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ABSTRACT The gene encoding Bruton tyrosine kinase
(Btk) is known to be mutated in human X chromosome-linked
agammaglobulinemia and in the Xid mouse. This kinase was
examined in B lymphocytes before and after antigen receptor
ligation and also in pre-B cells. Btk was found to be catalytically
activated and tyrosine phosphorylated in response to anti-IgM

imulation in B cells. This kinase is also constitutively phos-
phorylated on tyrosine residues in pre-B cells. These findings
point to a functional role for Btk in pre-antigen and antigen
receptor signaling during B-cell development and provide a
biochemical explanation for the X-linked genetic syndromes
already linked to this kinase.

Bruton tyrosine kinase (Btk) is a member of a small family of
tyrosine kinases that share certain structural features, but
whose biological roles are poorly understood. These kinases,
which include Itk/Tsk in T lymphocytes (1, 2), TEC I and
TEC II in liver cells as well as hematopoietic cells (3, 4), and
the DSrc28 kinase in Drosophila (5), have conserved kinase,
Src homology 2 (SH2), and SH3 domains but lack N-terminal
myristoylation signals and C-terminal negative regulatory
tyrosine residues. Human and mouse genetic disorders in
which Btk is defective indicate that this kinase plays an
important role in B-cell differentiation. The specific function
of this kinase in B-lineage cells remains to be elucidated.
Mutations in Btk that compromise catalytic activity result in
the failure ofhuman pre-B lymphocytes to mature efficiently
into surface IgM-positive B cells (6, 7). Other mutations,
outside the kinase domain, some of which may be predicted
to compromise the function of Btk, lead to a variable degree
of impairment of B-cell generation. Collectively, these mu-
tations constitute the clinical spectrum of X chromosome-
linked agammaglobulinemia (8, 9). A point mutation in the
N-terminal pleckstrin homology domain of this kinase has
been detected in the Xid mouse (10, 11). In these mice the
pre-B to B-cell transition is minimally impaired, but B cells
fail to respond to polyvalent antigens and do not proliferate
in response to soluble anti-IgM antibodies in vitro. Btk has
been reported to be localized to the cytoplasm, but a bio-
chemical role for this kinase during B-cell differentiation has
thus far been lacking.
During B-cell differentiation pre-B cells that make in-frame

rearrangements at the heavy chain locus presumably receive
a survival signal from the pre-B receptor and are positively
selected. The pre-B receptor is made up of membrane im-
munoglobulin heavy chains, surrogate light chains (12-16),
and other antigen receptor-associated proteins (17). Inacti-
vation by homologous recombination of Am or of the surro-
gate light chain encoding A5 gene (18) leads to a block in
differentiation at a late pre-B stage, generating a phenotype
in mice that resembles that seen in some patients with

X-linked agammaglobulinemia. However, to date, there has
been no evidence to biochemically link Btk to signal trans-
duction via the pre-B or B-cell receptor.

In this report we present evidence for the catalytic acti-
vation of Btk following receptor ligation in B cells. Cross-
linking of membrane immunoglobulin also leads to the phos-
phorylation of Btk on tyrosine residues in B cells; in pre-B
cells Btk is constitutively tyrosine phosphorylated. These
results provide a biochemical link between signal transduc-
tion via the B-cell receptor and Btk. The tyrosine phosphor-
ylation of Btk in pre-B cells supports models for constitutive
signaling via the pre-B receptor. These findings suggest that
the defect in X-linked agammaglobulinemia represents the
inability to generate a signal for the positive selection of
B-lineage cells that have productively rearranged their heavy
chain loci.

MATERIALS AND METHODS
Cell Lines. The source of WEHI 231, a surface IgM-

expressing immature B-cell line, and the derivation of the
NFS 70.15 pre-B-cell line have been described earlier (19).

Anti-Btk Antibodies. Anti-Btk antibodies were raised in
rabbits using a glutathione S-transferase (GST) Btk fusion as
described by Tsukada et al. (7) followed by depletion over a
GST-Sepharose immunoadsorbent and affinity purification
using GST-Btk-Sepharose.

Anti-Phosphotyrosine Immunoprecipitation and Anti-Btk
Immunoblot Analysis. Anti-IgM crosslinking was performed
and lysates from 5 x 107 cells (in 1% Nonidet P40) were
prepared as described (19). Four-fifths of each lysate was
used for the anti-phosphotyrosine immunoprecipitation step,
using 50 ,ul of a 50% slurry of a monoclonal anti-phos-
photyrosine antibody coupled to agarose (PY 20, Zymed).
The remaining fifth of each lysate was immunoprecipitated
with anti-Btk. Immunoprecipitates were washed four times
with 0.2% Nonidet P40 in 10 mM Tris, pH 8.0/120 mM
NaCl/0.4 mM EDTA, separated on a 10% polyacrylamide/
SDS gel, and transferred to an Immobilon-P membrane, and
Btk was revealed by immunoblotting, using the ECL system
(Amersham). In separate experiments, lysates were immu-
noprecipitated with anti-Btk as described above and an
anti-phosphotyrosine immunoblot was performed as de-
scribed (19).
Assay for Catalytic Activation of Btk. WEHI 231 B cells (3

x 106) were used for each time point of the in vitro kinase
assay. Cells (1.3 x 107) were stimulated with 2.5 pg ofF(ab')2
anti-IgM (Zymed) in 100 ,l of serum-free RPMI medium at
37°C. At various time points lysates were made as described
above and precleared using rabbit IgG and protein A-Seph-
arose. A portion ofeach lysate representing 3 x 106 cells was
immunoprecipitated with anti-Btk, washed four times with
the 0.2% Nonidet P-40 buffer described in the previous
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section, and then washed once with 20 mM Pipes (pH 7.0)
containing 20 mM MnCl2. The beads were taken up in 20 Al
of the above buffer and mixed with 2.5 ug of acid-denatured
rabbit muscle enolase and 10 ACi of [y-32P]ATP (6000 Ci/
mmol; 1 Ci = 37 GBq; New England Nuclear). After 5 min
at 30TC, the reaction was terminated and samples were
separated on a 9%6 polyacrylamide/SDS gel. After fixation,
the gel was treated with 1 M KOH at 60TC for 90 min, refixed,
dried, and exposed for autoradiography. A separate portion
of each lysate representing 107 cells was analyzed for Btk
using the above immunoprecipitation/immunoblot approach.

RESULTS
WEHI 231, a surface IgM-expressing murine B-cell line, has
been extensively used in studies of signal transduction me-
diated by the B-lymphocyte antigen receptor (20, 21). We
initially examined whether Btk was phosphorylated on tyro-
sine residues in response to the crosslinking of membrane
IgM in this cell line, and we also studied a pre-B-cell line,
NFS 70.15 (19), that had been derived from a pro-B-cell line
immortalized by the nuclear v-cbl protein (presumed to be a
transcription factor). It was particularly important to study
such a line, since Abelson virus-derived pre-B lines express
an active transforming tyrosine kinase and are unsuitable for
studies of signal transduction. NFS 70.15 expresses intracel-
lular pre-B receptor complexes, containing Am, surrogate
light chains, the immunoglobulin a/l heterodimer, and as-
sociated Src family kinases. In previous studies (19, 22) a
number of specific SH2 domain binding proteins were de-
tected in activated B-cell lines (but not in nonstimulated cells)
including WEHI 231 (19). In the NFS 70.15 pre-B-cell line,
however, some of these above tyrosine phosphorylated pro-
teins were also detected in the absence of any extraneous
stimulation (19), indirectly supporting models invoking the
constitutive ligand-independent activation of the pre-B re-
ceptor (13, 16, 23).
Btk Is Tyrosine Phosphorylated in Response to Receptor

Ligation in B Cells and Constitutively in Pre-B Cells. We
wished to determine whether Btk was tyrosine phosphory-
lated in response to anti-IgM stimulation in B cells and
whether it was constitutively tyrosine phosphorylated in the
NFS 70.15 pre-B-cell line. Phosphotyrosine-containing pro-
teins were affinity purified from pre-B- and B-cell lysates on
an anti-phosphotyrosine monoclonal antibody matrix and
Btk was revealed using an affinity-purified anti-Btk antibody
(Fig. 1, lanes 1-3). A portion of each lysate was also immu-
noprecipitated with anti-Btk antibodies to verify that Btk was
actually present in equivalent amounts (lanes 4-6). Btk was
tyrosine phosphorylated after antigen receptor crosslinking
in WEHI 231 B cells (lane 3) but not in nonstimulated B cells
(lane 2); this enzyme is constitutively phosphorylated in NFS
70.15 pre-B cells (lane 1). Immunoprecipitation using anti-
Btk followed by an anti-phosphotyrosine immunoblot assay
(data not shown) also detects phosphotyrosinylated Btk. This
latter approach does not reveal other phosphorylated mole-
cules that might have been postulated to be tightly associated
with Btk. In theory, a phosphoprotein noncovalently asso-
ciated with Btk could potentially have mediated the latter's
binding to the anti-phosphotyrosine matrix used in experi-
ments such as the one depicted above.

Catalytic Activation ofBtk Following Receptor Ligation B
Cells. Ligation of the antigen receptor in WEHI 231 cells
leads to an increase in the catalytic activity ofBtk as assessed
both by autophosphorylation and the phosphorylation of an
exogenous substrate, enolase. Previous studies (7) have
demonstrated that Btk is autophosphorylated on tyrosine
residues. As seen in Fig. 2A, kinase activity peaks around
3-5 min and appears to decline subsequently. We confirmed
that the amount of Btk in lysates at time points at which
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FIG. 1. Btk is phosphorylated on tyrosine residues in response to
antigen receptor ligation in WEHI 231 B cells and constitutively in
NFS 70.15 pre-B cells. Btk was revealed by an anti-phosphotyrosine
immunoblot. Lanes 1 and 4, lysates from NFS 70.15 cells; lanes 2 and
5, lysates from nonstimulated WEHI 231 cells; lanes 3 and 6, lysates
from anti-IgM stimulatedWEHI 231 cells. In lanes 1-3, samples were
immunoprecipitated with an anti-phosphotyrosine monoclonal anti-
body. In lanes 4-6, lysates were immunoprecipitated with anti-Btk.
Anti PY, anti-phosphotyrosine; PB, pre-B; N, nonstimulated; S,
stimulated (by receptor ligation). Molecular weights are indicated as
Mr X 10-3.

catalytic activity peaked was either equivalent or less than
that at earlier time points (Fig. 2B). The decline of catalytic
activity after it peaks appears in part to be an artefact of the
decreased availability of Btk in detergent extracts after
receptor ligation (as seen in Fig. 2B). In fact, the peak of
catalytic activity in Fig. 2A at 3 min is seen at a point when
the Btk content of the same lysate (as seen in Fig. 2B) is less
than at earlier time points. Fig. 2C shows results from an
experiment similar to that in Fig. 2A. In this exposure the
phosphorylation of enolase, between 3 and 5 min after the
crosslinking stimulus, is more readily visualized.

DISCUSSION
The above findings place Btk along the pathways of pre-
antigen receptor and antigen receptor-mediated signaling in
B-lineage cells. Crosslinking of membrane immunoglobulin
in B cells leads to the tyrosine phosphorylation and catalytic
activation of Btk, indicating that B-cell receptor-mediated
signal transduction targets this tyrosine kinase. In pre-B
cells, Btk is constitutively tyrosine phosphorylated. This
finding supports the view that assembly itself of the pre-B
receptor might provide the signal for the activation of this
receptor and the consequent catalytic activation of Btk.
Pre-antigen receptors (the pre-B receptor in the B lineage and
the pre-T receptor comprising the T-cell receptor s chain and
a surrogate a chain in the T lineage; ref. 24) are unique in that
they are not designed to monitor the external milieu of the
cells in which they are expressed but, on the contrary, may
have evolved to monitor productive rearrangement of immu-
noglobulin heavy chain and T-cell receptor (3 chain genes.
The defect in X-linked agammaglobulinemia presumably
compromises the pre-B receptor-mediated survival of B-lin-
eage cells that have productively rearranged their heavy
chain loci.
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(A and C) Analysis of catalytic activitv of Btk after receptor ligation
of WEHI 231 cells as measured by aiutophosphorylation and by the
phosphorylation ofan exogenoUS substrate, enolase. (B) A portion of
each lysate representing the time points analyzed in A was assayed
by an immunoprecipitation imrIlunoblot approach for immunoreac-
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The B-cell receptor is made up of membrane immunoglob-
ulin heavy chains, associated light chains, the immunoglob-
ulin a/. heterodimer, associated Src family kinases, and the
tandem SH2 domain containing Syk kinase (17, 25). Src
family kinases known to be associated with this receptor
include Blk, Lyn, Fyn, and Lck (21, 26, 27). Tyrosine
phosphorylation is known to be involved in the process of
signal transduction (20) and catalytic activation of Src family
kinases and Syk has been demonstrated in B cells activated
with anti-IgM. Src family kinases are presumed to associate
with the ARHi motifs in the cytoplasmic tails ofIga and Ig/3.
The mechanism by which Syk is associated with this receptor
remains unclear (28), although it might well be recruited (29,
30) to the ARHi motifs in activated B cells in a manner
analagous to the presumed recruitment of ZAP 70 by the
ARHi motifs in the chain ofthe T-cell receptor. On the basis
of the above evidence it is likely that Btk physically interacts
with the B-cell receptor and the pre-B receptor. Preliminary
immunoprecipitation/reimmunoprecipitation experiments

support such a conclusion (Y.A. and S.P., unpublished
observations). The structural basis for the interaction ofthese
receptors with Btk is an issue of considerable interest. The
catalytic activation of Btk either is presumably a conse-
quence of a tyrosine phosphorylation-dependent conforma-
tional change in Btk or reflects the association of phosphor-
ylated Btk with another protein possibly through an SH2-type
interaction. These mechanistic issues remain to be explored.
What is the nature of the signal generated by Btk? In the

Xid mouse the point mutation in the pleckstrin homology
domain apparently does not compromise the function of Btk
in positive selection at the pre-B stage. Crosslinking of
membrane immunoglobulin in splenic B cells of these mice
with soluble anti-IgM does not affect early events in B-cell
signaling (31) but fails to deliver a proliferative signal. Since
proliferation can be induced by a crosslinking stimulus of
greater magnitude, it is possible that Btk mediates similar
function at the pre-B and B stages but that a quantitatively
smaller signal suffices for pre-B rescue. Alternatively, the
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FIG. 3. Model for constitutive/ligand-independent pre-B recep-
tor-mediated signaling involving Btk. ER, endoplasmic reticulum;
PY, phosphotyrosine. Depicted is a pre-B receptor complex con-
sisting of surrogate light chains associated with pm, which in turn is
associated with the immunoglobulin a/l heterodimer (only one
associated heterodimer is depicted). Blk is depicted as a shaded
circle and Syk is depicted as a rectangle. The mechanism of asso-
ciation of these proteins with the receptor is unclear; Blk (and other
Src family kinases) is presumed to associate with the cytoplasmic
tails of the a/P heterodimer, and it is likely that Syk is recruited to
the receptor after crosslinking. Evidence exists for the formation of
a complex between Blk and Syk (Y.A., R. Stillwell, and S.P.,
unpublished observations) and this association is depicted. Btk is
tyrosine phosphorylated and catalytically activated and provides a
signal that mediates pre-B rescue and allelic exclusion.

pleckstrin homology domain may be responsible for a
B-stage-specific interaction of Btk with a target. It has been
suggested that pre-antigen receptors might mediate allelic
exclusion by the induction of lymphocyte entry into S phase
(32) and the consequent phosphorylation and degradation of
RAG-2 (33). It is conceivable that Btk is responsible for a
nuclear event critical to the entry ofpre-B cells and of resting
B cells into S phase (Fig. 3). Allelic exclusion in T cells
appears to be mediated by a signal generated from the T-cell
receptor ,B-gp33 complex (24), which presumably also in-
cludes p56ck (34). Although Blk is specific to B-lineage celis
(35) it is unclear which Src family kinase, if any, plays a
critical role in pre-B signaling for rescue and allelic exclusion.
Given the many similarities between the early events in B-
and T-lymphocyte development, it is likely that Itk/Tsk, the
T-lineage homolog of Btk, might play an important role in the
first positive selection step in T-cell development.
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