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A B S T R A C T   

The dual-specificity protein kinase MKK3 has been implicated in tumor cell proliferation and survival, yet its 
precise role in cancer remains inconclusive. A critical step in elucidating the kinase’s involvement in disease 
biology is the identification of potent, cell-permeable kinase inhibitors. Presently, MKK3 lacks a dedicated tool 
compound for these purposes, along with validated methods for the facile screening, identification, and opti-
mization of inhibitors. In this study, we have developed a TR-FRET-based enzymatic assay for the detection of 
MKK3 activity in vitro and a BRET-based assay to assess ligand binding to this enzyme within intact human cells. 
These assays were instrumental in identifying hit compounds against MKK3 that share a common chemical 
scaffold, sourced from a library of bioactive kinase inhibitors. Initial hits were subsequently expanded through 
the synthesis of novel analogs. The resulting structure–activity relationship (SAR) was rationalized using mo-
lecular dynamics simulations against a homology model of MKK3. We expect our findings to expedite the 
development of novel, potent, selective, and bioactive inhibitors, thus facilitating investigations into MKK3′s role 
in various cancers.   

1. Introduction 

Mitogen-Activated Protein Kinase Kinase 3 (MKK3), also known as 
MAP2K3, is a dual-specificity protein kinase that participates in the 
Mitogen-Activated Protein Kinase (MAPK) pathway.1 MKK3 becomes 

activated through phosphorylation at residues S189 and T193 by up-
stream protein kinases in this pathway.2 Once activated, MKK3 serves as 
a direct activator of other protein kinases within the MAP kinase 
pathway, notably the p38 MAP kinases, which, in turn, phosphorylate 
various downstream targets including transcription factors, 
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phospholipases, and other protein kinases.3,4. 
Within the MAPK pathway, p38 MAP kinases play a central role in 

regulating diverse cellular processes, such as inflammation, cell growth, 
and apoptosis. Dysregulation of the p38 MAPK pathway has been linked 
to various diseases, including psoriasis, Crohn’s disease, and cancer.5 

Consequently, substantial efforts have been devoted to the development 
of potent p38 MAPK inhibitors.6,7 Despite numerous small molecule 
inhibitors of P38 MAP kinases in clinical trials, no FDA-approved p38 
inhibitors are currently in clinical use. This lack of success is often 
attributed to systemic side effects, likely resulting from both on– and off- 
target effects.8,9 In this context, the pursuit of small-molecule inhibitors 
that selectively target an upstream MAPK kinase, such as MKK3, pre-
sents an attractive therapeutic strategy.10. 

Recent studies have highlighted MKK3 as a promising new target for 
cancer therapy.11,12 Silencing of endogenous MKK3 has been shown to 
impede cell proliferation and tumor survival in cancer cells, while 
sparing normal cells.13 Additionally, combining MKK3 depletion with 
chemotherapy agents has been shown to reduce clonogenicity and 
enhanced anti-tumor effects in xenograft tumor models compared to the 
chemotherapy treatment alone.14 

Despite the increasing evidence of MKK3′s involvement in cancer, 
only a few examples of small-molecule MKK3 inhibitors have been re-
ported to date.15 The scarcity of MKK3 inhibitors may, in part, be 
attributed to the absence of robust and facile biochemical and in-cell 
assays for compound identification, optimization and characterization. 

In this study, we present the development of a non-radiometric TR- 
FRET-based enzymatic assay and an in-cell BRET-based target engage-
ment assay to evaluate the potency of compounds against MKK3. Using 

these assays, we have identified pyrazolo-pyrimidines as a class of MKK3 
inhibitors. Furthermore, an exploratory structure–activity relationship 
(SAR) of the pyrazolo-pyrimidines has led to the identification of a 
novel, cell permeable MKK3 inhibitor. We anticipate that our findings 
will facilitate the development of more potent and selective inhibitors to 
investigate the modulation of MKK3 in both normal and disease biology. 

2. Results and discussion 

2.1. Establishment of a TR-FRET assay for MKK3 

To facilitate the discovery of novel MKK3 inhibitors, we sought to 
establish a homogeneous, TR-FRET-based (HTRF) enzymatic assay using 
in-house produced enzyme and commercially available reagents. To 
overcome the need to post-translationally activate MKK3 via co- 
expression or treatment with MKK3 activating kinases (such as 
MLK3),16 we employed a baculovirus system to recombinantly produce 
a previously described, constitutively-active version of this enzyme 
having two phosphomimetic mutations (S189E and T193E, hereafter 
called MKK3E)17 in insect cells (Fig. 1A; Fig. S1). 

To date, reported assay for measuring MKK3 activity in vitro have 
employed an inactive mutant of p38α as substrate.18,19 To circumvent 
the necessity of recombinantly producing (or commercially acquiring) 
p38α, we explored alternative substrates for MKK3E. To achieve this, we 
assessed the activity of purified MKK3E towards three commercially 
available synthetic peptides within the HTRF® KinEASE™ STK kit 
(Cisbio Bioassay). Our results indicated that recombinant MKK3E could 
phosphorylate all peptide substrates (Fig. S2). Subsequent work was 

Fig. 1. Production and enzymatic activity characterization of MKK3E: (A) SDS-PAGE displaying purified MKK3E tagged with GST (60 kDa band indicated by a red 
arrow) after affinity purification using Glutathione Sepharose (red arrow). (B) Determination of KM,ATP for MKK3E. (C) Enzyme titration to establish the optimal 
protein concentration for subsequent enzymatic assays. (D) Enzyme kinetics at two ATP concentrations, showing linear reaction velocity rates throughout all tested 
time points. (E) Determination of the Z’-Factor (red circles 0 % activity, black circles 100 % activity). The raw signal represents the ratio of the fluorescence in-
tensities measured at 665 nm (acceptor emission) and 620 nm (donor emission). All MKK3 reactions were performed at 30 ◦C. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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performed using substrate STK3. 
Using the in-house produced MKK3E and Cisbio TR-FRET reagents, 

we established a robust and sensitive assay for measuring MKK3E 
enzymatic activity. Through this assay, we determined the KM,ATP for 
MKK3E to be 2.1 μM (CI 95 %: 1.8–2.5) (Fig. 1B). While KM,ATP values 
for MKK3 have not been reported before, the value obtained here was 
consistent with those commonly observed for other protein kinases, 
including a constitutively-active, phosphomimetic double mutant of the 
related MAPK pathway kinase MKK6 (3.6 μM).20 To optimize the assay, 
we performed an enzyme titration and obtained an EC50 value of 95 nM 
(Fig. 1C). Lastly, a time-course analysis performed with a fixed con-
centration of MKK3E (100 nM) and either 1 or 2 µM of ATP confirmed 
that, under these conditions, the amount of phosphorylated peptide 
increased linearly with reaction time (Fig. 1D). Based on these results, 
all subsequent enzymatic assays were performed for one hour at 30 ◦C 
using 100 nM MKK3E and 1.0 µM ATP. Under these conditions, we 
estimated a Ź-factor ≥ 0.5, indicative of a high-quality assay suitable for 
high-throughput screening (Fig. 1E).21. 

2.2. Development of an in-cell, BRET-based target engagement assay for 
MKK3 

An essential step in early-stage drug discovery programs is the vali-
dation of whether selected hits effectively engage the intended target 
within whole, living cells. An in-cell target engagement assay assesses 
the compound’s capability to permeate cells and interact with the target 

within the cellular environment. This is especially pertinent in kinase 
drug discovery programs since the majority of kinase inhibitors bind to 
the enzyme’s ATP-binding pocket, and cellular ATP concentrations may 
significantly surpass the ATP Km for the kinase.22. 

A commonly employed strategy to evaluate in-cell target engage-
ment is based on Bioluminescence Resonance Energy Transfer (BRET) 
between a pair of BRET donor and acceptor molecules.23,24 In this assay, 
the BRET donor comprises the protein of interest (in this case, MKK3) 
fused to nanoluciferase (Nluc), a small (19 kDa), engineered biolumi-
nescent protein.25 BRET acceptors can be either commercially available 
or custom-made using fluorescent versions of known target ligands.26 

When the BRET acceptor, also referred to as the tracer, binds to the Nluc- 
fused target, the bioluminescent energy from the Nluc reaction is 
transferred to the tracer fluorophore, resulting in measurable fluores-
cence at a different wavelength. In competition assays, ligands may be 
applied exogenously to the system to displace the tracer from the target 
protein and disrupt the BRET signal.23,26. 

A significant advantage of establishing a BRET-based, in-cell target 
engagement assay for MKK3 is that it allows for the identification and 
evaluation of those cell-permeable compounds capable of effectively 
outcompeting cellular ATP to engage the kinase. However, it is worth 
noting that no commercially available tracers have been previously 
demonstrated to bind to MKK3. 

To investigate the potential of commercially available tracers to bind 
to full-length wild-type MKK3 within cells, we transiently expressed 
Nluc-fused MKK3 in human (HEK293T) cells and measured the BRET 

Fig. 2. Development of an in-cell, BRET-based target engagement assay for MKK3. (A) Screening of commercial tracers against MKK3-nLuc expressed in HEK293T 
cells. The data presented is the mean ± SEM of a single experiment performed in triplicates. (B) and (C) Titration of Tracer K-9 and K-10 under equilibrium conditions 
in the presence (pink circles) and absence (black circles) of a saturating concentration of staurosporine (5 µM). The data shown is the mean ± SEM of a single 
experiment performed in duplicate. (D) Determination of the Z’-Factor for Tracer K-9 (1 μM). mBRET (mBU) units are calculated as described in the Methods section. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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signal in the presence of seven tracers from Promega’s catalog (Fig. 2A). 
Encouragingly, tracers K-9 and K-10 generated a robust BRET signal, 
which could be completely displaced by the well-established pan-kinase 
inhibitor staurosporine (5 µM, Fig. 2B-C). The displacement by staur-
osporine indicated that the BRET signal was specific to the interaction of 
the tracer with the ATP binding site of MKK3-Nluc. Furthermore, we 
estimated this assay to be sensitive and robust, with a Ź-factor ≥ 0.5 
(Fig. 2D).21 Based on these results, we opted to utilize tracer K-9 for 
subsequent in-cell BRET experiments. 

2.3. Discovery of pyrazolo[3,4-d]pyrimidines as MKK3 inhibitors 

To demonstrate the utility of the tools we developed for MKK3 in-
hibitor discovery, we applied our TR-FRET MKK3E assay to screen a 
library comprising approximately 330 bioactive, chemically diverse, 
and commercially available kinase inhibitors sourced from SelleckChem 
(Table S1). All compounds were tested at a single concentration of 1 µM 
(Fig. S3, Table S1). Our results indicated that none of the compounds 
inhibited MKK3 by more than 65 % at the tested concentration. How-
ever, among the screened compounds, the pyrazolo[3,4-d]pyrimidine 
INK128 (Sapanisertinib, 1) exhibited the highest activity, inhibiting 
approximately 61 % of MKK3 activity at 1 µM (Fig. 3A). 

Compound 1 is a potent (IC50 < 10 nM) ATP-competitive and cell- 
permeable inhibitor of mTOR,27,28 a phosphoinositide 3-kinase-related 
protein kinase. Interestingly, within the tested library, three other pyr-
azolo[3,4-d]pyrimidines were capable of inhibiting MKK3 activity by 
approximately 30 % at 1 µM. PP-242 (Torkinib, 2) was originally 
described as a potent (IC50 < 10 nM) mTOR inhibitor,29 whereas PP1 
and PP2 were originally characterized as potent (IC50 < 10 nM) in-
hibitors of Src family members.30 The amino acid sequence identity 
levels between MKK3 and mTOR or Src kinases are quite low (<30 %), 
which likely explains the limited MKK3 inhibition potency of these 
compounds (ranging from 30 % to 61 %) in our assays. 

To further confirm the potency of 1 and 2, we employed our TR- 
FRET enzymatic assay (Fig. S4). The obtained dose–response curves 
indicated that inhibitor constants (Ki) values of 1.1 ± 0.3 µM and 1.5 ±
0.1 µM, respectively (Fig. 3A). These results indicated that both 1 and 2 
are single-digit micromolar inhibitors of MKK3, and suggested com-
pounds having the same pyrazolo[3,4-d]pyrimidine scaffold may serve 
as promising starting points for novel MKK3 inhibitors. 

To test these ideas, we acquired and tested three additional pyrazolo 
[3,4-d]pyrimidines originally described as inhibitors of Src protein ki-
nase family members (with IC50 values ranging from 3 nM to 1 µM)31–33 

which were not initially present in our library: 1-NA-PP1 (3), 3-BrB-PP1 
(4), and 1-NM-PP1 (5) (Fig. 3B). In our TR-FRET assay, compounds 3–5 
were considerably less potent MKK3 inhibitors than 1 and 2, with Ki 
values ranging from 4.8 to 27.9 µM. Despite the reduced activity of 
compounds 3–5, these results further validated the use of pyrazolo[3,4- 

d]pyrimidines as MKK3 inhibitors. 
To demonstrate the potential of our set of novel MKK3 tools to 

support SAR exploration for new MKK3 inhibitors based on the pyrazolo 
[3,4-d]pyrimidine scaffold, we initiated a chemistry program focused on 
analogues of 2. This compound was the first ATP-competitive mTOR 
inhibitor to be described as potent and selective, and is often used in the 
literature to probe for mTOR inhibition in live cells34,35 and ani-
mals.35,36 Furthermore, structural data detailing the binding mode of 2 
to mTOR are available.37. 

2.4. Design of novel pyrazolo[3,4-d]pyrimidine MKK3 inhibitors 

To guide our synthetic efforts, we performed molecular dynamic 
(MD) simulations using a homology model of MKK3 based on MKK7 
(PDB ID: 6IB2; 42 % sequence identity) (Fig. 4). We chose to employ a 
homology model of MKK3 based on MKK7 instead of the available 
prediction from AlphaFold (ID AF-Q6FHG1-F1)38 due to the latter’s 
representation of the kinase in an inactive conformation, similar to the 
autoinhibitory conformation found for MKK6 (Fig. S5).39,40. 

Analysis of trajectories from a 100-ns MD simulation of 2 bound to 
MKK3 indicated that the compound binding pose was highly stable 
within the kinase ATP-biding pocket. Notably, the orientation of 2 
during the MD simulation exhibited minimal changes when compared to 
the compound’s initial docked pose (Fig. S6). Furthermore, the overall 
fold of MKK3 was preserved throughout the simulation. The average 
root mean square deviations (RMSDs) for 2 and the average Cα RMSD 
values for the entire protein were 0.9 to 4.6 Å, respectively. These 
simulations suggested that the indol-hydroxyl group of 2 formed a 
hydrogen bond with lysine residue K93. This lysine residue is structur-
ally- conserved amongst protein kinases and plays a pivotal role in their 
activity.41 Additionally, the pyrazolo[3,4-d]pyrimidine core of the 
compound interacted with the protein hinge region via a hydrogen bond 
to the main chain oxygen of residue E141. These observed interactions 
between 2 and MKK3 provided insights into the compound’s inhibitory 
activity against the kinase. Furthermore, the N1 substitution of 2 pointed 
towards a large cavity at the bottom of MKK3′s ATP-binding site, sug-
gesting potential for exploration by bulkier substituents. 

Results from our MD simulations encouraged us to generate a set of 
19 novel pyrazolo[3,4-d]pyrimidine analogs (Table 1). These efforts 
aimed to expand the chemical space of MKK3 inhibitors by introducing 
variations in the aromatic substitution at C3, including substituted aro-
matic rings (8–15) and heteroaromatic rings (16–21). Building upon the 
MD results, which highlighted the interaction of compound 2 with the 
critical MKK3 residue K93 through hydrogen bonding, we sought to 
preserve this interaction. Our approach involved the exploration of 
different hydrogen bond donor and acceptor moieties at the 3- and 4-po-
sitions of the phenyl ring (22–26). Scheme 1 depicts the preparation of 
compounds 8–26. The process initiated with the utilization of 

Fig. 3. Structure and inhibition constants (Ki) for selected MKK2 inhibitors. (A) Chemical structure and Ki values of confirmed hits identified from the kinase in-
hibitor library. (B) Chemical structure and Ki values of related pyrazolo[3,4-d]pyrimidines. The data presented represent the mean ± SEM of two independent 
experiments, each performed in duplicate. 
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commercially available 4-chloro-pyrazolo[3,4-d]pyrimidine 7, which 
underwent nucleophilic displacement with NH4OH, followed by 
bromine installation at C3. Subsequent Suzuki coupling using various 
boronic acids led to the generation of the desired target compounds 
8–26. 

2.5. Activity of novel pyrazolo[3,4-d]pyrimidine compounds against 
MKK3E 

This set of pyrazolo[3,4-d]pyrimidine compounds was initially 
evaluated against MKK3E at a single concentration of 5 µM using our TR- 
FRET assay. For the most potent compounds (>30 % inhibition), we 
determined Ki values from complete dose–response curves (Table 1; 
Fig. S7). 

Compound 8, which has an unsubstituted benzyl group at position 
C3, inhibited MKK3E with a Ki of 9.3 ± 0.8 µM, further confirming the 
inhibitory properties of the pyrazolo[3,4-d]pyrimidine core. Attempts to 
improve the potency of 8 by introducing heteroatoms at various posi-
tions on the benzene ring at C3 (9–15) did not yield the desired im-
provements. Nonetheless, these studies indicated that addition of a 2-Cl 
(9, Ki = 11.0 ± 0.9 µM) or 3-F (12; Ki = 15.0 ± 7.7 µM) were tolerated 
by the enzyme. However, once both heteroatoms were added to the 
benzene ring as in compound 10 (2-Cl, 3-F), the activity dropped 
significantly (Ki = 27.5 ± 6.7 µM). Besides, by changing the positions to 
3-Cl, 4-F the activity improved approximately 3-fold for compound 11 
(Ki = 9.9 ± 1.4 µM) as an indication that MKK3 might accommodate 
larger substituents in these positions without affecting compound 
activity. 

Next, we explored the use of compounds with fused heteroaromatic 
rings as substituents at C3 (16–21). These modifications were inspired 
by 1–5, which have bulkier and polar substituents at this position and 
were shown to be more active than 9–15. Enzyme inhibition data for the 
quinolines 16–17, the isoquinoline 18 and the naphthylamine 19 sug-
gested that bulkier groups at C3 increased compound potency compared 
to 8. However, the extent of this potency enhancement depended on the 
specific position of the nitrogen-containing group. For instance, com-
pounds 16 (quinoline with N at position 5, Ki = 6.2 ± 0.7 µM) and 19 (4- 
naphthylamine, Ki = 7.1 ± 0.9 µM) had similar potencies against 
MKK3E activity and possessed nitrogen atoms that potentially occupy 
equivalent positions within the enzyme’s ATP-binding site. Conversely, 
compounds 17 and 18, with N atoms in disparate positions, failed to 

inhibit MKK3. These findings were corroborated by the results obtained 
with naphthylamine 20 (Ki = 6.5 ± 2.1 µM), which featured an N 
potentially occupying the same position within MKK3′s ATP-binding site 
of those in 16 and 20, and the lack of activity of indazole 21, having the 
N atom in a disparate position. Interestingly, our results also under-
scored the significance of the nitrogen’s atom position over its proton-
ation state. 

Overall, these observations were consistent with the results from MD 
simulations, indicating that polar substitutions at C3 could interact with 
a polar region within the enzyme’s ATP-binding site, primarily 
composed of hydrophilic residues. This region included two structurally 
conserved and catalytically-important residues (K93 and D208) and 
N144. Consequently, we decided to explore additional polar sub-
stitutions at the aromatic ring using compounds 22–27. Unfortunately, 
the installation of N-substituted amides (22, 24 and 25) or sulfonamide 
(23) at meta- or para- positions was deleterious to the activity. The 
bulkier size of these substituents may interfere with MKK3E binding 
leading to the compounds lack of activity. On the other hand, a smaller 
3,5-difluorphenol substitution (26) that mimics the phenol substituent 
in 2 was well tolerated, indicating that polarity and size at the C3 po-
sition are important for MKK3 binding. The 3,5-difluorphenol substitu-
tion was chosen due to the enhanced acidity of the phenol flanked by 
two fluorine atoms, that act as electron-withdrawing groups. This moi-
ety has been extensively studied by medicinal chemists in kinase drug 
discovery42,43 because the phenol oxygen often interacts with the basic 
catalytic lysine in the back of the ATP pocket.44,45 To test this hypoth-
esis, we conducted 100-ns MD simulations of 26 bound to MKK3. The 
results revealed a stable interaction via hydrogen bonding of the phenol 
oxygen with K93 and D208 (Fig.S8). Moreover, the pyrazolo[3,4-d] 
pyrimidine maintains the hydrogen bond with the backbone of E141 in 
the hinge, as observed by other authors.32,46,47. 

Analysis of Ligand Efficiency (LE) is defined as an approach for 
scaling compound affinity differences by the corresponding molecular 
size differences. This strategy is particularly helpful in SAR analysis for 
compound optimization and prioritization.48–50 Lipophilicity is another 
important parameter in drug discovery and is often used to prioritize hit 
compounds. The lipophilicity-corrected ligand efficiency (LELP) is 
defined as the ratio of the logarithm of the calculated n-octanol–water 
partition coefficient (clogP) and LE.51 There is no consensus in the 
literature on the optimal values for a lead compound or drug candidate, 
however, historically, the range of values for LE and LELP for lead 

Fig. 4. Overall structure of MKK3 and binding mode to compound 2 following a 100-ns MD Simulation. The protein is depicted as a white cartoon, while the atoms of 
2 are represented as spheres and sticks, with carbon atoms colored cyan. The inset provides details of the binding interaction of 2 with MKK3. The kinase hinge region 
(residues 140–145), the structurally-conserved and catalytically important lysine (K93) and aspartic acid (D208), and asparagine 144 are depicted as colored sticks 
(carbon atoms in magenta), with parts of the protein cartoon representation omitted for clarity. Dashed black lines indicate potential hydrogen bonds between MKK3 
and 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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compounds has been reported as 0.3–0.5 and 7–10, respectively.52,53. 
In agreement with our previous observation, compound 26 displayed 

the best inhibitory activity from the series of compounds tested, with a 
Ki of 4.6 ± 0.6 µM and a favorable ligand efficiency (LE = 0.3; LELP = 9), 
therefore 26 was selected for further validation in the BRET assay. 

Table 1 
Inhibition potency and ligand efficiency properties of compounds 

8–27.

Entry R Inhibition 
(%)a 

Ki 
(µM)b 

LEc LELPd 

8 34.8 ± 5.5 9.3 ±
0.8 

0.4 9 

9 37.4 ± 0.3 11.0 
± 0.9 

0.3 10 

10 35.2 ± 1.6 27.5 
± 6.7 

0.3 13 

11 39.3 ± 0.1 9.9 ±
1.4 

0.3 12 

12 19.8 ± 3.3 15.0 
± 7.7 

0.3 11 

13 23.4 ± 0.8 n.d. n. 
d. 

n.d. 

14 Not active e n.d. n. 
d. 

n.d. 

15 3.4 ± 12.9 n.d. n. 
d. 

n.d. 

16 35.6 ± 9.6 6.2 ±
0.7 

0.3 11 

17 28.2 ± 3.3 n.d. n. 
d. 

n.d.  

Table 1 (continued ) 
Entry R Inhibition 

(%)a 
Ki 

(µM)b 
LEc LELPd 

18 12.4 ± 5.8 n.d. n. 
d. 

n.d. 

19 54.8 ± 1.2 7.1 ±
0.9 

0.3 11 

20 58.2 ± 6.4 6.5 ±
2.1 

0.3 8 

21 Not active e n.d. n. 
d. 

n.d. 

22 26.4 ± 0.2 n.d. n. 
d. 

n.d. 

23 12.6 ± 1.3 n.d. n. 
d. 

n.d. 

24 5.2 ± 3.8 n.d. n. 
d. 

n.d. 

25 7.1 ± 1.9 n.d. n. 
d. 

n.d. 

26 44.9 ± 2.2 4.6 ±
0.6 

0.3 9 

n.d. = not determined. 
a Data shown is mean ± SEM (n = 2/compound) of a single experiment. 
b Data shown are mean ± SEM (n = 2/concentration) of two independent 

experiments. 
c LE: ligand efficiency = (1.37 × pKi)/HAC, where pKi = − log(Ki) in the 

molar range; HAC = heavy atom count. 
d LELP: lipophilic ligand efficiency = clogP/LE, where clogP = calculated 

partition coefficient, calculated with ChemDraw v.22.0.0.22. 
e Not active – inhibitory activity lower than the expected assay limit. 
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2.6. Compound 26 binds to MKK3 in human cells 

To assess compound 2 and 26 ability to bind to MKK3 in intact 
human cells, we used the BRET-based in-cell target engagement assay as 
described previously. Our results indicated that 2 failed to fully displace 
the tracer at concentrations of up to 100 µM (Fig. 5A). This limitation 
was consistent with prior reports noting the low aqueous solubility of 2 
(6–9 µg/mL in water).36,54 In contrast, we were able to use significantly 
higher concentrations of 26 in our assay, reaching up to 1 mM. This 
extended concentration range enabled the generation of a complete 
dose–response curve, from which we calculated a cellular IC50 of 144.7 
± 10.2 µM (Fig. 5B). These results demonstrate a significant disparity 
between the in vitro and cellular efficacies of compound 26. This 
discrepancy could be attributed to a multitude of factors. One possibility 
is the compound’s limited cell permeability, which might impede its 
access to intracellular targets. Additionally, the compound’s efficacy 
might be adversely affected by the ATP-rich intracellular environment, 
where it faces competition with ATP for binding to the kinase. Moreover, 
metabolic instability or active efflux mechanisms within the cells could 
also contribute to the reduced cellular activity. Future investigations 
will be dedicated to enhancing the in-cell activity of compound 26, 

potentially through modifications aimed at improving cell permeability 
and metabolic stability. 

2.7. Selectivity profile of compounds 2 and 26 

The human genome encodes more than 500 proteins having a 
structurally conserved kinase domain.55 The majority of kinase in-
hibitors bind to the ATP-binding pocket, a structurally conserved region 
within the kinase domain. To assess the ability of compounds 2 and 26 to 
bind to 28 different human protein kinases, we used a TR-FRET assay 
based on the competitive displacement of a generic, ATP competitive 
fluorescent ligand. 

This kinase panel, albeit limited, included representatives from all 
protein kinase superfamilies. (Fig. S9). Our results indicated that, in 
these assays, 26 was able to displace more than 80 % of the fluorescent 
tracer from two out of the 28 tested human protein kinases (DAPK3 and 
RIPK2). In contrast, 2 had a similar tracer displacement level for six of 
these kinases (DMPK1, DAPK3, RIPK2, SLK, DYRK2, and TGFbR2) 
(Fig. 5C, Table S2). 

Among the human kinases within our panel, 2 was previously shown 
to strongly inhibit DYRK2 and PKACα activity in vitro.56 Nevertheless, in 

Scheme 1. Reagents and conditions: (a) 1,4-dioxane, NH4OH, r.t., to 100 ◦C, 18 h, 89 %; (b) Br2, H2O, r.t. 1 h, then 100 ◦C, 45 min, 94 %; (c) Pd(dppf)Cl2, 1,4- 
dioxane, 7, Cs2CO3, boronic acid, N2, 100 ◦C, 18 h, 7–91 %. 

Fig. 5. In-cell target engagement and selectivity profiles of compounds 2 and 26. (A, B) Representative curves illustrating competitive displacement experiments of 
K-9 (1.0 µM) by compounds 2 (A) and 26 (B) in human cells. Data presented are the mean ± SD (n = 3 per concentration) of two independent experiments. (C) 
Selectivity profiles of compounds 2 and 26. The compounds were subjected to a tracer displacement assay at a single concentration (1 µM) against a panel of 28 
human kinases. The ability of compounds to displace the tracer compared to the vehicle control is depicted by colored squares: red (>80 % displacement), yellow 
(40–80 % displacement), and green (<40 % displacement). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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our tracer-displacement assay, we did not observe robust binding be-
tween 2 and PKACα. These discrepancies may be attributed to the dif-
ferences in assay formats employed (enzyme activity versus tracer 
displacement), necessitating further investigations to clarify these 
discrepancies. 

3. Conclusions 

In summary, our study has addressed critical challenges in the 
development of MKK3 inhibitors, a relatively understudied kinase that 
lacks tool compounds for deciphering its role in both disease and normal 
biology. Therefore, we aimed to develop new methodologies for 
screening compounds against this kinase in vitro and in cellulo. We 
demonstrated the validity of our assays by screening commercial kinase 
inhibitors, resulting in the generation of a novel pyrazolo[3,4-d]py-
rimidine, compound 26, with improved activity against MKK3, espe-
cially in the context of live cells, and fewer off-target effects than its 
parent compound 2. We believe these assays will pave the way for a new 
generation of MKK3 inhibitors with optimized potency and selectivity, 
enabling researchers to uncover the specific roles of MKK3 in cell 
biology. 

4. Experimental procedures 

4.1. Chemistry 

The final compounds were characterized by 1H/13C NMR and elec-
trospray ionization-mass spectrometry (ESI-MS). NMR spectra were 
recorded on a Bruker 250 MHz, 400 MHz, or 500 MHz spectrometers. 1H 
and proton decoupled 13C NMR spectra were scanned on a Bruker 
Avance NMR spectrometer in DMSO‑d6, CDCl3, Methanol‑d4 or Ace-
tone‑d6 at 250 MHz (1H), 400 MHz (1H) and 101 MHz (13C) or 500 MHz 
(1H) and 126 MHz (13C). The chemical shifts (δ) are reported in ppm. 
Sample was submitted for MS analysis to control the exact mass of the 
compound synthesized. Compounds containing chlorine or bromine 
were measured by their most abundant isotope (34Cl and 79Br, respec-
tively). 1 μL of the sample (diluted for a final concentration of 0.1 μg/μL 
in 100 % acetonitrile) was analyzed by reverse phase HPLC-ESI-MS 
using an Acquity H-class HPLC system (Waters Corp. Milford, MA, 
USA) which is directly connected to the XEVO G2 Sx Q-ToF (Waters) to 
determine the intact mass of the small molecule. The HPLC is equipped 
with C18 column (ACQUITY UPLC Protein BEH C18 Column, 1.7 µm, 
2.1 mm X 50 mm, Waters) for small molecule separation kept at 45 ◦C. 
The mobile phase solvent A was 0.1 % Formic acid (FA) in water, and 
solvent B was 0.1 % FA in 100 % Acetonitrile (ACN). The samples were 
loaded at a flow rate of 0.5 μL/min, and eluted form C18 column at a 
flow rate of 400 μL/min with one linear gradient step: one from 3 to 90 
% solvent B over 2.5 min. The column was regenerated by washing at 
100 % solvent B for 1.5 min and re-equilibrated at 1 % solvent B for 3 
min. Exact mass analysis was performed in positive ion electrospray in 
resolution mode. For internal calibration, the lockspray properties were 
the following: scan time was fixed at 0.5 s, with a mass window of 0.5 Da 
around Leu-enkephalin (556.2771 Da). The ToF-MS acquisition ranged 
from 50 Da to 2,000 Da with a scan time fixed at 0.5 s. The cone voltage 
on the ESI source was fixed at 40 V. MS Raw data was analyzed using 
MassLynx software developed by Waters. All reagents were purchased 
from commercial source and used as received. 

4.1.1. 3-bromo-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine 7 
To a stirred solution of 4-chloro-pyrazolo[3,4-d]pyrimidine (6, 1.46 

mmol) in 1,4-dioxane (5 mL) was added NH4OH (10 mL) at room tem-
perature. The reaction mixture was heated at 100 ◦C overnight. The 
reaction mixture was cooled, and the solvents were removed under 
reduced pressure. The solids formed were collected as a white solid in 
89 % yield, with enough purity. A mixture the previously obtained 
compound and bromine in water was stirred at room temperature for 1 

h. and at 100 ◦C for 30 min. To increase the solubilizing power of the 
reaction mixture, ethyl acetate was added, and the resulting solution 
was heated at reflux for an additional 15 min. The two layers were 
separated, and the aqueous phase was extracted with ethyl acetate. The 
combined organic extracts were washed with 5 % aqueous NaHSO3 
solution, followed by brine and the organic solvent was dried (MgSO4) 
and concentrated under reduced pressure. The resulting material was 
passed through a pad of silica and was dried to afford 7 a yellow solid in 
94 % yield (123 mg). 1H NMR (500 MHz, CDCl3) δ 8.23 (s, 1H), 1.78 (s, 
9H). Compound 7 (CAS no: 862728–61-8) 1H NMR was in accordance 
with previous publications.57–59. 

4.1.2. General procedure for the synthesis of 8–27 
To a solution of Pd(dppf)Cl2 (10 mol%) in degassed 1,4-dioxane (1 

mL) was added 7 (50 mg, 0.186 mmol), Cs2CO3 (152 mg, 0.465 mmol) 
and boronic acid (0.223 mmol). The flask was sealed under N2 and the 
reaction mixture was stirred at 100 ◦C for overnight, filtered through 
Celite and concentrated under reduced pressure. The residue was puri-
fied by column chromatography. 

4.1.3. 1-(tert-butyl)-3-phenyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine 8 
The product 8 was obtained as a pale white solid in 60 % yield (30 

mg). 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.72 (d, J = 7.8 Hz, 2H), 
7.55 (t, J = 7.5 Hz, 2H), 7.48 (t, J = 7.3 Hz, 1H), 5.51 (s, 2H), 1.86 (s, 
9H). 13C NMR (126 MHz, CDCl3) δ 157.8, 154.4, 154.2, 142.1, 133.8, 
129.3, 128.8, 128.6, 99.7, 60.5, 29.2. HR-MS m/z calculated for 
C15H18N5: 268.1557 [M + H]+, found 268.1560 [M + H]+. 

4.1.4. 1-(tert-butyl)-3-(2-fluorophenyl)-1H-pyrazolo[3,4-d]pyrimidin-4- 
amine 9 

The product 9 was obtained as a pale yellow solid in 64 % yield (34 
mg). 1H NMR (500 MHz, DMSO) δ 8.23 (s, 1H), 7.55 (dd, J = 13.5, 7.2 
Hz, 2H), 7.40 – 7.32 (m, 2H), 1.74 (s, 9H). 13C NMR (126 MHz, DMSO) δ 

161.0, 159.0, 158.6, 155.2, 154.0, 136.2, 132.2, 131.6, 131.5, 125.4, 
125.4, 121.4, 121.3, 116.9, 116.8, 100.5, 60.3, 29.2. HR-MS m/z 
calculated for C15H17FN5: 286.1463 [M + H]+, found 286.1489 [M +
H]+. 

4.1.5. 1-(tert-butyl)-3-(3-chloro-2-fluorophenyl)-1H-pyrazolo[3,4-d] 
pyrimidin-4-amine 10 

The product 10 was obtained as a pale yellow solid in 54 % yield (32 
mg). 1H NMR (500 MHz, DMSO) δ 8.23 (s, 1H), 7.71 – 7.66 (m, 1H), 7.52 
– 7.47 (m, 1H), 7.34 (t, J = 7.9 Hz, 1H), 1.74 (s, 9H). 13C NMR (126 
MHz, DMSO) δ 158.5, 156.8, 155.3, 154.6, 154.1, 135.4, 131.6, 131.0, 
126.1, 126.0, 123.2, 123.1, 121.3, 121.2, 100.4, 60.4, 29.2. HR-MS m/z 
calculated for C15H16ClFN5: 320.1073 [M + H]+, found 320.1086 [M +
H]+. 

4.1.6. 1-(tert-butyl)-3-(3-chloro-4-fluorophenyl)-1H-pyrazolo[3,4-d] 
pyrimidin-4-amine 11 

The product 11 was obtained as a pale yellow solid in 79 % yield (47 
mg). 1H NMR (500 MHz, DMSO) δ 8.25 (s, 1H), 7.78 (dd, J = 7.2, 1.9 Hz, 
1H), 7.65 – 7.60 (m, 1H), 7.56 (t, J = 8.9 Hz, 1H), 1.75 (s, 9H). 13C NMR 
(126 MHz, DMSO) δ 158.8, 158.7, 156.9, 155.2, 154.5, 140.1, 131.4, 
131.4, 130.9, 129.6, 129.6, 120.6, 120.4, 118.0, 117.8, 99.1, 60.3, 29.2. 
HR-MS m/z calculated for C15H16ClFN5: 320.1073 [M + H]+, found 
320.1086 [M + H]+. 

4.1.7. 1-(tert-butyl)-3-(3-chlorophenyl)-1H-pyrazolo[3,4-d]pyrimidin-4- 
amine 12 

The product 12 was obtained as a yellow solid in 67 % yield (37 mg). 
1H NMR (250 MHz, DMSO) δ 8.26 (s, 1H), 7.67 (s, 1H), 7.65 – 7.49 (m, 
3H), 6.87 (s, 2H), 1.76 (s, 9H). 13C NMR (126 MHz, DMSO) δ 158.3, 
154.7, 154.0, 140.3, 135.3, 133.6, 130.9, 128.3, 128.0, 127.0, 98.7, 
59.9, 28.7. HR-MS m/z calculated for C15H17ClN5: 302.1167 [M + H]+, 
found 302.1166 [M + H]+. 
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4.1.8. 1-(tert-butyl)-3-(3,5-dichlorophenyl)-1H-pyrazolo[3,4-d]pyrimidin- 
4-amine 13 

The product 13 was obtained as a pale yellow solid in 7 % yield (4.4 
mg). 1H NMR (500 MHz, DMSO) δ 8.26 (s, 1H), 7.69 (t, J = 1.9 Hz, 1H), 
7.63 (d, J = 1.9 Hz, 2H), 1.76 (s, 9H). 13C NMR (126 MHz, DMSO) δ 

158.73, 155.2, 154.6, 139.6, 136.9, 134.9, 128.2, 127.5, 99.2, 60.5, 
29.1. HR-MS m/z calculated for C15H16Cl2N5: 336.0777 [M + H]+, 
found 336.0801 [M + H]+. 

4.1.9. 3-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl) 
benzonitrile 14 

The product 14 was obtained as a yellow solid in 39 % yield (21 mg). 
1H NMR (250 MHz, DMSO) δ 8.26 (s, 1H), 8.03 (s, 1H), 8.01 – 7.88 (m, 
2H), 7.72 (t, J = 7.8 Hz, 1H), 6.97 (s, 2H), 1.76 (s, 9H). 13C NMR (126 
MHz, DMSO) δ 158.3, 154.8, 154.2, 139.8, 134.4, 133.00, 131.9, 131.8, 
130.2, 118.8, 112.2, 98.7, 60.0, 28.7. HR-MS m/z calculated for 
C16H17N6: 293.1509 [M + H]+, found 293.1528 [M + H]+. 

4.1.10. 5-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-2- 
fluorobenzonitrile 15 

The product 15 was obtained as a yellow solid in 44 % yield (25 mg). 
1H NMR (250 MHz, DMSO) δ 8.26 (s, 1H), 8.09 (dd, J = 6.2, 2.2 Hz, 1H), 
8.00 (ddd, J = 8.6, 5.3, 2.3 Hz, 1H), 7.66 (t, J = 9.1 Hz, 1H), 7.01 (s, 2H), 
1.75 (s, 9H). 13C NMR (126 MHz, DMSO) δ 163.5, 161.5, 158.2, 154.8, 
154.1, 139.1, 136.0, 135.9, 133.7, 130.7, 130769, 117.2, 117.1, 114.0, 
101.0, 100.9, 98.8, 59.9, 28.7. HR-MS m/z calculated for C16H16FN6: 
311.1415 [M + H]+, found 311.1432 [M + H]+. 

4.1.11. 1-(tert-butyl)-3-(quinolin-4-yl)-1H-pyrazolo[3,4-d]pyrimidin-4- 
amine 16 

The product 16 was obtained as a pale yellow solid in 82 % yield (48 
mg). 1H NMR (400 MHz, DMSO) δ 9.00 (d, J = 4.4 Hz, 1H), 8.29 (s, 1H), 
8.13 (d, J = 8.1 Hz, 1H), 8.05 (dd, J = 8.4, 0.7 Hz, 1H), 7.81 (ddd, J =
8.3, 6.9, 1.3 Hz, 1H), 7.63 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.58 (d, J =
4.4 Hz, 1H), 1.79 (s, 9H). 13C NMR (126 MHz, DMSO) δ 158.4, 155.4, 
154.2, 150.8, 148.9, 138.8, 138.3, 130.0, 129.9, 127.6, 126.8, 126.5, 
123.1, 100.6, 60.6, 29.2. HR-MS m/z calculated for C18H19N6: 319.1666 
[M + H]+, found 319.1683 [M + H]+. 

4.1.12. 1-(tert-butyl)-3-(quinolin-5-yl)-1H-pyrazolo[3,4-d]pyrimidin-4- 
amine 17 

The product 17 was obtained as a pale yellow solid in 82 % yield (48 
mg). 1H NMR (400 MHz, CDCl3) δ 9.01 (dd, J = 4.1, 1.6 Hz, 1H), 8.43 (s, 
1H), 8.40 (d, J = 8.5 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 7.91 – 7.84 (m, 
1H), 7.77 (dd, J = 7.1, 1.0 Hz, 1H), 7.47 (dd, J = 8.6, 4.2 Hz, 1H), 5.12 
(s, 2H), 1.91 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 157.6, 154.7, 154.1, 
151.0, 148.7, 139.2, 134.5, 131.0, 129.0, 128.5, 127.2, 122.0, 60.8, 
29.3. HR-MS m/z calculated for C18H19N6: 319.1666 [M + H]+, found 
319.1683 [M + H]+. 

4.1.13. 1-(tert-butyl)-3-(isoquinolin-5-yl)-1H-pyrazolo[3,4-d]pyrimidin- 
4-amine 18 

The product 18 was obtained as a pale yellow solid in 69 % yield (41 
mg). 1H NMR (500 MHz, DMSO) δ 9.43 (s, 1H), 8.53 (d, J = 5.9 Hz, 1H), 
8.29 (s, 1H), 8.27 (d, J = 8.2 Hz, 1H), 7.89 (dd, J = 7.1, 1.1 Hz, 1H), 7.83 
(d, J = 8.0 Hz, 1H), 7.81 – 7.78 (m, 1H), 1.80 (s, 9H). 13C NMR (126 
MHz, DMSO) δ 158.5, 155.3, 154.1, 153.3, 144.1, 139.3, 134.4, 132.9, 
129.8, 129.3, 129.1, 127.7, 118.8, 100.7, 60.4, 29.3. HR-MS m/z 
calculated for C18H19N6: 319.1666 [M + H]+, found 319.1683 [M +
H]+. 

4.1.14. 3-(4-aminonaphthalen-1-yl)-1-(tert-butyl)-1H-pyrazolo[3,4-d] 
pyrimidin-4-amine 19 

The product 19 was obtained as a pale yellow solid in 55 % yield (34 
mg). 1H NMR (500 MHz, DMSO) δ 8.24 (s, 1H), 8.20 (dd, J = 6.5, 3.2 Hz, 
1H), 7.72 (dd, J = 6.5, 3.2 Hz, 1H), 7.44 (dd, J = 6.5, 3.3 Hz, 2H), 7.33 

(d, J = 7.7 Hz, 1H), 6.80 (d, J = 7.7 Hz, 1H), 6.10 (s, 2H), 1.78 (s, 9H). 
13C NMR (126 MHz, DMSO) δ 158.5, 155.2, 153.8, 146.5, 141.5, 132.9, 
129.9, 127.0, 125.8, 124.5, 123.3, 123.1, 117.3, 107.3, 101.1, 59.9, 
29.4. HR-MS m/z calculated for C19H19N6: 333.1822 [M + H]+, found 
333.1826 [M + H]+. 

4.1.15. 1-(tert-butyl)-3-(1H-indol-5-yl)-1H-pyrazolo[3,4-d]pyrimidin-4- 
amine 20 

The product 20 was obtained as a pale white solid in 26 % yield (15 
mg). 1H NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 8.38 (s, 1H), 7.96 (s, 1H), 
7.58 – 7.49 (m, 2H), 7.33 (t, J = 2.6 Hz, 1H), 6.66 (s, 1H), 5.51 (s, 2H), 
1.88 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 157.9, 154.3, 154.1, 143.5, 
136.0, 128.5, 125.4, 125.3, 122.7, 121.2, 111.9, 103.2, 99.9, 60.3, 29.3. 
HR-MS m/z calculated for C17H19N6: 307.1666 [M + H]+, found 
307.1708 [M + H]+. 

4.1.16. 1-(tert-butyl)-3-(1H-indazol-7-yl)-1H-pyrazolo[3,4-d]pyrimidin- 
4-amine 21 

The product 21 was obtained as a pale yellow solid in 38 % yield (22 
mg). 1H NMR (500 MHz, DMSO) δ 12.99 (s, 1H), 8.29 (s, 1H), 8.21 (s, 
1H), 7.88 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 7.0 Hz, 1H), 7.32 – 7.25 (m, 
1H), 1.82 (s, 9H). 13C NMR (126 MHz, DMSO) δ 158.7, 155.1, 154.1, 
138.7, 138.5, 134.4, 126.7, 124.3, 121.4, 121.3, 116.8, 99.8, 60.4, 29.0. 
HR-MS m/z calculated for C16H18N7: 308.1618 [M + H]+, found 
308.1651 [M + H]+. 

4.1.17. 4-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-N- 
isopropylbenzamide 22 

The product 22 was obtained as a yellow solid in 60 % yield (39 mg). 
1H NMR (250 MHz, DMSO) δ 8.33 (d, J = 7.8 Hz, 1H), 8.26 (s, 1H), 8.02 
(d, J = 8.3 Hz, 2H), 7.73 (d, J = 8.3 Hz, 2H), 6.80 (bs, 2H), 4.15 (dq, J =
13.3, 6.6 Hz, 1H), 1.77 (s, 9H), 1.20 (d, J = 6.6 Hz, 6H). 13C NMR (126 
MHz, DMSO) δ 164.9, 158.3, 154.7, 154.0, 141.0, 135.6, 134.4, 128.1, 
128.0, 98.8, 59.8, 41.1, 28.7, 22.4. HR-MS m/z calculated for 
C19H25N6O: 353.2084 [M + H]+, found 353.2091 [M + H]+. 

4.1.18. 4-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-N- 
cyclopropylbenzenesulfonamide 23 

The product 23 was obtained as a white solid in 15 % yield (11 mg). 
1H NMR (500 MHz, CDCl3) δ 8.39 (s, 1H), 8.09 (d, J = 8.1 Hz, 2H), 7.91 
(d, J = 8.1 Hz, 2H), 5.60 (s, 2H), 5.53 (s, 1H), 2.37 – 2.30 (m, 1H), 1.86 
(s, 9H), 0.75 – 0.64 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 157.6, 154.5, 
154.4, 140.3, 139.9, 138.2, 129.1, 128.3, 99.7, 61.0, 29.2, 24.3, 6.3. HR- 
MS m/z calculated for C18H23N6O2S: 387.1598 [M + H]+, found 
387.1603 [M + H]+. 

4.1.19. 5-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-2- 
fluoro-N-(2-hydroxyethyl)benzamide 24 

The product 24 was obtained as a pale yellow solid in 91 % yield (63 
mg). 1H NMR (500 MHz, DMSO) δ 8.31 (d, J = 2.2 Hz, 1H), 8.25 (s, 1H), 
7.87 (dd, J = 6.9, 2.3 Hz, 1H), 7.77 (ddd, J = 8.2, 4.8, 2.3 Hz, 1H), 7.44 
(dd, J = 10.3, 8.6 Hz, 1H), 4.76 (t, J = 5.5 Hz, 1H), 3.53 (q, J = 6.0 Hz, 
2H), 3.39 – 3.35 (m, 2H), 1.76 (s, 9H). 13C NMR (126 MHz, DMSO) δ 

163.9, 160.7, 158.7, 155.2, 154.4, 140.7, 132.6, 132.6, 130.4, 130.0, 
125.0, 124.8, 117.5, 117.3, 99.1, 60.2, 60.0, 42.6, 29.2. HR-MS m/z 
calculated for C18H22FN6O2S: 373.1783 [M + H]+, found 373.1794 [M 
+ H]+. 

4.1.20. 3-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-N- 
cyclopropylbenzamide 25 

The product 25 was obtained as a pale yellow solid in 70 % yield (46 
mg). 1H NMR (500 MHz, DMSO) δ 8.53 (d, J = 4.2 Hz, 1H), 8.26 (s, 1H), 
8.09 (s, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.61 (t, J 
= 7.7 Hz, 1H), 2.89 (tq, J = 7.9, 4.0 Hz, 1H), 1.77 (s, 9H), 0.74 – 0.68 (m, 
2H), 0.62 – 0.56 (m, 2H). 13C NMR (126 MHz, DMSO) δ 167.6, 158.7, 
155.2, 154.4, 141.7, 135.5, 133.7, 131.4, 129.4, 127.6, 127.6, 99.2, 
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60.2, 29.2, 23.6, 6.2. HR-MS m/z calculated for C19H23N6O: 351.1928 
[M + H]+, found 351.1967 [M + H]+. 

4.1.21. 4-(4-amino-1-(tert-butyl)-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-2,6- 
difluorophenol 26 

The product 26 was obtained as a yellow solid in 57 % yield (34 mg). 
1H NMR (250 MHz, DMSO) δ 10.47 (s, 1H), 8.23 (s, 1H), 7.26 (dd, J =
7.6, 1.6 Hz, 2H), 6.89 (s, 2H), 1.74 (s, 9H). 13C NMR (126 MHz, DMSO) δ 

158.2, 154.7, 153.9, 153.4, 153.4, 151.5, 151.4, 140.0, 134.2, 134.1, 
134.0, 123.6, 123.5, 123.4, 112.1, 112.0, 112.0, 111.9, 98.6, 59.7, 28.7. 
HR-MS m/z calculated for C15H16F2N5O: 320.1317 [M + H]+, found 
320.1343 [M + H]+. 

4.2. Protein production and purification 

The sequence for MKK3 (residues G53 to E345, NP_001303261.1) 
with S198E/T193E mutations inserted by site-directed mutagenesis was 
cloned into a pFB-GST3C-LIC vector, which confers an N-terminal GST 
tag, using LIC cloning. The plasmid was transformed into DH10Bac 
competent cells to generate bacmid DNA and this was later used to 
transfect Sf9 insect cells using Cellfectin (Thermo Fisher). Briefly, 1 mL 
of Sf9 cells at 2 x 105 cells/mL was added to a 24-well plate and incu-
bated for 1 h at 27 ◦C to allow cell attachment. A transfection mix was 
prepared using Grace’s insect medium (Thermo Fisher), the bacmid 
DNA, and Cellfectin. This mix was added to the attached cells and 
incubated for 5 h at 27 ◦C. After that, the transfection mix was removed 
and 0.8 mL of fresh Sf900-II medium containing 2 % FBS and 0.1 % 
Penicillin-Streptomycin was added to each well. The plate was incu-
bated for 96 h and the P0 supernatant virus was harvested by centrifu-
gation for 20 min at 1500 x g. The P0 virus stock was used to transfect 
Sf9 cells at 2 x 106 cells/mL. The plate was incubated for 72 h and the P1 
virus was harvested by centrifugation. The P1 virus stock was used to 
transfect 2 L of Sf9 cells. After 72 h, cells were pelleted and resuspended 
in cold lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 10 % glycerol, 
and 1 mM TCEP) containing protease inhibitor cocktail III (Melford). 
Cells were disrupted by sonication using Vibra Cell sonicator (Sonics) for 
3 min on ice (5 s on / 10 s off; amplitude = 35 %). Lysed cells were 
centrifuged for 45 min at 40,000g at 4 ◦C. The cell lysate was applied to a 
glutathione resin equilibrated with lysis buffer. After washing steps, 
purified MKK3E was eluted using the same buffer with the addition of 
10 mM glutathione. Purification was confirmed by SDS-PAGE (Fig. 1A) 
and identity was confirmed by intact protein mass spectrometry. 

4.3. MKK3E enzymatic activity 

Constitutively active MKK3E enzymatic activity was measured using 
the Cisbio TR-FRET KinEASE kit. Measurement of KM,ATP was executed 
using 100 nM enzyme, 1 µM of peptide STK-3-biotin and varying ATP 
concentrations (the highest concentration used was 200 µM), and 90 min 
incubation at 30 ◦C. Time courses to ensure reaction linearity were run 
for up to 3 h using ATP at two different concentrations (1 and 2 µM). 
Enzyme EC50 and EC80 were calculated using 100 µM ATP, 1 µM S3 
peptide, and varying MKK3E concentrations, starting at 400 nM and 
using 2-fold serial dilutions. 

To test the inhibitors, a mixture of 100 nM MKK3E and varying 
compound concentrations was incubated for 30 min at room tempera-
ture. After, the ATP (1 µM) and STK-3-biotin (1 µM) were added, the 
reaction was allowed to proceed for at least 90 min. The reaction was 
stopped with the addition of antibody-EU and streptavidin-XL665 
diluted in the detection buffer. All data fitting was done in GraphPad 
Prism 9. 

4.4. Molecular docking and dynamics 

MKK3 was cloud-server constructed using SWISS-MODELL 
(https://swissmodel.expasy.org/)60–63. The crystal structure of MKK7 

(PDB ID: 6IB2; 42 % sequence identity to MKK3) was used as template 
for homology modelling and the resulting MKK3 model was used for 
rigid docking. The crystal structure of 2 bound to human mTOR kinase 
(PDB ID: 4JT5) was used to set the pose for 2. The compound was 
manually extracted and docked into the MKK3 model, using Pymol. 
Compound 2 was exported to the Automated Topology Builder server 
(https://atb.uq.edu.au/)64–66 for the generation of input parameters for 
molecular dynamics. The coordinates were used to set a complex 
composed of the MKK3 and 2 in Gromacs (2021.4-plumed-2.7.3). The 
complex was solvated (12473 SPC water molecules) and ions were 
added to neutralize the system (6Na+ ions). The solvated system was 
minimized by 50,000 steps of steepest descent. The Verlet cutoff scheme, 
the Bussi–Parrinello thermostat LINCS for the constraints (all bonds), 
and the particle mesh Ewald for electrostatics, with a short-range cutoff 
of 12 Å, were applied. The system was equilibrated in two subsequent 
steps: 100 ps in NVT ensemble at 300 K, and 100 ps in NPT ensemble. In 
the equilibration steps, harmonic positional restraints were applied on 
the backbone of the protein and the heavy atoms of the ligand with a 
spring constant of 1000 kJ/(mol⋅Å2). The integration step was set to 2 fs. 
Finally, a 100 ns MD run was performed without constraints. Gromacs 
rmsd was used to determine the heavy atom drift along the simulation 
regarding the original position (last step of energy minimization). The 
calculated parameters were exported to GraphPad Prism 9 for graph 
construction. Pymol (v. 2.5.2) was used for visualization of the MD. 

The structure of MKK bond to 2 was employed to generate a docking 
pose for compound 26. First, the ligand–protein complex was extracted 
using Pymol and were prepared using Maestro (v. 12.9.137, Schrödinger 
2023–3). Compound 26 was constructed and was energy minimized 
using ligprep module available in Maestro. The optimized structure was 
used for docking at MKK3 using 2 as a template. The reported pose was 
energy minimized using the “Refine Protein-Ligand Complex” tool 
available in the Schrödinger Prime module for protein atoms within a 5 
Å radius of ligand atoms in the docked structure. Then, all atoms in both 
protein–ligand complexes were energy-minimized using the Monte 
Carlo sampling algorithm. The final minimized complex was used for 
MD simulations using Gromacs, under the same conditions described 
before for 2. Gromacs rmsd was used to determine the heavy atom drift 
along the simulation regarding the original position (Fig. S8A). The 
trajectory between 20 and 100 ns was extracted and used for clustering 
according to the binding site RMSD using Gromacs cluster with a cutoff 
of 0.15 nm. Thirty-nine clusters were obtained, and each of them was 
represented by a centroid reference structure (Fig. S8B). The repre-
sentative structure from the most populated cluster was then exported 
for visualization (Fig. S8C). The calculated RMSD parameters were 
exported to GraphPad Prism 9 for graph construction. Pymol (v. 2.5.2) 
was used for visualization of the MD. 

4.5. BRET assay 

BRET assays were performed as described previously26,67 using a 
plasmid encoding full-length MKK3 fused in-frame to nanoLuc (C-ter-
minal) - a kind gift from Promega Corporation. Briefly, HEK293T cells 
were maintained in DMEM supplemented with 10 % fetal bovine serum 
(FBS) with 1 % penicillin and streptomycin. At day 1, cells were trans-
fected with a mix containing 10 µg of plasmid and 30 µL of FUGENE in 1 
mL Opti-MEM serum-free medium (Life Technologies). Prior to trans-
fection, this mixture was kept at room temperature for 15 min. The 
transfection mix was added to the 3 × 106 cells plated on a 100 mm petri 
dish, then kept in an incubator at 37 ◦C, under 5 % CO2, for 48 h. At day 
3, cells were washed, detached (trypsinized), and counted. Cell medium 
was changed to Opti-MEM and cell density was adjusted to 2 × 105 cells/ 
mL. A volume of 85 µL of cells was transferred to each well in a 96-wells 
white plate (Greiner Bio-One, 655098). Tracer K-9 (Promega, N2632; in 
DMSO-D6) was diluted in buffer containing 32.2 % PEG400, 12.5 mM 
HEPES pH 7.5 at a ratio of 1:4. A volume of 5 µL of the diluted tracer was 
added to each of the wells containing 85 µL of cells in the assays plate. 
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Final tracer concentration was 1.0 µM. Compounds were first serially 
diluted in DMSO-D6, then Opti-MEM was added to 10x the final assay 
concentration. A volume of 10 µL of 10x compound was added to each 
well containing cells and tracer in the assay plate (final DMSO-D6 con-
centration was 2 %). The assay plate was incubated for 2 h, and a 
detection mixture containing nLuc substrate and inhibitor (Promega, 
Cat. N2162) diluted in Opti-MEM was added to wells containing cells. 
Light emissions at 460 + 10 nm (BRET donor) and at 610 + 20 nm (BRET 
acceptor) were sequentially recorded (integration time = 0.5 s, gain =
3600) using a luminometer (BMG LABTECH CLARIOstar). Raw BRET 
values were calculated by dividing the acceptor fluorescence (620 nm) 
by the donor luminescence (450 nm) signals. These are reported as milli- 
BRET (mBRET) units (mBU), according to Eq. (1): 

mBRET(mBU) =

(

Acceptorsample

Donorsample

)

x1, 000 (1) 

BRET values were converted to blank-corrected, normalized BRET 
(%) according to Eq. (2): 

NormalizedBRET(%) =
X − Z

Y − Z
× 100 (2) 

Where X  = mBRET value in the presence of the test compound and 
the probe, Y = mBRET value in the presence of probe only, and Z =
mBRET value in the absence of probe and test compound. 

4.6. Human kinase panel 

The 28 proteins present in the selectivity panels were produced using 
plasmid pNIC-Bio3 (E. coli) or pFB-Bio5 (insect cells). These vectors 
contain a C-terminus Avi-tag sequence for lysine biotinylation (GLNDI-
FEAQKIEWHE). For the expression in E. coli, the target kinases were co- 
expressed with BirA biotin ligase previously cloned into the plasmid 
pCDF-BirA, which confers resistance to spectinomycin. For Sf9 cells, the 
biotinylation was performed by a secreted BirA which is co-expressed 
along with the target kinase. In both expression systems, 0.14 mM 
biotin (final concentration) was added to cell media together with IPTG 
for E. coli or during baculovirus infection for Sf9 cells. Protein bio-
tinylation was confirmed by intact mass analysis using mass spectrom-
etry - biotinylated targets display an increase of 226.31 Da in their 
molecular mass. Protein kinases tagged with biotin were incubated for 
an hour at room temperature with 0.6 nM Eu-Streptavidin (Thermo 
Fisher, Cat. PV6025), a tracer containing Alexa Fluor-647 and the in-
hibitor to be tested. Binding of the tracer to the kinase ATP pocket results 
in a high TR-FRET signal (excitation at 340 nm and emission at 665/615 
nm). Competitive displacement of the tracer by test compounds de-
creases the TR-FRET signal. Tracers used were T236, T178, T199, and 
T222 sourced from Thermo Fischer Scientific. Proteins were at 15 nM, 
compounds 2 and 26 at 1 µM, and control inhibitors at 10 μM (Staur-
osporine for T222 and T236, Dasatinib for T178, SB-202190 for T199). 
Protein kinases, tracer identities and their concentration can be found in 
Table S2. Displacement of 0 % was calculated using DMSO and 100 % 
using the described inhibitor for each protein. 
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Formal analysis, Investigation, Methodology. Paulo H. Godoi: 
Conceptualization, Formal analysis, Methodology, Validation. Anita 
Salmazo: Methodology. Priscila Z. Ramos: Methodology. Angela M. 
Fala: Methodology. Lucas R. de Souza: Investigation. Italo E.P. Da 

Silva: Methodology. Mario H. Bengtson: Funding acquisition, Writing 
– review & editing. Katlin B. Massirer: Funding acquisition, Writing – 

review & editing. Rafael M. Couñago: Conceptualization, Formal 
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