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ABSTRACT

Background: Bruton's tyrosine kinase (BTK) is a key component of the B-cell receptor (BCR) pathway and a
clinically validated target for small molecule inhibitors such as ibrutinib in the treatment of B-cell malignancies.
Tirabrutinib (GS-4059/0N0-4059) is a selective, once daily, oral BTK inhibitor with clinical activity against
many relapsed/refractory B-cell malignancies.

Methods: Covalent binding of tirabrutinib to BTK Cys-481 was assessed by LC-MSMS analysis of BTK using
compound as a variable modification search parameter. Inhibition potency of tirabrutinib, ibrutinib, acalabru-
tinib, and spebrutinib against BTK and related kinases was studied in a dose-dependent manner either after a
fixed incubation time (as used in conventional ICs, studies) or following a time course where inactivation ki-
netics were measured.

Results: Tirabrutinib irreversibly and covalently binds to BTK Cys-481. The inactivation efficiency kiuq./K; was
measured and used to calculate selectivity among different kinases for each of the four inhibitors studied.
Tirabrutinib showed a kj,qc,/K; value of 2.4 + 0.6 x 10*M ™! s~ for BTK with selectivity against important off-
targets.

Conclusions: For the BTK inhibitors tested in this study, analysis of the inactivation kinetics yielded a more
accurate measurement of potency and selectivity than conventional single-time point inhibition measurements.
Subtle but clear differences were identified between clinically tested BTK inhibitors which may translate into
differentiated clinical efficacy and safety.

General significance: This is the first study that offers a detailed side-by-side comparison of four clinically-re-
levant BTK inhibitors with respect to their inactivation of BTK and related kinases.

1. Introduction

BTK for B-cell malignancies has been clinically validated by small
molecule inhibitors (Fig. 1) [6-10]. The first generation irreversible

BTK is a member of the TEC family of cytoplasmic protein tyrosine
kinases and a key component of the B-cell receptor (BCR) signaling
pathway [1]. BCR signaling regulates cellular proliferation and acti-
vation, and promotes survival, differentiation, and clonal expansion of
B cells [2]; however, aberrant BTK activation is a key oncogenic driver
in a spectrum of B-cell malignancies [3,4]. In addition, BTK activity in
innate immune effector cells transduces Fc receptor-mediated signaling,
implicating its involvement in inflammatory diseases [5]. Targeting
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BTK inhibitor, ibrutinib, has been a transformative therapy for patients
with chronic lymphocytic leukemia (CLL)/small lymphocytic lym-
phoma (SLL), Waldenstrom's macroglobulinemia (WM), mantle cell
lymphoma (MCL), and marginal zone lymphoma (MZL) [11,12]. In
2017, ibrutinib was approved for steroid-resistant chronic graft versus
host disease (cGVHD) [13]. In recognition of the ibrutinib off-target
activity against other kinases, second generation BTK inhibitors were
designed for improved selectivity.
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Fig. 1. Chemical structures of covalent BTK inhibitors tested in this study.

Ibrutinib showed sub-nanomolar biochemical activity against BTK
[13] and covalent binding to BTK based on mass spectrometry, while its
binding at Cys-481 residue was inferred from computer modeling of the
BTK active site [14]. A mutation at Cys-481 (C481S) was later identified
in ibrutinib-resistant patients and a ~500-fold decrease in potency was
observed using recombinant mutant BTK [15]. In addition to BTK,
ibrutinib also showed activity against at least nine other kinases that
contain a cysteine homologous with Cys-481, including ITK, TEC, B
lymphocyte kinase (BLK), and Janus kinase 3 (JAK3), as well as EGFR
and human epidermal growth factor 2 (HER2) [11,13]. This broad ac-
tivity may have therapeutic implications. Clinical observations of
bleeding, rash, diarrhea, and atrial fibrillation in ibrutinib-treated pa-
tients [16,17] have been attributed to inhibition of TEC, EGFR, and
other TEC family proteins besides BTK [18]. Tirabrutinib, acalabru-
tinib, and spebrutinib are designed to share the same mechanism of
action as ibrutinib with improved specificity [19-21]; however, ex-
pected clinical safety improvement over ibrutinib has yet to be de-
monstrated [22].

Among many of the papers characterizing covalent BTK inhibitors,
the enzyme inhibition of BTK and related kinases is typically quantified
in terms of an ICs, value, the inhibitor concentration that causes a 50%
decrease in enzyme activity. This is suitable for reversible inhibitors
where the ICsq value is a measure of binding affinity under equilibrium
conditions; however, the ICs, value is an inappropriate measurement
for irreversible covalent inhibitors. An irreversible inhibitor is in effect
infinitely potent, will titrate its enzyme target and yield an ICs, value
dictated by the concentration of enzyme used in the inhibition assay. If
an ICso value for an irreversible inhibitor is higher than the enzyme
concentration, it is an indication that the reaction of inhibitor with
enzyme has not had sufficient time to go to completion [23]. Because of
the ease and high-throughput adaptability of performing ICso assays
compared to more complex inactivation assays, ICso values are fre-
quently reported for potency and selectivity of irreversible covalent
BTK inhibitors [13,19,21,24,25].

A more accurate assessment of the activity of irreversible inhibitors
is achieved through characterization of the kinetics of enzyme in-
activation rather than by a thermodynamic potency value. The binding
of most irreversible inhibitors can be described by the mechanism in
Scheme 1, in which there is a reversible, pre-equilibrium binding of
inhibitor to enzyme characterized by the binding constant K;, and an
irreversible, covalent modification step described by the first-order rate
constant kjnqe.. The ratio of kiq./K;, the inactivation efficiency, can be
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Scheme 1. Reaction scheme for irreversible inhibition.

used to compare the inactivation kinetics of different irreversible,
covalent inhibitors. Mathematically, the ratio ki,q./K; has the form of a
second-order rate constant, and is applicable when the concentration of
inhibitor is below the K; value for pre-binding of inhibitor to enzyme.
The same methodology needs to be applied to study both the on-target
inhibition of BTK and the potential off-target inhibition of related ki-
nases that share an active site cysteine and are covalently inactivated.

Here we present our investigation of the mechanism of action for
tirabrutinib, a selective, once daily, oral inhibitor of BTK with clinical
activity against a number of relapsed/refractory B-cell malignancies
[21,26]. The acyl alkyne reactive group of tirabrutinib was designed to
specifically form a covalent bond with the Cys-481of the BTK active
site, which was experimentally confirmed using mass spectrometry.
Furthermore, BTK, EGFR and a set of TEC family kinases were studied
for their inactivation by tirabrutinib, ibrutinib, acalabrutinib, and
spebrutinib, and compound selectivity was calculated and compared.
Tirabrutinib showed ~15-fold, 2.6-fold, and 2.7-fold higher selectivity
for EGFR, ITK, and BMX, respectively, and 2.4-fold lower selectivity for
TEC compared to ibrutinib.

2. Materials and methods
2.1. Materials

Full-length BTK containing an N-terminal His tag was expressed
using a baculovirus expression system (Carna Biosciences, Chuo-ku,
Kobe, Japan). In addition, full-length BTK containing an N-terminal
GST tag was produced in-house. EGFR was purchased from BPS
Biosciences (San Diego, CA); ITK, BMX, and TEC were purchased from
Carna Biosciences. Tirabrutinib and other BTK inhibitors were synthe-
sized at Gilead Sciences (Foster City, CA). Sulfonamido-oxine (Sox)
chromophore peptide substrates for inactivation studies were pur-
chased from AssayQuant Technologies (Marlboro, MA).

2.2. Methods

2.2.1. BTK expression and purification

The in-house full-length BTK containing an N-terminal GST tag was
cloned into a pFastBacl vector and the recombinant baculovirus was
generated using Sf9 insect cells. For protein expression, the amplified
baculovirus was used to infect Sf9 cells at 1.5 x 10° cells/mL, and the
optimized virus amount was used for large-scale expression. Infected
cells were grown at 27 °C, harvested 65 h post infection by cen-
trifugation and stored at —80 °C. To purify the GST-BTK protein, 1 L
cell pellet was suspended in 100 mL lysis buffer [25 mM Tris (pH 8.0),
300 mM NaCl, 0.5% (v/v) Triton X-100, and 1 mM DTT] supplemented
with two tablets of Protease Inhibitor Cocktail (Roche Diagnostics,
Risch-Rotkreuz, Switzerland). After the cells were lysed with a dounce
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homogenizer, GST-BTK protein was purified from the clarified super-
natant by glutathione-affinity chromatography, and eluted in loading
buffer [25 mM Tris (pH 8.0), 200 mM NacCl, 0.05% (v/v) brij-35, and
1 mM DTT] supplemented with 20 mM reduced glutathione. The
fractions from glutathione-affinity column were pooled, concentrated,
and further purified by size exclusion chromatography (SEC) using a
24-mL Superose 6 column equilibrated with loading buffer. Fractions
containing pure GST-BTK protein were concentrated and stored at
—80 °C.

2.2.2. Determination of covalent binding

Protein labeling experiments were performed using BTK (Carna) at a
final concentration of 2 uM in a buffer solution containing 10 mM
HEPES, pH 7.5, 150 mM sodium chloride, 10 mM magnesium chloride,
2 mM Tris(2-carboxyethyl)phosphine (TCEP), and 1% glycerol.
Inhibitors were added to a final concentration of 10 puM, with a final
concentration of 1% DMSO in all samples. Four conditions were tested,
each run in triplicate: BTK + tirabrutinib, BTK + staurosporine,
BTK + ibrutinib, and BTK + DMSO control. After compound addition,
samples were incubated overnight at 4 °C in a rotating shaker
(1200 rpm). After an 18-h incubation, aliquots were collected from
each condition for analysis and this time point was termed t = pre-
chase. A chase step was then performed with the remaining sample by
addition of ibrutinib into the BTK + tirabrutinib and
BTK + staurosporine samples to a final concentration of 100 pM. An
equivalent amount of DMSO was added to the BTK + ibrutinib and
BTK + DMSO control samples to maintain the same volume. After in-
cubating for 6 h at 4 °C, the remaining sample was collected at the final
time point, termed t = post-chase. Aliquots taken at both time points
were analyzed at the time of collection using mass spectrometry and
enzyme activity assays.

Mass spectrometry analysis was performed on an Agilent 6210 Time
of Flight Mass Spectrometer with an Agilent 1200 Rapid Resolution
HPLC using Masshunter B.05 Acquisition software (Agilent, Santa
Clara, CA). Samples were run on an Agilent Zorbax 300 Extend C18
rapid resolution column at 70 °C, using reverse phase chromatography
with a gradient from 20% to 90% acetonitrile containing 0.1% formic
acid. Data were processed using Agilent MassHunter Qualitative
Analysis B.06, with a BioConfirm workflow allowing for protein de-
convolution to obtain neutral mass values.

2.2.3. Covalent binding to BTK Cys-481

Samples were prepared as follows: 25 pg (2 pM) of in-house re-
combinant BTK protein was incubated in 50 mM ammonium bicarbo-
nate and 10 pM tirabrutinib for 1 h at 37 °C. Samples were then reduced
using 5 mM DTT at 55 °C for 45 min, followed by alkylation with
10 mM iodoacetamide at 25 °C for 1 h. Samples were then digested
using a 50:1 ratio of GluC endoproteinase for 12 h at 37 °C, followed by
addition of trypsin at a 50:1 ratio and another 4-h digestion at 37 °C to
yield the expected peptide target of BTK with sequence YMANGCLLN-
YLR. Digested samples were then lyophilized and re-suspended in 3%
acetonitrile, 0.1% formic acid and submitted for mass spectrometry
analysis.

Mass spectrometry analysis was conducted as follows: Samples were
injected using a ThermoFisher UltiMate 3000 RSLCnano System (San
Jose, CA). Separation was performed using a ThermoFisher Scientific
ES800 Easy Spray LC column (150 mm X 75 pum) at a flow rate of
300 nL/min on a 60-min gradient using 1% acetonitrile, 0.1% formic
acid as solvent A and 90% acetonitrile, 0.1% formic acid as solvent B
[3% B - 35% B (45 min), 35% B - 90% B (15 min), 90% B (5 min), re-
equilibration (20 min)]. Mass spectrometry analysis was performed on
a ThermoFisher Q-Exactive HF using a top 20 data dependent acquisi-
tion. Automatic gain control settings used 50 ms fill time and 3E6 ion
counts for MS scans (60 K resolution) and 100 ms file times and 1E5 ion
counts for MSMS scans (15 K resolution). Data were searched using
Proteome Discoverer 2.2 against a Swissprot human database using
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variable chemical modification by tirabrutinib.

2.2.4. ICs5p determination against BTK and other tyrosine kinases by
tirabrutinib, ibrutinib, acalabrutinib, and spebrutinib in Z-LYTE™ and
LanthaScreen™ assays

The ICsq values of tirabrutinib, ibrutinib, acalabrutinib, and speb-
rutinib were first studied in a standard Z-LYTE™ kinase or
LanthaScreen™ binding assay against BTK and other TEC family kinases
at Life Technologies/ThermoFisher Scientific (Waltham, MA). Various
enzyme concentrations were used in each biochemical assays. The
concentration of each enzyme was as follows: 0.26 nM BLK, 6.2 nM
BMX, 3.1 nM BTK, 8.3 nM EGFR, 17.5 nM ERBB2, 16.2 nM ERBB4,
30.0 nM ITK, 2.7 nM JAK3, 8.1 nM TXK, and 1 nM TEC. The reactions
were carried out at room temperature for 1 h. Detailed assay conditions
can be found in the Supplementary Data.

2.2.5. BTK enzgyme activity and ICs, evaluation

BTK activity was quantified by determining phosphorylation of a
fluorescein-labeled substrate using a LanthaScreen™ Assay Kit (Life
Technologies/ThermoFisher Scientific, Waltham, MA). The final reac-
tion mixture contained kinase Buffer A [50 mM HEPES (pH 7.5), 10 mM
MgCl,, 0.01% brij-35, 1 mM EGTA, and 0.5 mg/mL BSA], 200-300 pM
of BTK, 0.2 uM of fluorescein-Poly GT substrate, and 180 uM of ATP
(2% Kp,). All pre-incubations and reactions were carried out in black,
96-well nonbinding surface (NBS™) assay plates (Corning, Corning, NY)
at room temperature. To evaluate the enzyme activity in the samples
used in the mass spectrometry analysis, an aliquot of each of the sam-
ples was diluted to 300 pM BTK and 1.5 nM inhibitor in kinase reaction
Buffer A. For ICsy determinations, compound dilutions were prepared
using an HP D300 liquid dispenser (Hewlett-Packard, Palo Alto, CA)
and the final DMSO concentration in the reactions was kept at 1%. After
a 30-min pre-incubation of inhibitors and BTK in Buffer A, the kinase
reaction was initiated by addition of an equal volume of 2X fluor-
escein-Poly GT substrate and ATP in Buffer A to reach a final 100 pL
reaction mixture containing 200 pM BTK.

The kinase reaction was allowed to proceed for 30 min and was
terminated with 100 pL of 2 X EDTA/LanthaScreen™ Tb-PY20 antibody
mixture in Life Technologies' TR-FRET Dilution Buffer to reach final
concentrations of 10 mM EDTA and 2 nM antibody. Reactions were
then incubated for at least 90 min at room temperature before fluor-
escence intensity (A ex 332 nm/A em 486/515 nm) was read on a
TECAN Infinite M1000 Pro Multimode reader (Tecan Group Ltd.,
Mannedorf, Switzerland). The ratio of fluorescence at 515 nm to that at
486 nm was the measure of product formation. The TR-FRET ratio was
plotted against the inhibitor concentration and normalized to enzyme/
no enzyme controls. ICs, values were calculated with a four-parameter
logistic fit using GraphPad Prism (Version 6, La Jolla, CA).

2.2.6. Determination of inactivation kinetics for BTK

The rate of enzyme inactivation was studied as a function of in-
hibitor concentration using a Sox-based fluorescence assay that allows
real-time measurement of enzyme activity [27]. In this assay, kinase
activity is measured by an increase in fluorescence as a result of
phosphorylation of a Sox-labeled substrate (AssayQuant Technologies,
Marlboro, MA). Briefly, a Master Mix containing 1.3 x Sox-labeled
substrate, ATP, and DTT was prepared in reaction Buffer B [20 mM Tris-
HCl (pH 7.5), 5 mM f-glycerophosphate, 1 mM EGTA, 5 mM MgCl,,
and 5% glycerol]. 75 pL of the Master Mix was added to the assay plate
containing 1 puL compound solution in DMSO. Reactions were initiated
with the addition of 25 pL of 4 X in-house recombinant BTK protein in
reaction Buffer B, except for the no-enzyme control in which only re-
action Buffer B was used. The final assay mixtures contained 5 nM BTK,
10 uM Sox-labeled substrate AQT0101 (AQT0104 for ibrutinib) (As-
sayQuant), 300 uM ATP (2 X K,;), and 200 pM DTT in reaction Buffer B.
Fluorescence intensity readings (A ex 360 nm/A em 485 nm) were
collected every 30 s for 4 h at room temperature using a TECAN Infinite
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Fig. 2. Mass spectrometry demonstrating tirabrutinib covalently bound to BTK. (A) The mass shift of BTK upon binding of tirabrutinib. The reversible noncovalent
inhibitor staurosporine and the irreversible covalent inhibitor ibrutinib were used as controls. (B) The mass shift of BTK upon binding of tirabrutinib after 6-h

incubation with 100 mM ibrutinib.

M1000 Pro plate reader.

At the conclusion of each assay, background signal from no-enzyme
controls was subtracted from all progress curves. Background sub-
tracted progress curves were fit according to an ascending single-ex-
ponential equation to yield k.ps values (Eq. (1))

[P] = (o/kops) X (1 — eFabsxt) @

where [P] is product concentration, v, is the initial velocity in the
presence of an inhibitor, k. is the rate constant, and t is time. The k,ps
values at each compound concentration were determined using
GraphPad Prism. Plots of k,s versus inhibitor concentration, [in-
hibitor], were then fit to a hyperbolic equation to generate values for
kinace and K; (Eq. (2)),

Kobs = Kinact X [I1/([I] + Ki/(1 + [S]/Kw)) 2

where [I] is the inhibitor concentration, [S] is the substrate con-
centration, and K, is the substrate concentration that results in half-
maximal velocity for the enzyme reaction. In cases where individual
values for kjq: and K; could not be determined, the ratio of ki,qc/K;
were reported. This ratio is the slope determined by linear fitting. Data
from independent (n) experiments were averaged to yield values for
kinact/ Ki-

2.2.7. Determination of inactivation kinetics for EGFR, BMX, ITK, and TEC

Enzymatic inhibition by tirabrutinib, ibrutinib, acalabrutinib, and
spebrutinib were tested against EGFR and the TEC family kinases BMX,
ITK, and TEC. Inactivation kinetics for the inhibitors were studied in a
similar manner as previously described for BTK: EGFR at 2.5 nM with
70 mM ATP (2 X K,;), BMX at 1.25 nM with 100 mM ATP (2 x Ky, ITK
at 5 nM with 50 mM ATP (2 X K,,,), and TEC at 2.5 nM with 80 mM ATP
(2% Kp). The Sox substrates used were AQT0001 for EGFR, AQT0025
for BMX and ITK, and AQT0102 for TEC. Selectivity is defined as the
ratio of the kinetic parameter k,q./K; for compound binding to BTK to
Kinace/K; for compound binding to EGFR, ITK, BMX, or TEC.

3. Results

3.1. Mass spectrometry demonstrated covalent and irreversible binding of
tirabrutinib to BTK Cys-481

To determine if binding of tirabrutinib is covalent, the intact mass of
BTK was measured for each sample at two different time points: (1) an
18-h incubation at 4 °C (t = pre-chase), and (2) an 18-h incubation at
4 °C followed by another 6-h incubation in the presence of 100 uM
ibrutinib (t = post-chase). The deconvoluted mass spectra for re-
presentative samples at each time point are shown in Fig. 2. For the pre-
chase samples, covalent adducts were visible for the BTK + tirabrutinib
(+454 Da) and BTK + ibrutinib (+ 440 Da) treatments, with the ad-
ditional mass matching the compound molecular weight within 1 Da
(Fig. 2A). The BTK + staurosporine samples did not show a mass shift,
consistent with the reversible inhibition mechanism of staurosporine
[28]. After the 6-h chase with 100 puM ibrutinib, the BTK + staur-
osporine sample showed a mass shift of 440 Da, corresponding to the
molecular weight of ibrutinib, indicating that the added ibrutinib dis-
placed staurosporine and was covalently bound to BTK during post-
chase (Fig. 2B). In contrast, the BTK + tirabrutinib samples continued
to show a mass shift of 454 Da, corresponding to the molecular weight
of tirabrutinib, instead of a mass shift of 440 Da as seen in the staur-
osporine post-chase sample. The inability of ibrutinib to displace tir-
abrutinib from its binding site on BTK indicated that tirabrutinib re-
mained covalently bound to BTK even after incubating for 6 h with a
high concentration of a competing inhibitor. Binding of tirabrutinib to
Cys-481 was confirmed with BTK digested with trypsin and GluC en-
doproteinases followed by LC-MSMS. MS spectra with the exact mass
corresponding to the mass of Cys-481- bound peptide YMANGCLLNYLR
were obtained. MSMS spectra of the peptide were matched to theore-
tical b and y-ions for the peptide to confirm identity (Fig. S1). Mass
spectra of the fragmentation of the bound peptide unambiguously
identified the binding of tirabrutinib to active site Cys-481.

BTK activity of the mass spectrometry samples was verified at both
t = pre-chase and t = post-chase time points as shown in Fig. S2. The
samples were diluted 6667-fold from 2 uM BTK to 0.3 nM to ensure that
the enzymatic activity was in the linear range for kinetic studies. As a
result, the final concentration of staurosporine in the
BTK + staurosporine sample was 1.5 nM, which was below the ICsq
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Table 1

Inhibition of kinases by tirabrutinib using Z'-LYTE™ kinase assay.
Kinases® Tirabrutinib Ibrutinib Acalabrutinib Spebrutinib

1Cs5¢ (nM) Selectivityh 1C5¢ (nM) Selectivity 1Cs5¢ (nM) Selectivity 1Cs¢ (nM) Selectivity

BTK 6.8 1.0 0.47 1.0 2.5 1.0 9.2 1
BLK 300 44 0.17 0.36 1020 410 400 43
BMX 6 0.88 0.86 1.8 36 14 5.5 0.60
EGFR 3020 440 3.8 8.1 7510 3000 > 20,000 > 2170
ERBB2 7313 1080 8.6 18 616 246 3500 380
ERBB4 770 113 2.0 4.3 12 4.8 220 24
ITK > 20,000 > 2940 55 117 > 20,000 > 8000 1050 110
JAK3 5515 810 18 38 > 20,000 > 8000 36 3.9
TXK 92 14 1.9 4.0 170 68 29 3.2
TEC® 48 7.1 3.2 6.8 37 15 8.4 0.91

2 BTK - Bruton's tyrosine kinase; BLK - B lymphocyte kinase; BMX — bone marrow expressed kinase; EGFR - epidermal growth factor receptor; ERBB-2 ~human
epidermal growth factor 2 receptor; ERBB4 - human epidermal growth factor 4 receptor; ITK - inducible T cell kinase, JAK - janus kinase; TXK - tyrosine protein
kinase; and TEC - tyrosine kinase expressed in hepatocellular carcinoma. ICso values were averages from 2 to 4 independent measurements.

® Selectivity = (ICso)inase: (ICs0)BT-

¢ Inhibition of TEC was determined using LanthaScreen™ binding assay at Life Technologies/ThermoFisher Scientific.

concentration of 17 nM; therefore, a parallel sample containing freshly
added 10 uM of staurosporine was added as a control. At the t = pre-
chase time point, inhibition of BTK +  tirabrutinib,
BTK + staurosporine, BTK + staurosporine +additional 10 uM staur-
osporine, and BTK + ibrutinib was observed. As expected, the diluted
solution of BTK + staurosporine showed 90% enzyme activity re-
maining while the sample treated with additional 10 pM staurosporine
showed < 10% enzyme activity. At t = post-chase, all samples except
the DMSO control showed inhibition of BTK activity as the result of
ibrutinib addition.

3.2. ICso determination against BTK and other tyrosine kinases by
tirabrutinib, ibrutinib, acalabrutinib, and spebrutinib and time-dependence
of ICsp values

The ICsq values of tirabrutinib, ibrutinib, acalabrutinib, and speb-
rutinib were first measured in a standard Z-LYTE™ kinase or
LanthaScreen™ binding assay against BTK and other TEC family kinases
after 1-h pre-incubation with the enzymes (Table 1). In addition, a
highly sensitive ICso assay was developed in-house using a LanthaSc-
reen™ endpoint assay which offered a sensitive method to test at en-
zyme concentrations as low as 0.2 nM BTK. ICs, values for tirabrutinib
and other BTK inhibitors were determined after a 30-min pre-incuba-
tion of BTK with the inhibitors (Table 2). Ibrutinib showed an ICsq
value of 0.46 =+ 0.13 nM while the ICsq values for tirabrutinib, aca-
labrutinib, and spebrutinib were 7.0 * 3.4, 3.0 = 0.8, and
1.6 = 0.7,and 3.0 = 0.8 nM, respectively. A reversible BTK inhibitor,
staurosporine, showed an ICs, value of 72 + 17 nM. A set of re-
presentative ICsq curves is shown in Fig. S3 and summarized in Table 2.
These observed ICs, values were consistent with published values
[14,18,20,29,30].

Table 2
ICso for BTK inhibitors measured in a LanthaScreen™ assay.
Inhibitor class Compound Alias ICso (nM)*
Covalent Tirabrutinib GS-4059/0N0-4059 7.0 * 3.4(n=6)
Ibrutinib - 0.46 * 0.13(n = 5)
Acalabrutinib ACP-196 3.0 £ 0.8(n =5)
Spebrutinib CC-292 1.6 £ 0.7 (n = 5)
Reversible Staurosporine - 72 + 17 (n = 3)

? The ICso values were measured after a 30-min pre-incubation of 0.2 nM
BTK with inhibitor. Data are in general agreement with published works:
2.2 nM for tirabrutinib [20], 0.5 nM for ibrutinib [14], 3.0 nM for acalabrutinib
[18], and 90-210 nM for staurosporine [29,30]. The ICs, values are the
average + standard deviation of =3 independent experiments.

The ICso values measured at 0.5, 1, 2, 3, and 4 h were extracted
from the BTK inactivation kinetic studies mentioned above. As illu-
strated in Fig. 3E, all four BTK inhibitors showed decreased ICs, values
as a function of time.

3.3. Kinetic parameters for inactivation of BTK and other kinases by
covalent BTK inhibitors

The rate of enzyme inactivation was studied as a function of in-
hibitor concentration using a Sox-based fluorescence assay. As shown in
Fig. 3A-D, the progress curves observed are typical of a slow-binding
inhibitor when enzyme is added to initiate the reaction. The unin-
hibited enzyme reaction displayed a linear progress curve while the
presence of the slow-binding inhibitors yielded progress curves with an
exponential shape due to the slow onset of inhibition for such com-
pounds. The progress curves were fitted with an equation for irrever-
sible, slow-binding inhibitors (Eq. 1) to obtain rate constants, ks, at
each inhibitor concentration. Plots of k., versus [inhibitor] were then
fit to a hyperbolic equation (Eq. 2) as shown in Fig. S4. The exact values
of kinqe: and K; could not be obtained due to two reasons: (1) the ap-
parent high K; values of the inhibitors; (2) the assay signal dropped
below the level of detection at high inhibitor concentrations. Instead,
the ratio of kinqc/K;, a second-order rate determined by the slope using
linear analysis, is used to describe the inactivation kinetics of the
compound. The contribution of non-covalent binding to the inactiva-
tion kinetics could be probed by using a construct such as the C481S
mutant of BTK [15], which should not form covalent adducts with the
tested inhibitors, but this measurement is not necessary for a mean-
ingful comparison of inactivation kinetics and was not pursued.

As summarized in Table 3, tirabrutinib efficiently inactivated BTK
with a kje/K; value of 2.4 + 0.6 x 10* M~ ! s~ !, similar to that of
acalabrutinib (3.0 +* 09 x 10* M™!' s} and spebrutinib
3.7 = 0.1 x 10* M~ ! s™1), but > 10-fold lower than that of ibru-
tinib. The kjy./K; value for spebrutinib was consistent with the value
reported in the literature (7.69 X 10* M~ s7h, using the same
methodology [20]. The ki,q./K; values were also determined for EGFR
and the TEC family kinases BMX, ITK, and TEC. The k,q../K; values for
ibrutinib were significantly higher compared to the other BTK in-
hibitors, as shown in Fig. S5 and Table 3, indicating it is a very potent
inhibitor of BTK, EGFR, and other TEC family kinases including BMX,
ITK, and TEC.
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Fig. 3. BTK product formation progress curves (A-D) and time-dependence of ICso values (E). In the presence of increasing concentrations of tirabrutinib (A),
ibrutinib (B), acalabrutinib (C), and spebrutinib (D), the production of BTK phosphorylated peptide slows down as time progresses. Concentrations to the right of
curves indicate the range of compound concentrations and a series of 2-fold dilutions were applied. (E) Time-dependence of ICs, values for tirabrutinib (blue),
ibrutinib (red), acalabrutinib (green), and spebrutinib (purple). Inset graph: magnified view of ICs, values for ibrutinib (red).

Table 3
Kinetic parameters for inactivation of tirabrutinib and analogs for BTK and related kinases.
Kinases Tirabrutinib Ibrutinib Acalabrutinib Spebrutinib
Kinace/Ki (M~ 1 s71)? Selectivity” kinact/K; Selectivity Kinac/Ki (M~ s™1) Selectivity Kinac/Ki M1 s™1) Selectivity
™ ts™h
BTK 2.4 x 10* 1 1.0 x 10° 1 3.0 x 10* 1 3.7 x 10* 1
BMX 3.6 x 10* 0.67 3.9 x 10° 0.25 1.9 x 10* 16 1.6 x 10* 2.3
EGFR 68 353 4.1 x 10* 24 24 1250 80 463
ITK 26 923 2.8 x 10° 357 7.0 4286 625 59
TEC 1.1 x 10* 2.3 1.8 x 10° 5.6 1.5 x 10* 2.0 1.6 x 10° 0.2

2 The kinact/K; values are the average =+

b Selectivity = (kinact/Ki)kinase: (kinact/Ki)BTK-

standard deviation of >3 independent experiments.
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3.4. Selectivity of BTK inhibitors for BTK over other related kinases based
on ICsp values and kinqet/K;

The selectivity of BTK inhibitors towards BTK was assessed over ten
tyrosine kinases that contain a cysteine residue at a homologous posi-
tion as Cys-481 in BTK using the ICsq values (Table 1). The selectivity is
defined as Selectivity’®°. In parallel, selectivity over the four kinases
BMX, EGFR, ITK, and TEC, defined as Selectivity*™*"/Xi was calculated
and summarized in Table 3. Overall, these two methods offered similar
rank orders of selectivity but Selectivity™>° values tend to exaggerate
selectivity relative to Selectivity“™*¥X! values. Based on Selectivi-
tykinacKi yalyes, tirabrutinib and ibrutinib showed the same order of
selectivity with ITK > EGFR > TEC > BMX. Acalabrutinib showed a
similar pattern of selectivity following ITK > EGFR > BMX > TEC,
while spebrutinib showed a higher EGFR selectivity over ITK and fol-
lowed the order of EGFR > ITK > BMX > TEC. However, tirabrutinib
showed ~15-fold, 2.6-fold, and 2.7-fold higher selectivity for EGFR,
ITK, and BMX, respectively, and 2.4-fold lower selectivity for TEC
compared to ibrutinib.

4. Discussion

In this study, we used mass spectrometry to demonstrate that tir-
abrutinib covalently binds to BTK at the Cys-481 site. We then used
detailed kinetic analysis to illustrate that tirabrutinib and three other
clinically relevant BTK inhibitors inactivated BTK in a time-dependent
manner. Our data showed that tirabrutinib is a potent and selective
inhibitor of BTK over other related tyrosine kinases including TEC fa-
mily members.

Proper characterization of covalent inhibitors can be challenging
since the degree of inhibition is both influenced by the amount of en-
zyme and the duration of inhibitor treatment, two key factors over-
looked by the conventional ICs, measurement. As a result, a very potent
inhibitor such as ibrutinib could be underestimated for its potency
against on-target kinase BTK and this could lead to underestimate of its
selectivity over off-target kinases. For example, the reported BTK ICsg
values of ibrutinib, acalabrutinib, and spebrutinib were 1.5, 5.1, and
2.3 nM in a biochemical assay [19], while the final concentration of
BTK was 4 nM, suggesting that the lowest ICs, value that any inhibitor
can possibly reach is ~2 nM, where half of the enzymes were inhibited.
Therefore, the reported ICsq values of 1.5 and 2.3 nM can only indicate
that the assay has “bottomed out” or reached its lower limit of detec-
tion, instead of implying the true potency of the inhibitors tested.
Furthermore, when an irreversible inhibitor is tested against a panel of
related kinases, each ICsq value can be highly arbitrary based on each
assay condition, and this leads to less accurate selectivity assessment.
Inactivation data yields a more accurate characterization of these ir-
reversible, covalent inhibitors. Until this study, the only inactivation
data reported has been for spebrutinib [20].

Kinase selectivity data have the potential to assist in understanding
toxicity liabilities. Bleeding is a toxicity associated with ibrutinib ob-
served in the clinic. Off-target inhibition of TEC is believed to con-
tribute to platelet dysfunction [31]. However, a recent study by Bye
et al. suggested that Src family kinases (SFKs) but not Tec family ki-
nases are responsible for the dysfunctional platelet thrombus formation
caused by ibrutinib therapy [32]. This is consistent with the relatively
low TEC selectivity of tirabrutinib, ibrutinib, and acalabrutinib in our
study: Selectivity'®>® values of 8.7, 6.8, and 15, and Selectivity*inac/ki
values of 2.3, 5.6, and 2.0 for tirabrutinib, ibrutinib, acalabrutinib,
respectively. It was suggested that selectivity over Src family kinases
contributes to the favorable platelet function profile of acalabrutinib
over ibrutinib in non-Hodgkin lymphoma (NHL) patients [32]. An on-
going Phase III randomized clinical trial (NCT02477696) is in progress
to compare acalabrutinib to ibrutinib in previously treated subjects
with high risk CLL and may address some of these questions. Another
common adverse event associated with ibrutinib is rash, often
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attributed to inhibition of EGFR [33]. This is consistent with the lack of
ibrutinib selectivity against EGFR observed in our study: the calculated
Selectivity'®° values for tirabrutinib and acalabrutinib are 630 and
3000 compared to a value of 3.8 for ibrutinib; and the calculated Se-
lectivityXi?a¥Kl of 353 and 1250 for tirabrutinib and acalabrutinib,
respectively, compared to a value of 24 for ibrutinib. Whether this
improved selectivity will be reflected in clinical trial results remains to
be seen. Notably, when covalent inhibitors are assessed for their se-
lectivity in vivo, the differences in protein half-life should also be taken
into consideration. This is a limitation of our current study and can be
addressed in future works. Further improvement of the selectivity
profile of irreversible BTK inhibitors to treat B-cell malignancies re-
mains an area of great interest.

In summary, our study showed that tirabrutinib binds to BTK at Cys-
481 and is a covalent irreversible inhibitor. Measurement of the in-
activation kinetics of tirabrutinib showed improved selectivity against
potential off-target enzymes BMX, EGFR, and ITK compared to ibru-
tinib. Among the 2nd generation inhibitors tirabrutinib, acalabrutininb,
and spebrutinib there are subtle differences in selectivity patterns
against off-target kinases; however, whether this translates into im-
proved clinical efficacy and safety remains to be seen.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2020.129531.
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