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ABSTRACT 
 

BUXWon¶V W\UoVine kinaVe (BWk) iV a ke\ comSonenW of BCR Vignaling UeTXiUed foU B-

cell maturation and activation. Loss-of-function mutations throughout the Btk protein cause 

human X-linked agammaglobulinemia (XLA), a heritable genetic disorder characterized by 

the absence of mature B-cells and lack of adaptive immune response. In contrast, Btk 

signaling sustains the growth of several B-cell neoplasms, which may be treated with small-

molecule tyrosine kinase inhibitors (TKIs) targeting the ATP-site of the kinase. No 

alternative targeted therapy is available for patients who acquire resistance to current Btk 

inhibitors. Whereas a number of intramolecular interactions amongst the PH, SH3, SH2, 

and kinase domain (KD) are well resolved and stabilize a compact autoinhibited 

conformation, the molecular mechanisms governing Btk activation are not fully understood. 

Using a combination of in silico, structural, cellular, and molecular approaches, we 

discovered an allosteric interface between the SH2 and the N-lobe of the KD that is critical 

for kinase activation in vitro and cells. In contrast to the low Btk activity of the KD alone, 

the presence of the SH2 domain is sufficient to increase Btk phosphorylation at Y551 and 

multiple other sites. This provides the structural mechanism by which a subset of XLA 

mutations mapped to the SH2 domain near the interface region strongly perturbs Btk 

activation, even though the SH2 canonical function is preserved. Furthermore, we 

demonstrated that the active Btk SH2-kinase adopts an elongated conformation with a 

dynamic contact interface structurally distinct than to the ones observed for other tyrosine 

kinases, such as Abl, Fes, and Csk. 

As allosteric interactions provide unique targeting opportunities far from the ATP-site, we 

developed an engineered repebody protein binding to the human Btk SH2 domain. The 

crystal structure of the SH2-repebody complex combined with other structural approaches 

demonstrated that the repebody disrupts the SH2-kinase interaction. 

The repebody prevented activation of wild-type and TKI-resistant Btk in vitro and cells seen 

by a significant decrease in Btk phosphorylation. In parallel, sole allosteric targeting 
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inhibited Btk-dependent signaling and reduced proliferation of malignant B-cells 

dependent on the BCR signaling. 

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

site able to trigger allosteric inhibition. As Btk targeted therapy has a great impact on 

several conditions, including B-cell malignancies and autoimmune diseases, this study 

provides a rationale to support the development of alternative Btk inhibitors. This approach 

for targeted inhibition could particularly benefit patients with current therapy-resistant Btk 

variants. 

 

Keywords: BUXWon¶V W\UoVine kinaVe, BWk, SH2 domain, allosteric activation, B-cell 

malignancies, allosteric inhibition, engineered repebody. 
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ReSUMe 
 

La tyrosine kinase de Bruton (Btk), composant indispensable de la signalisation 

BCR, est requise pour la maturation et l'activation des cellules B. Des mutations par perte 

de fonction dans la protéine Btk provoquent une agammaglobulinémie liée au sexe (XLA), 

maladie génétique héréditaire caractérisée par l'absence de lymphocytes B matures et un 

manTXe d¶immXniWp j mpdiaWion hXmoUale. En UeYanche, la VignaliVaWion BWk VoXWienW la 

croissance de plusieurs néoplasmes à cellules B qui peuvent être traités avec des 

inhibiteurs de tyrosine kinase (TKIs) ciblant le site de liaison j l¶ATP de la kinaVe. AXcXne 

thérapie ciblée alternative n'est disponible pour les patients qui souffrent de résistances 

aX[ mpdicamenWV e[iVWanWV SoXU l¶inhibiWion de BWk. Un ceUWain nombUe d¶inWeUacWionV 

moléculaires entre les domaines PH, SH3, SH2 et catalytique (KD) sont stabilisées dans 

une conformation compacte entrainant l'auto-inhibition de Btk. En revanche, les 

mécanismes moléculaires régissant son activation grâce à ses domaines non-catalytiques 

ne sont pas entièrement compris. 

En utilisant une combinaison d'approches informatiques, structurelles, cellulaires et 

moléculaires, nous avons découvert une interface allostérique entre le domaine SH2 et le 

lobe N-terminal du KD qui fonctionne comme UpgXlaWeXU alloVWpUiTXe de l¶acWiYiWpғ  kinase. 

Cette interaction est critique pour l'activation de la kinase. Contrairement à la faible activité 

du KD isolé, la présence du domaine SH2 est suffisante pour augmenter la phosphorylation 

de Btk au niveau de Y551 et de plusieurs autres sites. Cela fournit le mécanisme 

moléculaire par lequel un sous-enVemble de mXWaWionV XLA aX domaine SH2 j l¶inWeUface 

SeUWXUbenW foUWemenW l¶acWiYaWion de BWk WoXW en conVeUYanW la foncWion canoniTXe de SH2. 

Nous avonV aXVVi dpmonWUp TXe l¶XniWp BWk SH2-kinase activée adopte une conformation 

allongée avec une interface de contact dynamique et structurellement distincte de celles 

observées pour d'autres tyrosine kinases, telles que Abl, Fes et Csk. 

Comme les interactions allostériques offrent des opportunités de ciblages uniques, nous 

avons développé une protéine repebody artificielle se liant au domaine SH2 de Btk. La 

structure cristallographique du complexe SH2-repebody combinée avec d'autres 

approches structurales a démontré que le repebody perturbe l'interaction SH2-kinase. Le 
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repebody a empêché l'activation de Btk de type sauvage et résistante aux TKI disponibles, 

ce qui s'est traduit par une diminution significative de la phosphorylation de Btk. En 

parallèle, la seule utilisation du ciblage allostérique a été suffisante pour inhiber la 

signalisation Btk-dépendante et a permis de réduire la prolifération des cellules B malignes. 

Enfin, nous avons montré avec succès que l'interface SH2-kinase est critique pour 

l'activation de Btk et est le premier site capable de déclencher une inhibition allostérique. 

Étant donné que la thérapie ciblant Btk a un fort impact sur plusieurs maladies, comme les 

hémopathies malignes à cellules B et des maladies auto immunes, cette étude encourage 

le dpYeloSSemenW d'inhibiWeXUV alWeUnaWifV de BWk. L¶inhibiWion alloVWpUiTXe SoXUUaiW 

particulièrement bénéficier aux patients présentant des résistances de Btk aux thérapies 

existantes. 

 

Mots-clés : tyrosine kinase de Bruton, Btk, domaine SH2, activation allostérique, 

tumeurs malignes des cellules B, inhibition allostérique, repebody artificiel. 
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1 INTRODUCTION 
 

1.1 Tyrosine kinases and their regulatory elements 

 
Post-translational modifications of proteins are key regulatory mechanisms 

governing all aspects of cellular biology. Phosphorylation of serine, threonine, and tyrosine 

residues have a central role in multiple signaling pathways regulating cell development, 

proliferation, motility, and metabolism1. 

The human genome encodes 518 putative kinases of which 90 exclusively phosphorylate 

tyrosine residues. Tyrosine kinases are grouped in two major classes: receptor tyrosine 

kinases (RTKs) and cytoplasmic tyrosine kinases (CTKs), which are classified into several 

families based on structural similarities2. RTKs are membrane proteins and contain an 

extracellular ligand-binding domain connected to the intracellular kinase domain via one 

transmembrane segment, whereas CTKs are intracellular multidomain proteins commonly 

found associated with the inner leaflet of the plasma membrane. The architecture of CTKs 

(Fig. 1) varies by the presence of different non-catalytic and ligand-binding domains in 

addition to the main catalytic core. 

1.1.1 The catalytic domain 

Tyrosine kinases share a well-conserved catalytic domain (or kinase domain, KD) 

containing crucial regulatory elements that strictly control kinase activity under 

physiological conditions. The KD assumes a common fold consisting of a bilobal structure 

connected by a short hinge region shaping a deep cleft where ATP, Mg2+ cations, and 

substrate interact. The interplay amongst different structural elements distributed in these 

N- and C-terminal lobes participate in the catalysis and carry out the transfer of the gamma 

phosphate group of ATP onto the substrate peptide3. 

Since the first kinase structure was solved4, multiple crystal structures have helped to 

elucidate the molecular basis of kinase activation. These structures revealed that at least 

three flexible elements from the active site are important for phosphoryl transfer reaction 
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during the catalytic cycle: the C-helix, activation loop, and catalytic loop5 (Fig. 2, residue 

number refers to Src). The C-helix located in the N-lobe essentially adopts a range of 

positions that directly impact the catalytic mechanism. In the active state, the C-helix 

adoSWV an ³in´ confoUmaWion WhaW indXceV a ValW bUidge beWZeen iWV conVeUYed glXWamaWe 

(E310) and an adjacent N-lobe lysine (K295), reorienting a highly mobile glycine-rich loop 

(or P-loop) that interacts with the ATP alpha and beta phosphates. In the C-lobe, activation 

loop phosphorylation (Y416) stabilizes and provides a platform for binding and positioning 

of the hydroxyl group from the tyrosine of the substrate. Flanked to the activation loop, the 

Asp residue (D404) from a DFG motif recognizes the ATP-bound Mg2+ ion, whereas its 

phenylalanine makes further hydrophobic contact with the C-helix and the nearby catalytic 

loop when the DFG motif is positioned in the DFG-in conformation. The HRD motif within 

the catalytic loop contains the aspartate (D386) that provides a precise spatial arrangement 

of the catalytic residues required for the reaction mechanism3,6. Altogether, these key 

components are stabilized by a network of hydrophobic residues forming the regulatory 

and catalytic spines anchored in a central F-helix buried in the C-lobe. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 ± Schematic view of CTKs families and their members. 
The protein length refers to the first family member as a reference. SH2/3: Src homology 
2/3 domains, KD: kinase domain, ABD: actin-binding domain, SAM: sterile alpha motif, 
Crib: Cdc42- and Rac-interactive binding domain, B41: band 41, FAT: Frap-Atm-Trrap 
domain, PH-TH: pleckstrin and Btk homology domains.
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In the majority of kinases, the activation loop undergoes large conformational changes and 

is stabilized by phosphorylation of one or more residues, depending on the kinase, to 

stabilize its active conformation and allows substrate binding and catalysis. In contrast, 

when in the inactive state, the unphosphorylated activation loop folds into an autoinhibitory 

conformation where it may act as pseudo-substrate to inhibit substrate binding7. Therefore, 

activation loop phosphorylation is commonly used as a hallmark of the active state of 

kinases3,5. 

 

 
 
 
 
 
 
 
Figure 2 ± Main structural elements 
controlling catalytic activity in the 
tyrosine kinase domain. 
Residue number refers to chicken c-Src. 
Figure adapted from8. 
 

1.1.2 Non-catalytic domains 

In addition to the highly dynamic structures commanding catalytic activity within 

the KD, kinases commonly display several non-catalytic domains. These structures play 

important regulatory roles in stabilizing the inactive or inducing an active conformation of 

the KD by mediating important molecular interactions. Protein-lipid and protein-protein 

interaction domains (PIDs) can be targeted by specific ligands or modulated by 

posttranslational modifications, and participate in substrate interaction, kinase localization, 

and intramolecular allosteric interactions with the main catalytic core9. 

A PID of major importance in cell signaling is the Src-homology 2 (SH2) domain, originally 

characterized in the Src kinase and later identified in multiple other kinases, adaptors, and 

scaffold proteins. SH2 domains are approximately 100 residues in size and show striking 

structural conservation ± over 300 structures deposited into the protein databank display a 

coUe made of WhUee ȕ-VheeWV VXUUoXnded b\ WZo Į-helixes10. SH2 domains contain a central 

motif that interacts with specific peptide sequences containing phosphotyrosine (pY +3 
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residues) with variable affinity9. Another important PID is the Src-homology 3 (SH3) 

domain, which is smaller in size and has typically around 60 amino acids. It contains two 

surface grooves that accommodate proline-rich peptides (motif PxxP)11. Both SH2 and SH3 

domains enormously increase substrate specificity and play a role in multiple signaling 

pathways9,10.  

In addition to their canonical roles, PIDs also mediate important allosteric interactions with 

the KD core, directly impacting its catalytic activity. For instance, the interaction of Src SH3 

and SH2 domains with the C-lobe negatively regulates kinase activity by stabilizing its 

inactive state and hindering substrate phosphorylation (Fig. 3A)12,13. This autoinhibited 

conformation is maintained by two important interactions: (1) the phosphorylated Y527 on 

the C-terminal portion of KD interacting with the SH2 pY-binding pocket, and (2) the 

additional interaction of the SH2-KD linker with the SH3 domain, creating a compact 

arrangement locking the SH3-SH2 domainV on Whe ³back´ of Whe KD. ThiV conVeUYed SH3-

SH2-KD autoinhibitory configuration, known as Src-like module, is also found in other CTK 

families such as Abl, Tec, and Csk kinases(Fig. 3B and C)8. Furthermore, certain kinases 

evolved unique intramolecular interactions important for their regulation. This is the case 

of Abl kinase where its N-terminal myristoyl modification docks into an allosteric pocket of 

the C-lobe and helps to stabilize its autoinhibited conformation (Fig. 3B)14,15. 

In contrast to autoinhibitory allosteric interactions, PIDs can contribute to enhancing kinase 

activation. Crystal structures of active Abl and Fes kinases (PDB: 4XEY and 3BKB, 

respectively) show the formation of an interface between the SH2 domain and N-lobe, 

creating an open elongated complex accompanied by an increase in catalytic activity16,17. 

In Abl, this large interdomain interface is mediated by the contact of SH2 residue I164 (Fig. 

4), which promotes a shift of the activation loop towards an open conformation18,19. While 

the I164E mutation abrogates this interaction and decreases Abl activity and 

leukemogenesis in vivo, the T231R mutation strengthens this elongated SH2-KD 

conformation and is accompanied by a moderate enhancement of kinase activation20,21. 

Thus, the interplay between KD and PIDs can impact the state of KD and significantly affect 

kinase activity. 
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Figure 3 ± Multiple intramolecular interactions maintain Src-module-containing 
kinases in the autoinhibited state.  
A: Phosphorylation of Src Y527-tail by Csk induces interaction with its SH2 pY-binding 
pocked and induce a close conformation. 
B: Autoinhibited Abl is released of its closed conformation by unlatching its N-terminal 
myristate and Y245 phosphorylation within the SH2-KD linker. 
C: The PH domain further stabilizes Btk autoinhibition by interacting with the front of the 
KD, discussed in details later. Figure adapted from8. 
 
 
 

Figure 4 ± The SH2-KD 
interface of active Abl 
is mediated by the SH2 
I164 residue. 
Cartoon representation 
of active Abl (1OPL) 
showing the SH2 domain 
(green) sitting on top of 
the KD (blue). The 
position of the residues 
facing the SH2-KD 
interaction (red) and the 
KD residue E294 are 
highlighted. 
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1.1.3 Targeting tyrosine kinases in cancer 

Aberrant activation of protein tyrosine kinases, commonly due to point mutations, 

deletions, duplications, chromosomal fusions or overexpression, drives cell transformation 

and multiple malignancies. Alternatively, cancer cells can also hijack certain oncogenic 

proteins to support growth and survival even when these proteins are not mutated. The 

development of a repertoire of small-molecule inhibitors targeting critical tyrosine kinases 

has revolutionized cancer treatments ± as of March 2020, 66 inhibitors have been 

approved by the U.S. Food and Drug Administration (FDA) for clinical use. Targeted 

therapies have considerably reduced side effects compared to traditional chemotherapy, 

lead to remarkable and sustainable tumor remissions, and increase overall survival of 

patients suffering from hematological and solid tumors22. 

A particularly successful group of tyrosine kinase inhibitors (TKIs) has been developed 

against the BCR-ABL fusion gene, a well-characterized aberrant chromosomal 

translocation that produces a constitutively active form of Abl kinase and drives the 

development of chronic myeloid leukemia (CML) and a subset of B-cell acute lymphocytic 

leukemia (B-ALL)23. Imatinib (Gleevec) was the first TKI approved for the treatment of CML 

and achieves durable remissions in the majority of patients24. A common drawback seen 

in patients treated with imatinib is the emergence of Bcr-Abl point mutations that decreases 

protein affinity to the drug and promotes CML relapse25. Second and third generations of 

ATP-site inhibitors such as dasatinib, nilotinib, bosutinib, and ponatinib were developed as 

alternative agents to target these Bcr-Abl variants, although novel mutations and resistance 

mechanisms also evolve in patients treated with these drugs23. Hence the need for an 

arsenal containing multiple drugs reaching common targets. 

Due to the structural constraints of the ATP-site of kinases, the design of specific small-

molecules binding to this region is extremely difficult. Although off-targets do not always 

lead to adverse effects in patients, they commonly trigger undesirable side effects that 

require treatment discontinuation as seen for instance in 21% of patients receiving 

nilotinib26. Life-threatening adverse events observed in patients under prolonged regimens 

on TKIs include atrial fibrillation, hypertension, and bleeding, which commonly require 

hospitalization and impact their quality of life. 

An attractive strategy to improve targeted therapies is the combination of multiple drugs 

hitting the same target or targeting complementary pathways to allow a more effective 
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response, decrease the emergence of resistant mutations, and minimize side effects. In 

the context of Bcr-Abl, the development of asciminib, the first allosteric inhibitor binding to 

the Abl myristate pocket to achieve clinical development, has been shown to inhibit Bcr-

Abl kinase and lead to tumor regression27. Although asciminib alone shows significant anti-

tumoral effect in CML patients without apparent side effects28, it is less effective against 

more aggressive variants of Bcr-Abl which harbor multiple mutations. Elegant studies have 

suggested that combination of allosteric with ATP-site inhibitors (e.g. nilotinib or ponatinib) 

is a promising strategy to target highly resistant Bcr-Abl variants such as T315I or 

compound mutations29,30. In this context, binding of asciminib forces an autoinhibited 

conformation of the KD that facilitates binding to ponatinib at clinically achievable 

concentrations to restore the efficacy of these drugs30. Therefore, identification of allosteric 

sites is one promising approach towards the development of the next generation of kinase 

inhibitors and rational combinations to suppress emerging of novel resistant variants. 

Multiple approaches are available to investigate protein-protein interactions, validate 

clinical targets, and develop novel therapies. Engineered protein binders such as 

monobodies31 and repebodies32 are powerful and versatile tools that can be designed to 

bind specific sites that would be otherwise undruggable. Monobodies are synthetic 

antibody-mimetic proteins generated by diversifying certain residues from a fibronectin 

type III (FN3) scaffold and selected to bind specific targets. The use of monobodies to 

target protein-protein interactions has been demonstrated against a variety of targets 

including SH2 domains of Abl and Src kinases, as well as Ras33-35. Abl SH2-binding 

monobodies abrogating the critical SH2-KD interaction in Bcr-Abl decrease kinase activity 

and viability of leukemic cells21, while genetically encoded monobodies targeting the MLL 

complex in vivo conferred survival benefit in a mouse model for leukemia36. In parallel, 

repebodies composed of an alternative synthetic scaffold containing modifiable leucine-

rich repeat (LRR) modules have been engineered to target epidermal growth factor 

receptor (EGFR) and detect EGFR-expressing malignant tumors by positron emission 

tomography (PET-Scan)37. Thus, engineered proteins are an attractive approach towards 

the discovery of critical protein-protein interactions and accelerate translation to the 

development of targeting strategies. 
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1.2 B-cell malignancies 

 
B-cells play a critical role in the immune system by generating and secreting 

antibodies. Pre-B-cells undergo an extensive genetic reprogramming acting in the variable, 

joining, and diversity (V(D)J recombination) segments of heavy and light chains ± this 

process generates a large repertoire of immunoglobulins that are expressed as part of the 

B-cell receptor (BCR)38. Transitional B-cells expressing functional BCRs from the bone 

marrow migrate to lymphoid organs and further differentiate into various B-cell subsets 

(follicular, marginal zone, and germinal center B-cells). Upon antigen engagement by 

BCRs, B-cells promote antigen presentation to T cells via major histocompatibility complex 

II (MHC-II), followed by additional rounds of class-switch recombination and affinity 

maturation through somatic hypermutation to generate high-affinity antibodies and 

increase proliferation. While these early-stage activated plasma cells can secret lower 

affinity IgM BCRs, activated B-cells entering germinal centers (GCs) give rise to long-lived 

plasma cells and memory B-cells capable of producing higher-affinity IgG BCRs39,40. 

Transformed B-cells at different stages of development give rise to leukemias, lymphomas, 

or myelomas (Fig. 5). The complex reprogramming that naturally drives the development 

of BCRs in pre-B-cells can potentially lead to aberrant genetic events such as BCR-ABL1 

translocations and point mutations affecting several oncogenes (e.g. RAS). Although these 

transforming events are found silent in most people, they can drive B-ALL, which accounts 

for the majority of leukemias derived from B-cells in the bone marrow41. Genetic 

rearrangements particularly happening in the activated GCs can also lead to the 

development of indolent or more aggressive non-Hodgkin¶V l\mShomaV (NHL) such as 

follicXlaU l\mShoma, BXUkiWW¶V l\mShoma, and diffXVe laUge B-cell lymphoma (DLBCL). 

Genetic translocations that trigger constitutive expression of BCL-2 and MYC are common 

drivers of follicular lymphoma and BXUkiWW¶V l\mShoma, respectively. B-cell malignancies 

comprise approximately 85% of NHLs, of which 40% are DLBCL followed by follicular 

lymphoma in 16% of cases. Although occurring at any age, the risk of developing NHL 

increases throughout life, with a median age at diagnosis around 78 years of age40,42. 
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Figure 5 ± Main stages of the development and malignancies affecting B-cells. 
The initial stages of development in the bone marrow give rise to immature B-cells that 
migrate to lymphoid tissues to differentiate into mature B-cells, plasma cells, or memory B-
cells. ALL: acute lymphoblastic leukemia, LBL: lymphoblastic lymphoma, CLL: chronic 
lymphocytic leukemia, MCL: mantle cell lymphoma, DLBCL: diffuse large B-cell lymphoma, 
FL: follicular lymphoma, SMZL: small marginal zone lymphoma, MALT: mucosa-
associated lymphoid tissue, BCR: B-cell receptor.  

 

1.2.1 BCR signaling in B-cell malignancies 

BCR signaling is essential for B-cell development, differentiation, and activation 

during the humoral immune response. As illustrated in Figure 6, BCRs are expressed on 

the cell surface and composed of one immunoglobulin (i.e. IgM or IgG) associated with a 

WUanVmembUane comSle[ IgĮ/Igȕ heWeUodimer (CD79Į/ȕ). Antigen engagement by the BCR 

promotes tyrosine phosphorylation of immunoreceptor tyrosine-based activation motifs 

(ITAMs) in the intracellular tails of CD79Į/ȕ by different proposed mechanisms, including 

receptor aggregation and direct phosphorylation by Lyn, a member of the Src family43,44. 

Phosphorylation of ITAMs further recruits Syk to activate the BCR signalosome, a 

multiprotein complex composed by scaffold proteins CD19 and B-cell linker protein (BLNK), 

and the enzymes Btk, phospholipase gamma 2 (PLCȖ2) and phosphoinositide 3-kinase 

(PI3K). Following engagement of Btk to the plasma membrane and its activation by 

Lyn/Syk, Btk phosphorylates PLCȖ2 Y753 and Y1417 sites leading to the generation of 

second messengers (i.e. IP3 and DAG) and cellular calcium influx45. These events trigger 

B-cell reprogramming mediated PKCb, transcription factors (e.g. NFAT), and 

phosphorylation events that mediate MAPK, JNK, and NF-țȕ pathways. All these signals 

have important regulatory roles in B-cell activation, maturation, and survival40. In contrast, 

key factors suppressing this antigen-induced response include CD22 and SH2 domain-

containing tyrosine phosphatase-1 (SHP-1)46. This dynamic and complex equilibrium 
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between the positive and negative regulatory circuits determines the magnitude and 

duration of BCR signal and subsequent B-cell differentiation. 

Besides the heterologous nature of B-cell malignancies, BCR is critical for the development 

and progression of certain B-cell neoplasia as it can exert a tonic effect (antigen-

independent) or antigen-dependent signaling47,48. WheUeaV loVV of CD79Į/ȕ can be leWhal 

for certain B-cell lymphomas49, conVWiWXWiYe acWiYaWion of CD79Į/ȕ UeVXlWV in enhanced BCR 

signaling. For example, activated B-cell (ABC) DLBCL, the most aggressive type of NHL, 

is commonly associated with tonic BCR signaling due to gain-of-function mutations on 

ITAM tyrosines that sustain tumor growth50-52. In contrast, CD79 mutations are rare in 

CLL53, where the relative contribution of BCR to the disease initiation is still debated. In 

CLL, tonic BCR signaling has been identified by an increase in phosphorylation of Lyn54, 

Syk55, Erk56, and NF-țȕ57, and possibly associated with Myc overexpression58. 

Nevertheless, reactive BCR caused by self-antigens within the tumor microenvironment 

may also play a role to activate B-cells and sustain CLL59. It is worth noting that sustained 

BCR signaling can also be the product of a failure in negative feedback, such as impairment 

of Lyn60. Thus, the status of BCR signaling has a central role in the initiation and 

progression of multiple B-cell malignancies. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 ± Schematic overview of the BCR signaling in B-cells. 
Antigen engagement promotes BCR activation by phosphorylation of ITAM from IgĮ/ȕ by 
different mechanisms (see text), activation of Lyn/Syk, and recruitment of BCR 
signalosome which includes BLNK, PI3K, Btk, and PLCȖ2. BCR signaling results in the 
generation of second messengers IP3 and DAG, calcium influx, and a complex genetic 
reprogramming via multiple pathways. 
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1.2.2 Current approaches to treat B-cell malignancies 

Several therapies are available to treat B-cell malignancies. A combination of 

chemotherapy, radiotherapy, immunotherapy, stem-cell transplantation, and/or targeted 

inhibition can be applied depending on the stage, clinical behavior, and response to 

previous treatments. 

Multidrug regimens composed of small-molecules and biologic drugs (i.e. antibodies) are 

currently employed as first and second-line therapies against B-cell-derived tumors. For 

more than a decade, these combinations result in a very positive response in different 

NHLs as seen, for example, with the combination of monoclonal anti-CD20 (e.g. rituximab) 

and cyclophosphamide, doxorubicin, vincristine, and prednisolone (R-CHOP). This potent 

association is currently the gold standard for the treatment of NHLs and results in 5-year 

survival of 80% for patients with DLBCL and other tumors61.  

Given the heterogeneous response of B-cell malignancies to current therapies, 

investigators have searched for alternative approaches that could overcome or delay tumor 

relapse. Targeted therapies have become a breakthrough for patients with NHLs and other 

malignancies. Diverse ATP-site inhibitors have been developed against critical kinases 

involved in BCR signaling, notably fostamatinib62, ibrutinib (discussed below), and 

idelalisib63, as well as targeting alternative pathways playing a role on B-cell survival, such 

as Bcl-264 and the proteasome65,66. A number of ongoing clinical trials will support the 

clinical development of rational combinations with superior efficacy compared to the 

traditionally applied regimens. 

Finally, cell-based therapies consisting of engineering chimeric antigen receptors on T cells 

(CAR-T) that recognize specific antigens to effectively destroy cancer cells have recently 

changed the treatment landscape for NHLs67. CAR-T therapies have been developed 

against a variety of surface targets and demonstrate impressive efficacy in aggressive 

diseases unresponsive to previous treatments. For example, targeting CD19 using CAR-T 

leads to a positive response in 86% of refractory DLBCL patients68, as well as 93% of 

patients with ALL69, some showing long-term remissions. These results supported the 

recent FDA approval of two anti-CD19 CAR-T products for relapsed/refractory disease: 

tisagenlecleucel and axicabtagene ciloleucel. Drawbacks of this approach include the lack 

of control on T cell activation and adverse effects promoted by cytokine release70. Ongoing 
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studies aim to engineer a mechanism for precise control of receptor activation, as well as 

to apply CARs in other immune cell types71. 

1.2.3 B-cells are implicated in autoimmune diseases 

During B-cell development, pre-B-cells acquire a large repertoire of BCRs capable 

of also recognizing ubiquitous self-antigens. A robust mechanism of negative selection is 

placed to eliminate autoreactive BCRs, which can account for up to 75% of newly formed 

B-cells72. Impairment of this tolerance mechanism promotes abnormal B-cell activation and 

inflammatory response. 

Autoimmune diseases, such as rheumatoid arthritis (RA)73 and systemic lupus 

erythematosus74, commonly affect multiple organs and are driven by a T cell and/or 

autoantibody-mediated dysfunction in the immune system. RA is a chronic inflammatory 

disease that affects approximately 1 % of the population and is commonly associated with 

progressive disabilities and systemic complications75. Although the pathogenesis of RA 

remains unclear, autoantibodies against multiple cartilage components, stress proteins, 

and citrullinated proteins are commonly detected in the serum of patients and include for 

example antibodies against types I and II collagen and fibrin76. Thus, it is evident that 

immunopathologies are at least partially mediated by B-cells. 

Although incurable, adequate clinical management of patients with autoimmune diseases 

can slow disease progression and improve life quality. Disease-modifying anti-rheumatic 

drugs include anti-inflammatory and analgesics drugs (e.g. glucocorticoids and NSAIDs 

such as celecoxib), anti-tumor necrotic factor (TNF) biologics and target therapy against 

B-cells (e.g. rituximab). The anti-CD20 antibody rituximab is approved for RA patients not 

responding adequately to anti-TNF drugs and promotes sustainable remissions of 

symptoms achieved by repeated courses of treatment77. Several ongoing trials using small-

molecules targeting Jak, PI3K, and Btk78 will soon provide further evidence on the benefits 

of kinase inhibition in the context of autoimmune disorders. 

 

1.3 Impairment of normal B-cell development: a critical role for Btk 

 
Primary immunodeficiencies are a heterogeneous group of disorders 

characterized by hypo- or agammaglobulinemia that typically arrives at early stages as the 
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maturation of pre-B-cells requires a functional BCR signaling. Genetic alterations on BCR 

components such as CD79Į, µ light chain, BLNK, Btk, and others79 are critical for disease 

initiation and lead to impaired adaptive immune responses that require long-life treatment 

with IgG infusions combined with the aggressive use of antibiotics. 

Approximately 90% of patients with an early-onset agammaglobulinemia show defects in 

BTK80, a gene consisting of 19 exons located at band q21.3 on the X chromosome, hence 

named X-linked agammaglobulinemia (XLA) in humans. The XLA syndrome was initially 

described by Colonel Ogden Bruton in 1952, although the link to BTK alterations was only 

discovered in 199381. Mice lacking Btk activity develop murine X-linked immunodeficiency 

(xid), a phenotype similar to human XLA, but less severe 82. 

Btk is a CTK composed of 659 amino acids and multiple domains: the N-terminal pleckstrin 

homology (PH) and a proline-rich Tec homology (TH) domains, followed by an SH3 and 

SH2 flanked to its catalytic domain. More than 600 loss-of-function missense mutations 

have been identified throughout the protein but on the SH3 domain82. Mutations in the PH 

domain cause severe forms of XLA mainly by disruption of its canonical lipid-binding site 

(e.g. R38C/H mutation) or affecting domain folding and stability (e.g. V64F and V133D). 

These mutations impair membrane translocation of Btk that is required for kinase 

activation83,84. 

Although no point mutation on SH3 is known to cause XLA, the deletion of 14aa constituting 

the C-terminal portion of the domain (260-273) has been identified as the cause of XLA in 

one family85. In contrast, dozens of XLA-missense mutations have been identified and 

throughout the Btk SH2 domain. Of these, only very few mutations have been well 

characterized at the molecular level. Those are linked to decreased pY-binding or that 

affect protein stability. Amino acid substitutions within the FVDR motif (e.g. R307G) impair 

pY-binding without an effect on domain folding86, and negatively impact PLCȖ2 activation 

upon BCR stimulation87. While certain SH2 mutants are correlated with a decrease in 

protein stability in XLA patients, others abrogate Btk activation without a clear molecular 

explanation (e.g. K374N and H364D)88,89. 

Approximately half of missense XLA mutations are located in the catalytic core, most 

frequently in the N-lobe where they typically disturb ATP or substrate binding82. X-ray 

structures of the KD suggest that substitution of highly conserved G414 located right on 

top of the ATP-site to a residue with a larger side chain (e.g G414R) dramatically limits the 
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space necessary to accommodate the ATP, while the mutation W563L impacts peptide 

substrate binding90,91. Moreover, C-lobe mutations likely affect the regulatory spine, 

substitute residues critical for kinase activation (e.g. Y551), as well as possible impact 

domain stability90. 

Btk mutations play a complex role in XLA pathogenesis ± they can impact the catalytic 

activity but also kinase-independent functions of Btk. It has been reported that a few 

mutations on the SH2 domain (e.g. L369F and R372G) can abolish Btk-mediated calcium 

response in cells without significantly affecting kinase phosphorylation92. However, how 

Btk function as a scaffold protein during B-cell development remains yet unclear93. 

1.3.1 Btk is an important target in multiple human diseases 

 Integration of genetic and functional approaches has recently revealed common 

molecular traits underneath B-cell malignancies phenotypically heterogeneous. For 

example, ABC DLBCL and a second subtype originated in the germinal center (GCB 

DLBCL) respond differently to chemotherapy and target agents. The genetic approach 

identified a pool of mutations in certain subtypes that explained the disease response to 

the therapies, such as the co-existence of gain-of-function mutations on CD79ȕ and 

MYD88 that promote chronic activation of BCR52,94. Interestingly, synthetic lethality 

screening uncovered a cooperative pathway between BCR and MYD88 to sustain the 

oncogenic activation of NF‐țB WhaW VXVWainV WXmoU gUoZWh95,96. These studies uncovered 

new genetic subtypes and provided a rational basis for precision-medicine strategies for 

targeted therapy.  

Due to its essential role in BCR signaling and B-cell viability, the Btk kinase is an attractive 

target for therapeutic intervention particularly in cancer and autoimmune disorders. In 

addition to its essential role in BCR signaling97,98, Btk is also a key mediator for pro-

inflammatory cytokines production VXch aV TNFĮ and IL-6 in response to the Fc receptor 

(FcR) signaling in macrophages99, neutrophils and mast cells. This latter observation 

suggests that Btk inhibition could decrease inflammatory manifestations in RA, systemic 

lupus erythematosus, and multiple sclerosis100. Furthermore, the apparent role of Btk in 

modulating tumor-induced immune tolerance by acting over tumor-infiltrating cells and the 

release of immunosuppressive cytokines imply that Btk inhibition could also have clinical 

benefit in solid tumors101. 
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Although a few pan-kinase inhibitors were found to bind and inhibit Btk, such as LFM-

A13102,103 and dasatinib104, they lacked the desired selectivity required for Btk targeted 

therapies. Novel generation more Btk-selective small-molecule inhibitors, including several 

currently under clinical development, have achieved an acceptable selectivity and 

promising clinical benefits particularly in B-cell malignancies and autoimmune diseases 

(Table 1). Currently, Btk inhibition is achieved by ATP-competitive small-molecule inhibitors 

that bind the kinase reversibly or irreversibly depending on the inhibitor type. All three 

approved Btk inhibitors covalently bind to an exposed cysteine (C481) within the active site 

nearby the ATP-binding pocket, and achieve irreversible inhibition allied to a satisfactory 

kinome selectivity, as only 10 other kinases contain cysteine at a homologous position105. 

 

Table 1 ± Btk inhibitors approved and under clinical development. 
Small-molecule Class Status Condition Reference 

Dasatinib* Reversible First approval in 2006 CML, ALL 106 

Ibrutinib Irreversible First approval in 2013 MCL, CLL, MZL, WM, 
GvHD 

107 

Acalabrutinib Irreversible First approval in 2017 MCL, CLL 108 

Zanubrutinib Irreversible Approved in 2019 MCL 109 

Tirabrutinib Irreversible CT II  WM 110 

Fenebrutinib Reversible CT II RA 111 

Vecabrutinib Reversible CT II  CLL, NHL 112 

ARQ-531 Reversible CT I CLL 113 

LOXO-305 Reversible CT I CLL, MCL, WM 114 
* Dasatinib has only been used in pre-clinical models as a Btk inhibitor. 

 

The first-in-class irreversible Btk inhibitor was ibrutinib (PCI-32765, Imbruvica, 

Janssen)107,115, currently the first-line oral drug for mantle cell lymphoma (MCL), chronic 

l\mShoc\Wic leXkemia (CLL), gUafW YeUVXV hoVW diVeaVe (GYHD), and WaldenVWUom¶V 

macroglobulinemia (WM). Ibrutinib has shown an impressive response in the majority of 

CLL patients and tolerable side effects in comparison with the previous chlorambucil-based 

regimens (RESONATE-2 study reports a PFS of 70% after 5 years compared to 12% from 

the chlorambucil arm116). Btk inhibition has also shown consistent benefits in CLL patients 

when compared to anti-CD20 treatments such as ofatumumab117. Ongoing clinical trials 

aim to assess the clinical benefit of ibrutinib particularly in CLL patients with del(17p13.1) 

associated with poorer prognosis118 and other genetic subgroups.  
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Although generally well-tolerated, follow-up studies reported an increase in life-threatening 

events associated with the continuous use of ibrutinib. Atrial fibrillation has been detected 

in a significant percentage of patients (6 to 16%) and imposes unique challenges on clinical 

management due to the inherent risk of bleeding119-121. Broad-spectrum kinome profiling of 

ibrutinib identified few homologous active-site-cysteine-containing kinases, including Itk, 

Tec, Hck, and EGFR122,123, as well as transient inhibition of other kinases. These off-targets 

are believed to contribute to ibrutinib toxicity as they play a role in platelet activation (Src 

members124), platelet aggregation125,126, and Btk/Tec mediating cardiac stress via PI3K 

signaling127. The validation of Btk as a critical target to B-cell malignancies encourages the 

development of alternative yet more selective Btk inhibitors.  

The second-generation drug acalabrutinib (ACP-196, Calquence, AstraZeneca) was 

designed to be a potent Btk-selective irreversible inhibitor with minimized off-target activity 

compared to ibrutinib128. Acalabrutinib shows indeed an improved selective spectrum with 

virtually no inhibition of Tec, Itk, EGFR and Src family of kinases108,129. The drug was FDA-

approved in 2017 as a second-line treatment for relapsed MCL and in 2019 as 

monotherapy for CLL. A remarkable ORR of 95% in the acalabrutinib arm in relapsed CLL 

patients was accompanied by the absence of cardiac toxicity and major bleeding 

events130,131. Ongoing clinical studies support an improved safety profile of acalabrutinib 

compared to ibrutinib and 100% activity in CLL patients with del(17p13.1) background130, 

which will probably become the best-in-class treatment for B-cell malignancies. 

In November 2019, the new oral Btk inhibitor zanubrutinib (BGB-3111, Brukinsa, BeiGene) 

received accelerated approval for MCL patients who received at least one prior therapy. 

Similar to ibrutinib and acalabrutinib, zanubrutinib irreversibly inhibits Btk109,132. Two single-

arm clinical trials of zanubrutinib demonstrated an excellent efficacy with an ORR of 84% 

with a medium response of 18.5-19.5 months before MCL progresses133. Zanubrutinib has 

an improved selectivity towards Btk showing minimal off-target activity on Tec, Itk, Lck, 

EGFR, and other kinases in vitro134 which translates to a promising safety profile ± although 

it did not reach superiority on its primary endpoint compared to ibrutinib in WM (ASPEN 

trial, NCT03053440), only 2% occurrence of atrial fibrillation was observed in the 

zanubrutinib arm compared to 15.3% in patients receiving ibrutinib. Zanubrutinib alone and 

associated with anti-CD20 therapy are currently being evaluated for other B-cell 

malignancies, including WM, both treatment-naïve and refractory MCL and CLL, and 

DLBCL.  
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No Btk-targeted therapy has yet been approved for autoimmune diseases. Btk inhibition is 

particularly attractive in RA as B-cells play a dual-role in mediating inflammation via a 

decrease of humoral response and cytokines production99,135. However, covalently bound 

drugs impose certain safety concerns that are acceptable for terminal illness but not for 

chronic conditions. Interestingly, ibrutinib demonstrated efficacy in an RA murine model136 

but later patient trials reported the emergence of arthralgia at the early phase of treatment. 

The etiology behind this paradoxical observation is unknown but possibly linked to ibrutinib 

off-targets as the frequency of arthralgia is reduced in patients receiving acalabrutinib130. 

The clinical management using anti-inflammatory agents is not advised due to the risk of 

bleeding events, and thus none of the approved Btk inhibitors has been considered safe 

for autoimmune conditions.  

Reversible inhibition of Btk emerged as an alternative strategy particularly attractive to 

autoimmune disorders. The compound CGI1746 is a highly selective potent Btk inhibitor 

that, in contrast to other previously described molecules, reversibly binds to the ATP-site 

and stabilizes the inactive kinase conformation. CGI1746 efficiently inhibits the 

inflammatory response in arthritis99 ± improvement of PK properties led to the development 

of fenebrutinib (GDC-0853111), the only reversible Btk inhibitor that reached an ongoing 

phase II for RA (NCT02983227). If succeeded, this molecule will be the first candidate from 

this series to reach the market. 

1.3.2 Drug resistance: a drawback of Btk targeted inhibition 

 Btk inhibition revolutionized the treatment of B-cell malignancies. However, as 

frequently observed with other kinase inhibitors, drug resistance has been reported in a 

subset of patients under prolonged treatment with ibrutinib. This resistance mechanism 

correlates with more aggressive disease and involves Richter transformation at the early 

stage of the treatment (<18 months), acquisition of Btk C481S/T alone or with PLCȖ2 

mutations in multiple hotspots at the late stage of CLL progression (>15 months)137,138 and 

activation of alternative survival pathways. Mutation of Btk C481, commonly to serine or 

threonine, decreases drug affinity to ibrutinib and thus diminishes its efficacy at clinically 

achievable concentrations139. 

Alternative therapeutic approaches offered for relapsed patients are very limited and 

include stem cell transplantation or enrolment in clinical trials. Although no approved drug 

is able to circumvent ibrutinib-resistant Btk variants, new non-covalent inhibitors such as 
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vecabrutinib (SNS-062) have been designed to target the H3 pocket near the active site 

and to reversibly inhibit both wild-type (WT) and C481-mutated Btk140. Vecabrutinib is 

currently under clinical development for CLL/NHL patients (NCT03037645), while other 

reversible Btk inhibitors such as fenebrutinib are promising candidates for patients 

harboring this resistant variant111. 

It is worth noting that all small-molecule drugs targeting Btk are ATP-competitive, including 

all reported inhibitors under development. The fact that mutations on the active site can 

affect the affinity to these drugs reveals a vulnerability in the current targeting approach. 

Thus, there is an unmet need for alternative molecules targeting distinct (i.e. allosteric) 

sites of the kinase that could positively impact the treatment of B-cell malignancies. 

 

1.4 Btk activation 

 

Following BCR engagement by antigen and receptor activation, Btk is recruited to 

the plasma membrane by PI3K, where it binds to phosphatidylinositol-3,4,5-triphosphate 

(PIP3) via its PH domain141. Btk is subsequently phosphorylated at Y551 within the 

activation loop by Lck or Syk disposed near the activated BCR receptor142,143. It is 

suggested that PH-mediated Btk dimerization (named Saraste dimer) also contributes to 

kinase activation via trans-autophosphorylation on its activation loop84,144 (Fig. 7). The 

presence of pY551 further increases kinase activity and promotes autophosphorylation on 

the Y223 within its SH3 domain. The importance of the pY223 remains debatable as it 

affects SH3 selectivity93,147,148 but shows no apparent influence on Btk catalytic activity145 

as also observed in other members of Tec family members (e.g. Itk146). Several other 

autophosphorylation sites (e.g. Y375) have been mapped throughout the protein although 

the role of the great majority has not been established92,149. In cooperation with BLNK150, 

activated Btk propagates the BCR signal to its direct substrate  PLCȖ2 Y753/Y759 and 

Y1217 for further continuation of the signaling cascade151,152. 

In addition to its role in promoting substrate phosphorylation, Btk seems to also play kinase-

independent roles as a scaffold protein in other signaling pathways including chemokine 

receptor, FcR signaling, and Toll-like receptors pathway153. Although the molecular 

mechanism on how it participates as a scaffold on BCR and other signaling pathways is 

being investigated, non-catalytic domains of Btk likely play a critical role in this process. 
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Figure 7 ± Current model of Btk activation in B-cells. 
Autoinhibited Btk is activated by binding to PIP3 via the PH domain and translocation to 
the plasma membrane. PH-dependent dimerization triggered via inositol interaction (PIP3 
or IP6) further activates the kinase via transautophosphorylation of the activation loop 
(Y551). Figure adapted from8. 

 

1.5 Btk regulation and structural highlights 

 

Although Btk shares structural similarities with Src and Abl families, some aspects 

of its intramolecular regulation are substantially different from these tyrosine kinases. No 

high-resolution structure of full-length Btk protein has yet been determined, which limits our 

current understating on the interconnectivity of the different domains to regulate kinase 

activity. However, NMR and X-ray crystallographic structures are available for individual 

domains, as well as two multi-domains constructs (Table 2). 

The crystal structures of Btk PH domain revealed a canonical inositol-binding site essential 

for the translocation of Btk to the plasma membrane upon PIP3 binding. The flanking TH 

region comprises only a sequence of about 26 amino acids and contains several proline 

residues, thus commonly designated proline-rich repeats (PPR). While loss-of-function 

mutations that abrogate PIP3 binding have been identified in XLA patients83,154,161, the 
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synthetic mutation E41K increases affinity to lipid ligands, triggers constitutive activation, 

enhances tyrosine phosphorylation and transforms NIH3t3 fibroblasts162. In addition to its 

canonical role, the crystal structure of the PH-TH has also evoked a possible 

homodimerization surface84, a feature not observed with other PH-containing proteins155. 

Molecular simulation and biochemical studies have revealed an unexpected second site 

that binds IP6  to induce PH homodimerization and potentially creates a positive feedback 

loop that activates the kinase via transautophosphorylation144,163.  

The structure of Btk SH3 domain has been solved by NMR spectroscopy and revealed a 

well-defined ȕ-barrel structured containing a central groove that binds polyproline peptides 

(PXXP motif)157. The Y223 residue near the ligand-binding surface undergoes 

autophosphorylation upon Btk activation145 and affects SH3-interacting proteins such as 

WASP and Syk147. Phosphorylation on Y223 is historically used as a molecular marker to 

access Btk activity. The apparent absence of SH3 mutations in XLA patients supports the 

experimental observation that Y223F mutation potentiates fibroblasts transformation and 

suggests that SH3 may play a negative regulatory role in Btk regulation145.  

The only NMR structure of Btk SH2 (2GE9) revealed a small-globular domain structurally 

well conserved compared to that of Src kinases, with a central ȕ-sheet contain its 

phosphotyrosine-binding motif (FIVRD)158. Btk SH2 directly interacts with BLNK scaffold 

protein from the BCR signalosome which plays an essential role in the spatial proximity 

required to activate PLCȖ2164.  

Finally, the first unphosphorylated structure of apo Btk KD (1K2P) revealed that its 

activation loop does not directly occlude the active site but adopts a non-inhibitory 

conformation similar to that of the active state of Src member Lck90. Several other Btk 

structures bound of mutated form and bound to inhibitors including dasatinib and B43, 

revealed different activation loop and DFG positions that represent unique inactive states 

of the kinase165,166. In contrast to Src kinases, the default inactive state of Btk KD is 

maintained by one isoleucine in the N-lobe that increases catalytic activity by shifting to a 

C-heli[ ³in´ SoViWion if mutated to I432L166. Activation of the kinase requires activation loop 

phosphorylation at Y551 that then disrupts the E445/R544/Y551 interaction maintaining 

the C-helix in its ³out´ conformation, and induces the K430/E445 salt bridge that relocates 

the C-helix towards its active state90. 
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Table 2 ± Selected Btk high-resolution molecular structures available. 
Domain (residues) PBD Description Reference 

PH-TH (3-170) 1B55, 1BTK X-ray, WT and E41K mutant in complex with inositol 84, 154 

PH-TH (2-170) 2Z0P X-ray, bound to phosphatidylinositol 155 

SH3 (212-275) 1AWW, 1AWX NMR  156 

SH3 (198-273) 1QLY NMR, bound to proline-rich peptide 157 

SH2 (270-387) 2GE9 NMR 158 

SH2 (276-379) 6HTF X-ray, bound to the rF10 repebody This study 
KD Y551E 
(396-659) 3K54 X-ray, active Btk bound to dasatinib 159 

KD (396-659) 3GEN X-ray, unphosphorylated Btk bound to B43 inhibitor 159 

KD (382-659) 5P9J X-ray, bound to ibrutinib 160 

KD (393-659)  6J6M X-ray, bound to zanubrutinib 109 

KD (397-659) 1K2P X-ray, unphosphorylated apo form 90 

PH-TH-KD 
(4-168 and 384-658) 4Y93 X-ray, PH-TH tethered to KD, activation loop from Itk 144 

SH3-SH2-KD 
(214-659) 4XI2 X-ray, domain-swapped murine Btk 144 

 

1.5.1 Allosteric regulation of Btk 

The first Btk multidomain structure reported in a study led by John Kuriyan 

revealed an autoinhibited SH3-SH2-KD core (PDB 4XI2) that adopts a similar conformation 

to Abl and Src kinases144. A second multidomain X-ray structure containing the PH-TH 

domain directly tethered to the KD (PDB 4Y93) captured a preferential state where the PH 

stabilizes the C-helix in an inactive position144. Although this interdomain interface may not 

represent its primary autoinhibitory contact in the context of the full-length protein, it 

provided a hint on the plausible interaction between the two domains. Together, these 

structures highlighted the molecular interactions within the SH3-SH2-KD module, 

presumed that its PH-TH domain further stabilizes the autoinhibited state, and were key to 

drawing the first autoinhibit model of full-length Btk (Fig. 8A). 

More recently, two additional intramolecular contacts critical for Btk autoinhibition in the 

full-length context have been reported by the Andreotti group. Using a combination of NMR 

and HDX-MS, they demonstrated that the D656 located at the C-terminal extremity of the 

KD directly interacts with the SH2 pY-binding pocket and acts as a latch to further stabilize 

the Btk autoinhibited core167, mimicking the Y527 found in c-Src (Fig. 3B)12,13. Furthermore, 

they presented additional evidence that the PH-TH domain is a crucial component to 



1. INTRODUCTION 
 

 

 46 

stabilize autoinhibited Btk by facing the activation loop surface and occluding the substrate-

docking site. Although the PH-KD seems rather a dynamic interaction in their experimental 

setting compared to the previous static PH-TH-KD crystal structure, localized NMR spectra 

changes suggest that this interaction indeed promotes important allosteric shifts in regions 

critical for catalysis167,168. This data provided additional understanding on Btk autoinhibition 

and particularly its unique regulatory mechanisms dependent on the PH-TH domain. 

In contrast to its autoinhibitory apparatus, Btk adopts an extended arrangement upon 

binding to lipidic ligands or activation-mimicking mutations (e.g. Y42A/D63A). Its open 

conformation captured by SAXS and increased deuterium exchange throughout the protein 

seen by HDX-MS suggests that, upon activation, interdomain interactions become 

significantly loose and flexible167,169. Notably, this is accompanied by the solvent-exposition 

of the activation segment due to the unlatch of PH-TH unit, which may contribute to the 

PH-mediated dimerization to further increase kinase activation167,168. Importantly, its unique 

PPR region within the TH has been shown to compete with SH2-KD linker to the SH3, 

forcing Btk in a dynamic equilibrium between multiple conformation states, although 

predominantly autoinhibited in solution167. These findings illustrated the complexity of the 

gradual kinase activation which plays a role in Btk and Tec family as opposed to a binary 

active/inactive shift as seen on other kinases. 

Whereas the KD of Src kinases are by default in an active state and are negatively 

regulated by their non-catalytic domains (i.e. SH2 and SH3)13, few studies indicated a 

significantly lower catalytic activity of KD from Tec members which are in turn positively 

regulated by the presence of non-catalytic domains170-172. Although the mechanism behind 

this dependence is not fully characterized, mutagenesis studies demonstrated that the 

conserved tryptophan residue within the WEI motif in SH2-KD linker (W395, Fig. 8B) caps 

the R-spine and forces Btk towards its active state, whereas the alanine side chain from 

the W395A mutant bends the C-heli[ Wo an ³oXW´ confoUmaWion92,173; this is in contrast with 

the analogous mutation W260A in Src that positively regulates kinase and the SH2-

dependent activation of Abl, which does not require direct participation of its SH2-KD 

linker15,17. Therefore, the SH2-KD linker has distinct roles depending on the kinase and 

supports the hypothesis that non-catalytic domains somewhat participate in the Btk 

activation. 
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Figure 8 ± Full-length Btk model in its autoinhibited and extended conformations. 
A: Molecular model of autoinhibited Btk was generated by merging the PH-TH-KD and 
SH3-SH2-KD crystal structures (PDB 4Y93 and 4XI2, respectively144). Three important 
intramolecular contacts and key residues are depicted in the detail on the right. 
B: Release of these intramolecular constraints leads to an elongated Btk conformation with 
loose interdomain contacts as captured by SAXS (SASDC52169). 
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2 AIMS 
 

Btk is a major drug target for multiple B-cell malignancies and other B-cell-

mediated diseases. Strikingly, the mechanism of action of the three Btk target therapies 

clinically available is identical - all covalently bind to the C481 within the ATP-site. The 

identification of resistant mutations that make patients refractory to these drugs leaves no 

alternative for Btk inhibition and demonstrates the urgent need for novel ways to achieve 

Btk inhibition via alternative mechanisms. 

The intramolecular events that trigger Btk activation are far from being completely 

understood, particularly because no high-resolution multi-domain structures are available 

for the active Btk. Although the PH-dependent dimerization is important to kinase activation 

when interacting with the plasma membrane, this site has not yet been therapeutically 

explored. The contribution of other Btk domains to the kinase activation in the full-length 

context remains elusive. 

Although few studies have provided a hint that the SH2-linker plays a positive role in Tec 

kinases activation171, and the SH2-linker seems partially exposed in the active 

conformation as seen by a subtle increase in the deuterium uptake in this region167, they 

did not address the actual effect of the SH2 to trigger kinase activation.  Moreover, the 

evidence that several XLA mutations in the SH2 domain are located away from its 

phosphotyrosine binding motif suggests that SH2 could also play a non-canonical role yet 

to be determined. 

This work aims to characterize the role of the SH2 domain to the kinase activation, and, 

more importantly, develop a novel approach that could lead to allosterically inhibition of 

Btk. We hope to provide key evidence for the rational development of a new class of Btk 

inhibitors targeting an alternative site. 

 The major objectives of my thesis are the following: 
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x What is the actual contribution of the SH2 domain to the activation of Btk? Firstly, 

it is important to obtain highly-quality and active recombinant Btk proteins to 

recapitulate the contribution of non-catalytic domains to the kinase activation in 

a measurable approach. 

x Can point mutations on the SH2 domain (e.g. XLA mutations) provide a rationale 

to understand the molecular contribution of SH2 to Btk activity? Explore a range 

of patient-derived and synthetic mutations as a tool to validate the hypothesis of 

the SH2-dependent activation of Btk. This can also offer the first molecular 

explanation of how certain mutations impact the functionality of Btk to trigger XLA 

in patients. 

x Exploit critical Btk intramolecular interactions as an alternative targeting strategy 

to inhibit kinase activity. Depending on the nature of the interaction, the feasibility 

of small-molecule inhibitors can be extremely challenging. High-affinity protein 

binders offer an attractive and reliable approach to understand the structural 

impact of protein-protein interactions and to identify allosteric regions important 

for kinase function. 

x Can Btk allosteric targeted inhibition have a therapeutic impact in the context of 

B-cell malignancies? Investigate whether allosteric inhibition can be employed as 

an alternative approach to target Btk kinase, and measure its effects on cell 

viability and BCR signaling in B-cell lymphomas. 
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3 RESULTS 
 

Although recent studies have provided structural information on the autoinhibited 

Btk, little is known about the precise conformation controlling the activation of the kinase in 

the full-length context. While it has been known that the PH-dependent translocation to the 

plasma membrane is required for Btk activation (Fig. 7)144,168,174, it remains unclear how the 

interplay with other domains participate in this activating mechanism. 

 

3.1 Allosteric activation of Btk 

 

3.1.1 Production and functional characterization of recombinant Btk proteins  

In order to investigate the contributions of PIDs for Btk activation in a comparative 

approach, we first generated a series of human Btk constructs with serial domain 

truncations (Fig. 9A). In an initial attempt to obtain recombinant proteins, we set-up a 

system for baculovirus-mediated expression in Spodoptera frugiperda Sf9 cells, which 

provide a platform for relatively easy culture and fast production of the amounts of proteins 

at the required scale175,176. However, the expression of Btk proteins in the cytoplasm of 

insect cells promoted pre-autophosphorylation particularly of the SH2-KD construct and 

that was insensitive to phosphatase treatments after protein purification (not shown).  

To overcome this complication, we generated baculoviruses to allow co-expression of Btk 

constructs with Yersinia pestis outer phosphatase (YopH) which has high non-specific 

tyrosine phosphatase activity177. A flag-tag added to YopH was used to assess its 

expression and confirmed excellent levels of the phosphatase in the insect cells (Fig. 9B). 

The proteins of interest were purified using a combination of nickel-affinity and size 

exclusion chromatography (SEC), followed by the removal of purification his-tag by TEV 

protease (Fig. 9C). It is worth noting that only homogenous proteins from monomeric peaks 

were employed in our experiments (Fig. 9D), which were confirmed to be unphosphorylated 
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by MS (Fig. 9E), and resulted in highly pure proteins with absence of phosphatase or other 

contaminants (Fig. 9F). 

 

 

 

 

 

Figure 9 ± Production of recombinant Btk proteins in insect cells. 
A: Schematic overview of the recombinant Btk constructs used in our experiments. 
Domain boundaries and the two important phosphorylation sites (pY223 and pY551) are 
indicated. The D521N mutant was used as kinase-dead control. 
B: Immunoblotting of the soluble fraction from insect cell expressing the dual-construct 
containing a flag-tagged YopH with each respective his-tagged Btk sequence. 
C: Coomassie staining of the purification protocol from a representative Btk construct. All 
proteins were purified using an identical methodology. 
D: SEC profile of recombinant Btk proteins. 
E: MS spectra showed >95% of protein matching its native unphosphorylated state. 
F: Coomassie staining of the recombinantly purified Btk proteins (top) and immunoblotting 
to detect flagged-Yoph (bottom). 
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We then performed the functional characterization of recombinant Btk proteins, which can 

be readily assessed by their autophosphorylation capacity within the activation loop (Y551), 

SH3 domain (Y223), as well as other global autophosphorylation sites throughout the 

protein. Time course autophosphorylation in vitro assays in the presence of Mg2+ and ATP 

indicated that Btk KD alone has little activity (Fig. 10A-D), which is in agreement with 

previous studies reporting the very low catalytic activity of Tec kinases when compared to 

Src KD89,171. In contrast, our assays revealed that the presence of SH2 domain (SH2-KD) 

increase Btk pY551 to approximately 3-fold compared to the KD alone. Btk proteins 

containing the SH3 and PH domains showed only a moderate pY551 phosphorylation 

capacity corroborating their inhibitory contribution in stabilizing Btk autoinhibition (Fig. 10A-

D)144,167. Assessment of total pY phosphorylation further demonstrated the significant 

positive effect of SH2 in kinase activity with a surprisingly near 20-fold increase in 

phosphorylation compared to the KD alone (Fig. 10E-G). This data indicates that purified 

proteins are functional in vitro and provide a reliable method to quantify the contribution of 

different domains to kinase activation. Importantly, this experiment revealed that the SH2-

KD is the most catalytically active construct, and provides a first glimpse of the yet unknown 

mechanism of Btk activation dependent on its SH2 domain. 

Autophosphorylation on multiple tyrosine residues can be employed to assess the catalytic 

activity of kinases. In Btk, phosphorylation on the activation loop is a hallmark of kinase 

activation, as well as its autophosphorylation Y223 residue within the SH3 domain. The 

substantial increase in total pY-phosphorylation seen in the SH2-KD construct corresponds 

to multiple tyrosine residues that we mapped using MS analysis of autophosphorylated 

recombinant protein (Table 3). 

In an attempt to understand the kinetics of Y223 and Y551 phosphorylation in vitro, we 

assessed phosphorylation on these two sites overtime using an identical 

autophosphorylation assay for the constructs containing the SH3 domains (i.e SH3-SH2-

KD and FL, Fig. 11A). Using this assay, we could also show that phosphorylation on Y223 

preceded Y551 phosphorylation in vitro (Fig. 11B). This observation agrees with a previous 

model where autophosphorylation on Y223 happens in cis145 that would in turn contribute 

to full kinase activation to further transphosphorylate other Btk molecules at the Y551 site. 
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Figure 10  ± Recombinant Btk proteins are functional and revealed a critical role of 
the SH2 domain in activating the kinase. 
A: Coomassie representation of Btk autophosphorylation reactions. 
B: Autophosphorylation assay was performed by incubating 1 µM of recombinant Btk 
proteins with 1 mM ATP and 20 mM Mg2+ at room temperature. The levels of pY551 (red 
channel) and total Btk (green channel) were assessed via immunoblotting using a dot blot 
apparatus. 
C: Quantitative analysis of Btk autophosphorylation kinetics from dot-blot experiments 
shown in C. The ratio of pY551 and total Btk protein is plotted over time. The mean ± SD 
of at least three independent experiments are shown with calculated linear fits. 
D: Relative pY551 autophosphorylation velocities relative to the Btk KD are shown. Data 
are means ± SD of at least three independent experiments. 
E-G: Autophosphorylation effect on total pY phosphorylation was performed as described 
above. P-values were calculated using an unpaired t-test. 
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Table 3 ± In vitro autophosphorylation sites on the Btk SH2-KD protein. 
Site Peptide sequence Location Peptide 

count 

Y279 SDSIEMYEWYSK SH2 56 

Y282 SDSIEMYEWYSK SH2 56 

Y315 AGKYTVSVFAK SH2 60 

Y334 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 

Y344 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 

Y345 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 

Y361 HLFSTIPELINYHQHNSAGLISRLK SH2 4 

Y375 YPVSQQNK SH2-KD linker 3 

Y392 NAPSTAGLGYGSWEIDPK SH2-KD linker 10 

Y425 WRGQYDVAIK KD 10 

Y461 LVQLYGVCTK KD 2 

Y511 DVCEAMEYLESK KD 4 

Y545 VSDFGLSRYVLDDEYTSSVGSK KD 37 

Y551 VSDFGLSRYVLDDEYTSSVGSK KD 37 

Y571 FPVRWSPPEVLMYSK KD 15 

Y627 VYTIMYSCWHEK KD 6 

Y631 VYTIMYSCWHEK KD 6 

 Total peptide count  444 

 

 
 

 

Figure 11 ± In vitro kinetics of Btk Y223 vs. Y551 phosphorylation. 
A:  Coomassie representation of Btk autophosphorylation reactions. 
B: Autophosphorylation assay was performed as described above and levels of pY223 
and pY551 assessed via immunoblotting.  
C and D: Btk autophosphorylation kinetics showing Y223 or Y551 levels normalized to 
total Btk signal and plotted over time. The mean ± SD of two technical replicates are 
shown with calculated non-linear fits. 



3. RESULTS 
 

 

 56 

To recapitulate the effect of PIDs into Btk activation in the physiologic context, myc-tagged 

Btk constructs were transiently expressed in HEK293 cells and Y551 and global pY 

phosphorylation verified using immunoblot (Fig. 12A). Again, KD alone showed 

undetectable phosphorylation compared to the Btk constructs containing SH2 and SH3-

SH2 domains (Fig. 12B and C). The SH3-SH2-KD construct showed activity similar to the 

SH2-KD in cells, which is explained by its interaction with intracellular partners that opens-

up the autoinhibited configuration when the PH domain is absent.  

Finally, the full-length construct is slightly more active than KD alone in agreement with a 

reported study comparing full-length and KD phosphorylation178, although it is evident that 

the presence of the PH domain further stabilizes the autoinhibited conformation also in 

cells (Fig. 12B and C). Together, this data provided evidence that the SH2 is critical and 

significantly increases kinase activation both in vitro and in the cellular context, and argues 

towards an allosteric effect of SH2 in analogy as seen with Abl and Fes kinases16,17. 

 

 
Figure 12 ± The SH2 domain is sufficient to increase Btk activation in cells. 
A: HEK293 cells were transiently transfected with the indicated Btk constructs containing 
an N-terminal 6x-Myc tag. Immunoblotting of total cell lysates was performed to assess Btk 
expression and activation. 
B: Quantification of pY551 normalized to total Btk (Myc-Btk) from the immunoblot shown in 
A and relative to the KD. 
C: Quantification of pY total was performed as described in B. Data shown are the mean ± 
SD of three biological replicates. P-values were calculated using an unpaired t-test. 
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3.1.2 Uncovering the conformation of the active Btk SH2-KD using MD 

simulations and SAXS. 

The linker connecting the Btk SH2 and KD consists of 22 residues and includes a 

proline (P385) which interacts with the SH3 to further stabilize the autoinhibited structure 

(Fig. 8A). Introduction of an SH3-binding peptide or P385A/T387A mutations in this linker 

region increases Btk activation consistent with the release of its closed conformation144,167. 

However, the conformation of active Btk and contribution of the SH2-KD linker to this 

activating mechanism is unknown. In contrast to Fes, Abl, and Csk kinases where the SH2-

KD units resembling active conformations could be crystallized and had revealed diverse 

intramolecular interfaces with the N-lobe 16,17,179, our attempts to crystalize Btk on its active 

form failed. 

We next turned our focus to investigate the structural basis for this SH2-dependent 

allosteric activation of Btk using enhanced sampling molecular dynamic (MD) simulations. 

Scaled MD is an enhanced sampling MD simulation scheme that allows the sampling of 

µs-ms time-scale events, such as domain-domain binding180. This time frame is prohibitive 

using classical methods, such as equilibrium MD simulations. Using this approach to probe 

for domain-domain interactions in collaboration with Dal Peraro Lab (EPFL), we ran 

multiple replicas of scaled MD simulations for a total of ~4 µs long trajectories and collected 

multiple binding events that provide molecular models of the Btk SH2-KD unit. Our MD 

data demonstrated that the SH2 may interact with the KD at different positions, notably at 

the back, top, and front of the KD N-lobe (Fig. 13A). 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. A detailed view of the predicted SH2-KD interface suggested 

that different residues from the C-terminal portion of the SH2 possibly interact with the N-

lobe region in this elongated conformation (Fig. 13B). 

To provide an unbiased and independent experimental validation of the MD model for the 

active Btk SH2-KD unit, we carried out an extensive comparative analysis of multiple 

recombinant Btk proteins using small-angle X-ray scattering (SAXS). This method allows 

one to directly reconstruct low-resolution particle shapes ab initio and study conformational 

dynamics of multidomain proteins and complexes in solution181. Importantly, X-ray 

scattering of proteins in solution is very sensitive to the oligomeric state of the sample, 

which requires at least >95% protein in the monomeric form in the molecular size range of 

most kinases. To ensure that the quality of recombinant proteins was sufficient for SAXS 
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measurements, we performed SEC-multi-angle light scattering (MALS) of representative 

multidomain Btk proteins to attest the stability of its monomeric state in solution (Fig. 14A). 

SAXS data from Btk protein preparations confirmed the absence of protein aggregation 

and allowed a reliable estimation of molecular dimensions (Fig. 14B and C, Table 4). Ab 

initio shape reconstructions from SAXS show a clear globular structure with excellent 

agreement with the available KD and closed autoinhibited SH3-SH2-KD crystal structures 

and low protein flexibility as seen in the bell-shaped curves in the normalized Kratky plot 

(Fig. 14D). 

In contrast, the SAXS data of the SH2-KD construct suggests a more elongated 

conformation with increased Rg and maximal particle dimension (Dmax) in comparison to 

the KD and SH3-SH2-KD proteins (Fig. 14C). In addition to the increased particle 

dimension, the Kratky plot suggests that SH2-KD is more flexible compared to the globular 

KD and SH3-SH2-KD proteins (Fig. 14D, bottom). Importantly, the generated SH2-KD ab 

initio envelopes can be superimposed very well with the elongated MD models (e.g. C15, 

Ȥ2=1.50) in Zhich Whe SH2 domain iV inWeUacWing ZiWh Whe N-lobe of the KD (Fig. 14D, top 

and 12E). 

Finally, the full-length protein has been previously reported to adopt an equilibrium of 

conformations with a predominant compact and autoinhibited state in solution167, whereas 

our SAXS data from the full-length protein captured a preferentially opened extended state 

(Fig. 14D) compatible with a previous report169.  

 
Figure 13 ± Caption on the next page. 
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◀ Figure 13 ± MD simulations suggest alternative conformations for the Btk SH2-
KD protein. 
A: Scaled MD simulations were carried out using Btk SH2 and KD crystal structures (PDB 
6HTF and 1K2P, respectively) linked by the manual addition of the SH2 linker (left). The 
most populated clusters of the SH2 positions (several colors) relative to the KD (white) are 
shown with the cluster population with respect to the entire simulation time. 
B: Detailed view of the SH2-KD interface from clusters 8, 11, and 15. A few SH2 residues 
nearby this interface are indicated as sticks. 
 

 
Figure 14 ± Comparative SAXS analysis of recombinant WT Btk proteins. 
A: Representative SEC-MALS analysis of purified Btk SH2-KD D521N (monomer=45.5 
kDa) to confirm its homogenous state in solution. 
B: Experimental SAXS data (dots) and GNOM fitting (line) for Btk proteins. Reported Ȥ2 
represents the curve fitting against the experimental data. See Table 4 for details. 
C: Maximal particle dimension (Dmax) of Btk proteins and summary of structural paraments 
(Rg and Dmax ± error) obtained from SAXS. The table summarizes the particle dimensions 
for the indicated constructs. 
D: Dimensionless Kratky plot of Btk proteins. The grey dashed line represents a theoretical 
peak assuming an ideal Guinier region for a globular particle. Ab initio envelope 
reconstructions obtained from SAXS (surface representation) were superimposed on the 
crystal structures for Btk KD and SH3-SH2-KD (PDB 1K2P and 4XI2, respectively) are 
shown on top. For the SH2-KD protein, the structure of an elongated MD model with the 
best agreement with the experimental SAXS data is shown. FL protein shows an extended 
conformation as observed in a previously SAXS reconstruction (SASDC52). 
E: Fitting of representative MD models against the SAXS data from the SH2-KD protein.  
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Table 4 ± SAXS parameters of human Btk WT and mutants. 

Data collection parameters 

Instrument  MD29 beamline, ESRF Grenoble - France 

Wavelength (Å)  0.9919 

q-range (nm-1)  0.03563 - 5 

Exposure time (sec)  5 (10 frames x 0.5 sec) or 1 (1 frame per sec for SEC-SAXS) 

Temperature (K)  290 

Protein KD SH2-KD SH3-
SH2-KD 

Full-
length 

SH2-KD 
K296E 

SH2-KD 
S371P 

SH2-KD 
D521N 

Measurement  batch SEC-SAXS batch batch SEC-SAXS SEC-SAXS batch 

Concentration 
range (mg.ml-1) 0.9 ± 4.2 100µ at 20.4 0.9 ± 9.2 0.4 ± 5.5 100µl at 30 100µl at 

10.8 0.6 ± 1.9 

SASBDB identifier SASDF53 SASDF63 SASDF73 SASDF83 N/A N/A N/A 

Structural parameters 

Rg (nm) Guinier 2.09±0.02 2.832±0.3 2.62±0.15 4.04±0.03 2.92±-0.04 2.64±0.23 2.83±0.07 

I(0)* (cm-1) Guinier 24.86±0.036 85.5±0.12 44.28±0.056 60.24±0.16 171.59±0.15 8.66±0.075 20.71±0.044 

Rg (nm) from P(r) 2.096±0.0003 2.88±0.0005 2.62±0.0006 4.34±0.0014 2.95±0.0003 2.70±0.03 2.9±0.05 

Dmax (nm) 6.75±0.67 9.6±0.95 8.3±0.83 15.5±1.2 10±1.0 8.5±0.86 10.3±1.2 

Porod vol. (nm3) 52.4 65.9 72.44 114.07 66.47 62.53 60.82 
Dry vol. from 
sequence (nm3)** 38.468 55.077 63.126 92.784 55.059 55.89 55.076 

Molecular mass determination (kDa) 

Porod (Vp/~1.6) 24.9 47.6 40.9 76.1 48.5 39.1 42.7 

SAXS MoW2 28.9 49.7 35.7 65.2 50.9 44.6 46.4 

Bayesian 
inference 28.9 46.6 41.9 67.1 46.6 42.8 40.2 

I(0) using Vc 
invariant 28.2 43.5 43.4 65.6 43.7 40.2 42.7 

Theoretical*** 31.8 45.5 52.2 76.5 45.5 45.5 45.5 

Residues 274 396 452 664 396 396 396 

Software list 

Primary data reduction  Automated pipeline at beamline 

Data processing  PRIMUS (ATSAS v.2.8.0) 

Ab initio analysis  DAMMIN and GASBOR 

Fitting  CRYSOL 

Model refinement  SREFLEX 

Flexibility analysis  EOM 2.0 

Model superimpositions  SASpy plugin for Pymol 

3D graphics images  Pymol (v.1.8.2.1) 

*I(0) for SEC-SAXS is not normalized to protein concentration. The structural parameters analyzed are 
independent of this value. 
**http://biotools.nubic.northwestern.edu/proteincalc.html 
***http://web.expasy.org/ 
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SAXS provides an averaged scattering profile for the measured protein, which can be 

decomposed into an ensemble of conformations that agree with the experimental curve182. 

This is an interesting approach particularly for multidomain proteins with features of 

flexibility observed by an elongated Kratky tail as seen for the SH2-KD and full-length Btk 

(Fig. 14D). We next carried out a semi-quantitative flexibility analysis using the ensemble 

of optimization method (EOM 2.0)183,184 for the multidomain Btk constructs. EOM generates 

a large number of theoretical conformations (>10,000) using the KD and SH2 domain 

structures taking the native linker into account, compute the SAXS curves for all models, 

and selects a mixture of conformers that best agrees with the experimental SAXS data. 

Analysis of Btk SH2-KD revealed different conformers SH2-KD co-existing in solution (Fig. 

15A) which partially includes extended conformations with the SH2 placed on top of the 

kinase (Fig. 15B). The extended conformation of the SH2-KD protein is independent of 

kinase activity, as also seen with a kinase-inactive mutant D521N (Fig. 15A) and 

consistently revealed by batch and also size exclusion chromatography coupled to SAXS 

(SEC-SAXS) measurements (data not shown). 

We assessed the flexibility of SH3-SH2-KD and full-length proteins using an identical 

approach as a way to probe the reliability of this in silico method. Interestingly, EOM 2.0 

analysis for Btk SH3-SH2-KD (Fig. 15C) and full-length (Fig. 15D) WT proteins is consistent 

with the models showing, respectively, a compact and a mixture of compact and elongated 

conformations in solution. Overall, our comparative SAXS analysis provided new insights 

in the conformation of Btk proteins in solution and, combined with the independent use of 

MD, supports an extended model for the SH2-KD where the SH2 is placed on top and 

predominantly interacts with the N-lobe of the KD. 

3.1.3 Mapping of the Btk SH2-KD interaction revealed an interface critical for 

kinase activation 

The SH2 position of the extended conformations generated by our MD simulations 

revealed a potential SH2-KD interface that could play a role in the SH2-dependent 

allosteric activation of the kinase. Interestingly, several mutated residues causing XLA in 

patients form a hotspot on the SH2 surface possibly interacting with the N-lobe (Fig. 16A 

and Fig. 13B). Five representative XLA mutations in this area (K296E, H364D, S371P, 

R372G, and K374N) and one control XLA mutation (R307G) in the pY binding pocket were 

selected to initially assess their effect on the domain stability and canonical function. 

Recombinant isolated SH2 domains containing a his-GST purification tag were expressed 



3. RESULTS 
 

 

 62 

in E.coli and purified using nickel affinity, followed by tag removal using TEV protease and 

size exclusion chromatography (Fig. 16B), resulting in highly pure and homogeneous 

native Btk SH2 domains (Fig. 16C-D).  

Far-UV circular dichroism (CD) spectra and thermal shift analysis demonstrated that the 

XLA mutations did not impact significantly the Btk SH2 domain folding (Fig. 16E) and only 

mildly decreased melting temperature compared to the WT protein (Fig. 16F). These 

mutations also do not affect pY-binding in a fluorescence-polarization (FP) binding assay 

with a labeled pY-peptide. All XLA mutants bound the pY-peptide with similar affinities as 

the WT Btk SH2 domain, whereas the R307G control mutation in the pY binding pocket 

strongly impaired binding (Fig. 16G). Thus, the selected XLA mutations do not act by 

perturbing folding, stability, or pY-binding of the Btk SH2 domain. 

 

 

Figure 15 ± Flexibility analysis of recombinant Btk proteins using SAXS. 
A: EOM analysis of SH2-KD WT and D521N mutant showing a combination of different 
conformations contributing to the experimental SAXS scattering. On top, the maximal 
particle dimension (Dmax) of selected conformers for each protein (lines) from a 
representative pool of theoretical conformations (dotted line). The table shows a summary 
of structural parameters obtained for WT and kinase-dead proteins. 
B: Cartoon representation of the ensemble of the most populated SH2-KD conformations 
selected by EOM. The KD is represented in white, and selected SH2 conformers are 
colored. SH2-linker distance estimated by the algorithm is represented as ribbon. 
C and D: EOM analysis of SH3-SH2-KD and full-length WT proteins. 
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Figure 16 ± A subset of XLA in the SH2 domain does not significantly affect domain 
stability and canonical function. 
A: XLA-patient mutations (red) mapped onto the human Btk SH2 structure (PDB 2GE9). 
The residue R307 (orange) is part of the pY-binding motif (FIVRD). The residue K311 
(magenta) is a non-XLA control mutation introduced for control facing the opposite surface. 
N- and C-terminal are indicated for reference. 
B: Representative Coomassie staining of purification steps for recombinant Btk SH2 WT 
from E.coli. All Btk SH2 mutants were purified using an identical protocol. 
C: Coomassie staining of recombinant WT and mutant isolated SH2 domains. 
D: Representative SEC-MALS analysis of purified Btk SH2 domain WT (monomer=13.2 
kDa). All SH2 domains were analyzed by SEC-MALS and found in the homogenous state 
in solution. 
E: Averaged far-UV circular dichroism (CD) spectra of recombinant SH2 domains. Mean 
residue ellipticity (MRE) for each protein was calculated from three independent 
measurements. 
F: Thermal shift assay (TSA) of recombinant Btk SH2 domains. Melting temperature (Tm) 
was calculated from two independent measurements. 
G: Binding of a fluorescently labeled pY-peptide (ADNDpYIIPLPD) to recombinant Btk SH2 
domains. Indicated Kd values were obtained from at least two technical replicates. The 
errors indicated are the standard deviations from the curve fitting of the 1:1 binding model. 
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In order to assess the effect of XLA mutations in the cellular context, they were introduced 

in the Btk SH2-kinase domain (SH2-KD) construct and expressed in HEK293 cells. 

Expression of WT SH2-KD resulted in robust activation loop phosphorylation (pY551) 

which contrasted to a strong decrease seen in mutated constructs (Fig. 17A). To evaluate 

the effect of these mutations on phosphorylation of Y223 within the Btk SH3 domain, which 

is a common readout for Btk activity, they were then introduced 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 (Fig. 17 B) could be corroborated 

in the SH3-SH2-KD construct with a strong impairment of both pY551 (Fig. 17B), pY223 

(Fig. 17C), and total pY (Fig. 17D). Importantly, a control non-XLA mutation (K311E) on 

the opposite side of the SH2 domain (Fig. 16 A) did not affect Btk phosphorylation. Finally, 

in the full-length context, the effect of XLA mutations was negligible as this construct is 

autoinhibited (Fig. 17E).  

To further probe the validity of the proposed SH2-KD active model, we took advantage of 

XLA mutations at different positions on the SH2 surface. Based on our SH2-KD model, 
S371 is part of the interface with the N-lobe, while K296 is solvent-exposed and does not 

directly participate in this interdomain interaction (Fig. 13B). These recombinant Btk SH2-

KD mutants were expressed and purified from insect cells and also resulted in highly pure 

unphosphorylated protein (Fig. 18A and B). Autophosphorylation in vitro assays showed a 

decrease in S371P autophosphorylation kinetic on Y551 compared to the WT protein (Fig. 

18C-E). Interestingly, the K296E mutant protein showed a mild increase in Y551 

autophosphorylation compared to WT, implying that this mutation may disfavor a more 
inactive conformation of the SH2-KD protein (Fig. 18C-E). In addition, total pY 

phosphorylation of the S371P protein was also impaired and further supports the lower 

autophosphorylation capacity observed for this construct (Fig. 18F-H). 
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Figure 17 ± XLA mutations in the SH2 domain impair Btk activity. 
A-E: HEK293 cells were transiently transfected with Btk constructs, phosphorylation on 
sites Y551, pY223 or pY total assessed by immunoblotting, and relative phosphorylation 
normalized to total Btk (myc-Btk) expression. Tubulin was used as loading control. Data 
shown in A, B and E are the mean ± SD of three biological replicates, while data shown 
in C, D are the mean ± SD of two technical replicates. P-values were calculated against 
the WT using an unpaired t-test.  
 



3. RESULTS 
 

 

 66 

3.1.4 Mutation on the Btk SH2-KD interface affects the conformation of the active 

unit 

To provide additional insights on how these mutations affect SH2-KD 

conformation, we carried out SAXS measurements of the recombinant proteins, and 

assessed protein flexibility using the EOM to be compared to the Btk SH2-KD WT (Fig. 

19A). Whereas the kinase-dead D521N and K296E SH2-KD proteins indicate similar 

overall molecular dimensions (Rg and Dmax) and flexibility as for the WT protein, the S371P 

mutant showed a shift towards more compact conformation, with a decrease in Rg and 

Dmax, (Fig. 19B and C). Importantly, measurements of the SH2-KD S371P protein using 

the purified protein in batch mode as well as SEC-SAXS showed similar features (data not 

shown). The compact conformation adopted by the SH2-KD S371P is consistent with the 

decrease in autophosphorylation in vitro (Fig. 18D). 

As an extra effort to further challenge our findings, we engineered non-XLA point 

mutations in the N-lobe that were structurally predicted to disrupt the allosteric SH2-KD 

interface and tested their effect on Btk activation in HEK293 cells. In general, these 

mutations had a mildly negative impact on Btk phosphorylation (Fig. 20A-C). Interestingly, 

the L405E mutation in the N-lobe resulted in a strong over-activation of SH2-KD in cells 

(Fig. 20C). This gain-of-function phenotype is compatible with an additional salt bridge with 

positively charges residues in the SH2 domain that may cause stabilization of the SH2-KD 

interface (Fig. 20D). Therefore, our model of the active Btk SH2-KD unit suggests that 

interaction between the SH2 and the N-lobe creates an interface that has a critical impact 

on Btk activation. Noteworthy, the Btk SH2-KD interaction seems less sturdy as in Abl and 

Fes, where a more stable interaction was captured in the crystalized structures of active 

Abl and Fes kinases16,17 
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Figure 18 ± An XLA mutation facing the predicted Btk SH2-KD interface negatively 
impact kinase activity. 
A: SEC of recombinant mutant Btk purified from Sf9 cells (top). All samples were subjected 
to MS analysis for confirmation of protein identity and unphosphorylated state (>95% for 
all samples). 
B: Coomassie staining of recombinant untagged SH2-KD proteins purified from Sf9 cells. 
C: Autophosphorylation assay performed as described and levels of pY551 (red channel) 
and total Btk (green channel) assessed using immunoblotting in a dot blot apparatus. 
D: Quantitative analysis of Btk autophosphorylation kinetics from dot-blot experiments 
shown in C. The ratio of pY551 and total Btk protein is plotted over time. Means ± SD of 
three independent experiments are shown. The slopes (relative velocities) of linear fits 
were calculated. 
E: Autophosphorylation velocities relative to the Btk KD. Data show the mean ± SD of three 
independent experiments. P values relative to WT were calculated using an unpaired t-
test. 
F-H: Autophosphorylation assay showing the analysis of total pY phosphorylation. 
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Figure 19 ± A mutation in the SH2-KD interface forces Btk towards a more compact 
conformation. 
A: Experimental SEC-SAXS data of mutant Btk proteins. See Table 4 for details.  
B: Maximal particle dimension (Dmax) of mutant Btk proteins. 
C: EOM analysis of SH2-KD mutants compared to WT protein. 
 

.  

Figure 20 ± Mutation L405E in the N-lobe of Btk increases kinase activation. 
A-C: HEK293 cells were transiently transfected with Btk constructs, phosphorylation on 
sites Y551 or pY total assessed by immunoblotting, and relative phosphorylation 
normalized to total Btk (myc-Btk) expression. Data are the mean ± SD of two (n=2) and 
three technical (n=3) replicates, respectively. P-values relative to Btk WT were calculated 
using an unpaired t-test. 
D: N-lobe residues mutated are shown as red sticks in a representative Btk SH2-KD 
structure obtained in the MD simulation (model C15).  
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3.2  Targeting the Btk SH2-KD interface 

 

Allosteric interactions provide unique targeting opportunities in kinases and other 

proteins and may offer an attractive strategy for specific inhibition. The design of small-

molecule inhibitors targeting protein-protein interactions is challenging. High-affinity protein 

binders can be designed against a wide variety of protein surfaces and are a feasible 

approach to investigate critical allosteric sites and validate as targets in multiple disease 

contexts.  

In order to demonstrate the importance of the proposed allosteric interaction of the Btk SH2 

domain with the kinase domain in regulating Btk activity, we developed a repebody binder 

protein able to bind human Btk SH2 domain in collaboration with Hak-Sung Kim group 

(KAIST). This engineered protein was selected from a pool of repebody scaffold with 

randomized LRRs, and affinity further increased using multiple cycles of affinity maturation. 

We received the repebody sequences and carried out its full structural and functional 

characterization using Btk proteins. 

3.2.1 Production and functional characterization of repebodies. 

The SH2-binding repebody (rF10) and a non-binding repebody scaffold (rNB) used 

as control were purified from E.coli (Fig. 21A and B) and resulted in stable high 

concentrations of recombinant proteins. Isothermal titration calorimetry (ITC) with rF10 and 

isolated Btk SH2 domain indicated an affinity of ~15 nM with a binding stoichiometry of 1:1 

(Fig. 21C). Similar low nanomolar affinities were detected in all Btk constructs containing 

the SH2 domain SH2-KD, SH3-SH2-KD, and full-length Btk (Fig. 21D). Consistent with a 

high-affinity interaction, a stable 1:1 rF10-SH2 complex could be recovered by size-

exclusion chromatography either in complex with the Btk SH2 domain alone (Fig. 21E), as 

well as the SH2-KD and full-length Btk proteins (data not shown). Importantly, to probe the 

specificity of rF10 repebody, the affinity of rF10 to SH2 domains from Lck and Abl kinases 

were verified using ITC, and demonstrated a >500-fold selectivity for the Btk SH2 domain 

(Fig. 22). 

As other engineered SH2 binders, in particular monobodies33,34, predominantly target the 

pY peptide binding site, we tested whether the rF10 repebody interferes with pY-peptide 

binding using an FP binding assay. Even in the presence of a 20-fold molar excess of rF10, 

no competition with pY-peptide binding was observed (Fig. 23). The observed increased 
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FP signal with increasing rF10 concentrations is consistent with the formation of a ternary 

complex (SH2-pY-peptide-rF10). Together, our data indicate that the rF10 binds to Btk SH2 

with great affinity and does not interfere with the pY-biding, indicating that rF10 has a 

different binding epitope on the SH2 domain. 

 
Figure 21 ± rF10 repebody binds to Btk SH2 domain with great affinity. 
A: SEC profile of purified rF10 and rNB control repebodies. 
B: Coomassie staining of repebodies purified from E.coli. 
C: Representative ITC experiment of rF10 and isolated Btk SH2 domain. The reported Kd 
is the mean ± SD of three independent measurements. 
D: Representative ITC experiment with indicated Btk constructs. The reported Kd is the 
mean ± SD of two independent measurements. 
E: Analytical SEC profile from Btk SH2 and rF10 alone superimposed with profile from the 
SH2-rF10 complex (left). Coomassie staining of representative peaks is shown on the right. 
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Figure 22 ± rF10 repebody does not bind 
to SH2 domains of related kinases. 
Representative ITC experiments using rF10 
and indicated SH2 domains. 
 

 

Figure 23 ± rF10 repebody does not affect 
Btk SH2 pY-binding. 
Binding-competition assay using a 
fluorescently labeled pY-peptide and 
recombinant Btk SH2 domain in the 
presence of various concentrations of rF10 
repebody. Data are the mean ± SD from 
three technical replicates. 
 

3.2.2 The rF10-SH2 crystal structure 

In order to identify the SH2 domain epitope where rF10 binds, we next solved the 

crystal structure of the Btk SH2-rF10 complex at 2.1 Å resolution (Table 5), which is the 

first crystal structure of the isolated human Btk SH2 domain (PDB 6HTF). The overall SH2 

domain conformation is very similar to the previously published NMR structure of human 

Btk SH2 domain (PDB 2GE9), indicating that rF10 binding does not result in major 

conformational changes. Consistent with the ITC and pY binding assays, the rF10-SH2 

crystal structure indicates that rF10 binds to the SH2 domain in a 1:1 interaction and the 

interaction does not involve the pY-binding groove (Fig. 24A and B). The residues within 

multiple LRR loops from the rF10 create a three-dimensional structure that interacts with 

the SH2 domain (Fig. 24A). rF10 binds to multiple residues from the SH2 domain BC loop 

(K322, S323, G325, and P327) and the C-WeUminXV of Whe Į-helix B (S366 and K374), and 

it buries a surface area of 2274 Å2 (Fig. 24B). To further corroborate the rF10 interaction 

site, a recombinant SH2 containing the XLA mutation K374N in the interface between the 

SH2-rF10 showed a ~10-fold decreased affinity (Fig. 24C) compared to the WT SH2 

domain. 

-1 1 2

20

40

60

80

rF10 (log µM)

rF10
SH2 + pY-peptidepY

-b
in

di
ng

 (A
U

)



3. RESULTS 
 

 

 72 

 
Table 5 ± X-ray parameters of the rF10-SH2 crystal structure (6HTF). 

Data collection 

Space group P 21 21 2 

Cell dimensions  

    a, b, c (Å) 145.53, 32.95, 80.63  

    D� E� J (q) 90, 90, 90 

Resolution (Å) 50 (2.1)* 

Rmeas 10.2 (81.1) 

I / VI 12.99 (1.95) 

Completeness (%) 93.93 (84.43) 

Redundancy 3.89 (3.90) 

Refinement 

Resolution (Å) 2.1 

No. reflections 22064 

Rwork / Rfree 0.213 / 0.252 

No. atoms 3041 

     Protein 2915 

     Water 126 

Protein residues 362 

B-factors  

     Protein 40.75 

     Water 36.85 

R.m.s. deviations  

     Bond lengths (Å) 0.023 

     Bond angles (q) 1.44 

Ramachandran analysis  

     Favored regions 95.53% 

     Allowed regions 4.47% 

     Outliers 0 
*Values in parentheses are for the highest-resolution shell. 

3.2.3 Binding to rF10 abrogates the Btk SH2-KD interface. 

Our next attempt was to verify whether binding to repebody abrogates the SH2-

KD interaction which is critical for kinase activation. Superimposition of the Btk SH2-rF10 

structure with a representative model of the active SH2-KD unit (MD model C15) revealed 

dramatic steric clashes of the KD and rF10 (Fig. 25A). The coincidental strong overlap of 

the rF10 binding epitope with the proposed Btk SH2-kinase interface led us to hypothesize 

that rF10 may abrogate the SH2-KD interaction and thereby act as an allosteric Btk 
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antagonist. To probe this hypothesis, we first performed a SAXS analysis of rF10 alone 

and in complex with several Btk constructs (Fig. 25B, Table 6). In line with our hypothesis, 

SAXS-based reconstructions of rF10-Btk complexes indicate that the conformation of SH2-

KD is altered and the interdomain interface is disrupted. This observation encouraged us 

to further investigate the functional effects of the rF10 repebody on Btk activity and 

signaling in vitro and cells. 

 

 
 

 

 

 

Figure 24 ± The high-resolution structure of rF10-SH2 complex. 
A: rF10 residues (sticks) mediating the interaction with the human SH2 domain. The table 
indicates the sequence and binding affinity. Non-binding (N.B.). 
B: Cartoon representation of the crystal structure (PDB 6HTF) showing the rF10 (salmon) 
and SH2 (green). Detailed view of side chains from SH2 residues interacting with the 
rF10 (surface representation). The R307 residue from the pY-binding is shown in orange. 
C: Representative ITC measurement of rF10 repebody to Btk SH2 K374N. The Kd value 
was calculated from two independent measurements. 
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representation, SH2 in green and KD in blue). 
B: Experimental SEC-SAXS data for rF10 alone and rF10-Btk complexes. The indicated 
Ȥ2 represents the GNOM fitting (line) against the experimental data (dots) for each 
respective sample. See Supplementary Table 4 for details. 
C: Maximal particle dimension (Dmax) of rF10 alone and rF10-Btk complexes. The table on 
the bottom summarizes the particle dimensions (Rg and Dmax ± error) for the indicated 
constructs. 
D: Dimensionless Kratky plot of rF10 alone and rF10-Btk complexes. Ab initio 
reconstructions obtained from SAXS (surface representation) were superimposed to the 
indicated crystal/MD structures. For the rF10-SH2-KD and rF10-SH3-SH2-KD complexes, 
rigid body modeling using SASREF was applied to obtain the final models displayed. 

Figure 25 ± Binding to rF10 may abrogate the 
Btk SH2-KD interaction. 
A: Superimposition of the rF10-SH2 structure 
(cartoon representation, SH2 in green and rF10 in 
salmon) with the active Btk SH2-KD model (surface  
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Table 6 ± SAXS parameters of rF10-Btk complexes. 

Data collection parameters 

Instrument  MD29 beamline, ESRF Grenoble - France 

Wavelength (Å)  0.9919 

q-range (nm-1)  0.03563 - 5 

Exposure time (sec)  5 (10 frames x 0.5 sec) or 1 (1 frame per sec for SEC-SAXS) 

Temperature (K)  290 

Protein rF10 alone SH2-rF10 SH2-KD-
rF10 

SH3-SH2-
KD-rF10 

Full-length-
rF10 

Measurement SEC-SAXS batch SEC-SAXS batch batch 

Concentration range (mg.ml-1) 100 µl at 14 0.6 ± 2.7 100µl at 20 0.4 ± 3.6 0.4 ± 2.9 

SASBDB identifier N/A N/A N/A N/A N/A 

Structural parameters 

Rg (nm) Guinier 2.42±0.2 2.6±0.3 3.46±0.12 3.55±0.26 4.48±0.38 

I(0)* (cm-1) Guinier 37.12±0.06 35.7±0.18 87.82±0.24 61.09±0.19 79.46±0.23 

Rg (nm) from P(r) 2.47±0.006 2.6±0.01 3.52±0.007 3.6±0.01 4.69±0.02 

Dmax (nm) 7.9±0.8 8.2±0.8 11.5±1.2 12.5±1.2 16.9±1.7 

Porod vol. (nm3) 50.85 67.4 100.6 116.46 156.04 

Dry vol. from sequence (nm3)** 37.581 53.569 92.638 100.685 130.345 

Molecular mass determination (kDa) 

From Porod volume (Vp/~1.6) 24.8 37.9 70.4 81.2 100.8 

SAXS MoW2 27.1 41.9 79.5 86.2 116.2 

Bayesian inference 28.2 37.7 67.1 74.3 94.2 

I(0) using Vc invariant 27.6 39.3 63.5 74.6 89.4 

From sequence*** 31.1 44.3 76.6 83.2 107.7 

Residues 274 391 670 726 938 

Software list 

Primary data reduction Automated pipeline at beamline 

Data processing PRIMUS (ATSAS v.2.8.0) 

Ab initio analysis DAMMIN and GASBOR 

Fitting CRYSOL 

Model refinement SREFLEX 

Flexibility analysis EOM 2.0 

Model superimpositions SASpy plugin for Pymol 

3D graphics images Pymol (v.1.8.2.1) 

*I(0) for SEC-SAXS is not normalized to protein concentration. The structural parameters analyzed are 
independent of this value. 
**http://biotools.nubic.northwestern.edu/proteincalc.html 
***http://web.expasy.org/ 
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3.2.4 rF10 functions as an antagonist of Btk activity 

We next performed in vitro autophosphorylation assays using different 

recombinant Btk constructs in the presence of a 2-fold molar excess of rF10 or the rNB 

control (Fig. 26A). rF10 showed a strong inhibitory effect on pY551 autophosphorylation of 

all tested Btk constructs containing the SH2 domain (Fig. 26B-D). Interestingly, even 

though the constructs SH3-SH2-KD and full-length Btk adopt an autoinhibited conformation 

with low autophosphorylation activity (Fig. 10D), rF10 strongly decreased their remaining 

activity (Fig. 26D). Consistent with this data also total pY phosphorylation of Btk was 

decreased in the presence of rF10 (Fig. 26E-G). Finally, to determine the effect of allosteric 

inhibition of Btk by rF10 on kinase activity, we performed in vitro kinase assays with a 

VXbVWUaWe SeSWide encomSaVVing Y753 of PLCȖ2, a canonical BWk VXbVWUaWe. In Whe 

presence of rF10, but not rNB, kinase activity of full-length Btk was strongly inhibited (Fig. 

26H). 

To test the ability of rF10 to act an allosteric Btk inhibitor in cells, we first tested whether 

rF10 interacted with different Btk constructs in mammalian cells. Pull-down assays using 

cell lysates from HEK293 co-expressing Btk and repebodies proteins showed interactions 

of rF10 with all Btk constructs containing the SH2 domain (Fig. 27A). As expected, Btk 

proteins co-expressed with control rNB showed no interaction. 

We next sought to test the effect of rF10 on the phosphorylation of Btk in the cellular 

context. Again, Btk proteins and repebodies were co-expressed in HEK293 cells and 

phosphorylation on Y551 assessed using immunoblots (Fig. 27B). In the presence of rF10, 

lower levels of Btk pY551 were observed than when equal amounts of rNB were expressed. 

Phosphorylation of the KD alone was unaltered in the presence of repebodies, indicating 

selective SH2 domain-dependent inhibition of Btk autophosphorylation by rF10 (Fig. 27C). 

This inhibitory effect, particularly in the SH2-KD construct, was corroborated as we 

observed a significant decrease in total pY phosphorylation in the same experimental 

setting (Fig. 27D-E). This data collectively showed that targeting the Btk SH2 with a 

repebody binder at the proposed SH2-kinase interface selectively inhibits Btk activity. 

 

 

 



3. RESULTS 
 

 

 77 

 
Figure 26 ± rF10 repebody inhibits Btk activation in vitro. 
A: Representative SDS-PAGE analysis of recombinant Btk proteins mixed with rF10 and 
rNB control repebodies and used for in vitro autophosphorylation assays. 
B: Autophosphorylation in vitro of Btk performed in the presence of rF10 (dashed lines) or 
rNB (continuous lines). The levels of pY551 (red channel) and total Btk (green channel) 
were assessed using immunoblotting in a dot blot apparatus. 
C: Quantitative analysis of Btk autophosphorylation kinetics. The ratio of pY551 and total 
Btk protein is plotted over time. Means ± SD of three independent experiments are shown. 
The slopes (relative velocities) of linear fits were calculated. 
D: Relative velocities of autophosphorylation for each Btk construct and relative to control 
repebody are shown. Data show the mean ± SD of three independent experiments. P-
values relative to each control rNB repebody were calculated using an unpaired t-test. 
E-G: Autophosphorylation assay used to assess the total pY phosphorylation levels. 
H: Kinase assay against a PLCȖ2 peptide the presence of repebodies. Reported inhibition 
(% inhibition of phosphorylated peptide) from two independent experiments done in 
duplicates (n=4). P-values were calculated relative to each rNB control using an unpaired 
t-test. 
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Figure 27 ± rF10 repebody inhibits Btk phosphorylation in the cellular context. 
A: HEK293 cells were transiently co-transfected with indicated Btk constructs and 
repebodies, and lysates were subjected to immunoprecipitation using anti-Myc coated 
beads. A representative sample of lysate for each repebody was loaded as expression 
control. 
B: Immunoblot analysis of lysates from HEK293 cells transiently co-transfected with 
indicated Btk constructs and repebodies used to assess Btk pY551 phosphorylation. 
C: Quantification of pY551 and normalized to total Btk (Myc-Btk) expression level and 
relative to control repebody. Data shown are the mean ± SD of three biological replicates, 
and P-values were calculated against each control rNB repebody using unpaired t-test. 
D and E: Effect of rF10 in the total pY phosphorylation of Btk in HEK 293cells. 
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3.2.5 Targeting the Btk SH2-KD interface decreases the viability and inhibits 

signaling of lymphoma cells  

A common approach to treat different B-cell malignancies is the targeted inhibition 

of Btk using small-molecule inhibitors. As the rF10 showed a significant decrease in Btk 

activation, we hypothesized whether targeting the SH2-KD interface is sufficient to inhibit 

Btk activity in neoplastic B-cells. We selected a set of DLBCL cell lines that express WT 

Btk and are sensitive to ibrutinib (Fig. 28A) and transduced them with an expression 

cassette to inducibly express rF10 or the rNB upon addition of doxycycline. Induction of 

rF10 expression in HBL-1 cells decreases about 10-fold the cumulative cell number of HBL-

1 cells as compared to rNB, all uninduced conditions or parental cells (Fig. 28B), as well 

as a more modest decrease in cell number in TMD8 cells (Fig. 28C). The strongest 

inhibitory effect seen in HBL-1 cells was accompanied by a dramatic increase in apoptosis 

measured by Annexin V staining and was comparable to the treatment of parental cells 

with ibrutinib (Fig. 28D).  

Targeting of BCR signaling using small-molecule inhibitors can be assessed via 

ShoVShoU\laWion of BWk and doZnVWUeam WaUgeWV VXch aV PLCȖ2. In oUdeU Wo YeUif\ Whe effecW 

of allosteric Btk inhibition in malignant B-cells, repebodies were expressed and 

phosphorylated and total level of BCR signaling proteins assessed by immunoblot. rF10 

expression promotes decreased Btk pY551 phosphorylation in HBL-1 cells, which could 

not be increased by BCR stimulation using anti-human IgM (Fig. 29A and B). Interestingly, 

an incUeaVe in BWk and PLCȖ2 SUoWein (Fig. 29C) leYelV ZaV obVeUYed XSon UF10 

expression, which may suggest a compensatory mechanism to counteract the activity of 

rF10 on Btk inhibition. The rF10 effects on BCR signaling were also consistent in DOHH2 

cells, where it resulted in decreased Btk pY551, even upon BCR stimulation, decreased 

PLCȖ2 ShoVShoU\laWion on Y1217, one of Whe WZo main BWk ShoVShoU\laWion ViWeV, aV Zell 

as strongly decreased in Erk activation (Fig. 29D). Despite the strong inhibition of the BCR 

signaling pathways by rF10, we did not observe growth inhibition of DOHH2 cells when 

targeting the SH2-KD interface using the rF10 (data not shown).  

These findings demonstrate that allosteric targeting of the Btk SH2-KD alone is sufficient 

to inhibit Btk activity in malignant B-cells, which triggers a decrease in cell proliferation due 

to apoptosis depending on the cellular context, accompanied by a substantial decrease Btk 

phosphorylation and BCR signaling. 
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Figure 28 ± Allosteric inhibition of Btk decreases DLBCL cell proliferation. 
A: Dose-response for ibrutinib in human DLBCL cell lines. Data are the mean ± SD of a 
representative experiment (n=3).  
B and C:  Cumulative cell numbers of upon expression of repebodies. 
D: Apoptosis staining of HBL-1 expressing repebodies for 7 days. A representative FACS 
staining is shown. The quantification of early (7AAD-/Annexin V+) and late 
(7AAD+/Annexin V+) apoptotic cells obtained from two independent experiments. HBL-1 
parental cells treated with 10 µM of ibrutinib for 48 hours were used as positive control. 

 
The combination of multiple drugs hitting the same targets can have a beneficial effect in 

cancer treatment and is particularly exemplified by ATP-site and myristate-binding site 

inhibitors targeting Bcr-Abl. As the allosteric inhibition of the Btk SH2-KD interface triggers 

a sustained, although mild response in inhibiting DLBCL cell lines, we also verified whether 

the combination of rF10 with ATP-site ibrutinib promote stronger cell inhibition. In the HBL-

1 cell line, a consistent decrease in cell viability upon rF10 expression was observed, and 

the addition of ibrutinib did not compete with this effect as the IC50 of combinations was not 

affected after 3 nor 5 days of treatment (Fig. 30A and B). The annexin V staining with 

combined rF10 expression and ibrutinib treatment suggested a further increase in 

apoptosis, as compared to the single treatments alone (Fig. 30C). These results indicate 

that allosteric inhibition of Btk represents a second targeting mechanism and suggests that 

combinations with ATP-competitive drugs could be beneficial.  
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Figure 29 ± Allosteric inhibition of Btk in DLBCL cells. 
A: Expression of repebodies (flag-tagged) was induced for 48 hours in HBL-1 cells, and 
BCR signaling stimulated with anti-human IgM or mock-treated for 2 minutes before cell 
lysis. Ibrutinib treatment (100 nM) was performed for 15 minutes prior to anti-IgM 
stimulation. Immunoblot analysis of whole-cell lysates with the indicated antibodies is 
shown. Tubulin was used as loading control. 
B and C: QXanWificaWion of BWk SY551 and WoWal PLCȖ2 SUoWeinV fUom immXnobloW VhoZn in 
(A) and normalized to total Btk expression and tubulin, respectively. Data shown are the 
mean ± SD from two biological replicates (n=3), and P-values were calculated using an 
unpaired t-test. 
D: DOHH2 cells expressing the repebodies and immunoblot performed as described 
above. 
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Figure 30 ± Combination of rF10 and ibrutinib in HBL-1 cells. 
A and B: HBL-1 cells expressing rF10 or control rNB repebodies for 3 and 5 days were 
combined to different concentrations of ibrutinib and cell viability accessed using Cell Titer 
Glo reagent. 
C: HBL-1 inducibly expressing rF10 or rNB control for 5 days in combination with ibrutinib 
(10 µM for 48 hours) were stained with 7AAD and Annexin V to analyze apoptosis by FACS. 
The quantification of early (7AAD-/Annexin V+) and late (7AAD+/Annexin V+) apoptotic 
cells were obtained from two replicates (n=2). 
 

3.2.6 Therapy-resistant Btk is targeted and inhibited by rF10 

Resistance to ATP-competitive inhibitors is a common drawback seen in several 

kinases relevant to cancer. Patients heavily treated with ibrutinib have shown the 

development of C481S/T mutation within the ATP-site that decreases the affinity to 

irreversible Btk inhibitors. There is no alternative approved drug able to target these 

resistant variants. As the rF10 targets the allosteric SH2-KD interaction far from the ATP-

site, we next tested if it would be also active against Btk C481S mutant proteins. Co-

expression of different Btk C481S constructs with repebodies in HEK293 cells revealed 

that the rF10 inhibits Btk phosphorylation at Y551, particularly in the SH2-KD protein (Fig. 

31A and B). A decrease in total pY phosphorylation was also observed for the SH2-KD to 

a similar extent than of WT SH2-KD (Fig. 31C and D). To our knowledge, this is the first 

report of an alternative mechanism able to inhibit WT and drug-resistant Btk by solely 

targeting an allosteric site. 
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Figure 31 ± Targeting the SH2-KD interface in the therapy-resistant Btk C481S. 
A and C: HEK293 cells were transiently transfected with indicated Btk C481S constructs 
and repebodies. Cell lysates were immunoblotted to assess Btk pY551 and total pY 
phosphorylation. 
B and D: Quantification of pY551 and total pY normalized to total Btk expression. Data 
shown are the mean ± SD of two biological replicates (n=3) and (n=2), respectively, and 
P-values were calculated using an unpaired t-test. 
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4 DISCUSSION 
 

4.1 Allosteric activation of Btk 

 
Integration of distinct structural and biochemical approaches has provided 

important insights into the multiple allosteric interactions that retain Btk in its autoinhibited 

conformation8. In contrast, little was known about the interdomain rearrangements 

coordinating Btk activation. Previous studies on other Tec kinase members, in particular 

Itk, reported an increase in kinase activity in the presence of its PIDs, including the SH2 

domain89,185. In contrast to Src kinases that are autoinhibited by the assembling of non-

catalytic domains, in Btk the catalytic core is largely inactive compared to the full-length 

protein178 which is only partially explained by specific structural elements of its catalytic unit 

(e.g. I432 and W395 residues)92,166,173. 

Our finding that addition of the SH2 domain substantially increases Btk phosphorylation at 

Y551 (3-fold), as well as multiple other phosphorylation sites throughout the SH2, SH2-KD 

linker, and KD, suggests the existence of an unexpected allosteric interaction between the 

Btk SH2 and KD required to activate BWk¶V caWal\Wic acWiYiW\. While Whe Uole of 

phosphorylation on Y551 in the activation loop is well documented and absolutely required 

for Btk catalytic activity186-188, the importance of the multiple other Btk phosphorylation sites 

remains unclear. The phosphorylated residues detected by our MS analysis of the 

activated SH2-KD protein include the Y345 within the SH2-KD linker, a residue that does 

not affect Btk activation when mutated in cells or in vivo92. 

The molecular and structural approaches applied in our study provide together the first 

mechanistic overview of the active Btk SH2-KD unit and reveal an interface between the 

SH2 and the top of the KD. A particular arrangement of several hydrophobic residues from 

the N- and C-lobes assembling the regulatory and catalytic spines are required to switch 

on the catalytic mechanism in most kinases. Importantly, the direct interaction between the 

SH2 and the N-lobe is consistent with studies reporting that coordination of the W395 side 

chain capping the regulatory spine is essential to promote catalytic activity92,173. It provides 
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a rational explanation for the lack of catalytic activity seen by us and others in the isolated 

Btk KD144,178. 

Strikingly, residues involved in the Btk SH2-kinase interface are identical in most other Tec 

members but are not conserved in the Abl and Fes kinase families, while residues critical 

for the Abl SH2-kinase interaction are not conserved in Tec kinases (Fig. 32). This further 

supports the notion that allosteric SH2-kinase interfaces in different kinases families 

appear to be diverse in terms of location, charge, hydrophobicity, size, and, consequently, 

dynamics. The Btk SH2-KD interaction seems fairly flexible and precluded Btk 

crystallization, in contrast to the respective Fes and Abl SH2-KD constructs16,17 as well as 

Csk, where both SH2 and SH3 domains contact the N-lobe179. Additional multi-domain 

structures including the SH2-kinase linker will potentially capture the preferential position 

of the SH2 towards the KD and further corroborate the model of SH2-mediated activation 

of Tec kinase members.  

Our data also provides the first structural insights into the molecular mechanism-of-action 

of a subset of SH2 mutations observed in XLA patients. These SH2 mutations particularly 

located in the region predicted to interact with the N-lobe in the active Btk may favor a more 

compact and distorted conformation. Noteworthy, the SH2 region interacting with the N-

lobe in the active conformation is different from the region facing the C-lobe in the 

autoinhibited Btk, which is maintained by a salt-bridge between the pY-binding site and 

D659167 and mimics the pY-tail latch of Src kinases8. Other XLA mutations on different 

regions of the SH2 domain, including K296E which does not disturb catalytic activity in 

vitro, may impact Btk function by a distinct mechanism that includes binding to SH2 

interactors and PLCG2-dependent calcium response independent of Btk phosphorylation. 

Reconstitution of mutants into DT40 chicken lymphoma B-cells, which are deficient for Btk 

and PLCG2-dependent calcium response189, provides an example of a cellular system that 

could be exploited to further investigate the effect of XLA mutation in cell signaling. 

Together, this study adds a critical step to the molecular shifts required for Btk activation 

in cells, where the disassembling of the autoinhibited Btk by PIP3 binding to PH and dimer 

formation in the plasma membrane is followed by allosteric interaction of the SH2 domain 

on top of KD to trigger Btk activation (Fig. 33). It remains to be investigated whether this 

PH-dependent dimerization could also promote trans-autophosphorylation on other 

residues as assumed to be the case for Y551 in the current activation model for Btk8. 

Whereas in cells the Lck-dependent Btk phosphorylation on Y551 seems to precede Y223 
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autophosphorylation186, our in vitro kinetics revealed rapid increase phosphorylation on 

Y223 followed by Y551. Our data agrees with a previous model where autophosphorylation 

on Y223 may contribute to full activation of the kinase to further transphosphorylate other 

Btk molecules on Y551145. 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 32 – Sequence alignment of SH2 
domains from human Btk and related 
kinases. 
Black squares represent residues highly 
conserved and grey squares show residues 
relatively conserved. 
Red boxes are residues mutated in XLA 
patients and located in the predicted SH2-KD 
interface. 
Black asterisk symbol (*) indicates other 
residues mutated in XLA patients. 
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4.2 Allosteric inhibition of Btk 

 
Targetable allosteric regulatory sites have been identified 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 kinases14,21,27,190. Here we identified and validated the SH2-KD 

interface as a unique site for allosteric Btk inhibition using an engineered repebody protein 

(Fig. 33). To our knowledge, this is the first alternative targeting strategy for WT and 

ibrutinib-resistant Btk variants. The three FDA-approved Btk inhibitors, ibrutinib, 

acalabrutinib, and zanubrutinib are highly susceptible to resistance development by 

mutations of C481 to which these inhibitors covalently bind. Therefore, the therapeutic 

exploitation of the Btk SH2-KD interface for patients with TKI-resistant B-cell malignancies 

is highly attractive. Unlike other Btk mutations on the Btk KD (C481S, T474A, and L528W) 

that trigger resistance to ibrutinib191, identification of the ibrutinib-resistant T316A variant 

located in the SH2 from patients with tumor relapse demonstrates that additional therapy-

insensitive mutations are likely to develop192. Alternatively, the PIP3-dependent 

dimerization of the PH domain, which is required for membrane-associated activation of 

Btk, was proposed to be an allosteric site although not yet explored for targeted 

inhibition144,163. 

SH2 domains are conserved, abundant domains in proteomes, and hence difficult to target 

using small molecules. Small engineered protein binders, in particular monobodies and 

repebodies, have emerged as powerful tools to target SH2 domains of a variety of kinases 

and phosphatases and encourage the development of alternative SH2 inhibitors33,34,193. In 

addition, recent advances in cytoplasmic delivery strategies of protein binders, its 

combination with targeted protein degradation and feasibility PROTAC-based Btk 

degradation demonstrate progress towards therapeutic applicability194. The combined 

targeting of different sites on the same Btk molecule to limit resistance development is 

likely to follow the paradigm of the allosteric Bcr-Abl myristoyl pocket inhibitor asciminib, 

which abrogates drug resistance when combined with ATP-competitive Bcr-Abl inhibitors30.  

The DLBCL cell lines employed in our study demonstrated good expression levels of 

repebodies and were selected from a larger panel of Btk-dependent cell lines initially 

transduced (data not shown). Although good quality antibodies are commercially available, 

phosShoU\laWed BWk comSUiVeV onl\ a limiWed fUacWion (�5%) fUom Whe WoWal cellXlaU Sool of 

Btk molecules in the BCR-activated B-cells. We observed a similar issue for certain Btk 
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cell lines (e.g. TMD8) even after performing BCR stimulation in order to increase 

phosphorylation events and facilitate the readout of the immunoblot analysis.  

It is important to note that targeting the Btk SH2-KD interface leads to particularly strong 

effects in DLBCL cell lines harboring CD79B mutations (Y196F in HBL-1 and Y196H in 

TMD8 cells) that trigger chronic activation of BCR, and are therefore heavily dependent on 

Btk signaling to support cell growth. Our observation that anti-IgM stimulation in these cells 

results did not increase total pY phosphorylation (Fig. 29A and data not shown) agrees 

with the fact that BCR is already activated in these cell lines, and consequently supports 

the decrease in cell proliferation seen upon Btk allosteric targeting. Consistently, DOHH2 

cells containing CD79 WT do not depend on the chronic BCR signaling and thus respond 

to BCR stimulation with anti-IgG (Fig. 29D) ± this corroborates the lack of effect in cell 

growth upon treatment with the rF10 repebody alone (data not shown). However, Btk 

allosteric targeting clearly blocked BCR signaling and decreased the MAPK component 

Erk in stimulated DOHH2 cells. Noteworthy, the treatment of cells with ibrutinib led to 

increased Y551 consistent with the fact that the activation loop Y551 is fully exposed when 

ibrutinib is binding to the kinase160. These findings indicate that patients with tumors 

functionally dependent on BCR signaling might benefit from this allosteric Btk targeting 

approaches50. 

 
Figure 33 ± Proposed model for the allosteric activation and inhibition of Btk via its 
SH2 domain. 
Engagement of the PH domain with PIP3 or other inositol molecules (e.g. IP6) opens up the 
autoinhibited conformation of Btk to induce homodimerization via its peripherical site 
(omitted in this scheme). Release of intramolecular constrains promotes interaction of the 
SH2 domain with the N-lobe of the kinase to induce kinase activation accompanied by 
phosphorylation of its activation loop and potentially other sites. Abrogation of the Btk SH2-
KD interaction using an SH2 binder triggers kinase inhibition and decrease Btk-dependent 
signaling. 
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Although we have focused our study on the effect of Btk allosteric inhibition in B-cell 

malignancies, this could also impact Btk function in the context of autoimmune diseases 

like rheumatoid arthritis. Here, allosteric inhibition of Btk in FcR signaling in basophils and 

mast cells could provide potential therapeutic benefits as seen using non-approved ATP-

site Btk inhibitors (e.g. RN486)153. Moreover, the absence of obvious off-target activity seen 

for certain allosteric inhibitors, particularly asciminib, demonstrates that a small-molecule 

allosteric inhibitor can potentially reach great specificity and benefit even at the long-term 

treatment of chronic conditions with minimum adverse effects. It remains to be investigated 

whether the SH2-KD interface has an impact on Btk contribution for regulating alternative 

pathways. 

Our study adds novel structural insights into the complex regulation of Tec kinases, where 

the SH2 domain plays a critical role in the kinase activation which is independent of its 

canonical function. Disruption of the SH2-KD interface hampers Btk activation and provides 

a molecular mechanism that explains a subset of pathogenic XLA mutations. Finally, the 

exploration of the SH2-KD interface as a targetable allosteric site, even in therapy-resistant 

Btk variants, provides a completely novel way to target Btk and potentially other Tec 

kinases. These findings support and encourage the rational development of allosteric 

inhibitors targeting Btk with the potential to benefit not only patients with B-cell 

malignancies but also other disease contexts where Btk plays an essential role. 
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5 MATERIAL AND METHODS 
 

5.1 Cell lines and culture conditions 

 
HEK293 and HEK293T cells were cultured in DMEM (Gibco) supplemented with 

10% fetal calf serum (Gibco) and 1% penicillin/streptomycin (Bioconcept). Human DLBCL 

cell lines DOHH2, HBL-1 and TMD8 (expressing full-length WT Btk protein) were kindly 

provided by M. Thome-Miazza (University of Lausanne), cultured in RPMI-1640 media 

(Gibco) supplemented with 1 mM L-glutamine (Gibco), 10% fetal calf serum (Gibco) and 

1% Senicillin/VWUeSWom\cin (BioconceSW). All cell lineV ZeUe cXlWXUed aW 37ÛC XndeU 5% CO2. 

 

5.2 Protein expression and purification 

 
Btk SH2 domains were cloned into the pETM30 plasmid with an N-terminal 6xHis-

GST tag with tobacco etch virus (TEV) cleavage site, and expressed in E.coli Bl21(DE3). 

Repebodies were cloned into the pET21a plasmid (Millipore) with a C-terminal 6xHis tag, 

and expressed in E.coli Origami (DE3). Expression of recombinant proteins was performed 

oYeUnighW aW 18ÛC in LB mediXm afWeU indXcWion ZiWh 0.5 mM IPTG aW an oSWical denViW\ of 

~0.8. For protein purification, bacteria were harvested in purification buffer (50 mM Tris pH 

7.5, 500 mM NaCl, 1 mM DTT, 5% glycerol, 10 mM imidazole) containing DNase, 

homogenized using an Avestin Emulsiflex C3 homogenizer, followed by lysate clarification 

through centrifugation. Proteins were first purified by gravity flow Ni-NTA agarose (Qiagen, 

30210) followed by tag cleavage with recombinant TEV protease in dialysis buffer (25 mM 

Tris pH 7.5, 300 mM NaCl, 1 mM DTT, 5% glycerol). Finally, samples were subjected to 

size exclusion chromatography (SEC) on a Superdex 75 16/60 column equilibrated with 

dialysis buffer, and peak fractions pooled and analyzed by SDS-PAGE. 

For insect cell expression, sequences were cloned into a pFast-Bac-Dual plasmid 

(Thermofisher). To obtain unphosphorylated Btk, Flag-tagged Yersinia protein tyrosine 
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phosphatase (YopH) was simultaneously expressed from the same vector. Baculoviruses 

were prepared following the instructions from Bac-to-Bac Baculovirus Expression System 

(Thermofisher) protocol. Briefly, pFast-Bac Dual plasmids were transfected to E.coli 

DH10B followed by bacmids purification

(PureLink, Invitrogen) and transfection in Sf9 cells using the transfection reagent FuGene 

HD (Promega, E2311). Supernatants containing the baculoviruses were used to produce 

recombinant proteins in Sf9 cells at density 1.5x106 cells mL-1 in SF-900 SFM (10902-096, 

TheUmo) cXlWXUed aW 28ÛC and 80% aiU hXmidity. After 3 days, cells were and resuspended 

in purification buffer containing 1mM PMSF, protease cocktail inhibitor (Roche) and 

Benzonase (Millipore), and lysed by sonication. Cleared lysates were purified and tags 

removed as described above. All purified proteins could be stored at -80ÛC ZiWhoXW loVV of 

activity. Absence of YopH phosphatase activity was reassured by a phosphatase activity 

assay using colorimetric PNPP substrate (Thermo) and immunoblotting. 

 

5.3 Mass spectrometry 

 
For confirmation of protein identity and phosphorylation status, recombinant 

proteins were analyzed on a Xevo G2-S QTOF mass spectrometer (Waters) operated in 

SoViWiYe ioni]aWion XVing Whe ZSSUa\� dXal-orthogonal multimode ESI/APCI/ESCi source. 

Data were proceVVed XVing MaVVL\n[� 4.1 VofWZaUe and Ma[EnW1 aSSlicaWion foU 

deconvolution. 

 

5.4 Multi-angle light scattering analysis (SEC-MALS) 

 
Multi-angle light scattering was used to probe for oligomerization states. All 

measurements were performed at room temperature using a Dawn Heleos multi-angle light 

VcaWWeUing deWecWoU (W\aWW TechnologieV) coXSled Wo an SEC colXmn. 80 ȝL (0.5 mg mL-1) 

of purified recombinant protein was injected into a Superdex 75 HR10/30 column (GE 

Healthcare) in buffer containing 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM TCEP, and 

eluted at a flow rate of 0.5 mL min-1. Absolute molecular weight and homogeneity were 

determined using ASTRA version 5.3 (Wyatt Technologies). 
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5.5 Site-directed mutagenesis 

 
All point mutations were introduced using the Quikchange II Site-Directed 

Mutagenesis Kit (Agilent) using primers described in Table 7. Sequence alignments were 

generated using Geneious (Biomatters). 

Table 7 ± Oligonucleotides used for site-directed mutagenesis. 

 

5.6 Circular dichroism (CD)  

 
Far-UV spectra (190-300 nm) of recombinant Btk SH2 WT and mutants were 

carried out in buffer containing 10 mM Na-phosphate buffer pH 7.2 and 100 mM NaF using 

a 0.1 cm quartz cell and CD Spectrometer Chirascan V100 (AppliedPhotophysics). Data 

was acquired at a step size of 1 nm and a bandwidth of 1 nm. 3 scan records for each 

protein were subtracted from the background (buffer only) and averaged to generate the 

data reported in units of mean molar ellipticity per residue. Melting curve analysis was 

Mutation Primer sHTXHQcH 5¶ WR 3¶ (IRUZaUG aQG UHYHUVH) 

Btk K296E For: GCTGAGCAACTGCTAGAGCAAGAGGGGAAAG 
Rev: CTTTCCCCTCTTGCTCTAGCAGTTGCTCAGC 

Btk Y223F For: GTGGCCCTTTTCGATTACATGCCAATG 
Rev: CATTGGCATGTAATCGAAAAGGGCCAC 

Btk E301K For: GCAAGAGGGGAAAAAGGGAGGTTTCATTGTC 
Rev: GACAATGAAACCTCCCTTTTTCCCCTCTTGC 

Btk R307G For: GGTTTCATTGTCGGCGACTCCAGCAAAGC 
Rev: GCTTTGCTGGAGTCGCCGACAATGAAACC 

Btk K311E For: CAGAGACTCCAGCGAGGCTGGCAAATATACAG 
Rev: CTGTATATTTGCCAGCCTCGCTGGAGTCTCTG 

Btk Q341A For: GTTGTGTGTTCCACACCTGCGAGCCAGTATTACCTGGC 
Rev: GCCAGGTAATACTGGCTCGCAGGTGTGGAACACACAAC 

Btk H364D For: CATTAACTACCATCAGGACAACTCTGCAGGACTC 
Rev: GAGTCCTGCAGAGTTGTCCTGATGGTAGTTAATG 

Btk S371P For: CTGCAGGACTCATACCCAGGCTCAAATATCCAG 
Rev: CTGGATATTTGAGCCTGGGTATGAGTCCTGCAG 

Btk R372G For: CTCTGCAGGACTCATATCCGGCCTCAAATATCCAG 
Rev: CTGGATATTTGAGGCCGGATATGAGTCCTGCAGAG 

Btk K374N For: CTCTGCAGGACTCATATCCAGGCTCAACTATCCAG 
Rev: CTGGATAGTTGAGCCTGGATATGAGTCCTGCAGAG 

Btk K400E For: AGGTCAGGTCCTCTGGATCAATTTCCCATGATCCGT 
Rev: ACGGATCATGGGAAATTGATCCAGAGGACCTGACCT 

Btk T403K For: CCCCAGCTCCTTCAAGAACTTCAGGTCCTTTGGATCAA 
Rev: TTGATCCAAAGGACCTGAAGTTCTTGAAGGAGCTGGGG 

Btk L405E For: CAGTCCCCAGCTCCTTCTCGAAGGTCAGGTCCTTTG 
Rev: CAAAGGACCTGACCTTCGAGAAGGAGCTGGGGACTG 

Btk I429E For: GCCTTCTTTGATCATCTTCTCGGCCACGTCGTACTGGCC 
Rev: GGCCAGTACGACGTGGCCGAGAAGATGATCAAAGAAGGC 

Btk C481S For: GGTAGTTCAGGAGGCTGCCATTGGCCATGTA 
Rev: TACATGGCCAATGGCAGCCTCCTGAACTACC 

Btk D521N For: GTTCCTTCACCGAAACCTGGCAGCTCG 
Rev: CGAGCTGCCAGGTTTCGGTGAAGGAAC 

Btk Y551F For: GGATGATGAATTCACAAGCTCAGTAG 
Rev: CTACTGAGCTTGTGAATTCATCATCC 
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performed by measuring proteins at the wavelength corresponding to the peak for the 

predominantly ß-VheeW SH2 domain (218 nm) in a WemSeUaWXUe Uange fUom 20 Wo 94ÛC, 

ramp-UaWe 1ÛC SeU minXWe. 

 
5.7 Kinase autophosphorylation assay 

 
1 µM of recombinant Btk proteins were incubated in Tris 25 mM pH 7.5, 150 mM 

NaCl, 5% glycerol, 1 mM ATP, 20 mM MgCl2, 1 mM DTT. For inhibition of 

autophosphorylation, 2 µM of repebodies were pre-incubated with 1 µM of Btk proteins for 

15 minutes before starting the reaction upon the addition of 1mM ATP. Reactions were 

carried out at room temperature and stopped at desired time points by adding 2X Laemmli 

bXffeU Wo each WXbe, folloZed b\ boiling 5 minXWeV aW 95ÛC. SamSleV ZeUe immXnobloWWed 

onto a nitrocellulose membrane using a Dot-Blot apparatus (Bio-Rad). 

 

5.8 HEK293 transfection 

 
Btk constructs were expressed in HEK293 cells using pCS2-gateway plasmid 

containing an N-terminal 6xMyc tag, while repebodies were cloned into pcDNA3.1 vector 

and contained a C-terminal Flag tag. Transient transfections with respective plasmids were 

performed using Polyfect transfection reagent (Qiagen). 48 hours after transfection, cells 

were harvested, lysed and samples further processed for immunoblotting. 

 

5.9 Cell lysis and immunoblotting 

 
Cells were lysed in IP buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 

5mM EDTA, 5mM EGTA, 25 mM NaF, 1mM orthovanadate, 1mM PMSF, 10 mg mL-1 TPCK 

and protease cocktail inhibitor from Roche), and cleared by centrifugation at 14,000 rpm 

foU 10 minXWeV aW 4ÛC. ToWal SUoWein concenWUaWion ZaV meaVXUed XVing a Bradford assay 

(Bio-Rad). All immXnobloWWing anal\ViV ZaV SeUfoUmed XVing 100 ȝg of WoWal protein.  
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5.10 Antibodies 

 
A list of primary and secondary antibodies used is available in Table 8. Western 

blot quantification of fluorescent secondary antibodies was done using the Li-Cor Odyssey 

system. ECL prime detection reagent (RPN2232, GE Healthcare) was used to detect HRP-

conjugated antibodies using the C-digit Blot scanner (Li-Cor). Western blot normalization 

was done using total protein signal or indicated loading control. 

Table 8 ± List of antibodies. 
Antibody Provider Identifier 

Mouse monoclonal anti-Total pY (clone 
4G10) Millipore Cat# 05-321; 

RRID: AB_309678 

Mouse monoclonal anti-Btk (D6T2C) Cell Signaling Cat# 56044; 
RRID: AB_2799503 

Rabbit polyclonal anti-Btk  Thermo Scientific Cat# PA5-27392; 
RRID: AB_2544868 

Mouse monoclonal anti-Btk (pY551)/Itk 
(pY511) Clone 24a BD Biosciences Cat# 558034; 

RRID: AB_2067823 

Rabbit polyclonal anti-Btk (pY223) Cell Signaling Cat# 5082;  
RRID: AB_10561017 

Rabbit polyclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling Cat# 9102; RRID: 
AB_330744 

Mouse monoclonal anti-phospho-p44/42 
(Erk1/2) (Thr202/Tyr204) (E10) Cell Signaling Cat# 9106; RRID: 

AB_331768 

Rabbit polyclonal anti-PLCȖ2 Cell Signaling Cat# 3872; RRID: 
AB_2299586 

Rabbit polyclonal anti-PLCȖ2 (T\U1217) Cell Signaling Cat# 3871; RRID: 
AB_2299548 

Mouse monoclonal anti-Flag Sigma Cat# F3165; RRID: 
AB_259529 

Mouse monoclonal anti-penta-his Qiagen Cat# 34660; 
RRID: AB_2619735 

Rabbit polyclonal anti-PLCȖ2 (T\U753) 
[EPR5914-3]  Abcam Cat# ab133455; 

RRID: AB_2163712 

Mouse monoclonal anti-Tubulin Sigma Cat# T9026; 
RRID: AB_477593 

Mouse monoclonal anti-Myc-tag Myc.A7 
DyLight800 Thermo Scientific Cat# MA1-21316-D800; 

RRID: AB_2536996 
Goat polyclonal anti-mouse IgG IRDye 
800CW LiCor Cat# 926-32210; 

RRID: AB_621842 
Donkey polyclonal anti-Rabbit IgG (H+L) 
IRDye800 Rockland Cat# 611-732-127; 

RRID: AB_220158 
Goat polyclonal anti-Mouse IgG (H+L) 
Peroxidase AffiniPure  Jackson ImmunoResearch Cat# 115-035-003; 

RRID: AB_10015289 
Goat polyclonal anti-Rabbit IgG (H+L) 
Peroxidase AffiniPure  Jackson ImmunoResearch Cat# 111-035-003; 

RRID: AB_2313567 
 

5.11 Immunoprecipitation 

 
Immunoprecipitation from HEK293 cell lysates was done using 1 mg of total protein 

adjusted to 1 mL volume with IP buffer. Anti-c-Myc Agarose Affinity Gel (Thermo, A7470) 

was added to the lysates and incubated for 3 hours on a rotating wheel at 4°C. Beads were 
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subsequently washed three times with IP buffer and finally boiled in Laemmli buffer for 5 

minutes at 95°C before subjected to immunoblotting. 

 

5.12 B-cell transduction and BCR stimulation 

 
Repebodies containing a C-terminal flag tag were cloned into the doxycycline-

inducible (Tet-ON) lentiviral vector pcW57.1 (Addgene) and co-transfected with envelope 

and packaging plasmids (pMD2G and pCMVR8.74 respectively, a kind gift from the Trono 

Lab, EPFL) into HEK293T cells using the CalPhos Mammalian Transfection kit (Clontech). 

LenWiYiUXVeV ZeUe concenWUaWed b\ XlWUacenWUifXgaWion aW 30,000[g foU 2 hoXUV aW 16ÛC, and 

added to lymphoma cell lines, followed by a single spinoculation step at 300xg for 60 

minutes at room temperature. On the next day, cell media was replaced and cells selected 

using 2 µg mL-1 puromycin. Repebodies were induced by the addition of 2 µg mL-1 of 

doxycycline. For BCR stimulation, cells at density 5x106 cells mL-1 ZeUe incXbaWed aW 37ÛC 

with 20 µg mL-1 anti-hXman IgM/G F(ab¶)2 fUom goaW (JackVon ImmXnoReVeaUch, 109-006-

129 and 109-006-098) in RPMI-1640 media without calf serum. Cells were then harvested, 

immediately lysed and samples further processed for immunoblotting. 

 

5.13 Cell viability assays 

 
DLBCL cell lines were treated for 48 hours with ibrutinib (concentration range 50 

nM to 100 µM) and viability assessed using Cell Titer Glow (Promega). Luminescence was 

measured in a SpectraMax M5 plate reader (Molecular Devices). Cellular IC50 was 

obtained by non-linear regression curve fit analysis. DMSO (50 µM) and doxorubicin (10 

µM) were used as negative and positive controls, respectively. To assess the effects of 

repebodies on the viability of DLBCL, transduced cells were treated with 2 µg mL-1 of 

doxycycline to induce expression of repebodies, and cell number verified using a Casy Cell 

Counter (OLS Omni Life Science). Cell density was maintained at 5x105 cells mL-1 and 

regularly diluted when cell density reached 3x106 cells mL-1. Parental (non-transduced) 

and non-induced cells were used as control. 
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5.14 Apoptosis staining 

 
For the apoptosis staining, transduced cells were seeded in 6-well cell culture 

SlaWeV, WUeaWed ZiWh 2ௗ�gௗmLí1 of doxycycline and/or ibrutinib, and stained for the apoptosis 

marker Annexin V. Briefly, cells were washed twice with PBS and resuspended in Annexin 

V binding buffer containing Cy5-Annexin V (BD) and 7AAD (BD) using instructions from 

Whe VXSSlieU. CellV ZeUe genWl\ diVVociaWed and filWeUed WhUoXgh a 35ௗ�m nylon mesh before 

data acquisition in a Gallios flow cytometer (BD). A minimum of 10,000 gated events was 

collected for each sample and data was analyzed using the FlowJo (v10.6) software. 

 

5.15 Development of repebodies 

 
Selection and affinity maturation of human Btk SH2-specific repebody (rF10) were 

performed through phage display and a modular evolution approach as previously 

described32. 

 

 
5.16 Molecular dynamics (MD) simulations  

 
System preparation: Btk SH2-KD structural model used for our MD simulations 

was built starting from the X-ray structures of the apo-KD of Btk (PDB 1K2P) and SH2 

domain (PDB 6HTF). Briefly, the SH2 domain was initially positioned at ~60 Å on the top 

of KD. The linker sequence was manually added using Maestro (Schrödinger 

Release 2016-1: Maestro, Schrödinger) and refined through scaled MD simulation. The 

protein was immersed in a water box neutralized by adding an appropriate number of Cl- 

ions. After minimization, the protein underwent three simulations steps of 500 ps each to 

gradually reach the target temperature of 300 K. To enhance the sampling of the linker 

sequence, we performed a 70 ns long scaled MD simulations. To obtain the optimal 

configuration of the linker sequence, we performed a cluster analysis on the last 70 ns long 

trajectory. The centroid of the most populated cluster was then employed as a starting point 

for the next MD simulations. Both the MD simulations and cluster analysis were performed 

by using BiKi LifeSciences suite195. 
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Scaled MD simulations: We run multiple replicas Scaled MD simulations180 to enhance the 

sampling of Btk kinase and speed up the binding events between SH2 and KD. As a 

starting point, we employed the refined structure of the Btk SH2-KD-linker model. The 

equilibrated system was submitted to 40 replicates ~100 ns long scaled MD simulations. 

Here, restraints were not applied because the high scaling factor enabled adequate 

sampling without affecting the overall folding of the system. BiKi LifeSciences suite195 was 

used for Scaled MD simulations, using similar settings as described above. 

Data Analysis: The collected 4 µs-long scaled MD trajectories resulted in a total of 400,000 

frames. From this large ensemble, we extracted the unique and non-redundant Btk SH2-

KD configurations, using a clustering procedure implemented in BiKi195. The resulting 760 

structures were submitted to another cluster analysis to probe the preferred 3D structural 

organization of SH2 domain with respect to KD. Also, we run a CRYSOL analysis196 to 

comSXWe Whe Ȥ2 value for each structure, in order to select the SH2-KD complexes with the 

best fitting with the experimental SAXS curves. 

 

5.17 Small-angle X-ray scattering (SAXS) 

 
SAXS data were collected at the BM29 beamline (ESRF Grenoble, France). All 

proteins were measured in buffer containing 25mM Tris pH 7.5, 300 mM NaCl, 1 mM TCEP, 

and 5% glycerol. A robotic sample changer measured in the batch mode, while in-line SEC-

SAXS was performed using a Superdex S200 Increase 10/300 column (GE Healthcare) 

with a flow rate of 0.7 mL min-1 at room temperature. Acquired data were averaged and 

subtracted from an appropriate solvent-blank to produce the final curve using the ATSAS 

Suite, EMBL197, and CHROMIXS198. Initial data pre-processing and reduction were 

performed using an automatic pipeline. Final scattering curves were analyzed using 

PRIMUS for evaluation of molecular dimensions (Rg) and maximum particle dimension 

(Dmax) using GNOM199. Moreover, the Porod volume was computed using the Porod 

invariant200, and the molecular mass estimated using SAXS MoW 2.0201, Bayesian 

inference approach202, and Volume-of-correlation. Ab initio models were computed with 

DAMMIF203. SREFLEX198 was employed to improve the agreement of flexible multidomain 

models to the experimental data. Finally, the flexibility of multidomain complexes was 

assessed with Ensemble Optimization Method 2.0184. Fitting of models to experimental 

data was assessed using CRYSOL196 molecular and superimpositions performed with the 
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SASpy204. Data collection and structure determination statistics are described in Tables 4 

and 6. 

 

5.18 Crystallization, data collection, and structure determination 

 
Recombinant Btk SH2 and rF10 proteins were mixed at 1:1 ratio and the complex 

purified with a Superdex 75 column 16/600 (GE Healthcare) in buffer containing 25 mM 

Tris pH 7.5, 300 mM NaCl, 1 mM TCEP. The purified complex was concentrated to ~25 

mg mL-1 and cU\VWalli]ed aW 18ÛC XVing Whe hanging-drop vapor-diffusion method by mixing 

1:1 with a solution containing 1 M Tris pH 8.5, 300 mM sodium fluoride, 300 mM sodium 

bromide, 300 mM sodium iodide, 25% MPD; 25% PEG 1000; 25% PEG 3350. 20% glycerol 

was used as a cryoprotectant. X-ray diffraction data was collected at the SLS Beamline 

X06DA in the Swiss Lightsource (SLS, Villigen, Switzerland) at a wavelength of 1 Å and 

temperature of 100 K. Data collection and structure determination statistics are described 

in Supplementary Table 3. Diffraction data was processed and scaled with the XDS 

package. The structure was solved by molecular replacement employing models derived 

from a previously reported repebody (PDB 5B4P) and Btk SH2 (PDB 2GE9) excluding loop 

regions. Molecular replacement, manual model building, B-factor refinement, solvent 

addition, energy-minimization, and refinement of structures were conducted iteratively 

using Phaser and Coot (Phenix version 1.13). Molecular graphics were generated using 

PyMOL (DeLano Scientific). Data collection and structure determination statistics are 

described in Table 5. 

 

5.19 Isothermal titration calorimetry (ITC) 

 
Proteins were extensively dialyzed in buffer containing 20 mM Hepes pH 7.5 and 

150 mM NaCl, briefly degassed, and concentration determined by measuring UV 

absorbance at 280 nm. ITC measurements were performed on a MicroCal PEAQ-ITC 

(Malvern) instrument. The repebody (100 µM) was titrated into SH2 domains (10 µM) at 

room temperature in 16 steps with 0.49 ȝL foU Whe fiUVW and 2.49 ȝL foU Whe oWheU VWeSV. 

Thermodynamic parameters were obtained using the MicroCal software. 
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5.20 Fluorescent polarization (FP) binding assays 

 
Btk SH2 WT and mutants were incubated at several concentrations with 1µM of 

FITC-labeled ADNDpYIIPLPD peptide in Tris 40 mM pH 8, 150 mM NaCl and 1 mM DTT. 

Competitive FP assay was performed using 25 µM of Btk SH2 and 1 µM of peptide 

incubated with repebody in a range of 200 µM - 20 nM. FP signal was measured using a 

SpectraMax M5 plate reader (Molecular Devices) with excitation at 485 nm and emission 

at 530 nm in a 96 well black-plate (Greiner, 784-900). 

 

5.21 In vitro kinase assay 

 
2 µM of repebodies were pre-incubated with 1µM of recombinant Btk proteins in 

buffer Tris 25 mM pH 7.5, 150 mM NaCl, 5% glycerol, 20 mM MgCl2, 1 mM DTT in the 

SUeVence of 50 ȝM ATP, 7 ȝCi Ȗ-32P-ATP, and PLCȖ2 SeSWide (bioWin-ERDINSLYDVSR-

amide). PeSWide concenWUaWionV Uanged fUom 100 ȝM Wo 3.125 ȝM. ReacWionV ZeUe caUUied 

out on a final volume of 20µL at room temperature for 20 minutes and terminated using 10 

ȝL 7.5 M gXanidinh\dUochloUid. SamSleV ZeUe VSoWWed onWo a SAM2 BioWin CaSWXUe 

membrane (Promega) and further treated according to the instructions of the manufacturer. 

 

5.22 Mapping of Btk autophosphorylation sites 

 
Sample preparation: Recombinant autophosphorylated Btk SH2-KD was 

separated by SDS-PAGE and stained with Coomassie. Bands of interest were excised, in-

gel digested in reduced in 10 mM DTE, 50 mM AB, and then alkylated in 55 mM 

iodoacetamide, 50 mM AB. After a washing step, gel extracts were digested with MS Grade 

Trypsin over-night. Resulting peptides were finally extracted using a high organic 

containing solvent and dried by vacuum centrifugation before LC-MS2 measurements or 

phosphopeptides enrichment.  

Next, 90% of the extracted peptide was used for phosphopeptides enrichment step while 

the remaining 10% was used for sample identification. Titanium dioxide affinity principle 

was used for enrichment using home-made titania tips. Dried samples were resuspended 

0.75% TFA, 60% acetonitrile, 300 mg ml-1 lactic acid, loaded on tips, and eluted in 0.5% 
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ammonium hydroxide and 5% piperidine. Samples were acidified and dried down prior to 

LC-MS2 measurements. 

MS analysis: For the MS detection of phosphopeptides, dried samples were resuspended 

in 0.1% TFA and separated by C18 Reverse Phase nano UPLC using a Dionex Ultimate 

3000 RSLC system (Thermo Fischer) connected to an Orbitrap Elite Mass Spectrometer 

(Thermo Fischer). Samples were first trapped on a home-made capillary C18 pre-column 

and then separated on a C18 capillary column (Nikkyo Technos Co; Magic AQ C18; 3 µm 

- 100 Å; 15 cm x 75 µm ID). Data-dependent mode was used for MS acquisitions were the 

20 most intense parent ions were selected for subsequent fragmentation by CID. A 

potential phosphopeptides m/z inclusion list was also generated and used to maximize 

detection chances. 

 

5.23 Quantification and statistical analysis 

 
All data reported were analyzed using Prism 7 (GraphPad) using software-defined 

fitting models and unpaired t-test statistical tests. Calculated P-values are indicated as non-

VignificanW (nV), S � 0.05 (*), S � 0.01 (**), S � 0.001 (***) and S � 0.0001  (****). 

 

5.24 Data availability 

 
The X-ray structure of the rF10-SH2 complex was deposited at Protein Data Bank 

(PDB entry 6HTF). Full SAXS curves and analyzed data for WT Btk proteins were 

deposited at SASBDB (entries SASDF53, SASDF63, SASDF73, and SASDF83). Data can 

be accessed using the following hyperlinks: 

www.rcsb.org/structure/6HTF 

www.sasbdb.org/data/SASDF53/ 

www.sasbdb.org/data/SASDF63/ 

www.sasbdb.org/data/SASDF73/ 

www.sasbdb.org/data/SASDF83/

http://www.rcsb.org/structure/6HTF
http://www.sasbdb.org/data/SASDF53/
http://www.sasbdb.org/data/SASDF63/
http://www.sasbdb.org/data/SASDF73/
http://www.sasbdb.org/data/SASDF83/
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Btk SH2-kinase interface is critical for allosteric
kinase activation and its targeting inhibits
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Bruton’s 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 identified 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 kinases4–7. 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.

Bruton’s 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 inhibitors10–12.
Among those, the first-in-class Btk inhibitor ibrutinib13, which
was approved in 2013, has shown remarkable clinical activity in
chronic lymphocytic leukemia (CLL), mantle cell lymphoma
(MCL), Waldenström’s 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
PLCγ2, 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 Btk’s 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-affinity 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
first assessed the effects of five 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
purified 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 significantly
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 fluorescence-
polarization (FP) binding assay with a labeled pY-peptide. All
XLA mutants bound the pY-peptide with similar affinities 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 significant 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 unidentified 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 purified to homogeneity (Fig. 2b). Mass spectrometry
and immunoblotting analysis confirmed 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 significantly 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. 2c–e) 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 on Y55121 (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. 3a). Strikingly, the elongated models suggest that several of
the SH2 residues mutated in XLA participate in the interaction
interface with the N-lobe of the KD (Fig. 3b).

In order to provide an unbiased and independent experimental
validation of the MD model, we performed an extensive analysis
of multiple recombinant Btk proteins with small-angle X-ray
scattering (SAXS). This method allows to directly reconstruct
low-resolution particle shapes ab initio and also to study
conformational dynamics of multidomain proteins and com-
plexes in solution. From the SAXS data, the SH2-KD construct
adopts a more elongated conformation with increased particle
dimension (Dmax) in comparison to the KD and SH3-SH2-KD
proteins (Fig. 3c and Supplementary Fig. 3b). The extended

conformation of the SH2-KD protein is independent of kinase
activity, as also seen with a kinase-inactive mutant (D521N;
Supplementary Table 2). In addition to the increased particle
dimension, the normalized Kratky plot suggests that SH2-KD is
flexible compared to the globular KD and SH3-SH2-KD proteins
(Fig. 3d, bottom). Ab initio shape reconstructions from SAXS
corroborate the available KD and (closed autoinhibited) SH3-
SH2-KD crystal structures (PDB 1K2P and 4XI2, respectively,
Fig. 3d, top). Importantly, the ab initio envelopes of SH2-KD can
be superimposed very well with the elongated MD models (e.g.,
C15, χ2= 1.50) in which the SH2 domain is interacting with the
N-lobe of the KD (Fig. 3d). The full-length protein has been
previously reported to adopt an equilibrium of conformations
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with a predominant compact and autoinhibited state in
solution20, whereas our SAXS data from the full-length protein
is compatible with its extended conformation and agrees with a
previous report22. Overall, independent use of MD and SAXS
supports an extended model for the Btk SH2-KD, where the SH2
is placed on top and interacts predominantly with the N-lobe of
the KD. In line with this model and the data on XLA mutations in
the SH2 domain, point mutations in the N-lobe that were
structurally predicted to disrupt the allosteric SH2-KD interface
impair Btk activation (Supplementary Fig. 3c–e). Interestingly,
the L405E mutation in the N-lobe resulted in a strong over-
activation of SH2-KD. This gain-of-function phenotype is
compatible with an additional salt bridge with positively charges
residues in the SH2 domain that may cause a stabilization of the
SH2-KD interface (Supplementary Fig. 3f).

To further probe the validity of this model, we took advantage
of XLA mutations at different positions on the SH2 surface. Based
on our SH2-KD model, S371 is part of the interface with the KD
N-lobe, while K296 is solvent-exposed and does not participate in
this interdomain interaction (model C15, Fig. 3b). When
introduced into Btk SH2-KD and recombinantly purified to
homogeneity (Supplementary Fig. 3g, h), the S371P protein

showed decreased in vitro autophosphorylation kinetic on Y551
compared to the wild-type protein (Fig. 4a–d). Interestingly, the
K296E mutant protein showed a mild increase in Y551
autophosphorylation compared to wild-type, as the mutation
may disfavor a more inactive conformation of the SH2-KD
protein (Fig. 4a–d). Total pY phosphorylation of the S371P
protein was also impaired and further supports the lower
autophosphorylation capacity observed for this construct (Sup-
plementary Fig. 3i–k).

To provide additional insights on how these mutations affect
SH2-KD conformation, we assessed protein flexibility using SAXS
data combined with the ensemble optimization method (EOM27).
EOM generates a large number of conformations (>10,000) using
the KD and SH2 domain structures taking the native linker into
account, calculates theoretical SAXS curves for all models, and
selects a mixture of conformers that fits the experimental SAXS
data. First, SAXS data from the mutants indicated that the S371P
protein is somewhat more compact than wild-type, K296E and
D521N proteins (Supplementary Fig. 3l, m, Supplementary
Table 2). EOM analysis revealed that SH2-KD wild-type is rather
flexible with few different conformers co-existing in solution, but
indicating extended conformations with the SH2 placed on top of
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the kinase (Fig. 4e, f). Analysis of the kinase-dead D521N and
K296E SH2-KD proteins indicate similar flexibility as for the
wild-type protein and also similar overall molecular dimensions
(Rg and Dmax). In contrast, the S371P mutant protein showed a
shift towards more compact conformation, with a decrease in Rg
and Dmax compared to the wild-type and mutations not affecting
the interdomain interface (Fig. 4e). The compact conformation
adopted by the SH2-KD S371P is consistent with the decreased
phosphorylation observed in the autophosphorylation assay
(Fig. 4d). Noteworthy, EOM analysis performed for the SH3-
SH2-KD and full-length wild-type proteins is consistent with the
models showing, respectively, a compact and a mixture of
compact and elongated conformations in solution (Supplemen-
tary Fig. 3n). Summarizing, we provide a model for Btk activation
via allosteric interaction of the SH2 domain predominantly
placed on top of KD. Although the SH2-KD interaction seems
less sturdy as in Abl and Fes, a molecular model for the interface
of SH2 interacting with the KD can be deduced from our data.

Development of a protein binder targeting the BTK SH2
domain. In order to demonstrate the importance of the proposed
allosteric interaction of the Btk SH2 domain with the kinase domain
in regulating Btk activity, we developed a repebody binder. Repe-
bodies are engineered non-antibody scaffold proteins composed of
leucine-rich repeat (LRR) modules that can be engineered to bind
targets with high specificity. A human Btk SH2 domain-targeting
repebody, termed rF10, was generated using phage display selection
and affinity maturation28 (Supplementary Fig. 4a). rF10 and a non-
binding control repebody (rNB) were readily purified from E. coli
(Fig. 5a). The affinity of rF10 to the Btk SH2 domain is ~15 nM
with a binding stoichiometry of 1:1 (Fig. 5b). In contrast,
rF10 showed no binding to the SH2 domains from its close rela-
tives, the tyrosine kinases Abl and Lck, demonstrating a >500-fold
selectivity for the Btk SH2 domain (Fig. 5b). Consistent with a high-
affinity interaction, a stable 1:1 rF10-SH2 complex could be
recovered by size-exclusion chromatography either in complex with
the Btk SH2 domain alone (Fig. 5c, d) or the full-length Btk protein
(Supplementary Fig. 4b, c).

As other engineered SH2 binders, in particular monobodies29–31,
predominantly target the pY peptide binding site, we first tested
whether the rF10 repebody interferes with pY-peptide binding
using an FP binding assay. Even in the presence of a 20-fold molar
excess of rF10, no competition with pY-peptide binding was
observed (Fig. 5e), indicating that rF10 has a different binding
epitope on the SH2 domain. The observed increased FP signal with
increasing rF10 concentrations is consistent with the formation of a
ternary complex (SH2-pY-peptide-rF10; Fig. 5e).

We next solved the crystal structure of the Btk SH2-rF10
complex at 1.9 Å resolution (Fig. 5f, Supplementary Table 3, PDB
6HTF), which is the first crystal structure of the isolated human
Btk SH2 domain. The overall SH2 domain conformation is very
similar to the previously published NMR structure of human Btk
SH2 domain32 (PDB 2GE9), indicating that rF10 binding does
not result in major conformational changes31,33. Consistent with
the ITC and pY binding assays, the rF10-SH2 crystal structure
indicates that rF10 binds to SH2 domain in a 1:1 interaction and
the interaction does not involve the pY-binding groove. rF10
binds to multiple residues from the SH2 domain BC loop (K322,
S323, G325 and P327) and the C-terminus of the α-helix B (S366
and K374), and it buries a surface area of 2274 Å2 (Fig. 5f). To
further corroborate the rF10 interaction site, a recombinant SH2
containing the XLA mutation K374N in the interface between the
SH2-rF10 showed a ~9-fold decreased affinity (Fig. 5g) compared
to the wild-type SH2 domain.

Superimposition of the Btk SH2-rF10 structure with a
representative SH2-KD structure (MD model C15) revealed
dramatic steric clashes of the KD and rF10 (Fig. 5h, Supplemen-
tary Movie 1). The coincidental strong overlap of the rF10
binding epitope with the proposed Btk SH2-kinase interface led
us to hypothesize that rF10 may abrogate the SH2-KD interaction
and thereby act as an allosteric Btk antagonist. To probe this
hypothesis, we first performed SAXS analysis of rF10 alone and in
complex with several Btk constructs (Supplementary Fig. 4d, e,
Supplementary Table 4). In line with our hypothesis, SAXS-based
reconstructions of rF10-Btk complexes suggests that the con-
formation of SH2-KD is altered and the interdomain interface is
disrupted (Supplementary Fig. 4f). This observation encouraged
us to further investigate the functional effects of the rF10
repebody on Btk activity and signaling in vitro and in cells.

Targeting the SH2-KD interface with rF10 inhibits Btk kinase.
As rF10 was confirmed to bind the Btk SH2 domain, we first
measured the binding affinity of rF10 to recombinant SH2-KD,
SH3-SH2-KD and full-length Btk. rF10 was found to bind all
three proteins with similar low nanomolar affinities (Supple-
mentary Fig. 5a). We next performed in vitro autopho-
sphorylation assays using different recombinant Btk constructs in
the presence of a 2-fold molar excess of rF10 or rNB control
(Fig. 6a, b). rF10 showed a strong inhibitory effect on pY551
autophosphorylation of all tested Btk constructs containing the
SH2 domain (full-length, SH3-SH2-KD and SH2-KD; Fig. 6c, d).
Interestingly, even though the constructs SH3-SH2-KD and full-
length Btk adopt an autoinhibited conformation with low
autophosphorylation activity (Fig. 2c–e), rF10 strongly decreased
their remaining activity (Fig. 6c, d). Consistent with this data also
total pY phosphorylation of Btk was decreased in the presence of
rF10 (Supplementary Fig. 5b–e).

To test the ability of rF10 to act an allosteric Btk inhibitor in
cells, we first tested whether rF10 interacted with different Btk
constructs in mammalian cells. Pull-down assays showed
interactions of rF10, but not of the rNB control repebody, with
all Btk constructs containing the SH2 domain, but not with the
Btk KD alone (Fig. 6e). In the presence of rF10, lower levels of Btk
pY551 and total pY were observed than when equal amounts of
rNB were expressed. Phosphorylation of the KD alone was
unaltered in the presence of repebodies, indicating selective SH2
domain-dependent inhibition of Btk autophosphorylation by
rF10 (Fig. 6f, g and Supplementary Fig. 5f, g). To determine the
effect of allosteric inhibition of Btk by rF10 on kinase activity, we
performed in vitro kinase assays with a substrate peptide
encompassing Tyr-753 of PLCγ2, a canonical Btk substrate. In
the presence of rF10, but not rNB, kinase activity of full-length
Btk was strongly inhibited (Supplementary Fig. 5h).

This data collectively showed that targeting the Btk SH2 with a
repebody binder at the proposed SH2-kinase interface selectively
inhibits Btk activity.

rF10 decreases viability and inhibits Btk signaling of lym-
phoma cells. Finally, we investigated whether targeting the SH2-
KD interface is sufficient to inhibit Btk activity in neoplastic B-
cells. We selected DLBCL cell lines that express wild-type Btk and
are sensitive to ibrutinib (Supplementary Fig. 6a) and transduced
them to inducibly express rF10 or the rNB. Upon induction of
rF10 expression by doxycycline in HBL-1 cells, we observed a
more than 10-fold reduction in cumulative cell numbers as
compared to rNB, all uninduced conditions or parental cells
(Fig. 7a). This was accompanied by a dramatic increase in
apoptosis, comparable to the treatment of parental cells with
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ibrutinib (Fig. 7b). Also in TMD8 cells, a decrease of the cumu-
lative cell numbers were observed (Supplementary Fig. 6b). Cells
in which the SH2-kinase interface is targeted with rF10 remain
sensitive to ibrutinib (Supplementary Fig. 6c). Combined rF10
expression and ibrutinib treatment further increased apoptosis, as
compared to the single perturbations (Supplementary Fig. 6d).

These results indicated that allosteric inhibition of Btk represents
a second targeting mechanism and that combinations with ATP-
competitive drugs might be beneficial.

rF10 expression promotes decreased Btk pY551 phosphoryla-
tion in HBL-1 cells, which could not be recovered by BCR
stimulation using anti-human IgM (Fig. 7c, d). Interestingly, an
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increase in Btk and PLCγ2 protein levels was observed upon rF10
expression, which may suggest a compensatory mechanism to
counteract the activity of rF10 on Btk inhibition (Fig. 7c and
Supplementary Fig. 6e). The rF10 effects on BCR signaling were
also consistent in DOHH2 cells. Here, rF10 expression resulted in
decreased Btk pY551, even upon BCR stimulation, decreased

PLCγ2 phosphorylation on Y1217, one of the two main Btk
phosphorylation sites, as well as strongly decreased in Erk
activation (Fig. 7e).

We next tested whether targeting the SH2-KD interface offers
an alternative approach to target TKI-resistant Btk. Importantly,
rF10 was able to decrease pY551 (Fig. 8a, b) and total pY
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(Supplementary Fig. 7a, b) of Btk C481S SH2-KD expressed in
HEK293 cells and to a similar extent than of wild-type SH2-KD.

To our knowledge, this is the first report of an alternative
mechanism able to inhibit wild-type and drug-resistant Btk by
targeting an allosteric site. Together, we demonstrated that the
SH2-KD interface is critical for Btk kinase activation and a
targetable site to improve therapies of Btk-driven malignancies.

Discussion
While recent studies provided considerable insight on how Btk is
autoinhibited, little is known about the interdomain rearrange-
ments coordinating Btk activation18. Here, we demonstrated that
an unsuspected allosteric interaction between the Btk SH2 and
KD is critical for kinase activation thereby explaining the loss-of-
function phenotype of a subset of XLA mutations in the SH2
domain. Furthermore, we identified and validated the SH2-KD
interface as a unique site for allosteric Btk inhibition using an
engineered repebody protein. To our knowledge, this is the first
alternative targeting strategy for ibrutinib-resistant Btk variants.
The three FDA-approved Btk inhibitors, ibrutinib, acalabrutinib
and zanubrutinib are highly susceptible to resistance development
by mutations of C481 to which these inhibitors covalently bind.
Therefore, the therapeutic exploitation of the Btk SH2-KD
interface for patients with TKI-resistant B-cell malignancies is
highly attractive.

SH2 domains are conserved, abundant domains in proteomes,
and hence difficult to target using small molecules. Small engi-
neered protein binders, in particular monobodies, have emerged
as powerful tools to target SH2 domains of a variety of kinases
and phosphatases and encourage the development of alternative
SH2 inhibitors30,31,33. In particular, recent advances in cyto-
plasmic delivery strategies of protein binders, its combination
with targeted protein degradation and feasibility PROTAC-based
Btk degradation demonstrate progress towards therapeutic
applicability34,35. The combined targeting of different sites on the
same Btk molecule to limit resistance development is likely to
follow the paradigm of the allosteric Bcr-Abl myristoyl pocket
inhibitor asciminib, which abrogates drug resistance when com-
bined with ATP-competitive Bcr-Abl inhibitors36, In addition to

the SH2-kinase interaction, inhibition of dimerization of the PH-
TH domain, which is required for membrane-associated activa-
tion of Btk, was proposed for allosteric targeting although not yet
explored19.

It is important to note that targeting the Btk SH2-KD interface
leads to particularly strong effects in DLBCL cell lines harboring
CD79B ITAM mutations (Y196F in HBL-1 and Y196H in TMD8
cells) that trigger chronic activation of BCR, and are therefore
heavily dependent on Btk signaling to support cell growth. This
may indicate that patients with this genotype might benefit
strongly from allosteric targeting approaches of Btk10. Besides
B-cell malignancies, Btk is an emerging target in autoimmune
diseases, e.g. rheumatoid arthritis. Here, allosteric inhibition of
Btk in Fc receptor (FcRs) signaling in basophils and mast cells
could provide potential therapeutic benefits37.

Previous studies on other Tec kinase members, in particular
Itk, reported an increase in kinase activity in the presence of
protein-interacting domains, including the SH2 domain38,39. This
early mechanistically unexplained observation may hint towards
conservation of the allosteric SH2-kinase interface in all Tec
kinases. Strikingly, residues involved in the Btk SH2-kinase
interface are identical in most other Tec members, but are not
conserved in the Abl and Fes kinase families and residues critical
for the Abl SH2-kinase interaction are not conserved in Tec
kinases6,25 (Supplementary Fig. 7c). This further supports the
notion that allosteric SH2-kinase interfaces in different kinase
families appear to be diverse in terms of location, charge,
hydrophobicity, size, and, importantly, dynamics. The Btk SH2-
KD interaction seems highly dynamic, which precluded crystal-
lization, in contrast to the respective Fes and Abl SH2-KD
constructs25,40, as well as Csk, where both SH2 and SH3 domains
contact the N-lobe41.

Our data also provides a first structural insight on the mole-
cular mechanism-of-action of several SH2 mutations in XLA.
Those may disturb Btk activity by shifting the SH2-KD con-
formation towards a more compact and thus less active kinase
compared to a native elongated conformation. Additional multi-
domain structures including the SH2-kinase linker will poten-
tially capture the preferential position of the SH2 towards the KD,
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and further corroborate the model of SH2-mediated activation of
Tec kinase members.

Our study adds important structural insights into the complex
regulation of Tec kinases, where the SH2 domain plays a critical
role in kinase activation, which is independent of its canonical
function. Disruption of the SH2-KD interface hampers Btk acti-
vation and provides a molecular mechanism that explains a
subset of pathogenic XLA mutations. Finally, the exploration of
the SH2-KD interface as a targetable allosteric site, even in
therapy-resistant Btk variants, provides an attractive approach to
target Btk and potentially other Tec kinases.

Methods
Cell lines and culture conditions. HEK293 (ATCC, CRL-1573) and HEK293T
(ATCC, CRL-3216) cells were cultured in DMEM (Gibco) supplemented with 10%
fetal calf serum (Gibco) and 1% penicillin/streptomycin (Bioconcept). Human
DLBCL cell lines DOHH2, HBL-1 and TMD8 (expressing full-length wild-type Btk
protein) were kindly provided by M. Thome-Miazza (University of Lausanne),
cultured in RPMI-1640 media (Gibco) supplemented with 1 mM L-glutamine
(Gibco), 10% fetal calf serum (Gibco) and 1% penicillin/streptomycin (Bioconcept).
All cell lines were cultured at 37 °C under 5% CO2.

Protein expression and purification. Btk SH2 domains were cloned into the
pETM30 plasmid with an N-terminal 6xHis-GST tag with tobacco etch virus
(TEV) cleavage site, and expressed in E. coli Bl21(DE3). Repebodies were cloned
into the pET21a plasmid (Millipore) with a C-terminal 6xHis-tag, and expressed in
E. coli Origami (DE3). Expression of recombinant proteins was performed over-
night at 18 °C in LB medium after induction with 0.5 mM IPTG at an optical
density of ~0.8. For protein purification, bacteria were harvested in purification
buffer (50 mM Tris pH 7.5, 500 mM NaCl, 1 mM DTT, 5% glycerol, 10 mM imi-
dazole) containing DNase, homogenized using an Avestin Emulsiflex C3 homo-
genizer, followed by lysate clarification through centrifugation. Proteins were first
purified by gravity flow Ni-NTA agarose (Qiagen, 30210) followed by tag cleavage
with recombinant TEV protease in dialysis in buffer (25 mM Tris pH 7.5, 300 mM
NaCl, 1 mM DTT, 5% glycerol). Finally, samples were subjected to size exclusion
chromatography (SEC) on a Superdex 75 16/60 column equilibrated with dialysis
buffer, and peak fractions pooled and analyzed by SDS-PAGE.

For insect cell expression, sequences were cloned into a pFast-Bac-Dual plasmid
(Thermofisher). To obtain unphosphorylated Btk, Flag-tagged Yersinia protein
tyrosine phosphatase (YopH) was simultaneously expressed from the same vector.
Baculoviruses were prepared following the instructions from Bac-to-Bac
Baculovirus Expression System (Thermofisher) protocol. Briefly, pFast-Bac Dual
plasmids were transfected to E. coli DH10B followed by bacmids purification
(PureLink, Invitrogen) and transfection in Sf9 cells using the transfection reagent
FuGene HD (Promega, E2311). Supernatant containing the baculoviruses were
used to produce recombinant proteins in Sf9 cells at density 1.5 × 106 cells mL−1 in
SF-900 SFM (10902-096, Thermo) cultured at 28 °C and 80% air humidity. After
3 days, cells were and resuspended in purification buffer containing 1 mM PMSF,
protease cocktail inhibitor (Roche) and Benzonase (Millipore), and lysed by
sonication. Cleared lysates were purified and tags removed as described above. All
purified proteins could be stored at −80 °C without loss of activity. Absence of
YopH phosphatase activity was reassured by a phosphatase activity assay using
colorimetric PNPP substrate (Thermo) and immunoblotting.

Site-directed mutagenesis. All point mutations were introduced using the
Quikchange II Site-Directed Mutagenesis Kit (Agilent) using primers described in
Supplementary Table 5. Sequence alignments were generated using Geneious
(Biomatters).

Kinase autophosphorylation assay. 1 µM of recombinant Btk proteins were
incubated in Tris 25 mM pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM ATP, 20 mM
MgCl2, 1 mM DTT. For inhibition of autophosphorylation, 2 µM of repebodies
were pre-incubated with 1 µM of Btk proteins for 15 minutes before starting the
reaction upon the addition of 1 mM ATP. Reactions were carried out at room
temperature and stopped at desired time points by adding 2X Laemmli buffer to
each tube, followed by boiling 5 minutes at 95˚C. Samples were immunoblotted
onto a nitrocellulose membrane using a Dot-Blot apparatus (Bio-Rad).

HEK293 transfection. Btk constructs were expressed in HEK293 cells using pCS2-
gateway plasmid containing an N-terminal 6xMyc tag, while repebodies were
cloned into pcDNA3.1 vector and contained a C-terminal Flag tag. Transient
transfections with respective plasmids were performed using Polyfect transfection
reagent (Qiagen). 48 h after transfection, cells were harvested, lysed and samples
further processed for immunoblotting.

Cell lysis and immunoblotting. Cells were lysed in IP buffer (50 mM Tris-HCl pH
7.5, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5 mM EGTA, 25 mM NaF, 1 mM
orthovanadate, 1 mM PMSF, 10 mgmL-1 TPCK and protease cocktail inhibitor
from Roche), and cleared by centrifugation at 14,000 rpm for 10 minutes at 4 °C.
Total protein concentration was measured using Bradford assay (Bio-Rad). All
immunoblotting analysis was performed using 100 μg of total protein. Original
uncropped immunoblots are provided in the Source Data file.

Antibodies. Anti-Total pY (clone 4G10), 1:1000, Millipore # 05-321; anti-Btk
(D6T2C), 1:1000, Cell Signaling # 56044; anti-Btk, 1:1000, Thermo Scientific #
PA5-27392; anti-Btk (pY551)/Itk (pY511) Clone 24a, 1:1000, BD Biosciences #
558034; anti-Btk (pY223), 1:1000, Cell Signaling #5082; anti-p44/42 MAPK
(Erk1/2), 1:1000, Cell Signaling #9102; anti-phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (E10), 1:1000, Cell Signaling #9106; anti-PLCƴ2, dilution 1:1000,
Cell Signaling, #3872; anti-PLCƴ2 (Tyr1217), 1:1000, Cell Signaling #3871; anti-
Flag, 1:5000, Sigma # F3165; anti-Penta-his, 1:5000, Qiagen #34660; anti-PLCƴ2
(Tyr753) [EPR5914-3], 1:1000, Abcam #ab133455; anti-Tubulin, 1:2000, Sigma
#T9026; anti-Myc-tag Myc.A7 DyLight800, 1:10,000, Thermo Scientific #MA1-
21316-D800; anti-mouse IgG IRDye 800CW, 1:10,000, LiCor #926-32210; anti-
Rabbit IgG (H+L) IRDye800, 1:10,000, Rockland #611-732-127; anti-Mouse IgG
(H+L) Peroxidase AffiniPure, 1:10,000, Jackson ImmunoResearch #115-035-003;
anti-Rabbit IgG (H+L) Peroxidase AffiniPure, 1:10,000, Jackson ImmunoResearch
#111-035-003. The full information on primary and secondary antibodies that were
used for the reported experiments is available in the Reporting Summary.

Western blot quantification. Quantification using of fluorescent secondary
antibodies was done using the Li-Cor Odyssey system. ECL prime detection
reagent (RPN2232, GE Healthcare) was used to detect HRP-conjugated antibodies
using the C-digit Blot scanner (Li-Cor). Western blot normalization was done
using total protein signal or loading control (tubulin).

Immunoprecipitation. Immunoprecipitation from HEK293 cell lysates was done
using 1 mg of total protein adjusted to 1 mL volume with IP buffer. Anti-c-Myc
Agarose Affinity Gel (Thermo, A7470) was added to the cell lysates and incubated
for 3 h on a rotating wheel at 4 °C. Beads were subsequently washed three times
with IP buffer and finally boiled in Laemmli buffer for 5 min at 95 °C before
subjected to immunoblotting.

Mass spectrometry. For confirmation of protein identity and phosphorylation
status, recombinant proteins were analyzed on a Xevo G2-S QTOF mass spec-
trometer (Waters) operated in positive ionization using the ZSpray dual-
orthogonal multimode ESI/APCI/ESCi source. Data were processed using Mas-
sLynx 4.1 software and MaxEnt1 application for deconvolution.

B-cell transduction and BCR stimulation. Repebodies containing a C-terminal
Flag tag were cloned into the doxycycline-inducible (Tet-ON) lentiviral vector
pcW57.1 (Addgene) and co-transfected with envelope and packaging plasmids
(pMD2G and pCMVR8.74 respectively, a kind gift from the Trono Lab, EPFL) into
HEK293T cells using the CalPhos Mammalian Transfection kit (Clontech). Len-
tiviruses were concentrated by ultracentrifugation at 30,000xg for 2 h at 16 °C, and
added to lymphoma cell lines, followed by a single spinoculation step at 300g for
60 min at room temperature. On the next day, cell media was replaced and cells
selected using 2 μg mL−1 puromycin. Repebodies were induced by the addition of
2 µg mL−1 of doxycycline. For BCR stimulation, cells at density 5 × 106 cells mL−1

were incubated at 37 °C with 20 µg mL−1 anti-human IgM/G F(ab’)2 from goat
(Jackson ImmunoResearch, 109-006-129 and 109-006-098) in RPMI-1640 media
without calf serum. Cells were then harvested, immediately lysed and samples
further processed for immunoblotting.

Cell viability assays. DLBCL cell lines were treated for 48 h with ibrutinib (con-
centration range 50 nM to 100 µM) and viability assessed using Cell Titer Glow
(Promega). Luminescence was measured in a SpectraMax M5 plate reader (Mole-
cular Devices). DMSO (50 µM) and doxorubicin (10 µM) were used as negative and
positive controls, respectively. To assess the effects of repebodies on the viability of
DLBCL, transduced cells were treated with 2 µg mL−1 of doxycycline to induce
expression of repebodies, and cell number verified using a Casy Cell Counter (OLS
Omni Life Science). Cell density was maintained at 5 × 105 cells mL−1 and regularly
diluted when cell density reached 3 × 106 cells mL−1. Parental (non-transduced) and
non-induced cells were used as control.

Flow cytometry. Transduced cells were seeded in 6-well cell culture plates, treated
with 2 µg mL−1 of doxycycline and/or ibrutinib, and stained for the apoptosis
marker Annexin V. Briefly, treated cells were washed twice with PBS and resus-
pended in Annexin V binding buffer containing Cy5-Annexin V (BD, 559934) and
7AAD (BD, 559927) using instructions from the supplier. Cells were gently dis-
sociated and filtered through a 35 µm nylon mesh before data acquisition in a
Gallios flow cytometer (BD). A minimum of 10,000 gated events were collected for
each sample and data was analyzed using the FlowJo (v10.6) software.
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Molecular dynamics (MD) simulations. System preparation: The Btk SH2-KD
structural model used for our MD simulations was built starting from the X-ray
structures of the apo-KD of Btk (PDB: 1K2P) and SH2 domain (PDB: 6HTF). The
SH2 domain was initially positioned on the top of KD at ~60 Å from it (the
distance is measured considering the center of mass of SH2 and N-lobe of KD).
The linker sequence was manually added by means of Maestro (Schrödinger
Release 2016-1: Maestro, Schrödinger, LLC, New York, 2016) obtaining an
extended configuration (Fig. 3a) and subsequently refined through a scaled MD
simulation run. Firstly, the protein was parameterized by using the Amber 14SB
force field42 and immersed in a TIP3P43 water box having 12 Å of buffer between
the protein and the three edges of the box. The protein was then neutralized by
adding an appropriate number of Cl- ions. After minimization, the protein
underwent to three NVT simulations steps of 500 ps each to gradually reach the
target temperature of 300 K (first step from 0 to 100 K, second step from 100 K to
200 K and last step from 200 K to 300 K). Here, a restraints of 1000 kJ mol−1 nm−2

was applied to backbone and the velocity-rescaling thermostat44 was used. Then,
1 ns of NPT simulation was performed maintaining the restraints and employing
the Parrinello-Rahman barostat45 to reach the target pressure of 1 bar. Finally, to
enhance the sampling of the linker sequence, we performed a 70 ns long Scaled MD
simulations26, using a λ= 0.8, and releasing the restraints for the linker sequence.
Electrostatics were treated with the cutoff method for short-range interactions and
with the Particle Mesh Ewald method46 for the long-range ones (rlist= 1.1 nm,
cutoff distance= 1.1 nm, VdW distance= 1.1 nm, PME order= 4). To obtain the
optimal configuration of the linker sequence, we performed a cluster analysis on
the last 70 ns long trajectory. The centroid of the most populated cluster was then
employed as starting point for the next MD simulations. Both the MD simulations
and cluster analysis were performed by using BiKi LifeSciences suite47.

Scaled MD simulations: We run multiple replicas Scaled MD simulations26 to
enhance the sampling of Btk kinase and speed up the binding events between SH2
and KD. As starting point, we employed the refined structure of the Btk SH2-KD-
linker model (see system preparation section). The equilibrated system was
submitted to 40 replicates ~100 ns long Scaled MD simulations using a λ= 0.9.
Here, restraints were not applied because the high scaling factor enabled adequate
sampling without affecting the overall folding of the system. BiKi LifeSciences
suite47 was used for Scaled MD simulations, using the same settings as in the
system preparation section.

Data Analysis: The final aim of our MD studies is to collect all possible Btk
SH2-KD bound configurations and to determine which is the most likely bound
configuration(s) using both SAXS and mutational studies data. The collected 4 µs-
long scaled MD trajectories resulted in a total of 400,000 frames. From this large
ensemble, we extracted the unique and non-redundant Btk SH2-KD
configurations, using a clustering procedure implemented in BiKi47. The resulting
760 structures were submitted to another cluster analysis to probe the preferred 3D
structural organization of SH2 domain with respect of KD. Also, we run a CRYSOL
analysis48 to compute the χ2 value for each structure, in order to select the SH2-KD
complexes with the best fitting with the experimental SAXS curves.

Development of repebodies. Selection and affinity maturation of human Btk
SH2-specific repebody (rF10) were performed through phage display and a mod-
ular evolution approach as previously described28.

Small-angle X-ray scattering (SAXS). SAXS data were collected at the BM29
beamline (ESRF Grenoble, France). All proteins were measured in buffer con-
taining 25 mM Tris pH 7.5, 300 mM NaCl, 1 mM TCEP and 5% glycerol. A robotic
sample changer carried out the measurement in the batch mode, while in-line SEC-
SAXS was performed using a Superdex S200 Increase 10/300 column (GE
Healthcare) with a flow rate of 0.7 mLmin−1 at room temperature. Acquired data
were averaged and subtracted from an appropriate solvent-blank to produce the
final curve using the ATSAS Suite, EMBL49 and CHROMIXS50. Initial data pre-
processing and reduction were performed using an automatic pipeline. Final
scattering curves were analyzed using PRIMUS for evaluation of molecular
dimensions (Rg)51 and maximum particle dimension (Dmax) using GNOM52.
Moreover, the Porod volume was computed using the Porod invariant53, and the
molecular mass estimated using SAXSMoW 2.054, Bayesian inference approach55
and Volume-of-correlation56. Ab initio models were computed with DAMMIF57.
SREFLEX50 was employed to improve the agreement of flexible multidomain
models to the experimental data. Finally, the flexibility of multidomain complexes
was assessed with Ensemble Optimization Method 2.027. Fitting of models to
experimental data was assessed using CRYSOL48 molecular and superimpositions
performed with the SASpy58. Data collection and structure determination statistics
are described in Supplementary Tables 2 and 4.

Structure determination. Recombinant Btk SH2 and rF10 proteins were mixed at
1:1 ratio and the complex purified with a Superdex 75 column 16/600 (GE
Healthcare) in buffer containing 25 mM Tris pH 7.5, 300 mM NaCl, 1 mM TCEP.
The purified complex was concentrated to ~25 mgmL−1 and crystallized at 18 °C
using the hanging-drop vapor-diffusion method by mixing 1:1 with a solution
containing 1M Tris pH 8.5, 300 mM sodium fluoride, 300 mM sodium bromide,
300 mM sodium iodide, 25% MPD; 25% PEG 1000; 25% PEG 3350. 20% glycerol

was used as a cryoprotectant. X-ray diffraction data was collected at the SLS
Beamline X06DA in the Swiss Lightsource (SLS, Villigen, Switzerland) at a wave-
length of 1 Å and temperature of 100 K. Data collection and structure determi-
nation statistics are described in Supplementary Table 3. Diffraction data was
processed and scaled with the XDS package. The structure was solved by molecular
replacement employing models derived from a previously reported repebody (PDB
5B4P) and Btk SH2 (PDB 2GE9) excluding loop regions. Molecular replacement,
manual model building, B-factor refinement, solvent addition, energy-
minimization and refinement of structures were conducted iteratively using Phaser
and Coot (Phenix version 1.13). Molecular graphics were generated using PyMOL
(DeLano Scientific).

Isothermal titration calorimetry (ITC). Proteins were extensively dialyzed in
buffer containing 20 mM Hepes pH 7.5 and 150 mM NaCl, briefly degassed, and
concentration determined by measuring UV absorbance at 280 nm. ITC mea-
surements were performed on a MicroCal PEAQ-ITC (Malvern) instrument. The
repebody (100 µM) was titrated into SH2 domains (10 µM) at room temperature in
16 steps with 0.49 μL for the first and 2.49 μL for the other steps. Thermodynamic
parameters were obtained using the MicroCal software.

Fluorescent Polarization (FP) binding assays. Btk SH2 WT and mutants were
incubated at several concentrations with 1 µM of FITC-labeled peptide
(ADNDpYIIPLPD) in Tris 40 mM pH 8, 150 mM NaCl and 1 mM DTT. Com-
petitive FP assay was performed using 25 µM of Btk SH2 and 1 µM of peptide
incubated with repebody in a range of 200 µM–20 nM. FP signal was measured
using a SpectraMax M5 plate reader (Molecular Devices) with excitation at 485 nm
and emission at 530 nm in a 96 well black-plate (Greiner).

Multi-angle light scattering analysis (SEC-MALS). Multi-angle light scattering
was used to probe for oligomerization states. All measurements were performed at
room temperature using a Dawn Heleos multi-angle light scattering detector
(Wyatt Technologies) coupled to an SEC column. 80 μL (0.5 mg mL−1) of purified
recombinant protein was injected into a Superdex 75 HR10/30 column (GE
Healthcare) in buffer containing 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM
TCEP, and eluted at a flow rate of 0.5 mLmin−1. Absolute molecular weight and
homogeneity were determined using ASTRA version 5.3 (Wyatt Technologies).

Circular dichroism (CD). Far-UV spectra (190–300 nm) of recombinant Btk SH2
WT and mutants were carried out in buffer containing 10 mM Na-phosphate
buffer pH 7.2 and 100 mM NaF using a 0.1 cm quartz cell and CD Spectrometer
Chirascan V100 (AppliedPhotophysics). Data was acquired at a step size of 1 nm
and bandwidth of 1 nm. 3 scan records for each protein were subtracted from the
background (buffer only) and averaged to generate the data reported in units of
mean molar ellipticity per residue. Melting curve analysis was performed by
measuring proteins at the wavelength corresponding to the peak for the pre-
dominantly ß-sheet SH2 domain (218 nm) in a temperature range from 20 to
94 °C, ramp-rate 1 °C per minute.

In vitro Kinase assay. 2 µM of repebodies were pre-incubated with 1 µM of
recombinant Btk proteins in buffer Tris 25 mM pH 7.5, 150 mM NaCl, 5% glycerol,
20 mM MgCl2, 1 mM DTT in the presence of 50 μM ATP, 7 μCi γ-32P-ATP, and
PLCγ2 peptide carrying an N-terminal biotin (biotin-ERDINSLYDVSR-amide).
Peptide concentrations ranged from 100 μM to 30 μM. Reactions were carried out
on a final volume of 20 µL at room temperature for 20 min and terminated using
10 μL 7.5 M guanidinhydrochlorid. Samples were spotted onto a SAM2 Biotin
Capture membrane (Promega) and further treated according to the instructions of
the manufacturer.

Mapping of Btk autophosphorylation sites. Sample preparation: Recombinant
autophosphorylated Btk SH2-KD was separated by SDS-PAGE and stained with
Coomassie. Bands of interest were excised, in-gel digested in reduced in 10 mM
DTE, 50 mM AB, and then alkylated in 55 mM iodoacetamide, 50 mM AB. After a
washing step, gel extracts were digested with MS Grade Trypsin over-night.
Resulting peptides were finally extracted using a high organic containing solvent
and dried by vacuum centrifugation prior to LC-MS2 measurements or phos-
phopeptides enrichment.

Next, 90% of the extracted peptide was used for phosphopeptides enrichment
step while the remaining 10% was used for sample identification. Titanium dioxide
affinity principle was used for enrichment using home-made titania tips (based on
Thingholm and Larsen 2009). Dried samples were resuspended 0.75% TFA, 60%
acetonitrile, 300 mgmL−1 lactic acid, loaded on tips, and eluted in 0.5%
ammonium hydroxide and 5% piperidine. Samples were acidified and dried down
prior to LC-MS2 measurements.

MS analysis: For the MS detection of phosphopeptides, dried samples were
resuspended in 0.1% TFA and separated by C18 Reverse Phase nano UPLC using a
Dionex Ultimate 3000 RSLC system (Thermo Fischer) connected to an Orbitrap
Elite Mass Spectrometer (Thermo Fischer). Samples were first trapped on a home-
made capillary C18 pre-column and then separated on a C18 capillary column
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(Nikkyo Technos Co; Magic AQ C18; 3 µm - 100 Å; 15 cm × 75 µm ID). Data-
dependent mode was used for MS acquisitions were the 20 most intense parent
ions were selected for subsequent fragmentation by CID. A potential
phosphopeptides m/z inclusion list was also generated and used to maximize
detection chances.

Quantification and statistical analysis. All data reported were analyzed using
Prism 7 (GraphPad) using software-defined fitting models and unpaired t-test
statistical test. Calculated P-values are indicated as non-significant (ns), P ≤ 0.05
(*), P ≤ 0.01 (**), P ≤ 0.001 (***) and P ≤ 0.0001 (****).

Reporting Summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request. The X-ray structure of the rF10-SH2 complex was
deposited at Protein Data Bank, PDB 6HTF [https://www.rcsb.org/structure/6HTF]. Full
SAXS curves and analyzed data for wild-type Btk proteins were deposited at SASBDB
[https://www.sasbdb.org/data] with accession numbers SASDF53, SASDF63, SASDF73,
and SASDF83.
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Supplementary Figure 3, related to Figure 3 and 4. MD and SAXS analysis of Btk wild-type and mutants.
(a) MD simulation for the SH2-KD complex. Obtained clusters of the SH2 positions (several colors) relative to the KD (white).
(b��([SHULPHQWDO�6$;6�GDWD�RI�UHFRPELQDQW�ZLOG�W\SH�%WN�SURWHLQV��7KH�LQGLFDWHG�Ȥ��UHSUHVHQWV�WKH�*120�ILWWLQJ��OLQH��DJDLQVW�
the experimental data (dots) for each construct. See Supplementary Table 2 for details. Raw data is available at SASDB.
(c,d,e) HEK293 cells were transiently transfected with indicated Btk constructs containing an N-terminal 6xmyc tag. Immunoblot-
ting of total cell lysates was performed to assess Btk phosphorylation on Y551 and pY total, and relative phosphorylation normal-
ized to total Btk (Myc-Btk) expression. Tubulin was used as loading control. Data shown in (d) and (e) are the mean ± SD of three 
(n=3) and two technical (n=2) replicates, respectively. P-values relative to Btk WT were calculated using an unpaired t-test.
(f) Residues mutated are shown as red sticks in a representative Btk SH2-KD structure obtained in the MD simulation (C15).
(g) SEC of recombinant mutant Btk purified from Sf9 cells (top). All samples were subjected to MS analysis for confirmation of 
protein identity and unphosphorylated state (>95% for all samples, bottom).
(h) Representative SDS-PAGE analysis of recombinant untagged Btk SH2-KD mutant proteins purified from Sf9 cells.
(i,j,k) In vitro autophosphorylation of Btk SH2-KD mutants performed as described in methods. The levels of total phosphotyros-
ine and total Btk were assessed using immunoblot in a dot-blot apparatus, relative autophosphorylation kinetics plotted overtime 
and normalized to total Btk protein, and relative autophosphorylation velocities obtained from linear fit. Data are the mean ± SD 
of twoindependent experiments (n=6). P-values relative to Btk wild-type (WT) were calculated using unpaired t�WHVW���
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(i,m) Experimental SEC-SAXS data and Dmax of mutant Btk proteins as indicated in (b). See Supplementary Table 2 for details.
(n) Flexibility analysis (EOM 2.0) of Btk WT showing the Dmax of selected conformers (lines) from a representative pool of theoreti-
cal conformations (dot line).
Source data are provided as a Source Data file.
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Supplementary Figure 4, related to Figure 5. rF10 repebody development and SAXS analysis of Btk-rF10 complexes.
(a) The rF10 repebody (cartoon representation, salmon) was developed by randomizing variable sites within leucine-rich 
repeats (LRRV) using phage display and modular evolution approach. The residues from the LRRV1 (red), LRRV2 (magen-
ta), LRRV3 (orange) and LRRV4 (yellow) mediating the binding to Btk SH2 domain are indicated as sticks. The table shows 
the amino acid sequence and binding affinity to the human Btk SH2 domain. Non-binding (N.B.).
(b) Size-exclusion chromatogram (SEC) analysis of full-length Btk alone and mixed with rF10 or rNB control. The FL+rF10 
forms an stable 1:1 complex which shifts to the left.
(c) Peaks isolated from the SEC analysis shown in (b) resolved by SDS-PAGE and stained with Coomassie.
(d,e) Experimental SEC-SAXS data and Dmax� IRU� U)���DORQH�DQG� U)���%WN�FRPSOH[HV��7KH� LQGLFDWHG�Ȥ�� UHSUHVHQWV� WKH�
GNOM fitting (line) against the experimental data (dots) for each respective sample. The table summarizes the particle 
dimensions (Rg and Dmax) and the ± error for the indicated constructs. See Supplementary Table 4 for details.
(f) Dimensionless Kratky plot of rF10 alone and rF10-Btk complexes. Ab initio reconstructions obtained from SAXS (surface 
representation) were superimposed to the indicated crystal/MD structures. For the rF10-SH2-KD and rF10-SH3-SH2-KD 
complexes, rigid body modeling using SASREF was applied to obtain the final models displayed.
Source data are provided as a Source Data file.
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Supplementary Figure 5, related to Figure 6. Functional characterization of the rF10 repebody.
(a) ITC measurement of rF10 repebody to different Btk constructs containing the SH2 domain (SH2-KD, SH3-SH2-KD and 
FL proteins). Top panels show the raw signal from a representative measurement, and bottom panels show the integrated 
calorimetric data of the area of each peak. The continuous line indicates the best fit to the experimental data assuming a 1:1 
binding model. The Kd (± SD) value was calculated from two independent measurements. 
(b) Representative SDS-PAGE analysis of recombinant Btk proteins mixed with rF10 and rNB control repebodies and used 
for autophosphorylation inhibition in vitro.
(c,d,e) In vitro autophosphorylation assay for Btk proteins in the presence of indicated repebodies was performed as 
described in methods. The levels of total phosphotyrosine and total Btk were assessed using immunoblot in a dot-blot 
apparatus. Relative autophosphorylation kinetics in the presence of rF10 (dashed lines) or rNB (continuous lines) repebodies 
plotted overtime and normalized to total Btk protein, and relative autophosphorylation velocities relative to each control 
repebody. Data are the mean ± SD of three independent experiments (n=4). P-values relative to each control rNB repebody 
were calculated using an unpaired t-test.
(f,g) HEK293 cells were transiently co-transfected with indicated Btk constructs and repebodies. Immunoblot was used to 
assess total phosphotyrosine phosphorylation. Quantification of total phosphotyrosine normalized to total Btk (Myc-Btk) 
expression level and relative to control repebody. Data shown are the mean ± SD of three biological replicates (n=4), and 
P-values were calculated relative to each rNB control using an unpaired t-test.
(h��%WN�NLQDVH�DFWLYLW\�DJDLQVW�D�3/&Ȗ��SHSWLGH��(5',16/753YDVSR) in the presence of rF10 or control repebody. Reported 
inhibition (% of inhibition of peptide phosphorylation) from two independent experiments done in duplicates (n=4). P-values 
were calculated relative to each rNB control using an unpaired t�WHVW��
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Source data are provided as a Source Data file.
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Supplementary Figure 6, related to Figure 7. Effect of rF10 in DLBCL cell lines. 
(a) Dose-response for ibrutinib in human DLBCL cell lines. Data points represent the mean ± SD of a representative experi-
ment done in duplicates (n=2). Cellular IC50 was obtained by non-linear regression curve fit analysis.
(b) TMD8 cell line was transduced with a doxycycline-inducible system for expression of repebodies, and cumulative cell 
number monitored upon treatment with 2 µg mL-1 of doxycycline (n=3). Parental cells are non-transduced cells.
(c) Viability of HBL-1 cells inducibly expressing rF10 and rNB control (+Dox) or non induced (-Dox) in the presence of ibrutinib 
was measured after 3 and 5 days using Cell Titer-Glo reagent. Data points represent the mean ± SD of a representative 
experiment done in duplicate (n=2). Cellular IC50 was obtained by non-linear regression curve fit analysis.
(d) HBL-1 inducibly expressing rF10 or rNB control for 5 days in combination with ibrutinib (10µM for 48 hours) were stained 
with 7AAD and Annexin V to analyze apoptosis by FACS. The quantification of early (7AAD-/Annexin V+) and late 
(7AAD+/Annexin V+) apoptotic cells were obtained from two replicates (n=2).
(e��4XDQWLILFDWLRQ�RI�WRWDO�3/&Ȗ��OHYHO�IURP�+%/���LQGXFLEO\�H[SUHVVLQJ�UHSHERGLHV��IODJ�WDJJHG��IRU����KRXUV��%&5�VWLPXOD-
tion and ibrutinib treatment were performed as described in methods. Data shown are the mean ± SD from two biological 
replicates (n=3), and P-values were calculated using unpaired t�WHVW��
3���������Q ���
Source data are provided as a Source Data file.
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a b

Supplementary Figure 7, related to Figure 8 and Discussion. Targeting the Btk SH2-KD interface decreases activation 
of therapy-resistant Btk with mutation on C481.
(a,b) HEK293 cells were transiently co-transfected with indicated Btk-C481S constructs and repebodies. Immunoblot was 
used to assess total phosphotyrosine phosphorylation. Quantification of total phosphotyrosine normalized to total Btk 
(myc-Btk) expression level and relative to control repebody. Data shown are the mean ± SD of two biological replicates (n=3).
(c) Sequence alignment of SH2 domains from human Btk and related kinases. Black squares represent residues highly 
conserved and grey squares show residues relatively conserved. Black asterisk symbol (*) indicates residues mutated in XLA 
patients, while red asterisks are residues mutated in XLA patients and located in the predicted SH2-KD interface.
Source data are provided as a Source Data file.
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SUPPLEMENTARY TABLES 1-5 

 

Supplementary Table 1. In vitro autophosphorylation sites on the Btk SH2-KD protein. 

Site Peptide sequence Location Peptide count 

Y279 SDSIEMYEWYSK SH2 56 
Y282 SDSIEMYEWYSK SH2 56 
Y315 AGKYTVSVFAK SH2 60 
Y334 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 
Y344 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 
Y345 STGDPQGVIRHYVVCSTPQSQYYLAEK SH2 46 
Y361 HLFSTIPELINYHQHNSAGLISRLK SH2 4 
Y375 YPVSQQNK SH2-KD linker 3 
Y392 NAPSTAGLGYGSWEIDPK SH2-KD linker 10 
Y425 WRGQYDVAIK KD 10 
Y461 LVQLYGVCTK KD 2 
Y511 DVCEAMEYLESK KD 4 
Y545 VSDFGLSRYVLDDEYTSSVGSK KD 37 
Y551 VSDFGLSRYVLDDEYTSSVGSK KD 37 
Y571 FPVRWSPPEVLMYSK KD 15 
Y627 VYTIMYSCWHEK KD 6 
Y631 VYTIMYSCWHEK KD 6 

 Total peptide count  444 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. SAXS parameters of human Btk wild-type and mutants. 

Data collection parameters 

nstrument MD29 beamline, ESRF Grenoble - France 

Wavelength (Å) 0.9919  

q-range (nm-1) 0.03563 - 5  

Exposure time (sec) 5 (10 frames x 0.5 sec)  

Temperature (K) 290  

Samples KD SH2-KD SH3-SH2-KD Full-length SH2-KD 
K296E 

SH2-KD 
S371P 

SH2-KD 
D521N 

Measurement mode batch SEC-SAXS batch batch SEC-SAXS SEC-SAXS batch 
Concentration range 
(mg.ml-1) 0.9 – 4.2 100µ at 20.4 0.9 – 9.2 0.4 – 5.5 100µl at 30 100µl at 10.8 0.6 – 1.9 

SASBDB identifier SASDF53 SASDF63 SASDF73 SASDF83 N/A N/A N/A 

Structural parameters 

Rg (nm) from Guinier 2.09 ± 0.02 2.832 ± 0.3 2.62 ± 0.15 4.04 ± 0.03 2.92 ± -0.04 2.64 ± 0.23 2.83 ± 0.07 

I(0)* (cm-1) from Guinier 24.86 ± 0.036 85.5 ± 0.12 44.28 ± 0.056 60.24 ± 0.16 171.59 ± 0.15 8.66 ± 0.075 20.71 ± 0.044 

Rg (nm) from P(r) 2.096 ± 0.0003 2.88 ± 0.0005 2.62 ± 0.0006 4.34 ± 0.0014 2.95 ± 0.0003 2.70 ± 0.03 2.9 ± 0.05 

Dmax (nm) 6.75 ± 0.67 9.6 ± 0.95 8.3 ± 0.83 15.5 ± 1.2 10 ± 1.0 8.5 ± 0.86 10.3 ± 1.2 

Porod volume (nm3) 52.4 65.9 72.44 114.07 66.47 62.53  60.82 
Dry volume calculated 
from sequence (nm3)** 38.468 55.077 63.126 92.784 55.059 55.89 55.076 

Molecular mass determination (kDa) 

From Porod volume 
(Vp/~1.6) 24.9 47.6 40.9 76.1 48.5 39.1 42.7 

From SAXS MoW2*** 28.9 49.7 35.7 65.2 50.9 44.6 46.4 

Bayesian inference 28.9 46.6 41.9 67.1 46.6 42.8 40.2 
From I(0) using Vc 
invariant 28.2 43.5 43.4 65.6 43.7 40.2 42.7 

Calculated from 
sequence**** 31.8 45.5 52.2 76.5 45.5 45.5 45.5 

Number of residues 274 396 452 664 396 396 396 

Software list 

Primary data reduction  Automated pipeline at beamline 

Data processing  PRIMUS (ATSAS v.2.8.0) 

Ab initio analysis  DAMMIN and GASBOR 

Fitting  CRYSOL 

Model refinement  SREFLEX 

Flexibility analysis  EOM 2.0 

Model superimpositions  SASpy plugin for Pymol 

3D graphics images  Pymol (v.1.8.2.1) 

*I(0) values shown in SEC-SAXS measurements vary depending on protein concentration at the analyzed peak, and are therefore not 
normalized to protein concentration. The structural parameters analyzed are independent of this value (i.e., Rg, Dmax, volumes). 
**http://biotools.nubic.northwestern.edu/proteincalc.html 
***SAXS MoW2 
****http://web.expasy.org/ 
 

 

 

 

 

 



Supplementary Table 3. X-ray data. 

Crystal structure 6HTF (rF10-SH2) 

Data collection 

Space group P 21 21 2 

Cell dimensions  

    a, b, c (Å) 145.53, 32.95, 80.63  

    D� E� J (q) (q) 90, 90, 90 

Resolution (Å) 50 (2.1) * 

Rmeas 10.2 (81.1) 

I / VI 12.99 (1.95) 

Completeness (%) 93.93 (84.43) 

Redundancy 3.89 (3.90) 

Refinement 

Resolution (Å) 2.1 

No. reflections 22064 

Rwork / Rfree 0.213 / 0.252 

No. atoms 3041 

     Protein 2915 

     Ligand/ion 0 

     Water 126 

Protein residues 362 

B-factors  

     Protein 40.75 

     Ligand/ion N/A 

     Water 36.85 

R.m.s. deviations  

     Bond lengths (Å) 0.023 

     Bond angles (q) 1.44 

Ramachandran analysis  

     Favored regions 95.53% 

     Allowed regions 4.47% 

     Outliers 0 
*Values in parentheses are for the highest-resolution shell. 

 
 

 

 

 

 

 

 

 

 



Supplementary Table 4. SAXS parameters of Btk-rF10 complexes. 
 

Data collection parameters 

Instrument  MD29 beamline, ESRF Grenoble - France 

Wavelength (Å)  0.9919 

q-range (nm-1)  0.03563 - 5 

Exposure time (sec)  5 (10 frames x 0.5 sec) 

Temperature (K)  290 

Samples rF10 SH2-rF10 SH2-KD-rF10 SH3-SH2-KD-rF10 Full-length-rF10 

Measurement mode SEC-SAXS batch SEC-SAXS batch batch 

Concentration range (mg.ml-1) 100 µl at 14 0.6 – 2.7 100µl at 20 0.4 – 3.6 0.4 – 2.9 

SASBDB identifier N/A N/A N/A N/A N/A 

Structural parameters 

Rg (nm) from Guinier 2.42 ± 0.2 2.6 ± 0.3 3.46 ± 0.12 3.55 ± 0.26 4.48 ± 0.38 

I(0)* (cm-1) from Guinier 37.12 ± 0.06 35.7 ± 0.18 87.82 ± 0.24 61.09 ± 0.19 79.46 ± 0.23 

Rg (nm) from P(r) 2.47 ± 0.006 2.6 ± 0.01 3.52 ± 0.007 3.6 ± 0.01 4.69 ± 0.02 

Dmax (nm) 7.9 ± 0.8 8.2 ± 0.8 11.5 ± 1.2 12.5 ± 1.2 16.9 ± 1.7 

Porod volume (nm3) 50.85 67.4 100.6 116.46 156.04 
Dry volume calculated from 
sequence (nm3)** 37.581 53.569 92.638 100.685 130.345 

Molecular mass determination (kDa) 

From Porod volume (Vp/~1.6) 24.8 37.9 70.4 81.2 100.8 

From SAXS MoW2*** 27.1 41.9 79.5 86.2 116.2 

Bayesian inference 28.2 37.7 67.1 74.3 94.2 

From I(0) using Vc invariant 27.6 39.3 63.5 74.6 89.4 

Calculated from sequence**** 31.1 44.3 76.6 83.2 107.7 

Number of residues 274 391 670 726 938 

Software list 

Primary data reduction  Automated pipeline at beamline 

Data processing  PRIMUS (ATSAS v.2.8.0) 

Ab initio analysis  DAMMIN and GASBOR 

Fitting  CRYSOL 

Model refinement  SREFLEX 

Flexibility analysis  EOM 2.0 

Model superimpositions  SASpy plugin for Pymol 

3D graphics images  Pymol (v.1.8.2.1) 

*I(0) values shown in SEC-SAXS measurements vary depending on protein concentration at the analyzed peak, and are 
therefore not normalized to protein concentration. The structural parameters analyzed are independent of this value (i.e., Rg, 
Dmax, volumes). 
**http://biotools.nubic.northwestern.edu/proteincalc.html 
***SAXS MoW2 
****http://web.expasy.org/ 
 

 

 

 

 

 



Supplementary Table 5. Oligonucleotides used for site-directed mutagenesis. 

 

 
 
 
 
 
 
 
 
 

  
 

 

 

 

Primer name SeqXence 5¶ Wo 3¶ (forZard and reYerse) 

Btk K296E For: GCTGAGCAACTGCTAGAGCAAGAGGGGAAAG 
Rev: CTTTCCCCTCTTGCTCTAGCAGTTGCTCAGC 

Btk Y223F For: GTGGCCCTTTTCGATTACATGCCAATG 
Rev: CATTGGCATGTAATCGAAAAGGGCCAC 

Btk E301K For: GCAAGAGGGGAAAAAGGGAGGTTTCATTGTC 
Rev: GACAATGAAACCTCCCTTTTTCCCCTCTTGC 

Btk R307G For: GGTTTCATTGTCGGCGACTCCAGCAAAGC 
Rev: GCTTTGCTGGAGTCGCCGACAATGAAACC 

Btk K311E For: CAGAGACTCCAGCGAGGCTGGCAAATATACAG 
Rev: CTGTATATTTGCCAGCCTCGCTGGAGTCTCTG 

Btk Q341A For: GTTGTGTGTTCCACACCTGCGAGCCAGTATTACCTGGC 
Rev: GCCAGGTAATACTGGCTCGCAGGTGTGGAACACACAAC 

Btk H364D For: CATTAACTACCATCAGGACAACTCTGCAGGACTC 
Rev: GAGTCCTGCAGAGTTGTCCTGATGGTAGTTAATG 

Btk S371P For: CTGCAGGACTCATACCCAGGCTCAAATATCCAG 
Rev: CTGGATATTTGAGCCTGGGTATGAGTCCTGCAG 

Btk R372G For: CTCTGCAGGACTCATATCCGGCCTCAAATATCCAG 
Rev: CTGGATATTTGAGGCCGGATATGAGTCCTGCAGAG 

Btk K374N For: CTCTGCAGGACTCATATCCAGGCTCAACTATCCAG 
Rev: CTGGATAGTTGAGCCTGGATATGAGTCCTGCAGAG 

Btk K400E For: AGGTCAGGTCCTCTGGATCAATTTCCCATGATCCGT 
Rev: ACGGATCATGGGAAATTGATCCAGAGGACCTGACCT 

Btk T403K For: CCCCAGCTCCTTCAAGAACTTCAGGTCCTTTGGATCAA 
Rev: TTGATCCAAAGGACCTGAAGTTCTTGAAGGAGCTGGGG 

Btk L405E For: CAGTCCCCAGCTCCTTCTCGAAGGTCAGGTCCTTTG 
Rev: CAAAGGACCTGACCTTCGAGAAGGAGCTGGGGACTG 

Btk I429E For: GCCTTCTTTGATCATCTTCTCGGCCACGTCGTACTGGCC 
Rev: GGCCAGTACGACGTGGCCGAGAAGATGATCAAAGAAGGC 

Btk C481S For: GGTAGTTCAGGAGGCTGCCATTGGCCATGTA 
Rev: TACATGGCCAATGGCAGCCTCCTGAACTACC 

Btk D521N For: GTTCCTTCACCGAAACCTGGCAGCTCG 
Rev: CGAGCTGCCAGGTTTCGGTGAAGGAAC 

Btk Y551F For: GGATGATGAATTCACAAGCTCAGTAG 
Rev: CTACTGAGCTTGTGAATTCATCATCC 
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