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Abstract 

Monopolar spindle kinase 1 (MPS1/TTK) is a key element of the mitotic checkpoint securing 

proper chromosome segregation. It is being evaluated as a target in the treatment of aggressive 

tumors such as triple-negative breast cancer with several reversible inhibitors currently 

undergoing clinical trials. While long drug–target residence times have been suggested to be 

beneficial in the context of therapeutic MPS1 inhibition, no irreversible inhibitors are known. 

Here we present the design and characterization of the first irreversible covalent MPS1 inhibitor 

RMS-07 targeting a cysteine (Cys604) in the kinase's hinge region present only in few other 

protein kinases. The compound showed excellent MPS1 inhibitory potency and high selectivity 

against all protein kinases harboring an equivalent cysteine as well as in a larger differential 

scanning fluorimetry-based screening panel. Covalent binding was confirmed by mass 

spectrometry and X-ray crystal structure. We expect this tool compound to open new avenues 

for the design of MPS1-specific covalent chemical probes or drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Introduction 

The monopolar spindle kinase 1 (MPS1, also known as TTK) plays a critical role in controlling 

cell division and is a key component of the spindle assembly checkpoint (SAC). During mitosis 

and meiosis, the SAC acts to ensure proper chromosome segregation by delaying cell division 

until sister chromatids are pulled to opposite ends of the dividing cell. MPS1 phosphorylates the 

threonine residue found within MELT repeats in the N-terminal portion of the Kinetochore 

Scaffold 1 protein (Knl1). This event recruits the Bub proteins including the mitotic checkpoint 

protein BUB3 and mitotic checkpoint serine/threonine-protein kinases BUB1 and BUBR1 to the 

SAC, activating it1–3. MPS1 may also participate in chromosome segregation error correction by 

activating Aurora B kinase, a major orchestrator of the SAC4. MPS1 overexpression has been 

linked to poor prognosis in a variety of solid tumors, including glioblastoma, triple-negative 

breast and pancreatic cancer. Indeed, elevated MPS1 protein levels have been suggested as a 

prognostic marker for neuroblastoma4–8. 

Inhibition of MPS1 by small molecules is a promising approach in cancer therapy, with the 

mechanism of action of SAC inactivation being complementary to that of Taxol and vinca 

alkaloids, i.e. overriding the SAC to cause accumulation of chromosome segregation errors which 

lead to cancer cell death by apoptosis8–11. Several reversible MPS1 inhibitors, including BAY 

1161909 (Empesertib, 1)11, BAY 1217389 (2)11, BOS172722 (3)12 and CFI-402257 (4)13 (Figure 1A) 

are currently undergoing clinical trials. 

 

 

Figure 1: A Reversible MPS1 kinase inhibitors in clinical trials. B Covalent FGFR4 kinase inhibitors. 

Typically, early drug discovery projects focus on improving compound potency under 

equilibrium conditions and are guided by parameters like IC50 or KD
14. Nevertheless, in living 



systems, a compound's concentration is continuously changing, as it is subjected to drug 

metabolism and excretion. In this context, it has been suggested that target residence time (τ; 

defined as the inverse of the dissociation rate constant koff) is a more appropriate metric to rank 

and prioritize compounds during hit and lead optimization campaigns15. Moreover, compounds 

with long on-target residence times may also be more selective and may have fewer side-effects. 

In general, the fraction of long residence kinase inhibitors increases from early/preclinical to late 

stage and FDA-approved compounds, suggesting favorable contributions of slow off-rates to 

clinical success16. In the case of MPS1, it has been suggested that prolonged inhibition of SAC 

activity by inhibitors with long residence times might be more efficacious than discontinuous 

blockage by compounds with faster off-kinetics. This hypothesis, however, requires further 

investigation, ideally with very slow off-rate or irreversible inhibitors. It is also important to keep 

in mind that in vivo, potency or target residence time are not the only factors to be considered, 

and that pharmacokinetics and target turnover are also important determinants of the duration 

of pharmacological action17.  

Covalent targeting approaches provide an excellent opportunity to extend residence time, but 

reactive groups have long suffered from a bad reputation among drug discovery scientist due to 

potential adverse effects resulting from off-target labeling or immunogenicity triggered by 

haptenization. During the last decade, however, covalent drugs have resurged due to increasing 

awareness that well-designed covalent inhibitors can have advantages regarding potency, 

selectivity, and kinetic profile18. Their durable target engagement may translate into lower and 

less frequent dosing which can even decrease side effect burden18,19. Covalent approaches have 

lately been very successful in protein kinase inhibitor discovery20–22. The more than 500 protein 

kinases encoded in the human genome, referred to as the "kinome", feature a high degree of 

conservation making the design of specific protein kinase inhibitors a challenging task. 

Traditionally, inhibitor design exploited less conserved regions in the ATP binding site or 

conformations unique to the kinase(s) of interest. More recently, covalent targeting of poorly 

conserved non-catalytic cysteines, that are present inside or in close proximity to the ATP binding 

pocket in approximately half of the kinome, has successively gained importance as a design 

strategy to obtain highly selective inhibitors20. Here, two orthogonal selectivity filters can be 

exploited, i.e. reversible recognition and the requirement of a cysteine at a specific location to 

enable covalent bond formation. This approach has facilitated the design of highly specific 

covalent chemical probes but also drugs as highlighted by seven covalent kinase inhibitors 

currently approved by the FDA23. Design of covalent ligands typically starts from structural 

information of a non-reactive template inhibitor enabling the identification of suitable 



attachment points for a weakly reactive moiety, often referred to as "warhead", to specifically 

hit the cysteine of interest24. This and other strategies to identify covalent protein kinase 

inhibitors have been reviewed elsewhere21,25. 

The MPS1 kinase harbors a cysteine (Cys604) in the central hinge region, located two residues 

N-terminal to the gatekeeper (GK) residue (i.e. in the GK+2 position). Such a cysteine is only 

presented in four other kinases in the human kinome, namely FGFR4, p70S6Kβ (S6K2), 

MAPKAPK2 (MK2) and MAPKAPK3 (MK3)20,22. In a recent study, Uitdehaag and colleagues 

highlighted the crucial importance of long residence time for the cellular (and presumable also 

in vivo) efficacy of MPS1 inhibitors26. This prompted us to investigate a covalent-irreversible 

targeting strategy as the ultimate way to increase residence time. Based on the aforementioned 

structural information, we concluded that targeting the GK+2 cysteine might at the same time 

improve selectivity, since this residue occurs in only very few kinases. Given the importance of 

this kinase as an attractive novel drug target, we decided to approach a proof-of-concept study 

for inhibiting the MPS1 covalently for the first time. 

Results and discussion 

Design. Our approach started from available reversible inhibitors with known binding 

modes11,26–29 that were to be equipped with a suitable linker to direct a reactive acrylamide 

towards MPS1-Cys604. A similar strategy has previously been successfully applied for the  

fibroblast growth factor receptor (FGFR) 4 kinase, exemplified by the prototype inhibitor 

BLU9931 (5, Figure 1B)30. In the latter compound, an ortho-phenylenediamine linker forming a 

dual hydrogen bond towards a backbone carbonyl atom in the hinge region was used to induce 

a U-shaped conformation directing the warhead towards the GK+2 cysteine. The same strategy 

was also employed in several follow-up FGFR4 inhibitors, including the clinical candidates 

BLU554 (6, Fisogatinib)31 and H3B-6527 (7)32 (Figure 1B). Structural overlays of various 

MPS1/inhibitor complexes with the BLU9931/FGFR4 complex suggested inhibitor NTRC 0066-0 

(8, Figure 2A) as a promising starting point for our endeavor. According to the co-crystal structure 

of compound 8 in complex with MPS1 (Figure 2B), the ortho-methoxy group of the front pocket 

residue, which is known as an important selectivity driver in this and several other MPS1 

inhibitors, is located in close proximity to the target cysteine and aligns well with the warhead 

portion in the overlay with BLU9931/FGFR4 (Figure 2C)26,33. Additionally, covalent docking 

studies were performed (data not shown) suggesting that an acrylamide warhead could reach 

the desired cysteine in a favorable conformation resembling the one of the BLU9931/FGFR4 

complex. These results encouraged us to replace the methoxy group in compound 8 by an 

acrylamide warhead to obtain the putative covalent inhibitor RMS-07 (9, Figure 2A).  



 

 

 

Figure 2: A Design of the putative covalent inhibitor RMS-07 (9) by replacement of the methoxy-
substituent of NTRC 0066-0 (8) with an acrylamide warhead (highlighted in red). B Co-crystal 
structure of the complex of MPS1 and template inhibitor 8 (PDB code: 5N87) showing the 
proximity between Cys604 and the inhibitor's methoxy group. C Overlay of BLU9931/FGFR4 
(orange/cyan, Cys552 highlighted in magenta, PDB code: 4XCU) and compound 8/MPS1 
(salmon). Only the FGFR4 backbone is shown and water-mediated hydrogen bonds were omitted 
for clarity. 

 

Chemistry. The synthesis of the designed inhibitor RMS-07 (Scheme 1) started with the 

preparation of the precursor of the ortho-phenylenediamine fragment (12), which was to be 

linked to the core scaffold (13) via Buchwald-Hartwig arylamination. To this end, aniline 

derivative 10 was double Boc-protected followed by Buchwald-Hartwig arylamination with N-

methylpiperazine. Acid-promoted deprotection of the aniline furnished intermediate 12 in good 

overall yield. The latter was connected via another Buchwald-Hartwig reaction with key 

intermediate 13, which was prepared according to literature procedures34,35 and obtained as a 

mixture of the methyl and the ethyl ester. The coupling product was subjected ester cleavage 

using LiOH to obtain the free carboxylic acid 14. Acid activation was subsequently performed by 

thionyl chloride and reaction of the ensuing acyl chloride with 2,6-diethylaniline in the presence 

of DMAP yielded the desired amide 15. Notably, various other amide coupling protocols failed 

to deliver the coupling product in acceptable yields (not shown). Reduction of the nitro group 



with tin(II) chloride furnished ortho-phenylenediamine derivative 16. In the last step, the 

acrylamide warhead was introduced by acylation of 16 with acryloyl chloride in the presence of 

DIPEA at low temperatures to obtain final compound RMS-07. 

 

Scheme 1: Synthetic route to leading to RMS-07 (9). Reagents and conditions: R1: mixture of 
OMe/OEt. a) Boc2O, DMAP, THF, 65 °C, 12 h, 93%. b) N-methylpiperazine, SPhosPdG3, Cs2CO3, 
1,4-dioxane, 105 °C, 12 h. c) TFA, DCM, r.t., 3 h, 64% (two steps). d) BrettPhosPdG3, Cs2CO3, 1,4-
dioxane/tBuOH (4:1), 110 °C, 7 h. e) LiOH·H2O, THF/H2O/MeOH (2:1:1), 50 °C, 12 h, then HCl 
(2 M), 67% (two steps). f) SOCl2, DCM, 0 °C−r.t., 48 h, then 2,6-diethylaniline, ACN, DMAP, 65 °C, 
86%. g) SnCl2, EtOH/THF (2:1), 65 °C, 3 h, 95%. h) acryloyl chloride, DIPEA, DMF, -10 °C−r.t., 66%. 
 

Protein Biochemistry. To evaluate the inhibitory potency of RMS-07, we set up an enzymatic 

assay based on time-resolved fluorescence resonance energy transfer (TR-FRET) using 

commercially available full-length MPS1, and a generic kinase peptide substrate based on the 

human Histone H3 sequence (ARTKQTARKSTGGK, underline indicates phosphorylated residue). 

In cells, Histone H3 is not thought to be phosphorylated by MPS113. Nevertheless, in vitro, the 

enzyme displayed robust phosphorylation activity of this peptide substrate (Supplementary 

Figure S1A). Using this assay, we determined the enzyme KM,ATP to be 9.73 µM (Supplementary 

Figure S1B), which is in good agreement with previously reported values (5.0 µM) obtained using 

fluorescence polarization to measure MPS1 phosphorylation of a different peptide substrate36. 

We next used this assay to determine the inhibitory potency of RMS-07 against full-length MPS1. 

As formation of a covalent bond is a time-dependent process impacting IC50 measurements (see 

below), we omitted the typical compound-protein pre-incubation step prior to starting the 

enzymatic reaction. For these initial experiments, we also omitted the addition of the DTT 

reducing agent to the kinase buffer. Due to the high compound potency, experiments were 

carried out at high ATP concentrations (approx. 15-fold KM,ATP). Under these conditions, RMS-07 

showed an apparent IC50 of 13.1 nM (Figure 3A). Since the IC50 depends on experimental 

conditions including enzyme and substrate concentrations, we used the Cheng-Prusoff equation  



to derive an apparent Ki value37. Notably, the value obtained for inhibitor RMS-07 (apparent Ki = 

0.83 nM) under the given (non-equilibrium) conditions is in the same range as reference value 

published for compound 8 (Ki = 0.30 nM) determined in a different setup36.  

 

Figure 3 – Biochemical characterization of RMS-07, a covalent MPS1 inhibitor. A,B IC50 
determination. Graphs show the concentration-dependent inhibition of full-length MPS1 
activity by RMS-07. IC50 values were obtained by fitting the experimental data (shown as mean 
± s.e.m. of two independent measurements) to a sigmoidal dose-response (variable slope) 
equation. In A, pre-incubation and DTT as a buffer component were omitted. The Ki value shown 
was calculated using the Cheng-Prusoff formalism. In panel B, dose response curves were 
obtained following pre-incubation of full-length MPS1 with RMS-07 for 0, 1, 2, and 4 hours in 
DTT-containing buffer. Calculated IC50 values are shown for each time point. C Determination of 
the second-order rate constant kinact/KI by fitting the data shown in panel B according to 
Krippendorff and colleagues38. D Time-course of the covalent modification of the MPS1 kinase 
domain by excess RMS-07 determined by LC-MS. The pseudo-first order association rate 
constant (kobs) was obtained by fitting the experimental data to a one-phase association model. 

 

As mentioned, a key characteristic of irreversible covalent inhibitors is that their IC50 values 

decrease with increasing target exposure times. This behavior arises from covalent inhibition 

being a two-step non-equilibrium process where an initial reversible protein-ligand binding 

event is followed by the formation of a long-lived covalent bond. This process is described by 

two parameters, namely KI and kinact. Here, the constant KI (not to be confused with the binding 

constant Ki obtained above assuming equilibrium conditions) reflects the compound 



concentration at which the rate of covalent inactivation becomes half-maximal (kinact/2). The 

second parameter, kinact, is a first-order rate constant defining the maximal potential rate of 

covalent inactivation24,39. The ratio kinact/KI is a second-order rate constant that reflects the 

overall inactivation efficiency and is considered the appropriate metric to compare the activity 

of irreversible covalent inhibitors40. 

To quantify kinact and KI for RMS-07, we determined IC50 values at different pre-incubation 

times (0, 1, 2, 4 hours). Importantly, this setup required the addition of DTT as a reducing agent, 

which led to a shift in the initial IC50 value (40 nM vs. 13 nM for t = 0) that we cannot fully 

rationalize so far. The data obtained was in accordance with the expected covalent mode-of-

action since longer pre-incubation times increased potency (Figure 3B). By fitting the 

experimental data according to Krippendorff and colleagues38 , we obtained kinact  (2.42 x 10-4 s-

1) and KI (14.2 x 10-9 M) resulting in a kinact/KI ratio of 1.71 x 104 M-1·s-1 (Figure 3C). For comparison, 

covalent EGFR kinase inhibitors currently in clinical use have 10- to 1,000-fold larger kinact/KI 

ratios (Supplementary Table S1)41. 

To further characterize RMS-07's interaction with MPS1, we expressed and purified a 

truncated version of the protein including only the kinase domain (residues Ser519 to Glu808; 

hereafter denominated MPS1-KD). Intact mass analysis of purified MPS1-KD using liquid 

chromatography-mass spectrometry (LC-MS) confirmed the protein mass of 36,064.4 Da 

(Supplementary Figure S2A,B,C) and exposure to RMS-07 produced the mass shift (604.8 Da) 

expected for adduct formation (Supplementary Figure S2C). The same method was used to 

investigate the time course of adduct formation. Under pseudo-first order conditions employing 

a ~10-fold excess RMS-07 over MPS1-KD, modification was followed over 18 hours and the 

resulting data was fitted to a one-phase association model to obtain the pseudo-first order 

association rate constant (kobs). These analyses gave a kobs value of 1.66 x 10-4 s-1 (Figure 3D), 

which is in good agreement with the kinact value derived from the enzymatic assays (2.42 x 10-4 

s-1). Reaction half-time was determined to 69.8 minutes. Taken together, biochemical 

characterization confirmed RMS-07 to be a potent, covalent MPS1 inhibitor albeit with 

comparably slow inactivation kinetics.  

Protein Crystallography. To characterize the interaction between RMS-07 and MPS1 at a 

molecular level, we obtained the co-crystal structure of MPS1-KD bound to RMS-07 at 2.0 Å. The 

co-structure was solved by molecular replacement (Supplementary Table S2). As expected, 

MPS1-KD adopted the archetypical kinase fold with an N-terminal lobe composed mostly of β-

strands (residues 519-601), a C-terminal lobe formed predominantly by α-helices (residues 608-



697) and a hinge region (residues 602-607) connecting the lobes (Figure 4A). RMS-07 occupied 

the ATP-binding site located between the two lobes (Figure 4A-E). The high quality of the 

electron density map allowed for unambiguous modelling of RMS-07. Continuous electron 

density was observed for the covalent C−S bond between the Cys604 thiol and the (reacted) 

RMS-07 acrylamide group (Figure 4F, G). The carbonyl oxygen of the ligand's former acrylamide 

moiety also engages in a hydrogen bond to the side chain of Gln541 while its amide N−H 

interacts with the backbone carbonyls of Gly605 and Asn606. Those interactions may assist in 

directing the warhead towards Cys604 prior to the reaction. As expected, the Gly605 carbonyl 

oxygen forms another hydrogen bond to the RMS-07 aminopyrimidine N−H while the pyrimidine 

N1 atom binds to the Gly605 backbone N−H. The amide moiety at the opposite side of the ligand 

forms a hydrogen bond to the (protonated) side chain amino group of the catalytic Lys553 and 

to a crystallographic water molecule. Moreover, Lys553 interacts with the terminal diethyl 

phenyl moiety of RMS-07 via a cation-π interaction (Figure 4D, E). 

 

Figure 4 - Structural analysis of the co-crystal structure of RMS-07 bound to the MPS1 kinase 
domain. A Overall fold of MPS1 (magenta cartoon) bound to RMS-07 (yellow spheres) (PDB 
code: 7LQD) superimposed to the structure of MPS1 bound to NTRC 0066-0 (compound 8, PDB 
code: 5N87, ligand omitted for clarity)26. B Surface view of RMS-07 (spheres) bound to MPS1. C 
Detailed view of RMS-07 (sticks) bound to MPS1 (white molecular surface). The solvent-exposed 
acrylamide α-position is highlighted. D, E - Side (D) and top (E) views of the MPS1 ATP-binding 
site highlighting the interactions of RMS-07 (sticks) to protein residues (interacting residues and 
the gatekeeper residue Met602 are shown as sticks) and a crystallographic water (shown as a 



red sphere). Hydrogen bonds and the cation-π interaction are shown as black dashed lines. F, G 
- Side (F) and top (G) views for RMS-07 electron density maps (light blue mesh depicts a 2FO-FC 
OMIT map contoured at 1.5 σ). MPS1 is shown in the same orientation in panels A to D and F, 
and in panels E and G.  

 

In general, presence of suitable moieties at the α- and β-positions of the acrylamide warhead 

can modulate reactivity towards thiol groups. For example, a recent analysis of various α- and 

β-substituted N-phenylacrylamides showed that certain electron-withdrawing groups or 

dialkyamino methyl substituents at both positions can accelerate covalent bond formation42. 

The co-crystal structure of RMS-07 bound to MPS1 suggested that such moieties might be 

installed to fine-tune the inactivation kinetics. Nevertheless, to prevent steric clashes, 

modifications at the β-position should probably be restricted to small substituents while the 

acrylamide α-position may also accommodate bulkier groups. 

The crystal structures of MPS1-KD bound to compound 826 and RMS-07 readily superimposed 

(root-mean-square deviation (RMSD) of ~0.5 Å over 227 equivalent Cα atoms), and the positions 

of the side chains from the kinases ATP-binding site (defined as those within a 5.0 Å radius from 

RMS-07) were mostly conserved in both structures. Notable differences were observed for the 

position of the catalytic Lys553 residue, which is wrapped by a PEG moiety in the MPS1/8 

structure, and that of residue Gln541, which engages the compound via a hydrogen bond in our 

co-structure (Figure 4D, E). In vicinity of Lys553 and the RMS-07 diethyl phenyl group, we also 

observed ordered PEG and glycerol molecules from the crystallization and cryoprotection 

solutions, respectively. Similar solvent molecules were also reported in the available co-crystal 

structure of 8 bound to MPS126. 

Previous structural analyses of MPS1 bound to different inhibitors identified distinct 

orientations of the kinase activation segment (residues 667-690 in MPS1) to be important for 

rationalizing compound potencies26. In the MPS1/RMS-07 co-crystal structure, the kinase 

activation segment adopted an unusual conformation which was not observed in previous 

ligand-bound or apo MPS1 structures (Figure 4A, B). The activation segment is a conserved 

structural element of the kinase fold located between two conserved kinase motifs defined by 

the amino acid triads DFG and APE (PPE in MPS1), and functions as a platform for the kinase 

peptide substrate. In general, the activation segment is highly dynamic and frequently 

disordered (and thus missing in electron density maps) even when the kinase is bound to a 

potent inhibitor. In our structure, the unusual conformation of the MPS1 activation loop is likely 

to reflect the extensive crystal contacts of this region to symmetry-related MPS1 molecules 

within the crystal lattice rather than being related to RMS-07 binding (Supplemental Figure S3). 



 

Selectivity evaluation. The selectivity of inhibitor 8 in a panel of 276 human kinases was 

previously reported36.   At 100 nM, this compound inhibited 99.3 % of MPS1 enzymatic activity 

and 10 other human kinases were inhibited > 50% (PLK1, PLK3, PLK4, TNK1, MNK2, TSSK1, 

NuaK1, AurC, PKD2 and NuaK2) suggesting high intrinsic selectivity of the template ligand chosen 

for this study. The latter kinase panel also included all four other human kinases having a 

cysteine residue at the GK+2 position, but these were either only marginally inhibited (20.8 and 

4.9 % inhibition for p70S6Kβ and MAPKAPK2, respectively) or not inhibited at all (FGFR4 and 

MAPKAPK3)36.  

Here, we used a thermal shift assay (differential scanning fluorimetry, DSF)45 to assess the 

ability of RMS-07 to increase the thermostability of 97 purified human kinases covering all major 

groups  (Supplementary Figure S4) and 3 common off-target bromodomains. This panel included 

MPS1 and had other 60 proteins in common with the aforementioned study performed by Maia 

and colleagues36. Nevertheless, our panel included only one of the human kinases having a 

cysteine residue at position GK+2, namely MAPKAPK2, and only one of the proteins shown 

previously to be inhibited > 50% by compound 8, namely PLK436. In these assays, RMS-07 

induced a shift in the mid-point denaturation temperature (ΔTm) > 3.0 °C for MPS1 and 9 

additional human kinases, including PLK4 which had been previously identified as a potential 

off-target of inhibitor 836 (Supplementary Table S3). By far the strongest thermal shift was 

observed for MPS1 (15.8 °C), for which the shift was also significantly higher than the one 

detected for MPS1/staurosporine (12.4 °C). Our DSF results suggest that RMS-07, as previously 

observed for compound 8, does not have a strong affinity for the kinase domain of MAPKAPK2, 

despite the presence of a GK+2 cysteine.  

To complement our DSF results, we used a commercial radiometric assay to obtain IC50 values 

for RMS-07 on the four other human kinases with an equivalent cysteine placement20. The 

results confirmed that RMS-07 has a high selectivity against all of these enzymes (Table 1). 

Although additional experiments are needed to fully characterize the kinome-wide selectivity of 

RMS-07 and potential follow-up compounds, our results from both DSF and enzymatic assays 

suggested that the addition of the acrylamide warhead to generate RMS-07 did not negatively 

affect the good selectivity profile observed for compound 836. 

 

 

 



Table 1: IC50 values of compound RMS-07 against kinases containing an equivalently positioned 
cysteine residue in the central hinge region (GK+2 position). 

Kinase IC50 (µM)1 

FGFR4 2.75 

MAPKAPK2 >5 

MAPKAPK3 >5 

p70S6Kβ 1.65 

1ATP concentration = 10 µM; Data commercially determined at ReactionBiology Corp. using 
the HotspotTM platform46. 

 

Glutathione stability and in vitro metabolism. To determine the intrinsic reactivity toward 

thiols under physiological conditions, we evaluated the stability of RMS-07 against excess 

glutathione as a physiologically relevant nucleophile. Under the assayed conditions (5 mM GSH 

at pH 7.4), RMS-07 showed a much longer half-life compared to the approved drug Afatinib (t1/2: 

84.5 h and 4.98 h, respectively; see the Supplementary Figures S5 and S6) confirming low 

intrinsic reactivity. Additionally, we estimated metabolic stability by incubation with mouse liver 

microsomes (MLM). Microsomal stability was moderated with approximately half of the 

compound being metabolized within one hour (t1/2: ~60 min, Figure 6) comparing favorably to 

the value reported for prototype 8 (t1/2: 13 min)36. The major metabolite featured a m/z of 621 

(Figure 6), a mass consistent with hydroxylation or N-oxidation as the predominant metabolic 

transformation. However, further studies will be required to specify and mitigate the metabolic 

hotspot.  

 

Figure 6 - In vitro metabolism of compound RMS-07 in mouse liver microsomes. The graphic 
shows the decrease of analyte concentration (± s.d.) and formation of the major metabolite over 
120 minutes. 
 

 

 



Conclusions 

By employing a structure-based approach, we were able to design and synthetize the first-in-

class covalent MPS1 inhibitor RMS-07 (9). Design started from structural data of reversible 

inhibitor NTRC 0066-0 (8) from which the ortho-methoxy group was replaced by a classical 

acrylamide warhead to irreversibly hit the proximal Cys604 in the middle hinge region. We 

developed a convenient synthetic access to this compound enabling future structure-activity 

relationship (SAR) studies. The compound shows high potency with its covalent mode-of-action 

being confirmed by enzymatic assays and liquid chromatography-mass spectrometry. We gained 

detailed insight into the binding mode of the title compound by solving the X-ray crystal structure 

of the complex MPS1/RMS-07, which further validated the covalent interaction. Moreover, it is 

worth mentioning that preliminary NanoBRETTM experiments (data not shown) corroborated 

cellular target engagement and a prolonged resident-time.  

RMS-07 showed high selectivity over other kinases sharing a cysteine at the same position as 

well as a good selectivity profile in a DSF-based screening panel comprising almost 100 kinases. 

Additionally, we observed high stability against glutathione and only moderate susceptibility to 

in vitro metabolism.  

This work showcases that establishing a covalent interaction with MPS1-Cys604 can be a 

fruitful strategy to obtain potent and selective compounds achieving durable target engagement. 

Such strategy may help to clarify the role of residence time for MPS1 inhibitor efficacy and might 

be particularly useful in a clinical setting, where it may further decouple the pharmacological 

effect from pharmacokinetics (PK). To become useful for such applications, however, PK and 

covalent binding kinetics will require further optimization. Therefore, future efforts will aim at 

the investigation of structure-activity relationships to fine-tune affinity, inactivation kinetics and 

metabolic stability. Taken together, this study represents an important first step towards highly 

specific and efficacious covalent MPS1 inhibitors to be used as in vitro or in vivo chemical probes 

or in future drug development efforts. 

 

 

 

 

 

 

 



Experimental Section  

Chemistry 

All starting materials and reagents were of commercial quality and were used without further 

purification. Thin layer chromatography (TLC) was carried out on Merck 60 F254 silica plates 

(Merck KGaA, Darmstadt, Germany) and spots were visualized under UV light (254 nm and 366 

nm) or developed with an appropriate staining reagent. Preparative column chromatography 

was carried out with an Interchim PuriFlash 430 or PuriFlash XS420 system (Interchim S.A., 

Montlucon, Allier, France) on normal phase silica gel (Grace Davison Davisil LC60A 20–45 micron; 

W.R. Grace and Company, Columbia, MD, USA or Merck Geduran Si60 63–200-micron silica; 

Merck KGaA, Darmstadt, DE). 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance 400 instruments 

(Bruker Corporation, Billerica, MA, USA). The samples were dissolved in deuterated solvents and 

chemical shifts are given in ppm in relation to tetramethylsilane (TMS). Spectra were calibrated 

using the residual proton or carbon peaks of the used solvent. Mass spectrometry (MS) was 

carried out with an Advion TLC-MS interface (Advion, Ithaca, NY, USA) with electron spray 

ionization (ESI) in positive and/or negative mode. Instrument settings were as follows: ESI 

voltage 3.50 kV, capillary voltage 187 V, source voltage 44 V, capillary temperature 250 °C, 

desolvation gas temperature 250 °C, gas flow 5 L/min nitrogen. High-resolution mass 

spectrometry (HRMS) for the final compound was measured by the mass spectrometry 

department, Institute of Organic Chemistry, Eberhard Karls University Tuebingen on a Bruker 

maXis 4G ESI-TOF. The instrument was run in ESI+ Mode, settings were as follows: nebulizer gas 

1.2 bar, gas flow, 6.0 L/min, source temperature 200 °C, capillary voltage +4500 V, end plate 

offset -500 V. m/z range from 80 to 1000 m/z. 

Purity of the final compound was determined via high performance liquid chromatography 

(HPLC) using an Agilent 1100 Series LC system (Agilent Technologies, Santa Clara, CA, USA) with 

a Phenomenex Kinetex C8 100A column (150 × 4.6 mm, 2.6 μm) (Phenomenex Inc. Torrance, CA, 

USA) and detection was performed with a UV DAD at 254 nm and 230 nm wavelength. Elution 

was carried out with the following gradients: 0.01 M KH2PO4, pH 2.32 (solvent A), MeOH (solvent 

B). Method A = 0 min: 40 % B / 60% A, 9 min: 95% B / 5% A, 10 min: 95% B / 5% A, 11 min: 40% 

B / 60 % A, 16 min: 40% B / 60% A, flow 0.5 mL/min. Method B = 0 min: 40% B / 60% A, 15 min: 

85% B / 15% A, 20 min: 85% B / 15% A, 22 min: 40% B / 60 % A, 28 min: 40% B / 60 % A, flow 0.5 

mL/min. The final compound showed a purity above 95% according to the peak areas at the two 

different wavelengths. 



Di-tert-butyl 4-bromo-2-nitrophenyliminodicarbonate (11): To a solution of 4-bromo-2-

nitroaniline (10, 2.00 g, 9.22 mmol, 1 eq.) in THF (30 mL) were added Boc2O (4.12 g, 18.9 mmol, 

2.05 eq.) and DMAP (10 mol%). The reaction was stirred overnight at 65 °C. After cooling to room 

temperature, water (5 mL) was added, and the mixture was stirred for 30 minutes. 

Subsequently, extraction was performed three times using AcOEt and NaHCO3 (saturated 

aqueous solution). The organic phases were combined, washed with brine, dried over Na2SO4 

and concentrated under reduced pressure. The desired intermediate 11 was obtained as a 

yellowish solid in 93% yield (3.56 g) without further purification. 1H NMR (400 MHz, CDCl3) δ 

8.20 (d, J = 2.3 Hz, 1H), 7.75 (dd, J = 8.4, 2.3 Hz, 1H), 7.21 (d, J = 8.4 Hz, 1H), 1.40 (s, 18H). 13C 

NMR (101 MHz, CDCl3) δ 150.0, 146.1, 136.8, 132.7, 132.5, 128.2, 121.9, 84.3, 27.9. TLC-MS (ESI) 

m/z: 439.2 [M + Na]+. HPLC tret: 12.22 min (Method A). 

4-(4-Methylpiperazin-1-yl)-2-nitroaniline (12): A Schlenk flask equipped with a magnetic stir bar 

was charged with Cs2CO3 (2.63 g, 1.3 eq.), SPhosPdG3 (5 mol%), N-methylpiperazine (1.45 mL, 

2.1 eq.), intermediate 11 (2.60 g, 6.22 mmol, 1.0 eq.) and dry/degassed 1,4-dioxane (16.3 mL). 

The reaction mixture was stirred under argon atmosphere for 12 hours at 105 °C. After cooling 

to room temperature, the material was extracted three times with AcOEt and NaHCO3 

(saturated aqueous solution). The organic phases were combined, washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure. The product was purified by flash 

chromatography (in a gradient system using: 0-15% methanol in DCM plus 1 % of NH3). To 

remove the Boc protecting group, the isolated material was dissolved in DCM (60.0 mL) and TFA 

(20.0 mL) was added. The mixture was stirred for 3 hours at room temperature. After that, the 

mixture was concentrated under reduced pressure, and the resulting residue was taken up in 

DCM and extracted three times with NaHCO3 (saturated aqueous solution). The organic phases 

were combined, dried over Na2SO4 and concentrated under reduced pressure again. The 

product was purified by flash chromatography (in a gradient system using: 0-15% methanol in 

DCM plus 1 % of NH3). The desired intermediate 12 was obtained as a reddish solid in 64% yield 

(0.94 g). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 2.8 Hz, 1H), 7.16 (dd, J = 9.1, 2.8 Hz, 1H), 6.76 

(d, J = 9.1 Hz, 1H), 5.85 (s, 2H), 3.13 – 3.07 (m, 4H), 2.60 – 2.56 (m, 4H), 2.35 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 142.9, 139.6, 132.2, 128.3, 119.8, 111.0, 55.1, 50.2, 46.2. TLC-MS (ESI) m/z: 

237.2 [M + H]+. HPLC tret: 3.25 min (Method A). 

Intermediate 13 was synthesized according to literature procedures described in Refs34,35. 

2-((4-(4-Methylpiperazin-1-yl)-2-nitrophenyl)amino)-5,6-dihydropyrimido[4,5-e]indolizine-7-

carboxylic acid hydrochloride (14):  A Schlenk flask equipped with a magnetic stir bar was 

charged with Cs2CO3 (0.97 g, 2.5 eq), BrettPhosPdG3 (5 mol%), intermediate 12 (0.30 g, 1.05 



eq.), intermediate 13 (0.33 g, 1.19 mmol, 1 eq.) and a dry/degassed mixture of 1,4-dioxane:t-

BuOH (4:1, 9.0 mL) was added as the solvent system. The reaction mixture was stirred under 

argon atmosphere for 7 hours at 110 °C. After cooling to room temperature, the crude material 

was loaded on celite and directly purified by flash chromatography (in a gradient system using: 

0-10% methanol in DCM). For subsequent ester cleavage, the isolated material was added to a 

solution of LiOH·H2O (0.18 g, 5 eq.) in THF (8.2 mL), H2O (4.1 mL), MeOH (4.1 mL) and stirred for 

12 hours at 50 °C. After cooling to room temperature, the medium was acidified using 8.0 mL of 

HCl (2 M aq.) and concentrated under reduced pressure. The product was purified by reverse 

phase flash chromatography (C18 column with a gradient system using: 80% H2O / 20% MeOH 

→ 90% MeOH / 10% H2O, plus HCl (0.005 M)). The desired intermediate 14 was obtained as a 

reddish solid in 67% yield (0.39 g). 1H NMR (400 MHz, DMSO) δ 11.26 (s, 1H), 9.90 (s, 1H), 8.35 

(s, 1H), 7.72 (d, J = 9.1 Hz, 1H), 7.56 (d, J = 2.8 Hz, 1H), 7.43 (dd, J = 9.1, 2.8 Hz, 1H), 7.32 (d, J = 

3.3 Hz, 1H), 6.58 (d, J = 3.3 Hz, 1H), 4.83 (bs, 1H), 3.92 (d, J = 12.3 Hz, 2H), 3.49 (d, J = 10.9 Hz, 

2H), 3.25 – 3.11 (m, 6H), 2.83 – 2.77 (m, 5H). 13C NMR (101 MHz, DMSO) δ 165.3, 157.9, 156.7, 

153.3, 145.7, 142.3, 136.4, 126.2, 125.3, 121.9, 115.3, 114.7, 112.4, 110.9, 109.7, 51.7, 45.2, 

41.8, 20.4, 20.3. MS (ESI) m/z: 450.31 [M + H]+. HPLC tret: 8.05 min (Method A). 

N-(2,6-Diethylphenyl)-2-((4-(4-methylpiperazin-1-yl)-2-nitrophenyl)amino)-5,6-

dihydropyrimido[4,5-e]indolizine-7-carboxamide (15): The intermediate 14 (0.15 g, 0.31 mmol, 

1.0 eq.) was mixed with DCM (7.5 mL) and SOCl2 (0.45 mL, 20 eq.) was added at 0° C. The reaction 

was kept stirring at room temperature for 48 hours. The material was subsequently 

concentrated under reduced pressure and added ACN (60 mL), DMAP (0.037 g, 1.0 eq.), and 2,6-

diethylaniline (20 eq.). The mixture was stirred for 72 hours at 65 °C. After cooling down to room 

temperature, the crude product was concentrated under reduced pressure and purified by flash 

chromatography (in a gradient system using: 0-10% methanol in DCM plus 1 % of NH3). The 

desired intermediate 15 was obtained as a reddish solid in 86% yield (0.15 g). 1H NMR (400 MHz, 

DMSO) δ 9.73 (s, 1H), 9.21 (s, 1H), 8.31 (s, 1H), 7.76 (d, J = 8.9 Hz, 1H), 7.48 (d, J = 2.7 Hz, 1H), 

7.42 – 7.38 (m, 2H), 7.21 (dd, J = 8.2, 6.8 Hz, 1H), 7.13 (d, J = 7.4 Hz, 2H), 6.99 (d, J = 3.4 Hz, 1H), 

3.30 – 3.23 (m, 6H), 2.79 (t, J = 7.3 Hz, 2H), 2.70 (s, 3H), 2.58 – 2.51 (m, 5H), 2.39 (s, 3H), 1.11 (t, 

J = 7.5 Hz, 6H). 13C NMR (101 MHz, DMSO) δ 162.9, 158.3, 157.4, 153.1, 141.8, 141.6, 134.5, 

134.2, 127.0, 125.7, 125.6, 125.4, 121.7, 117.0, 114.9, 110.5, 110.0, 109.7, 53.6, 47.1, 44.6, 24.4, 

20.4, 20.3, 14.3. MS (ESI) m/z: 581.44[M + H]+. HPLC tret: 10.16 min (Method A). 

2-((2-Amino-4-(4-methylpiperazin-1-yl)phenyl)amino)-N-(2,6-diethylphenyl)-5,6-

dihydropyrimido[4,5-e]indolizine-7-carboxamide (16): The intermediate 15 (40.0 mg, 0.07 

mmol,  1.0 eq.) was combined with SnCl2 (55.0 mg, 4.0 eq.) and a mixture of EtOH:THF (2:1, 9.5 



mL) was added as the solvent system. The reaction was stirred for 2.5 hours at 65 °C. The mixture 

was concentrated under reduced pressure and the resulting residue was extracted three times 

using AcOEt and NaHCO3 (saturated aqueous solution). The organic layers were combined, dried 

over Na2SO4 and concentrated under reduced pressure yielding the intermediate 16, without 

further purification, as a pale yellow solid in 95% yield. 1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 

7.52 (d, J = 3.3 Hz, 1H), 7.24 – 7.21 (m, 1H), 7.19 – 7.13 (m, 3H), 7.05 (s, 1H), 6.58 (s, 1H), 6.52 

(d, J = 3.4 Hz, 1H), 6.44 – 6.38 (m, 2H), 3.46 (s, 1H), 3.38 (t, J = 7.3 Hz, 2H), 3.22 – 3.17 (m, 4H), 

2.79 (t, J = 7.3 Hz, 2H), 2.65 (q, J = 7.5 Hz, 5H), 2.60 – 2.55 (m, 4H), 2.35 (s, 3H), 1.20 (t, J = 7.5 

Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 163.7, 161.1, 157.8, 154.3, 150.8, 143.1, 141.8, 135.6, 

132.9, 127.9, 127.6, 126.4, 117.7, 116.8, 116.1, 109.1, 108.8, 107.5, 104.3, 55.3, 49.3, 46.3, 29.8, 

25.1, 21.4, 14.5. 

2-((2-Acrylamido-4-(4-methylpiperazin-1-yl)phenyl)amino)-N-(2,6-diethylphenyl)-5,6-

dihydropyrimido[4,5-e]indolizine-7-carboxamide (9, RMS-07): The aniline intermediate 16 

(15.0 mg, 27.0 µmol, 1.0 eq.) and DIPEA (7.05 µL, 1.5 eq.) were dissolved in dry DMF (2.0 mL) 

and kept stirring at -10 °C under argon atmosphere. Then, acryloyl chloride (2.62 µL, 1.2 eq.) 

freshly dissolved in dry DMF (0.5 mL) was added dropwise. The mixture was stirred for 3 hours 

and after warming up to room temperature, the crude product was extracted three times using 

AcOEt/H2O, the combined organic layers were dried over Na2SO4 and concentrated under 

reduced pressure. The product was purified by flash chromatography column (in a gradient 

system using: 0-20% methanol in DCM). The desired final product 9 (RMS-07) was obtained as a 

white solid in 66% yield (10.7 mg). 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 8.17 (s, 1H), 7.67 (s, 

1H), 7.49 (d, J = 3.3 Hz, 1H), 7.29 – 7.22 (m, 2H), 7.14 (d, J = 7.6 Hz, 2H), 7.07 (s, 1H), 6.99 (s, 1H), 

6.74 (d, J = 7.0 Hz, 1H), 6.53 (d, J = 3.4 Hz, 1H), 6.37 (d, J = 16.8 Hz, 1H), 6.17 (dd, J = 16.8, 10.2 

Hz, 1H), 5.69 (d, J = 9.4 Hz, 1H), 3.39 (t, J = 7.3 Hz, 2H), 3.30 – 3.23 (m, 4H), 2.81 (t, J = 7.3 Hz, 

2H), 2.66 – 2.60 (m, 8H), 2.38 (s, 3H), 1.20 (t, J = 7.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 163.9, 

163.7, 160.8, 157.4, 154.4, 149.8, 141.8, 135.5, 133.7, 132.8, 131.6, 128.0, 127.6, 126.7, 126.4, 

122.2, 117.1, 116.2, 112.9, 111.0, 109.6, 109.4, 55.1, 48.9, 46.0, 29.8, 25.1, 21.4, 14.5. HRMS ESI-

TOF: m/z calcd for C35H41N8O2 [M + H]+: 605.33470. Found: 605.33452. HPLC tret: 12.51 min 

(Method B). 

 

Production of recombinant MPS1 Kinase Domain (MPS1-KD) 

MPS1 kinase domain (MPS1-KD; residues Ser519 to Glu808) in pNIC28-Bsa4 was transformed 

into chemically competent Escherichia coli BL21(DE3)-R3 cells that co-express λ-phosphatase 

and three rare tRNAs (plasmid pACYC-LIC+)47,33. Colonies were used to inoculate 50 mL of LB 



media supplemented with 5 mM betaine, 50 µg/mL kanamycin and 35 µg/mL chloramphenicol 

which was left shaking (150 r.p.m.) at 37 °C overnight. This culture was used to inoculate 1.5 L 

of Terrific Broth containing 50 µg/mL kanamycin at 37 °C until the OD600 reached 3. The culture 

was cooled to 18 °C, 0.2 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) was added, and 

left overnight. Cells were collected by centrifugation for 15 min at 7,500 × g at room 

temperature. The cell pellet was weighed and suspended in (1:1 wet weight in grams to mL) 

2x binding buffer (1x binding buffer was 50 mM HEPES pH 7.5, 500 mM NaCl, 10% glycerol, 

10 mM imidazole, 1 mM tris(2-carboxyethyl)phosphine (TCEP) with protease inhibitors set II 

(Calbiochem) at 1:200 ratio) and frozen at −80 °C until use. The cell pellet was thawed and 

sonicated on ice. Polyethylene imine (pH 7.5) was added to the lysate to a final concentration of 

0.15% (w/v) and the sample was centrifuged at 53,000 × g for 45 min at 4 °C. The supernatant 

was loaded onto an immobilized metal affinity chromatography (IMAC) column (5 mL HisTrap FF 

Crude) and washed in binding buffer containing 30 mM imidazole. The protein was eluted with 

elution buffer (binding buffer with 300 mM imidazole). Eluted MPS1-KD was further purified by 

gel filtration (Superdex 200 16/60, GE Healthcare). Protein in gel filtration buffer (20 mM HEPES, 

500 mM NaCl, 1 mM TCEP, 5% [v/v] glycerol) was concentrated to 10 mg/mL (measured by UV 

absorbance with a NanoDrop spectrophotometer - Thermo Scientific; using the protein 

calculated molecular weight and extinction coefficient) using 10 kDa molecular weight cut-off 

centrifugal concentrators (Millipore) at 4 °C. LC-MS was used to verify the protein intact mass. 

The N-terminal affinity tag introduced during cloning of MPS1 kinase domain into pNIC28-Bsa4 

was not removed. Purified protein was aliquoted, flash-frozen in a liquid nitrogen bath and 

stored at -80 °C until use. Typical results for protein purification can be seen in Supplementary 

Figure S2. 

 

Enzyme inhibition assays 

For enzyme inhibition assays, we used the full-length (residues Met1-Lys857) recombinant 

MPS1 fused to GST (N-terminal) from Carna Biosciences (cat. #05-169). MPS1-mediated 

phosphorylation of peptide Histone H3-ARTKQTARKSTG (underline indicates the 

phosphorylation site - Perkin Elmer cat. #TRF0125) was monitored using Perkin Elmer’s LANCE 

Ultra assay kit. Assay development included establishing reaction parameters (optimal enzyme 

concentration, KM ATP determination and optimal reaction times). Typical assay development 

results can be seen in Supplementary Figure S1. 



For IC50 measurement, compound stocks (in 100% DMSO) were serially diluted in 100% 

DMSO (14-point, 3-fold serial dilution and a highest final assay concentration of 20 µM) prior to 

transfer (100 nL) to a white, low volume 384-round bottom plate containing 5 µL MPS1 (5 nM 

final assay concentration in kinase buffer) using an automated liquid transferring system (CYBIO 

FeliX®, Analytik Jena, Jena, Germany). Vehicle (DMSO) or 20 µM staurosporine were used as 

controls for 100 and 0% enzyme activity, respectively. The reaction was started immediately by 

the addition of 5 μL of a mixture containing 288 μM ATP and 100 nM Histone-H3. Final assay 

concentrations were: 2.5 nM MPS1, 144 μM ATP, and 50 nM Histone-H3 peptide. Enzyme and 

substrates were prepared in enzyme reaction buffer (20 mM Hepes, pH 7.5, 100 mM NaCl, 5 

mM MgCl2, 0.01% Tween 20). The reaction was allowed to process for 1 h at 28 °C prior to being 

stopped by the addition of 5 μL of 24 mM EDTA diluted in LANCE Detection buffer (Perkin Elmer) 

followed by the addition of 5 μL of a solution containing 8 nM of antibody anti-histone H3-Thr3 

(Perkin Elmer, cat. #TRF0211). Final concentrations for EDTA and antibody were 6 and 2 nM, 

respectively. The plate was incubated at room temperature for one hour. The TR-FRET signal 

was measured using ClarioStar microplate reader (BMG Labtech) previously set up to 340 nm 

excitation and 665 nm emission wavelengths, 50 µs delay time, 100 flashes, and 100 µs 

integration time. To determine compound potency (IC50), raw fluorescence signal was plotted as 

a function of test compound concentration, and the data were fitted to the sigmoidal dose-

response (variable slope) equation [1] available in GraphPad Prism:  

 

Raw fluorescence signal = Plateaubottom +
Plateautop − Plateaubottom

1 + 10(log IC50−x).Hill
 

[1] 

where Hill = Hill slope describing the steepness of the curve and x = test compound 

concentration.  

We derived KI and kinact directly from IC50 values obtained following increasing incubation times 

of full-length MPS1 with RMS-07 prior to the start of the reaction by addition of ATP following 

the procedure described by Krippendorff 38 and colleagues, according to equation [2]:  

IC50(t) = KI (1 +
S

KM,ATP
) . (

2 − 2e−ηIC50
.kinact.t

ηIC50
. kinact. t

− 1) [2] 

where ηIC50 is defined by equation [3]: 

ηIC50
=  

IC50(t)

KI (1 +
S

KM,ATP
) + IC50(t)

 [3] 



Evaluation of the RMS-07 potency over time was performed upon different TTK incubation 

times with RMS-07 before starting the reaction. Firstly, TTK was diluted to 40 nM in kinase buffer 

(20 mM Hepes, 100 mM NaCl, 5 mM MgCl2, 0.01% Tween-20, 1 mM DTT) and 5 µL was 

transferred to a white, low volume 384-round bottom plate. RMS-07 was serially diluted from 

10 mM in DMSO, for 15 points and 3-fold dilution in each passage. Afterwards, 100 nL of diluted 

RMS-07 was transferred to four different plates into wells containing 5 µL of 40 nM TTK using 

an automated liquid transferring system (CYBIO FeliX®, Analytik Jena, Jena, Germany). The 

control of 100% activity contained only the Vehicle (DMSO). For the time point 0, the reaction 

was started with the addition of H3 peptide and ATP right after the RMS-07 transfer. The H3 and 

ATP concentration were 50 nM and 18 µM final concentration, respectively. The other plates 

received the mix H3:ATP after 1, 2, and 4 h incubation. The reaction was allowed to continue for 

30 min at 28°C and was stopped by adding 5 µL of 24 mM EDTA in detection buffer provided in 

the kit (Perking Elmer). The plate was incubated for 5 min at RT, afterwards 5 µL of 8 nM of 

Europium-anti-phospho-Histone H3 (Thr3) was added and incubated for 1h until reading. The 

TR-FRET signal was measured using ClarioStar microplate reader (BMG Labtech) previously set 

up to 340 nm excitation and 665 nm emission wavelengths, 50 µs delay time, 100 flashes, and 

100 µs integration time. Data analyses were performed as detailed above. 

Measurement of formation of adduct between RMS-07 and recombinant MPS1 by liquid 

chromatography-mass spectrometry (LC-MS) 

For routine LC-MS analysis, purified MSP1-KD (~2.0 mg/mL) was diluted 50-fold in 0.1% 

Formic Acid (FA) prepared in milliQ water. 10 µL of the diluted protein in 0.1% FA was analyzed 

by reverse phase HPLC-ESI-MS using an Acquity H-class HPLC system (Waters) directly connected 

to a XEVO G2 Sx Q-ToF (Waters). The HPLC was equipped with a C4 column (ACQUITY UPLC 

Protein BEH C4 Column, 300Å, 1.7 µm, 2.1 mm X 100 mm, Waters) and protein separation was 

performed at 35 °C. The mobile phase solvent A was 0.1% FA in water, and solvent B was 0.1% 

FA in 100% Acetonitrile (ACN). Samples were loaded at a flow rate of 0.5 µL/min, and eluted 

from the C4 column at a flow rate of 400 µL/min using two linear gradient steps: the first from 

10 to 25% solvent B over 2 min, and the second from 25 to 65% of solvent B over 7 min. The 

column was regenerated by washing at 100% B for 1 min and re-equilibrated at 10% solvent B 

for 2 min. Exact mass analysis was performed in positive ion electrospray in resolution mode. 

For internal calibration, the lockspray properties were: fixed scan time of 0.5 sec with a mass 

window of 0.5 Da around Leu-enkephalin (556.2771 Da). The ToF-MS acquisition ranged from 

200 Da to 3,000 Da with a scan time fixed at 0.5 sec. The cone voltage on the ESI source was 



fixed at 40 V. MS Raw data was analyzed using MassLynx (Waters) and processed by MaxEnt 1 

(Waters) in order to deconvolute multi charged combined ion spectra. 

To investigate the time-dependence of adduct formation, recombinant MPS1-KD was diluted 

in assay buffer (20 mM Hepes, pH 7.5, 200 mM NaCl) to a final concentration of 2.1 mg/mL. In a 

fresh tube, 1 µL of RMS-07 (10 mM in 100% DMSO) was added to 19 µL of the diluted enzyme 

(final working enzyme and compound concentrations were 53.6 and 500 µM, respectively). The 

mixture was incubated at 37 °C and flash-frozen in a liquid nitrogen bath at the following times 

after mixing: 1, 2, 4, and 18 h. Samples were kept at -80 °C until analyzed by LC-MS. Each aliquot 

was thawed individually and analyzed by LC-MS as described above. For each sample, total ion 

counts (TIC) were detected by integrating the peak corresponding to the eluted TTK at ½ height. 

The integrated spectra were deconvoluted using the MaxEnt1 software (Micromass MassLynx–

Waters) to find the molecular weight of the multiply-charged positive ions. The normalized 

signal was calculated from the signals corresponding to the ratio of labelled MPS1-KD over the 

total MPS1-KD present. The acquired data was fitted using a non-linear regression and a single 

exponential equation [4] for one phase association implemented in GraphPad (v. 9.1.0).  

% MPS1 modified = 100. (1 − 𝑒(−𝑘𝑜𝑏𝑠.𝑡)) [4] 

  

MPS1-KD crystallization and structure determination 

For co-crystallization experiments, RMS-07 was added to purified MSP1-KD (10 mg/mL) at 

six-fold molar excess and the mixture kept at 4 °C for 4 hours before being centrifuged at 

14,000 rpm for 10 min at 4 °C and used to set up 150-nL volume sitting drops at 3 different 

protein-inhibitor complex ratios to reservoir solution (2:1, 1:1, or 1:2) with the aid of a Mosquito 

liquid handler (SPTLabtech). Crystallization trials were performed at 20 °C in 3-well low-profile 

crystallization plates (Swissci). Optimized crystals were obtained in 0.05 M Magnesium chloride 

hexahydrate; 0.05 M Sodium Citrate Tribasic; 0.1 M bis-Tris propane pH 7.8; 22.5% PEG Smear 

High (BCS Screen - Molecular Dimensions). Crystals were cryoprotected in reservoir solution 

supplemented with 30% glycerol before flash-freezing in liquid nitrogen for data collection. 

Diffraction data were collected at 100 K at the Advanced Photon Source 24-ID-E. Diffraction data 

were integrated and scaled using XDS48 and AIMLESS (CCP4 suite)49, respectively. The structure 

was solved by molecular replacement using DIMPLE (CCP4 suite)49 and the kinase domain of 

MPS1 bound to an inhibitor Mps-BAY2b as the search model (PDB ID 5N84). Refinement was 

performed iteratively using Refmac (CCP4 suite)49 and Coot50 (model building and real space 

refinement). Structure validation was performed using Molprobity51. Structure factors and 



spatial coordinates were deposited in the PDB (Protein Data Bank) with accession code 7LQD. 

Data processing and refinement statistics can be found in Supplemental Table S2. 

Glutathione (GSH) stability 

The performed GSH-stability assay for the compound RMS-07 and Afatinib was based on a 

similar assay describe elsewhere52,53. Deviating from the original protocol, the reaction medium 

was changed to ACN/PBS-buffer 50:50. The reaction temperature was chosen to be 40 °C and 

reactions performed in triplicate. The reaction of RMS-07 with GSH was monitored by measuring 

the decreasing area under the curve (AUC) of the compound relative to the internal standard 

Ibuprofen and Indoprofen (for RMS-07 and Afatinib, respectively). HPLC specifications: Column: 

Phenomenex Kinetex 2.6u C8 100A 150 x 4,6 mm. Injection volume: 5 µL flow rate: 0.5 mL/min. 

Elution gradient = 0 min: 40% MeOH 60% phosphate buffer pH 2.3; 15 min: 85% MeOH 15% 

phosphate buffer pH 2.3; 20 min: 85% MeOH 15% phosphate buffer pH 2.3; 22 min: 40% MeOH 

60% phosphate buffer pH 2.3; 28 min: 40% MeOH 60% phosphate buffer pH 2.3. 

 

Microsomal stability 

Pooled liver microsomes from mice (males) were purchased from Xenotech. Incubation of 

RMS-07 was made in the presence of an NADPH-regenerating system (5 mM Glucose-6-

phosphate, 5 U/mL Glucose-6-phosphate dehydrogenase and 1 mM NADP+). The compound 

RMS-07 (100 μM), the NADPH-regenerating system and 4 mM MgCl2⋅6 H2O in 0.1 M Tris buffer 

(pH 7.4) were preincubated for 5 min at 37 °C and 750 rpm on a shaker. The incubation mix was 

split into aliquots (50 μL) and the reaction was started by the addition of mouse liver 

microsomes. The reaction was quenched at selected time points (0, 10, 20, 30, 60, and 120 min) 

by adding 100 μL internal standard at a concentration of 50 μM in MeCN. The samples were 

vortexed for 30 s and centrifuged (19.800 x g at 4 °C for 15 min). The supernatant was directly 

used for LC-MS analysis as described below. All incubations were conducted in triplicates and a 

limit of 1% organic solvent was not exceeded. 

Sample separation was performed on an Alliance 2695 HPLC (Waters GmbH, Eschborn) 

equipped with a Phenomenex Kinetex, 2.6 u, C18, 100 A, 100 x 3.00 mm column with a 18 min 

gradient. Mobile phase A: 90 % H2O water, 10 % acetonitrile and additional 0.1% formic acid 

(v/v), mobile phase B: acetonitrile with 0.1 % formic acid (v/v). The gradient was set to: 0-2.5 

min 10% B, 2.5-12.5 min from 10 to 50% B, 12.5-15 min 50% B, 15.01 - 18 min from 50 to 10% B 

at a flow rate of 0.6 mL/min. Samples were maintained at 10 °C, the column temperature was 

set to 40 °C with an injection volume of 5 μL. 



Detection was performed on a Micromass Quattro micro triple quadrupole mass 

spectrometer (Waters GmbH, Eschborn) using electrospray ionization in positive-mode. Spray, 

cone, extractor, and RF lens voltages were set to 4 kV, 30 V, 5 V, 1 V, respectively. The 

desolvation temperature was set to 350 °C and the desolvation gas flow was at 650 L/h. The 

data was analyzed using MassLynx 4.1. 

 

Differential scanning fluorimetry (DSF) assay  

Differences in the melting temperature (ΔTm) data were measured as described in Fedorov 

et al45. Purified proteins were buffered in 25 mM HEPES (pH 7.5), 500 mM NaCl and were assayed 

in a 384-wellplate with a final protein concentration of 2 μM in 10 μL assay volume. Inhibitors 

were added to a final concentration of 10 μM, using an ECHO 550 acoustic dispenser (Labcyte). 

As a fluorescence probe, SYPRO-Orange (Molecular Probes) was added in a 1:5000 dilution. 

Filters for excitation and emission were set to 465 nm and 590 nm, respectively. The 

temperature was increased from 25°C with 3°C/min to a final temperature of 95°C, while 

scanning, using the QuantStudio5 (Applied Biosystems). Data was analyzed through Boltzmann-

equation in the Protein Thermal Shift software (Applied Biosystems). Samples were measured 

in technical duplicates. 
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