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ARTICLE

Btk SH2-kinase interface is critical for allosteric
kinase activation and its targeting inhibits
B-cell neoplasms
Daniel P. Duarte 1, Allan J. Lamontanara1, Giuseppina La Sala2,3, Sukyo Jeong4, Yoo-Kyoung Sohn4,

Alejandro Panjkovich5, Sandrine Georgeon 1, Tim KŸkenshšner1, Maria J. Marcaida 3, Florence Pojer 6,

Marco De Vivo 2, Dmitri Svergun 5, Hak-Sung Kim4, Matteo Dal Peraro3 & Oliver Hantschel 1,7!

BrutonÕs tyrosine kinase (Btk) is critical for B-cell maturation and activation. Btk loss-of-

function mutations cause human X-linked agammaglobulinemia (XLA). In contrast, Btk sig-

naling sustains growth of several B-cell neoplasms which may be treated with tyrosine kinase

inhibitors (TKIs). Here, we uncovered the structural mechanism by which certain XLA

mutations in the SH2 domain strongly perturb Btk activation. Using a combination of

molecular dynamics (MD) simulations and small-angle X-ray scattering (SAXS), we dis-

covered an allosteric interface between the SH2 and kinase domain required for Btk activation

and to which multiple XLA mutations map. As allosteric interactions provide unique targeting

opportunities, we developed an engineered repebody protein binding to the SH2 domain and

able to disrupt the SH2-kinase interaction. The repebody prevents activation of wild-type and

TKI-resistant Btk, inhibiting Btk-dependent signaling and proliferation of malignant B-cells.

Therefore, the SH2-kinase interface is critical for Btk activation and a targetable site for

allosteric inhibition.
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Protein kinases are major drug targets as most cancers carry
driver mutations in kinases or are functionally addicted to
certain kinase signaling pathways. To date, 55 ATP-

competitive kinase inhibitors have been approved for the treat-
ment of multiple solid and hematological tumors1,2. A major
setback in targeted kinase inhibitor therapy is the development of
drug resistance, commonly due to point mutations in the targeted
kinase, but also by various other mechanisms3. An attractive
alternative is the targeting of allosteric sites, other than the ATP
binding pocket, critical for the regulation of kinase activity or
substrate recruitment. Targetable allosteric regulatory sites have
been identi! ed for a few kinases and include the myristoyl
binding pocket and SH2-kinase interface in BCR-ABL, as well as
the PIF pocket in different AGC kinases4Ð7. As allosteric reg-
ulatory pockets are unique to a single kinase or a small class of
kinases, one should be able to inhibit oncogenic signaling more
selectively. Furthermore, combined or sequential use of allosteric
and ATP-competitive inhibitors is a very attractive strategy for
cancer treatment, which may diminish or even abolish the out-
growth of resistant clones5,8.

BrutonÕs tyrosine kinase (Btk) is a central kinase in B-cell
receptor (BCR) signaling that is expressed in the B-cell lineage
and in myeloid cells. Loss-of-function mutations in Btk are found
in humans with X-linked agammaglobulinemia (XLA). These
patients are severely immunocompromised due to the impaired
development of B-cells9. In contrast, elegant functional genomics
work has demonstrated that Btk signaling is critical for the sur-
vival of the activated B-cell-like (ABC) subtype of diffuse large
B-cell lymphoma (DLBCL) and several other B-cell cancers10,11.
Inhibition of Btk using the FDA-approved BCR-ABL inhibitor
dasatinib, which has Btk as one of its major off-targets, provided
proof-of-concept evidence for Btk targeting and supported the
parallel development of more selective Btk inhibitors10Ð12.
Among those, the! rst-in-class Btk inhibitor ibrutinib13, which
was approved in 2013, has shown remarkable clinical activity in
chronic lymphocytic leukemia (CLL), mantle cell lymphoma
(MCL), WaldenstršmÕs macroglobulinemia and graft-versus-host
disease. The more selective drugs acalabrutinib14 and zanu-
brutinib15 were approved in 2017 and 2019, respectively, as
second-line treatments for MCL. However, patients treated with
Btk TKIs may acquire resistance caused by Btk mutations of Cys-
481 required for covalent binding or, more rarely, by mutations in
PLC! 2, downstream of Btk16. Therefore, allosteric mechanisms
that regulate Btk activity are particularly attractive as additional
drug targets to cope with drug resistance in Btk-dependent B-cell
malignancies.

Btk and its paralogues Tec, Itk, Bmx and Txk share a con-
served SH3-SH2-kinase domain unit with the Src and Abl
kinase family of cytoplasmic tyrosine kinases17,18. Structural
and biochemical data showed that intramolecular interactions
of the SH3 and SH2 domains with the kinase domain N- and C-
lobe, respectively, result in a compact autoinhibited con-
formation of Btk analogous to Src and Abl kinases18,19. In
addition, the N-terminal PH-TH domain module of Btk con-
tributes to stabilizing BtkÕs autoinhibited conformation19,20.
Through inositol phosphate binding to a peripheral site on the
PH domain, Btk activation is triggered via dimerization and
subsequent trans-autophosphorylation of the kinase domain19.
Btk activity is positively regulated by two major phosphoryla-
tion events. Tyr-551 in the activation loop can be phosphory-
lated by upstream Src kinases or trans-autophosphorylated by
another Btk molecule. Tyr-223, located in the SH3 domain, is
the main Btk autophosphorylation site and thought to be
autophosphorylated after Tyr-551 phosphorylation21. Although
an early small-angle X-ray scattering (SAXS) reconstruction
suggested a linear and elongated conformation of active Btk22,

there is little insight on the structural mechanisms and precise
molecular events that govern Btk activation.

Here we show that, based on the analysis of XLA mutations in
the SH2 domain, Btk activation critically depends on the for-
mation of an allosteric interface between its SH2 and the N-lobe
of kinase domain, which we mapped using a combination of
enhanced sampling molecular dynamics (MD) simulations and
SAXS. Development of a high-af! nity engineered protein
antagonist to the Btk SH2 domain targeting its interface with the
kinase domain prevents Btk activation in cells, inhibits pro-
liferation and Btk-dependent signaling in malignant B-cells.
Therefore, we demonstrate the Btk SH2 domain as alternative
allosteric site for therapeutic inhibition of Btk and its most
common drug-resistant mutant.

Results
A set of XLA mutations in the SH2 domain impair Btk kinase
activation. Sequencing data indicate that approximately 20% of
missense mutations in XLA patients are located within the Btk
SH2 domain, but how these mutations result in Btk loss-of-
function is poorly understood23. While several mutations were
shown to decrease protein stability and/or impair canonical
phosphotyrosine (pY) peptide binding to the SH2 domain24, we
were intrigued by a mutational hotspot of surface-exposed resi-
dues located on the opposite side of the pY-binding pocket and
thus unlikely to be involved in pY-peptide binding (Fig.1a). We
! rst assessed the effects of! ve representative XLA mutations in
this area (K296E, H364D, S371P, R372G, and K374N) and one
control XLA mutation (R307G) in the pY binding pocket, on Btk
SH2 domain folding, stability, and pY-binding by producing the
puri! ed recombinant proteins (Fig.1b, Supplementary Fig. 1a, b).
Far-UV circular dichroism (CD) spectra and thermal shift ana-
lysis demonstrated that the XLA mutations did not signi! cantly
change Btk SH2 domain folding and only mildly decreased
melting temperature compared to the wild-type protein (Fig.1c
and Supplementary Fig. 1c). We next determined the effect of the
selected XLA mutations on pY-binding in a" uorescence-
polarization (FP) binding assay with a labeled pY-peptide. All
XLA mutants bound the pY-peptide with similar af! nities as the
wild-type Btk SH2 domain, whereas the R307G control mutation
in the pY binding pocket strongly impaired binding (Fig.1d).
Thus, the selected XLA mutations do not act by perturbing
folding, stability or pY-binding of the Btk SH2 domain.

To determine whether these SH2 mutations affect Btk kinase
activity in cells, they were introduced in a Btk SH2-kinase domain
(SH2-KD) construct and expressed in HEK293 cells. Expression
of wild-type SH2-KD resulted in robust activation loop
phosphorylation (pY551; Fig.1e, f). In contrast, all tested XLA
mutations strongly decreased phosphorylation at Y551 (Fig.1e, f).
To test the effect of these mutations on phosphorylation of Y223
within the Btk SH3 domain, which is the most commonly used
readout for Btk activity, we introduced them into the larger Btk
construct spanning the SH3, SH2 and kinase domains (SH3-SH2-
KD). The deleterious effect of an even larger set of XLA
mutations in the Btk SH2 domain (Supplementary Fig. 1d) could
be corroborated in the SH3-SH2-KD construct with strong
impairment of both pY551 and pY223 (Supplementary Fig. 1e, f).
Importantly, introduction of a control non-XLA mutation
(K311E) on the opposite side of the SH2 domain did not affect
pY551 and pY223 (Supplementary Fig. 1e, f). As expected, when
the XLA mutants were introduced in the full-length (autoinhib-
ited) protein, no signi! cant effect on pY551 was observed
(Supplementary Fig. 1g).

The intriguing observation that certain XLA mutations do not
impact on canonical Btk SH2 domain function suggests the
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presence of a yet unidenti! ed mechanism on how the Btk SH2
domain participates in kinase activation.

SH2 domain is critical for Btk kinase activation. As the phe-
notype of the above-described XLA mutations on Btk kinase
activation resembles the phenotype of structure-guided targeted
mutations in SH2-kinase domain intramolecular interfaces in the
Abl and Fes kinases6,25, we hypothesized Btk kinase activation by
an analogous allosteric mechanism. To address this, we recom-
binantly expressed sequential domain deletion constructs
(Fig.2a) in the presence of YopH phosphatase using baculovirus-
infected Sf9 cells to obtain unphosphorylated proteins. All pro-
teins were puri! ed to homogeneity (Fig.2b). Mass spectrometry
and immunoblotting analysis con! rmed their identity and
absence of phosphorylation (Supplementary Fig. 2a, b). These
recombinant Btk proteins were incubated with Mg2+ /ATP and
in vitro autophosphorylation on Y551 was monitored over time
(Fig. 2c). A kinase-dead Btk SH2-KD protein (D521N) was
included as negative control. The SH2-KD construct showed a
strong increase in autophosphorylation kinetics compared to the
kinase domain alone (KD) and the SH2-KD D521N control
(Fig.2d, e). In agreement with the crystal structure of mouse Btk

SH3-SH2-KD, we observed lower pY551 autophosphorylation
than with the SH2-KD construct, but still signi! cantly higher
than for the Btk KD, as the presence of the SH3 domain likely
induced a more closed autoinhibited conformation of Btk, similar
to Abl and Src kinases19 (Fig.2d, e). The observed lower in vitro
autophosphorylation for full-length Btk (Fig.2d, e) is in line with
a recent molecular model of full-length Btk in solution, where the
PH-TH domain docks onto the KD to further stabilize its auto-
inhibition20. Furthermore, strong total pY phosphorylation of
SH2-KD was corroborated in this assay (Supplementary
Fig. 2cÐe) and corresponds to multiple autophosphorylation sites
that we mapped using mass spectrometry (MS, Supplementary
Table 1). Using this assay, we could also show that phosphor-
ylation on Y223 preceded Y551 phosphorylation in vitro, which
agrees with a previous model where autophosphorylation on
Y223 may contribute to full activation of the kinase to further
transphosphorylate other Btk molecules onY55121 (Supplemen-
tary Fig. 2f).

The strong activating effect of the Btk SH2 domain on
autophosphorylation in vitro could be corroborated when
expressing these constructs in HEK293 cells. Here, the presence
of SH2 domain strongly increased Btk autophosphorylation,
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when compared to KD alone, which shows very low pY551 levels
(Fig.2f, g). Noteworthy, the SH3-SH2-KD construct showed even
higher activation when expressed in cells (Fig.2f, g), which could
be due to binding of cellular SH3-SH2 ligands that destabilize the
autoinhibited conformation of SH3-SH2-KD. This data indicated
that the presence of the Btk SH2 domain is critical for the
activation of Btk in vitro and in cells.

Btk SH2-KD adopts an elongated conformation to trigger
kinase activation. We next turned our focus to investigate the
structural basis for SH2-dependent allosteric activation of Btk. In
contrast to the Fes, Abl and Csk kinases, where SH2-KD units
resembling active conformations could be crystallized and had
revealed diverse intramolecular interfaces with the N-lobe of the
kinase domain, we and others have failed to crystallize active Btk.
To provide molecular models of the Btk SH2-KD unit, we used

enhanced sampling molecular dynamics (MD) simulations to
probe for the interaction of the Btk SH2 domain with the KD. We
ran multiple replicas of scaled MD simulations for a total of ~4 µs
long trajectories with the Btk SH2-KD unit, including the native
SH2-kinase domain linker. Scaled MD is an enhanced sampling
MD simulation scheme that allows the sampling of µs-ms time-
scale events, such as domain-domain binding26. This time frame
is prohibitive using classical approaches, such as equilibrium MD
simulations. Using this approach, we could sample the binding of
SH2 to KD in ~100 ns of simulated time, thus collecting multiple
binding events and associated statistics.

Our MD data demonstrated that the SH2 may interact with the
KD at different positions, notably at the back, top, and front of
the N-lobe (Supplementary Fig. 3a). The most representative
clusters were located in the back of the KD, followed by a more
elongated conformation with the SH2 placed on top of the N-lobe
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Fig. 2 Btk SH2 domain is critical for kinase activation. aSchematic representation of Btk constructs used in this study. Construct/domain boundaries and
location of the key activating tyrosine phosphorylation sites (pY223 and pY551) are indicated.b Representative SDS-PAGE analysis of recombinant
untagged Btk proteins puri! ed from Sf9 cells.c In vitro autophosphorylation assay performed with recombinant Btk proteins at room temperature. The
levels of pY551 (red channel) and total Btk (green channel) were assessed using immunoblotting in a dot blot apparatus.d Btk autophosphorylation
kinetics shown inc normalized to total Btk signal and the calculated slopes of linear! ts (relative velocities). Data are mean ± SD of at three independent
experiments (n= 3). e Relative velocities of Btk autophosphorylation relative to KD. Data are mean ± SD of three independent experiments (n= 3) and
P-values were calculated using an unpairedt-test. f HEK293 cells were transiently transfected with the indicated Btk constructs containing an N-terminal
6xMyc tag and kinase activation assessed by immunoblotting of cell lysates.g Quanti! cation of pY551 and total pY shown inf normalized to total Btk
(Myc) expression and relative to the KD. Data are mean ± SD of three biological replicates (n= 4) and P-values were calculated using an unpairedt-test.
*P! 0.05, **P! 0.01, ***P! 0.001 and ****P! 0.0001. Source data are provided as a Source Data! le.
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