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ABSTRACT: Transforming growth factor-f} activated kinase-1 (TAK1) is a member of

the mitogen-activated protein kinase kinase kinase (MAP3K) family that regulates several

signaling pathways including NF-«B signal transduction and p38 activation. TAK1 \°¢¢\3J-:i?f° SOOI
deregulation has been implicated in human diseases including cancer and inflammation. s
Here, we show that, in addition to its kinase activity, TAK1 has intrinsic ATPase activity, 10

that (5Z)-7-Oxozeaenol irreversibly inhibits TAKI, and that sensitivity to (SZ)-7- Rons

Oxozeaenol inhibition in hematological cancer cell lines is NRAS mutation status and
TAKI pathway dependent. X-ray crystallographic and mass spectrometric studies showed
that (5Z)-7-Oxozeaenol forms a covalent complex with TAKI. Detailed biochemical .,

characterization revealed that (SZ)-7-Oxozeaenol inhibited both the kinase and the
ATPase activity of TAK1 following a bi-phase kinetics, consistent with the irreversible

inhibition mechanism. In DoHH?2 cells, (5Z)-7-Oxozeaenol potently inhibited the p38
phosphorylation driven by TAKI, and the inhibition lasted over 6 h after withdrawal of
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B NRAS Mutant [ NRAS WT B KRAS Mutant [ RAS Unknown

(5Z)-7-Oxozeaenol. Profiling (5Z)-7-Oxozeaenol in a panel of hematological cancer cells showed that sensitive cell lines tended
to carry NRAS mutations and that genes in TAK1 regulated pathways were enriched in sensitive cell lines. Taken together, we
have elucidated the molecular mechanism of a TAK1 irreversible inhibitor and laid the foundation for designing next generation
TAKI irreversible inhibitors. The NRAS-TAK1-Wnt signaling network discerned in our study may prove to be useful in patient

selection for TAKI targeted agents in hematological cancers.

ver the past two decades, intensive research has been

directed toward developing ATP competitive inhibitors
for kinases. Great success has been achieved in obtaining
inhibitors with picomolar affinity. However, it remains a key
challenge to achieve kinase inhibitors with superior pharmaco-
kinetic properties that can inhibit the target sufficiently. It is
also difficult to obtain kinase inhibitors with desired selectivity
profiles, due to the inherent similarity and high sequence
conservation in the ATP binding pocket across the kinase
family. Indeed, many kinase inhibitors display polypharmacol-
ogy (inhibiting more than one target), and the biological
significance of that is often not well understood." The strategy
of exploiting the less conserved interactions in the back-pocket
of kinases, locking the activation loop in a DFG-out
conformation, has worked well for a number of kinases. Even
though the finding of DFG-out binding nature of Bcr-Abl
kinase inhibitor Gleevec was serendipitous in nature, the
molecular level learning has been applied to design newer
generations of DFG-out binders. Induction of major conforma-
tional changes by this type of binding interaction is often
kinase-inhibitor pair specific and can significantly alter the on-
and off-rates to affect the inhibitor-target residence time for
more desirable pharmacodynamic outcome."” Recently, irre-
versible kinase inhibitors have attracted attention as another
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strategy to improve selectivity and duration of inhibition.**

Here we show that irreversible inhibition is a possible strategy
for designing selective inhibitors against TAK1 kinase (trans-
forming growth factor-# activated kinase-1, also known as
MAP3K7 and MEKK?7, EC 2.7.11.25).

TAK1 is a serine/threonine kinase and belongs to the
mitogen-activated protein kinase kinase kmase (MAP3K)
family that controls a variety of cell functions.>® For example,
TAKI is an essential mediator of antigen receptor signaling in B
and T lymphocytes and is involved in the interleukin-1 (IL-1)
signaling pathway.* ' Stimulation of cells by IL-1 leads to the
activation of TAKI, which stimulates the MAPK cascade and
IKKs, leading to the activation of JNK/p38 MAPKs and NF-xB.
TAKI requires a protein activator, the TAK1-binding protein 1
(TAB1), to achieve its full activity.'" It was later identified that
the C-terminus of TAB1 plays an essential role in its binding to
TAKI and that residues from 437 to 504 amino acids of TAB1
are sufficient for full activation of TAK1 in HeLa cells.'>"* The
pivotal role that TAKI plays in several often deregulated
cellular pathways suggests it should be a potential target for
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Table 1. Kinetic Constants for TAK1 and (5Z)-7-Oxozeaenol

TAK1-TAB1 TAK1/TAB1 (52)-7-Oxo/TAK1-TAB1

ATPase kinase® kinase® irreversible binding MS
Ky, ATP (uM) 9.0+ 12 21+ 1 24+ 3
ke (min™!) 6.0 + 02 114
ky (min™") 023 + 0.020 0.40 + 0.040
k, (h7")
K (uM) 0.071 + 0.032
1Cq, (MM) 0.014 0.009

“Values are cited from ref 13. "Values were obtained using full-length TAK1/TABI with AlphaScreen assay using a kinase-dead mutant of biotin-

MKKS as substrate.

small molecule intervention to combat human diseases
including cancer and inflammation. A class of resorcyclic acid
lactones (RALs) including (5Z)-7-Oxozeaenol and hypoth-
emycin has been reported to irreversibly inhibit MAPKSs such as
MEKs and ERK1/2.'*"* In particular, (5Z)-7-Oxozeaenol, a
natural product of fungal origin, was reported to be a TAKI
specific inhibitor.'® In this report, taking advantage of the
intrinsic ATPase activity of TAKI1, we investigated the
irreversible TAK1 inhibition mechanism of (5Z)-7-Oxozeaenol
using multiple biochemical, biophysical, and biological
methods. We also explored the pharmacological profile of
(5Z)-7-Oxozeaenol in cancer cells and its relationship to TAK1
regulated genes and other important genetic markers.

B RESULTS AND DISCUSSION

TAK1-TAB1 Protein Has Significant Intrinsic ATPase
Activity. While investigating its kinase activity, we found that
the TAKI1-TAB1 fusion protein bears significant ATP
hydrolysis activity in the absence of a protein or peptide
substrate. We observed both TAKI-TAB1 protein concen-
tration and time dependent ATP turnover using both the
coupled PK/LDH assay and the Malachite Green assay. When
the experiments were repeated with fully de-phosphorylated
TAKI1-TABI1, we observed a similar rate of ATP turnover. Mass
spectrometry showed that de-phosphorylated TAKI1-TABI
(observed MW 35482 Da, expected MW 35478 Da) was di-
phosphorylated (MW 35642 Da, +160 Da) upon incubation
with ATP/Mg**, and the phosphorylation occurred sponta-
neously under these conditions. The high stoichiometry of ATP
turnover to TAKI1 enzyme concentration ruled out the
possibility that the observed ATP consumption was driven by
auto-phosphorylation of TAK1-TABI. Furthermore, inorganic
phosphate was produced (V.. = 2.3 + 02 uM min™") at a
similar rate as ADP generation (V,,,, =1.8 + 0.2 uM min~"). To
confirm that the ATP hydrolysis activity is not an artifact
resulting from the protein fusion rather from the intrinsic
ATPase activity of TAK1 kinase, we repeated the same
experiments using a protein complex of full length TAKI and
TAB1 (TAK1/TAB1), and results showed that the protein
complex had specific ATP hydrolysis activity similar to that of
the fusion protein. Further kinetic studies using coupled PK/
LDH assay revealed that TAK1-TAB1 ATPase has an ATP Ky,
of 9.0 (£1.2) uM and a k., of 6.0 (£0.2) min~', both
comparable to those determined in a TAK1-TAB1 kinase assay
reported elsewhere'® (Table 1). Additionally, this ATPase
activity was inhibited by the TAKI specific inhibitor (5Z)-7-
Oxozeaenol with a potency similar to that for (5Z)-7-
Oxozeaenol's inhibition of TAKI-TABI kinase activity (Table
1). Not surprisingly, similar to the observation with MEK
kinase'” and MAPKs,'® the ATPase activity of TAKI-TAB1
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was suppressed by a protein substrate. When the downstream
substrate, a kinase-dead mutant of MKKG6 protein, was present,
we observed strong phosphorylation of the substrate by TAK1-
TABI1 with no free phosphate formation.

Protein kinases with intrinsic ATPase activity are not
uncommon. Several other protein kinases, especially kinases
involved in MAPK pathways, have shown intrinsic ATPase
activity.15’17’18 The consequence of intrinsic ATPase activity of
kinases under physiological conditions remains unknown.
However, it appears that at least at the in vitro biochemical
level, such activity is kinetically and structurally controlled. For
most of the kinases with ATPase activity, the catalytic efficiency
of ATPase activity is usually either equivalent to, or several fold
to several orders lower than that of the phospho-transferase
activity,">'7'® suggesting that in general the phosphorylation of
downstream substrates is a more efficient event than the
hydrolysis of ATP by these kinases. Furthermore, the inclusion
of the downstream protein substrates was found to suppress the
ATPase activity for all cases investigated so far, demonstrating
that under physiological conditions the futile ATP hydrolysis by
kinases might be prevented because all kinases are present in a
form of complexes with cognate protein substrates or activators.
Nonetheless, this intrinsic ATPase activity provided a
convenient option for in vitro studies of kinases requiring full-
length proteins as substrates. Taking advantage of the ATPase
activity of TAKI kinase we studied the mode of inhibition of
TAK1 by (5Z)-7-Oxozeaenol and characterized it as an
irreversible inhibitor of TAK1 kinase.

(52)-7-Oxozeaenol Inhibits TAK1-TAB1 Activity by
Covalent Modification. (5Z)-7-Oxozeaenol was identified
previously as a TAKI1 specific inhibitor that blocked IL-1
induced NF-kB pathway activation in cells."® Importantly, this
compound showed a time-dependent inhibition of TAKI
kinase activity, suggesting that (5Z)-7-Oxozeaenol is a slow on-
set inhibitor. It was suspected that (5Z)-7-Oxozeaenol inhibited
TAKI irreversibly in cells on the basis of the observation that
TAKI kinase activity was still inhibited 30 min after compound
was removed from the cell culture. However, the delayed
inhibitory effect could also be explained by reversible but slowly
dissociating inhibition complex or simply (5Z)-7-Oxozeaenol
being trapped inside cells. To fully elucidate the inhibition
kinetics and covalent nature of the interaction, we set up to
investigate the molecular mechanism of TAKI inhibition by
(5Z)-7-Oxozeaenol by means of mass spectrometry, pre-steady
state kinetics, and X-ray crystallography.

Mass Spectrometry. (5Z)-7-Oxozeaenol contains a cis-
enone at its 6’ to 8" position that could function as a Michael
acceptor for an appropriately positioned thiol functional group
of cysteine residue of TAK1 to form an irreversible kinase—
inhibitor complex. Protein mass spectrometry with stringent
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Figure 1. Biochemical characterization of (5Z)-7-Oxozeaenol inhibition. (A) MS traces of (5Z)-7-Oxozeaenol modification of TAK1-TAB1 protein.
Experimental details are described in Methods. Molecular weight of each peak is labeled, with 35480 assigned to apo-TAK1-TAB1 and 35842 to
(5Z)-7-Oxozeaenol-TAK1-TB1 adduct. (B) Progress curves for reactions of TAKI-TAB1 with ATP in the presence of varying concentrations of
(5Z)-7-Oxozeaenol. Solid lines represent the best fit of each reaction by eq 1. V, DMSO; A, 0.078 uM (5Z)-7-Oxozeaenol; A, 0.156 uM (5Z)-7-
Oxozeaenol; M, 0.312 uM (5Z)-7-Oxozeaenol; 0, 0.625 uM (5Z)-7-Oxozeaenol; O, S uM (SZ)-7-Oxozeaenol. (C) Plot of apparent first-order rate
constants (k) of transition from v; to v against (5Z)-7-Oxozeaenol concentrations. The solid line represents the best fit of the data to eq 2. (D)
(5Z)-7-Oxozeaenol could modify TAK1-TABI via either covalent modification (I) or a slow on-set tight-binding mechanism (II). (E) The thiolate
of Cys174 of TAK1-TABI1 undergoes nucleophilic attach on C8’ of the cis-enone of (5Z)-7-Oxozeaenol to form a covalent bond.

solubilizing conditions (0.1% formic acid and 5% methanol)
gives a direct readout of whether there is any covalent
modification of the protein and the stoichiometry of the
interaction. Figure 1A shows time dependent modification of
TAKI1-TABI by (5Z)-7-Oxozeaenol. Experiments were carried
out with both (5Z)-7-Oxozeaenol and TAK1-TABI protein at
1 uM. Under these conditions over 50% of TAK1-TAB1 (MW
35480 Da, predicted MW 35482 Da) was converted to a
covalent protein—inhibitor complex (MW 35842 Da) within 1
min, and over 90% conversion was achieved within 20 min. The
362 Da molecular weight difference between the complex and
the apo-protein indicated a mono-alkylation of TAKI1-TABI
protein by (5Z)-7-Oxozeaenol. The first-order rate constant of
the initial phase of this modification was estimated to be 0.4
min~! (Table 1).

Inhibition Kinetics. Having demonstrated by mass spec-
trometry that (5Z)-7-Oxozeaenol specifically alkylated TAK1-
TABI, we next investigated the kinetics of this event. In a
coupled PK/LDH assay, progress curves for the reaction of
TAK1-TAB1 with ATP in the presence of varying concen-
trations of (5Z)-7-Oxozeaenol showed that the reaction
velocity decreased exponentially in a time-dependent manner,
from an initial velocity v; to a final, steady-state velocity v,
(Figure 1B). Higher concentrations of (SZ)-7-Oxozeaenol
caused the steady-state to be reached more quickly with a
reduced v,. This behavior indicates that (5Z)-7-Oxozeaenol is
either a slow, tight-binding reversible inhibitor, or an
irreversible inhibitor that interacts rapidly with the enzyme to
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form an initial complex, EI, followed by a slow conversion to a
covalent adduct, E-I (Figure 1D). Individual progress curves for
the reaction of TAK1-TABI fit well to eq 1, which describes the
irreversible inhibition mechanism, allowing values for v;, v, and
k,s to be determined for each inhibitor concentration.
Consistent with the mechanism shown in Figure 3D, kg,
displayed a hyperbolic dependence on (5Z)-7-Oxozeaenol
concentration (Figure 1C), and nonlinear curve fitting using eq
2 gave values for ki, and K (Table 1). A ki, of 0.23 min ™"
is very close to the observed rate of TAK1-TAB1 modification
by MS (Table 1), further confirming the irreversible nature of
(5Z)-7-Oxozeaenol inhibition on TAK1-TABI.

X-ray Crystal Structure of (5Z)-7-Oxozeaenol Modified
TAK1-TAB1. TAK1-TABI1 protein purified from insect cells is
partially phosphorylated, as assessed by mass spectrometry. To
obtain robust crystals, the purified TAK1-TABI1 protein was
treated with A-phosphatase to produce a homogeneous sample.
TAKI1-TABI crystals were then obtained by co-crystallization
with adenosine, which is essential for growing quality crystals.
Subsequently a series of back soaking experiments were
performed with high concentration of (5Z)-7-Oxozeaenol to
displace adenosine from the active site, resulting in a complex
with (5Z)-7-Oxozeaenol at 2.2 A resolution (Table 2).

TAKI has the prototypic kinase domain with the N- and C-
lobes linked together by the hinge. The interface between the
two domains forms the kinase active site, where ATP binds.
The majority of kinase inhibitors have a flat chemotype,
mimicking the adenine ring of ATP. (5Z)-7-Oxozeanol is no
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Table 2. Crystallographic Data and Refinement

space group 222
unit cell a=f=y=90%a=581b=1339,c=1421A
mosaicity 1.26
wavelength 1.54 A
resolution 22 A
unique reflections 28551
multiplicity 6.0 (59)
completeness (%) 100.0 (100.0)
1/o(1) 7.8 (2.0)
Riperge” (%) 0.094 (0.484)
Ry’ /Reee (%) 0.221/0.245
residues 326
waters 159
av B factor
protein 64.8
inhibitor 67.9
water 64.1
Ramachandran
most favored 90.4%
allowed 8.4%
generously 1.2%
allowed
disallowed 0.0%

“Riperge = ZII — (D)I/ZL, where I is the integrated intensity of a given
reflection and (I) is the average intensity of multiple observations of
symmetry-related reflections. "R,y = ZIF, — F|/XF,), where F, and
F. are observed and calculated structure factors. “Rg,,, was calculated
from a 5% subset of reflections that were excluded from the
refinement. Parentheses indicate highest resolution shell.

exception, slotting between the N- and C-lobes that form the
active site (Figure 2A). The electron density shows there is a
covalent bond formed between the thiolate group of Cys174
and the C8’ of the cis-enone. Cys174 sits at the bottom of the
pocket, immediately preceding the DFG sequence of the
activation loop. These residues are in the DFG-in conforma-
tion. (5Z)-7-Oxozeaenol makes an H-bond to the hinge,
between the benzylic hydroxyl at C2 and the backbone amide
of Alal07 (Figure 2A). The benzylic methoxy group points
toward the solvent channel, while the methyl at C10" forms a
VDW contact with the gatekeeper methionine residue. The
macrolactone ring is sandwiched between ValSO from the N-
lobe and Leul63 of the C-lobe. The 4’-OH of the macrolactone
forms an H-bond with the backbone carbonyl of Pro160. The
binding mode we observed is similar to that seen in the crystal
structures of ERK2 bound to (5Z)-7-Oxozeaenol
(FR148083),"* and to hypothemycin.'” The ERK2 structures
also showed similar H-bonding interactions to the hinge and
from the 4’-OH and backbone carbonyl.

The structure of TAK1 bound to adenosine superimposes
closely on our structure bound to (5Z)-7-Oxozeaenol with an
RMSD of 0.6 A (Figure 2B). The differences between the two
structures are minimal, with similar conformations in the DFG
loop and the Gly-rich loop. The N- and C-lobes have the same
relative orientation to each other. In order to bind ATP, there
would have to be some conformational changes in the Gly-rich
loop to provide enough room for the additional phosphate
groups. Comparison of the two structures shows that the N1
atom of adenosine superimposes on the benzylic hydroxyl of
(5Z)-7-Oxozeaenol (Figure 2B). The O3 hydroxyl of the ribose
sugar does not form any interactions with the protein, but is in
proximity to the 4’-OH of the macrolactone, suggesting the
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Figure 2. Structure of (5Z)-7-Oxozeaenol (yellow) bound to TAKI-
TABI (gray). (A) The unsaturated cis-enone reacts with the thiolate of
Cys174, forming a covalent, irreversible bond. The H-bond to the
hinge is indicated by green dashed line. Residues Met, Glu, and Tyr
from the hinge are shown, as well as Leul63 at the bottom of the
pocket and the DFG motif. Met104 is the gatekeeper residue. (B)
Superposition of the (5Z)-7-Oxozeaenol bound structure (gray) with
the adenosine (cyan) bound structure (light blue). The structures
superimpose very closely with minimal conformational changes.
Adenosine and (5Z)-7-Oxozeaenol make one conserved H-bond
interaction to the hinge (dashed green line).

potential for an interaction if the kinase conformation were to
change.

(52)-7-Oxozeaenol Inhibits TAK1 Covalently and Modu-
lates Its Downstream Pathways in DoHH2 Cells. After we
have established unequivocally the covalent nature of TAK1
inhibition by (5Z)-7-Oxozeaenol in cell free systems, we
wanted to test whether a similar mode of action would take
place inside the cells. B-NHL cell line DoHH2, which has
constitutively activated p38 signaling driven by TAKI1 activity,
was treated with (5Z)-7-Oxozeaenol at several doses, and the
impact on phosphorylation of p38 was monitored. Complete
inhibition of p38 phosphorylation by (5Z)-7-Oxozeaenol was
observed within 2 h of treatment at doses of 3 and 10 uM, and
the effect was maintained with continuous exposure for at least
8 h (Figure 3A). After 16 h of continuous exposure to (52)-7-
Oxozeaenol, we noticed a significant drop in cell viability
resulting in poor yields of protein. Although the phosphor-
ylation of p38 was still inhibited at 16 h, the level of total p38
also decreased compared to vehicle controls. To confirm that
the effects of (5Z)-7-Oxozeaenol on TAKI inhibition in cells
was indeed irreversible, we conducted wash-out studies.
DoHH2 cells were exposed to (5Z)-7-Oxozeaenol or an
ATP-competitive reversible inhibitor of TAK1, AZ-TAK1 (for
structure and characterization of this compound, see ref 20) for

dx.doi.org/10.1021/cb3005897 | ACS Chem. Biol. 2013, 8, 643—650
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Figure 3. (5Z)-7-Oxozeaenol is an irreversible inhibitor of TAKI in DoHH2 cells. Details of the experiment were described in Methods. (A)
Kinetics of inhibition of TAK1 in DoHH2 cells after exposure to (5Z)-7-Oxozeaenol. Lane 1, DMSO vehicle; Lanes 2—4, (5Z)-7-Oxozeaenol at 30,
10, and 3 uM, respectively. (B) DoHH2 cells were treated with (5Z)-7-Oxozeaenol for 2 h followed by removal of drug and continued incubation of
the cells for the noted wash-out periods. Lane 1, DMSO vehicle; Lanes 2—4, (5Z)-7-Oxozeaenol at 30, 10, and 3 uM, respectively; Lane S, untreated
cells (no vehicle). (C) Rapid recovery of p38 phosphorylation following treatment and removal of the reversible ATP-competitive inhibitor AZ-
TAKI. Lane 1, untreated cells; Lane 2, DMSO vehicle; Lane 3, 1 uM AZ-TAKI; Lane 4, 0.3 uM AZ-TAKI.

2 h in order to achieve significant inhibition of p38
phosphorylation. After washing the cells with drug-free
medium, aliquots were then taken at different time points to
monitor how quickly TAK1 can regain its kinase activity by
monitoring the recovery of phospho-p38 signal. Whereas AZ-
TAKI induced significant (~70%) inhibition of p38 phosphor-
ylation within 2 h, the signal had returned to baseline within 1 h
of compound removal (Figure 3C). By contrast, after removal
of (5Z)-7-Oxozeaenol the phosphorylation of p38 was still
inhibited by over 90% after 1 h and showed gradual recovery
over the 6-h washout period in a dose-dependent manner.
However by 6 h the signal had still not returned to baseline
(Figure 3B). The assessment of recovery at later time points
was hampered by the apparent toxicity of the compound at 16
h. Taken together, these data indicate that (5Z)-7-Oxozeaenol
behaves in a different manner to a reversible ATP-competitive
inhibitor and that the kinetics of TAK1 inhibition in cells is
consistent with an irreversible mechanism.

Using (5Z)-7-Oxozeaenol as a tool compound, we
demonstrated that TAKI can be targeted irreversibly at both
biochemical and cellular levels. Similar resorcyclic lactones have
been shown to inhibit several kinases via covalent interaction."®
Screening (5Z)-7-Oxozeaenol with a panel of 85 diverse kinases
representing the kinome structural space showed that 11 of the
12 targeted kinases (>50% inhibition with 1 uM (5Z)-7-
Oxozeaenol), including TAK1 kinase, contain a Cys residue
before the DFG motif (Supplemental Table 4). There are
roughly 46 kinases in the human kinome with a correctly
positioned Cys residue in that region."® It can be envisioned
that engineering an appropriately positioned Michael acceptor
onto the scaffold of type I TAKI1 kinase inhibitors should result
in covalent inhibitors with improved or different selectivity.
Traditionally discovery of kinase inhibitors has been focused on
identification of classical type I reversible inhibitors mainly due
to the concern for potential toxicity of covalent inhibitors from
non-specific interactions in biological system. The application
of Michael acceptors to irreversible inhibitor design well
addressed such concerns. Michael acceptors including acryl-
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amide and enone are relatively weaker electrophilic warheads
that require a close proximity to targeted nucleophiles in order
to form covalent bond,” thus significantly reducing non-specific
modification of non-targeted proteins. Due to the relatively
small size, Michael acceptors could be incorporated into
existing optimized type I kinase inhibitors to further enhance
selectivity without reducing the affinity of the parent
compounds. The covalent crystal structure of TAK1 and
(5Z)-7-Oxozeaenol will serve as a useful tool for designing the
next generation of TAKI irreversible inhibitors targeting
Cys174, by incorporating an appropriately positioned Michael
acceptor functional group onto reversible TAKI inhibitor
scaffolds, a strategy that has worked very effectively for
developing irreversible kinase inhibitors.”**

Sensitivity to TAK1 Inhibition by (52)-7-Oxoeaenol Is
Associated with NRAS Mutation in Hematological
Cancer Cell Lines. To further evaluate (5Z)-7-Oxozeaenol
as a TAKI specific inhibitor, we tested this compound in a cell
line panel comprising 27 mixed hematological cancer lines to
assess its anti-tumor activity in vitro. A distribution of sensitivity
was observed with GISOs ranging from very sensitive (WSU-
DLCL2, GIS0 = 20 nM) to resistant (>32 uM GIS0) as shown
in Figure 4 and Supplemental Table 1. Interestingly, most of
cell lines that are sensitive to (5Z)-7-Oxozeaenol harbor NRAS
mutation (Fisher Exact test p-value =0.028). To better
understand the molecular mechanism underlying (5Z)-7-
Oxozeaenol sensitivity, we conducted gene expression profile
analysis, and found that the expression of 312 probe-sets,
representing 254 unique genes, were positively correlated to
(5Z)-7-Oxozeaenol’s pGISO with Pearson’s R > 0.45-
(Supplemental Table 2). Subsequently, we applied IPA’s core
analysis for pathway enrichment to confirm that these are bona
fide genes associated with TAKI activity. Indeed, we found that
these genes can be categorized into known TAKI1 regulated
pathways, including T cell signaling, macrophage biological
processes, Rho signaling, and RANK signaling in osteoclasts
and B cell receptor signaling (Supplemental Table 3). In
addition, several transcription regulators that might be
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Figure 4. (5Z)-7-Oxozeaenol inhibition profile in 27 hematological
cancer cell lines. GISOs were determined as described in Methods, and
the values of GISOs in uM were —log, transformed to pGISO values.
The NRAS status of each cell line was color coded.

responsible for regulating these genes were enriched, and those
include HDAC1, PPARy, CTNNB-TCF, NF«B, and MYC.
These transcription regulators have been associated with either
Wnt or NF-kB pathways.****

Although (5Z)-7-Oxozeaenol showed significant inhibitory
activity against several other kinases when it was tested with a
kinase panel (Supplemental Table 4), this compound showed
surprising specificity in inhibition of TAKI1 pathway when it
was tested with a cell panel, as shown by the strong enrichment
of TAK1 regulated pathway genes in cell lines that are sensitive
to (5Z)-7-Oxozeaenol inhibition (Figure 4, Supplemental Table
3). This observation supported the TAKI on-target pharmacol-
ogy of (5Z)-7-Oxozeaenol in hematological cancer cells. More
interestingly, the top three transcription regulators identified in
IPA analysis, HDACI1, PPARy, and CTNNB-TCF, have been
shown to be directly involved in, or cross-talk with, Wnt
pathways. Specifically, Ye and co-workers demonstrated that in
oligodendrocyte differentiation process, HDAC1 can crosstalk
with canonical Wnt signaling pathway by competing with f-
catenin for TCF7L2 interaction to regulate downstream
genes.24 Jansson and co-workers showed that in colon cancer
cells, induction of Wnt/f-catenin pathway increased PPARy
gene and protein level, suggesting PPARy to be a likely target of
the Wnt pathway in cancer cells.”> Nevertheless, the enrich-
ment of a subset of Wnt related genes in cell lines sensitive to
the TAKI inhibition raised an interesting question on how
TAK1 and Wnt pathways are linked in hematological cancer
cells. This question is of relevance to another surprising
observation we made in this study, that most of the sensitive
cell lines carry NRAS mutations, the dominant RAS isoform
alternations in liquid tumors as opposed to the KRAS mutation
in solid tumors (Figure 4). NRAS and KRAS isoform mutations
are mutually exclusive in cancers, and the two cell lines with
KRAS mutation are also with medium sensitivity. Taken
together, we propose that there is likely a previously
unrecognized signaling network of NRAS-TAK1-Wnt, together
with TAKI-NF-kB pathway, playing important roles in the
growth and survival of certain hematological tumors. A similar
signaling cascade has been demonstrated for solid cancer cells.
Singh and co-workers showed that in a subset of KRAS-
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dependent, APC-deficient colon cancer cells, KRAS activated
both Wnt and NF-«xB pathways via the activation of TAK1.%°
More recently, Yu and co-workers demonstrated that non-
canonical Wnt signaling is important for anchorage-independ-
ent growth of pancreatic tumor cells and their metastasis in vivo,
and TAK1 inhibition can negate these effects.”” Importantly, in
both cases the inhibition of TAK1 activity was achieved by both
small molecular inhibitor (5Z)-7-Oxozeaenol and genetic tools
including TAK1 siRNA and shRNA, corroborating that our
finding in hematological cancer cells is via direct TAKI
inhibition. Together with our observation in hematological
cancer cells, we suspect that TAK1 might be the convergent
point for RAS signaling in both solid and liquid tumors. Further
experimental work will be needed to confirm the linkage of
NRAS, TAKI1, and Wnt and its causative nature in
hematological tumor settings.

B METHODS

Materials. (5Z)-7-Oxozeaenol and other standard reagents were
purchased from Sigma-Aldrich, unless otherwise mentioned. Com-
pound AZ-TAKI1 was synthesized by AstraZeneca scientists. Phospho-
p38 (T180/Y182) specific antibody (cat. no. 9211) was purchased
from Cell Signaling Technologies. The baculovirus expression vector
pFastBac was purchased from Life Technologies. The TAK1-TABL
fusion protein was obtained following previous examples.'>'* DoHH?2
cells were purchased from ATCC. Cells were cultured in RPMI 1640
medium (Life Technologies) supplemented with 10% FBS (Hyclone)
and 2 nM L-glutamine and maintained at 37 °C in 5% CO,.

TAK1-TAB1 Activity Assay. The TAK1-TAB1 PK/LDH coupled
assay was conducted to detect ADP formation at RT on 384-well UV
plates (Corning), and readout was the decrease of absorbance at 340
nm due to NADH consumption. The standard reactions, except where
indicated, were carried out in a final volume of 40 uL, in pH 7.4
HEPES buffer. In a typical experiment, the reaction mixture including
PK/LDH coupling components, ATP, and inhibitor if required was
pre-incubated at RT for S min before TAK1-TABI1 protein was added
to initiate the reactions. Reactions were allowed to proceed until the
progress curves became linear, indicating that the steady state was
attained. ATPase activity of TAKI1-TABI, ie, the ATP hydrolytic
activity, was also assessed using Malachite Green colorimetric assay.
This assay detects inorganic phosphate, the other product generated
from TAKI-TAB1 ATPase reaction. Reactions were set up in
transparent 384-well plates (Corning) using the same buffer as the
PK/LDH coupled assay and quenched by adding a detection mixture
made of Malachite Green dye. The plates were read after 6 min
incubation at RT at 650 nm on a Molecular Devices plate reader.

Data analysis. For calculation of the rate of TAKI-TAB1
inactivation by (5Z)-7-Oxozeaenol, reaction progress curves from
PK/LDH coupled assay were fit to the integrated rate equation (eq 1)
for irreversible inhibition ** by nonlinear regression analysis using
GraFit S (Erithacus Software).

At = AO =yt — (Vi - ‘Vs)(l - e_]cobsr)/k()bS (1)
In eq 1, A, and A are the absorbance at time t and time 0, respectively,
kqps is the pseudo-first-order rate constant for reactions to reach the
steady state, and v; and v correspond to the initial and final slopes of
the progress curve. Values for v, v, and k., were obtained at each
inhibitor concentration and further analyzed following a two-step
inhibition mechanism described by Figure 1D, where the initial rapid
binding of the inhibitor to enzyme is followed by a second slower step
that results in the final enzyme—inhibitor complex. To obtain the
equilibrium and kinetic constants eq 2 was used, where ki, is the rate
constant for inactivation, Kj is the apparent inhibition constant, S is the
ATP concentration, and Ky, is the Michaelis—Menten constant for
ATP (Table 1).
= kinad.l/(KI(l + S/I<M) + I) (2)

kobs
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Mass Spectrometry. Covalent modification of TAK1-TAB1 by
(5Z)-7-Oxozeaenol was studied by mass spectrometry. Briefly,
reactions of 1 yuM TAKI-TABI with 1 uM of inhibitor were made
in a final volume of 400 L, in HEPES buffer. Aliquots were withdrawn
from the reactions at different time points and snap-frozen in liquid
N,. Control samples contained DMSO instead of inhibitor. Intact
protein samples were analyzed by positive ion ESI-MS on a QSTAR
Pulsar i mass spectrometer (Applied Biosystems) equipped with a
Turbo Ion Spray source. Protein mass spectra were de-convoluted
using Analyst QS software (version 1.1). Relative peak intensity of
modified and unmodified proteins were recorded and fitted to a first-
order exponential equation to estimate the observed rate of protein
modification (Table 1).

X-ray Crystallography. De-phosphorylated TAKI1-TAB1 was
crystallized as described with minor modification.'® Crystals grew by
vapor diffusion at RT. Optimal conditions were obtained in 3 uL
hanging drops containing equal parts of protein and reservoir solution
of 0.55—0.75 M sodium citrate, 0.2 M NaCl, 0.1 M Tris pH 7.0, and §
mM adenosine. Crystals appeared overnight and grew over several
days. Crystals with adenosine were then back-soaked in solutions with
excess inhibitor. Diffraction data were obtained in house to 2.2 A
resolution from an FRE+ generator outfitted with a CCD detector.
Data were integrated and scaled using d*Trek software > (Table 2).
The structure was determined by molecular replacement using
AMOoRe28 and refined using Refmac *° with rebuilding in Coot.>'
Final refinement statistics converged with R,,; = 0.221 and Rg,, =
0.245. The final density surrounding the inhibitor was excellent.

Cell Wash-out Assay. Inhibition of p38 phosphorylation was
evaluated with DoHH2 cells by Western blot. Specifically, cells were
treated with either inhibitor or vehicle (DMSO) control, and an
aliquot of cells was removed for each time point and washed with 1x
cold PBS. Subsequently whole cell lysates were prepared and evaluated
by Western blot. To evaluate the duration of inhibition effect, DoHH2
cells were treated with either inhibitor or DMSO for 2 h, and the
media were removed after centrifugation. Subsequently the cells were
washed three times with fresh medium and re-suspended in fresh
medium. Aliquots of cells were taken at several time points after
washout and subjected to Western blot to evaluate total p38 and
phospho-p38 levels. Western blot analysis was conducted following
standard procedure. Primary antibodies were detected using goat anti-
rabbit IgG HRP-linked secondary antibody diluted 1:10000 and
incubated at RT for 1 h. The blots were developed using Signal West
Dura Extended Duration Substrate (ThermoFisher Scientific). All
bands were detected and quantified using the Fuji Imager System (Life
Science USA).

Anti-proliferation Cell Assay. Anti-proliferative effect of (5Z)-7-
Oxozeaenol was assessed on an AstraZeneca internal cancer cell panel
comprising 27 hematological cancer cell lines of different types using
alamar blue method. All cell lines were cultured and plated in RPMI-
1640 media with 10% FBS and 2 mM L-glutamine in 96-well plates.
Plates developed on the day of compound addition were referred to as
Day 0. Dosed plates were cultured 3 days under normal conditions.
After 3 days of culture, dosed plates were developed using alamar blue.
For each inhibitor concentration, percentage net growth was calculated
by (Day 3 dosed well — Average Day 0)/(Average Day 3 DMSO
control — Average Day 0). The GISO of each inhibitor was computed
using the percentage net growth as defined by NCL

Bio-informatic Analysis. Cell line gene expression was measured
using Affymetrix HG U133 Plus2.0 GeneChip arrays following the
standard protocol suggested by the manufacturer. Gene expression
level was quantified using MAS 5.0 with scaling set to 100. The signal
values were log, transformed. Probe sets whose mean values in the
panel were less than 4.5 were filtered out. GISO values in M of (5Z)-
7-Oxozeaenol were log;, transformed and correlated with individual
probe-set’s expression values using Pearson’s R. Probe-sets with
Pearson’s R greater than 0.45 were selected. Pathway enrichment
analysis was performed using Ingenuity’s IPA with default settings. For
mutation analysis, Fisher’s exact test was used to calculate the p-value.
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