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Abstract

We have previously reported the discovery of a series of rhodanine-based inhibitors of the PIM family 

of serine/threonine kinases. Here we described the optimisation of those compounds to improve their 

physicochemical and ADME properties as well as reducing their off-targets activities against other 

kinases. Through molecular modeling and systematic structure activity relationship (SAR) studies, 

advanced molecules with high inhibitory potency, reduced off-target activity and minimal efflux were 

identified as new pan-PIM inhibitors. One example of an early lead, OX01401, was found to inhibit 

PIMs with nanomolar potency (15 nM for PIM1), inhibit proliferation of two PIM-expressing leukaemic 

cancer cell lines, MV4-11 and K562, and to reduce intracellular phosphorylation of a PIM substrate in 

a concentration dependent manner.

Introduction

The mammalian Pim family of serine/threonine-specific kinases were originally identified as proviral 

integration sites for Moloney murine leukemia virus in mouse models in the 1980s1. The human family 

consists of Pim-1, Pim-2 and Pim-3, which are oncogenes, and whose overexpression has been shown 

to promote proliferation and survival of cancer cells.2 Pim kinases have been linked to the development 

of a range of human leukaemias and lymphomas as well as solid cancers3 and have become highly 
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attractive as therapeutic targets4-6. As they are highly homologous proteins, whose functions and 

expression patterns are partially overlapping;7-8 simultaneous targeting of all Pim isoforms using pan-

PIM inhibitors has proven to be advantageous in treating cancers. It is noteworthy that inhibition of all 

Pim kinases would not induce undesirable side-effects for patients, as mice deficient in the three Pim 

genes are viable and fertile with a normal life span, only showing a slight deficiency in their growth 

responses.8 We have recently reported the identification and preliminary optimization of pan-PIM 

inhibitors using computational chemistry and in silico modelling, whose structural make-up is 

exemplified by compound OX0642; their potent PIM inhibition being demonstrated using both in vitro 

enzyme and cell-based assays.

Novel ATP competitive PIM inhibitors such as SGI-1776, AZ1208, LGH4479-18 which have advanced 

to clinical trials were compared to our initial lead, compound OX0642. Our comparison revealed that 

the high potency of OX0642 and favourable selectivity made it a good starting point for further 

development.
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Figure 1: Comparison OX0642 with reported PIM inhibitors.

We decided to use compound OX0642 as a benchmark and optimise it further in order to obtain a lead 

compound for potential in vivo investigations. One of the major hurdles is the poor solubility of 

compound OX0642 (kinetic solubility <5 μM). From our previous work, we determined that changes 

on the left-hand side of OX0642 (aromatic moiety) were well tolerated. Other areas where 

improvements could be implemented were also identified; the right hand-side of compound OX0642 

appeared to present a good starting point for the development of a new series of compounds aimed at 
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increasing the solubility and simultaneously maintaining or improving other physicochemical 

properties of the series.

This paper describes efforts towards optimisation of benchmark compound OX0642 into a novel series 

of pan-PIM inhibitors, using computational chemistry, in silico modelling, protein crystallography and 

SAR- analysis. 

Result and discussion

In our previous studies we had demonstrated that the C=S functionality was responsible for metabolic 

instability seen in the rhodanine-based first generation compounds: comparison of the metabolic 

stability of OX0642 and OX0586 using a mouse liver microsome (MLM) stability assay (Figure 2) 

demonstrated that the iminothiazolone OX0642 was substantially more stable that its rhodanine 

counterpart OX0586.19 
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Figure 2: MLM in min; MLM t1/2: half-life measured in mouse liver microsomes.

The iminothiazolone derivative OX0642 still only showed moderate solubility and it was decided to 

investigate how this could be improved. It was envisaged that introduction of a substituent on the imino 

group would allow the straightforward addition of hydrophilic moieties. 

To assess the feasibility of our strategy and to determine whether the proposed structural variations 

would be likely to reduce binding affinity of the inhibitors to the target enzyme, docking experiments 

were performed, using a published crystal structure, to assess the possibilities of expanding our scaffold 

via the NextR outside the thiazolidinone (Figure 3, PDB 2C3I).
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Figure 3: Representative docking picture of OX0642 in the PIM1 active site. (E) Representative 

docking picture of OX0642 in the PIM1 active site; x = H2O, PDB 2C3I.

Analysis of the docking results suggested that the preferred conformation of compound OX0642 bound 

to with PIM1 has Next orientated towards the solvent-exposed surface. The rest of the molecule would 

then be predicted to be placed in a lipophilic sandwich where no H-bond interactions are observed, 

following this model. The aryl group on this molecule in this conformation was also predicted to be 

close to the solvent-exposed surface and could be used to incorporate additional polar substituents if 

required. Although the interactions of the iminothiazolidinedione seem to be mainly with a water 

molecule placed in a pocket adjacent to Lys-67, the introduction of extra functionalities on the Next 

should be tolerated. Therefore, it was decided to start a new SAR investigation for identification of new 

analogues with potential PIM inhibitory capabilities. 
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Scheme 1: General synthesis of 2-thioxothiazolidin-4-ones.

Reagents and conditions: (i) RAPhB(OH)2, Pd(PPh3)4, Na2CO3, EtOH/DME (1:1), 100 °C, 24 h. (ii) cat. 

piperidine, rhodanine, EtOH, 70 °C, 16 h; (iii) MeI, DIPEA, MeOH, r.t., 16h; (iv) RBNH2, DIPEA, 

EtOH, 140 °C, 20 min, MW.

Aminothiazolones were readily available from the commercially available 2-bromothiazole-4-

carbaldehyde in four high yielding steps (Scheme 1). In the course of this SAR study, an alternative 
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furan core was also utilised for the investigation of the different possible NHRB analogues. Because of 

its comparable potency to the thiazole core and its commercial availability, the 5-aryl furan building 

block (Scheme 2) was selected for our initial investigations. The furan, as a bioisostere, was confirmed 

to be a good substitute for the thiazole as judged by the temperature shift (Tm) and IC50 assays (Table 

1). While we did not progress the furan-containing molecules themselves, as they were generally found 

to exhibit less potency than their thiazole counterparts,20 this allowed the preparation and analysis of a 

large array of right hand-side N-substitutions in an efficient manner, with a three-step synthesis from 

the commercially available aldehyde, 5-(3-chlorophenyl)furan-2-carbaldehyde (Scheme 2). The N-

substituted derivatives giving the most promising results were then incorporated into the corresponding 

thiazoles.
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Scheme 2: General synthesis of furan derivatives. 

Reagents and conditions: (i) cat. piperidine, rhodanine, EtOH, 70 °C, 16 h; (ii) MeI, DIPEA, MeOH, 

r.t., 16h; (iii) RBNH2, DIPEA, EtOH, 140 °C, 20 min, MW.

A range of furans and thiazole analogues were synthesised using a diverse set of amines and the requisite 

thiazolidinones as shown in Table 1 (Figure 4). In our previous SAR studies on the related thiazolidine 

series we had shown that a range of ortho, meta or para substituted electron withdrawing and electron 

donating groups could be tolerated on the phenyl substituent.21 We therefore selected a small 

representative set of variants of RA for this study. They were evaluated using a differential scanning 

fluorimetry (DSF) assay against the recombinant PIM1 enzyme.21 The screen was performed at 10 µM 

and a minimum threshold thermal shift (Tm) was defined as >3 °C. A coupled kinetic assay was also 

used as a secondary orthogonal assay to determine IC50 values of the hit compounds against PIM1 and 

rank their activity.22 Kinetic solubility and metabolic stability in mouse liver microsomes (MLMs) were 

also assessed. Any compounds with favourable profile and enzymatic inhibitory activity were then 
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evaluated for antiproliferative activity against MV4-11 cells (human acute monocytic leukemia line),23 

which has been reported to be PIM sensitive.24 

An initial set of alkyl, aryl amines, and amino acids residues were first synthesised. Simple alkyl amines, 

such as i-Pr, t-Bu, cyclopropyl, methylcyclopropyl, furan and THF (OX0693, OX0865, OX0764, 

OX0758, OX1126, OX1287) showed similar ΔTm results to compound OX0642, but there was a drop 

in IC50 in the enzymatic assay, with the most potent example, OX1126, being around three fold less 

active (171±21 nM vs 70 ± 2 nM). It was then decided to investigate aromatic amines; the fluorobenzyl 

derivative showed a definite drop in activity in the thermal stability shift assay (OX0767, ΔTm = 1.8 °C), 

whereas amino phenols (OX0932, OX0763, OX0867) all had activities very close to the parent 

compound OX0642 (in thermal stability shift and enzymatic assays), but there was, unfortunately, no 

real improvement with regards to the solubility (OX01173, kinetic solubility 3.75 µM). Amino acids 

were also prepared in an attempt to add a solubilising group (OX0786, OX0759), but they led to a 

significant drop in activity in the thermal stability assay, which was confirmed by enzymatic assay 

(OX0786, IC50 = 1990±14). 
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Figure 4: General structures of the furan and thiazole derivatives.

ID core RA RB
ΔTm 
(°C)

PIM1 IC50 
(nM)

MV4-11  
IC50 (µM )

KinSol 
(µM)

MLM  
t1/2 (min)

OX0642 A p-CF3 H 9.4± 0.1 70 ± 2 >10 <5 >100

OX0865 B m-Cl t-Bu 6.4±0.4 nd nd nd nd

OX0764 B m-Cl 5.8±0.4 141±79 nd nd nd

OX0758 B m-Cl 4.6±0.4 nd nd nd nd

OX01182 A p-CF3 4.3± 0.1 >10000 nd nd nd



7

Table 1: Physical properties of molecules with various substitutions on the RA and RB positions and 

biological activities against PIM1. ΔTm in °C; IC50 in nM, n = 2 unless otherwise stated. an = 1, R2 > 

0.90, R2 values listed in SI; MLM t1/2: half-life measured in mouse liver microsomes in min; KinSol: 

kinetic solubility in µM; MV4-11 IC50 in µM; nd: not determined.

A new range of amines was therefore prepared aiming to gain potential new extra interactions and 

therefore increase the solubility without losing activity (Table 2). In the previously reported PIM 

inhibitor SGI-1776, it was shown that the addition of a larger amine group led to a general improvement 

of physical properties and stability as well as activity. It included basic tertiary amines, and straight as 

OX01126 A
p-

OCF3

4.2± 0.1 171±21 nd nd nd

OX01287 B m-Cl O 4.1±1.0 537a nd nd nd

OX0932 B m-Cl
OH

7.7±2.2 66.3±13.4 nd nd nd

OX0763 B m-Cl OH 5.7±0.6 33.2±11 nd nd nd

OX0867 B m-Cl
OH

OH

6.5±0.1 483±40 nd nd nd

OX0767 B m-Cl F 1.8±0.1 nd nd nd nd

OX0933 B m-Cl OH 7.4±2.8 60.2±5.3 nd nd nd

OX1001 A p-CF3 OH 6.8± 2.8 53.7±4.2 nd nd nd

OX1173 A
p-

OCF3

OH 7.8 ± 0.3 50.4±10.0 nd 3.75 222

OX0756 B m-Cl
N

4.2±1.0 nd nd nd nd

OX0931 B m-Cl O 4.1±1.6 103±26 nd nd nd

OX0786 B m-Cl CO2H 1.4±0.1 199±1 nd nd nd

OX0759 B m-Cl CO2H 2.1±0.4 nd nd nd nd
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well as branched and cyclic amino alcohols with stereo centres. Non-aromatic cyclic alcohols 

(OX01174, OX1285, OX1384) did not lead to any improvement of solubility or activity (with the best 

result obtained with OX1174, IC50 = 97 nM, kinetic solubility = 3.75 µM) compared to compound 

OX0642 or the amino phenols. Linear amino alcohols (OX0927, OX0864) showed only moderate 

activity (OX0864, IC50 = 522 nM), which was improved with the branched derivatives (OX1286, 

OX1388, OX 1385, OX 1392) exhibiting a range of IC50 values (from 309 to 22 nM) in a similar range 

to compound OX0642. Solubility was improved slightly, with the best result obtained with OX1385 

(kinetic solubility 11.5 µM), which was still substantially lower than needed for a potential hit. From 

the second set of amines, basic tertiary amine functionalities emerged as the structural motif which 

conferred the highest potency. p-Methylpiperidinylmethanamine containing compound showed a 

dramatic improvement in all assays as well as in solubility (OX0757, OX0919, OX1070, OX1383, 

OX0993), with the best example OX0993 exhibiting high potency (IC50 = 10.8 nM) and much improved 

solubility (65 µM). The position of the piperidine was deemed to be important as the m-

methylpiperidinylmethanamine was 20 times less potent than the corresponding para analogue 

(OX0917 vs OX0757, IC50 = 809 vs 37 nM). The thiazole derivatives in general appeared to have a 

better profile than their furan counterparts. 

ID core RA RB

ΔTm 

(°C)

PIM1 

IC50 

(nM)

MV4-11  

IC50 

(µM )

KinSol 

(µM )

MLM 

 t1/2 (min)

OX1174 A p-OCF3 (rac)
OH

5.9± 0 96.7±4.0 nd 3.75 781

OX1285 B m-Cl (rac)
HO

5.2±0.9 301±12 20 nd nd

OX1384 A
m-NMeSO2Me 

(rac) HO
0.3± 1.7 510a nd nd nd

OX0927 B m-Cl OH 5.3±1.4 65±19 nd nd nd

OX0864 B m-Cl OH 6.1±0.1 389±218 nd nd nd
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Table 2: Physical properties of molecules with various substitutions on the RA and RB positions and 

biological activities against PIM1. ΔTm in °C; IC50 in nM, n = 2 unless otherwise stated. an = 1, R2 > 

0.90, R2 values listed in SI; MLM t1/2: half-life measured in mouse liver microsomes in min; KinSol: 

kinetic solubility in µM; MV4-11 IC50 in µM; nd: not determined.

A third set of amines, based on the thiazole core, was then prepared, taking into account the information 

collected from the two first sets (Table 3). The branched amino-alcohols (OX1392, OX1399, OX1400, 

OX1389, OX1390, OX1398) gave a range of IC50 values, with the most potent compound OX1400 

also showing moderate solubility (12.7 µM). The methyl piperidine derivatives (OX1453, OX1579, 

OX1286 B m-Cl
OH

5.7±0.1 140±37 11 3.75 nd

OX1388 A p-OCF3
OH

4.0± 1 309a 8.8 <2.9 >120

OX1646 A m-OCF3
OH

nd 94±12 nd 3.75 >120*

OX1385 A m-NMeSO2Me
OH

3.8± 1.5 172±9 4.5 11.5 5.68

OX1392 A
m-

NHSONMe2
OH

7.4± 0.1 22.1a 3.6 4.9 7.56

OX1175 A p-OCF3 NMe2
7.9± 0.1 65±21 nd 2 >120

OX0917 B m-Cl N nd 859±108 nd nd nd

OX0757 B m-Cl N 8.9±0.1 37±4 nd 65 >120

OX0919 A p-CF3 N 11.1± 1.6 20±13 2.2 65 >120

OX1070 A p-NHSO2Me N 9.3± 0.2 96±59 nd nd nd

OX1383 A m-NMeSO2Me N 7.1± 0.9 23.6a 1-3.5 >100 27.5

OX0993 A o-OH N 11.2± 0.6 10.8±6.7 0.8 65 127
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OX0999) showed the best results with potent inhibitory activity and acceptable solubility for OX1579 

and OX0999.

Table 3: Physical properties of molecules with various substitutions on the RA and RB positions and 

biological activities against PIM1, *MLM S9.1 ΔTm in °C; IC50 in nM, n = 2 unless otherwise stated. an 

= 1, R2 > 0.90, R2 values listed in SI; MLM t1/2: half-life measured in mouse liver microsomes in min; 

KinSol: kinetic solubility in µM; MV4-11 IC50 in µM; nd: not determined.

1 MLM S9 was run on those compounds based on the number of conjugable groups present in the molecule.

ID core RA RB
ΔTm 
(°C)

PIM1 
IC50 
(nM)

MV4-11  
IC50 
(µM )

KinSol 
(µM)

MLM 
 t1/2 (min)

OX1392 A
m-

NHSONMe2

OH 7.4±0.1 22.1a 3.6 4.9 7.6

OX1399 A o-OH
OH

6.4±0.1 14.9 a 0.55 (1.3) 10.5 48.5*

OX1400 A o-OH
OH

6.3±0.1 18.2 a 1 12.7 28.9*

OX1389 A p-OCF3
OH

4.4±0.1 114 a 17 <6.5 >120

OX1390 A p-OCF3
OH

2.8±0.1 222 a 9.1 2 >120

OX1398 A
m-

NHSONMe2

OH 4.9±0.1 263 a 2.1 nd nd

OX1453 A p-OCF3 N
HO

nd 28.2±8.1 8.2 <2.9 >120*

OX1579 A o-OH
N

HO
nd 4.9±2.8 11.2 65 >120*

OX0999 A p-OCF3 N 10.2±0.1 22.4±7.6 1.7 65 >120
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The p-methylpiperidinylmethanamine amine within OX0999 was initially selected based on the 

alignment studies performed with aminothiazolone OX0999 and SGI-1776 using Forge (Cresset™, 

UK) (Figure 5). In these studies, the best alignment was observed where both compounds have the 

methylpiperidinylmethanamine substituent oriented in the same direction. In addition, docking studies 

with OX0999 indicated that the direction of the amine was towards the solvent-exposed surface and in 

contact with amino acid residues outside the active site. 

Figure 5: A) : (A) Overlay of 1776 (grey) with OX0999 (pink) in the PIM1 active site. B) Docking 

studies with OX0999 and the 2C3I crystal structure. 

Our in silico hypothesis was confirmed when the crystal structure of Pim1 complexed with OX0999 

was solved to a resolution of 2.1 Å (PDB ID 6QXK). In this crystal structure, the compound bound to 

the protein in a similar manner to that predicted from the docking studies with compound OX0642 

(Figure 5).  Although no H-bond interactions were observed between the thiazole ring and the protein, 

the crystal structure shows clearly that this heterocyclic core is positioned next to the kinase hinge 

region and stabilised by lipophilic interactions. The pose of the compound inside the crystal allows the 

left and right hand-side to also be well accommodated within the active site and also stabilised by 

lipophilic interactions. This is consistent with the observation that a range of ortho, meta or para 

substituents on the phenyl ring (RA) were found to show activity in the enzymic assay. As expected, the 

addition of the amine moiety moved the thiazolidinone motif towards the solvent surface via 

interactions with the protein. Four different H-bond interactions were identified for the binding of 

OX0999. Three of these were to molecules of water; one was observed with the carbonyl of the 

thiazolidinone head, another one with the NH outside the thiazolidine ring and the last one with the 

A B
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NMe of the piperidine ring. The sole H-bond directly to the protein was between Lys-67 and the nitrogen 

within the thiazolidine ring.

Figure 6: Co-crystal structure of OX0999 bound to PIM1. (A) Overview of OX0999 in the ATP 

binding site of PIM1. (B) Showing the interactions of Phe49 with the piperidine and phenyl rings of 

OX0999 and Leu44 with the phenyl ring of OX0999. (C) Showing a 2Fo-Fc electron density map 

around OX0999 and the water molecules involved in hydrogen bonding with OX0999. (D) Zoomed-in 

view to show the hydrogen bonding network involved in the binding of OX0999.

Following the encouraging cell activity and crystallography results, OX0999 was selected for more 

detailed ADME evaluation. Results with OX0999 showed good kinetic solubility, a good stability 

profile in microsomes and hepatocytes and no CYP inhibition against 5 CYPs (CYP1A, CYP2C9, 

CYP2C19, CYP2D6, CYP3A4). Low permeability with high levels of efflux ratio was observed, but 

despite that, OX0999 showed moderate to good activity against different cancer cell lines including 

PC3 and MV4-11 cells (IC50 3.1 and 1.7 M respectively). Therefore, in light of the results from various 

A B

CC
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in vitro ADME evaluation experiments OX0999 was identified as a compound with a good balance of 

properties (Figure 7).

IC50: 22.4 nM
KinSol: 65 M
MLM t1/2: >120 min
HLM t1/2:>120 min
Murine Hepatocytes t1/2: 52.3 min
Caco-2 ER: 26.9 (AB: 0.21, BA: 5.57)
No inhibition against 5 CYP P450s
No PPAR activation
PC3 Cell IC50: 3.1 M
MV4-11 Cell IC50: 1.7 M
PPB 50% plasma fu: 0.015 (98.5% bound)

N

S

N
S

O

HN

F3CO

N

OX0999

Figure 7: Physicochemical and ADME properties of lead compound OX0999

Rhodanine and closely related structures have been described as promiscuous and pan-assay 

interference compounds (PAINS) in the past decade and their use in medicinal chemistry projects can 

lead to misleading false positive results. There has been in the past years a strong trend to avoid all non-

specific or promiscuous compounds in drug discovery campaigns and many papers advocate the use of 

substructure filters to recognize PAINS and exclude them from the starting point of the SAR process.25 

It is a controversial issue however, as a number of currently marketed drugs would have not been found 

if these type of filters had been applied dogmatically. The drug discovery community is currently 

reviewing how these methodologies are used, with the knowledge that some compounds, which flag as 

PAINS may be acceptable to pursue, so long as their activity is carefully assessed, and an appropriate 

set of orthogonal screening assays are used.26 We have previously reported that structurally-related 

compounds bearing a rhodanine moiety have a genuine PIM inhibitory effect, but keeping this in mind, 

OX0999 was sent to be profiled via a kinase selectivity panel in order to assess if any unwanted off-

targets.

The screening panel of 22 kinases chosen for the analysis of OX0999 included a representative array 

of diverse kinases from the human kinase phylogenetic tree, as well as ones that had shown off-target 

activity with other PIM inhibitors (see figure 1), and the 3 PIM isozymes. No significant inhibition of 

any of the chosen kinases (apart from PIM1) at 10 µM compound concentration was observed (Table 

4). It was decided to generate IC50 for some of kinases for which 80% activity were found. Those IC50 



14

confirmed that the inhibition of OX999 was mainly focussed on the PIMs isozymes. OX0999 also 

showed selectivity for PIMs over FLT3 (fms-like tyrosine kinase 3), as opposed to SGI-1776,  which 

is a known PIM and FLT3 inhibitor.27 FLT3 is over-expressed in AML (acute myeloid leukemia) cells 

often due to FLT3-ITD (internal tandem duplication) mutation, and PIM1 is transcriptionally 

upregulated downstream of FLT3, phosphorylates and stabilizes FLT3, promoting FLT3 signalling in 

cells with FLT3-ITD.28 It has been reported that a combination of PIM kinase and FLT3 inhibitors 

enhances apoptosis and decreases growth of FLT3-ITD AML cell lines and primary patient cells in 

vitro and in vivo, when compared to treatment with FLT3 or PIM inhibitors alone.29-30 Therefore 

OX0999 would be useful to understand the roles of PIM1 and FLT3 in this oncogenic signalling 

pathway.

 OX0999 IC50 (nM)

BTK(h) 94

CDK1/cyclinB(h) 74

CHK1(h) 79

CK2(h) 76 >10000

cSRC(h) 101

DAPK1(h) 29 8950

DYRK2(h) 81

FLT3(h) 137

GSK3β(h) 147

Haspin(h) 98

IR(h) 102

JAK2(h) 131

JNK2α2(h) 98
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Table 4: Kinase Selectivity panel evaluation of OX0999 at 10 µM. 

 

Encouraged by the kinase selectivity profile OX0999, it was decided to run cell mechanistic assays in 

order to assess OX0999 potential target engagement in cancer cells; 4E-BP1 was selected as a potential 

biomarker. Translation repressor protein 4E-BP1 (also known as PHAS-1) inhibits cap-dependent 

translation by binding to the translation initiation factor eIF4E; its hyperphosphorylation has been 

reported to disrupt this interaction and activate cap-dependent translation,31 with multiple 4E-BP1 

residues being phosphorylated in vivo.32 Both the PI3 kinase/Akt pathway and FRAP/mTOR kinase 

regulate 4E-BP1 activity,33-34 and while phosphorylation by FRAP/mTOR at Thr37 and Thr46 does not 

prevent the binding of 4E-BP1 to eIF4E, it is thought to prime 4E-BP1 for subsequent phosphorylation 

at Ser65 and Thr70.35 As discussed previously, PIMs are important in the upregulation of proteins 

involved in cell cycle regulation and cell survival via cap-dependent translation in cancer.36 Pim-2 

phosphorylates tuberous sclerosis complex-2 (TSC2) to derepress mammalian target of rapamycin 

complex-1 (mTORC1). mTORC1 then phosphorylates EIF4E-binding protein-1 (4EBP1) and 

ribosomal protein S6 kinase (S6K).37 Western blot experiments carried out using the MV4-11 cell line 

KDR(h) 104

Pim-1(h) 1 9

Pim-2(h) nd 86 <25%

Pim-3(h)              nd 75 25-80%

PKBα(h) 111 >80%

Plk1(h) 118

SAPK2a(h) 100

SIK(h) 105

TrkA(h) 30 7118
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showed some evidence of reduction of phosphorylated 4EBP1 protein and total 4EBP1 at 10 M after 

incubation with OX0999 consistent with cellular IC50 , albeit the effects were modest (Figure 8).2

Figure 8: Western blot experiments using OX0999 on MV4-11.

Having identified a compound with suitable potency and adequate kinase selectivity, analysis of its 

potential off target toxicity against relevant targets was next evaluated. OX0999 was examined in a 

CEREP Express profile at 10 M concentration against 54 receptors, ion channels and amine 

transporters to identify off-target activity. This assay revealed that OX0999 inhibited a considerable 

number of enzymes above 50% (13 were inhibited above 85% and an additional 12 above 50%, see SI), 

making it an undesirable compound to progress. In parallel to this assay, we also assessed the activity 

of our series of compounds against hERG. A selection of compounds, including OX0999 were 

evaluated using a Cloe® Screen hERG Channel Inhibition assay (carried out by Cyprotex plc, see SI for 

further information, Table 5).3 OX0999 was found to inhibit hERG with an IC50 of 4.9 M, making it 

a moderately compound against hERG; results from the other compounds were more encouraging 

2 Phospho-4E-BP1 (Thr37/46) (236B4) Rabbit mAb detects endogenous levels of 4E-BP1 only when 
phosphorylated at Thr37 and/or Thr46.

3 Cloe® is a registered trademark of Cyprotex plc

P-4E-BP1 (Thr 70)

4E-BP1 

Actin

                OX0999
DMSO    1        3          10     (µM)

26 kDa

15 kDa
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however, since none of them were inhibiting hERG at a relevant concentration. Previous studies on 

SGI-1776 identified that the N-methylamino piperidine was responsible for the hERG inhibition.38 

Consistent with these findings, compound OX0998, the imino analogue of OX0999 did not show any 

hERG inhibition; also, when an alcohol group was added to the N-methylamino piperidine (OX1453) 

and thereby reducing the basicity of the N-Me piperidine, the compound exhibited considerably less 

activity in hERG than OX0999. 

Another property of the compounds, which seemed to be associated with the N-methyl piperidine head 

group was found to be high efflux; this was identified when representative compounds were evaluated 

in Caco-2 permeability assays as shown in Table 5. The results from these assays showed both OX0999 

(Caco-2 A-B = 0.21, and CaCo-2 B-A = 5.55) and OX1453 (Caco-2 A-B = 0.11, and CaCo-2 B-A = 

10.5)  gave high efflux ratios.

arom
N

S

N
S

O

NHR

N
N
H

N
N

N

F3CO
SGI-1776, 2OX0998-1453

ID SGI-1776 OX0999 OX0998 OX1453

amine N N H N
HO

IC50 (nM) 46±12 22±8 39.7±4.9 28.2±8.1

Caco-2 ER 4.0 26.9 1.5 99.3

hERG IC50 

(µM)
1.0 4.9 >25 >25

Table 5: ADME properties of various amine-substituted analogues and biological activities against 

PIM1. IC50 in nM, n = 2. hERG IC50 in µM.

It was therefore deemed necessary to change the N-methyl piperidine functionality in order to improve 

compound profile and identify a new and better lead compound. A selection of compounds previously 
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synthesised that were structurally similar to OX0999, but devoid of the N-methyl piperidine group,  and 

possessed promising profiles were assessed for activity against a subset of off-target receptor (Table 

XX) . The aim was to establish whether binding promiscuity identified with OX0999 was likely to be 

a series or compound specific effect. Two promising aminothiazolones were examined against the top 

10 off-target receptors bound by OX0999. The results from the CEREP data show a much cleaner 

profile for OX1453 but particularly for OX1399. The data from the toxicity panel proved that the 

relative promiscuity of OX0999 was a compound and not a series specific effect, and may well also be 

related to the presence of the N-methylpiperidine group.

N

S

N
S

O

HN

F3CO

N

OX0999

N

S

N
S

O

HN

OX1399

N

S

N
S

O

HN

F3CO

N

OX1453

OH

OH

OH

OX0999 OX1453 OX1399

alpha 2 (non-selective) 84 67 3

CCK1 (CCKA) (h) 90 88 21

D1 (h) 97 86 65

H1 (h) 96 67 2

M3 (h) 94 72 -5 >80%

NK2 (h) 98 84 63 50-80%

5-HT1A (h) 94 68 75 <50%

Na+ channel (site 2) 71 62 25

norepinephrine transporter (h) 87 84 7

dopamine transporter (h) 95 99 61

Table 6: Comparative CEREP Express profile of OX0999, OX1453 and OX1399

Percentage of radio ligand 
displacement at 10 µM
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With these data in mind, our efforts were next focused on molecules containing branched or cyclic 

amino alcohols derived from OX1453 and OX1399 without the presence of a basic N-Me (Figure 9). 

The new set of compounds were all derived from the same synthetic precursor, bearing a rhodanine 

moiety that can be easily functionalised via treatment with MeI to produce the corresponding SMe 

followed by its substitution with the amine of choice. 

R
N

S

N
S

O

HN

N

S

N
R N

S
HN

O
N

OH

R
N

S

N
S

O

HN

OH
N

S
R

N
S

HN

O

HO

Figure 9: Evolution of the N-substituted aminothiazolone series.

The data obtained from the permeability assays and the hERG assay for the new derivatives showed 

improved results over those for OX0999. While addition of a hydroxyl group reduced the hERG activity 

(as observed in OX1453), complete removal of the basic N-Me resulted in a better hERG profile and 

simultaneously much lower efflux ratios. The favourable properties (activity, solubility and metabolic 

stability) associated with OX0999 were also observed in the new analogues (Table 7). Thiazole-

containing compounds like OX1399 with a phenol left hand side showed good overall metabolic 

properties such as no hERG inhibition, no efflux, good solubility and good cell potency. 

ID RA RB

PIM1 

IC50 (nM)

MV4-11  

IC50 (µM )

KinSol 

(µM )

MLM  

t1/2 (min)

Caco-2 

ER

OX0993 o-OH N 10.8± 6.7 0.81 10.8±6.7
>120 

(>120)*
18.7

OX1399 o-OH
OH

15.1a 0.42 10.5 48.5* 0.4

OX1401 o-OH
OH

15.1a 0.50 4.2a 33.5* 0.3
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Table 7: Physical properties of various substitutions on the RA and RB positions and biological activities 

against PIM1, *MLM S9.4 IC50 in nM, n = 2 unless otherwise stated. an = 1, R2 > 0.90, R2 values listed 

in SI; MLM t1/2: half-life measured in mouse liver microsomes in min; KinSol: kinetic solubility in µM; 

MV4-11 IC50 in µM; nd: not determined.

Among this series of compounds, two examples OX1401 and OX1399, present balanced overall 

properties with reduced off-target toxicity and minimal efflux making them very suitable candidates for 

further optimisation toward the identification of new pan-PIM inhibitors for further optimisation (Figure 

10).

4 MLM S9 was run on those compounds based on the amounts of conjugable groups present in the molecule.

OX1484 o-OH OH 13.5± 2.9 2.6 3.8a 38.9* 0.4

OX1483 o-OH, 3-F
OH

40± 7 13.1 65 a 44.4* nd

OX1485 o-OH, 5-F
OH

6.9± 0.5 3.9 <20 a 67.2* 0.8

OX1486 o-OH, 4-F
OH

147±6 nd 65 a 45.6* nd

OX1580 o-OH, 3-F OH 5.2±0.7 2.7 <6.5 22.1* nd

OX1645
o-OH,      

m-OCF3

OH 97±8 0.3 <2.4 84.2* nd
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N

S

N
S

O

HN

OH

OH

OX1401
IC50: 15.1 nM
KinSol: 4.2 M
MLM S9 t1/2: 33.5 min
Caco-2 ER: 0.40 (AB: 12.7, BA: 5.03)
PC3 Cell IC50: 1.1 M
MV4-11 Cell IC50: 0.4 M
cell biomarker: <1-3uM p4EBP1

N

S

N
S

O

HN

OH

OH

IC50: 15.1 nM
KinSol: 10.5 M
MLM S9 t1/2: 48.5 min
Caco-2 ER: 0.31 (AB: 19.5, BA: 6.16)
PC3 Cell IC50: 1.2 M
MV4-11 Cell IC50: 0.5 M
cell biomarker: 1-5 uM p4EBP1 and 1-5 uM c-Myc
hERG >25 uM
P450 >25 uM

OX1399

Figure 10: Potential lead compounds for further evaluation

Cell-based assays were also carried out with OX1401 and OX01399 to assess its potential target 

engagement in cancer cells. We used the same assay described earlier in the assessment of OX0999, 

using 4E-BP1. Western blot experiments carried out using the MV4-11 cell line showed some evidence 

of reduction of phosphorylated 4EBP1 protein and total 4EBP1 at 10 M after incubation with OX1401; 

this change was also dose dependent and consistent with cellular IC50 (Figure 11).

Figure 11: Western blot experiments using OX1401 on MV4-11.

P-4E-BP1 (Thr 70)

4E-BP1 

Actin

               OX0999                    OX1401
DMSO   1          3          10          1          3         10        (µM)

26 kDa

15 kDa
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Docking experiments were performed with OX1041 and OX1399 using the crystal structure obtained 

with OX0999; similar docking poses to the observed mode of binding for OX0999 were observed 

(Figure 12). The amino moieties are orientated in the same direction and occupy the same regions of 

the protein. In the case of the phenol rings, even though the orientation of the phenol varies within the 

two structures, they were predicted to fill the same area of the protein. The H-bond interactions observed 

from the right hand-side of OX1399 are identical to those in OX0999. Interactions were also identified 

with two molecules of water and two amino acid residues (Lys-67 and Asp-186), as seen in OX0999 

crystal structure. In the case of OX1401 in addition to those described for OX1399 an extra H-bond 

interaction with Asn-172 was also predicted via the primary alcohol on the right-hand side of the 

molecule. 

Figure 12: A) Surface representation from a docking pose of OX1399 with OX0999 crystal. B) Cartoon 

representation from a docking pose of OX1399 with OX0999 crystal. C) Surface representation from a 

docking pose of OX1401 with OX0999 crystal. D) Cartoon representation from a docking pose of 

OX1401 with OX0999.

C D

BA

C D

BA
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The results obtained from the docking experiments highlight the similarities between the three 

compounds in their expected binding mode with Pim1 and present OX1399 and OX1401 as potential 

attractive lead molecules upon which to continue structure activity studies and optimise further towards 

compounds with properties suitable for in vivo evaluation.

Conclusions

In this paper, we described the optimisation of a promising pan-PIM inhibitor, compound 1, improving 

physical properties (metabolic stability, kinetic solubility) as well as its enzymatic and cell activity 

using a systematic, SAR study, supported by structure based design attributes. During the early phase 

of our optimisation work, the first leading molecule with an appropriate ADME profile was found to 

exhibit high levels of efflux, high levels of hERG activity and substantial off-target toxicity in a CEREP 

Express assay, precluding its further progression.. A structure-property analysis revealed that the N-

substituent was likely responsible for both the hERG activity and the poor permeability. Building on 

this analysis, another round of focused SAR studies was undertaken to identify alternative compounds 

with a similar activity, physicochemical and ADME profile, but reduced off-target activity and an 

appropriate profile that could be taken to in vivo animal studies.
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