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Abstract: Bruton’s tyrosine kinase (BTK) plays a key role in B cell receptor signaling and is
considered a promising drug target for lymphoma and inflammatory diseases. We have determined

the X-ray crystal structures of BTK kinase domain in complex with six inhibitors from distinct

chemical classes. Five different BTK protein conformations are stabilized by the bound inhibitors,
providing insights into the structural flexibility of the Gly-rich loop, helix C, the DFG sequence, and

activation loop. The conformational changes occur independent of activation loop phosphorylation

and do not correlate with the structurally unchanged WEI motif in the Src homology 2-kinase
domain linker. Two novel activation loop conformations and an atypical DFG conformation are

observed representing unique inactive states of BTK. Two regions within the activation loop are

shown to structurally transform between 310- and a-helices, one of which collapses into the
adenosine-50-triphosphate binding pocket. The first crystal structure of a Tec kinase family

member in the pharmacologically important DFG-out conformation and bound to a type II kinase

inhibitor is described. The different protein conformations observed provide insights into the
structural flexibility of BTK, the molecular basis of its regulation, and the structure-based design of

specific inhibitors.

Keywords: activation loop; Bruton’s tyrosine kinase; DFG-out; helix C; phosphorylation; protein

crystallography; R406; structure-based drug design

Introduction

Bruton’s tyrosine kinase (BTK) plays a key role in B cell antigen receptor signaling. It is also essential for

multiple signaling pathways in other hematopoietic cell types. After activation by upstream Src family ki-

nases, BTK phosphorylates phospholipase cC which results in calcium mobilization and consequently activa-

tion of NF-jB and mitogen-activated protein kinase signaling pathways. Numerous mutations in BTK have

been reported to cause defects in B cell maturation and mature B cell function resulting in X-linked

Abbreviations: AH, activation loop helical region; ATP, adenosine-50-triphosphate; BTK, Bruton’s tyrosine kinase; IC50, half maximal
inhibitory concentration; Na-HEPES, N-(2-Hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid) sodium salt; SH, Src homology.
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agammaglobulinemia. Inhibition of BTK activity

with small molecules has indicated that BTK is a

potential therapeutic target for the treatment of

inflammatory disorders, autoimmunity, thromboemb-

olism, B-lineage leukemias, and lymphomas.1–4

BTK is a member of the Tec family of nonrecep-

tor tyrosine kinases. It contains an N-terminal pleck-

strin homology domain, followed by a Tec homology,

a Src homology (SH) 3, an SH2, and a C-terminal

protein kinase domain. Activation of BTK is initiated

by phosphorylation of Y551 in the activation loop

(amino acids 542–559) of the kinase domain, followed

by autophosphorylation of Y223 in the SH3

domain.1–4 The first crystal structure of BTK kinase

Figure 1. Four distinct activation loop conformations representing inactive states of BTK. Shown are ribbon representations of

(A) apo form, PDB accession number 1K2P, 2.1 Å resolution, and complexes with (B) B43, PDB accession number 3GEN, 1.6

Å, (C) compound 1, 1.85 Å, and (D) compound 2, 2.55 Å, and molecular surface representations of (E) compound 1 and (F)

compound 2. Ligands bound to the ATP site and selected protein side chains are displayed in ball-and-sticks representation.

AH1: activation loop helical region 1, amino acids 542–547. AH2: activation loop helical region 2, amino acids 549–554.
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domain has previously been reported for the unphos-

phorylated apo form (PDB accession number 1K2P).5

It shows an activation loop that resembles the

reported active state conformation of the phosphoryl-

ated Src kinase family member lymphocyte-specific

protein tyrosine kinase [Fig. 1(A)]. In the BTK apo

structure, helix C (amino acids 439–452) is in a distal

position (‘‘helix C-out’’) associated with the inactive

state of the enzyme. Later, crystal structures of un-

phosphorylated wild-type BTK kinase domain in

complex with the inhibitor B43 (PDB accession num-

ber 3GEN) and the phospho-mimetic Y551E mutant

BTK kinase domain in complex with Dasatinib (PDB

accession number 3K54) were reported.6 B43 stabil-

izes a helix-C out protein conformation where the

fully ordered activation loop is occluding access of the

protein substrate binding site [Fig. 1(B)]. In the

Dasatinib-bound structure of the Y551E BTK mutant

the activation loop is not resolved. Helix C is in the

adenosine-50-triphosphate (ATP)-proximal position

(‘‘helix C-in’’) allowing the formation of the conserved

K430–E445 salt bridge indicative of the kinase active

state. The described BTK–ligand complexes all adopt

the so-called ‘‘DFG-in’’ conformations typical for

kinases complexed with ‘‘type I’’ kinase inhibitors. No

crystal structure of BTK in the ‘‘DFG-out’’ conforma-

tion complexed with a ‘‘type II’’ inhibitor has been

reported. The DFG-out conformation does not allow

ATP binding to the enzyme, and it is often associated

with slow binding kinetics.7–9

Here we report the crystal structures of unphos-

phorylated BTK kinase domain in complex with six

inhibitors that differ in size, shape, and chemical scaf-

fold (Fig. 2). Two novel activation loop conformations

are observed and the first Tec family kinase structure

in the DFG-out conformation is reported. We show

that independent of the phosphorylation state of the

BTK kinase domain, a broad range of conformational

states can be stabilized by different ligands bound

to the ATP pocket. The obtained insights into the

conformational flexibility of BTK further enable the

structure-based design of drugs for the treatment of

inflammatory diseases and cancer.

Results and Discussion

Compound 1 induces collapse of activation
loop into ATP binding pocket

Compound 1, a reported inhibitor of the protein ki-

nases Aurora-A,10 BTK (half maximal inhibitory con-

centration (IC50) ¼ 100 nM) and SYK,11 forms three

hydrogen bonds via its amino-pyrazole moiety to the

BTK hinge region [Fig. 3(A)], similar as observed for

an analogous compound bound to the Tec kinase

family member ITK.12 The phthalazinone core of

compound 1 is stacked between V427 in the N-termi-

nal BTK lobe and G480 in the C-terminal lobe. The

methyl-piperazine group is solvent exposed.

Interestingly, a novel conformation of the activa-

tion loop is stabilized by compound 1. Amino acids

542–547 form a short a-helix and collapse into the

ATP binding pocket [Fig. 1(C)]. In this position, the

side chains of the activation loop residues V546 and

L547 engage in direct lipophilic interactions with

the methyl and isopropyl moieties of compound 1

[Fig. 3(A)]. In the crystal structure of BTK complexed

with the inhibitor B43,6 the equivalent activation

loop residues form a short 310-helix [Fig. 1(B)]. It has

Figure 2. Structural formulas of cocrystallized BTK inhibitors.

IC50 values have been determined using a radioactive

enzyme assay monitoring BTK product formation.27
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been reported that a 310-helix can gradually transform

into an a-helix and vice versa while maintaining a

near-helical conformation throughout.13 The same

transformation occurs for amino acids 549–554. In the

‘‘collapsed’’ compound 1-bound structure reported here

these activation loop residues form a short a-helix
[Fig. 1(C)], whereas the same residues from a 310-helix

in the B43-bound structure [Fig. 1(B)].

The collapsed BTK protein conformation

observed in the compound 1 complex represents an

inactive state of the kinase as it lacks major hall-

marks of active state conformations: the K430-E445

salt bridge is not formed and the activation loop

blocks substrate accessibility [Fig. 1(C)].7–9 The sol-

vent-exposed location of the unphosphorylated Y551

side chain suggests that this activation loop confor-

mation could also be adopted after Y551 phosphoryl-

ation. This is in contrast to the conformation of un-

phosphorylated BTK when complexed with B43,

where Y551 phosphorylation would prevent the

Figure 3. Binding of compounds 1–6 to the ATP pocket of BTK. All protein–ligand and selected protein–protein hydrogen bonds

are indicated as black dashes. 2Fo–Fc electron density maps contoured at 1r around the ligands are displayed in magenta.
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observed inactive state conformation due to electro-

static repulsion between the phosphate group and

the D521 side chain.6

In the discovery of kinase inhibitors for the

treatment of chronic diseases like rheumatoid arthri-

tis, unwanted effects due to off-target kinase activity

are a major obstacle. Knowledge about protein

conformations unique to the kinase(s) to be inhibited

provide a valuable starting point for the structure-

based design of highly specific kinase inhibitors.7–9

The activation loop conformation observed for BTK

when complexed with compound 1 [Fig. 1(C)] has to

our knowledge not been reported for any protein ki-

nase. The loop’s position not only fundamentally

changes the size and shape of the ATP binding

pocket, but also creates two novel binding subpockets

not present in other kinase crystal structures: A

deeply buried subpocket of acidic nature gated by the

side chains of the activation loop residues L547 and

E550, and a surface-exposed subpocket of basic

potential around M596, the catalytic loop residue

R525 and the activation loop residue K558 [Fig.

1(E)]. Both subpockets could be explored for the

structure-based design of inhibitor specificity for

BTK.

Compound 2 (R406) stabilizes

atypical DFG conformation

R788/Fostamatinib, a prodrug of compound 2 (R406),

is an orally bioavailable SYK inhibitor that reduced

disease activity in a phase II clinical trial with rheu-

matoid arthritis patients.14 Compound 2 inhibits

SYK enzyme activity in vitro with an IC50 ¼ 41

nM.15 It has been reported that compound 2 also

inhibits about 15 other kinases with less than

10-fold selectivity.16 Here we show that compound 2

inhibits the activity of BTK with an IC50 ¼ 290 nM.

It is therefore possible yet unlikely that inhibition of

BTK is contributing significantly to the clinical effi-

cacy or adverse events observed for R788/Fostamati-

nib. Compound 2 forms two hydrogen bonds to the

BTK hinge region via its diamino-pyrimidine moiety

[Fig. 3(B)], which is sandwiched between the side

chains of A428 in the N-terminal kinase lobe and

L528 in the C-terminal lobe. The trimethoxy-phenyl

moiety of compound 2 is, partially solvent exposed,

positioned between the side chains of L408 and

G480. The pyrido-oxazinone side chain of compound

2 forms multiple lipophilic interactions with the

Gly-rich loop of BTK.

The overall binding mode and small molecule

conformation of compound 2 bound to BTK are simi-

lar as observed in the crystal structure of compound

2 bound to SYK.17 Major differences between the

BTK and SYK complex structures are additional

interactions in the BTK bound structure between

compound 2 and the fully resolved activation loop

which adopts a so far unreported conformation [Fig.

1(D)]. The side chains of the loop residues L542,

V546, and L547 are in van der Waals contact with

the oxazinone moiety of compound 2, and its NH is

forming a hydrogen bond with the backbone carbonyl

of L542 [Fig. 3(B)]. For the L547 side chain to be

positioned between compound 2 and the C-terminal

kinase lobe [Fig. 1(F)], the DFG tripeptide has to

adopt an atypical conformation. The D539 side chain

is occupying the space filled in the DFG-in conforma-

tion by the F540 side chain. In the atypical DFG

conformation stabilized by compound 2, the F540 side

chain is positioned between the side chains of F517

and the helix C residues E445, V448, and M449.

The activation loop structure stabilized by com-

pound 2 represents yet another inactive state confor-

mation of BTK. Again, the K430–E445 salt bridge is

not formed; instead, the K430 side chain engages in

a hydrogen bond with the R544 backbone carbonyl,

and the helix C residue E445 forms a salt bridge

with the R554 side chain [Fig. 3(B)]. The same salt

bridge is present in the crystal structures of unphos-

phorylated BTK kinase domain in its apo5 [Fig. 1(A)]

and B43-bound6 [Fig. 1(B)] states, even though the

protein main chain arrangements supporting this

salt bridge differ significantly between the three

structures. Both salt bridge residues differ in position

by up to 9 Å while maintaining their interaction. It

has been suggested that the E445–R544 salt bridge

observed in the BTK apo structure plays a role in the

stabilization of the inactive state of BTK.5 The pro-

posed mechanistic model postulates that after

phosphorylation of Y551, R544 switches its binding

partner from E445 to p-Y551, consequently releasing

E445 to engage in the active state salt bridge with

K430. This hypothesis is further strengthened by the

conserved nature of the E445–R544 salt bridge

among structurally distinct inactive state BTK

conformations.

Compounds 3 and 4 bind to the

active state conformation of BTK
Compound 3 belongs to the amino-pyrazole class of

p38a inhibitors.18 It inhibits BTK with modest

potency (IC50 ¼ 3.5 lM). Compound 3 forms two

hydrogen bonds to the BTK hinge backbone and

one with the side chain of the so-called gatekeeper res-

idue T474 [Fig. 3(C)]. The phenyl moiety of compound

3 is positioned in the back pocket between T474 and

the K430–E445 salt bridge. The solvent-exposed

sulfonyl-piperidine-phenyl front group of compound 3

is sandwiched between the N-terminal strand of

the Gly-rich loop and the C-terminal lobe residues

G480/C481.

Compound 4 inhibits multiple protein kinases

including lymphocyte-specific protein tyrosine kinase

and p38a (Goldstein et al., manuscript in prepara-

tion). It is the most potent inhibitor of BTK (IC50 ¼
0.048 lM) described in this article. Compound 4
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binds to the hinge of BTK via its amino-pyrimidine

moiety [Fig. 3(D)]. The dichloro-phenyl group of com-

pound 4 is occupying the backpocket and the phe-

noxy group is sandwiched between L408 and G480.

The diethylamino moiety of compound 4 is highly

solvent exposed and poorly resolved in the electron

density indicating mobility.

The conformations of unphosphorylated, inactive

BTK kinase domain complexed with compounds 3

and 4 are virtually identical and basically the same

as observed in the crystal structure of the phospho-

mimetic Y551E mutant BTK in complex with

Dasatinib.6 This shows that—at least for the isolated

kinase domain—activation loop phosphorylation is

not a prerequisite for BTK to adopt the active state

conformation characterized by the conserved K430–

E445 salt bridge.

Compound 5 induces the helix C-out

conformation of BTK
Compound 5 (IC50 ¼ 7.2 lM) belongs to the phe-

noxy-pyridone class of p38a inhibitors (Goldstein

et al., manuscript in preparation). It binds to the

BTK hinge region in the same way as the structur-

ally related but �100-fold more potent compound 4

[Fig. 3(D,E)]. Compound 5 contains an additional ox-

ygen linker atom between the bicyclic core and the

halogen-substituted phenyl side chain (Fig. 2). In

p38a, inhibitors with this linker addition induce a

rotamer switch of the threonine gatekeeper residue,

allowing the phenoxy side chain to enter into an

enlarged back pocket (Goldstein et al., manuscript in

preparation). This conformational change has been

observed in p38a for several inhibitor classes.19 In

BTK, however, the phenoxy side chain of compound

5 does not induce a rotamer switch of the gatekeeper

residue T474, and consequently it cannot enter into

an enlarged back pocket. Instead, the phenoxy side

chain of compound 5 is protruding into the DFG

region of BTK [Fig. 3(E)]. It causes a S538 rotamer

switch and induces the helix C-out conformation. By

steric hindrance, the phenoxy moiety of compound 5

prevents the helix C side chain E445 from forming a

salt bridge with K430 as observed for the shorter

compound 4 [Fig. 3(D)]. Consequently, the helix C-in

conformation is not accessible when compound 5 is

bound to BTK. Interestingly, addition of a single

oxygen atom linker to the bound inhibitor shifts

BTK from an active to an inactive state conforma-

tion. In p38a, however, the same linker atom has

very different structural consequences.

Compound 6 binds to DFG-out
conformation of BTK

It has been postulated that type II protein kinase

inhibitors that bind to the DFG-out conformation

provide a better starting point for the design of

highly specific inhibitors compared to type I inhibi-

tors that bind to the DFG-in conformation.7–9 Here

we describe the first crystal structure of a Tec kinase

family member binding a type II kinase inhibitor and

adopting the DFG-out conformation. Compound 6, a

type II Src kinase family inhibitor of the azabenzimi-

dazole class20 inhibits BTK with IC50 ¼ 5.6 lM. It

binds to the kinase hinge sequence via its azabenzi-

midazole core [Fig. 3(F)]. The directly attached

phenyl ring is sandwiched between L408 and G480.

Interestingly, this feature is shared by all structures

described in this article, despite the broad range of

hinge-binding chemical scaffolds [Fig. 3(A–F)]. The

tolyl moiety of compound 6 is positioned between the

side chains of the gatekeeper residue T474 and K430

[Fig. 3(F)]. The adjacent primary amide linker forms

hydrogen bonds with the BTK side chains E445 and

S538. The terminal styrene moiety of compound 6

induces the DFG-out conformation by displacing the

F540 side chain.

Compounds 1–6 bind to ‘‘active’’

WEI conformation

The W395A mutation in the conserved WEI

sequence (amino acids 395–397) of the SH2-kinase

linker region has been shown to dramatically

reduce BTK kinase activity.21 Based on comparison

with crystal structures of Src family kinase mem-

bers it has been proposed that the WEI conforma-

tion observed in the Dasatinib-bound BTK struc-

ture represents an active state while the WEI

conformation observed in the B43-bound structure

represents an inactive state. This hypothesis was

further supported by the fact that B43 was cocrys-

tallized with unphosphorylated BTK kinase domain

while phospho-mimetic Y551E mutant BTK was

required to cocrystallize Dasatinib.6 Interestingly,

in the six crystal structures reported here, the WEI

sequences adopt the conformation assigned to the

active state of BTK. Considering that these struc-

tures were determined with unphosphorylated

BTK, and considering the lack of correlation

between the observed WEI conformation and the

conformations of other regulatory elements like he-

lix C or the activation loop, assignment of BTK

activation states due to WEI conformations seems

difficult.

Conclusions

The crystal structures of BTK kinase domain in

complex with six distinct ATP competitive inhibitors

described here demonstrate that bound small mole-

cules can stabilize diverse kinase protein conforma-

tions. The stabilization of kinase conformations can

occur independently of the phosphorylation state,

presence of regulatory domains, or physiological

binding partners. We consider this a property of pro-

tein kinases in general and not a phenomenon spe-

cific to BTK. The diversity of protein conformations
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observed with different bound inhibitors highlights

the challenge of drawing meaningful conclusions

from comparisons of X-ray crystal structures of any

kinase where in addition to the parameter of inter-

est, for example, phosphorylation, the bound ligand

is varied.

The BTK–ligand structures reported here, in

combination with previously known structures,5,6

illustrate that BTK can be stabilized in at least four

distinct protein conformations all representing cata-

lytically inactive states. Which of these conformations

are physiologically relevant for the regulation of BTK

activity in vivo remains to be determined. The struc-

tural information we and others provide can serve as

starting point for further investigations.

In general, the different BTK conformations

stabilized by diverse inhibitors demonstrate that

cocrystallization with ligands of different shapes,

sizes, and chemical scaffolds can be an excellent tool

to explore the conformational flexibility of a protein

at near-atomic resolution. ATP binding pockets that

differ significantly in shape, size, and electrostatic

potential have been revealed for BTK, providing a

rich set of targets for the structure-based design of

small molecule inhibitors. The availability of a

diverse ensemble of experimentally determined BTK

protein structures significantly increases the chance

to successfully dock small molecule BTK inhibitors

for which no complex crystal structures have been

reported, for example, the leflunomide metabolite

analog LFM-A13.22

Materials and Methods

Protein production

Full-length BTK cDNA was used to amplify the

region encoding the kinase domain with boundaries

of 387–659 by polymerase chain reaction. The prod-

uct was cloned into a baculovirus transfer vector

derived from pVL1392 that was modified to confer a

6x-histidine tag and tobacco etch virus protease

cleavage site. The truncated BTK gene was confirmed

by DNA sequencing and cotransfected into Sf-9 cells

with Baculogold-Bright baculovirus DNA. Baculovi-

rus was expanded by subsequent passages in increas-

ing size of culture. Small-scale expression analysis

was performed during virus expansion by small-scale

purification of expressed BTK protein by PhyTip im-

mobilized metal ion affinity chromatography.

For large-scale expression, Sf-9 cells were grown

to 1.0–1.5 � 106 cells/mL in Sf-900 II SFM medium

(Invitrogen) at 27�C and infected with recombinant

Baculovirus at 0.3 multiplicity of infection. Follow-

ing infection, the culture was supplemented with 4%

virus feed solution consisting of 1.25% glutamine,

12.5% chemically defined lipid concentrate (Invitro-

gen) and 12.5� Yeastolate (Invitrogen). Cells were

harvested 3 days postinfection at 4000 rpm for

10 min in a Sorvall RC12BP centrifuge. Sf-9 cell

pellets were suspended in lysis buffer [50 mM N-(2-

Hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid)

sodium salt (Na-HEPES) (pH 8.0), 300 mM NaCl,

10% glycerol, 1 mM dithiothreitol supplemented

Table I. Statistics for X-ray Data Processing and Model Refinement

Compound 1 2 3 4 5 6

PDB accession no. 3PIX 3PIY 3PIZ 3PJ1 3PJ2 3PJ3
Data processing
Cell dimensions
a (Å) 70.0 70.9 71.3 71.7 71.4 71.6
b (Å) 104.4 105.0 105.3 104.8 104.8 105.4
c (Å) 38.0 38.1 38.1 38.2 38.0 38.1

Wavelength (Å) 0.9795 0.9795 0.9795 0.9804 0.9795 1.0000
Resolution (Å) 40.00�1.85 40.00�2.55 40.00�2.20 40.00�2.00 50.00�1.75 40.00�1.85
Total no. reflections 376,882 98,448 171,910 251,581 197,275 504,429
No. unique reflectionsa 22,572 (1492) 9,339 (805) 13,820 (909) 20,034 (1881) 27,449 (1755) 24,080 (1560)
Multiplicitya 5.2 (3.6) 4.9 (3.3) 4.0 (2.1) 6.9 (5.0) 3.9 (2.2) 5.7 (1.8)
Completeness (%)a 92.6 (63.2) 95.4 (85.5) 91.6 (61.8) 99.6 (96.8) 92.7 (60.0) 95.0 (63.1)
I/r(I)a 13.7 (2.1) 6.1 (2.1) 9.0 (2.3) 13.2 (2.8) 15.6 (2.4) 8.4 (1.9)
Rsym

a,b (%) 7.6 (44.8) 18.1 (50.3) 13.5 (27.8) 13.5 (39.3) 6.7 (23.5) 15.7 (71.7)
Refinement
Resolution (Å) 37.96�1.85 38.04�2.55 38.04�2.21 59.2�2.00 42.22�1.75 38.12�1.85
No. reflections 21,384 8860 13,089 18,971 26,007 22,792
No. atoms 2373 2227 2123 2213 2220 2114
Rcryst

c (%) 22.7 22.5 22.5 22.1 22.9 23.3
Rfree

c (%) 26.6 29.5 28.2 25.7 26.3 25.4
Rmsd bond length (Å) 0.007 0.014 0.008 0.007 0.006 0.007
Rmsd bond angles (�) 1.09 1.49 1.01 0.98 0.96 0.95
Mean B value (Å2) 30.0 28.3 38.6 24.7 31.6 29.7
Water molecules 148 38 72 174 142 96

a Number in parenthesis are values for the highest of 10 resolution shells.
b Rsym ¼ Rhkl |hIi – I|/Rhkl|I|.
c Rcryst ¼ Rhkl|hFoi – Fc|/Rhkl|Fo|. Rfree is calculated the same way using a random 5% test set of reflections.
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with 1� Roche complete protease inhibitors] at a ra-

tio of 100 mL buffer to each pellet from a 1-L cul-

ture. The cells were then lysed on ice by passing

through a microfuidizer (Microfluidics) at a pressure

of 80 psi. Most cell debris was removed by centrifu-

gation at 250,000g.

Two 1 mL metal affinity columns (Nickel

HiTrap columns, Life Technologies) were linked in

tandem and equilibrated with lysis buffer supple-

mented with 20 mM imidazole but not protease

inhibitors. The lysate from 1 to 2 L of culture

fluid was loaded onto the columns at a flow rate

of 1 mL/min. Once the lysate was loaded and the

column washed with the equilibration buffer until

the UV adsorption returned to baseline levels,

tobacco etch virus protease (2000 U in 2 mL equil-

ibration buffer) was loaded onto the columns. The

mobile phase flow was stopped, and the columns

were incubated overnight at room temperature to

release the bound BTK from its polyhistidine tag.

A third 1 mL Nickel HiTrap column, which had

been washed with equilibration buffer, was placed

downstream of the columns treated with protease

to capture any BTK that remained uncleaved. Pro-

tein that was washed from all three columns was

collected in 0.5 mL fractions. All fractions contain-

ing protein, as judged by UV adsorption, were col-

lected and pooled. A Superdex 200 16/60 size exclu-

sion column (Life Technologies) was equilibrated

with buffer [50 mM HEPES (pH 8), 250 mM NaCl,

5% glycerol, 10 mM MgCl2, and 2 mM dithiothre-

itol]. BTK from the metal affinity columns were

loaded onto the size exclusion column at a flow

rate of 1 mL /min. After collecting 30 mL buffer in

2 mL fractions, peak fractions were pooled. The

pools that contained BTK were concentrated to 10

mg/mL and flash frozen at �80�C.

Crystallization, data collection and processing

Two hours prior to crystallization, BTK protein at

10 mg/mL concentration was incubated on ice with

10 mM tris(2-carboxyethyl)phosphine (pH of 100

mM stock solution adjusted to 7.0 with NaOH), 0.52

mM inhibitor, and 2.6% dimethyl sulfoxide. BTK

crystals were obtained at 20�C in hanging drops by

mixing 0.5 lL of protein solution with 0.5 lL of

0.1M Na-HEPES (pH 8.0), 33% PEG3350. Crystals

were prepared for flash cooling by gradually

exchanging the crystallization drop solution to 20%

glycerol, 27% PEG3350, 0.08M Na-HEPES (pH 8.0),

and 0.1 mM inhibitor.

Synchrotron data collection was provided by Re-

ciprocal Space Consulting, LLC (Oakland, CA) at

beam line 9-2 of the Stanford Synchrotron Radiation

Laboratory (Palo Alto, CA) and beam line 5.0.2 of

the Advanced Light Source (Berkeley, CA) using

ADSC Quantum 315 CCD detectors. The diffraction

images were processed with DENZO, and the inten-

sities were scaled with SCALEPACK.23

Molecular replacement, structure refinement,
and model building

The structure of the first BTK–ligand complex was

solved with the molecular replacement program

PHASER24 using the crystal structure of murine

BTK kinase domain5 (PDB accession number 1K2P)

as search model. The solution found was a BTK

monomer in space group P21212 with the unit cell

dimensions a ¼ 71 Å, b ¼ 105 Å, and c ¼ 38 Å. The

same crystal form has also been obtained for a BTK

kinase domain variant containing eight additional

amino acids at the N-terminus.6 The model was

refined against the experimental data, and electron

density maps were calculated using REFMAC5.25

Subsequent BTK–ligand structures were determined

by rigid body refinement. The structure models were

built with the graphics software MOLOC.26 Statis-

tics on data processing and structure refinement

are listed in Table I. Illustrations of the final BTK

crystal structures were created using the PyMOL

Molecular Graphics System (Schrödinger, LLC).
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