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A B S T R A C T   

The Protein Kinase N proteins (PKN1, PKN2 and PKN3) are Rho GTPase effectors. They are involved in several 
biological processes such as cytoskeleton organization, cell mobility, adhesion, and cell cycle. Recently PKNs 
have been reported as essential for survival in several tumor cell lines, including prostate and breast cancer. 
Here, we report the development of dihydropyrrolopyridinone-based inhibitors for PKN2 and its closest homo
logue, PKN1, and their associated structure–activity relationship (SAR). Our studies identified a range of mol
ecules with high potency exemplified by compound 8 with Ki = 8 nM for PKN2 and 14x selectivity over PKN1. 
Membrane permeability and target engagement for PKN2 were assessed by a NanoBRET cellular assay. Impor
tantly, good selectivity across the wider human kinome and other kinase family members was achieved. These 
compounds provide strong starting points for lead optimization to PKN1/2 development compounds.   

The Protein Kinase N (protein kinase novel, PKN, also known as 
protein kinase C-related kinases, PRKs) proteins belong to the AGC 
group of serine/threonine kinases (named after protein kinase A, G, and 
C families - PKA, PKC, PKG).1,2 PKN proteins have a conserved domain 
architecture in which three N-terminal antiparallel coiled-coil domains 
(ACC1-3) are followed by a central, lipid-binding, regulatory domain 
(C2-like) and a C-terminal catalytic serine/threonine kinase domain 
(KD). In mammals, the PKN sub-family consists of three members - 
PKN1, PKN2, and PKN3.1,2 PKN2 and PKN3 have additional proline-rich 
regions between their C2-like and kinase domains. All three PKN pro
teins share high sequence similarity but differ in their regulatory 

mechanisms and tissue distributions. PKN3 expression is restricted to 
certain tissues, such as skeletal muscle, heart, and liver, whereas PKN1 
and PKN2 are ubiquitously expressed.3–7 

PKN proteins differ in their ability to interact with members of the 
Rho family of small GTPases via their ACC domains and with phospho
lipids, fatty acids, and arachidonic acid via their C2-like domains. Full 
activation of PKN proteins require phosphorylation of their activation 
loops by phosphoinositide-dependent kinase 1 (PKD1), which is in turn 
dependent on PKN-Rho GTPase interaction.1 Rho-family GTPases play 
critical roles during cytoskeleton re-organization and cell migration.8 

Likewise, PKN proteins are thought to participate in a variety of cellular 

Abbreviations: ACC1-3, antiparallel coiled-coil domains; ATP, adenosine triphosphate; ATPɣS, ATP-gamma-sulfate; BRET, bioluminescence resonance energy 
transfer; C2-like, central, lipid-binding, regulatory domain; ChEMBL, European Molecular Biology Laboratory Chemical database; FDA, United States Food and Drug 
Administration; GTPase, guanosine-5′-triphosphatase; HEK, human embryonic kidney cells; IC50, half-maximal inhibitory constant; KD, kinase domain; Ki, inhibitory 
constant; MAPK, mitogen-activated protein kinase; MAPKAPK2, MAPK-activated protein kinase 2; NB, no binding; PDB, protein database; PKA, protein kinase A; 
PKC, protein kinase C; PKD1, phosphoinositide-dependent kinase 1; PKG, protein kinase G; PKN, protein kinase N; RNAi, ribonucleic acid interference; ROCK, Rho- 
associated, coiled-coil-containing protien kinase; SAR, structure-activity relationship; TR-FRET, time-resolved fluorescence. 

* Corresponding authors at: Medicines Discovery Institute, Cardiff University, Cardiff, CF10 3AT, United Kingdom. 
E-mail addresses: kmassire@unicamp.br (K.B. Massirer), jon.elkins@cmd.ox.ac.uk (J.M. Elkins), wards10@cardiff.ac.uk (S.E. Ward).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Bioorganic & Medicinal Chemistry Letters 

journal homepage: www.elsevier.com/locate/bmcl 

https://doi.org/10.1016/j.bmcl.2022.128588 
Received 11 December 2021; Received in revised form 14 January 2022; Accepted 22 January 2022   

mailto:kmassire@unicamp.br
mailto:jon.elkins@cmd.ox.ac.uk
mailto:wards10@cardiff.ac.uk
www.sciencedirect.com/science/journal/0960894X
https://www.elsevier.com/locate/bmcl
https://doi.org/10.1016/j.bmcl.2022.128588
https://doi.org/10.1016/j.bmcl.2022.128588
https://doi.org/10.1016/j.bmcl.2022.128588
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmcl.2022.128588&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioorganic & Medicinal Chemistry Letters 60 (2022) 128588

2

processes that require cytoskeleton remodeling, including cell cycle 
regulation, receptor trafficking, vesicle transport, and apoptosis.9–11 

Modulation of PKN kinase activity has been suggested as a possible 
therapeutic strategy for a variety of conditions. PKN1 has been mostly 
associated with neurodegenerative disorders and, in combination with 
PKN2, has been implicated in tumor cell invasion of bladder tumor.12 

PKN2 has been shown essential for survival in various cancer cell lines, 
including prostate, and breast cancer.13–15 RNAi-mediated knockdown 
of PKN3 in mouse models showed a decrease in the growth of prostate 
and pancreatic tumors, and prevented lung metastases.16,17 The Struc
tural Genomics Consortium defines chemical probes as small, drug-like 
molecules which have in vitro IC50 or Kd < 100 nM, >30-fold selectivity 
over proteins in the same family, significant on-target cellular activity at 
1 μM and an appropriate negative control compound.18 By this defini
tion, there are not currently any suitably potent and selective inhibitors 
available for studying the cellular functions or therapeutic potential of 
the PKN proteins. 

To identify promising starting points for PKN2-selective inhibitors, 
we performed a search of the chemical database ChEMBL for existing 
compounds with biological activity against this enzyme.19 This search 
returned ~1200 compounds that were ranked by potency. Our previous 
work20 describes an attempt to optimize the most potent of these 
compounds. 

Compound 3 was also selected for its nanomolar potency against 
PKN2 (Ki = 5 nM). The compound was originally developed as part of a 
program developing a MAPKAPK2 inhibitor.21 Compound 3 has a high 
ligand efficiency, and an interesting core, not yet seen in any FDA 
approved kinase inhibitor,22 which provides multiple vectors that could 
be explored in a medicinal chemistry project. Here, we report the syn
thesis and structure–activity relationship (SAR) studies of 3 for a 
repurposed application as a PKN2 inhibitor. 

Compound 3 was successfully synthesized via a condensation reac
tion between commercially available 4-(bromoacetyl) pyridine hydro
bromide (1) piperidin-2,4-dione (2) and ammonium acetate21 (Fig. 1). 

A set of derivatives of 3 were prepared, aiming to identify favorable 
substitutions for PKN2 interaction according to the synthetic route from 
Scheme 1 with yields ranging between 3% and 87%. 3-Pyridyl (4), 2- 
pyridyl (5) and phenyl (6) analogues were synthesized by using their 
corresponding bromoacetyl reagents. Compounds 7–12 were similarly 
prepared by substituting ammonium acetate with the necessary alkyl 
amine, e.g., methyl amine to produce compound 7. Further alkylation of 
the lactam N–H was achieved by treating N-ethyl- substituted com
pound 8 with sodium hydride followed by the addition of methyl iodide 
or n-propyl iodide to generate compounds 13 and 14, respectively.23 

Analogues 15–17 were obtained by substituting piperidine-2,4-dione 

with commercial reagents tert-butyl 4-oxo-piperidine-1-carboxylate, 
1,3-cyclohexanedione, and 6-phenylpiperidine-2,4-dione, respectively. 

To obtain the likely binding mode and to guide our synthetic efforts, 
we docked 3 into the ATP-binding site of the available PKN2 structure 
bound to ATPɣS (PDB ID 4CRS) using the Schrodinger software suite 
(Fig. 2). The analysis suggests that 3 is anchored to PKN2′s hinge region 
via a hydrogen bond facilitated by the 4-pyridine nitrogen in the main 
chain of an alanine residue (A740) and with side chain of the catalytic 
lysine (K686). This predicted binding mode matches that observed for a 
2-(2-fluorophenyl)-pyridine analog of 3 in a co-crystal structure with 
MAPKAPK2 (PDB ID 2P3G).21 

The kinase domains of PKN1 and PKN2 share ~80% sequence 
identity and, considering residues within 5 Å of bound ATP, there are 
only two amino acid differences between the ATP-binding sites of these 
two proteins. The structural equivalent of L664 in the P-loop of PKN2 is 
G628 in PKN1, and A740 in the hinge region of PKN2 is S704 in PKN1. 

To measure the binding affinities (Ki) of the synthesized compounds 
for PKN2, we employed a TR-FRET-based, tracer displacement assay. 
IC50 values were determined, and Ki values were calculated from these 
IC50 values using the Cheng-Prusoff equation to allow comparison of 
binding of the inhibitors to PKN1 or PKN2, independent of the affinity of 
the tracer for each kinase.24 As we sought to develop PKN2-selective 
compounds, we wished to calculate the selectivity of each compound 
for PKN2 over its closest homologue, PKN1. Results from our tracer- 
displacement assay confirmed compound 3 as a high-affinity ligand of 
PKN2 (Ki = 8.0 nM). Encouragingly, 3 was around 20-fold less potent 
towards PKN1 (Ki = 150 nM) (Table 1). 

Replacing the 4-pyridyl group with a 3-pyridyl (4), 2-pyridyl (5) or 
phenyl (6) ring significantly reduced affinity for PKN2, in line with a 
previous series developed in-house around a benzimidazole core.20 

These results indicated that the 4-pyridyl group in 3 is indeed important 
for interaction with the A740 backbone of the PKN2 hinge region, as 
suggested by our docking studies, and in line with our previous obser
vations with a structurally similar benzimidazole series.20 

We next explored adding different alkyl groups of varying lengths 
and composition to the pyrrole N–H in 3. Our binding results indicated 
that substituting with a methyl group (7) reduced PKN2 and PKN1 po
tency. Ethyl (8) and n-propyl (9) groups appended to the pyrrole ring, on 
the other hand, were well-tolerated by PKN2 and PKN1, making them 

Fig. 1. Synthesis of compounds 3, 13 and 14.  

Fig. 2. Molecular docking of PKN2 bound to compound 3. The 4-pyridyl ni
trogen and the lactam carbonyl act as a hydrogen bond acceptor to the main 
chain amide nitrogen of A740 and the primary amine of K686 respectively. 
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equipotent to 3 for PKN2, with slightly less selectivity over PKN1 
compared to 3. These findings indicated that groups with hydrogen- 
bonding capacity at this position might not be essential for binding to 
both PKN proteins, as expected from the likely orientation of the in
hibitors in the ATP binding site such that the pyrrole N–H is directed 
towards the entrance to the binding site. On the other hand, appending 
bulkier substituents, such as isopropyl (10) or benzyl (12), had a larger 
(≥9-fold) negative impact on PKN2 binding, indicating that bulkier 
substituents at this position are not tolerated. These results were also in 
agreement with our in silico docking analysis. 

We then evaluated the impact of changes to the lactam ring of 
compounds 8 and 3. Appending a methyl (13) or n-propyl (14) group to 
the lactam nitrogen atom in 8, reduced compound binding to PKN2 by 
~20- and ~160-fold, respectively. On the other hand, adding a phenyl 
group adjacent to the lactam in 3, had a smaller impact (~3-fold) on the 
binding affinity of compound 17 to PKN2. Finally, we explored the 
relevance of the lactam nitrogen and carbonyl groups of 3 for binding to 
PKN2. Removal of the oxygen atom from the lactam ring (15) resulted in 
a severe loss of potency (~150-fold), whereas the replacement of the 
amide nitrogen with a carbon atom was better tolerated (~4-fold drop in 

potency). As above, these changes had a similar impact on binding to 
PKN1 (Table 1). 

As previously discussed, PKN1 and PKN2 have very similar ATP- 
binding pockets. Thus, it was not entirely surprising that all de
rivatives of compound 3 had some potency for PKN1. To evaluate 
compound selectivity within the broader human kinome, we tested the 
ability of 3 and 8 to bind to a panel of 468 human kinases via the 
commercially available DiscoverX KINOMEscan® panel (Fig. 3 and full 
datasets in Supplementary Table S1).25,26 In this assay, compounds were 
used at 1 µM final concentration and compete for the ATP-binding site of 
the kinases attached to an immobilized ligand. 

From this selectivity experiment, we observed relatively few off- 
target kinases, with the two compounds affecting less than 5% of the 
kinase panel. Compound 3 appeared to be potent for ROCK1 and ROCK2 
kinases (>70% inhibition); these are kinases that are also from the AGC 
family. Interestingly, compound 3 only showed 44% inhibition of 
MAPKAPK2 in this experiment at 1 µM concentration; it was previously 
reported to have a modest MAPKAPK2 affinity (IC50 = 171 nM)21 and so 
with the difference in assay formats this is perhaps not surprising. 
Compound 8 showed a similar level of selectivity overall but was less 

Table 1 
Structure activity relationships for pyrrole compounds binding to PKN2 and PKN1.*  

#  PKN2 PKN1 Selectivity (PKN1/PKN2)   

Ki (nM) IC50 (nM) Standard Deviation (nM) Ki (nM) IC50 (nM) Standard Deviation (nM)  

3** 8 16 0.4 150 300 120  18.8 

4 1600 3200 260 – >5000 –  – 

5 – NB – – NB –  – 

6 – NB – – NB –  – 

7 130 260 8 2200 4500 760  16.9 

8** 8 16 2 108 210 40  13.5 

9** 7 15 1 60 120 15  8.6 

10 70 140 1 920 1840 200  13.1 

11 15 30 0.5 220 440 20  14.7 

12 320 640 75 1500 3000 1100  4.7 

13 170 350 70 – >5000 –  – 

14 1300 2600 630 – >5000 –  – 

15 1100 2200 64 – >5000 –  – 

16 30 60 10 650 1300 400  21.7 

17 25 50 6 260 520 65  10.4 

*Tracer displacement assay measured IC50 values and corresponding calculated Ki values for PKN2 and PKN1 are shown in nM. The assay Z’ factor was 0.7 > Z’ < 0.8. 
IC50 values for PKN1 and PKN2 are represented as the mean and standard deviation of mean in two independent experiments performed in triplicate. NB = no binding. 

** A representative curve of a single technical replicate experiment is shown in Supplementary Fig. S1. 
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potent (<50% of inhibition) towards both ROCK kinases. This suggests 
that this selectivity screen has a maximum power limit of 10-fold 
selectivity relative to PKN2. 

To test the ability of 3, 8, 9 and 11 to bind to PKN2 in cells we used a 
cell-based target engagement assay (NanoBRET, Promega).27 In this 
assay, the kinase is fused to luciferase (NanoLuc) and is ectopically 
expressed in human (HEK293) cells. The cells are incubated with a 
fluorescent version of a promiscuous kinase inhibitor, referred to as a 
tracer. This interaction produces a bioluminescence resonance energy 
transfer (BRET) signal. The interaction between a second ligand and the 
target kinase competitively displaces the fluorescent tracer and reduces 
the BRET signal, thus showing that the competing ligand directly in
teracts with the target kinase in cells. These experiments used a 
construct expressing NanoLuc-PKN2Ser646–Cys984 in cells and tracer 9 
(Promega). Compounds 3, 8, 9 and 11 were assessed in dose–response 
measurements revealing IC50 values of 4.8, 2.1, 2.8 and 11 µM respec
tively (Fig. 4A). For 8 we made additional dose–response measurements 
at a range of tracer concentrations to both validate the quality of the 
data and estimate a value for the ‘true’ cellular IC50 in the absence of 
tracer, yielding a value of IC50 = 1.1 µM ± 0.45 (best fit value ± standard 

error) (Fig. 4B). 
We next investigated the cellular toxicity of compounds 3, 8, and 9 

using a cell viability assay based on the cellular metabolic conversion of 
soluble tetrazolium bromide (MTT) into insoluble formazan crystals in 
human (HeLa) cells. Our results indicated that cell viability was not 
severely affected by the compounds. At the highest concentration of 50 
µM, the cells remained ≥70% viable 24 h after treatment. By contrast, 
treating these cells with the control staurosporine, a common promis
cuous kinase inhibitor, had a profound impact on cell viability (Fig. 5). 
These results suggested that these dihydropyrrolopyridinone derivatives 
are not overtly toxic to human cells. 

Previously, we optimized benzimidazole-based inhibitors to target 
PKN2 with 26-fold selectivity over PKN1. However, the most selective 
compound exhibited IC50 = 170 nM. The compounds in this series 
demonstrated improved potency towards PKN2, allowing for selectivity 
to be further developed and optimized at a later stage. 

An existing crystal structure within the PDB (4F9B) suggests that the 
4′-pyridyl of compound 3 is orientated towards a tyrosine residue 
(Tyr136) within the hinge region of cyclin-dependent kinase 7 (CDK7). 
It also shows the lactam oxygen interacting with a neighboring lysine 
residue (Lys90). This binding conformation agrees with the experi
mental data for 3 against PKN2 that shows the largest loss of potency 
across the series was when the 4′-pyridyl motif was altered, suggesting 
this interaction is key for binding. CDK7 is one of the targets shown to 
bind to compound 3 in the DiscoverX screen. 

It is possible that the relatively small size of the A740 residue means 
that the nitrogen within the pyridine ring can form a hydrogen bond 
instead of relying on branching groups to accommodate optimal bond 

Fig. 3. Phylogenetic kinome tree with relative binding to different protein ki
nases of compounds 3 and 8, depicted as colored circles. Larger circle size in
dicates greater potency. Bottom right dark green branch denotes AGC kinases 
including PKN2. Colors represent % inhibition, red ≥90%, orange ≥70% and 
yellow ≥50%. Figure made with KinMap (http://www.kinhub.org/kinmap/). 

Fig. 4. Evaluation of compounds 3, 8, 9 and 11 binding to PKN2 in living cells. Nanoluc-PKN2Ser646–Cys984 was overexpressed in HEK293 cells. A. Serially diluted 
inhibitors were assessed for their ability to displace a fluorescent tracer compound from PKN2. Compounds 3, 8, 9 and 11 had IC50 values against PKN2 of 4.8 ± 0.9 
µM, 2.1 ± 0.4 µM, 2.8 ± 0.6 µM and 11 ± 4.8 µM respectively (mean ± SEM, n = 2 biological repeats). B. Compound 8 has a cellular IC50 for binding PKN2 of 1.1 µM 
in the absence of tracer as assessed by dose-responses of 8 at different tracer concentrations followed by linear regression of the IC50 values against tracer 
concentration. 

Fig. 5. Cell viability assay. Compound 3 and derivatives are not toxic to cells, 
with 70% of cells viable at the highest compound concentration tested (50 µM). 
The graphic represents a single experiment performed in triplicate (n = 1) with 
two independent biological replicates. 
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angles within the hinge region of PKN2. Conversely, the larger L664 may 
limit proximity between bulky hydrogen bond donors/acceptors within 
the compounds and proteins, which may be why larger protruding 
groups from the 1-position resulted in loss of activity. 

PKN2 is a protein kinase of interest in disease but currently lacks 
selective inhibitor compounds. We have demonstrated that a 20-fold 
selectivity can be achieved in vitro between PKN2 and close homo
logue, PKN1, exemplified by 3. Optimization of this compound yielded 
PKN2-equipotent compounds 8 and 9 but did not improve on the initial 
PKN2/PKN1 selectivity. 

Fewer than 5% of the 468 kinases available in the DiscoverX 
KINOMEscan® panel were affected by compounds 3 and 8 at 1 μM 
concentration. Compounds 3, 8 and 9 were also shown to be cell 
penetrant and showed little effect on cell viability in HeLa cells, indi
cating that they could be further optimized for use as chemical probes 
for studying PKN2. 
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