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associated with prohibitin and a prohibitin-related
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The two major classes of antigen receptors on murine
B lymphocytes, mIgM and mIgD, are both contained
in a complex with two additional molecules, Ig-o. and
Ig-B, which permit signal transduction: Accordingly,
early biochemical events after antigen binding to either
receptor are similar; biological effects, however, are
different. Here, we describe three newly discovered
intracellular proteins of 32, 37 and 41 kDa molecular
mass, that are non-covalently associated with mIgM,
but not with mIgD. These proteins coprecipitate with
mIgM in Triton X-100 and Nonidet P-40, but not in
digitonin lysates. In addition, mIgM is to some extent
associated with 29 and 31 kDa proteins that are
predominantly associated with mIgD (see accompany-
ing paper). Amino acid sequencing of p32 and p37
identified p32 as mouse prohibitin; this was corrobor-
ated by Western blot analysis with antibodies specific
for rat prohibitin. p37 is a newly discovered protein.
cDNA clones for both proteins were isolated and
sequenced. The deduced amino acid sequence of p32
is identical to that of rat prohibitin. p37 is highly
homologous to p32. Since prohibitin was identified as
an inhibitor of cell proliferation, its association with
migM, but not miIgD, could explain the different
biological events elicited after engagement of each
receptor.

Key words: growth control/IgD/IgM/membrane protein/
prohibitin

Introduction

Immunoglobulins (Igs) exist in two forms: a secreted and
a membrane-bound form (Alt et al., 1980; Early et al.,
1980; Rogers et al., 1980). The membrane-bound form
(mlg) serves as the antigen receptor on B lymphocytes.
In the mouse, IgM and IgD are the most frequently found
antigen receptors (Abney and Parkhouse, 1974; Melcher
et al., 1974; Vitetta and Uhr, 1975).

Engagement with antigen or other ligands such as anti-
Ig antibodies that results in cross-linking of the receptors
leads to a cascade of biochemical changes that initiate gene

3782

transcription, anchorage of the receptor to the cytoskeleton,
receptor endocytosis, antigen processing, antigen presénta-
tion, differentiation and cellular proliferation [for reviéws
see Reth (1992), Cambier et al. (1993), Cushley and
Harnett (1993), Sakaguchi et al. (1993) and Gold and
DeFranco (1994)]. mIgM or migD by themselves, how-
ever, are not sufficient for these effects. Their intracellular
tail consists of only three amino acids (Lys, Val, Lys)
(Cheng et al., 1982). Therefore, mIgM and mIgD are
seconded by a set of disulfide-linked accessory molecules,
Ig-o and Ig-B, products of the mb-I and B29 genes,
respectively. Ig-o and Ig-B associate as a heterodimer
non-covalently with mlg via their membrane-proximal
constant domains and transmembrane regions and they
facilitate transport of mIgM from the endoplasmic reticu-
lum to the cell surface. Together, mlg and Ig-o and Ig-f
form the functional B cell receptor complex (BCR; for
literature detailing initial studies on the BCR, see the
above-mentioned reviews) which, upon cross-linking, can
interact with a set of protein tyrosine kinases and precipit-
ate the intracellular events that lead to activation and
differentiation of the B cell. The intracellular domains of
Ig-a and Ig-P play an essential role in this process (Clark
et al., 1992; Kim et al., 1993b; Law et al., 1993; Matsuo
et al., 1993; Sanchez et al., 1993; Flaswinkel and Reth,
1994; Williams et al., 1994). They contain a motif that is
found in other intracellular receptor domains and that
is fundamental for efficient signal transduction via the
antigen receptor (Reth, 1989). It has been referred to as
the TAM/ARH1/ARAM motif.

Analysis of the composition of the mIgM- and mIgD-
antigen receptor complexes (IgM-BCR and IgD-BCR,
respectively) has revealed only limited differences: Ig-a
in association with mIgD has a higher molecular mass
than that in association with mIgM (33 versus 32 kDa,
respectively). This difference is caused by a different
glycosylation pattern between Ig-a associated with mIgD
or with mIgM. A truncated form of Ig-B, Ig-y, has
also been described. In agreement with the identical
intracellular structure, no major differences were found
between the two receptor complexes with respect to the
induction of early activation events (Pure and Vitetta,
1980a; Cambier et al., 1987; Klaus et al., 1987; Harnett
et al., 1989). Experiments designed to reveal functional
differences have given contradictory answers: some reports
failed to reveal a separate function for either receptor
(Layton et al., 1979a,b; Metcalf et al., 1983; Brink
et al., 1992). However, numerous reports have described
different biological effects following the engagement of
mIgM or mlgD in vivo, ranging from a role in the
induction of antibody responses (Cambier et al., 1978;
Pure and Vitetta, 1980b), immunological memory (Zan-
Bar et al., 1979) and tolerance (Cambier et al., 1977,
Scott, 1978; Zan-Bar and Barzilay, 1982). In vitro studies
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with splenic B cells (Gaur et al., 1993) or the B cell
lymphoma lines WEHI231 (Tisch et al., 1988) and CH31/
33 (Ales Martinez et al., 1988), showed that signals
generated by cross-linking of mIgM led to programmed
cell death (apoptosis), while cross-linking of mlIgD failed
to do so. Similar results were obtained with human
peripheral blood B cells and B cell lymphoma lines
(Mongini et al., 1989; Kim et al., 1991, 1992). Further-
more, Carsetti et al. (1993) have recently described that
engagement of mIgM alone or mIgM and mlIgD leads to
different activation scenarios in vivo: engagement of mIgM
alone, in the absence of T cell help, invariably was an
inhibitory, apoptotic signal for the B cell, while engage-
ment of mIgM and mIgD together did not lead to apoptosis.
Analysis of IgD-deficient mice (Nitschke et al., 1993;
Roes and Rajewsky, 1993) confirmed that the absence of
IgD reduces the efficacy with which the B cell participates
in immune responses.

These observations suggested that signal transduction
from the mIgD antigen receptor differed from that from
the mIgM receptor. We therefore analyzed the receptor
complex in more detail in WEHI231 and splenic B cells.
Using a strategy that allowed the identification of proteins
that are intracellularly associated with mIgM or mligD,
we describe here three additional proteins of 32, 37 and
41 kDa, that are associated with the mIgM antigen receptor
complex, but not with the mIgD complex. In contrast,
mlIgD and, to a lesser extent, mIgM, are associated
with newly discovered 29 and 31 kDa proteins (see
accompanying paper by Kim ez al.). Amino acid sequence
analysis of the 32 and 37 kDa proteins identified the
32 kDa protein as prohibitin, a recently described inhibitor
of cell proliferation and, possibly, a tumor suppressor gene
product (Nuell ez al.,, 1991). Western blot analysis with
prohibitin-specific antibodies confirmed the identity with
prohibitin. The second 37 kDa protein is the product of
an unknown gene. Protein sequence analysis showed that
it is strongly related to p32/prohibitin.

Results

Identification of three molecules associated with
igM

Ig-a and Ig-P are easily detected as surface proteins that
are associated with the antigen receptor on B lymphocytes
in lysates made with the relatively mild detergent digitonin.
This is demonstrated in Figure 1 using the B cell lymphoma
WEHI231. Surface proteins of WEHI231 cells were
labeled with biotin before lysis in 1% digitonin and
the receptor complex was precipitated with anti-IgM
antibodies and protein G coupled to Sepharose 4B. The
precipitated material was separated by reducing
SDS—PAGE and transferred to nitrocellulose membranes.
Biotinylated proteins were revealed with peroxidase-
coupled streptavidin and a luminescent substrate
(Figure 1). Broad bands, of 34-39 and 40-55 kDa, corres-
ponding to the heterogeneously glycosylated transmem-
brane proteins Ig-o and Ig-B respectively, were visible
(Kim et al., 1993a), in addition to the bands that represent
the components of IgM itself [membrane form of u (mp)
and K light chains, respectively] (Figure 1, lane 2) . When
cells were lysed in 1% Triton X-100 [or 1% Nonidet P-
40 (NP-40), not shown], neither Ig-o, nor Ig-B, nor other
proteins that were not IgM itself, were detected (Figure 1,
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Fig. 1. Analysis of receptor complexes precipitated from digitonin or
Triton X-100 lysates of WEHI231 cells. WEHI231 cells (2 X 107
cells/lane) were labeled with biotin before lysis in 1% digitonin (Dig,
lanes 1 and 2) or Triton X-100 (TrX100, lanes 3 and 4). Lysates were
treated with non-immune control antibody (C, lanes 1 and 3) or goat
anti-mouse IgM antibodies and protein G coupled to Sepharose 4B
(ap, lanes 2 and 4)]. Alternatively, the cells were lysed in 1% Triton
X-100 followed by precipitation with control antibodies or goat anti-
IgM antibodies and protein G coupled to Sepharose 4B (ap). The
washed precipitates were then labeled with biotin (TrX100, lanes 5
and 6). Precipitates were separated by reducing SDS—PAGE, and
biotinylated proteins were visualized with HRPO—streptavidin and a
luminescent substrate. Bands of specific interest are labeled (A, Ig-o.;
A, Ig-B; pm, membrane form of p; ps, secretory form of u). SuB:
surface biotinylation, BoS: biotinylation on sorbent.

lane 4), demonstrating that the use of stronger detergents
disrupts the association between mIgM and Ig-o and Ig-f.
However, when cells were first lysed in Triton X-100,
followed by the precipitation of IgM with anti-IgM anti-
bodies and protein G—Sepharose and subsequent biotinyl-
ation of the precipitated material, bands that were not
accounted for by IgM itself or the precipitating antibody
were revealed (Figure 1, lane 6): prominent 32 and 37 kDa
proteins were visible as well as a faint 41 kDa band.
These bands were not seen when lysates were treated
with a control (non-immune) antiserum (Figure 1, lane 5).
Similar results were obtained using the cell line J558Lpum/
mb-1, a plasmacytoma that expresses A light chains and
Ig-B, and, through gene transfer, the membrane form of
| heavy chains and Ig-o (see accompanying paper). The
latter data show that the newly identified components of
the BCR can associate with mIgM. We called these
proteins BAPs (BCR-associated proteins) BAP32, BAP37
and BAP41.

BAP32, BAP37 and BAP41 are non-covalently
associated with IgM

We next studied the physical characteristics of the associ-
ation of IgM with the BAPs. The IgM-BCR of WEHI231
cells was labeled after lysis of the cells and precipitation
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Fig. 2. BAP32 and BAP37 bind non-covalently to IgM. Western blot analysis of receptor complexes from detergent lysates of WEHI231 cells that
were biotinylated after lysis and precipitation. (A) WEHI231 cells (2 X 107 cells/lane) were first lysed in 1% NP-40, lysates were precleared and
treated with monoclonal antibodies to LPS (BA1.2b, lane 3) or IgM (b7-6, lane 4), both coupled to Sepharose 4B. Precipitates were labeled with
biotin and separated by non-reducing SDS—PAGE, followed by Western blotting; biotinylated proteins were visualized with HRPO—streptavidin and
a luminescent substrate. As a control, antibodies coupled to Sepharose 4B, without exposure to lysate, were biotinylated and analyzed as above
(lanes 1 and 2). (B) WEHI231 cells were lysed in 1% Triton X-100, and the lysates were precleared and treated with goat anti-mouse IgM
antibodies and protein G coupled to Sepharose 4B. Precipitates were labeled with biotin, and first separated by non-reducing SDS—PAGE, followed
by electrophoresis in the second dimension under reducing conditions. Biotinylated protein was revealed as above.

of the complex. The precipitated material was separated
by non-reducing SDS —PAGE and transferred to nitrocellu-
lose membranes. Biotinylated proteins were revealed as
before. Results were compatible with those described in
Figure 1: IgM was associated with at least three previously
unknown molecules of 32, 37 and 41 kDa molecular
mass (Figure 2A). These proteins were non-covalently
associated with IgM. Control antibodies (anti-LPS) failed
to precipitate these bands (Figure 2A). Two-dimensional
PAGE then confirmed that these proteins were monomeric
and did not form covalently linked multimers (Figure 2B).

Although the experiments do not exclude the possibility
that IgM associates with these proteins after detergent
lysis, we interpret the data to mean that IgM in WEHI231
cells is non-covalently associated with at least three
newly discovered intracellular proteins. Treatment of the
precipitated complexes with endoglycosidases did not
change the apparent molecular mass of the 32 and 37 kDa
proteins (not shown). The proteins are different from the
previously described Mb-1 and B29 gene products in that
(i) their association is stable in Triton X-100 and NP-40
lysates, (ii) they cannot be biotinylated on the cell surface,
(iii) they are not a covalently associated heterodimer and
(iv) they are not recognized by anti-B29 monoclonal
antibodies (not shown).

BAP32 and BAP37 are associated with IgM, but
not IgD on splenic B cells

We then asked whether the antigen receptor complex of
splenic B cells was similar to that of lymphoma and

3784

myeloma cells. T cell depleted spleen cells were lysed
with 1% NP-40 and the receptor complex was precipitated
with monoclonal anti-IgM or anti-IgD antibodies coupled
to Sepharose 4B. The precipitated material, separated by
non-reducing SDS —PAGE and revealed by silver staining,
was compared with similarly treated lysates of WEHI231
cells (Figure 3). Two prominent bands at 32 and 37 kDa
and a fainter band at 41 kDa were seen in the precipitates
obtained with anti-IgM antibodies (lanes 3 and 6). These
bands were not visible in the precipitates obtained with
anti-IgD antibodies or control (anti-LPS) antibodies (lanes
2 and 5). Both anti-IgM and anti-IgD coprecipitated bands
at 29 and 31 kDa (compare lanes 2 and 5 with lane 8,
and lanes 3 and 6 with lane 9). The coprecipitation of 29
and 31 kDa proteins with anti-IgD antibodies from lysates
of WEHI231 cells was not unexpected because WEHI231
cells express small amounts of IgD [faintly visible in
lane 5, see also Haggerty er al. (1993)]. From these
experiments we conclude that BAP32, BAP37 and possibly
BAP41 are intracellular proteins that associate with IgM,
but not with IgD. Since the BAP29 and BAP31 are
described and discussed in detail in the accompanying
paper (Kim et al., 1994) we focus here on the IgM-
associated BAPs.

Identification of BAP32 as the product of the
prohibitin gene, and BAP37 as an unknown
protein related to BAP32/prohibitin

We purified the 32 and 37 kDa proteins from WEHI231
cells to obtain peptide sequences. Two internal sequences



were obtained from BAP32 (Table I). Both independent
sequences matched completely with the published
sequence of rat prohibitin. Rat prohibitin is a recently
described, ubiquitous intracellular protein that has been
implicated in the control of cell proliferation and may
have tumor suppressor activity (Nuell et al., 1991).

Seven internal sequences were obtained from BAP37
protein (Table I). These peptides showed variable similar-
ity to the rat prohibitin protein, ranging from 80% identity
to no similarity. Similar peptide sequence data were
obtained from 32 and 37 kDa proteins that were copurified
with mIgM from the J558Lpum/mb-1 myeloma cells
(Table I).
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Fig. 3. BAP32 and BAP37 are associated with IgM, but not IgD on
splenic B cells. Analysis of receptor complexes precipitated from
NP-40 lysates of splenic B cells (lanes 1-3) and WEHI231 cells (lanes
4-6). C57BL/6 splenic B cells (1.3 X 10® cells/lane) or WEHI231
cells (2 X 107 cells/lane) were lysed in 1% NP-40. The soluble
fraction was pre-cleared and treated with anti-IgM mAb b7-6 (lanes 3
and 6). anti-IgD mAb 11-26C (lanes 2 and 5). or anti-LPS mAb
BA1.2b (lanes | and 4). all coupled to Sepharose 4B. Precipitates
were separated by non-reducing SDS—PAGE. and proteins were
visualized by silver staining. Lanes 7-9 represent controls. where
antibody-coupled beads were analyzed without exposure to lysates.
Arrows represent BAP32 and BAP37: BAP29 and BAP31 are
indicated by dots.

IgM antigen receptor—prohibitin association

Western blot analysis with prohibitin-specific
antibodies

A rabbit anti-prohibitin antiserum, generated against pro-
hibitin-derived peptides (kindly provided by Dr Keith
McClung), was used to analyze proteins that coprecipitated
with IgM from splenic B cells and WEHI231 cells.
Precipitates were analyzed by SDS—PAGE and directly
visualized by Coomassie Brilliant Blue staining
(Figure 4A) or after Western blot analysis with anti-
prohibitin antibodies (Figure 4B). Figure 4A shows pro-
teins corresponding to 32 kDa and 37 kDa molecular mass
in anti-IgM precipitates from WEHI231 cells, and faintly
in anti-IgM, but not at all in anti-IgD precipitates from
splenic B cells. We confirmed the identity of BAP32 with
prohibitin (Figure 4B), and corroborated our observation
that BAP32/prohibitin is associated with IgM, but not with
IgD. Anti-prohibitin antibodies cross-react only minimally
with BAP37 (visible on longer exposures, not shown).

Specificity of the interaction of BAP32/prohibitin
with IgM

BAP32/prohibitin and BAP37 are associated with IgM in
splenic B cells and lymphoma cells. Next, we studied
the association of BAP32 and IgM in pre-B cell lines
(Figure 5A). We used the cell line 33.1.1%, an Abelson-
transformed pre-B cell line derived from the Sp6-trans-
genic mouse expressing U and x transgenes, and the
transgene-negative variant 33.1.17. The latter cell line
was transfected with expression vectors coding for a wild
type W heavy chain or a variant p heavy chain, in which
the membrane-proximal spacer and transmembrane region
of u was replaced with that of MHC class 1 (Iglesias
et al., 1993). They are used here to study the specificity
of the interaction of BAP32/prohibitin and IgM. Cell line
u3 expresses the wild type p heavy chain (secreted and
membrane form), cell line utmH2 expresses the variant u
heavy chain. Both wild type and variant chains are
expressed on the cell surface with the pseudo-light chains
Vg and A5 and can be easily biotinylated on the surface
(Figure 5A, upper panel, and data not shown). Western
blot analysis (Figure 5A, lower panel) shows that BAP32/
prohibitin is coprecipitated with IgM in cell lines
expressing |l chains with the wild type transmembrane
region of p [33.1.17(u,x) and 33.1.17u3] but not in those

Table I. p32- and p37-derived peptides

BAP Source
WEHI231 J558um/mb-1
BAP32/prohibitin EFTEAVEAK
VAQQEAERARFVVEK QVAQQEAERARFV
AAELIANSLATAG
BAP37 LAGRLPAGPR DLAGRLPAGPRGMGT
FNASQLI-QRAQVS NASQLITQRAQVSLLIRRELT
QVAQQEAQRAQFLVEK
IVQAEGEF*“
MLGEALSK

IATSQNRIYLTADNLVLNLQD
FGLILDDVAS

4Sequence disparity with translated nucleotide sequence.
PPoor sequence.
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expressing W chains with the variant transmembrane region
of class I molecules. Whereas the total amount of p
protein in lysates of cell lines 33.1.1*(u,x) and 33.1.17pu3
is similar, the expression of u on the surface of cell line
33.1.1%(u,x) is about seven times higher than on the
surface of cell line 33.1.17u3 [as determined by flow
cytometry (Iglesias et al., 1991)]. This result could explain
the difference in the amount of copurified BAP32/pro-
hibitin between the two cell lines. These data, and those
that show the association of p32 with the membrane form
of IgM (see also accompanying paper), indicate that
BAP32/prohibitin associates with the transmembrane
region and/or membrane-proximal spacer of the IgM
molecule and suggest an association of BAP32 with
surface-bound IgM.

Further evidence for the specificity of the interaction
of BAP32/prohibitin and mIgM was obtained from analysis
of other membrane proteins on the B lymphoma line
CHB3.LX. CHB3.LX expresses, among others, the
membrane-bound receptors CD25 (o chain of interleukin-2
receptor), CD32 (FcyRII) and CD44 (hyaluronate receptor)
and a limited amount of mlgD. After surface biotinyl-
ation and precipitation with specific antibodies, these
molecules and IgM are revealed on a Western blot with
horseradish peroxidase (HRPO)-conjugated streptavidin
and a luminescent substrate (Figure 5B, upper panel).
BAP32/prohibitin associated exclusively with IgM, but
not with the other tested membrane proteins (Figure 5B,
lower panel).

We conclude that BAP32 (and BAP37) are intracellular
proteins that specifically interact with the transmembrane
domain of IgM in cells of the B lineage, but not with that
of some other surface molecules including mlgD.
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Fig. 4. Identification of BAP32 as mouse prohibitin. CS7BL/6 splenic
B cells (lanes 1, 2, 4 and 5, 1.3 X 108 cells/lane) or WEHI231 cells
(lanes 3 and 6, 5 X 107 cells/lane) were lysed in 1% NP-40. The
soluble fraction was pre-cleared, followed by treatment with an anti-
IgM mAb b7-6 (lanes 2, 3, 5 and 6) or an anti-IgD mAb 11-26C
(lanes 1 and 4), both coupled to Sepharose 4B. Precipitates were
separated by non-reducing SDS—PAGE, and proteins were blotted
onto nitrocellulose membranes and visualized by Coomassie Brilliant
Blue staining (left panel). The blot was then incubated with anti-
prohibitin antiserum, and developed with HRPO-labeled goat anti-
rabbit antibody and a luminescent substrate (right panel). The mobility
of BAP32 and BAP37 is indicated, as is the mobility of mIgM (u,L,),
mlgD (3,L,) and mIgM hemimers (uL).
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Cloning of the mouse cDNA for BAP32/prohibitin
and BAP37

Published sequences from the coding region of the rat
prohibitin cDNA (Nuell et al., 1991) were used to amplify
the corresponding mouse sequences with the PCR tech-
nique. The amplified product was used to isolate full-
length cDNA clones from a J558L-derived cDNA library.
Nucleotide sequence analysis showed that the mouse and
rat sequence were 93% identical. The amino acid sequence
deduced from the mouse cDNA (Figure 8) showed com-
plete identity with rat prohibitin, and predicts a mol. wt
of 29 817. Degenerate primers deduced from the peptide
sequences were used to amplify BAP37-specific cDNA
sequences. These were used to isolate five positive clones
from a pre-B cell cDNA library. The composite nucleotide
sequence analysis revealed an open reading frame of 894
nucleotides starting from the first ATG, and coding for a
protein with predicted mol. wt of 33,271. The nucleotide
sequence and the predicted amino acid sequence is given
in Figure 6. The sequenced peptides of BAP37 found in the
deduced protein sequence are underlined. The nucleotide
sequence shows strong similarity to the BAP32/prohibitin
coding sequence (57% identity). At the protein level, a
similarity of 72% and an identity of 51% were inferred
(Figure 8).

Expression of BAP32/prohibitin and BAP37 mRNA
Northern blot analysis of various mouse cell lines and
tissues confirmed the ubiquitous expression of BAP32/
prohibitin, as reported for rat prohibitin (Figure 7A and
B). Also in the mouse, two mRNA species of 1.6 and
2.0 kb were found for BAP32/prohibitin. A third, shorter
species of mRNA for BAP32/prohibitin was found in
testis. Similar results were obtained by Choongkittaworn
et al. (1993). The expression pattern of BAP37 mRNA
was similar to that of BAP32/prohibitin; only one band
was detected at 1.7 kb (Figure 7A and B). The expression
of BAP32/prohibitin and BAP37 mRNAs in cell lines was
consistently much stronger than that in tissues.

Discussion

In this paper we have identified three possible new
members of the IgM antigen receptor complex of B cells,
namely BAP32, BAP37 and BAP41, and characterized
two of them. These molecules associate only with mIgM,
and not with mIgD. Two more constituents of the IgD
antigen receptor complex, BAP29 and BAP31, have also
been identified; they are also weakly associated with
mIgM and are discussed in detail in the accompanying
paper (Kim et al., 1994). BAP32 is identical to rat
prohibitin, a recently discovered, ubiquitous, intracellular
32 kDa molecule (Nuell e? al., 1991). The second mIgM-
associated protein, BAP37, is an unknown protein but
is related to BAP32/prohibitin. Like BAP32/prohibitin
mRNA, BAP37 mRNA is ubiquitously expressed. BAP41
was not further characterized. The presumed function of
BAP32/prohibitin, namely inhibition of cell proliferation,
fits well with the reported functional differences between
migM and mlgD.

A tale of two receptors
The presence of two different antigen receptors with the
same specificity on mature B lymphocytes has puzzled
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Fig. 5. BAP32/prohibitin specifically associates with the membrane domain of IgM. (A) Analysis of AMuLV-transformed pre-B cells. Cell line
33.1.1" was derived from a p and x transgenic mouse line, and expresses mIgM. Cell line 33.1.1~ was an IgM-loss variant of 33.1.1*. Cell line
33.1.17 was transfected with p-derived constructs as detailed in the text. Cells (7 X 107 cells/lane) were lysed in 1% NP-40 and the detergent-
soluble fraction was treated with either anti-IgM mAb b7-6 (lanes 2, 4, 6, 8 and 10) or, as a control, anti-IgD mAb 11-26C (lanes 1, 3, 5, 7 and 9)
followed by protein G—Sepharose. The precipitates were separated by non-reducing SDS—PAGE followed by Western blotting. Blots were revealed
with goat anti-mouse IgM (upper panel) or rabbit anti-prohibitin antibody (lower panel) and appropriate HRPO-labeled second antibodies and a
luminescent substrate. The mobility of mIgM (u,k;), mIgM hemimer (uk) and BAP32 is indicated. (B) Analysis of surface receptors other than IgM
on the cell line CHB3.LX. Lanes labeled L: cells (1 X 108 cells/lane) were biotinylated before lysis in 1% Triton X-100, detergent-soluble lysates
were pre-cleared, followed by treatment with mAb KM81 (anti-CD44), mAb 29-11 (anti-IgM),mAb AF6-122 (anti-IgD®), mAb 2.4G2 (anti-CD32) or
mAb PC61 (anti-CD25), all coupled to Sepharose 4B. Precipitates were separated by non-reducing SDS—PAGE, followed by Western blotting.
Proteins were revealed by HRPO—streptavidin (upper panel) or rabbit anti-prohibitin antibody (lower panel) as above. Lanes labeled C: controls;
antibodies, coupled to Sepharose 4B, were biotinylated and treated as above, without exposure to lysates. For CD25 and CD32 a molecular mass of

~55 kDa and for CD44 a molecular mass of ~85 kDa is expected.

immunologists since the discovery of the second receptor,
IgD.

mRNA for u and 8 heavy chains arise from the same
primary transcript through differential splicing (Maki et al.,
1981). Except for an identical antigen-binding domain,
murine mIgM and mlIgD are rather different in structure.
p heavy chains consist of four constant (C) domains,
wheras 8 heavy chains possess two C domains separated
by a large hinge region (Burton, 1987). The membrane-
proximal C domains of IgM and IgD, which show limited
similarity, are separated from the transmembrane domains
by spacer sequences, which show no obvious similarity.
The transmembrane parts are similar (56% identity), while
the intracellular tails are identical (Lys, Val, Lys) (Cheng
et al., 1982). This last sequence is too short to convey
signals after binding of antigen. Recently, a complex
of two disulfide-linked molecules, Ig-o. and Ig-f3, that
associates with the membrane-proximal and transmem-
brane domains of all Ig classes has been described [for
detailed references, see reviews by Reth (1992), Cambier
et al. (1993), Cushley and Harnett (1993), Sakaguchi et al.

(1993) and Gold and DeFranco (1994)]. It is responsible
for signal transduction.

In immature B cells which express solely mIgM (Yuan,
1986), the antigen receptor is required for differentiation
and, possibly, for selection into the peripheral immune
system (Alt et al., 1987; Reth et al., 1987; Era et al.,
1991; Kitamura et al., 1991). Later in development,
mature, resting B cells also express miIgD (Abney and
Parkhouse, 1974; Melcher et al., 1974; Vitetta et al.,
1975), the antigen receptors are then responsible for the
recognition of foreign antigens. After binding of antigen
and subsequent activation, the mRNA level for § heavy
chain drops and expression of mIgD decreases (Yuan and
Tucker, 1984). This developmentally regulated expression
and the virtual absence of a secreted form of IgD in serum
predicted a role for mlIgD in the differentiation and
activation of B cells.

Initial experiments failed to reveal a difference between
miIgD and mIgM regarding the transduction of signals:
both induced early activation events like protein phos-
phorylation, phosphoinositol turnover, Ca’* fluxes and
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1 GAATTCCGTGTGCAAGGCGAGGTCTGTAAGCTGGAGCGGGGCAGAGGCTGGCGGGCACCC

61 CTTCCTGACCGCTGGTGCCGCCGCCGCCGCCTTCGGGAGGATCAGACATGGCCCAGAACT
M A Q N L -

121 TGAAGGACTTAGCTGGACGCCTGCCCGCCGGGCCTCGGGGCATGGGCACGGCGCTGAAGC
K DL AGRTULUPAGTPURGMGTATLTIKL-

181 TGCTGCTGGGGGCCGGGGCGGTGGCCTACGGCGTCCGCGAATCCGTGTTCACCGTGGAAG
LLGAGAVAYGVRESVFTVEG-

241 GCGGTCATAGAGCCATCTTTTTTAATCGTATTGGTGGCGTGCAGCAGGACACGATCCTGG
G HRAIFTFNRTIGG GV QQDTTITLA-

301 CCGAATTTCACTTCAGGATCCCCTGGTTCCAGTACCCCATCATCTATGACATTCGGGCCA
E FHF R I PWF QY PTITIYDTIRATR-

361 GACCTCGGAAAATCTCCTCCCCCACAGGCTCCAAAGACCTGCAGATGGTGAACATCTCCC
PR KIS S PTG S KDULIOQMVNTISIL-

421 TGCGTGTGCTGTCCCGACCCAATGCCCAGGAGCTCCCCAGCATGTACCAGCGTCTAGGGC
R VL SRPNA AQETLUZPSMYOQRULGTL-

481 TGGACTATGAGGAGCGAGTGCTGCCGTCCATTGTTAATGAGGTGCTCAAGAGTGTGGTGG
DY EERUVULUPSTIVNETVTLIZKSUVVA-

541 CCAAGTTCAATGCCTCGCAGCTGATCACCCAGCGGGCTCAGGTGTCCCTGTTGATCCGAA
K FNASQLTITA QRAQVSLILTITRR-

601 GAGAGCTGACAGAGCGCGCCAAGGACTTCAGCCTCATCCTGGATGATGTAGCTATCACAG
E L TERAKDTFSLIULDUDVATITE-
.
661 AGCTGAGCTTCAGCCGAGAGTACACAGCTGCTGTAGAAGCCAAGCAAGTGGCCCAGCAGG
L §$ F S REYTA AA AV EA AIKN~GQVAOQUQE-

721 AAGCCCAGCGGGCCCAGTTTTTGGTGGAGAAAGCGAAGCAGGAACAGCGACAGAAGATTG
A Q RAQF LV EZ KA AIKU QETU QRUZ QIKTIUWV-

781 TGCAGGCTGAGGGGGAGGCGGAGGCTGCCAAGATGCTTGGAGAAGCACTGAGCAAGAATC
Q A E G E A EAAIKMLGEA AL S KN P-

841 CTGGCTATATCAAGCTCCGAAAGATCCGGGCCGCCCAGAACATCTCTAAAACGATCGCCA
6 Y I K L RKTIRAAQNTISIKTTIAT-

901 CATCACAGAACCGAATCTATCTCACAGCTGACAACCTTGTGCTGAATCTACAGGATGAAA
S Q NR I YL TADNTLVLNLZGQDE S-

961 GTTTTACTCGGGGAAGTGACAGCCTCATTAAGGGTAAGAAATGAGTGTGGACATCAAGAA
F TR G S D S L I KGK K *

1021 CCCCACCACCAGAGAAGTTGGCACACTTGTCCAGCTTGGAGGAGCCAGCTCGGGGTCAAG
1081 CACAGCCCACCCTGCCCCAGGCATCATGTGATGGACTTTTCTGTATCTGCCCTCTTGGAT
1141 TAAGGAAGACTGAGACCAGCCCTTTCAGAGGCTTTCCTCCTTCCTGTGTTGGCTGGGAAG
1201 CGGGGTGGACAATGTGATTTCTCCGTGATTTCCTACAGCCTTGAGCCTCTCCCAGAGTGG
1261 GGGAGATAACCACCATGCCAGGAATTC

Fig. 6. The nucleotide and predicted amino acid sequences of BAP37.
The nucleotide sequence was determined as detailed in Materials and
methods. The deduced amino acid sequence is given starting from the
first ATG. The single letter amino acid code is used. The sequenced
peptides are underlined.

DNA synthesis. Analysis of events over a longer period,
however, showed that in the WEHI231 mouse cell line,
and in other murine and human cell lines, mIgM conveyed
an apoptotic signal, while mIgD failed to elicit this
response (Ales Martinez et al., 1988; Tisch et al., 1988;
Mongini et al., 1989; Kim et al., 1992). Carsetti et al.
(1993) have recently extended these studies in a transgenic
mouse model and have shown that in vivo, mIgM and
mlgD exert dramatically different functions: engagement
of mIgM alone on mature B cells led to B cell deletion
by apoptosis, while engagement of mIgD and mIgM
together failed to induce programmed cell death.

These experiments implied that mIgM and migD are
wired differently to the signaling cascade in the cell. The
discovery of a set of proteins that is uniquely associated
with mIgM, but not mIgD, could provide a molecular
basis for these functional differences.

The association of BAPs with migM

The evidence brought forward in this paper suggests
that the transmembrane domain of mIgM determines the
specificity of the interaction with BAP32/prohibitin and
BAP37. The topography and the nature of the interaction
of mIgM and BAP32/prohibitin and BAP37 is unknown.
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As a word of caution, we cannot at present exclude the
possibility that the association first occurs after lysis of
the cells. Two observations, however, argue against a
fortuitous association of mIgM with the BAPs: the specifi-
city of the interaction between mIgM and the BAP pair,
and the association of mIgD with another pair of proteins
(BAP29 and BAP31). We expect that BAP32/prohibitin
and BAP37 will be found to be localized in or proximal
to the membrane. The transmembrane part of mIgM is
thought to cross the lipid bilayer as an o-helix. One of us
(Reth, 1992) has proposed that the helix has a two-sided
arrangement. One side is conserved between all Ig classes
and is predicted to play a role in the interaction with Ig-o
and Ig-B. The other side is conserved within the mIgM
class and is thought to aid in the pairing of the mIgM
homodimer itself. It could, however, also function as
interaction surface for the class-specific association of
BAP32 and BAP37. BAP32/prohibitin has an amino-
terminal hydrophobic sequence (residues 1-25) that does
not conform to the sequence of a leader peptide (Von
Heyne, 1985), but that could theoretically function as an
intra-membrane anchor. A similar short intra-membrane
anchor has been suggested for the syntaxin family of
vesicular transport receptors, where the carboxy-terminal
end anchors the protein to the cytoplasmic side of the cell
membrane (Bennett et al., 1993). Further, both BAP32
and BAP37 show consensus lipid modification sites (in
particular, positions 21 in BAP32/prohibitin and position
35 in BAP37 are favorable consensus myristoylation sites).
For myristoylation, the amino-terminal end needs to be
cleaved off (Grand, 1989). The molecular weight deter-
mination, however, virtually excludes extensive modifica-
tions of either protein. In vitro translation and digestion
studies by Nuell et al. (1991) have shown that the bulk
of the prohibitin protein is in the cytoplasm. An alternative
model would predict the presence of another, not yet
identified adaptor protein. BAP41 is not a likely candidate
because of its low abundance in the IgM-BCR precipitates.

The difference in the amount of BAP32/prohibitin
that coprecipitated with IgM in lysates of the cell lines
33.1.17(u,x) and 33.1.17u3 correlated with the amount
of u expressed on the surface of these cells, suggesting
an association of BAP32 with surface-bound IgM. Unfortu-
nately, the anti-prohibitin antiserum is not suitable for
precipitation or immunofluorescence studies. The avail-
ability of antibodies that can be used in such experimental
approaches would help to clarify what the exact cellular
localization of the BAPs is, and which other proteins
associate with the BAPs.

Further biochemical characteristics of BAP32 and
BAP37

Immunoprecipitation studies have shown that in lysates
of splenic B cells and WEHI231 cells only a small fraction
of the BAPs is bound to IgM. Gel filtration analysis
further showed that in lysates of spleen cells the BAPs
are predominantly found in complexes of higher molecular
mass (~120-200 kDa, unpublished observations). When
BAP32/prohibitin and BAP37 were coprecipitated with
IgM from lysates of WEHI231 cells or splenic B cells and
separated by SDS —PAGE, staining with either Coomassie
Brilliant Blue or silver revealed bands of about equal
density. Thus, we estimate that BAP32/prohibitin and
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Fig. 7. Northern blot analysis of different mouse cell lines (A) and tissues (B). Total cellular RNA was isolated from cell lines and tissues, 15 pg
RNA was loaded per lane. Blots were consecutively hybridized with randomly primed cDNA fragments of BAP32/prohibitin and BAP37. For
comparison, the Northern blot with RNA from cell lines was hybridized with a GAPDH probe, the blot from tissues was standardized with a probe

for ribosomal protein S12 mRNA.

BAP37 are present in a 1:1 ratio in IgM precipitates. The
almost equimolar association of BAP32 and BAP37 with
mIgM suggests that they might form a dimer. However,
neither BAP32/prohibitin nor BAP37 possesses a known
dimerization motif. We have searched the sequence of
BAP32 and BAP37 for other motifs that could give clues
as to the nature of the association and to the function of
the two proteins. The secondary structure of BAP32/
prohibitin and BAP37 as predicted by the Chou—Fasman
method (Fasman, 1989) showed a striking similarity in
the arrangement of B-sheets and a-helices. Consensus N-
linked glycosylation sites, which are apparently not used,
are found. Acceptor sites for both serine/threonine and
tyrosine kinases are also present. Preliminary experiments,
however, failed to show a constitutive or induced phos-
phorylation of BAP32/prohibitin and BAP37. Furthermore,
close to the carboxy-terminus, an NPXY motif is found
in BAP37 (Figure 6, bold italic lettering). This motif is
frequently found in the cytoplasmic part of transmembrane
proteins and is required for the coated pit-mediated
internalization of the low density lipoprotein receptor
(Chen et al., 1990). Taken together, these observations
suggest that these proteins could have a role in the
internalization of the IgM-BCR. In B cells, internalization
is not only important for the uptake and processing
of nominal antigen (Lanzavecchia, 1990), it could also
abrogate signals transduced by the receptor by removal
of the receptor from the surface.

BAP32/prohibitin is a conserved protein

mRNA for BAP32/prohibitin and BAP37 is ubiquitously
expressed. BAP32/prohibitin is found in all cell lines and
tissues tested [unpublished observations; see also Nuell
et al. (1991) and Choongkittaworn et al. (1993)]. This
implies that their function is not limited to accessory
proteins for mIgM, but that they presumably also interact

with other receptors. BAP32/prohibitin is a highly con-
served gene. Homologs have been found in yeast (Franklin
and Jazwinski, 1993), nematodes, Drosophila [Cc gene
(Eveleth and Marsh, 1986)], man (White et al., 1991; Sato
et al., 1992) and rat (Nuell et al., 1991). In yeast, the
prohibitin homolog has been reported to increase the life
span of the cell (Franklin and Jazwinski, 1993). The
function of the Drosophila Cc gene product is unknown,
but it is contained in a lethal complementation group and
seems to be required for the transition from larva to pupa
(Eveleth and Marsh, 1986). In rat, prohibitin was isolated
as a gene expressed in quiescent cells, and it could
interfere with cellular proliferation (Nuell et al., 1991).

A search of the GenBank database revealed a cDNA
of unknown function derived from human muscle that
was very similar to the BAP37. The protein sequences of
BAP32/prohibitin, BAP37 and their homologs are aligned
in Figure 8 after correcting several possible errors in the
published sequences (see legend to Figure 8). From this
comparison it is clear that BAP32 and BAP37 form a
conserved gene family. The central cores of the proteins
show a particularly high degree of conservation.

Functional considerations

Prohibitin was identified as a gene product with anti-
proliferative activity. Although the mechanism of this
inhibition is unknown, McClung and colleagues (Roskams
et al., 1993) have recently brought forward evidence for
a role of prohibitin in the regulation of the progression of
the cell cycle. Choongkittaworn et al. (1993) have shown
that prohibitin is differentially expressed in the testis in a
pattern that agrees with an anti-proliferative effect of
prohibitin. White et al. (1991) hypothesized that prohibitin
could be a tumor suppressor. Prohibitin has been mapped
to mouse chromosome 11 (Morris et al., 1993), and the
homologous human chromosome region 17q21 (White
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1 50

mouse proh MAAKVFESIG KFGLAL---- ---------= AVAGGWNSA LYNV'DAGHRA

drosophila proh{Dmccg)
c-elegans proh{Ce371)
mouse p37 ..QNLKDLA. RLPAGPRGMG TALKLLLGAG ...Y..RE.V -FT.EG....

human p37(Hsb13g012)

51 100
mouse proh VIFDRFRGVQ DIWGEG'I'HF LIPWQKPII FDCRSRPR.N’V PVI’ICSKDLQ
drosophila proh{Dmccg} ....T... Q
c-elegans proh{Ce371}
mouse p37 IF.N.IG...
" human p37(Hsb139012)

QDTILAEF.. R...F.Y... Y.I.A...KI SSP.......

101 150
mouse proh NVNI'I'LRILF RPVASQLPRI YTSIGBDYDE RVLPSIT'I’EI LKSWARFDA

drosophila proh{Dmccg) ......... L.Q ..Q..
c-elegans proh{Ce371) RQ. ..

mouse p37 M...S..V.S ..N.QE..SM .QRL.L..E. ......VN.V ......K.N.
human p37{Hsb13g012)

151 200
mouse proh GELI‘KQRELV SRQVSDDLTE RAATFGLILD DVSLTHL'I‘FG KEFmVEAK
\QE..V ..KQ R.

drosophila proh{Dmccg} ........M. .QR..QE..V . .KQ..F... .I........
c-elegans proh{Ce371) H.H.....V‘ QRA V..R. 4..0‘..1... .IAI...N.. ) D M
mouse p37 SQ..... AQ. .LLIRRE... .. KD.S.... ..AI.E.S.S R.Y.A..
human p37{Hsbl13g012} D.s. X X ..AI.E.S.S R.X.A..

mouse proh QVAQQEABRA RFVVEKAEQQ KKAAIISABG DSKMELIAN SLATAGDGLI

drosophila proh(Dmccg) ........K. .......... LoS...... R.C-VGQ VI.RPETVWW
c-elegans proh(CaNl) ........ K. YL M I v'r'r .

P37 ... Q.. Q.L....K.E QRQK.VQ... EAE..KMLGE A.SK-NP.Y.

human 937(Hab139012) .....X.Q.. X.L....K.E QRQK.VQ... EAE..KMLGE A.XK-XX.Y.

300
mouse proh ELRKLEAAED IAYQLSRSRN ITYLPAGQSV LLQLPQ
drosophila proh{Dmccg} S..LIDRPRY RLTSYP...G VA...S... H AA.SAIDHRA VAGCI
c-elegans prch(Ceﬂl)
p37 K...IR..QN .SKTIAT.Q. RI..T.DNL. .NLQDESFTR GSDSLIKGKK
human p37(Hsb13g012) X...IR.DXN XSKXX

Fig. 8. Comparison of the amino acid sequence of mouse BAP32/
prohibitin, Drosophila Cc (Dmccg), Caenorhabditis elegans CE371,
mouse BAP37 and human BAP37 (Hsb13g012). Identities are
indicated by a point, and gaps by a dash. The nucleotide sequence of
Cc genomic DNA and mouse prohibitin cDNA were compared. Based
on the occurrence of two gaps (following position 325 and 329 of Cc,
numbering according to the Dmecg entry in the EMBL database) and
two insertions (at positions 481 and 482 of Cc) in the comparison and
the optimal alignment of deduced amino acid sequence including
reading frame shifts, the sequence of Cc was adapted to obtain an
optimal alignment with mouse prohibitin by the introduction and
deletion of two nucleotides respectively, at the position where gaps
and insertions occurred. The intron—exon boundary was placed at
position 712 instead of at position 655 as stated in the annotated
EMBL entry of Dmccg. A similar procedure was used to optimally
align Hsb13g012 with mouse BAP37: one nucleotide was deleted at
position 256 and one added after position 107 in the published entry
of the EMBL database. The sequence of mouse BAP32/prohibitin and
mouse BAP37 are deposited with the EMBL database under accession
numbers X78682 and X78683, respectively. )

et al., 1991; Sato et al., 1992). In the latter locus, a gene
(or gene cluster) has been identified that is related to the
occurrence of familial, early onset breast cancer (Smith
et al., 1992). The region is also often deleted in other
carcinomas, e.g. ovarian carcinoma, supporting the notion
that prohibitin is a tumor suppressor gene product. Recent
evidence indicates that prohibitin maps just outside the
locus responsible for familial, early onset breast cancer
(BRCA locus), and that it may be unmutated in ovarian
carcinoma (Cliby et al., 1993).

The high degree of similarity of BAP32/prohibitin and
BAP37 suggests a similar function for the two proteins.
It will be of interest to determine the chromosomal
localization of BAP37.

The capacity of prohibitin to regulate proliferation could
have important implications for the function of the mIgM—
BCR. After cross-linking of mIgM, it appears that two
(conflicting) signals are generated: one involves the activa-
tion of Src-related kinases and the ensuing activation
of immediate-early response genes, leading to cellular
proliferation, while the second signal, possibly mediated
through BAP32/prohibitin, initiates programmed cell
death. The default pathway appears to be apoptosis and,
therefore, successful proliferation requires its suppression.
In a ‘normal’ immune response, the default pathway
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(apoptosis) can be overridden by modulating factors such
as engagement of mlgD, T cell derived factors like
interleukin-4, or contact with stroma cells. Indeed, engage-
ment of the mIgD receptor alone causes a strong pro-
liferative response [Finkelman er al. (1982), and
unpublished observations]. Further, Carsetti et al. (1993)
have correlated the period in which B cells express mIgM
alone with intervals of negative selection. This occurs
when the repertoire is shaped and its specificity has to be
checked for autoreactivity and effectivity, after rearrange-
ment and after somatic mutation of the receptor. These
findings could be explained by our observation that mIgD
is not associated with BAP32/prohibitin and BAP37.

A similar model for the control of cellular proliferation
was proposed for the activity of c-Myc in fibroblasts: c-
Myc initiates both proliferation and programmed cell
death. Apoptosis is the default pathway, unless serum
(growth) factors quell the apoptotic effect (Evan et al.,
1992). Such dual control systems can protect cells from
uncontrolled proliferation.

The association of two proteins with the mIgD antigen
receptor and, to some extent, with the mIgM antigen
receptor (see accompanying paper), could suggest that
mlgD more efficiently performs certain functions that are
also associated with antigen binding to miIgM, like
internalization of antigen and antigen presentation
(Lanzavecchia, 1990).

Materials and methods

Culture conditions and cell lines

WEHI231 is a non-secreting B cell lymphoma, induced by mineral oil.
CHB3.LX is a B cell lymphoma (Bishop et al., 1993), generously
provided by Dr G.Haughton, NC. Besides IgM, it expresses small
amounts of IgD of allotype b. Cell line 33.1.1* was obtained through
transformation of bone marrow cells of the Sp6 mouse, expressing p
and x transgenes, with Abelson murine leukemia virus (AMuLV). Cell
line 33.1.17 is a transgene-negative variant of 33.1.1% (Iglesias et al.,
1993). J558L is a mouse myeloma cell line, expressing only A light
chains, and Ig-B- but not Ig-a-associated proteins (Hombach et al.,
1988). J558L/um/mb-1 is transfected with constructs coding for Ig-o
and the membrane form of . It expresses mIgM. Sp6 is a mouse
hybridoma and secretes IgM. K46 is a mouse B cell lymphoma,
expressing IgG2a. SCID 1 is an AMuLV-transformed pre-B cell line
derived from a severe combined immunodeficiency (SCID) mouse.
HAFTL is a mouse pro-B cell line obtained after transformation of fetal
liver cells with AMuLV. BW5147 is a mouse thymoma cell line, and
MELI a mouse erythrocyte leukemia cell line. P815 is a mouse
mastocytoma cell line [for references to these cell lines see Wenger
et al. (1991)]. All cells were cultured in Iscove’s modified DMEM,
supplemented with 7.5% fetal calf serum, 50 U/ml penicillin, 50 pg/ml
streptomycin and 5 X 107> M 2-mercaptoethanol.

Mice

C57/BL6 mice were obtained from our breeding facility. The mice were
housed under SPF conditions, and killed at 8-10 weeks of age. B cells
were isolated from spleens. Red blood cells were removed by isotonic
lysis, and T cells were removed by treatment with a combination of
monoclonal anti-CD4 (GK1.5), anti-CD8 (19-178) and anti-Thy1 (AT83)
antibodies and complement.

Antibodies

Goat anti-mouse IgM and goat anti-rabbit IgG (unlabeled or HRPO-
labeled) were purchased from Southern Biotechnology Associates. Rabbit
anti-prohibitin antibody was a gift of Dr K.McClung, Oklahoma City,
OK. MADb 11-26C (anti-8) was a gift of Dr J.Kearney, Birmingham,
AL., mAbD anti-LPS (BA1.2b) was a gift of Dr H.Waldmann, Cambridge,
UK. Anti-CD44 (KM-81), anti-CD25 (PC61), anti-CD32 (2.4G2), anti-p
(b7.6,29-11 and c2.23) and anti-8® (AF6.122) were in our collection or



obtained from the ATCC. Antibodies were harvested from culture
supernatants and purified on protein G—Sepharose (Pharmacia). Where
indicated, antibodies were coupled to cyanogen-bromide-activated
Sepharose 4B (Pharmacia), according to the suggestions of the manu-
facturer.

Labeling with biotin

Cells were washed three times with Hank’s buffered saline (HBSS),
incubated with sulfo-NHS-biotin (Pierce) at 50 pg/ml in HBSS for 8
min at room temperature and washed three times with HBSS. Precipitates
were washed with lysis buffer (see below) followed by two washes with
HBSS, and treated with sulfo-NHS-biotin as above. Precipitates were
washed three times after biotinylation with the appropiate lysis buffer.

Cell lysis, immunoprecipitation, SDS— PAGE, staining with
silver or Coomassie Birilliant Blue, and Western blotting

Cells were lysed in lysis buffer (50 mM Tris, 137 mM NaCl, pH 7.6)
containing protease and phosphatase inhibitors (1 pg/ml aprotinin, 1 ug/
ml leupeptin, | mM PMSF, | mM Na;VO,) and detergent (digitonin,
NP-40 or Triton X-100, at 1%) for 1 h on ice. The detergent-soluble
fraction was obtained by centrifugation for 10 min at 14 000 g.

Lysates were precleared with glycine-inactivated Sepharose 4B (Phar-
macia) or protein G coupled to Sepharose 4B (Pharmacia) before
precipitation, unless otherwise stated, for 2 h on ice, followed by
incubation with the specific antibody, coupled to Sepharose 4B. Precipita-
tion was allowed to proceed for 2 h, then precipitates were washed three
times with lysis buffer and once with HBSS, and collected after
centrifugation.

Reducing and non-reducing SDS—PAGE was performed according to
Laemmli (Laemmli, 1970).

Proteins were either visualized by silver staining (Bloom er al., 1987)
or, after transfer to nitrocellulose filters, by staining with Coomassie
Brilliant Blue (0.1% in 10% glacial acetic acid, 40% methanol), or with
HRPO-labeled primary or secondary antibodies and a luminescent
substrate (ECL, Amersham).

Protein sequencing
Protein sequencing was performed by Beckmann Auftragsanalytik,
Munich, Germany.

Isolation of p32- and p37-specific cDNA clones and
nucleotide sequencing

Primers were synthesized based on the published 5’ and 3’ coding
sequence of rat prohibitin (Nuell er al., 1991), and prohibitin-specific
cDNA was amplified by PCR from cDNA derived from pre-B cell line
33.1.17. This cDNA was used to isolate prohibitin-specific clones from
a mouse myeloma (J558L) cDNA library, generously supplied by Drs
Ehrlich, Miiller and Rajewsky. Degenerate primers were synthesized
based on the obtained p37-specific peptide sequences. p37-specific cDNA
was then amplified by PCR from c¢cDNA derived from the pre-B cell
line 33.1.17, and p37-specific clones were isolated from a cDNA library
of the mouse pre-B cell 300-19P8 (Leclercq et al., 1989). The nucleotide
sequence was obtained using the dideoxy method.

Northern blotting .

RNA was isolated from cell lines by the method of Chomczynski
and Sacchi (1987). RNA was then separated by electrophoresis in
formaldehyde —agarose gels, and blotted onto uncharged nylon mem-
branes (Biodyne A, Pall) by capillary transfer (Sambrook et al., 1989).
p32- and p37-specific mRNAs were detected by hybridization with
isolated cDNA from p32- and p37-specific cDNA clones that had been
labeled with [*2P]dATP by the random priming method (Feinberg and
Vogelstein, 1984). After each hybridization and exposure, the radioactive
probe was stripped off, and the membrane was re-used for the next
hybridization. Control hybridizations to monitor loading were performed
with a GAPDH-specific probe for cell lines and with a probe specific
for S12 ribosomal protein mRNA for tissues (Ayane et al., 1989).
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