHCO3 pH 8.0. to activate the reaction. The slides
were incubated for 1-2 h at RT, washed 1x with H2O, dried
and stored at +4°C. 150.000 Raji D1.3 cells that were either
non activated or activated with 5 µg/ml of HEL (Sigma-
Aldrich, 10837059001) or 10 µg/ml AF-488/-647 labelled
F(ab’)2 Fragments of donkey anti-mouse IgM (Jackson Im-
munoResearch 715-546-020 / 715-606-020), were placed
in 300 µl of imaging buffer (10% FCS in PBS) on cover-
slip wells and left in the incubator (5% CO2, +37°C) for
15 minutes. The cells were fixed with 50:50 methanol-
acetone at -20°C for 20 min, permeabilised with acetone
for 5 minutes at -20°C, and blocked (5% donkey serum
in PBS) for 1-2 h at RT. The cells were stained with pri-
mary antibodies in PBS supplemented with 5% bovine
serum albumin overnight in +4°C, washed three times
with PBS and incubated with secondary antibodies in
PBS for 1-2 h at RT, and washed three times with PBS.
Samples were mounted with FluoroMount-G containing
DAPI (Thermo FisherScientific 00495952). For immunos-
tainings, anti-alpha-Tubulin AF488/-647 (mouse IgG1-
monoclonal [DM1A], Merc Millipore, Sigma-Aldrich 16-
232 / 05-829-AF647) was used at the dilution of 1:150,
anti-Vti1b (rabbit IgG-monoclonal [EPR15506(B)], Abcam
ab184170) was used at 1:100 and anti-Golga3 (rabbit IgG-
polyclonal, Atlas antibodies, Sigma-Adrich HPA040044)
was used at 1:150. Anti-HEL antibody (F10, mouse IgG1)
was a kind gift from Prof Facundo Batista (the Ragon In-
stitute of MGH, MIT and Harvard, USA). Secondary an-
tibodies anti-mouse IgG1 AF488/-647 (Goat Anti-Mouse
IgG, Fcγ subclass 1-specific, Jackson ImmunoResearch

Version March 5, 2021 | 16 of 20

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2021. ; https://doi.org/10.1101/2020.09.29.318766doi: bioRxiv preprint 

https://www.bioRxiv.org
https://doi.org/10.1101/2020.09.29.318766
http://creativecommons.org/licenses/by-nd/4.0/


APEX2 proximity proteomics of B cell activation Awoniyi et al. 2021

115-545-205 / 115-605-205) and anti-Rabbit IgG AF555
(Donkey anti-Rabbit IgG (H+L), Invitrogen A-31572) were
used at 1:500.

Spinning disc confocal image acquisition, pro-
cessing and analysis. Images were acquired using a
3i CSU-W1 spinning disk confocal microscope (SDCM)
equipped with 405, 488, 561 and 640 nm laser lines
and 510–540, 580–654 and 672–712 nm filters, 63× Zeiss
Plan-Apochromat objective, and Hamamatsu sCMOS Or-
caFlash4 v2 |C11440-22CU (2048×2048 pixels, 1×1 bin-
ning) camera. SDCM images were deconvoluted with
Huygens Essential version16.10 (Scientific Volume Imag-
ing, The Netherlands, http://svi.nl), using automated
algorithms and thresholded optimally, yet consistently.
Particle analysis was done with Huygens Essential. In
Golga3-particle analysis, intensity values of <5% of the
maximum were considered as background. In Golga3-
particle analysis, Tubulin channel was used to define cell
outlines in 3D that were then shrank by 0.27 µm, corre-
sponding to 1 pixel along Z-axis. Intensities inside the
3D selection were cleared resulting in the remaining hol-
low sphere comprising the cell periphery only. Periph-
eral Golga3 particles were then automatically analysed.
Colocalisation between Golga3 and antigen was analysed
with Huygens Essential, also from the peripheral spheres,
using optimised, automatic thresholding. In the Vti1b-
particle analysis, intensity values of < 3% of the maximum
were considered as background. Here, tubulin staining
was not possible due to the antibody cross-over, so the
whole cell volumes were analysed. Nucleus’ center of
mass was determined as the reference point when CMCM
(nucleus’ center of mass - particles’ center of mass) was
calculated. Colocalisation between VTI1b and antigen
was analysed with Huygens Essential.

Statistics and illustrations. Graphs and statistics
were prepared with GraphPad Prism 6 (GraphPad Soft-
ware, La Jolla, CA). Statistical significances were calcu-
lated using unpaired Student’s t-test assuming normal
distribution of the data. Statistical values are denoted as:
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Illustrations
were created with BioRender. Figure formatting was un-
dertaken in Inkscape v.092.2.
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Stone, M. B., Shelby, S. A., Nńñez, M. F., Wisser, K., & Veatch,
S. L. (2017). Protein sorting by lipid phase-like domains sup-
ports emergent signaling function in b lymphocyte plasma
membranes. eLife, 6.

Šuštar, V., Vainio, M., & Mattila, P. K. (2018). Visualization and
quantitative analysis of the actin cytoskeleton upon B cell ac-
tivation. In Methods in Molecular Biology, vol. 1707, (pp. 243–
257). Humana Press Inc.

Varshney, P., Yadav, V., & Saini, N. (2016). Lipid rafts in immune
signalling: current progress and future perspective. Immunol-
ogy, 149(1), 13–24.

Vizcaíno, J. A., Csordas, A., Del-Toro, N., Dianes, J. A., Griss,
J., Lavidas, I., Mayer, G., Perez-Riverol, Y., Reisinger, F., Ter-
nent, T., Xu, Q.-W., Wang, R., & Hermjakob, H. (2016). Er-
ratum: 2016 update of the PRIDE database and its related
tools (Nucleic Acids Research (2016) 44:D1 (D447-D456) DOI:
10.1093/nar/gkv1145). Nucleic Acids Research, 44(22), 11033.

Wienands, J., Larbolette, O., & Reth, M. (1996). Evidence for a
preformed transducer complex organized by the B cell anti-
gen receptor. Proceedings of the National Academy of Sciences of
the United States of America, 93(15), 7865–7870.

Willforss, J., Chawade, A., & Levander, F. (2019). NormalyzerDE:
Online Tool for Improved Normalization of Omics Expression
Data and High-Sensitivity Differential Expression Analysis.
Journal of Proteome Research, 18(2), 732–740.

Williams, D., Hicks, S. W., Machamer, C. E., & Pessin, J. E. (2006).
Golgin-160 is required for the Golgi membrane sorting of the
insulin-responsive glucose transporter GLUT4 in adipocytes.
Molecular Biology of the Cell, 17(12), 5346–5355.

Williams, G. T., Peaker, C. J., Patel, K. J., & Neuberger, M. S.
(1994). The α/β sheath and its cytoplasmic tyrosines are re-
quired for signaling by the B-cell antigen receptor but not for
capping or for serine/threonine- kinase recruitment. Proceed-
ings of the National Academy of Sciences of the United States of
America, 91(2), 474–478.

Xu, Y., Harder, K. W., Huntington, N. D., Hibbs, M. L., & Tar-
linton, D. M. (2005). Lyn tyrosine kinase: Accentuating the
positive and the negative. Immunity, 22(1), 9–18.

Yadav, S., Puthenveedu, M. A., & Linstedt, A. D. (2012). Gol-
gin160 Recruits the Dynein Motor to Position the Golgi Appa-
ratus. Developmental Cell, 23(1), 153–165.

Yang, W., Di Vizio, D., Kirchner, M., Steen, H., & Freeman,
M. R. (2010). Proteome scale characterization of human S-
acylated proteins in lipid raft-enriched and non-raft mem-
branes. Molecular and Cellular Proteomics, 9(1), 54–70.

Yasuda, K., Kosugi, A., Hayashi, F., Saitoh, S.-i., Nagafuku, M.,
Mori, Y., Ogata, M., & Hamaoka, T. (2000). Serine 6 of Lck
Tyrosine Kinase: A Critical Site for Lck Myristoylation, Mem-
brane Localization, and Function in T Lymphocytes. The Jour-
nal of Immunology, 165(6), 3226–3231.

Yu, G., Wang, L. G., Han, Y., & He, Q. Y. (2012). ClusterProfiler:
An R package for comparing biological themes among gene
clusters. OMICS A Journal of Integrative Biology, 16(5), 284–287.

Version March 5, 2021 | 20 of 20

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2021. ; https://doi.org/10.1101/2020.09.29.318766doi: bioRxiv preprint 

https://www.bioRxiv.org
https://doi.org/10.1101/2020.09.29.318766
http://creativecommons.org/licenses/by-nd/4.0/


Awoniyi et al. 2021 | Supplementary Information

Supplementary Information:

• Supplementary Figures 1-5
• Supplementary Files 1-3

| Version March 5, 2021 1

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2021. ; https://doi.org/10.1101/2020.09.29.318766doi: bioRxiv preprint 

https://www.bioRxiv.org
https://doi.org/10.1101/2020.09.29.318766
http://creativecommons.org/licenses/by-nd/4.0/


Awoniyi et al. 2021 | Supplementary Information

Figure S1: Raft-APEX2 construct locates in the detergent-resistant membrane domains. A) A schematic representation of flow cytom-
etry assay to detect lipid raft association of membrane proteins by analysis of detergent resistance. Upon treatment with Triton X-100
detergent, the proteins within lipid rafts are retained, whereas non-raft domains are dissolved. B) A20 D1.3 B cells were transfected
with raft-APEX2, lipid raft marker (DAT-GPI) or non-raft marker (TMD-GFP), and either activated (black bars) or not (grey bars) with 1
µg/ml HEL for 10 min. The fluorescence of the markers was measured before and after subjecting the samples to 0.1% Triton X-100 for
5 min, and the detergent resistance index was calculated. C) Related to the main Figure 1D and E. Raft-APEX2-expressing (Continued)
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Figure S1: (Continued) A20 D1.3 B cells and the parental A20 D1.3 (non-transfected) cells were treated with 0, 0.1, 1 and 10 mM H2O2,
or 10 µg anti-IgM F(ab’)2 fragments. Cells were lysed and subjected to Western blotting. The membranes were probed with HRP-
anti phospho-Tyrosine antibodies, and anti β-actin as a loading control. D) Raft-APEX2 A20 D1.3 B cells were supplemented with
biotin-phenol, activated (red line) or not with (violet line) F(ab’)2 fragments of anti-IgM antibodies for 5 min, and the biotinylation was
triggered or not (grey line) by adding 1 mM H2O2 for 1 min. Cells were fixed with 4% PFA, permeabilised, stained with AF-633-labelled
streptavidin and analysed with flow cytometry.

Figure S2: Lipid raft-resident proteins in B cells. Related to main Fig.3. A) A Venn diagram showing intersection between the data
obtained in this study to both mouse and human raft proteins in RaftProt database. B) A Venn diagram showing intersection between
the data obtained in this study to lipid raft proteins identified in Raji B cells by Saeki et al. (Saeki et al., 2003)
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Figure S3: Heatmaps. A) Heatmap of the intensity changes of proteins with GO term “positive regulation of transcription from RNA
polymerase II promoter”. B) Heatmap of the intensity changes of proteins with GO term “receptor-mediated endocytosis” and “clathrin
coat assembly”.
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Figure S4: Golga3 particle analysis. Related to the main Fig.6 A,B. A) SDCM images of Raji D1.3 cells illustrating the thresholding to
segment only the peripheral region of the cell. A 3D mask (dotted line) was generated from cytosolic tubulin signal and the inside region
of the mask was cleared from signal in all channels. The resulting peripheral Golga3 signal was processed for 3D particle analysis as
well as colocalisation analysis with antigen (AF647-anti-IgM F(ab’)2). Single confocal planes from deconvoluted images of representative
cells are shown. Scale bar 5 µm. B) Golga3 particle analysis in non-activated and activated Raji D1.3 cells was carried out with Huygens.
The peripheral vesicle count per cell, lateral and axial width (µm), sphericity index (1=full sphere) and surface area (µm2) are shown.
Data shown as mean ± SEM from ≥ 35 cells from three independent experiments. ****: p < 0.0001
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Figure S5: VTI1b translocation to the plasma membrane upon BCR signalling. Related to the main Fig.6 C,D. A-B) SDCM images
of Raji D1.3 cells that were activated with 10 µg /ml of AF488-labelled F(ab’)2 fragments of anti-IgM (magenta) (A) or 5 µg/ml HEL
(magenta) B) for 15 min and immunostained for VTI1b (cyan). The zoom-in images show partial colocalisation of the two channels
in perinuclear regions. Single confocal planes from deconvoluted images of representative cells are shown. Scale bar 5 µm. C) VTI1b
particles in non-activated and activated Raji D1.3 cells were analysed with Huygens. VTI1b vesicle count per cell, length and lateral
width (µm), sphericity index (1=full sphere) and surface area (µm2) are shown. Data shown as mean ± SEM from > 50 cells from three
independent experiments. *: p < 0.05
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