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The transformation of molecular binding events into cellular
decisions is the basis of most biological signal transduction. A
fundamental challenge faced by these systems is that reliance on
protein–ligand chemical affinities alone generally results in poor
sensitivity to ligand concentration, endangering the system to er-
ror. Here, we examine the lipid-binding pleckstrin homology and
Tec homology (PH-TH) module of Bruton’s tyrosine kinase (Btk).
Using fluorescence correlation spectroscopy (FCS) and membrane-
binding kinetic measurements, we identify a phosphatidylinositol
(3–5)-trisphosphate (PIP3) sensing mechanism that achieves switch-
like sensitivity to PIP3 levels, surpassing the intrinsic affinity dis-
crimination of PIP3:PH binding. This mechanism employs multiple
PIP3 binding as well as dimerization of Btk on the membrane sur-
face. Studies in live cells confirm that mutations at the dimer in-
terface and peripheral site produce effects comparable to that of
the kinase-dead Btk in vivo. These results demonstrate how a
single protein module can institute an allosteric counting mecha-
nism to achieve high-precision discrimination of ligand concentra-
tion. Furthermore, this activation mechanism distinguishes Btk
from other Tec family member kinases, Tec and Itk, which we
show are not capable of dimerization through their PH-TH mod-
ules. This suggests that Btk plays a critical role in the stringency of
the B cell response, whereas T cells rely on other mechanisms to
achieve stringency.

Bruton’s tyrosine kinase | PIP3 | ultrasensitivity | signaling

Cellular decision making often relies on relatively small changes
in fluctuating ligand concentrations. One prominent example

is the response to the membrane-lipid second messenger
phosphatidylinositol (3–5)-triphosphate (PIP3), which is involved
in multiple signaling networks, including the PI3K/Akt/mTOR
and T and B cell receptor pathways (1, 2). A wide variety of sig-
naling proteins recognize PIP3 via pleckstrin homology (PH) do-
mains, which leads to membrane recruitment and activation of the
protein, typically by phosphorylation, and propagation of down-
stream signaling reactions (3–5). A simple reliance on the ligand
concentration would result in a gradual, hyperbolic response to the
PIP3 density (6, 7). Such a system would suffer a high probability of
error, as well as limited sensitivity.
One general mechanism to overcome this physical limitation,

referred to as coincidence detection, relies on the binding of
multiple membrane targets via distinct binding domains (3, 4, 8),
as exemplified by the protein kinase C family isozymes and the
actin-nucleating WAVE (Wiskott–Aldrich syndrome protein
family verprolin-homologous protein) complex (3, 9–13). In both
cases, coincidence detection has the effect of producing spatial
and temporal specificity, as well as a threshold-like response (4,
14). Many of these examples have experimental foundations in
structural data (11, 15, 16) and solution-based binding and ac-
tivity assays (7, 9, 17). However, quantitative information, such as
molecular stoichiometry, kinetic rates, and binding affinities, has
largely been inaccessible for these membrane-bound processes.

This work addresses this shortcoming by quantitatively investigating
Bruton’s tyrosine kinase (Btk) and associated membrane interactions
in reconstituted systems via fluorescence spectroscopy and imaging.
A member of the Tec family of tyrosine kinases, Btk plays a

critical role in B cell signaling, as depicted in Fig. 1A. Upon signal
initiation, the B cell receptor activates phosphoinositide 3-kinase
(PI3K), which generates PIP3, resulting in recruitment of Btk to
the membrane via the PH-TH module. Btk is then activated,
allowing it to phosphorylate phospholipase C-γ2, leading to cal-
cium flux and cellular activation (18, 19). Mutations in Btk have
been shown to result in X-linked agammaglobulinemia, an auto-
immune disease (20, 21). Btk is also a primary target in the
treatment of some types of lymphoma and leukemia, such as with
ibrutinib and its derivatives (19, 22, 23). Furthermore, the study of
Btk could elucidate the mechanisms of closely related members of
the Tec family, Tec and Itk, which have been shown to control
T cell development and proliferation in a similar manner (24–26).
The structures of Tec kinases resembles that of Src and Abl

families of cytoplamsmic tyrosine kinases in that they contain the
catalytic domain and regulatory Src homology two and three
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domains (Fig. 1B) (27–32). A feature that distinguishes Btk and
other Tec family members from other cytoplasmic tyrosine ki-
nases is the PH-TH module, which consists of a PH domain
fused to a zinc-bound Tec homology (TH) domain. In this paper,
we focus on the lipid-interacting PH-TH module.
The activation of Btk involves the trans-autophosphorylation

of the kinase domains. While localization of Btk to the mem-
brane is expected to result in enhanced phosphorylation due to
the local concentration and increased transphosphorylation, two
key findings demonstrated that the PH-TH module may have a
role in activation beyond simple membrane recruitment (33).
First, Btk is strongly activated in solution by inositol hex-
aphosphate (IP6), a soluble inositol phosphate, and this activation
is mediated by the PH-TH module. Second, crystal structures of
the PH-TH module (Fig. 1D) are dimeric (referred to as the
Saraste dimer, as it was first identified by Saraste and coworkers)
(31, 34, 35). The crystal structure of the IP6:PH-TH complex
(PDB: 4Y94) revealed two IP6 binding sites on each PH-TH
module. One is the canonical binding site, common to other PH
domains as a lipid binding site. The other, referred to here as the
peripheral site, is proximal to the Saraste dimer interface (Fig.

1D). Mutations at the crystal dimer interface or at the peripheral
binding site prevent the activation of Btk by IP6 (31). These ob-
servations led to the hypothesis that there is a transient di-
merization of Btk that is promoted by IP6 binding, which activates
Btk by trans-autophosphorylation.
In this paper, we demonstrate that PIP3 triggers the dimer-

ization of the Btk PH-TH module on membranes in a switch-like
manner that is dependent on the Saraste dimer interface. Critical
for this behavior is the ability of the Btk PH-TH module to bind
to two PIP3 lipids, creating a nonlinear response that is fourth
order with respect to the PIP3 surface density. Further, we es-
tablish the physiological importance of the peripheral binding
site and the Saraste dimer interface in the activation of live
B cells through activity assays. These results illustrate how the
PH-TH domain of Btk takes advantage of multiple interactions
to attain a switch-like response in B cell signaling. The dimer-
ization behavior and the resulting ultrasensitivity is found to be
unique to Btk and is not displayed by Tec or Itk. This suggests
that Btk provides a critical signaling juncture in B cells, while the
corresponding regulation occurs elsewhere in T cells—which
may explain why Btk has been an exceptionally effective target
for treating B cell-related diseases.

Results and Discussions
The Btk PH-TH Module Dimerizes on Membranes. Every crystal
structure of the Btk PH-TH module determined so far shows the
Saraste dimer, even when there is no ligand bound (31, 34). The
ability of IP6 to dimerize the PH-THmodule was inferred indirectly
by its effect on kinase activity. Nevertheless, dimerization has not
been detected directly in solution, suggesting that the membrane
plays a role in dimerization of the Btk PH-TH module. To address
this, we monitored the density-dependent diffusion of Btk on sup-
ported lipid bilayers (SLBs) containing PIP3 (Fig. 2A). The en-
hanced green fluorescent protein (eGFP)-tagged Btk PH-TH
module (henceforth referred to simply as PH-TH module) is in-
troduced to SLBs containing PIP3 and a trace amount of Texas Red
(TR) dye-labeled lipids. The dual-color excitation allowed the si-
multaneous measurement of the proteins and lipids by fluorescence
correlation spectroscopy (FCS) or time-correlated single photon

Fig. 1. Btk in the B cell receptor (BCR) pathway and the PH-TH domain
structure. (A) The B cell signaling pathway. (B) The domain architecture of
Btk. (C) Sequence alignment of the PH-TH modules for Btk, Itk, and Tec. (D)
Schematic depicting the Saraste dimer of the Btk PH-TH domain with two IP6
coordinated to the canonical (blue) and peripheral (magenta) phosphoino-
sitide binding sites (PDB 4Y94). Zoom ins show the residues involved in the
dimerization interface (Top) and the peripheral inositol phosphate binding
site (Bottom). (E) Same structure rotated to show the orientation with re-
spect to the membrane. (F) Comparison between Btk and Tec shows that Tec
is missing key residues for the peripheral site and dimerization.

Fig. 2. Detection of 2D dimerization reaction on membrane surfaces by
FCS. (A) In a dual-color FCS setup, TR-labeled lipid (TR-DHPE) and eGFP-
labeled PH-TH domain adsorbed to the SLB by PIP3 are simultaneously
measured. (B) For membrane-bound Ras, time-dependent fluorescence in-
tensity fluctuation due to diffusion is recorded (Left), before (red) and after
the addition of the RBD-LeuZ crosslinker (blue). The corresponding auto-
correlation functions are shown on the Right. (C) In the case of the PH-TH
domain dimerization reaction, the difference in diffusion can be clearly re-
solved between lower surface density (20 molecules/μm2) and a higher sur-
face density (400 molecules/μm2), reflecting the dimer population increase.
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counting (TCSPC). TR lipid serves as a reference for each mea-
surement, and the protein diffusion coefficient values reported for
the PH-TH module here are shown relative to that of TR lipids
measured simultaneously in the same spot.
In FCS, the time-dependent fluorescence intensity fluctuations

due to fluorescent particles entering and exiting the focus area is
recorded, as shown in Fig. 2B, Left. The autocorrelation function
of the intensity fluctuations (Fig. 2B, Right) has a decay profile
with a correlation time constant, τd, which is the average resi-
dence time of a diffusing particle in the focus area (36). FCS has
been shown to be useful in measuring membrane-bound protein
diffusion and, in particular, for the detection of low-affinity di-
merization on membranes (37). Supported membranes are highly
homogeneous, and proteins bound to them exhibit unencumbered
Brownian motion, which enables lateral diffusion to be used as a
robust indicator of dimerization. To illustrate the diffusion change
on dimerization, the autocorrelation functions of Ras, a lipid-
anchored protein, before and after crosslinking by the Ras-
binding domain of c-Raf (RBD) fused to leucine zipper do-
mains are shown and correspond to a reduction of the diffusion
coefficient from 4.2 to 2.3 μm2/s (data for Ras are taken from ref.
37). A similar change, from 3.5 to 1.7 μm2/s, is observed for the
diffusion constant of the wild-type Btk PH-TH module when the
Btk surface density is increased, suggesting dimerization (Fig. 2C).
The equilibrium fraction of Btk dimers is a function of Btk

monomer surface density. The ratio of the mobilities of mono-
meric wild-type PH-TH module bound to membrane via PIP3
with respect to the TR-labeled lipid is ∼0.85, as indicated by the
diffusion coefficient at low surface densities. On a 4% PIP3 bilayer,
this ratio approaches 0.4, indicating an appreciable population of
slowly diffusing PH-TH dimers (Fig. 3A, filled black circles). The
dimerization of the PH-TH module was further corroborated by
density-dependent Förster resonance energy transfer (FRET) in-
crease on 4% PIP3, in which eGFP and mCherry labels on separate
Btk PH-TH modules were used as the donor and acceptor, re-
spectively (Fig. 3 E and F). Notably, these SLB-based measure-
ments are direct evidence for Btk dimerization.

Multiple PIP3 Binding Makes the PH-TH Module Ultrasensitive to the
PIP3 Surface Density. To examine how PIP3 modulates Btk PH-TH
dimerization, protein diffusion was measured on SLBs contain-
ing either 1% or 4% PIP3. Previous measurements on vesicles
containing PIP3 had shown an ultrasensitive activation of Btk
occurring between 2% and 5% PIP3 (31). Fig. 3A, Left, shows
diffusion measurements for 1% and 4% PIP3 bilayers. Compared
with 4% PIP3 bilayers (filled black circles), the PH-TH module
displays significantly diminished dimerization on 1% PIP3 bilayers
(empty black circles), which leads to two conclusions. First, each
PH-TH module interacts with multiple PIP3 lipids: if there were a
1:1 stoichiometric relationship between the PH-TH module and
PIP3, then its behavior would be identical regardless of the PIP3
density, as long as the protein surface density is constant. Second,
the additional PIP3 may be allosterically involved in a structural
change or electrostatic interaction necessary for dimerization, in
line with previous observations made by molecular dynamics (31).
A remarkable feature of the PIP3 density-dependent dimer-

ization is an ultrasensitive response to the PIP3 concentration.
For example, according to estimates based on the FCS data, the
surface density of the PH-TH module required for 15% dimer
fraction is 1,110 molecules/μm2 on membranes containing 1%
PIP3 and 170 molecules/μm2 on membranes containing 4% PIP3
(see SI Appendix for details). Considering that the solution con-
centrations necessary to achieve these membrane surface densities
of the PH-TH module are 34 and 0.9 nM for 1% and 4% PIP3
bilayers, respectively, this is a 38-fold difference.
Although the PIP3 window measured here is restricted by our

experimental setup, these data suggest, in combination with the
kinetic analysis (Fig. 4) and the calcium flux data (Fig. 5D), that

the observed mechanisms here are relevant in the cellular con-
text. The measured bulk PIP3 concentration has been shown to
be two to three orders of magnitude less than this range
depending on the cellular activation state (38, 39). However, this
is assuming a homogeneous distribution of PIP3; it is likely that
PIP3 densities are concentrated near the receptors upon activa-
tion (40). Unfortunately, this is difficult to measure quantita-
tively, and to our knowledge, there is no such measurement at
this point (41). We also examined the specificity of the Btk PH-
TH module toward PIP3 for recruitment and dimerization and
found that both membrane recruitment of Btk and dimerization
are highly specific to PIP3 (see SI Appendix for details).

Mutations Identify Critical Sites for Dimerization. For this study, two
double mutants of Btk PH-TH module were created based on the
crystal structure: a Saraste interface mutant (Y42Q/F44Q) and a
peripheral site mutant (K49S/R52S; Fig. 1D). The Saraste interface
mutation is predicted to disrupt dimerization by replacing tyrosine
and phenylalanine residues that provide intermolecular hydropho-
bic contacts in the crystal structures of the PH-TH module (35).
The peripheral site mutation interferes with peripheral site binding
by replacing lysine and arginine residues by serine (31). These
mutations have been shown previously to impede Btk activation by
IP6 in solution-based biochemical assays. However, a direct con-
nection between peripheral site binding of lipids, dimerization, and
phosphorylation had not been established.
Fig. 3B shows the density-dependent diffusion of the Saraste

interface mutant. The diffusion remains relatively fast up to a

Fig. 3. Diffusion and FRET measurement. The density-dependent diffusion
was measured for the wild-type Btk (A), Tec and Itk (C), Btk dimer interface
mutant (B), and the peripheral site mutant (D) on SLBs containing 1%
(empty circles) and 4% PIP3. (E) The fluorescence lifetime of eGFP tagged to
wild-type PH-TH module in presence of mCherry-labeled wild-type PH-TH
modules was measured as a function of PH-TH surface density on 4% PIP3
SLBs. (F) FRET efficiency increases as a function of the PH-TH surface density,
consistent with dimerization.
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high Btk surface density, indicating that this mutation does in-
deed impede dimerization. In light of the biochemical activity
measurements in which the Saraste interface mutant is incapable
of activation in the presence of IP6, the natural interpretation is
that dimerization of Btk is required for activation via trans-
autophosphorylation (31). The FCS diffusion measurements of
the Saraste interface mutant establish the relevance of the
crystallographically observed Saraste dimer for the membrane-
bound dimerization we observe.
PIP3 binding at the peripheral site was also found to be nec-

essary for dimerization, as mutation of this site resulted in dif-
fusion behavior on 4% PIP3 bilayers nearly identical to that on
1% PIP3 bilayers—in other words, PIP3 concentrations cannot be
differentiated without the peripheral site (Fig. 3D, Right). Unlike
the canonical phosphatidylinositol binding site, which is common
to many PH domains, the role of the peripheral site in PIP3
binding had been ambiguous, as there had been no direct evi-
dence for PIP3 binding at this site. Our observations suggest that
engagement of the peripheral site by PIP3 is important for the
dimerization and activation of Btk on the membrane.

Tec and Itk PH-TH Modules Are Not Capable of Dimerization on PIP3-
Containing Membranes. We studied whether the PH-TH modules
of Tec and Itk also exhibit dimerization and multiple lipid
binding. A structure of the Tec PH-TH module is known (PDB:
2LUL); but the Itk PH-TH structure has not been determined,
and neither protein has been studied extensively in the context of
membrane association in vitro. Sequence alignments suggest that
the peripheral site and the Saraste dimer interface seen in Btk
are not maintained in these family members (Fig. 1B). The Itk
and Tec PH-TH modules were examined by FCS on 4% PIP3
bilayers. Both showed very little protein density-dependent change
in diffusion (Fig. 3C), indicating that if there is dimerization, the
affinity is very weak (37). This suggests that these proteins do not
undergo a PH-TH dimerization-dependent activation, which
aligns with the idea that other kinases, such as Lck, are largely
responsible for activating Itk and Tec once they are recruited to
the membrane (26, 27). It has been shown that Tec and Itk may
function as a tunable signal for gene expression rather than an
immediate output upon T cell activation, contrary to the case for
Btk and its response to B cell activation (24–26, 42).

Adsorption Kinetics Are Consistent with Btk Dimerization Driven by
Multiple PIP3 Binding. The diffusion measurements of Btk PH-TH
module on membranes indicated that Btk binds at least two PIP3
and dimerizes, suggesting that the adsorption kinetics would be
complex due to these multiple processes. Based on the result that
a mutation to the canonical site eliminates binding entirely (SI
Appendix, Fig. S2) and the initial rate of adsorption of all PH-TH
constructs are essentially equivalent (SI Appendix, Fig. S3), the
first binding step is through the canonical site. Given that the
peripheral site eliminates dimerization (Fig. 3D), a PIP3 must
bind the peripheral site in at least one PH-TH monomer before
dimerization can occur; this is step two. However, based on our
FCS data alone, it was not possible to distinguish whether the
dimerization requires binding of PIP3 to both binding sites on both
PH-TH monomers, or if there are dimer species that are only
bound to three PIP3. To resolve this ambiguity, the kinetic ad-
sorption data were considered (Fig. 4B). A sequential multistep
interaction scheme was constructed, illustrated in Fig. 4A. Each
PH-TH mutant was assumed to undergo a different subset of
these reactions, and this strategy allowed a sequential estimation
of the rate constants for each reaction (SI Appendix, Fig. S4).
Although it is possible to construct more complicated models,

these three steps represent the simplest possible mechanisms,
and we find that model A successfully predicts, quantitatively, all
of the FCS dimerization measurements and total internal re-
flection flourescence (TIRF) adsorption data (see SI Appendix

for details). This comparison provides a rigorous validation for the
kinetic model, as FCS is an orthogonal experiment measuring an
entirely independent quantity (diffusion rate) from the TIRF
measurements. Fig. 4C shows the equilibrium dimer fraction and
simulated FCS data for each model, calculated using the respective
kinetic rate constants. It is clear that for model B, there is an in-
sufficient difference between the dimer fractions for 1% and 4%
PIP3 to account for the experimental FCS results. Model A,
however, captures both the PIP3 dependence and the overall shape
of the PH-TH surface density dependence, suggesting that a PH-
TH dimer is bound to at least four PIP3 lipids. Note that although
the possibility of higher-order oligomers cannot be ruled out, but
this model of dimerization is sufficient to describe these data.
Because each PH-TH dimer requires four PIP3 molecules, the

dimer concentration scales with the fourth power of the PIP3
surface density. This fourth-order nonlinearity creates a sharp
PIP3 concentration threshold, which can be contrasted to a hy-
pothetical second-order lipid sensing scenario where only one
PIP3 binding at the canonical site is required for dimerization
(Fig. 5A). This ligand-counting mechanism may be classified as a
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type of coincidence detection based on binding multiple ligand
molecules.

The Threshold for Activation by PIP3 Is Relatively Robust to Variation
in Protein Concentration. According to the model based on the
FCS and adsorption data, Btk employs a system that is depen-
dent on both the ligand and protein concentrations, with an
overall fourth-order detection of PIP3 surface density. One ad-
vantage of such a system is that it is much less sensitive to
changes in protein concentration than a system that uses only 1:1
binding. To illustrate this, we considered a different scenario in
which a protein forms a 1:1 complex with its ligand, in which the
fourth-order ultrasensitivity to ligand concentration arises solely
from tetramerization of the 1:1 PIP3:protein complex. Fig. 5B
shows the activation probability of Btk (defined as the fraction
of phosphorylated Btk on the membrane at equilibrium) as a
function of PIP3 surface density for a range of Btk concentra-
tions, which was calculated based on the kinetic rate constants
obtained from TIRF measurements and the catalytic rate con-
stant of Src kinase (see SI Appendix for details). In the case
where tetramerization is required, the variation of protein con-
centration significantly perturbs the threshold PIP3 density (Fig.

5B, Lower). However, in the case where the PIP3 detection is
achieved by dimerization, the PIP3 threshold remains relatively
stable over the same protein concentration range (Fig. 5B, Up-
per). This illustrates how this particular mechanism has the effect
of decoupling PIP3 sensitivity from Btk concentration, buffering
the system with respect to variations in protein expression.

Reconstitution of Btk Variants in Knockout B Cells Corroborate in
Vitro Findings. To test whether these findings have a direct im-
pact on B cell activity in a live cell context, calcium flux in a Btk-
knockout chicken B cell line, DT40, was measured with various
Btk mutants transiently transfected (Fig. 5D). Wild-type Btk
shows expression level-dependent calcium flux, demonstrating
that the B cell activation is dependent on the Btk concentration
(SI Appendix, Fig. S8). The negative control, the kinase dead
mutant D521N, shows a clear reduction of calcium flux, while the
positive control, the gain-of-function mutant E41K (whose PH-
TH module has been modified to bind PIP2) shows saturating
activation, even at a lower Btk concentration than the wild type
(43–46). For both the dimer interface and peripheral site mutants,
there is a comparable decrease of calcium flux to the kinase dead
mutant. This suggests that Btk membrane recruitment through
both the canonical and peripheral sites, as well as its dimerization,
contributes to the overall activation of Btk in B cells.

Conclusions
In this work, we have established that dimerization of the Btk
PH-TH module can be observed on reconstituted membrane
surfaces. By measuring diffusion and membrane binding kinetics,
we show that PIP3 binding at the peripheral site of the PH-TH
module, in addition to the canonical site, is necessary for di-
merization, and this requirement gives rise to a sharp threshold
in PIP3 concentration for activation. These findings could further
our understanding of how to specifically target Btk in the context
of diseases such as chronic lymphocytic leukemia (21, 23). For
instance, finding a way to block dimerization of the PH-TH
module might be a new avenue for inhibiting Btk.
A key consequence of PIP3 binding at the peripheral site is

that it makes Btk extremely sensitive to the PIP3 density, a tightly
regulated but dynamic signal that influences numerous signaling
pathways. Activation by trans-autophosphorylation is a positive
feedback mechanism for a switch-like response to signal (47–49).
By requiring the peripheral site to bind a PIP3 for activation by
dimerization, the Btk PH-TH module creates an even sharper
PIP3 concentration threshold for activation. The mutational
studies in B cells also supported the prediction that these pro-
tein–membrane interactions are critical in B cell activation.
Together, they provide detailed insights to how B cells may be
instituting a minimalist coincidence detection, and more broadly,
how lipid-binding domains have evolved to enhance the integrity
of cellular signal transduction.
The dependence of Btk activation on PIP3-triggered di-

merization on the membrane had been puzzling, because mem-
brane localization is sufficient to activate most kinases. We have
shown that the PH-TH modules of the closely related kinases Itk
and Tec do not dimerize on the membrane, suggesting that, for
Itk and Tec, the enhanced local concentration that results from
membrane recruitment might suffice for activation. The molec-
ular differences in kinase domains that are responsible for their
differing requirements for PH-TH dimerization requires further
study (26). In addition, these differences may provide insights to
how T cells and B cells have adapted to different roles in the
course of the development of the immune system.

Methods
Sample Preparation. The Btk PH-TH module constructs were purified from
bacterial recombinant expression, as described previously (31). They
were then introduced to supported lipid bilayers composed primarily of

Fig. 5. Fourth-order substrate detection by Btk. (A) Using the kinetic rate
constants derived from the sequential kinetic model, the dimer fraction was
calculated for the hypothetical case in which the PH-TH module may di-
merize with only one PIP3 (second order) and for the actual case where two
are required (fourth order). (B) An alternative method to achieve fourth-
order PIP3 detection, single lipid binding followed by tetramerization to
activation (Lower), was considered and compared with the observed mech-
anism (Upper). (C) The proposed activation mechanism for Btk. (D) Calcium
flux for Btk-deficient chicken B cells transfected with variants of Btk and
activated with BCR antibody (Left) and relative integrated calcium response
for WT, gain-of-function (E41K), kinase dead (D521N), dimer interface mu-
tant, and peripheral site mutant (Right).
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1,2-dioleoyl-sn-glycero-3-phosphocholine and PIP3, prepared on glass
coverslips as described elsewhere (50). See SI Appendix for more details.

Microscopic Measurements. Dual-color FCS measurements were performed on
a home-built confocal system integrated into an inverted microscope. The
experimental methods have been published previously (51). For FRET, fluo-
rescence lifetime of the donor fluorophore (eGFP) in the presence of an
acceptor fluorophore (mCherry) was measured by TCSPC. The adsorption
and desorption kinetics of eGFP-labeled Btk PH-TH domain constructs were
obtained by bulk TIRF microscopy. The data were fit based on the change in
surface density as determined by the fluorescence intensity and TIRF cali-
bration. See SI Appendix for details.

Btk Knockout B Cell Calcium Activity Assay. Btk-deficient DT40 cells were
transiently transfected with pEGFP-N1-nBtk (wild type or mutant). After
washing and resting before analysis, calcium flux was monitored by flow
cytometry before and after stimulation with 1:1,000 dilution of anti-chicken
BCR monoclonal antibody M4 or 1 μM Ionomycin. (See SI Appendix for
details.)
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