Structures of human Bruton’s tyrosine
kinase in active and inactive
conformations suggest a mechanism of
activation for TEC family kinases
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Abstract: Bruton’s tyrosine kinase (BTK), a member of the TEC family of kinases, plays a crucial
role in B-cell maturation and mast cell activation. Although the structures of the unphosphorylated
mouse BTK kinase domain and the unphosphorylated and phosphorylated kinase domains of
human ITK are known, understanding the kinase selectivity profiles of BTK inhibitors has been
hampered by the lack of availability of a high resolution, ligand-bound BTK structure. Here, we
report the crystal structures of the human BTK kinase domain bound to either Dasatinib
(BMS-354825) at 1.9 A resolution or to 4-amino-5-(4-phenoxyphenyl)-7H-pyrrolospyrimidin-
7-yl-cyclopentane at 1.6 A resolution. This data provides information relevant to the development
of small molecule inhibitors targeting BTK and the TEC family of nonreceptor tyrosine kinases.
Analysis of the structural differences between the TEC and Src families of kinases near the
Trp-Glu-lle motif in the N-terminal region of the kinase domain suggests a mechanism of

regulation of the TEC family members.
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Introduction

Bruton’s tyrosine kinase (BTK) is a member of the
TEC kinase family, nonreceptor tyrosine kinases
that play important roles in T-cell receptor-, B-cell
receptor-, and Fcy-receptor-mediated signaling. BTK
participates in signal transduction from B-cell anti-
gen receptors resulting in phospholipase C-y2-medi-
ated calcium mobilization! which, in turn, affects
pre-B-cell functional maturation and expansion.
Since BTK is required for B-cell function, it is an im-
portant target for the potential treatment of inflam-
matory diseases that involve B-cell activation. Muta-
tions in the human BTK gene are responsible for
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Figure 1. BTK-KD Y551E/Dasatinib crystal structure. A: Chemical structure of Dasatinib. B: Electron density (2Fo-Fc map at
1 sigma) for Dasatinib within a surface representation of the BTK protein in the human BTK-KD-Y551E/Dasatinib complex. C:
Overall view of the BTK kinase domain bound to Dasatinib. Inhibitor (magenta), amino-terminal lobe (green), carboxy-terminal
lobe (gray), C-helix (red), hinge (blue), and activation loop (yellow). D: Close-up of the active site and residues within 5 A of
the bound Dasatinib. The surface is colored according to the convention of base (blue) and acid (red).

X-linked agammaglobulinemia (XLA), a male immu-
nodeficiency that results in a deficit of mature B
cells and serum immunoglobulin.>?

Several compounds that inhibit BTK kinase ac-
tivity in biochemical assays have been described in
the literature and differ in their kinase selectivity
profiles. One weak compound, LFM-A13 (a-cyano-f-
hydroxy-p-methyl-N-(2,5-dibromophenyl)-propena-
mide) is a BTK inhibitor with an IC5y of 2.5 uM in a
biochemical assay, but also inhibits PLK3 and
JAK2.4% However, it was found to be somewhat spe-
cific for BTK, exhibiting 100-fold higher ICsq values
for related tyrosine kinases such as JAK1, HCK,
EGFR, and insulin-receptor kinase (IRK).” Another
compound, Dasatinib ([N-(2-chloro-6-methylphenyl)-
2-(6-(4-(2-hydroxyethyl)piperazin-1-yl)-2-methylpyri-
midin-4-ylamino)thiazole-5-carboxamide] or BMS-
354825) [Fig. 1(A)], originally used to target BCR-
Abl, has been shown to bind to BTK with an ICsq of
5 nM® but also binds to other kinases such as SRC
family members (HCK, SRC, and CSK), and ephrin
receptors, FGR, PDGFRo, and YES.® BTK was iden-
tified as a target of Dasatinib through pull-down
experiments in the CML cell line K562.8 The revers-
ible Celera compound, 3-cyclopentyl-1-(4-phenoxy-
phenyl)-1H-pyrazolo pyrimidin-7-amine,'° was recently
described by Pan et al.'' as a potent inhibitor of
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unphosphorylated BTK (8.2 nM ICs, in a biochemical
assay). However, it also inhibits Lck and Src with IC5,
values of 2 and 70 nM, respectively.'® It is chemically
similar to the commercially available 4-amino-5-(4-
phenoxyphenyl)-7TH-pyrrolo[2,3-d]pyrimidin-7-yl-cyclo-
pentane [B43; Fig. 2(A)] described as a potent inhibitor
of Lck.!2 Finally, an irreversible inhibitor from
Pharmacyclics'' is currently in Phase I for B-cell
lymphomas. It is expected to bind irreversibly to
Cys481 in the BTK kinase domain active site (0.72 nM
IC5¢ in a biochemical assay) and its selectivity profile is
better than the reversible binder because it exhibits
greater selectivity against Lck, which lacks this
cysteine (>1000-fold selectivity in a biochemical assay).
Future design of potent, specific BTK inhibitors would
be facilitated by the structures of these compounds
bound to BTK, to discern whether there are
regions surrounding the ligand that are unique to this
kinase.

BTK is composed of several domains: an N-ter-
minal pleckstrin homology (PH) domain, a proline-
rich TEC homology domain, two SRC homology
domains (SH3 followed by SH2), and a C-terminal
kinase domain (BTK-KD). Mutations in all domains
of human BTK have been found to lead to XLA and
missense mutations have been found in all domains
except for the SH3 domain.'® Structures have been

Crystal Structures of Human BTK Kinase Domain
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Figure 2. BTK-KD/B43 crystal structure. A: Chemical structure of B43. B: Electron density (2Fo-Fc map at 1 sigma) for B43
within a surface representation of the BTK protein in the human BTK-KD-B43 complex. C: Overall view of the BTK kinase
domain bound to B43. Inhibitor (green), amino-terminal lobe (green), carboxy-terminal lobe (gray), C-helix (red), hinge (blue),
and activation loop (yellow). D: Close-up of the active site and residues within 5 A of the bound B43. The surface is colored
according to the convention of base (blue) and acid (red). The active site cysteine is shown with a yellow surface.

solved for the kinase domains of apo-murine BTK’
and human ITK,* but a high-resolution structure of
a full-length protein with regulatory domains is not
available. Low-resolution structures of BTK solved
by small angle X-ray scattering have revealed an
extended, linear arrangement of the SH3, SH2, and
kinase domains, which contrasts with structures of
autoinhibited full-length Src and Abl kinases in
which a more compact arrangement of the SH2 and
SH3 domains allows for the SH2 domain to bind
near the C-terminal tail of the kinase domain.'®
Structural studies of the Src family of tyrosine ki-
nases have revealed that these proteins can adapt
two conformations: an autoinhibitory state of the
protein, referred to as an “assembled regulatory do-
main” conformation, and an active, more open, struc-
ture, where the SH2 domain does not interact with
the unphosphorylated C-terminal tail.*®

Here, we describe the 1.94 A resolution crystal
structure of the human BTK-KD Y551E mutant
bound to Dasatinib and a 1.6 A resolution crystal
structure of the unphosphorylated human BTK-KD
bound to B43. We observe that the two structures
differ in the orientation of the C-helix, similar to
conformational changes observed in Src kinase fam-
ily members that are locked into active or inactive
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states. Both BTK-KD structures reveal ordered den-
sity for the WEX motif at the N-terminus of the ki-
nase domain, where X is a hydrophobic residue. The
location of the tryptophan side chain at the base of
the C-helix provides an explanation for how the
WEX motif acts as an important regulatory element
for the TEC family of kinases, similar to its role in
regulation of the Src family of kinases, and suggests
that the two families have a similar mechanism of
regulation.

Results

Protein purification and characterization

BTK-KD and BTK-KD Y551E were purified to ~95%
purity using a simple, three-step process utilizing
two successive glutathione-Sepharose chromatogra-
phy steps followed by size exclusion chromatography.
Mass spectrometry indicated that the majority of
the wild-type BTK-KD and BTK-KD Y551E was
intact and unphosphorylated (wild-type calculated
mass = 32,641.6 Da, measured mass = 32,643 Da;
mutant calculated mass = 32,607.5 Da, measured
mass = 32,609 Da), although 2 and 8%, respectively,
were missing the first 4 N-terminal residues (wild-
type calculated mass = 32,317.2 Da, measured mass
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= 32,319 Da and mutant calculated mass = 32,283.2
Da, measured mass = 32,285 Da).

Crystal structures

The crystal structures of BTK-KD Y551E/Dasatinib
and BTK-KD/B43 complexes were determined using
1.94 A diffraction data (Rge. = 25.8%) and 1.6 A dif-
fraction data (Rgee = 23.1%), respectively (Table I).
The electron density maps clearly revealed the posi-
tions of the ligands. Figure 1(B) depicts the electron
density for Dasatinib and Figure 2(B) reveals the
electron density for B43.

The human BTK-KD-Y551E/Dasatinib complex
structure exhibits a “C-helix in,” active conformation
in which the catalytic lysine forms H-bonds to
Glu445 of the C-helix [Fig. 1(C,D)]. The bilobal fold
of the BTK KD is similar to that reported for other
tyrosine kinase structures: the N-terminal lobe (resi-
dues 392-473) consists of five antiparallel B-sheets
and two o-helices and contains the glycine-rich loop
that covers the active site. The C-terminal lobe (resi-
dues 482-659) consists of nine o-helices and two
B-strands and the activation loop. Finally, the hinge
region (residues 474-481) connects the two lobes of
the kinase and contains the active site cysteine
(Cys481). The ordered region of the Dasatinib coc-
rystal structure encompasses residues 392-658 but
electron density for parts of the activation loop (resi-
dues 542-558) and residues 435-441 is not visible.
However, the DFG-portion of the activation loop is
visible and is in the so-called “DFG-in” conformation.

The unphosphorylated BTK-KD/B43 cocrystal
structure, in contrast, displays a “C-helix-out” inac-
tive conformation [Figs. 2(C) and 3(B)]. Most of the
kinase is ordered except the tip of the glycine rich
loop (residues 410—414). The activation loop displays
a “DFG-in” conformation and is completely ordered.
It is composed of two alpha helices, in which Arg544
within the first helix of the activation loop forms a
salt bridge to Glu445 of the C-helix.

Dasatinib interactions

Dasatinib makes several hydrogen bonds to the
hinge and occupies a hydrophobic pocket behind the
Thr474 gatekeeper residue [Fig. 1(B,D)]; similar to
the previously reported structures of Dasatinib-
bound Abl (PDB ID: 2GQG),'” Lyn (PDB ID:
27ZVA),*® and cSrc (PDB ID: 3G5D).'® Its H-bond
interactions to the hinge are described in Figure
1(D), including interactions with the backbone car-
bonyl and amide of 477, water-mediated interactions
with the Tyr476 side chain, and an interaction
between the Thr474 side chain and the compound
amide nitrogen. The glycine-rich loop of BTK-KD
curls toward Dasatinib to form a hydrophobic inter-
action with Phe413 [Fig. 1(D)]. The ortho-chloro,
methyl phenyl substituent of Dasatinib is twisted to
enter a hydrophobic pocket, composed of both hydro-
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Table I. Data Collection and Refinement Statistics

BTK-KD
BTK-KD/B43 Y551E/Dasatinib
complex complex
Data collection
Space group P2,2,2 P2,2:2
Cell dimensions
a @ 72.5 73.4
b (A) 104.3 104.6
¢ (A) 38.0 38.1
Wavelength (A) 1.54 0.98
Resolution (A) 50-1.6 50-1.94
Rgym (%)* 8.0 (36.3)* 8.3 (61.9)
I/s(1)? 18.5 (4.6)* 32.1(3.3)
Multiplicity 3.8 (4.1)* 6.8 (6.6)
Total no. reflections/no. 405,732/39,020 490,862/22,496
unique reflections
Completeness (%)* 98.1 (98.5)* 99.2 (99.2)
Refinement
Resolution (A) 24.5-1.6 28.4-1.94
No. reflections 36,293 21,141
Ryork (Reree)” (%) 19.2 (23.1) 19.9 (25.8)
No. molecules per 1 1
asymmetric unit
No. atoms
Protein 2161 2016
Ligand 28 33
Water X 495 164
Average B-factors (A°)
Protein atoms 25.8 23.4
Ligand 30.5 41.7
Water 53.5 35.7
R.m.s.d
Bond lengths (A) 0.007 0.024
Bond angles (°) 1.14 2.05
Ramachandron plot
% Allowed 98.5 98.2
% Generously allowed 1.5 14
% Not allowed 0 0.4

Rsym =X IIhkl — <Ihk1> l/ZIhkl

2 The value in parentheses is for the highest resolution bin
(approximate interval, 0.1 A).

P Rooe = Shaa! |Fy — |F.| 1/SLyq|F,| for all data except
5%, which is used for the Rg... calculation.

phobic and hydrophilic residues Met449, Val458,
Leu460, I1e472, Lys430, Glu445, and Ser538. Finally,
Glu445 of the C-helix forms a salt bridge with the
catalytic Lys430; the epsilon amino group of this
lysine is poised to make a pi-cation interaction with
the Dasatinib ortho-chloro, methyl phenyl ring [Fig.
1(D)].

B43 interactions

The B43 compound makes several hydrogen bonds
to the hinge and occupies a hydrophobic pocket
behind the Thr474 gatekeeper residue [Fig. 2(D)].
The 4-amino pyrrolopyrimidine of B43 occupies the
position of the adenine ring of ATP and the cyclopen-
tyl ring occupies the space generally occupied by the
ATP ribose in typical protein kinase structures. The
4-amino pyrrolopyrimidine makes many interactions
with the hinge; the exocyclic amine directly interacts

Crystal Structures of Human BTK Kinase Domain



Figure 3. Differences between the “inactive” B43 and “active” Dasatinib-bound conformation of BTK. A: Overlay of BTK-KD
bound to B43 (green), ITK bound to staurosporin (magenta, PDB ID: 1SNU) and P38a (yellow, PDB ID: 1P38). This indicates
that the larger phenylalanine gatekeeper of ITK compared to the Thr474 gatekeeper of BTK prevents B43 from binding. It also
indicates that the shorter hinge of P38a blocks the B43 binding site. B: Overlay of B43 structure (green) and Dasatinib
structure (magenta) indicates that they superimpose well near the hinge but differ near the C-helix, resulting in a shift of >10
A in the conformation of the Glu445 side chain and the residues that surround the hydrophobic back pocket.

with the gatekeeper Thr474 hydroxyl and the back-
bone carbonyl of 475, the N-3 of the pyrimidine
accepts a hydrogen bond from the backbone amine
of Met477, and the N-1 of the pyrimidine forms a
water-mediated hydrogen bond network to the
hydroxyl of Tyr476 and the backbone carbonyl of Ala
478 (Fig. 2). The distal phenyl group of the phenoxy-
phenyl is twisted 38° out of plane of the phenyl-
ether, such that it enters a hydrophobic pocket com-
posed of only hydrophobic residues, Phe442, Met449,
Leu460, Ile472, Phe540, and Leu542, and is in prox-
imity to Asp539 of the “DFG” motif. Phe540 of this
motif forms a face-to-edge pi-stacking interaction
with the phenoxyphenyl group of B43. Asp539 of the
DFG-motif forms a salt bridge with the catalytic
Lys430 but does not form direct hydrogen bond
interactions with the compound.

Discussion

Relevance of structures for drug discovery

The structures of the human BTK-KD Y551E/Dasa-
tinib and BTK-KD/B43 complexes we report here dif-
fer from the publicly available structure of apo-mu-
rine BTK-KD (PDB ID: 1K2P) and are arguably
more relevant for drug discovery for diseases in
which inhibition of BTK may be desired. When the
apo-mouse BTK structure is superimposed on the
human BTK-KD/B43 structure (RMSD of 1.19 A
over 230 aligned a-carbons), the biggest differences
are observed in the activation loop and in the gly-
cine-rich loop. The activation loop of the mouse apo-
BTK-KD structure adapts an extended configuration
with Tyr551 pointed toward solvent. In the mouse
apo-BTK structure, the glycine loop also caves into
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the active site and occludes the ATP binding pocket.
Because the mouse and human BTK-KD’s are 98.3%
identical, and only four amino acids are replaced in
the mouse sequence (Q379K, K433R, K625R, and
T653S), it is likely that the kinase domain flexibility
observed in the apo-murine BTK-KD structure is
due to a lack of occupancy of a compound in the
active site, rather than due to an intrinsic structural
difference between the mouse and human species.

Selectivity of compound inhibition

For both Dasatinib and the reversible Celera com-
pound, the size and hydrogen bonding nature of the
gatekeeper residue of a given kinase generally corre-
lates with its degree of biochemical inhibition®
(Table II). Most of the kinases that are inhibited by
10 pM Dasatinib with a Kg4 < 1 nM, or that are
inhibited by 10 uM Celera compound with less than
5% residual activity, have a threonine gatekeeper. A
valine residue in this gatekeeper position is toler-
ated for the Celera compound binding, but is not as
well tolerated for Dasatinib binding to the Ret and
KDR kinases (Table II). Because the threonine gate-
keeper forms H-bond interactions with both com-
pounds, it is possible that the H-bonding binding
energy plays a greater role in binding Dasatinib
compared to the Celera compound. An alternative
explanation for the poor binding of Dasatinib to va-
line gatekeeper containing kinases KDR and Ret is
that there are differences in side chains within 5 A
of the compound (Table III). In particular, one resi-
due in the back pocket that forms close hydrophobic
interactions with Dasatinib in BTK is Met449, which
is replaced by a leucine in KDR and Ret. Because
the back pocket in the Dasatinib cocrystal structure
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Table II. Gatekeeper Residue in Various Kinases, %
Activity for Celera Compound and K, Values for
Dasatinib

% Activity in

the presence of Dasatinib

Kinase Gatekeeper 10 uM Celera® Kgq (nM ®
Ackl Ser -3 6
Abl Thr -3 0.5
Bmx Thr -1 0.0
BTK Thr 1 1.0
CSK Thr 0 0.2
EGFR Thr 20 100
FGR Thr -3 0.5
FYN Thr 3 0.7
Hck Thr -5 0.3
Kit Thr 4 0.6
Lck Thr -13 0.2
Lyn Thr -4 0.6
P38a Thr 57 30
Src Thr -1 0.2
Yes Thr 1 0.3
SIK Thr 17 ND
RIPK2 Thr 4 30
cRAF Thr 11 600
EphB1 Thr 65 0.4
NEK11 Thr 64 7000
RET Val 0 200
KDR/VEGFR2 Val 6 3000
RSK1 Leu 80 ND
RSK2 Leu 83 ND
AurA Leu 101 2000
IGF1R Met 87 ND
JAK2 Met 88 ND
JNK3 Met 76 ND
Syk Met 50 3000
Itk Phe 18 ND

ND, not determined.
# Upstate kinase profiler.
® Taken from Ref. 9.

is composed of mixed hydrophobic and hydrophilic
residues, Dasatinib may have a greater reliance on
Met449 compared to B43, whose back pocket is com-
pletely surrounded by hydrophobic residues. Either

explanation (i.e., different energy considerations for
H-bonding to a threonine gatekeeper for different
compounds or differences in the makeup of side
chains that line Dasatinib’s unique hydrophobic
pocket), could explain why Dasatinib does not bind
as well to Ret and KDR.

The exception to the rule of requiring a small
gatekeeper for compound binding is p38a, EGFR,
and NIMA (never in mitosis gene A)-related kinase
11 (NEK11) kinases, which have threonine gatekeep-
ers, but are only moderately inhibited by both small
molecules. P38a kinase has a shorter hinge, and
thus its reduced affinity can be ascribed to a smaller
binding site [Fig. 3(A)]. Similarly, there are differen-
ces in the other residues within 5 A of the two small
molecules (Table III), which could account for the
differences in affinity for NEK11 and EGFR. Both
differ in the residues that make up the hydrophobic
pocket behind the threonine gatekeeper, with EGFR
substituting a cysteine for Val458 and NEK11 sub-
stituting a larger phenylalanine for Leu460 and a
leucine for Met449. Furthermore, NEK11 contains a
glycine substitution for Ser538, a residue which is
likely to enhance the flexibility of the DFG motif
which follows (Table III). In contrast, Abl, Lyn, and
Src, kinases which are inhibited well by both small
molecules, show no significant variation in the resi-
dues that make up the hydrophobic pocket. In these
kinases Ser538 is replaced with alanine, a residue
with similar conformational flexibility, and is not
likely to effect the flexibility of the activation loop
(Tables II and III). As the size of the gatekeeper res-
idue increases from threonine to phenylalanine [as
in ITK, Fig. 3(A)]l, methionine (as in IgflR, JAKI1,
JNK3, and SYK) (Table II), or leucine (as in Aurora
A) (Table II) neither inhibitor reduces kinase activity
to the full extent because both binding modes
require insertion of the compound past the bulky
gatekeeper into the hydrophobic back pocket.

Table III. Residues Within 5 A of Compounds in the BTK-KD |/ B43 and BTK-KD Y551E | Dasatinib Structures

NTD GRL UPH

LWH HYP AVL

428> 430° 408" 409¢ 4139 416" 472¢ 4747 475P 476" 477" 4799 480° 481° 458° 460° 449P 538" 539P 540" 542P

BTK A K L G F V I T E Y
NEK1l v K L G F V I T E Y
EGRF A K L G F V L° T Q° L°
ABL A K L G Y V I T E F
LYN A K L G F V I T E Y
SRC A K L G F V I T E Y
RET A K L G F VvV L* WV E Y
KDR A K L G F Vv Vv VvV E F°

M N G ¢ VvV L M S D F L
ce G* R* D* V F L* G° D F WV
M F G C C¢ L M T™ D F L
M Y G N V L M A D F L
M K G 8 V L M A D F L
M K G 8 V L M A D F L
A Y G s8¢ I° L L* S D F L
cc F* G N V L L* S D F L

NTD, N-terminal domain; GRL, glycine rich loop; UPH, upper hinge; LWH, lower hinge; HYP, hydrophobic pocket; AVL,

activation loop.

? Gatekeeper residue.

b Residue interacts with both B43 and Dasatinib in BTK.
¢ Residue only interacts with Dasatinib in BTK.

4 Residue only interacts with B43 compound in BTK.

¢ Differences in sequence from BTK sequence.
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Overall conformational changes

In the BTK-KD Y551E/Dasatinib complex structure,
the Gly-rich loop of BTK partially shields Dasatinib
from solvent, as found in the Abl kinase structure
(data not shown). Because of the curled-in glycine-
rich loop in the BTK structure, a hydrophobic inter-
action is formed between Phe413 and the exocyclic
methyl of the Dasatinib pyridine ring [Fig. 1(D)],
and between GIn412 and Asp539 of the “DFG” motif.
In every other respect, however, the overall confor-
mation of the BTK-KD/Dasatinib structure is similar
to the known Dasatinib-bound conformations of
Lyn,*® cSre,'® and AbLY including the compound’s
H-bond interactions with the hinge and the position
of its C-helix.

The nonvisible residues differ between the two
BTK structures, which can be correlated with the
different interactions made with different com-
pounds or by the mutation in the activation loop.
The tip of the glycine-rich loop is disordered in the
B43 structure but is ordered in the Dasatinib struc-
ture, while the activation loop is disordered in the
Dasatinib structure but is well ordered in the B43
structure. The curled glycine-rich loop forms van der
Waals contacts with Dasatinib, between a methyl
substituent and the Phe413 side chain, whereas no
similar interactions take place between B43 and the
BTK-KD protein residues and the glycine-rich loop
is disordered. One might expect that the Y551E
mutation in the activation loop of the BTK-KD
Y551E/Dasatinib structure is responsible for the
activation loop disorder; the mutated residue is elec-
trostatically incompatible with the conformation of
the activation loop seen in the BTK-KD/B43 struc-
ture. In the BTK-KD/B43 structure, the Y551 resi-
due is in close proximity to an Asp521 side chain;
this is likely to be electrostatically repelled by muta-
tion of the tyrosine to a glutamate. While it is often
hard to pinpoint why flexible regions of crystal
structures are disordered, it appears that formation
of critical molecular interactions produces ordered
electron density for the more flexible regions of
BTK.

Comparison of the structures of the human
BTK-KD-Y551E/Dasatinib complex and the BTK-
KD/B43 complex reveals a change of conformation
from catalytically “active” to “inactive.” The Dasati-
nib complex is more similar to the ATP-bound con-
formation of most kinases, in which a conserved glu-
tamate from the C-helix forms a salt bridge to the
catalytic lysine. In fact, no crystals could be formed
with the unphosphorylated, wild-type BTK kinase
construct, prompting us to make the Y551E mutant
as a mimic of the phosphorylated wild-type protein.
In contrast, the BTK-KD/B43 complex shows an out-
ward shift of the C-helix [Fig. 3(B)] relative to its
position in the Dasatinib structure, the conserved
salt bridge from the glutamate to the catalytic lysine
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breaks, and a large hydrophobic pocket opens behind
the gatekeeper residue. The ability of different ki-
nases to adapt a C-helix out conformation might
enable the design of specific inhibitors that targets
this larger hydrophobic pocket. Furthermore,
Cys481 in the active site of BTK-KD could also be
exploited to gain kinase selectivity in which a small
molecule may be irreversibly bound to this cysteine
via a covalent bond.!

To determine the overall similarity of the BTK-
KD/B43 structure to other kinases, the B43 complex
structure was submitted to the Dali-lite server for
structure alignment and scoring®® (http:/ekhidna.
biocenter.helsinki.fi/dali_server/). The top hits, inac-
tive Hck (PDB ID: 1QCF), inactive SRC (PDB ID:
2SRC), inactive ABL (PDB ID: 2G1T), ITK (PDB ID:
1SM2), and mouse BTK (PDB ID: 1K2P), could be
aligned with the human BTK over more than 260
a-carbons and with an rmsd of 2.0 A or better. The
highest scoring hits, excluding the TEC family of
kinases, were all inactive conformations of tyrosine
kinases from the Src and Abl families, consistent
with their overall sequence similarities to human
BTK. The conformation of the activation loop and
C-helix in the human BTK-KD/B43 structure is very
similar to the inactive Src structure (PDB ID: 2SRC)
with an rmsd 1.64 A over 257 o-carbons; in Src the
activation loop forms two alpha helices and occludes
access of the substrate peptide. The overall confor-
mation of the BTK-KD Y551E/Dasatinib structure is
similar to the active c-Src (CSK) structure (PDB ID:
1Y57) where the activation loop is swung out and
the C-helix moves toward the active site (Fig. 4).

Comparison of Src and TEC family kinases
The phosphorylation-triggered regulation of BTK
and Src differ. Unlike the Src family, the TEC family
of nonreceptor tyrosine kinases lacks a conserved
tyrosine in the C-terminus that could be phosphoryl-
ated to then bind to the SH2 domain.'® BTK is regu-
lated by the phosphorylation of two tyrosine resi-
dues, Tyr223 in the SH3 domain and Tyr551 in the
activation loop of the kinase domain, both of which
participate in kinase activation.?! In a recent study
of BTK autophosphorylation, the Y551F mutant was
shown to have a 5 to 10-fold lower enzymatic activ-
ity than the wild-type protein, indicating that this
tyrosine plays an important role in BTK activa-
tion.?2 Furthermore, mutation of a conserved trypto-
phan in the N-terminal W-E-X motif, in which X is a
hydrophobic residue, also appears to effect the activ-
ities of the two kinase families differently. In Src,
mutation of the Trp to Ala increases kinase activity
while in BTK, mutation of the Trp to Ala reduces ki-
nase activity.?>

The human BTK structures described here
include ordered density for the WEI motif (residues
392-395), an area which was disordered in the

PROTEIN SCIENCE ‘ VOL 19:429-439 435



inactive

Rotate 90°

/)

Figure 4. Mechanism of kinase activation. A: Structural superposition of human BTK-KD bound to B43 (green), BTK-KD
Y551E bound to Dasatinib (magenta), inactive SRC (orange, PDB ID: 2SRC), and active C-SRC (cyan, PDB ID: 1Y57). Close-
up of conformational changes in C-helix and WEI motif behind the C-helix. B: Close-up of the WEI motif rotated 90° relative
to (A) demonstrating that “active” BTK and c-SRC structures have a superimposable Trp side chain and that its conformation
is incompatible with the “inactive” BTK and SRC conformation due to steric clashes with a methionine or lysine side chain on

the C-helix.

available murine BTK structure (PDB ID: 1K2P)
and the human ITK structure (PDB ID: 1SM2). This
enables a structural comparison of the TEC family
and the Src family kinases in this conserved region.
The Trp side chain shifts from being solvent exposed
in the “inactive” BTK-KD/B43 complex structure to
being wedged into a pocket behind the inward C-he-
lix in the “active” BTK-KD Y551E/Dasatinib complex
structure [Fig. 4(A,B)]. A structural superposition of
the two BTK structures with the inactive SRC (PDB
ID: 2SRC)** and an active CSK structure (PDB ID:
1Y57)* show that the side chain of Trp395 superim-
poses in the active structures of both kinase fami-
lies. In the “inactive” conformations, a lysine or me-
side chain from the rotated C-helix
sterically occludes the tryptophan side chain, and

thionine

the Trp side chains are not superimposable [Fig.
4(B)]. The similar structural shift observed suggests
that the Src and Tec families utilize a similar means
of activating the conformation of the kinase domain.
However, the inactive conformations of the Trp side
chain differ and the differential energy required in
switching from inactive to active conformations may
differ; this could explain why mutation of this resi-
due to alanine produces different regulatory effects
on the two proteins.
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This study reports the structures of human BTK-
KD with Dasatinib or 4-amino-5-(4-phenoxyphenyl)-
TH-pyrrolo[2,3-d]pyrimidin-7-yl-cyclopentane bound
at the active site. Analysis of the binding modes
reveals that the size and H-bonding potential of the
gatekeeper residue in different kinases and the na-
ture of the residues that make up the hydrophobic
pocket behind the gatekeeper residue are critical in
dictating if either compound binds. We propose that
the presence of a distinct hydrophobic pocket in the
B43 structure suggests that one could design com-
pounds with limited selectivity for kinases that can
adapt the “C-helix-out” conformation. Movements in
the C-helix, presumably induced by phosphorylation
of the activation loop residue Tyr551, can shift BTK
into an active conformation and could generate a sec-
ond metal binding site containing Glu445 that Lin
et al. have shown is important for optimal catalytic
activity of the Tyr551-phosphorylated BTK.2® Finally,
we show that, like the Src-family of kinases, BTK can
adapt a similar conformational rotamer of Trp395 in
its “active” conformation, which is correlated with a
similar movement of the C-helix. With a growing rec-
ognition that BTK plays a key role in many B cell
lymphomas and autoimmune diseases, these struc-
tures will assist with selective drug design.

Crystal Structures of Human BTK Kinase Domain



Materials and Methods

Reagents

Glutathione Sepharose 4 Fast Flow resin was from
GE Healthcare (Piscataway, NJ); benzamidine, bes-
tatin, E-64, leupeptin, aprotinin, pepstatin, PMSF,
DTT, and glutathione were from Sigma Chemical
Co. (St. Louis, MO); GST-His-tagged Turbo 3C prote-
ase was from Accelagen (San Diego, CA); 4-amino-5-
(4-phenoxyphenyl)-7TH-pyrrolo[2,3-d]pyrimidin-7-yl-
cyclopentane was from Calbiochem (San Diego, CA).

Cloning, expression, and purification

The kinase domain of human BTK (residues 382—
659, genebank accession number: AAB65205, or resi-
dues 382-659 a Y551E mutation) was inserted into
the baculovirus expression vector pDest20 (Invitro-
gen), which was modified to include a GST tag fol-
lowed by a 3C protease cleavage site preceding the
N-terminus of BTK. Baculovirus was generated
using standard procedures by Blue Sky Biotech, Inc.
(Worcester, MA). Protein was expressed in baculovi-
rus-infected sf9 insect cells grown in SF-900 II se-
rum-free medium (Invitrogen) in a 20 L fermentor
controlled for agitation, aeration, and temperature.
Cells were harvested by centrifugation 48 h postin-
fection, and stored at —70°C. All protein purification
steps were carried out at 4°C unless stated other-
wise. Frozen cells were thawed and suspended (4
mL/g wet weight of cells) in 50 mM Tris-HCI1 pH 7.5,
400 mM NaCl, 3 mM DTT, containing the following
protease inhibitors: 1 mM benzamidine, 10 uM bes-
tatin, 10 pM E-64, 10 pg/mL leupeptin, 10 pg/mL
aprotinin, 5 pM pepstatin, and 2 mM PMSF. Cells
were disrupted by passing twice through a M-110L
microfluidizer (Microfluidics, Newton, MA) at 11,000
psi, then the cell lysate centrifuged at 30,000g for 1
h to remove cell debris. The BTK kinase domain was
purified on glutathione Sepharose 4 Fast Flow resin,
eluting with 200 mM Tris-HC1 pH 7.5, 400 mM
NaCl, 10 mM glutathione, 3 mM DTT, containing
the same protease inhibitors as mentioned earlier.
BTK-containing fractions were pooled, and the pro-
tein incubated overnight with GST-tagged Turbo 3C
protease (12 units/mg of BTK) while concomitantly
dialyzing against 50 mM Tris-HC1 pH 7.5, 400 mM
NaCl, 3 mM DTT. The liberated BTK was purified
from uncleaved protein, the GST tag, and the GST-
tagged protease on glutathione Sepharose 4 Fast
Flow resin. The flow through fractions, containing
the tag-free BTK, were pooled, concentrated using a
Pellicon-XL concentrator fitted with a 10,000 molec-
ular weight cut off membrane (Millipore, Bedford,
MA), then purified further by size exclusion chroma-
tography at ambient temperature using a Superdex
200 50/100 column (GE Healthcare) with 20 mM
Tris-HCI pH 8.0, 50 mM NaCl, 3 mM DTT as the
mobile phase. BTK-containing fractions were pooled,
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the protein concentrated to ~ 12 mg/mL, flash-fro-
zen with liquid nitrogen, and stored at —70°C.

Protein concentration determination

The concentration of the wild-type and Y551E mu-
tant of BTK-KD was determined by absorbance
measurements at 280 nm using the predicted extinc-
tion coefficients of 55,350 and 53,860 L mol™! em ™%,
respectively, based on the tryptophan and tyrosine
content.2®

Mass spectrometry

Approximately 150 pmol of BTK kinase domain was
incubated in PBS pH 7.6, 4M urea, 40 mM DTT, and
the reduced protein analyzed on an LC-MS system
composed of an HPLC solvent delivery system (2695
Alliance Separations Module), a 2487 dual wave-
length UV detector, and an LCT mass spectrometer
(Waters Corp., Milford, MA). The sample was
desalted on-line on a Mass-PREP cartridge (2.1-mm
internal diameter x 10 mm). Molecular masses were
obtained by deconvolution of raw mass spectral data
using the MaxEnt 1 program embedded within the
MaxLynx 4.0 software (Waters Corp.).

Kinase inhibition assays

Upstate Kinase Profiler data measuring the inhibi-
tion of the Celera compound against a kinase panel
of 265 kinases at 10 uM compound concentration of
the Celera concentration and ATP concentration at
K, values were derived as per the provider
(Upstate, Charlottesville, VA). Data are presented in
Table II as the percent of kinase activity remaining.

Crystallization of BTK-KD Y551E/Dasatinib
Crystals were grown in a similar manner as the
BTK-KD/B43 complex but cocrystals only appeared
with the BTK-KD Y551E mutant and could not be
grown with the wild-type BTK-KD construct. BTK-
KD Y551E was incubated with Dasatinib at a ratio
of 1 mM inhibitor to 150 pM (5 mg/mL) BTK-KD
Y551E in the presence of 10% DMSO. The complex
was mixed 1:1 (v/v) with a well solution of 0.1M Bis
TRIS pH 6.5, 0.2M ammonium acetate and 20%
PEG5000 MME and crystals formed by multiple
rounds of seeding. Rectangular, block-shaped, single
crystals of the BTK-KD Y551E/Dasatinib complex
were cryoprotected by transferring to 0.1M Bis-TRIS
pH 6.5, 0.2M ammonium acetate, 20% PEG5000
MME, 25% PEG200, and flash-frozen with liquid
nitrogen.

Crystallization of BTK-KD/B43

Crystals were grown at 4°C using the sitting-drop,
vapor-diffusion technique. The BTK-KD was mixed
with B43 at a ratio of 1 mM inhibitor to 180 pM (5.9
mg/mL) BTK in the presence of 10% DMSO. The
complex was mixed 1:1 (v/v) with well solution (0.1M

PROTEIN SCIENCE ‘ VOL 19:429-439 431



MES pH 6.5, 0.2M ammonium sulfate, 30% (w/v)
Peg5000 MME). Rectangular, block-shaped, single
crystals of the BTK-KD/B43 complex were cryopro-
tected by transferring to 85 mM MES pH 6.5, 170 mM
ammonium sulfate, 25.5% (w/v) Peg MMES5000, 15%
ethylene glycol, and flash-frozen with liquid nitrogen.

Data collection and structural refinement

X-ray diffraction data was collected using a Rigaku
(The Woodlands, TX) FRE for the B43 complex and
at LRLcat at the Argonne Photon Source for the
Dasatinib complex, and was processed with HKL-
2000.27 Both crystals belong to space group P2:2:2
with one molecule per asymmetric unit (Table II).
The B43 structure was solved by molecular replace-
ment with MOLREP?® using the publicly available
mouse BTK-KD structure (PDB ID: 1K2P) as a
search model, in which the glycine-rich loop and
activation loop were removed. The best solution had
an Rgee of 53.0% and a correlation coefficient of
0.332. This was then subjected to rigid body refine-
ment in which the amino terminal lobe of the kinase
(residues 391-473) was refined separately from the
carboxy-terminal lobe (residues 474-659) in
REFMACS5,? resulting in an Ry of 47.7% to 3.5 A
resolution. Subsequent model building in COQOT
0.4,%° and restrained refinement in REFMAC5 with
Babinet scaling and fixed TLS parameters led to a
model with Rgee of 23.1% and R-factor of 19.2% to
1.6 A resolution with good geometry. In this struc-
ture, residues that were disordered included 382—
391 at the amino terminus and 410-414 in the gly-
cine-rich loop. For the BTK-KD Y551E/Dasatinib
structure, molecular replacement with the B43
structure in MOLREP followed by model building
and subsequent refinement led to the final structure
with Rp.ee of 25.8% and R-factor 19.9% to 1.94 A re-
solution. The residues missing in the Dasatinib coc-
rystal structure include residues 382-391, 435-441,
and 542-558. A summary of the data collection and
refinement statistics is described in Table I and elec-
tron density for Dasatinib and B43 is shown in Fig-
ures 1(B) and 2(B), respectively.

Accession numbers

The atomic coordinates and structure factors for
BTK-KD Y551E/Dasatinib (Research Collaboratory
for Structural Bioinformatics Protein Databank =
PDB ID: 3K54) and for the BTK-KD/B43 (Research
Collaboratory for Structural Bioinformatics Protein
Databank = PDB ID: 3GEN) have been deposited in
the Research Collaboratory for Structural Bioinfor-
matics Protein Databank, Rutgers University, New
Brunswick, NJ (http:/www.rcsb.org).
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