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Abstract: BNP7787 (Tavocept, disodium 2,2’-dithio-bis-ethanesulfonate) is a novel,
investigational, water-soluble disulfide that is well-tolerated and nontoxic. In separate random-
ized multicenter Phase II and Phase III clinical trials in non-small-cell lung cancer (NSCLC)
patients, treatment with BNP7787 in combination with standard chemotherapy resulted in
substantial increases in the overall survival of patients with advanced adenocarcinoma of the
lung in the first-line treatment setting. We hypothesized that BNP7787 might interact with and
modify human anaplastic lymphoma kinase (ALK). At least seven different variants of ALK
fusions with the gene encoding the echinoderm microtubule-associated protein-like 4 (EML4)
are known to occur in NSCLC. EML4-ALK fusions are thought to account for approximately
3% of NSCLC cases. Herein, we report the covalent modification of the kinase domain of
human ALK by a BNP7787-derived mesna moiety and the functional consequences of this
modification in ALK assays evaluating kinase activity. The kinase domain of the ALK protein
crystallizes as a monomer, and BNP7787-derived mesna-cysteine adducts were observed at
Cys 1235 and Cys 1156. The BNP7787-derived mesna adduct at Cys 1156 is located in close
proximity to the active site and results in substantial disorder of the P-loop and activation loop
(A-loop). Comparison with the P-loop of apo-ALK suggests that the BNP7787-derived mesna
adduct at Cys 1156 interferes with the positioning of Phe 1127 into a small pocket now occupied
by mesna, resulting in a destabilization of the loop’s binding orientation. Additionally, in vitro
kinase activity assays indicate that BNP7787 inhibits ALK catalytic activity and potentiates the
activity of the ALK-targeted drug crizotinib.

Keywords: adenocarcinoma, ALK, BNP7787, chemo-enhancing, crizotinib, non-small-cell
lung cancer, Tavocept

Introduction

BNP7787 (Tavocept, disodium 2,2’°-dithio-bis-ethanesulfonate) is an investigational
agent that is a novel, water-soluble disulfide that has been evaluated in Phase II and
Phase 111 clinical trials in patients with advanced non-small-cell lung cancer (NSCLC).!
The American Cancer Society estimates that approximately 159,260 deaths from lung
cancer will occur in 2014 accounting for approximately 27% of all cancer deaths in the
US.2 Worldwide more than 1.59 million deaths per year are attributed to lung cancer.’
Approximately 40-65% of these deaths will be due to primary adenocarcinoma of the
lung/bronchus.> While there have been some advances in chemotherapeutic agents for
the treatment of NSCLC, and improved treatments are available for the management
of toxic side effects, there have been only modest gains in survival for patients with
advanced disease. For example, modest improvements in median duration of survival
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have been reported with the use of bevacizumab (Avastin) and
cetuximab (Erbitux) in combination with platinum-doublet
chemotherapy for the treatment of patients with advanced
NSCLC.*’ Therefore, there remains an unmet need for a
treatment that can offer patients with advanced NSCLC a
greater clinical benefit that is measured by increases in sur-
vival and reduction in toxic side effects, with a manageable
or improved safety profile.

In separate randomized multicenter Phase I and Phase I11
clinical trials in NSCLC patients, treatment with BNP7787
in combination with standard chemotherapy (platinum
and taxane) resulted in substantial increases in the overall
survival of patients with advanced adenocarcinoma of the
lung in the first-line treatment setting (Hausheer et al' and
Hausheer et al, unpublished data, 2014). BNP7787 does not
interfere with paclitaxel-induced apoptosis or with taxane-,
platinum-, vinca alkaloid-, or epothilone-induced cytotox-
icity in human cancer cell lines.® Additionally, studies in
animals demonstrated that BNP7787 did not exhibit tumor
protection when given with taxane and platinum agents.”®
Importantly, in Phase I and Phase III clinical trials, BNP7787
did not interfere with the antitumor activity of cisplatin and
paclitaxel.!” Unlike thiol-containing drugs such as mesna
and amifostine, BNP7787 can be administered to patients
in large doses (eg, 18.4 g/m?) without notable perturbations
in plasma disulfide proportions or in the strongly oxidizing
extracellular environment and without any toxic side effects.¢
We have previously reported that thiol-containing drugs
may dramatically disrupt the normal homeostatic thiol and
disulfide balance both in the plasma and inside the cell,
and that they are often accompanied by toxic side effects;®
however, for disulfide-containing drugs like BNP7787,
there is no obvious mechanism through which they would
substantially perturb the ratios of thiols and disulfides in
these compartments.®7-10

Based on computational modeling, we hypothesized that
BNP7787 might interact with and modify human anaplastic
lymphoma kinase (ALK). ALK belongs to the family of
insulin growth factor receptor tyrosine kinases, and fusions
of ALK with other genes are common in several diseases and
cancers.!! Our focus was on ALK fusions found in NSCLC.
At least seven different variants of ALK fusions with the gene
encoding the echinoderm microtubule-associated protein-
like 4 (EML4) are known to occur in NSCLC; EML4—
ALK variants are constitutively active, exhibiting gain of
function.'? Additionally, fusions between the tropomyosin
receptor kinase fused gene (TFG) and ALK (TFG-ALK),
and KIF5B and ALK (KIF5B-ALK), are also known to

occur in NSCLC.'"** EML4-ALK fusions are thought to
account for approximately 3% of NSCLC cases.!! ALK is
coupled to numerous signaling pathways that regulate cell
proliferation including Ras—ERK, JAK3—STAT3, and PI3K"
and, therefore, represents an important target for anticancer-
drug development. Herein, we characterize the structural
and functional consequences of BNP7787 on the kinase
domain of human ALK. Specifically, we determine the effect
of BNP7787 on ALK activity in the presence and absence
of the known ALK inhibitor, crizotinib (PF02341066), and
report a high-resolution X-ray crystal structure of the kinase
domain of ALK bearing two covalent BNP7787-derived
mesna-cysteine adducts.

Materials and methods

Reagents for in vitro kinase assays
N-terminal 6His tagged recombinant human ALK expressed
in baculovirus Sf21 was purchased from EMD Millipore
(Billerica, MA, USA) (purity =60% by sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and aliquoted
to 1 puL fractions when it was used the first time (to avoid
multiple freeze/thaws for subsequent experiments). BNP7787
was prepared by a proprietary method (purity >97%, no
mesna was detected by mass spectroscopy). Kinase inhibitor,
PF02341066 (crizotinib), was purchased from Selleck Chemi-
cals, LLC. (Houston TX, USA). Polyglutamate-tyrosine
(PolyGT) substrate was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Kinase assay buffer was prepared and
consisted of 20 mM HEPES, 0.1% Brij 96, 10 mM NaF, 1
mM Na,VO,, and 10 mM MnCl, adjusted to a final pH of
7.5. Half-area 96-well microplates were purchased directly
from Corning Incorporated (Corning, NY, USA). ADP-Glo
reagents were purchased from Promega (Madison WI, USA)
and consisted of ADP, ATP, ADP-Glo, kinase detection reagent
buffer, and kinase detection substrate. All other reagents were
purchased from Sigma-Aldrich Co (St Louis, MO, USA).
A Tecan Ultra microplate reader with XFluor software (V4.51;
Tecan [Morrisville, NC, USA]) and RdrOle software (V4.50;
Tecan) were used in this study.

ALK kinase activity assay

Kinase activity was evaluated using the ADP-Glo system
from Promega Corporation and monitored ADP produced
when ALK phosphorylated the PolyGT substrate. Assays
typically contained 4 ng/uL of ALK per assay and this
concentration typically gave signal to background ratios
of 12 or higher (relative to control). Each assay condi-
tion was run in triplicate and experiments were repeated
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independently on different days to ensure reproducibility
of results. PolyGT (4:1 ratio) was used as the substrate for
phosphorylation and had an average polymer mass ranging
from 20,000 to 50,000 g/mol. Typically, 10-uL volume
assays in half-area 96-well microtiter plates contained
ALK (40 ng total or 4 ng/uL), ATP (100 uM), PolyGT
substrate (0.2 ug/uL), and the concentrations of BNP7787
and/or crizotinib as indicated; additionally, kinase assay
buffer was added to achieve a final volume of 10 uL per
assay. For most assays, a stock of ATP (1 mM) and PolyGT
(2 mg/mL) was mixed 1:1 to give an ATP/PolyGT master
mix of 0.5 mM ATP and 1 mg/mL PolyGT. Crizotinib was
dissolved as a 1 mM stock in dimethyl sulfoxide (DMSO)
and then further diluted in kinase assay buffer (DMSO-only
controls were run to ensure that DMSO did not interfere
with the assay).

Cloning, expression, and purification
of the kinase domain of ALK for

X-ray crystallographic analyses

Wild type human ALK, consisting of residues 1095-1410,
was cloned into a proprietary vector containing a C-terminal
6His tag. Isolated shuttle vector was transformed into
DH10Bac cells. Colonies containing bacmid with transposed
ALK DNA were picked and grown overnight at 37°C. Bacmid
DNA was isolated by DNA isopropanol precipitation and
resuspended in 100 pL of sterile water. Bacmid DNA was
allowed to resuspend at room temperature for 1 hour prior
to transfection. Recombinant bacmid DNA was expressed
in SF9 cells at 27°C. The virus generated from a 72-hour
infection was stored at 4°C.

Recombinant protein was expressed in SF9 cells at a
multiplicity of infection of two in a 48-hour infection at
27°C. The cells were harvested by centrifugation and stored
at —80°C. Purification of target protein was done using a
two-column system (Ni-NTA and size exclusion). The cell
biomass was lysed by sonification in 50 mM Tris-HCI pH 7.8,
500 mM NacCl, 10% glycerol, 20 mM imidazole (buffer A)
plus Roche complete protease inhibitor tablets (Roche Diag-
nostics Corporation, Indianapolis, IN, USA), and 20,000
units benzonase. Target protein was extracted by binding
Ni-NTA (Qiagen, Valencia, CA, USA). Protein was eluted
with 250-500 mM imidazole pH 7.8. Peak fractions were
pooled and aggregated protein was separated from mono-
meric protein via size exclusion (S200 16/60; GE Healthcare
Lifesciences [Piscataway, NJ, USA]) in 50 mM bicine pH
8.4, 150 mM NacCl, 5 mM dithiothreitol (DTT). Monomeric
protein was concentrated to ~19 mg/mL.

Preparation of BNP7787-derived mesna

adducts on ALK crystals

ALK (19 mg/mL) in 50 mM bicine, pH 8.4, 150 mM
NaCl, and 25 mM DTT was incubated at 4°C overnight to
fully reduce the protein. DTT was removed by exchang-
ing five times in 50 mM bicine, pH 8.4, 150 mM NacCl
using ultrafiltration (10-kDa-cutoff Centricon filters).
Fully reduced ALK was incubated with 5 mM BNP7787
and incubated at 4°C overnight. Protein was submitted
for mass spectrometry analysis to confirm the presence
of at least one BNP7787-derived mesna adduct prior to
initiation of protein-crystallization experiments. The pre-
dicted mass for ALK was 36,868, and for ALK incubated
with BNP7787 a mass of 37,194 was observed. This mass
difference of 326 corresponds to two BNP7787-derived
mesna moieties on the ALK protein (each mesna moiety
has a molecular weight of 164; loss of a proton on the
thiol group due to formation of a disulfide with a cysteine
residue results in net mass increase of approximately 163
per mesna moiety).

Crystallization of ALK containing
BNP7787-derived mesna adducts

Mass spectrometry analysis of C-terminal 6Xhis tag ALK
that had been incubated with BNP7787 indicated two likely
BNP7787-derived mesna adducts; however, we were unable
to obtain crystals from these protein samples. As an alterna-
tive, apo-ALK crystals were soaked with BNP7787 and this
yielded crystals with two BNP7787-derived mesna adducts.
Briefly, the crystal of C-terminal 6Xhis tag ALK was obtained
by sitting drop/vapor diffusion method by mixing 2 uL at
17 mg/mL protein (50 mM bicine pH 8.4, 150 mM NaCl, 5
mM DTT) with 2 uL of 0.1 M Tris-HCI pH 8.5, 0.2 M sodium
acetate trihydrate, 30% w/v polyethylene glycol 4,000 at
20°C. Diffracting crystals appeared within 5—8 days. Before
data collection, the crystals were soaked in 20 mM BNP7787
overnight and transferred into a cryoprotectant solution made
up of 20% ethylene glycol v/v in crystallization buffer, after
which they were flash-frozen in liquid nitrogen for data col-
lection. Crystals diffracted to 2.1 A. As previously mentioned,
the mass spectrometry analysis of ALK after reaction with
BNP7787 (data not shown) suggested two BNP7787-derived
mesna adducts consistent with the X-ray structure.

Data collection and processing

Diffraction data were collected at the Advanced Light
Source (ALS) (Berkeley, CA). BNP7787-derived mesna
adducts were observed on Cys 1156 and Cys 1235. Data
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Table | Crystal characteristics and data collection statistics

Unit cell (A, °) 51.535 57.157 104.216 90.000
90.000 90.000

Space group P222

Resolution range (A) 46.20-2.10 (2.21-2.10)

Number of observations 102,983

Number of unique reflections 18,384

Redundancy 5.6 (5.7)

Completeness (%) 98.8 (97.5)

Mean |/sigma(l) 10.1 (2.8)
0.135 (0.621)

‘merge

Note: Outer shell statistics are in parenthesis.

were processed using the program package Mosflm as part
ofthe ccp4 program package. Image processing statistics are
summarized in Table 1.

Structure solution and refinement

Data were indexed, integrated, scaled, and merged using
the program Mosflm. The structure was solved by molecu-
lar replacement with Phaser using a monomer from the
Protein Data Bank,'¢ and an internal structure which is
similar to 2XP2.!" The structure was consistent with one
molecule in the crystal asymmetric unit. The protein
model was iteratively refit and refined using MIFit'® and
REFMACS." The solved structure is supported by: 1)
contiguous electron density for most of the molecule; 2)
landmark side chain density features matching the amino
acid sequence including cysteines; 3) absence of phi-psi
violations; and 4) final R/R  values in the normal range.
Residual density observed near Cys 1235 and Cys 1156
was modeled as BNP7787-derived mesna adducts. Final
statistics are summarized in Table 2. A number of side-
chain atoms and protein fragments were not refined. The
missing fragments included Gly 1123-Gly 1128 (P-loop),

Table 2 Crystallographic data and refinement statistics

46.196-2.100
18,340 (17,402 working set,
938 test set)

Resolution range (A)
Number of reflections

Number of protein chains | (chain A)
Number of protein residues 293
Number of ligands 5

Number of waters 159
Number of atoms 2,452
Mean B-factor 21.256

R, o 0.1927
R... 0.2448
RMSD bond lengths (A) 0.010
RMSD bond angles (°) 1.196

Number of disallowed @y angles I

Abbreviation: RMSD, root-mean-square deviation.

Ser 1136—Pro 1144 (loop connecting B2—f3), Arg 1214-Pro
1218 (loop connecting oD—atE), and Ser 1281-Arg 1284
(part of activation loop or A-loop).

Results
Crystal structure of ALK bearing

BNP7787-derived mesna-cysteine adducts
The crystal structure of ALK in complex with a BNP7787-
derived mesna-cysteine adduct was completed at 2.1-A
resolution (Figure 1A; PDB ID code 4TT7). The protein
crystallizes as a monomer in the asymmetric unit and
BNP7787-derived mesna disulfide bonds were observed
with Cys 1235 and Cys 1156. We refer to this process as
BNP7787-mediated xenobiotic modification/modulation of
protein cysteines. The mesna adduct at Cys 1156 is located
in close proximity to the active site and in fact results in
substantial disorder of P-loop (or phosphate binding loop)
which is highly conserved in protein kinases. This disorder
prevented full refinement of the P-loop. While a large frag-
ment of the P-loop is missing from the refined structure,
comparison with the P-loop of the apo-ALK suggests that
the BNP7787-derived mesna adduct at Cys 1156 interferes
with the positioning of Phe 1127 (one of the P-loop residues)
into a small pocket now occupied by mesna, resulting in a
destabilization of the loop’s binding orientation (Figure 1B).
In order to accommodate the BNP7787-derived mesna adduct
in the current crystal structure, Cys 1156 flips from a totally
solvent exposed orientation (in the wild type ALK) to an
inside orientation, thereby modifying the P-loop.

Ligand binding site

Close-up views of the electron density map at the sites of
the BNP7787-derived xenobiotically modified ALK cysteine
residues is presented in Figure 2A and B. For both of the
BNP7787-derived mesna adducts at Cys 1235 and Cys 1156,
a single conformation was observed. Both ligand binding
sites are relatively solvent exposed (Figure 2C and D). The
BNP7787-derived mesna adduct at Cys 1235 is located in
the “back” of the kinase domain relative to the position of
the active site. Mesna does not interact with any residues
other than Cys 1235 although the sulfonate group is in close
proximity to Arg 1231 (Figure 2D).

At the Cys 1156 site (which is located in a loop that
connects B3 to o.C), the mesna sulfonate group makes a
water-mediated hydrogen bond with the carbonyl of Asp 1160
(Figure 2D). A fragment of the P-loop (Gly 1123-Gly 1128),
another nearby fragment (Ser 1281—Arg 1284, which is part
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A Cys 1156 with BNP7787-
derived mesna adduct

Phe 1127, part of the P-loop, is

displaced by BNP7787-

mediated modification

Area where
ATP or
crizotinib
binds

Cys 1235 with
BNP7787-derived
mesna adduct

Substrate pocket

Figure | Ribbon diagrams of ALK with covalently bound BNP7787-derived mesna adducts (PDB IB code 4TT7).
Notes: (A) BNP7787-derived mesna adducts observed at Cys 1235 and Cys 1156. (B) Overlay of region of apo-ALK (pink) with BNP7787-xenobiotically modified ALK
(lavender) that has a Cys | 156-mesna adduct. The BNP7787-derived mesna adduct occupies the same pocket as Phe | 127 of the P-loop.

Abbreviation: ALK, anaplastic lymphoma kinase.

of activation loop or A-loop), and a number of residue side
chains (such as Lys 1285) are not in the final refined structure,
and interactions between a BNP7787-derived mesna adduct
and these missing atoms cannot be ruled out. Additionally,
interactions between a BNP7787-derived mesna adduct and
Arg 1120 of another protein monomer in the crystal may
also be a possibility.

This current structure of ALK with BNP7787-derived
mesna adducts at Cys 1156 and Cys 1235 does not have
electron density for Tyr 1282, Tyr 1283, and Lys 1285 resi-
dues which are part of the ALK activation loop (A-loop);
it is not clear if the loss of density for these residues is due
to the presence of a BNP7787-derived mesna adduct on
Cys 1156 near this A-loop. An overlay of wild type ALK
(PDB ID code 3L9P) with the ALK containing BNP7787-
derived mesna adduct at Cys 1156 (PDB ID Code 4TT7)
indicates that the mesna sulfonate is in potential contact
distance with Lys 1285 side chain. However, as a point of
reference, these residues (Tyr 1282, Tyr 1283, and Lys 1285)
are also disordered in the ALK structure with crizotinib
(PDB ID code 2XP2) suggesting that this is an area with
inherent disorder.

BNP7787 inhibits ALK activity in vitro

ALK activity assays were run under two ATP concentra-
tions (100 and 500 uM). ATP is often in the millimolar
range in vivo,?® and the human body is reported to contain

no more than 0.5 moles (250 g) of ATP at any time, but
this supply is constantly and efficiently recycled.? In vivo
there are many ATP-dependent enzymes that compete for
ATP binding, including kinases, synthetases, helicases,
membrane transporters and pumps, chaperones, motor
proteins, and large protein complexes like the protea-
some;? therefore, the concentrations of 100 and 500 uM
ATP used herein are approximations for ATP concentra-
tions that may be available to ALK in vivo as it competes
for ATP with the various other enzymes and proteins that
utilize ATP.

BNP7787 inhibited ALK with a half maximal inhibi-
tory concentration (IC,)) of 9.16+2.91 mM under assay
conditions of 100 uM ATP (Figure 3A) and with an IC_
of 20.80£3.49 mM under assay conditions of 500 uM ATP
(Figure 3B). Physiologically, concentrations of BNP7787 as
high as 18 mM have been achieved in the clinic.?* BNP7787
has been administered at doses as high as 41 g/m?, and,
with concentrations of 18.4 g/m? used in Phase III trials,
maximum serum concentration (C_ ) values in plasma of
10 mM are often observed;? therefore, the concentrations
of BNP7787 required to see an effect on ALK activity in
vitro are physiologically relevant. Kinase endpoint assays
like the Promega ADP-Glo assay system often classify
inhibitors as competitive if their IC, increases notably as
the ATP concentration increases. As the ATP concentration
was increased, the IC, | for BNP7787 also increased. From
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Figure 2 Electron density and binding site maps showing BNP7787-derived mesna-cysteine adducts on ALK.

Notes: 2Fo-Fc electron density map contoured at | sigma showing BNP7787-derived mesna-cysteine adducts on ALK at (A) Cys 1235 and (B) Cys 1156. (C) Binding site
of the BNP7787-derived mesna-cysteine adduct at Cys [1235. There are no obvious interactions of the BNP7787-derived mesna with the protein other than the covalent
bond with Cys 1235. (D) Molecular surface of ALK with the BNP7787-derived mesna at Cys | 156 removed to show the interaction of the adduct with the protein. A water-
mediated hydrogen bond is present between the BNP7787-derived mesna sulfonate and Asp | 160 carbonyl.

Abbreviation: ALK, anaplastic lymphoma kinase.

structural work, we observed that BNP7787 covalently
modified ALK on Cys 1156 in a loop region of ALK that
may subsequently result in partial interference with the
phosphate binding site for ALK’s ATP cofactor, and possibly

A

120.00 4
100.00 4
80.00 -

60.00 -

% of control

40.00 4

20.00 -

0.00 -

0 0.625 1.25 25 5 10 20 40
BNP7787, mM

% of control

with the A-loop residues. Therefore, while the inhibition
of ALK by BNP7787 is not likely classical competitive
inhibition — where ATP and BNP7787 have nearly identi-
cal or at least significantly overlapping binding sites and

120+
100
80
60
40

204

0 1.25 25 5 10 20 40 60
BNP7787, mM

Figure 3 Concentration-dependent inhibition of ALK activity by BNP7787 in presence of ATP.

Notes: (A) 100 uM ATP; (B) 500 uM ATP.
Abbreviation: ALK, anaplastic lymphoma kinase.
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only one molecule (either ATP or BNP7787) can occupy
that site at a time — it is “competitive-like” based upon the
increasing IC, as the ATP concentration is increased. This
conclusion is supported by the X-ray crystallography studies
of the ALK structure containing a BNP7787 adduct which
indicate that BNP7787 modification of ALK results in a
perturbation of the P-loop near where the ATP binding site
is located (Figures 1 and 2).

Crizotinib inhibits ALK activity in vitro

Crizotinib is a reported ATP-competitive inhibitor of ALK.**%
In the in vitro kinase studies reported herein, we observed
that crizotinib inhibited ALK with an IC, of 27.2+1.83 nM
(data not shown) under assay concentrations with 100 uM
ATP and with an IC_ of 76.3+16.3 nM with 500 uM ATP
(data not shown). As mentioned above, crizotinib has previ-
ously been characterized as a competitive inhibitor of ALK,
with respect to ATP,>** and our data are consistent with this
previously reported observation (note that in clinical trials
where crizotinib was administered orally at doses of 250
mg twice daily, concentrations of crizotinib of 57 nM were

reported®).
120
100
100 P<0.001
< 80
£
H
8 60
-
)
< 40
20
0
No No
BNP7787 | BNP7787 | gNp7787| BNP7787| BNP7787| BNP7787
No
crizotinib 15 nM crizotinib No crizotinib

1204

P<0.01

100

% of control

No crizotinib

30 nM crizotinib

crizotinib

BNP7787 potentiates the inhibitory

effect of crizotinib on ALK activity in
vitro (100 and 500 uM ATP conditions)

We evaluated the effect of physiologically achievable con-
centrations of BNP7787 near the IC,, and IC,; concentra-
tions of crizotinib under assay conditions with either 100
or 500 uM ATP. Concentrations of crizotinib of 57 nM have
been reported in clinical trials;® therefore, concentrations
used in these studies were within physiologically relevant
ranges. BNP7787 has been administered at doses as high as
41 g/m* and C__ values in plasma of 10 mM are typical.**
Under assay conditions with 100 uM ATP (Figure 4A), 5 mM
BNP7787 in combination with 15 nM crizotinib (near the
IC,, value for crizotinib, when ATP is 100 uM) resulted in
16% greater inhibition than 15 nM crizotinib alone, whereas
10 mM BNP7787 in combination with 15 nM crizotinib
resulted in 29% greater inhibition than 25 nM crizotinib
alone. Under assay conditions with 100 uM ATP (Figure 4B),
5 mM BNP7787 in combination with 30 nM crizotinib
(near the IC, value of crizotinib) resulted in 10% greater
inhibition than 30 nM crizotinib alone, whereas 10 mM
BNP7787 in combination with 30 nM crizotinib resulted in

100

P<0.001 76

% of control
N B (2] o
o o o o

o

No
BNP7787 [ BNP7787 | BNP7787 | BNP7787 | BNP7787 | BNP7787

No
crizotinib

30 nM crizotinib No crizotinib

1204

% of control

No crizotinib

Figure 4 BNP7787 stimulates crizotinib-mediated inhibition of ALK activity under varying ATP and crizotinib concentration combinations.

Notes: (A) 15 nM (IC,) crizotinib and 100 UM ATP; (B) 30 nM (IC, ) crizotinib and 100 UM ATP; (C) 30 nM (IC,,) crizotinib and 500 UM ATP; and (D) 65 nM (IC,)) crizotinib
and 500 uM ATP. Analysis of variance P-values are indicated above bracketed experimental conditions.

Abbreviations: ALK, anaplastic lymphoma kinase; IC,,, one-fourth maximal inhibitory concentration; IC,;, half maximal inhibitory concentration.
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19% greater inhibition than 30 nM crizotinib alone. These
assays near the IC, value for crizotinib (ie, 30 nM, when
ATP is 100 uM) have slightly less impressive stimulation
compared to 100 uM ATP and 15 nM crizotinib IC, condi-
tions. For all of the ALK assays that contained 100 uM ATP,
we noted that ALK activity levels of less than 10% were not
generally observed; this is a technical limitation of the assay.
This means that there is only a range of 40% between the
IC,, and the assay lower limit, so any additional inhibition
attributable to BNP7787 is confined by this limit. Based on
this data, BNP7787 notably potentiates the inhibitory effect of
crizotinib on ALK at physiologically relevant concentrations
of both BNP7787 and crizotinib. As discussed in preceding
sections, BNP7787 alone or crizotinib alone were both also
effective at inhibiting ALK in vitro.

Under assay conditions with 500 uM ATP (Figure 4C), 5
mM BNP7787 in combination with 30 nM crizotinib (near
the IC; value for crizotinib when ATP is 500 M) resulted in
11% greater inhibition than 30 nM crizotinib alone; 10 mM
BNP7787 in combination with 30 nM crizotinib resulted
in 20% greater inhibition than 30 nM crizotinib alone; and
20 mM BNP7787 in combination with 30 nM crizotinib
resulted in 30% greater inhibition than 30 nM crizotinib
alone. Under assay conditions with 500 uM ATP (Figure 4D),
both 5 mM and 10 mM BNP7787 in combination with 65
nM crizotinib (near the IC, value of crizotinib when ATP
is 500 uM) resulted in 6% greater inhibition than 65 nM
crizotinib alone, whereas 20 mM BNP7787 in combination
with 65 nM crizotinib resulted in 13% greater inhibition
than 65 nM crizotinib alone.

Discussion

BNP7787 is a multitargeted cysteine-
specific agent that covalently modifies
the catalytic domain of ALK and inhibits

kinase activity

BNP7787 is a novel chemo-enhancing and cytoprotective disul-
fide agent that has been evaluated in the clinic in patients with
NSCLC.! BNP7787 reacts with and forms mixed disulfides on
specific cysteine residues on proteins, yielding specific mesna-
cysteine adducts on the target protein. We refer to this process as
BNP7787-mediated xenobiotic modulation/modification, and
we have observed and characterized this in a variety of proteins
important in cell growth and proliferation (data not shown).
As an example, we report data herein on the crystal structure
of ALK in complex with BNP7787-derived mesna adducts at
2.1-A resolution. BNP7787-derived mesna adducts were found

at Cys 1156 and Cys 1235. Both adducts are relatively solvent
exposed, although the adduct at Cys 1156 clearly disrupts the
orientations of the P-loop by sterically blocking the typically
observed binding site for Phe 1127. Because the P-loop binds
the ATP-substrate, this P-loop disruption may or may not alter
the kinase activity of ALK or the inhibitory potency of'its small
molecule inhibitors.

The cysteine-specific, multitargeted nature of BNP7787
is important due to the fact that, except for a few types of
cancer (eg, chronic myelogenous leukemia), tumor cells are
known to be genomically heterogeneous, and tumors contain
subpopulations of cancer cells that often express different
tumor-promoting proteins or that have multiple dysregulated,
distinct, but key pathways that modulate cell proliferation.??’
The covalent modification of ALK by BNP7787 results in
noteworthy disruptions of the protein’s P-loop region. We
hypothesize that BNP7787-mediated cysteine xenobiotic
modulation/modification represents a novel mechanism of
action for this type of agent, but cysteine-specific modifica-
tions, specifically posttranslational modifications of cysteine
residues in proteins, are a biological mechanism that may
regulate a variety of cellular processes (eg, glutathionyla-
tion,?® nitrosylation,? prenylation,* and palmitoylation®!).

BNP7787 is expected to remain predominantly in the
disulfide form in the plasma;*'%3* however, the intracellular
environment and the interstitial space are likely venues for
BNP7787 metabolism to mesna, mesna-disulfide hetero-
conjugates, and free thiols. Any of these species (BNP7787,
intracellularly generated BNP7787-derived mesna, or
BNP7787-derived mesna-disulfide heteroconjugates) may
modify proteins in vivo. The metabolism of BNP7787 to
mesna-disulfide heteroconjugates has been observed in in
vitro studies and is supported by computational studies on
nonenzymatic thiol transfer reactions involving physiological
free thiols with BNP7787.°

In summary, BNP7787 has been shown to covalently
modify ALK, to inhibit ALK’s kinase activity in vitro, and to
potentiate the inhibitory effect of crizotinib (PF02341066) on
ALK. BNP7787 is a cysteine-specific, multitargeted modula-
tor of protein function. BNP7787 mediates the nonenzymatic
xenobiotic modification of cysteine residues on proteins.
BNP7787 is autocatalytic and requires no protein cofactor to
xenobiotically modify cysteines, and appears to be specific for
cysteine residues located within a particular structural context
(ie, not all cysteines in a protein are xenobiotically modified;
proprietary computational work by FHH, PYA, and PNP).
BNP7787-mediated cysteine xenobiotic modification repre-
sents a novel mechanism of action for this type of agent.
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