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Abstract

MKK7 (MEK?7) is a key regulator of the JNK stress signaling pathway and targeting MKK7 has been
proposed as a chemotherapeutic strategy. Detailed understanding of the MKK7 structure and
factors that impact its activity is therefore of critical importance. Here, we present a
comprehensive set of MKK7 crystal structures revealing insights into catalytic domain plasticity
and the role of the N-terminal regulatory helix, conserved in all MAP2Ks, mediating kinase
activation. Crystal structures harboring this regulatory helix revealed typical structural features
of active kinase, providing exclusively a first model of the MAP2K active state. A small molecule
screening campaign yielded multiple scaffolds, including type-Il irreversible inhibitors a binding
mode that has not been reported previously. We also observed an unprecedented allosteric
pocket located in the N-terminal lobe for the approved drug ibrutinib. Collectively, our structural
and functional data expand and provide alternative targeting strategies for this important MAP2K

kinase.
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Introduction

Dual specific mitogen-activated protein kinase kinase 7 (MKK7), also known as MEK7 or MAP2K7, is a
member of mitogen-activated kinase kinase (MAP2K) subfamily, and a key activator of c-Jun N-terminal
kinase (JNK) signaling, a pathway that regulates primarily stress and inflammatory responses?. MKK7
shares this signaling role with the related MAP2K MKK4 as both kinases are able to phosphorylate and
activate JNKs. However, in contrast to other MAP2K members, MKK7 harbors three docking domains (D
domain) at its N-terminus, which cooperatively and selectively interact with JNKs enabling efficient
phosphorylation of the TxY motif threonine that is essential for regulating JNK activity?“. The activation of
the MKK7 kinase domain itself requires phosphorylation of serine and threonine residues within the SKAKT
motif>. MKK7 auto-inhibition is controlled by several factors, including the N-terminal regulatory helix® ’.
However, molecular details of the transition into the catalytically active state remained unknown for MKK7

as well as for other MAP2Ks.

Many studies have demonstrated that MKK7 and JNK signaling play crucial roles in the development of a
variety of human diseases, including inflammatory diseases® %, Alzheimer?® 2% as well as cancer???*, Several
lines of evidence have linked elevated MKK7 levels to the development of metastasis and progression of
cancer’®?’, The aberrantly activated JNK cascade may also contribute to the resistance of tumors to anti-
cancer drugs including 5-fluorouracil, DNA-damaging agents and the kinase inhibitor sorafenib®2°,
Furthermore, JNK signaling has been recently implicated in Zika virus? and Hepatitis B# infections. These
data make a compelling case for targeting MKK7 as a therapeutic strategy for these diverse diseases.
However, several reports have proposed also tumor suppressor functions of MKK7 2326, suggesting that
the roles of MMK7 vary dramatically depending on stress stimuli, cell types, and disease mechanisms in
different contexts!* 27, A highly selective inhibitor of MKK7 would represent an important tool to address

the role of MKK7 in the above mentioned pathologies.

Previous efforts to develop potent and selective inhibitors targeting JNK pathway have mostly focused on
direct targeting of JINK family members, exemplified by several recent potent inhibitors including CC-9307%,
INK-IN-8% and LN2332 (compound 7)%. However, these inhibitors lack isoform selectivity and have been

t31. To complement these

associated with cellular toxicity potentially limiting chemotherapeutic benefi
efforts and to overcome some of these challenges, targeting MKK4 and MKK7 has been suggested as an
alternative strategy for inhibiting JNK signaling. Inhibition of these MAP2Ks may provide benefits by

maintaining some basal activity of JNKs and reducing potential toxicity. Given that MKK4 is additionally


https://doi.org/10.1101/2020.06.11.145995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.11.145995; this version posted June 12, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

involved in p38 pathway®?, it would be expected that targeting MKK4 may lead to more pleiotropic effects

in comparison to targeting MKK7 which is a JNK specific activator.

Previous structural reports have suggested that accessibility of MKK7 ATP binding site might be
constrained by an auto-inhibition mechanism® 7. However, the high degree of plasticity of the kinase in
particular in its inactive state suggests possibilities for the accommodation of small molecule binders” 33,
In addition, the presence of accessible cysteine residues within the MKK7 ATP binding pocket opens also
an opportunity for irreversible targeting strategy®, supported by previous observations of covalent
binding the natural product 5Z-7-oxzeaenol and promiscuous aminopyrimidine SM1-71 with the kinase
domain®’_ In addition, previous studies have demonstrated that ibrutinib which is an BTK inhibitor can
interact covalently with MKK7 in cells 37 3, The development of ATP competitive kinase inhibitors often
follows two main design strategies: Type-l inhibitors target the active state and are anchored to the kinase
hinge region whereas type-Il inhibitors may also interact with the kinase hinge but they target an inactive
state characterized by an outward flipped conformation of the conserved tripeptide motif DFG (DFG-out).
To date, irreversible targeting using type-I inhibitors has exclusively been exploited for this kinase, leading
to covalent indazole-based derivatives® and 4-amino-pyrazolopyrimidine-based inhibitors®* %, However,
despite nanomolar in vitro inhibitory potencies, the cellular activities of these inhibitors are still limited to

the micromolar activity range, highlighting the need for additional inhibitor scaffolds with improved

cellular activity and further optimization.

An often used strategy to covalent inhibitor development involves the identification of potent reversible
inhibitors and subsequent installation of a suitable electrophilic warhead. Thus, a better understanding of
the structural plasticity of MKK7 ATP binding pocket as well as identification of suitable reversible inhibitor
with diverse binding modes will undoubtedly facilitate covalent targeting approach. To address these
challenges, we determined multiple crystal structured of MKK7, which revealed molecular mechanisms of
MKK?7 activation, a long standing question for the MAP2K family in general, as well as identified alternative
strategies such as allosteric pockets that could be utilized for type-Ill targeting strategies. Interestingly, we
found that MKK7 comprises an N-terminal regulatory helix, resembling that of MEK1/2, which acts
allosterically by facilitating a transition from an inactive, auto-inhibitory state to an active conformation.
In addition, our inhibitor screening revealed that MKK7 can be targeted by both type-l and type-Il inhibitors
with reversible and irreversible modes of action. We observed also the presence of an unexpected,
additional binding site that may be used for the development of allosteric inhibitors using ibrutinib as a

starting point. Thus, the structural data presented here offer multiple new targeting strategies for future
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development of highly selective MKK7 inhibitors and provide insight in the regulation of this important

MAP2K.

Results
Structure of the MKK7 kinase domain revealed an auto-inhibitory conformation

To provide structural insights into the kinase domain of MKK7, we first determined the crystal structure of
wild-type AN115-MKK7 in its apo, non-phosphorylated form (Figure 1A and Supplementary table 1). This
structure revealed an inactive state with several catalytic motifs displaying catalytically-incompetent
conformations, including an “out” conformation of the DFG motif and the absence of the canonical salt
bridge of the B3 “VIAK” motif lysine (K165) with the aC helix glutamate. Strikingly, both 1 and B2 strands
were distorted, resulting also in distortion of the P- loop that consequently protruded into the ATP binding
site limiting access to the co-factor. To investigate if this inactive conformation might be a structural
feature of the non-phosphorylated form of the kinase, we crystallized the phosphorylation-mimetic
mutant harboring S287D and T291D substitutions (MKK7, DD). Despite slightly different P-loop
conformation, the mutant, however, still assumed an inactive state characterized by occlusion of the ATP
site resembling the conformation observed in the wild-type structure (Figure 1B), suggesting that these
mutations were not sufficient to induce an active conformation. In agreement with previous studies 7, the
persistently inactive conformations observed in MKK7 apo-structures suggest additional auto-regulation

mechanism that are essential for controlling the kinase catalytic function.

The role of the N-terminal regulatory helix for an active state of MKK7

High flexibility of the inactive MKK7 kinase domain prompted us to investigate the molecular mechanism
for its activation, a long-standing question not only relevant for MKK7 but for the entire MAP2K subfamily.
Since the introduction of two phosphorylation-mimetic mutations was insufficient to induce an active state
in the crystal structure, we postulated a potential contribution of other regulatory elements that could
trigger kinase activation. Previous studies have demonstrated that MEK1 harbors the N-terminal helix
preceding the kinase domain, a regulatory element that controls kinase activity 4 2. Consistent with
previous prediction 3, comparative sequence analyses suggested that despite slight variations for example

in the aC glutamate position, MAP2K members shared highly similar domain architecture, prompting us
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to postulate existence of the N-terminal helix in MKK7 with a similar regulatory role to that in the

counterpart MEK1/2 (Figure 2A and Supplementary Figure S1)#.

To investigate the presence of the N-terminal regulatory helix in MKK7 as well as its role in kinase
activation, we attempted to crystallize three different MKK7 with extended N-terminal regions, full-length,
AN20 and AN75, all of which had S287 and T291 mutated to aspartic acid, a mutation known to mimic
phosphorylation*” >, Only AN75, S287D/T291D-MKK7(AN75-MKK7, DD) led to successful crystallization,
from which the structure gratifyingly revealed that the kinase adopted an active conformation with the
extended N-terminal region displaying the expected helical structure (Figure 2B). In comparison, the
position and trajectory of the N-terminal regulatory helix in the active MKK7 that packed against the aC in
the front of the kinase juxtaposed that of the counterpart helix in the inactive MEK1, which is located on
the back of the hinge (Figure 2C). Although we observe no significant movement of the aC when compared
with the inactive apo state, the N-terminal helix did trigger several structural rearrangements (Figure 2D).
These included an ‘inward’ swing of the aC Asp182 towards the ATP binding pocket, which enables
formation of the canonical salt bridge with Lys175, as well as creates a steric effect on Asp277 resulting in
structural rearrangement of the DFG motif into an ‘in’ active state (Supplementary Figure S2). Another
indication that this structure represented an active conformation was a complete structuring of the
activation segment, assisted by direct and water-mediated interactions between the two phosphorylation
mimetic Asp287 and Asp191 to Lys250 and the HRD Arg258. However, the P-loop remained disordered,
which was likely due to the absence of the ATP co-factor. The active state of the N-terminally-extended
MKK7 observed in the crystal structure was in agreement with catalytic competency of the S287D/T291D
full-length kinase, which contains the MAPK docking domain (D-domain), for JNK1 and JNK3

phosphorylation (Figure 2E).

Inhibitor screening identified diverse hits for MKK7

Considering the flexible nature of MKK7 kinase domain in its inactive state which exhibits restricted access
to its ATP binding pocket, we examined whether the kinase could accommodate diverse types of inhibitors.
We screened our in-house library of 360 compounds against MKK7 using a melting thermal shift (ATm)
assay®. These efforts identified nine inhibitors that resulted in ATm of more than 5 °C indicating potent
binding (Figure 3A and 3B and Supplementary table 2). The most potent hits comprised a wide variety of
compounds, such as type-I inhibitors (ibrutinib, OTSSP167 and CPT1-70-1; ATm ~ 11-13 °C) and several
trifluoromethyl-benzene-based type-Il inhibitors (Figure 3B and 3C). The highest thermal shift of 24.7 °C
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was observed by a type-ll compound, TL10-105. Despite much lower ATm, several type-I inhibitors such as
KO0007 and ASC69 were also interesting hits due to their distinct hinge binding motifs. Overall, the
screening data suggested that highly flexible ATP binding pocket of MKK7 can be targeted by diverse

inhibitor scaffolds and binding modes.

Further analyses of the chemical structures suggested that several compounds including ibrutinib, CPT1-
70-1, TL10-105 and SB1-G-23 may bind to the kinase domain by an irreversible binding mechanism. To
provide evidence for covalent interactions, we examined C218S MKK7 mutant and showed that, although
binding of non-covalent inhibitors remained the same, ATm for covalent inhibitors decreased significantly
(Figure 3C). Comparable thermal shifts for almost all inhibitors for the mutant suggested similar reversible
binding affinities, which was confirmed by isothermal calorimetry (ITC) Kp values of 62-318 nM (Figure 3D
and F). However, ibrutinib displayed unusual behavior, with AT, of 0.6 °C and an ITC Kp of ~1.5 uM for the
C218S mutant, suggesting that interaction with the wild type kinase is largely driven by irreversible binding

with little contribution of its ATP-mimetic moiety.

Potencies of the identified inhibitors in enzyme kinetic and cell-based assays

We next performed an activity-based assay to assess inhibitory potencies of nine selected inhibitors for
$287D/T291D full-length MKK7. Unexpectedly, when the compounds and ATP were added at the same
time only CPT1-70-1 and OTSSP167 exhibited ICses in sub-micromolar range (0.69 and 0.26 uM,
respectively) (Figure 4A and 4B). Given that pre-incubation time may affect inhibitor potency®, we
conducted the assays with a 30-minute pre-incubation period. This resulted in significantly lower 1Cso
values for all compounds, except KO0O007 (Figure 4A and 4B). Different degrees of potency changes
corresponded to different modes of inhibition, with reversible compounds, such as type-l OTSSP167 and
ASC69 and type-ll HG-6-71-01, displaying a modest decrease (2.7-4.3-fold), and covalent inhibitors,
including type-I ibrutinib and CPT1-70-1 and type-ll TL10-105 and SB1-G-23, exhibiting a significantly larger
ICso shift (8-15 fold). Overall, ibrutinib, CPT1-70-1, OTSSP167 and TL10-105 were the most potent inhibitors

with their apparent ICses in the 0.06-0.16 uM range.

The results from the enzymatic assays together with the crystal structures suggested that ATP competition
as well as energy barriers between MKK7 conformations could present the determinant factors for
inhibitor binding. To assess this, we used liquid-chromatography-coupled mass spectrometry (LC-MS) to
analyze the kinetics of adduct formation between MKK7 and two covalent inhibitors, type-I ibrutinib and

type-Il TL10-105, which required different structural rearrangement due to their different modes of
7
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binding. We observed that covalent adduct formation was completed faster in the absence of ATP in both
cases, while in the presence of ATP TL10-105 slightly out-performed ibrutinib (Figure 4C). These results
suggest that despite high plasticity of MKK7, which allows for diverse inhibitor binding, fine-tuning of the
ATP-mimetic moieties might present a key for achieving high potencies, especially for irreversible

inhibitors.

We next assessed the inhibitory potencies of five selected inhibitors on JNK pathway in sorbitol-treated
THP-1 cells. While all inhibitors showed complete inhibition of JNK and c-Jun phosphorylation at 10 uM,
some phosphorylation was observed at 1 uM concentration with ibrutinib and SB1-G-23 demonstrating
weaker inhibitory potencies compared to OTSSP167, CPT1-70-1 and TL10-105 (Figure 4D). We then chose
to further profile the cellular potencies of three covalent inhibitors: the type-I inhibitor ibrutinib and CPT1-
70-1 as well as the type-Il inhibitorTL10-105 in dose response titrations. Although all three compounds
exhibited inhibition of JINK and c-Jun phosphorylation in a dose-dependent manner, ibrutinib activity was
significantly weaker compared to CPT1-70-1 and TL10-105, which ablated the level of phosphorylated JNKs
and c-Jun significantly at nanomolar inhibitor concentration (Figure 4E). Nevertheless, the observed
inhibitory profiles could also be influenced by off-targets as seen from kinome wide selectivity profiles for

these inhibitors (see supplementary table 3).

Different modes of inhibitor binding in MKK7

To provide structural insights into inhibitor binding, we determined the co-crystal structures of MKK7 with
the identified hit compounds, including ibrutinib, CPT1-70-1, ASC69 and KO0007 (Figure 5A-D). The
electron density unveiled a clear covalent bond between ibrutinib and CPT1-70-1 with Cys218, which was
observed to be oxidized in the non-covalent complex with ASC69 and KO0007 (Supplementary figure S3).
Despite exerting similarly type-l binding mode, detailed contacts with the hinge varied among the
inhibitors due to their different chemical moieties. Two hydrogen bonds were observed for ibrutinib 4-
aminopyrazolopyrimidine and KO0O007 oxindole, while CPT1-70-1 and ASC69 formed three interactions
through their 2-aminopyrolopyrimidine and aminopyrazole scaffolds, respectively. Structural comparison
revealed that the binding modes of ibrutinib and KOO007 were reminiscent to that of their related analogue

40

4-amino-pyrazolopyrimidine-based3* and indazole-based® MKK7 inhibitors, respectively

(Supplementary figure S4).

In addition to different details of the observed interaction, comparative structural analyses demonstrated

structural alterations within the kinase upon binding to diverse type-I compounds. CPT1-70-1 induced an
8
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‘in” conformation of the DFG motif and Asp182, while the other three type-Il inhibitors bound with an ‘out’
DFG conformation. Of particular note was the binding mode of ibrutinib where the phenoxyphenyl moiety
of the inhibitor protruded into a hydrophobic back pocket in proximity to the aC, thus destabilizing the
DFG motif and resulting in two distinct conformations. Another prominent structural difference was the
position of the P-loop, which assumed a range of different conformations: disordered in the ASC69 and
KO0007 complexes; distorted in the ibrutinib complex; and structured in the CPT1-70-1 complex. These

inhibitor-bound structures further support the high plasticity of the kinase ATP binding pocket.

We also determined the structures of AN115-MKK7 bound to TL10-105 and its R-enantiomer SB1-G-23,
two type-Il inhibitors. Both inhibitors formed a covalent adduct with Cys218 in a similar manner to that
observed for type-l ibrutinib and CPT1-70-1 (Figure 5E-F). In comparison to the apo structure,
accommodation of these type-ll compounds required significant structural alteration, exemplified by a
~23° ‘out’ swing of the aC to create the hydrophobic pocket necessary for the trifluoromethyl-benzene
moieties (Figure 5E). Although TL10-105 and SB1-G-23 displayed a highly similar binding mode, we
observed different configurations of the pyrrolidine ring, which may explain their different potencies

(Figure 5F).

Ibrutinib exhibits additional binding at an allosteric site

Unexpectedly, our analysis of ibrutinib-MKK7 structure revealed not only a covalently bound inhibitor in
the active site, but some extra electron density within the N-lobe. We were able to model an additional
molecule of ibrutinib into that electron density, suggesting a 2:1 ibrutinib:MKK7 binding stoichiometry
(Figure 6 and Supplementary Figure S3), and in agreement with the ITC measurements (Figure 3E). The
presence of the inhibitor in this allosteric site was rather unexpected, and was unlikely to be influenced by
crystal packing since this region of the kinase was highly solvent exposed. In addition, a second crystal
structure where ibrutinib bound only to the allosteric site in MKK7 with an empty ATP binding pocket
suggested that such allosteric interaction was independent of and not induced by the presence of ligands
in the ATP binding site. Comparison with the apo structure indicated that this allosteric pocket was induced
by ibrutinib binding. Significant structural alterations for the pocket formation included an ‘out’ swing of
Phe202, an outward movement of the helical turn preceding the B1 that harbors lle133 as well as a small
alteration of Trp151 side chain (Figure 6A). Nevertheless, direct contact between ibrutinib and the kinase
at this allosteric site was limited to only a potential n-stacking with the B5 Phe209 (Figure 6B). To assess if

the allosteric binding of the inhibitor would occur in solution, we performed ITC experiment using the pre-
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formed ibrutinib-covalent-adduct MKK7 of which the ATP binding pocket was blocked. Indeed, the change
of titration heat demonstrated ibrutinib binding to this MKK7 adduct with the affinities measured to be
~12.6 uM (Figure 6C). Taken together, we reveal the existence of previously unobserved allosteric ligand

binding site in MKK7.

Discussion

Second-tier kinase MKK7 is a key mediator of the JNK signaling response, and represents a potential drug
target for selective inhibition of JNK signaling. Here, we present a comprehensive biochemical and
structural characterization of a diverse set of MKK7 inhibitors that includes both non-covalent and
covalent binders, as well as both type | and type Il inhibitors. Overall, despite the role of auto-inhibition in
MKK7? regulation, our study demonstrates that this kinase possesses a plastic ATP-binding site that can
accommodate a range of scaffolds. Moreover, accessibility of a reactive cysteine suggests additional
opportunities for targeting this kinase. In addition to a range of type-I previously reported compounds and
scaffolds that include 5Z-7-oxozeaenol®, indazole-based derivatives®, 4-amino-pyrazolopyrimidine-based
inhibitors®* 4% and aminopyrimidine SM1-71%>, we now expand the MKK7 inhibitor pool to include covalent
type-Il inhibitors. More broadly, TL10-105 and SB1-G-23, two compounds we identified and characterized
here represent, to our knowledge, unique examples of type-ll covalent kinase inhibitors. Another
unexpected observation that we make in this study stems from the analysis of ibrutinib binding to MKK?7.
As seen in the crystal structure of MKK7-ibrutinib complex, and further corroborated by our ITC
measurement, ibrutinib bound to MKK7 in 2:1 stoichiometry, with the second molecule of ibrutinib bound
within the newly discovered allosteric pocket at the N-terminal lobe of MKK7. Although the biological
function of this allosteric pocket remains to be determined, previous studies have proposed that this N-
terminal lobe region is involved in mediating protein-protein interactions in the context of MKK7¢, as well
as other binding partners, including GADD45B%” %8, While the molecular details of the GADD45pB binding
site on the upper kinase still needs to be described, targeting the MKK7-GADDA45p interaction, for example
with the peptide-mimetic inhibitor DTP3, has been proposed as an alternative chemotherapeutic strategy
for treatment of some cancer types with elevated GADD45 levels such as multiple myelomas?. Also for
the tyrosine kinase ABL, a second binding site of the FDA approved inhibitor gleevec that comprises the
myristate binding pocket has been described %, which resulted in a new generation of kinases inhibitors
that are now tested clinically *°. Collectively, the range of structural information described in this work

together with the discovery of MKK7 allosteric pocket, and the initial description of type-Il covalent kinase
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inhibitors offers an important resource for future medicinal chemistry efforts. In addition, the two most
potent type-I CPT1-70-1 and type-Il TL10-105 with significant cellular inhibitory effects on JNK signaling
pathway may offer an alternative chemical starting point for MKK7 inhibitor development in addition to

the previous indazole- and aminopyrazolopyrimidine -based inhibitors.

Mechanistically, our crystal structures provide not only detailed molecular models into how MKK7 engages
different scaffolds, but offer insights into MKK7 auto-inhibition and activation as well. Previous studies
have reported diverse inactive configurations as auto-inhibitory mechanisms for MKK7, including various
distorted conformations of the P-loop® 7 as well as the hinge Leu214 in an unprecedented ‘in’
conformation33. Here, we demonstrate that MKK7 can assume an inactive ‘out’ DFG conformation, thus

displaying an additional mechanism for occlusion of the ATP site and auto-inhibition’.

Molecular mechanisms underlying kinase activation has been a long standing question for MAP2K
subfamily. Here, our structure of active MKK7 provides an exclusive insight into molecular process of
kinase activation, revealing an essential role of the N-terminal regulatory helix. This regulatory helix has
previously been described in MEK1%, and is likely to be present in other MAP2Ks*}. We speculate that
activation segment phosphorylation together with correct positioning of the regulatory helix in proximity
of the aC triggers simultaneous structural rearrangements, leading to catalytic salt bridge formation as
well as formation of the substrate binding site. In this scenario, the effects of the N-terminal regulatory
helix would be allosteric. Our structural insights were consistent with the recent molecular dynamic
studies, demonstrating that the regulatory helix which is located further away in an inactive state could
undergo conformational changes and form complex network interactions with the aC and activation
segment necessary for stabilization and activation of MEK1%> %2, Although it remains to be formally
confirmed, we expect that similar mechanism based on the allosteric effect of the N-terminal regulatory

helix might be shared across the MAP2K subfamily.

Significance

Among the MAP2K subfamily members, MKK7 a poorly studied kinases despite being a key
regulator of the INK stress signaling pathway presents opportunities for translational exploitation.
Here we present a comprehensive set of crystal structures unveiling a number of unique
structural features, which significantly expand our mechanistic understanding of this kinase, as

well as the MAP2K family in general. An intriguing finding was the allosteric role of the N-terminal

11


https://doi.org/10.1101/2020.06.11.145995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.11.145995; this version posted June 12, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

regulatory helix which is conserved in all MAP2K kinases. Our structural data showed that this
helix triggers transformation into the active state providing a first model of the activation
mechanism in MAP2Ks and the active conformation of these key drug targets. We identified a
diversity of potent inhibitors that significantly expand the number of chemical scaffolds that can
be utilized targeting MKK7. Importantly, diverse co-crystal structures proposed new targeting
strategies and provided insight into the conformational plasticity of the MKK7 catalytic domain.
For instance, we present for the first time high resolution structures of irreversible type-I|
inhibitors offering a template for future exploitation of this binding mode. Additionally, we
discovered an unprecedented allosteric pocket located in the N-terminal lobe that can be
targeted by the approved drug ibrutinib. Collectively, our structural and functional data revealed
mechanistic insights into the activation mechanism of MAP2Ks, and provide new targeting

strategies for this important kinase.
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Figure legends

Figure 1: Inactive, auto-inhibitory conformations of the kinase domain of MKK7. Crystal structures of
wild-type AN115-MKK7 (A; MKK7 wild-type) and the corresponding S287D/T291D double mutant (B;
MKK?7, DD) reveal an inactive, catalytically-incompetent state, suggested by an “out” conformation of the
DFG motif, the lack of VIAK/o.C salt bridge, and a distorted P-loop that occludes the ATP pocket as shown

by surface-filled representation in the right panels.

Figure 2: Active conformation of MKK7 induced by the N-terminal helix. A) Domain architecture
comparison among the MAP2K subfamily members reveals similarly an extensive linker, which is predicted
based on MEK1 to form an N-terminal regulatory helix (N-term helix), in between the C-terminus kinase
domain and the N-terminus MAPK docking domain. Sequence comparison demonstrates slight variation,
either glutamate of aspartate, at the catalytic aC residue. B) Crystal structure of AN75-MKK7 that harbors
two phosphorylation-mimetic S287D/T291D mutations (AN60-MKK7, DD) demonstrates the proximity of
the N-term helix to the aC. C) Structural comparison between inactive MEK1 (pdb id: 3eqc) and active
AN75-MKK7, DD demonstrates distinct positions and trajectories of their N-term helix. D) Closed up details
of the catalytic features in MKK7 potentially induced by the N-terminal helix and the S287D and T291D
mutations, including the B3 Lys165-aC Asp182 salt bridge, an ‘in” DFG as well as an ordering of the
activation loop (A-loop). E) An increase in 80 Dalton mass indicates phosphorylation of JNK1 and JNK3 by
catalytically-active $287D/T291D full-length MKK7.

Figure 3: Inhibitor screening for MKK7. A) Thermal shift profile of wild-type MKK7 kinase domain against
360 compounds (see Supplementary table 2 for full results). B) Chemical structures of the top nine hits as
well as two additional weak binder KOO007 and ASC69. Thermal shifts (ATm) of the inhibitors measured
for wild-type kinase and C218S mutant, indicated as * for the latter, are shown in brackets. C) Plots of ATm
values of the selected compounds for the wild type kinase and C218S mutant. D) Examples of ITC data for
the binding of selected inhibitors in the C218S mutant. Shown are the raw isotherms (top) and the
integrated heat of binding with the independent binding fitting (bottom). Note the different scale on the

molar ratio for ibrutinib as indicated by *. Due to the similar binding affinity of ibrutinib to the ATP and
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allosteric site, the binding isotherm has been fitted to a single site model. The derived affinity data should
therefore be considered apparent binding data. E) Summary of ITC binding constants and thermodynamic
parameters for the interactions between the inhibitors and the C218S mutant. Note the stoichiometry of
0.4 for ibrutinib was likely due to its additional interaction with an allosteric binding site (see text for

details).

Figure 4: In vitro potencies of selected inhibitors for MKK7. A) Dose-response plots for inhibition of
$287D/T291D full-length MKK7 with different inhibitors from two different experimental settings; left for
no inhibitor pre-incubation, and right for 30-minute pre-incubation. B) Summary of average ICso values for
both assays calculated from triplicates. The fold differences in the ICso values (fold diff.) between two
experiment settings were indicated. C) Plots of the percentage of adduct between $287D/T291D full-
length MKK7 and type-I ibrutinib or type-Il TL10-105 measured by mass spectrometry over the measured
time scale. The reactions were performed in two different settings, with or without the supplementation
of 400 uM ATP as indicated. D) Effects of MKK7 inhibitors on downregulation of phosphorylated JNK and
c-Jun levels in sorbitol-induced THP-1 cells. E) Three MKK7 covalent inhibitor type-I ibrutinib, type-l CPT1-
70-1 and type-Il TL10-105 exhibit dose-response inhibition on JNK signaling in sorbitol-induced THP-1 cells,

albeit with different potencies, demonstrated by the decrease of phosphorylated JNK and c-Jun.

Figure 5: Crystal structures of the complexes between MKK7 and inhibitors. Detailed interactions of
ibrutinib (A), CPT1-70-1 (B), ASC69 (C) and KO0007 (D) within MKK7. All inhibitors are shown in stick
representation with green, dashed line indicating hydrogen bonds. E) Superimposition of the MKK7-TL10-
105 complex and the apo structure reveals structural alterations of the N-terminal lobe, in essence the aC,
necessary for the type-ll inhibitor binding. F) Structural comparison between the TL10-105- and SB1-G-23-
MKK?7 complexes. Both inhibitors form covalent adduct with Cys218 and share highly similar binding
modes, with an exception noted for different configurations of the inhibitor pyrrolidine moieties and the

DFG Phe278.

Figure 6: Allosteric binding of ibrutinib. A) Crystal structure demonstrates the binding of the second
ibrutinib (yellow stick) at the allosteric pocket located on top of the N-terminal lobe of MKK7. Inset shows
structural superimposition with the apo-structure, revealing the required structural rearrangements for
the pocket formation (indicated by arrows; see text for details). B) The interactions between ibrutinib and
the kinase at the allosteric site. Grey bars indicate m-stacking between Phe209 and the bound ibrutinib,
which makes also a hydrogen bond to a DMSO molecule bound in vicinity. C) ITC binding data for the

allosteric interaction between ibrutinib and the pre-formed ibrutinib-adduct MKK7. Shown are the
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normalized heat of binding with the single-site fitting (red line), and the raw titration isotherms (inset).

The thermodynamic parameters and equilibrium binding constants (Kp) are the average from triplicates.

Method details

Compounds. Sources and chemical syntheses of inhibitors are described in Supplementary information.

Protein expression and purification. All MKK7 constructs, including i) wild-type AN115-MKK7 (aa 116-421),
ii) C218S AN115-MKK?7, iii) S287D/T291D AN115-MKK?, iv) S287D/T291D AN75-MKK7 (aa 76-421), and v)
$287D/T291D full-length MKK7 (1-421), were sub-cloned into pNIC28-Bsa4 and were expressed as N-
terminal Hiss-tagged fusions in E. coli. Recombinant proteins were purified using Ni?*-affinity
chromatography, and the histidine tags were subsequently cleaved using TEV protease. The cleaved
proteins were passed through Ni?* beads, and further purified by size exclusion chromatography. MKK7

proteins were stored in 20 mM HEPES, pH 7.5, 150-200 mM NaCl and 0.5 mM TCEP.

Crystallization and structure determination. Crystallization was performed using MKK7 proteins at ~8-11
mg/ml and sitting drop vapor diffusion method at 4 or 20 °C with the conditions described in
Supplementary table 1. Successful structural determination of different complexes was obtained using
different MKK7 proteins as outlined in Supplementary table 1. For type-Il inhibitor complexes, soaking of
the inhibitors into wild-type AN115-MKK7 apo crystals was performed. For type-Il inhibitor complexes, the
$287D/T291D AN115-MKK7 protein was incubated with the inhibitors prior to co-crystallization. All
crystals were cryo-protected with mother liquor supplemented with 20-25% ethylene glycol before flash
cooled in liquid nitrogen. Diffraction data collected at Diamond Light Source were processed with XDS °?
or iMosflm 2, and scaled using Scala from CCP4 suite®. Initial structure solution was obtained by molecular
replacement using Phaser®® and published MKK7 coordinates (pdb id: 2dyl). Manual model rebuilding was
performed in COOT>?, alternated with structure refinement in REFMAC °®. Geometry of the final structures
was verified using Molprobity °’. Data collection and refinement statistics are summarized in

Supplementary table 1.

Thermal shift assays. Recombinant MKK7 at 2 uM in 10 mM HEPES, pH 7.5 and 500 mM NaCl was mixed
with 10 uM inhibitors, and the reaction was incubated briefly at room temperature for ~10 mins. SyPRO
orange dye (Invitrogen) was subsequently added, and the fluorescence signals corresponding to
temperature-dependent protein unfolding were measured using a Real-Time PCR Mx3005p machine

(Stratagene). The melting temperature calculation was performed as described previously“.
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Isothermal calorimetry. All isothermal calorimetry (ITC) experiments were performed on NanolTC (TA
instrument) at 25 °C. For binding studies of ATP-competitive inhibitors, C218S AN115-MKK7 at ~0.1 mM in
20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM TCEP and 5% glycerol was titrated into the reaction cell
containing the inhibitors at ~0.01 mM. For ibrutinib allosteric binding study, the covalent adduct of wild-
type AN115-MKK7 with ibrutinib was firstly prepared by incubating the protein with two-fold molar excess
of Ibrutinib prior to purification by size exclusion chromatography. Completion of the covalent formation
was verified by mass spectrometry, and the resulting MKK7 kinase domain covalently pre-bound to
ibrutinib at ~0.32 mM was titrated into ibrutinib at 0.02 mM. The integrated heat of titration was
calculated and fitted to a single, independent binding model using the software provided by the
manufacture. The thermodynamic parameters (AH and TAS), equilibrium association and dissociation

constants (Ka and Kp), and stoichiometry (n) were calculated.

Activity-based inhibition assay. Activity of S287D/T291D full-length MKK7 was measured using ADP-Glo
assay (Promega). JNK3 covalently pre-bound to JNK-specific covalent inhibitor® for blocking its ATP binding
site was used as a substrate. MKK7 at 25 nM and JNK3 at 30 uM were mixed in the reaction buffer
containing 40 mM tris, pH 7.5, 20 mM MgCl2, 60 mM NaCl and 1% Glycerol. Inhibitors were then added
into the mixture using an ECHO acoustic dispenser. Two sets of experiment were conducted. For the ‘no
incubation’ set, ATP at final 0.1 mM concentration was added immediately, while for the ‘pre-incubation’
experiment the MKK7-JNK3-inhibitor mixtures were pre-incubated at 4 °C for 30 mins prior to ATP
addition. The reaction was stopped at 10 mins after ATP addition, and the luminescence signals were
analyzed according to the manufacture’s protocols using BMG PheraStar. 1Cs values of inhibitors were

calculated using Prism software.

Mass spectrometry analyses for covalent adduct formation. S287D/T291D full-length MKK7 at 10 uM was
incubated with compounds at two-fold molar excess in buffer containing 20 mM HEPES pH 7.5, 200 mM
NaCl, 0.5 mM TCEP and 5% Glycerol. For ATP competition experiment, 20 mM MgCl, and 0.4 mM ATP were
added. The reactions were stopped at different time points by mixing with a solution of 1% acetic acid and
200 mM DTT. The samples were purified on C18 stage tips using protocol described previously® prior to

intact mass analyses using LC-TOF mass spectrometer (Agilent).

Western blot analyses of inhibitor cellular potencies. THP-1 cells (ATCC, TIB-202) were cultured at 37°C
with 5% CO, in RPMI 1640 (Invitrogen) supplemented with 10% heat inactivated FBS (Invitrogen) and
Gibco™ penicillin-streptavidin antibiotic (invitrogen). Cells were seeded at 600,000 cells/m| and treated

for 2 hours with inhibitors or DMSO followed by an addition of 0.6 M sorbitol (Sigma-Aldrich) for 20
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minutes. Cells were harvested by centrifugation at 100xg for 3 minutes, and washed with ice cold PBS and
subsequently lysed in buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40 (Roche) and a
phosphatase inhibitor mixture containing 20 mM NaF, 2 mM Na3V04, 2 mM B-phosphoglycerol. Samples
were analyzed by SDS/PAGE under reducing conditions, followed by Western blotting using phospho-JNK,

JNK, phosphor-c-Jun and c-Jun antibodies (Cell Signaling Technology).

Supporting Information. The supporting information includes figures, tables, crystallographic data and

supplementary methods for chemical synthesis.

Notes
The coordinates and structure factors of all complexes have been deposited to the protein data bank under

accession codes 6YFZ, 6YGO, 6YG1, 6YG2, 6YG3, 6YG4, 6YG5, 6YG6, and 6YG7.

Abbreviations

MKK7 and MAP2K7, mitogen-activated protein kinase kinase 7; JNK, c-Jun N-terminal kinase; MKK4 and
MAP2K7, mitogen-activated protein kinase kinase 4; MAPK, mitogen-activated protein kinase; MAP2K,
mitogen-activated protein kinase kinase; MEK1, mitogen-activated protein kinase kinase 1; MEK2,

mitogen-activated protein kinase kinase 2.
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