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We report the characterization of two signal transduction proteins related to Bam32, known as TAPP1 and
TAPP2. Bam32, TAPP1, and TAPP2 share several characteristics, including small size (32 to 47 kDa), lack of
enzymatic domains, high conservation between humans and mice, and the presence of pleckstrin homology
(PH) domains near their C termini which contain the 3-phosphoinositide-binding motif. Unlike Bam32, the
N-terminal regions of TAPP1 and TAPP2 contain a second PH domain. TAPP1 and TAPP2 transcripts are
expressed in a variety of tissues including lymphoid tissues. Using live-cell imaging, we demonstrate that
TAPP1 and TAPP2 are recruited to the plasma membrane of BJAB human B-lymphoma cells upon activation
through the B-cell antigen receptor (BCR). The C-terminal PH domain is necessary and sufficient for BCR-
induced membrane recruitment of both TAPP1 and TAPP2. Blockade of phosphatidylinositol 3-kinase (PI3K)
activity completely abolished BCR-induced recruitment of TAPP1 and TAPP2, while expression of active PI3K
is sufficient to drive constitutive membrane localization of TAPP1 and TAPP2. TAPP1 and TAPP2 preferen-
tially accumulate within ruffled, F-actin-rich areas of plasma membrane, suggesting a potential role in
PI3K-driven cytoskeletal reorganization. Like Bam32, BCR-driven TAPP1 and TAPP2 recruitment is a rela-
tively slow and sustained response, in contrast to Btk recruitment and Ca2� mobilization responses, which are
rapid and transient. Consistent with recent studies indicating that Bam32, TAPP1, and TAPP2 can bind to
PI(3,4)P2, we find that membrane recruitment correlates well with production of PI(3,4)P2 but not with that
of PI(3,4,5)P3. Our results indicate that TAPP1 and TAPP2 are direct targets of PI3K signaling that are
recruited into plasma membranes with distinctive delayed kinetics and accumulate within F-actin-rich mem-
brane ruffles. We postulate that the TAPPs function to orchestrate cellular responses during the sustained
phase of signaling.

Enzymes such as phospholipase C (PLC) and phosphatidyl-
inositol 3-kinase (PI3K) that act on inositol phospholipids in
the plasma membrane play key roles in the intracellular prop-
agation of signals generated by a large variety of cell surface
receptors (52). Activation of these enzymes is dependent on
protein tyrosine kinase activation and is regulated by complex
mechanisms involving tyrosine kinases, phosphatases, and
adaptor molecules. PLC and PI3K both act upon the phospho-
lipid phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2]: PLC
cleaves PI(4,5)P2 to produce soluble inositol 1,4,5-trisphos-
phate (IP3) and membrane-anchored diacylglycerol (DAG),
while PI3K phosphorylates PI(4,5)P2 on the D3 position of the
inositol ring to generate the lipid PI(3,4,5)P3 (PIP3). The func-
tions of IP3 and DAG as second messengers have been rela-
tively well characterized: IP3 stimulates an increase in cytosolic
free Ca2� levels by activating release from the endoplasmic
reticulum through IP3-gated calcium channels, while DAG
binds to and activates protein kinase C (PKC) isoforms. While
PI3K has long been known to be an important component of
signal transduction through many receptors, the function of

the 3-phosphoinositide second messengers remained elusive
until the recent discovery that some pleckstrin homology (PH)
domains can specifically bind PIP3 (27, 38, 44). PH domains
are protein modules of about 100 amino acids which are
present in more than 200 named proteins involved in signal
transduction, cytoskeletal organization, and membrane dy-
namics (26, 27), and dozens of these have been shown to
directly bind various phosphoinositides, including PIP3 (24).
Binding of PH domain-containing proteins to PIP3 can serve
to transiently recruit these signaling proteins to the plasma
membrane at sites of PI3K activation (4, 34, 56, 58). Thus,
activated PI3K can regulate the function of a significant num-
ber of signaling proteins, consistent with the diverse array of
biological responses downstream of PI3K (39, 52).

The importance of the PI3K pathway in B-lymphocyte acti-
vation and differentiation responses is well established. Studies
examining the effects of PI3K inhibitors on B-cell responses in
vitro indicate that PI3K is involved in CD40-induced immuno-
globulin secretion in human B cells (1) and lipopolysaccharide
(LPS)-induced proliferation in murine B cells (57). Human B
cells pretreated with the PI3K inhibitor wortmannin show re-
duced anti-immunoglobulin M (anti-IgM)-induced thymidine
incorporation and increased apoptosis, suggesting that PI3K-
dependent signaling events deliver a critical component of
survival and mitogenic signaling through the BCR. Studies
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examining mice deficient in the PI3K p85� subunit (15, 48)
have demonstrated that PI3K activity is involved in both early
B-cell differentiation and B-cell activation. p85-deficient B
cells show impaired proliferation in response to anti-IgM, anti-
CD40, interleukin 4, or LPS, suggesting that PI3K is required
for mitogenic responses through a variety of activating recep-
tors on B cells. Underlining the functional importance of the
PI3K pathway in B cells is the fact that it is subject to negative
regulation by the inhibitory Fc receptor Fc�RII (37, 49).
Fc�RII is a physiologically important regulator of B-cell re-
sponses to antigens, since coligation of Fc�RII inhibits B-cell
antigen receptor (BCR)-induced Ca2� mobilization (9) and
proliferation (37), and Fc�RII-deficient mice show exagger-
ated antibody responses (49). At least some aspects of Fc�RII-
mediated inhibition of BCR signal transduction appear to be
mediated by SHIP (6, 36); SHIP specifically antagonizes PIP3
generation by removing the 5-phosphate from PIP3 to gener-
ate the lipid product PI(3,4)P2 (11, 29). The importance of
SHIP in regulating B-cell activation is supported by studies of
SHIP-deficient cell lines and mice, which have defects in B-cell
maturation and exaggerated BCR signaling responses (21, 36).

Given the importance of PI3K and SHIP in B-cell activation,
a current, critical question is, what are the targets of 3-phos-
phoinositide second messengers in B cells and how do they
function to regulate B-cell activation and differentiation? Two
PH domain-containing targets of PI3K are known to be acti-
vated by the BCR: the Tec family protein tyrosine kinase
Bruton’s tyrosine kinase (Btk) (41, 42) and the serine/threo-
nine kinase Akt (2, 5, 10, 20). We have recently identified and
characterized Bam32, a novel PH domain-containing protein
that is recruited to the plasma membrane of activated B lym-
phocytes in a PI3K-dependent manner (31). Here we report
the characterization of TAPP1 and TAPP2, two PH domain-
containing adaptor proteins related to Bam32 that have re-
cently been shown to bind specifically to PI(3,4)P2 (12). We
demonstrate that these proteins represent targets of activated
PI3K and are recruited to the plasma membranes of B lym-
phocytes in a sustained fashion after activation through the
BCR.

MATERIALS AND METHODS

Isolation of human TAPP2 and TAPP1 cDNAs. In the course of isolating the
murine homologue of Bam32 (31), we fortuitously cloned a cDNA fragment
encoding the C-terminal PH domain of TAPP2, which we initially referred to as
Phad47, for PH domain-containing adaptor of 47 kDa (Marshall et al., FASEB
J. 14:A967, 2000). To avoid confusion, we here refer to Phad47 as TAPP2, in
accordance with the nomenclature of Dowler and colleagues, who recently re-
ported the identification of this same gene by use of a database-searching ap-
proach (12). The 5� sequence was subsequently isolated by using rapid amplifi-
cation of cDNA ends (RACE) with an adaptor-ligated cDNA template derived
from a BALB/c mouse spleen (Clontech). This RACE product contains an in
frame stop codon at the 5� end, indicating that it represents the full-length
sequence. Our assembled TAPP2 sequence, including approximately 700 bp of 3�
untranslated sequence, can be accessed in GenBank under the name Phad47
(accession number AF418551). We found that the expressed sequence tag (EST)
database contained sequences corresponding to the human homologue of our
murine TAPP2 sequence and to a second gene closely related to TAPP2, which
we have designated TAPP1. We obtained IMAGE clones encoding human
TAPP2 and human and murine TAPP1 (Research Genetics) and fully sequenced
the inserts. IMAGE clone 1884429 (GenBank accession number AI216176)
contains the full-length human TAPP1 sequence shown in Fig. 1. We currently
have only partial sequence information for human TAPP2 and murine TAPP1.

Northern blot and RT-PCR expression analysis. 32P-labeled cDNA probes
were hybridized to human multiple tissue Northern blots (Clontech), according to
the manufacturer’s protocol. Reverse transcription-PCR (RT-PCR) analysis was
carried out essentially as described previously (31). For TAPP2 and TAPP1, the
following primers were used: TAPP2 sense, GATGTGAGCAGAGCCCAGGAA
TGCC; TAPP2 antisense, AGGGCTGGAGGAGCTGCTAAGCTC; TAPP1
sense, CATGTTCCTCTGTGTTCTGCATCTC; TAPP1 antisense, CTGAGTGG
GAGTAATGATGGGTACG. Serial dilutions of the cDNAs were amplified, and
appropriate dilutions were chosen to be within the semiquantitative range of ampli-
fication.

Plasmid constructs and antibodies. Vectors encoding mouse TAPP2 and
human TAPP1 fused to enhanced green fluorescent protein (EGFP) at their N
termini were constructed by cloning the entire coding sequences into pEGFP-C1
(Clontech). C-terminal PH domain fusions contain amino acids 179 to 311
(TAPP2) or 169 to 329 (TAPP1). N-terminal PH domain fusions contain amino
acids 3 to 156 (TAPP2) or 4 to 158 (TAPP1). Point mutations in the TAPP1 or
TAPP2 C-terminal PH domains were created by primer-directed mutagenesis.
All vector inserts were created by using high-fidelity PCR with restriction-tagged
primers, and the final constructs were verified by restriction digestion and DNA
sequencing. Constructs encoding the Btk or PLC� PH domain fused to EGFP
were gifts from T. Balla (National Institutes of Health [NIH], Bethesda, Md.).
Vectors encoding the PI3K p110-CD2 or PI3K p110-CD2 R916P fusion protein
(43) were a gift from D. Cantrell (London, United Kingdom). Expression of this
construct was confirmed by surface staining with phycoerythrin-conjugated anti-
rat CD2 (BD Pharmingen) and analysis on a FACScalibur instrument (Becton
Dickinson).

Transient transfection of BJAB cells with EGFP fusion constructs and live-
cell imaging. BJAB cells (an atypical IgM-positive, Epstein-Barr virus [EBV]-
negative Burkitt’s lymphoma) were cultured in RPMI 1640 medium containing
10% fetal calf serum (FCS) and antibiotics. For transient transfection experi-
ments, BJAB cells were washed and resuspended in a high-resistance buffer (27
mM sodium phosphate [pH 7.5]–150 mM sucrose) at 2.5 � 107/ml. A 400-�l
volume of cells was mixed with 10 �g of the indicated plasmid constructs in a
0.4-cm gap electroporation cuvette (Bio-Rad, Hercules, Calif.) and incubated on
ice for 10 min. Cells were electroporated by using a GenePulser II apparatus
equipped with an RF module (Bio-Rad) set at 340 V, a 4-ms burst, 100%
modulation, 40 kHz, five bursts, and a 1-ms burst interval. Cuvettes were incu-
bated on ice for a further 10 min; then the contents were transferred to a tube
containing 10 ml of complete RPMI medium containing 1% FCS and were
plated in 8-well LabTek chambered coverglass slides (Nunc). Chamber slides
were incubated overnight in a 37°C, 5% CO2 incubator and then directly exam-
ined with an inverted laser-scanning confocal microscope (Olympus Fluoview).
The EGFP fluorescence signal was detected with 488-nm excitation and a
510-nm emission filter.

For each well, an EGFP-expressing cell was centered within the field and the
focal plane was set near the center of the cell. Stimuli were then added to the
well, and images were acquired at 30-s intervals. Goat anti-human IgM F(ab�)2

fragments (Jackson ImmunoResearch) were used at a final concentration of 10
�g/ml. In some experiments, the PI3K inhibitor wortmannin (20 ng/ml; Sigma,
St. Louis, Mo.) or LY294002 (25 �M; Biomol, Plymouth Meeting, Pa.) was
added to the wells and the slides were incubated for 30 min at 37°C prior to
stimulation.

Colocalization of EGFP fusions with F-actin. For F-actin localization experi-
ments, the indicated transfectants were fixed with 3.7% paraformaldehyde and
stained with rhodamine-phalloidin (Molecular Probes, Eugene, Oreg.), accord-
ing to the manufacturer’s protocol. Green (EGFP) and red (rhodamine) fluo-
rescence images were acquired simultaneously by using dual 488- and 568-nm
excitation and parallel photomultiplier tube detectors equipped with appropriate
dichroic and emission filters. Bleedthrough between the red and green channels
was minimal, as determined by single-color control samples and single excitation
images of dual-color samples (data not shown). Digital overlay images were
created by using ImageProPlus software (Media Cybernetics).

Quantitative kinetic analysis of plasma membrane recruitment and [Ca2�]
mobilization. The ratio of membrane to cytoplasmic EGFP fluorescence inten-
sity was determined from digital images by using ImageQuant software (Molec-
ular Dynamics), as previously described (31). For [Ca2�] measurements, ratio-
metric imaging using Fluo-4 and Fura-Red dyes was employed (14, 30). Briefly,
BJAB cells were resuspended in serum-free medium and loaded with Fluo-4-AM
and Fura-Red-AM (Molecular Probes). Cells were then plated onto LabTek
Chambered Coverglass slides (Nalge Nunc, Naperville, Ill.), stimulated with
anti-IgM F(ab�)2, and imaged at 10-s intervals using an excitation wavelength of
488 nm and simultaneous acquisition of green (510-nm longpass filter) and
far-red (700- to 775-nm bandpass) channels. The relative [Ca2�] was then de-
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termined by dividing the green (Fluo-4) fluorescence by the far-red (Fura-Red)
fluorescence for a microscopic field containing 20 to 30 cells. For each run, the
data were normalized to those for frame 1 (no stimulus), and normalized data
from multiple runs were averaged.

Measurement of PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3 levels. BJAB cells were
washed three times with phosphate-free medium before being resuspended at
107/ml in 99% phosphate-free medium, in which the cells were starved for 1 h.
Cells were then labeled with 0.5 mCi of orthophosphate (ICN, Costa Mesa,
Calif.) per ml for 1.5 h at 37oC and stimulated with 10 �g of anti-human IgM
F(ab�)2 fragment/ml for the indicated times. Extraction of inositol phospholipids
and high-pressure liquid chromatography (HPLC) analysis of deacylated lipids
were performed as described previously (46). The elution times of standard ATP,
PI(1,4,5)P3, and PI(1,3,4,5)P3 (Perkin-Elmer, Boston, Mass.) are 85, 95, and 112
min, while the elution times of PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3 are 76, 79,
and 97 min, respectively. The amounts of radioactivity contained in the elution
peak for each lipid (three to six fractions) were summed to give the total counts
for each lipid. For each lipid, the fold increase was calculated by dividing the
total counts from each stimulated sample by the total counts for the unstimulated
control.

RESULTS

Isolation of TAPP2 and TAPP1 cDNAs. A gene encoding a
protein related to the Bam32/DAPP1/PHISH adaptor (3, 13,
31, 40) was isolated through primer cross-hybridization in a 3�
RACE reaction using a primer specific for mouse Bam32 (see
Materials and Methods). This gene encodes a 47-kDa protein
which, like Bam32, contains a C-terminal PH domain.
Searches of the EST database revealed another, closely related
gene encoding a 45-kDa PH domain protein. In line with a
recent report describing the same pair of related genes (12), we
refer to these proteins as TAPP2 and TAPP1, respectively, for
tandem PH domain-containing proteins. Database searching
revealed that TAPP2 is more closely related to Bam32 than to
any other mammalian protein in the GenBank database, with
the homology largely confined to the C-terminal PH domain.
Figure 1A shows an alignment of the amino acid sequences of
murine TAPP2 and Bam32. Like the Bam32 PH domain, the
PH domain of TAPP2 contains the residues conserved among
PH domains which bind 3-phosphoinositides (24). Unlike
Bam32, the N-terminal region of TAPP2 does not contain an
SH2 domain but instead contains a second PH domain. The
N-terminal PH domain contains the hallmark tryptophan in
the C-terminal �-helix but lacks the 3-phosphoinositide-bind-
ing motif (24).

Comparison of murine TAPP2 to the EST database revealed
the human counterpart of TAPP2 and clones encoding human
and murine TAPP1. Alignment of the TAPP2 and TAPP1
sequences (Fig. 1B) shows that these proteins are approxi-
mately 60% identical over the region containing the N-termi-
nal and C-terminal PH domains but share little identity in the
C-terminal 100 amino acids. Strikingly, the N-terminal 34
amino acids are nearly identical, suggesting a strong conserva-
tion of function in this region.

Expression of TAPP1 and TAPP2 mRNAs. Expression of
TAPP2 and TAPP1 transcripts in human tissues was deter-
mined by Northern blot analysis. The TAPP2 probe detected a
single 5.5-kb transcript, which is predominantly expressed in
lymphoid tissues such as peripheral blood leukocytes, spleen,
and lymph node, but at much lower levels in the thymus (Fig.
2A). TAPP2 is also expressed at high levels in the spinal cord
and thyroid gland, and at lower levels in several other tissues.
The TAPP1 probe detects a single 4.5-kb transcript, except in

the testis, where an abundant 2.5-kb transcript is detected.
TAPP1 is expressed at the highest levels in the testis, spinal
cord, and thyroid gland but is also expressed in all lymphoid
tissues, though only very weakly in the thymus.

RT-PCR analysis of TAPP1 and TAPP2 expression in im-
mortalized cell lines shows that both TAPP2 and TAPP1 are
expressed in B-cell and epithelial-cell lines (Fig. 2B). Among
B-cell lines, both genes appear to be more highly expressed in
Burkitt’s lymphoma lines than in EBV-transformed lympho-
blastoid cells; in fact, TAPP1 was not detected in either of the
lymphoblastoid cells tested. These results suggest that, like
Bam32 (31), the TAPPs may be differentially expressed during
B-cell activation or differentiation.

TAPP2 and TAPP1 are recruited to the plasma membrane
after BCR ligation. Given that the PH domains of TAPP1 and
TAPP2 are closely related to that of Bam32 and contain the
3-phosphoinositide-binding motif, we hypothesized that these
domains function to target these molecules to the plasma
membrane upon activation of PI3K. To test this possibility, we
generated plasmid constructs encoding TAPP1 or TAPP2
fused to the fluorescent marker protein EGFP. These fusion
proteins were expressed in human B-lymphoma cells, and the
cells were activated by antibody cross-linking of the endoge-
nous BCR, which is known to activate PI3K (17, 18). The
subcellular localizations of the fluorescent proteins were as-
sessed by live-cell imaging with a confocal microscope (Fig. 3).
Before stimulation, these proteins generally showed a diffuse
cytoplasmic and nuclear distribution, similar to EGFP alone.
After stimulation, the Bam32, TAPP1, and TAPP2 fusion pro-
teins showed a clear redistribution of the plasma membrane
within 5 min, while EGFP alone showed no change in distri-
bution. This result demonstrates that the TAPPs can be re-
cruited to the plasma membranes of B lymphocytes by stimu-
lation through a receptor known to activate PI3K.

Active PI3K is necessary and sufficient for membrane re-
cruitment of TAPP1 and TAPP2. In order to test whether
BCR-induced redistribution is dependent on activation of
PI3K, cells were preincubated with one of two distinct PI3K
inhibitors, wortmannin or LY294002, prior to BCR cross-
linking. We found that either of these inhibitors can com-
pletely block BCR-induced redistribution to the plasma
membrane (Fig. 4A). In addition, stimulation of the cells
with agents not known to activate PI3K, such as LPS, did not
lead to recruitment of either protein to the membrane (data
not shown).

To determine whether the presence of active PI3K at the
plasma membrane is sufficient for recruitment of the
TAPPs, BJAB cells were cotransfected with the TAPP-
EGFP fusion constructs and vectors encoding either mem-
brane-bound PI3K (memPI3K) or a control kinase-inactive
protein (memPI3K�) (Fig. 4B). Under the conditions used,
70 to 90% of the EGFP-expressing cells coexpressed detect-
able amounts of the membrane-bound PI3K proteins, as
assessed by fluorescence-activated cell sorter (FACS) stain-
ing of the extracellular portion of rat CD2 used in the
constructs. We found that, in the absence of stimulation, 77
to 89% of cells cotransfected with active PI3K had an ob-
servable accumulation of the EGFP fusion proteins at the
plasma membrane, compared to 15 to 27% of cells express-
ing kinase-inactive PI3K (Fig. 4C). These results provide
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direct evidence that active PI3K is sufficient for membrane
recruitment of TAPP1 and TAPP2.

TAPP1 and TAPP2 colocalize with F-actin within membrane
ruffles. A striking feature of TAPP1 and TAPP2 membrane
recruitment induced by either anti-IgM treatment or trans-

membrane PI3K expression was the strong association of these
molecules with rapidly moving plasma membrane structures
that appear to represent membrane ruffles or filopodia. To
examine whether these structures represent areas of cytoskel-
etal reorganization and actin polymerization, we examined the

FIG. 1. Amino acid alignment of Bam32, TAPP2, and TAPP1. Sequences were aligned with ClustalX, version 1.81. The PH domains are indicated
by underlining. Stars indicate residues within the PH domain that are conserved among PH domains which bind to PI(3,4)P2 or PIP3 (24). Black shading
indicates amino acid identities, and grey shading indicates amino acid similarities (as defined by ClustalX). (A) Mouse Bam32 and mouse TAPP2;
(B) murine TAPP2 and human TAPP1.
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relative distributions of filamentous actin and TAPP1 or
TAPP2 in cells overexpressing active PI3K (Fig. 5). Clear co-
localization of EGFP-TAPP1 or EGFP-TAPP2 and filamen-
tous actin could be observed within these structures. EGFP-

Bam32 showed a similar pattern, while EGFP alone showed no
preferential colocalization with F-actin. The N-terminal PH
domain of TAPP1 or TAPP2 also failed to show colocalization
with F-actin (data not shown). This result indicates that this

FIG. 2. Expression of TAPP1 and TAPP2 in human tissues and cell lines. (A) Northern blots containing 2 �g of poly(A)� RNA from the indicated
human tissue (Clontech) were sequentially hybridized with radiolabeled TAPP2, TAPP1, or actin cDNA probes. (B) Total RNA from the indicated cell
lines (0.1 �g) was reverse transcribed, and PCR was amplified for 28 cycles with primers specific for TAPP2, TAPP1, or the housekeeping gene G3PDH.
No PCR product was observed by using a genomic DNA template, indicating that the TAPP2 and TAPP1 primer sets span an intron-exon boundary.
BJAB, Ramos, and Daudi are Burkitt’s lymphoma lines, CESS and T5-1 are lymphoblastoid cells, and HeLa is an epithelial-cell line.
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group of PH domain adaptors preferentially associates with
membrane ruffles in activated B lymphocytes, as has been
reported for other PH domains in other cell types (33, 51, 59).

Membrane recruitment is mediated solely by the C-terminal
PH domains of TAPP1 and TAPP2. To determine which do-
main(s) of TAPP1 or TAPP2 is required for membrane local-
ization, we constructed EGFP fusion vectors encoding either
the N-terminal PH domain or the C-terminal PH domain of
either TAPP2 or TAPP1. When these proteins were expressed
in B-lymphoma cells, we found that the C-terminal PH domain
fusions, but not the N-terminal PH domain fusions, were re-
cruited to the plasma membrane after stimulation (Fig. 6). The
N-terminal PH domains also failed to target to the plasma
membrane when coexpressed with transmembrane PI3K (data
not shown). Thus, the C-terminal PH domains, which contain
the 3-phosphoinositide-binding motif, appear to be solely re-
sponsible for the PI3K-dependent membrane targeting of the
TAPPs. To determine whether the 3-phosphoinositide-binding
motif (24) is indeed required for membrane recruitment, we
generated mutations of conserved arginine residues within this
motif to leucines. We found that these mutations (R212L for

TAPP1 or R218L for TAPP2) completely abolish BCR-in-
duced membrane recruitment (Fig. 6), indicating that direct
interaction of the C-terminal PH domains with 3-phosphoi-
nositides is required. Interestingly, mutation of an adjacent
nonconserved arginine in the TAPP2 C-terminal PH domain
(R217C) did not completely block membrane recruitment, fur-
ther supporting the specific function of this conserved motif in
membrane recruitment.

Delayed kinetics of TAPP1 and TAPP2 membrane recruit-
ment relative to other PH domain-mediated redistribution
events. In order to gain insight into the role of TAPP1 and
TAPP2 in BCR-mediated signaling events, we took advantage
of the live-cell imaging approach to examine the kinetics of
TAPP1 and TAPP2 membrane recruitment in single cells (Fig.
7A shows representative cells). It was found that the PH do-
main-mediated membrane recruitment of these proteins oc-
curred with relatively slow kinetics, with the first visible redis-
tribution becoming visible at 1.5 to 3.5 min after addition of the
stimulus. This was surprising, given the reportedly rapid (�1
min) activation of PI3K by the BCR (17, 18). In addition, the
recruitment was remarkably sustained; membrane association
was clearly observable up to 1 h after stimulation (Fig. 7B).
Bam32 recruitment followed kinetics similar to those of the
TAPPs, with visible redistribution occurring at 1.5 to 3 min and
membrane association still visible after 1 h.

The kinetics of TAPP1 and TAPP2 recruitment were also
compared with the BCR-induced redistribution of two rela-
tively well-characterized PH domain proteins, Btk and PLC�
(Fig. 7A). Membrane recruitment of the Btk PH domain,
which binds to PIP3 (38, 44), was generally weak and occurred
rapidly (within 1 min) and transiently, with visible membrane
association disappearing by 5 min after stimulation. The PLC�
PH domain, which binds to the constitutively present phospho-
inositide PI(4,5)P2 (16, 28), shows constitutive association with
the plasma membranes of the B-lymphoma cells (Fig. 7). A
transient redistribution of protein to the cytoplasm is clearly
visible within 30 s of stimulation, as has been observed for
other cell types (47, 54, 55). This redistribution is thought to
reflect both the transient depletion of membrane PI(4,5)P2 due
to the activation of PLC and PI3K enzymes and the production
of the soluble IP3, which can also bind to the PLC� PH domain
(22, 54). Thus, PI3K and PLC activation appears to occur very
rapidly in our BJAB live-cell imaging system.

Membrane recruitment of Bam32 and TAPP2 coincides with
peak PI(3,4)P2 generation rather than peak PI(3,4,5)P3 or
calcium mobilization responses. In order to obtain a better
measure of the relative kinetics and magnitude of PH domain-
mediated redistribution events, we analyzed the fluorescence
image data to obtain an averaged quantitative representation
of the change in the ratio of membrane to cytoplasmic fluo-
rescence over time (Fig. 8A). We also measured the change in
intracellular free [Ca2�] over time in order to compare the
kinetics of this response to the PH domain-mediated redistri-
bution events (Fig. 8C). It was found that the Ca2� mobiliza-
tion response is initiated with rapid kinetics (within 30 s) that
parallel the redistribution of the PLC� and Btk PH domains. In
contrast, membrane recruitment of TAPP2 is relatively de-
layed, becoming apparent at 2 to 3 min after stimulation.
Remarkably, membrane localization of Bam32 and TAPP2 was
still strong after 30 and 60 min of stimulation, while no mem-

FIG. 3. TAPP1 and TAPP2 are recruited to the plasma membrane
during B-lymphocyte activation. Constructs encoding fusion proteins
of EGFP with Bam32, TAPP2, or TAPP1 were transfected into BJAB
B-lymphoma cells. Localizations of the fusion proteins in live cells
were imaged with a confocal microscope both prior to stimulation and
5 min after BCR cross-linking [10 �g of anti-human IgM F(ab�)2
fragments/ml]. Results are representative of 10 or more experiments.
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FIG. 4. PI3K activation is necessary and sufficient for membrane recruitment of TAPP1 and TAPP2. (A) BCR-induced membrane recruitment of
TAPP1 and TAPP2 is blocked by inhibitors of PI3K. BJAB cells were transfected with the indicated EGFP fusion constructs. Where indicated, cells were
preincubated for 30 min with the PI3K inhibitor wortmannin or LY294002 prior to stimulation. (B) Expression of activated PI3K leads to constitutive
membrane localization of TAPP1 and TAPP2. BJAB cells were cotransfected (co-Tx) with the indicated EGFP fusion constructs and a 10-fold excess
of vectors encoding either membrane-bound PI3K (memPI3K) or a control kinase-dead protein (memPI3K�). (C) The frequency of cells showing
membrane localization in the absence of stimulation was assessed by visual scoring on a high-resolution epifluorescence microscope. Only cells that could
be definitively categorized as showing membrane association or not were included in the scoring count. A coded labeling system was employed to negate
observer bias. Results are representative of three or more experiments.
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brane localization of Btk was detectable (Fig. 8B). Similar
results were obtained for TAPP1 (data not shown).

In order to compare the membrane recruitment kinetics
with 3-phosphoinositide generation, we measured the relative
levels of PI(4,5)P2, PI(3,4,5)P3, and PI(3,4)P2 before and after
BCR cross-linking (Fig. 8D). It was found that PI(3,4,5)P3

levels are rapidly increased following BCR cross-linking (a
threefold increase within 30 s) but rapidly return to near-
baseline levels. In contrast, PI(3,4)P2 levels are dramatically
increased (up to 10-fold), peak much later (	5 min), and are
remarkably sustained, with little diminution of the response
apparent at 30 min poststimulation. Thus, PI(3,4)P2 generation

correlates well with the delayed and sustained recruitment of
the TAPPs. Notably, the total amount of labeled PI(3,4)P2

recovered from BCR-activated BJAB cells was substantially
higher than that for PI(3,4,5)P3 (4- to 10-fold [data not
shown]), perhaps explaining why membrane recruitment of
Bam32, TAPP1, and TAPP2 is generally stronger than that of
Btk in this model (Fig. 7 and 8). PI(4,5)P2 levels showed a
modest decrease after activation, which may partially account
for the redistribution of the PLC� PH domain.

Together, the quantitative kinetics analyses indicate that
membrane recruitment of the TAPPs occurs well after an ini-
tial series of signal transduction events involving PI3K, includ-

FIG. 5. Bam32, TAPP1, and TAPP2 colocalize with F-actin within PI3K-induced membrane ruffles. BJAB cells were cotransfected with the
indicated EGFP fusion proteins and PI3K-CD2 constructs and then fixed, permeabilized, stained with rhodamine-phalloidin to detect filamentous
actin, and observed under the confocal microscope. Yellow color on the merged images indicates areas of colocalization of red and green signals.
Arrows indicate areas of ruffled plasma membrane which stain intensely for F-actin and show accumulation of the EGFP fusion proteins. Note that
membrane ruffles have a more condensed appearance in these images due to the fixation-permeabilization processing prior to imaging. Data are
representative of three experiments.
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ing PI(3,4,5)P3 production, Btk membrane recruitment,
PI(4,5)P2 depletion, and Ca2� mobilization. This suggests that
these proteins are unlikely to play a critical role in Ca2� re-
sponses but are recruited later, presumably in response to peak
PI(3,4)P2 levels, perhaps functioning to link the BCR to mito-
gen-activated protein kinase (MAPK) activation or cytoskel-
etal rearrangement.

DISCUSSION

In this study we have characterized two Bam32-related sig-
nal transduction molecules and provided strong evidence that
these proteins function as targets of PI3K in activated B cells.
TAPP1 and TAPP2 appear to be related to Bam32 both in
structure and in placement in the hierarchy of signal transduc-
tion pathways. However, their expression patterns are mark-
edly different: TAPP1 and TAPP2 are widely expressed, and
Bam32 is expressed primarily in hematopoietic cells. We have
also noted apparent differences in overall mRNA levels, with
TAPP2 being the most abundant, TAPP1 being the least abun-
dant, and Bam32 having intermediate abundance in those tis-
sues in which it is expressed (data not shown). Searches against
the public draft human genome sequence indicate that these
are all single-copy genes residing on distinct chromosomes
(TAPP1 on chromosome 10, TAPP2 on chromosome 8, and
Bam32 on chromosome 4, in agreement with our previous
fluorescent in situ hybridization [FISH] analysis [31]).

Phospholipid-binding ability appears to be a function shared
by the majority of PH domains; however, only a subset of PH
domains possess the ability to bind with high affinity to the D3
phosphoinositides generated by PI3K (24, 27). The C-terminal,
but not the N-terminal, PH domains of TAPP1 and TAPP2
contain the sequence motif that is associated with D3 binding.
Consistent with the hypothesis that the C-terminal PH do-
mains mediate binding to D3 phosphoinositides, we find that
these domains can target EGFP to the plasma membrane in a
PI3K-dependent fashion. Furthermore, we show that active
PI3K is sufficient for membrane recruitment through the C-
terminal PH domain, showing that recruitment does not re-
quire activation of additional pathways and may be a direct
outcome of PI3K activity. Consistent with the latter idea, mu-
tations in the phosphoinositide-binding pocket of the TAPPs
abolish membrane recruitment.

A recent study defining the in vitro lipid-binding properties
of recombinant TAPP1 and TAPP2 PH domains concluded
that both of these proteins bind specifically to the PI3K prod-
uct PI(3,4)P2 (12). Consistent with our in vivo membrane re-
cruitment studies, the N-terminal PH domains of TAPP1 and
TAPP2 did not show significant phosphoinositide-binding ac-
tivity in vitro. Thus, our findings on BCR-activated membrane
recruitment of the TAPPs are consistent with a model where
BCR ligation leads to PI3K activation and production of
PI(3,4)P2, which drives the initial membrane recruitment re-
sponse. PH domains have also been shown to be involved in
protein-protein interactions, such as binding to the 
� subunits
of heterotrimeric G proteins (53), PKC isoforms (60), or F-
actin (59). Since active PI3K is both necessary and sufficient for
membrane recruitment of Bam32 and the TAPPs, it appears
that protein ligands may not play an essential role in mem-
brane recruitment of these molecules. Alternatively, putative

FIG. 6. Membrane recruitment of TAPP1 or TAPP2 is mediated
by the C-terminal PH domains and requires an intact 3-phosphoino-
sitide-binding motif. Constructs encoding fusion proteins of EGFP
with either the N-terminal PH domain, the C-terminal PH domain, or
the indicated mutant of the C-terminal PH domain of TAPP1 or
TAPP2 were generated, expressed in BJAB cells, and analyzed as in
the experiment for which results are shown in Fig. 3. Images were
acquired prior to stimulation and 5 min after BCR cross-linking with
antibody. Data are representative of 3 to 10 experiments per construct.
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protein ligands may be constitutively present and accessible in
the plasma membrane or may themselves be targets of PI3K.

Expression of active PI3K in COS cells has been shown to
induce actin reorganization and membrane ruffling through
activation of Rac (43). Recent studies indicate that some PH
domain proteins are selectively recruited to sites of cytoskel-
etal activity such as ruffles, filopodia, and lamellipodia (33, 35,
51), suggesting that PI3K effectors recruited through PH do-
mains may play a role in cytoskeletal reorganization. We find
that TAPP1, TAPP2, and Bam32 strongly colocalize with F-
actin in PI3K-induced membrane ruffles in B cells. One possi-
ble explanation for this finding is that cytoskeletal elements

may play a role in membrane recruitment of the TAPPs by
stabilizing the PH domain-lipid interaction and promoting sta-
ble docking in membrane-associated complexes. However, ac-
tin reorganization does not appear to be essential for mem-
brane recruitment, since inhibition of F-actin turnover using
cytochalasin D fails to inhibit recruitment (data not shown).
Alternatively, PI(3,4)P2 may selectively accumulate in cytoskel-
etally active, ruffled areas of the plasma membrane. We
hypothesize that the TAPPs may be functionally linked to
cytoskeletal rearrangement downstream of the initial phos-
phoinositide-driven membrane recruitment.

To our knowledge, this is the first study reporting the visu-

FIG. 7. TAPP1 and TAPP2 show delayed and sustained kinetics of PH domain-mediated membrane recruitment after BCR cross-linking.
BJAB cells were transiently transfected with the indicated PH domain-EGFP fusion and activated by BCR cross-linking. (A) Confocal images were
acquired at 30-s intervals after activation. Note the marked differences in the kinetics of PH domain-mediated translocation events. (B) The
indicated transfectants were stimulated by BCR cross-linking and imaged after 30 or 60 min. Individual representative cells are shown, while a
quantitative analysis over multiple cells is shown in Fig. 8.
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alization and quantitation of PI3K-dependent membrane re-
cruitment of PH domain proteins in live human B cells. The
ability to clearly visualize membrane recruitment of Bam32
and the TAPPs in response to BCR stimulation is likely due to
the inherent properties of their PH domains, since recruitment
of these proteins is considerably stronger than that of other PH
domain proteins such as Btk (Fig. 7 and 8) and Grp1 (data not
shown). Membrane recruitment of Bam32 and the TAPPs in
BJAB cells follows relatively slow kinetics and is sustained for
prolonged periods after activation. This, again, appears to be
due to the inherent properties of this group of adaptors, since
BCR-induced Btk recruitment, PLC� activation, and Ca2�

mobilization occur with rapid and transient kinetics. One com-
mon property of Bam32, TAPP1, and TAPP2 which may ex-
plain these observations is their ability to bind to PI(3,4,)P2

(12, 13). In agreement with previous work on other B-cell lines
(17), we find that PI(3,4)P2 is produced later and in higher
quantities than PIP3 following BCR cross-linking, consistent
with the observed recruitment kinetics of PIP3-binding (Btk)
versus PI(3,4)P2-binding (TAPP) proteins. One important fac-
tor regulating the conversion of PIP3 to PI(3,4)P2 is the ino-
sitol phosphatase SHIP (7, 11, 23), which may favor membrane
recruitment of the TAPPs over that of PIP3-specific PI3K
targets such as Btk (6). Interestingly, we have recently gener-

FIG. 8. Membrane recruitment of Bam32 and TAPPs correlates with PI(3,4)P2 production but not with PI(3,4,5)P3 production or calcium
mobilization. (A) Digital image data such as those presented in Fig. 7A were quantitatively analyzed to determine changes in the ratio of
cytoplasmic to membrane fluorescence intensity over time after addition of stimulus. For each cell, data were normalized to those in frame 1 and
the plots shown represent the average for three to five cells from a single transfection experiment. Cells showing no visible redistribution of
fluorescence upon stimulation (less than 15% in most experiments) were assumed to be damaged or dead and were excluded from the analysis.
Data are representative of at least three experiments per PH domain construct. (B) Quantitative analysis of cells 30 or 60 min poststimulation.
Random fields containing several cells were imaged, and membrane/cytoplasmic fluorescence was determined without normalization. Data are
averages and standard deviations for 6 to 17 cells per group. (C) Kinetics of [Ca2�] mobilization under live-cell imaging conditions. BJAB cells
were loaded with Fluo-4-AM and Fura-Red-AM dyes and were stimulated by BCR cross-linking, and relative intracellular calcium levels were
determined by image analysis. Data are representative of five experiments. (D) Kinetics of PI(3,4,5)P3 and PI(3,4)P2 production following BCR
ligation. Data are represented as the fold change in phosphoinositide levels at the indicated time after stimulation. Data are representative of three
experiments.

VOL. 22, 2002 TARGETS OF PI 3-KINASE SIGNALING IN B LYMPHOCYTES 5489



ated evidence that PI(3,4)P2 has a function in regulating Akt
activation in mast cells (46), supporting the idea that this lipid
is not simply a by-product of PI(3,4,5)P3 breakdown but rather
has specific signaling functions, which may be mediated in part
through specific interactions with PH domain proteins such as
the TAPPs. Thus, while rapid PI3K-driven recruitment of Btk
plays a critical role in PLC� activation, IP3 generation, and
Ca2� mobilization (8, 25, 32, 45, 50), the TAPPs likely have a
distinct set of functions during the response, such as activation
of Akt or MAPKs, receptor desensitization, receptor internal-
ization, or linkage of the activated membrane to cytoskeletal
rearrangement.

The distinct membrane-targeting characteristics of the PH
domains examined in our study demonstrate the underlying
complexity in PH domain-membrane interactions. The tagged
TAPP1 and TAPP2 PH domain proteins described here pro-
vide new tools for dissecting the complex temporal and spatial
regulation and function of 3-phosphoinositides during cellular
activation. Given the large number of PH domain proteins in
the human genome (26), the cell biology of PH domain-mem-
brane interactions will no doubt have great functional impor-
tance in many areas of biology.
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