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ABSTRACT 

Recent findings support the hypothesis that inhibition of SMYD3 methyltransferase may 

be a therapeutic avenue for some of the deadliest cancer types. Herein, active site-selective 

covalent SMYD3 inhibitors were designed by introducing an appropriate reactive cysteine trap 

into reversible first-generation SMYD3 inhibitors. The 4-aminopiperidine derivative EM127 

(11C) bearing a 2-chloroethanoyl group as reactive warhead showed selectivity for Cys186, 

located in the substrate/histone binding pocket. Selectivity towards Cys186 was retained even at 

high inhibitor/enzyme ratio, as shown by mass spectrometry. The mode of interaction with the 

SMYD3 substrate/histone binding pocket was revealed by crystallographic studies. In enzymatic 

assays, 11C showed a stronger SMYD3 inhibitory effect compared to the reference inhibitor 

EPZ031686. Remarkably, 11C attenuated the proliferation of MDA-MB-231 breast cancer cell 

line at the same low micromolar range of concentrations that reduced SMYD3 mediated ERK 

signaling in HCT116 colorectal cancer and MDA-MB-231 breast cancer cells. Furthermore, 11C 

(5 µM) strongly decreased the steady-state mRNA levels of genes important for tumor biology 

such as cyclin dependent kinase 2, c-MET, N-cadherin and fibronectin 1, all known to be 

regulated, at least in part, by SMYD3. Thus, 11C is as a first example of second generation 

SMYD3 inhibitors; this agent represents a covalent and a site specific SMYD3 binder capable of 

potent and prolonged attenuation of methyltransferase activity. 
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1. INTRODUCTION 

Since epigenetic modifications are essential for several cellular mechanisms, epigenetic 

dysregulation has been implicated in human diseases including cancer1. SMYD3 is a 

methyltransferase (MTase) catalyzing the methylation of specific lysine residues on involved in 

the regulation of gene expression and cell proliferation2 including histones H3 (Histone H3 

Lysine 4, H3K4) and H4 (Histone H4 Lysine 5, H4K5)3,4, VEGFR1 receptor5, AKT16,  HER27 

and MAP3K2 protein8. SMYD3 has recently attracted interest of the academic and 

pharmaceutical sectors as a molecular target for cancer therapy. Consolidated evidence has 

shown that SMYD3 is overexpressed in several tumors including some of the deadliest ones9,10 

such as breast11–13, colorectal14,15,  prostate16,17 and pancreatic cancer, other than gastric and lung 

cancers, and hepatocellular carcinoma. SMYD3 overexpression has also been correlated with 

poor prognosis in non-small cell lung cancer18 and hepatocellular carcinoma19, and its inhibition 

has been shown to reduce tumor growth in animal models20. Furthermore, preliminary studies 

have shown that SMYD3 knockout mice have no visible phenotypes8,21, indicating that this 

molecular target is dispensable under physiological conditions and that its pharmacological 

blockade may be well tolerated8.  

Druggability of this target has been demonstrated by our group reporting the first SMYD3 

inhibitor BCI-121 (Figure 1)14. Eventually, a number of novel and more potent SMYD3 

inhibitors have been identified largely through high throughput screening campaigns 22–24. 
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Figure 1. Chemical structures of BCI-121, EPZ031686, EPZ030456, EPZ028862, GSK-49, 

BAY-6035 and the irreversible inhibitor 29 developed by Foo and co-workers22. 

Epizyme has developed some of the most potent inhibitors including nanomolar compounds 

featuring an oxindole and sulfone (EPZ031686 and EPZ030456) functional groups25 and, more 
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recently, an isoxazole scaffold and a sulfonamide group (EPZ028862)24. The latter fragments are 

also included in potent GSK derivatives (GSK-49)24 (Figure 1). Finally, it is worth mentioning 

that in 2021 a benzodiazepine-based SMYD3 inhibitor, BAY-6035, was identified and it is 

currently commercially available 26. 

Notwithstanding the involvement of SMYD3 in tumorigenesis, the development of 

SMYD3 inhibitors was restrained by controversial results27–29 regarding the role of SMYD3 in 

tumor cell proliferation. Indeed, SMYD3 silencing did not impair the autonomous proliferation 

in a large number of cell lines27. However, new evidence helped decipher the complexity of the 

cellular network and mechanisms by which SMYD3 helps supporting tumor growth, for instance 

by acting as a modulator of transcriptional response and by orchestrating multiple oncogenic 

traits and, ultimately, promoting transcriptional reprogramming and malignant transformation 

20,30. Importantly, SMYD3 induces the formation of error-free homologous recombination (HR) 

complexes for DNA restoration by interacting with ATM, CHK2 and BRCA2, thereby 

propagating the signal cascade and allowing RAD51 loading on DNA lesions31. Hence, 

simultaneous targeting of SMYD3 and PARP leads to synthetic lethality in HR proficient cancer 

cells31. This opens new therapeutic avenues, foreseeing the co-administration of potent and 

selective SMYD3 inhibitors (SMYD3is) and PARP inhibitors (PARPis) in a poly-

pharmacological approach which can be extended to cancers that are HR proficient and 

overexpress SMYD331.  

As a part of our on-going interest in the development of selective antitumor compounds 

and investigations of SMYD314,23,32,33, we envisaged that the development of targeted covalent 

inhibitors (TCIs) for SMYD3 inhibition would grant a suitable selectivity and long-lasting 

action34. TCIs represent the latest generation of covalent drugs and have already proven to be 
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endowed with suitable safety and efficacy to be approved by FDA for various therapeutic 

applications including cancer therapy34. Selective covalent inhibitors provide a prolonged 

residence time35, which has been shown to often drive in vivo pharmacodynamic activity and 

efficacy, rather than affinity. Therefore, compounds capable to covalently modify SMYD3 

should be endowed with enhanced efficacy because of a longer residence time as well as long-

lasting silencing of MTase activity.  

An essential pre-requisite for the rational design of TCIs is the availability of a non-

catalytic nucleophilic residue that is poorly conserved across the target protein family. The 

presence of such a residue has been recently identified by Foo and co-workers during the 

investigation of the mode of action of a tetrahydroacridine inhibitor, which showed an 

unconventional irreversible mechanism (see Figure 1 for structure)22. Indeed, in contrast to all 

other MTases, SMYD3 features a cysteine residue (Cys186) located in the substrate/histone 

binding pocket, in a solvent-accessible position, approximately 15Å apart from the cofactor in 

the middle of the substrate-occupied cavity (see sequence alignment in Figure S1). Cys186 

represents a distinctive feature of SMYD3 that can be exploited for specific targeting, keeping 

into account that a further key aspect for a successful TCI strategy is the affinity-driven initial 

interaction prior to covalent binding. 

Based on these considerations, we speculated that a strategy to develop TCIs towards 

SMYD3 could be represented by a suitable modification of an already known and effective 

SMYD3 reversible inhibitor. Investigation of available scaffolds led to the selection of the 

oxazole moiety which is a structural feature present in potent and selective SMYD inhibitors23,24. 

Thus, we developed appropriate chemical modifications that introduce a suitable warhead able to 

act towards the target cysteine in order to create the basis for selective and covalent SMYD3 
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inhibition. In this study we report the first-in-class rationally designed 4-aminopiperidine-based 

TCIs as SMYD3 inhibitors. Since covalent binding should be carefully tuned to avoid non-

specific binding, a high-resolution mass spectrometry (MS) and surface plasmon resonance 

(SPR) biosensor techniques were applied to characterize the mode of action at the isolated target 

to confirm the targeting of Cys186, and to guide the selection of optimal candidates for cell-

based investigations on HCT116 colorectal cancer and MDA-MB-231 breast cancer cell lines. 

Derivatives lacking the cysteine trap functionality were also synthesized and assayed to dissect 

the affinity from the reactivity and speculate on the importance of a long-lasting inactivation of 

SMYD3 for anticancer properties.  

 

2. RESULTS AND DISCUSSION  

2.1. De novo design  

Taking advantage of the structure of EPZ028862 (Figure 1), two different scaffolds were 

designed for the synthesis (Figure 2). Based on previously reported data, the isoxazole scaffold 

was selected as the most suitable SMYD3 binding moiety23,24; this was connected through an 

amide bond to a piperidine substituent bearing the reactive Cys186 trap either at the position 4 of 

the piperidine ring (A, Figure 3) or directly bound to the piperidine amino group (B, Figure 3). 

The piperidine group was specifically selected because docking simulations performed showed a 

good shape complementarity in the SMYD3 binding site in the proximity of Cys186.  
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Figure 2. Chemical representation of scaffolds A and B bearing the fragment of the SMYD3 

binding site and a reactive warhead (R1) for covalent binding to Cys186.  

 

Based on these premises, six compounds were synthesized bearing the molecular 

scaffolds A or B (Figure 3). Covalent inhibitors were identified with “C” to discriminate from 

non-covalent ones. 

 

Figure 3. Chemical structures of newly synthesized SMYD3 non-covalent inhibitors 8, 9 and 11 

and corresponding covalent analogs 8C, 9C and 11C (also known as EM127). 



 10 

 

2.2. Chemistry  

The synthesis of piperidine-based compounds bearing the reactive moiety at the 4-

position of the piperidine scaffold, namely scaffold A, is shown in Scheme 1. The reaction of 1-

NH-Boc-4-aminopiperidine (1) with 2-chloroacetyl chloride in pyridine/CH2Cl2 mixed solvent 

afforded compound 2 (90% yield) which, upon deprotection of the amino group under standard 

conditions, provided the building block 3 in a quantitative yield. Subsequently, the 5-substituted-

isoxazole-3-carboxylic acids 4 and 5 reacted with 4-Boc-aminopiperidine to give corresponding 

derivatives 6 and 7 which were readily deprotected under standard conditions to afford non-

covalent inhibitors 8 and 9 in 53% and 96% yields, respectively. Alternatively, compounds 4 and 

5 reacted with 3 under standard EDC coupling conditions to afford covalent inhibitors 8C and 

9C in 40% and 75% yields, respectively (Scheme 1). 

Scheme 1. Synthesis of SMYD3 covalent inhibitors 8C and 9C and their non-covalent analogs 8 

and 9.a 
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a (i) 2-chloroacetyl chloride, pyridine, CH2Cl2, 0°C to rt; (ii) HCl (2M), MeOH; (iii) EDC, 

DIPEA, CH2Cl2, rt. 

 

For the synthesis of 11 and 11C (Scheme 2), the 5-cyclopropylisoxazole-3-carboxylic 

acid 4 reacted with 1-Boc-4-aminopiperidine 1 to afford the corresponding amide 10 in 58% 

yield; deprotection under standard acidic conditions provided the free amine 11 in a quantitative 

yield. Finally, by reacting 11 with 2-chloroacetyl chloride in the presence of DIPEA, compound 

11C, also designated as EM127, was obtained in 96% yield upon purification. 

  

Scheme 2. Synthesis of SMYD3 covalent inhibitor 11C (EM127) and its non-covalent analog 

11.a 

 

a (i) EDC, DIPEA, CH2Cl2, rt; (ii) HCl (2M), MeOH; (iii) 2-chloroacetyl chloride, DIPEA, 

CH2Cl2, 0°C to rt. 

 

2.3 Binding affinity studies by SPR biosensor analysis 

Since binding to the target is a prerequisite for a TCI to be effective, we first investigated 

the interaction between SMYD3 and all derivatives by SPR biosensor technology. Compounds 

were tested in the presence and absence of saturating concentration of the cofactor S-adenosyl 
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methionine (SAM) in the running buffer to monitor the effect of the cofactor on the binding of 

the inhibitors. While no interaction with immobilized SMYD3 could be observed for compound 

8C and the corresponding reversible analog 8 under any conditions, the other tested compounds 

only showed interactions with the enzyme when SAM was present in the running buffer. Under 

these conditions, the isoxazole amides 11 and 11C showed a significantly higher affinity to 

SMYD3 and responses in agreement with control compounds S-adenosyl homocysteine (SAH) 

and MAP3K2249-274, a 26 amino acid peptide which carries the MTase target amino acid Lys260), 

while 9 and 9C produced low responses at all tested concentrations (100 and 1.56 µM). For 11 

and 11C–complexes, the steady-state affinity constants (KD) in the presence of SAM were 

estimated. Because of relatively short time course of the experiment (within 60 s) no covalent 

modification of SMYD3 was detected in agreement with the longer time required for the 

formation of a covalent adduct, as shown by liquid-chromatography mass spectrometry (LC-MS) 

experiments (see section 4.4). Interactions between 11 or 11C and SMYD3 were characterized 

by fast association and dissociation rates, as expected for these small compounds interacting with 

relatively weak affinities (Figure 4). The signal responses at steady-state fitted with a 1:1 binding 

stoichiometry, based on the apparent surface activity found for control compounds SAH and 

MAP3K2249-274 peptide. Thus, a simple binding isotherm was used to estimate the affinities as KD 

values, being 32  7 µM for 11 and 13  2 µM for 11C. Note that, the estimates were obtained 

via an extrapolation since the concentrations that could be used were not high enough to reach 

saturation. 
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Figure 4. Representative sensorgrams for the interaction of compounds with immobilized 

SMYD3 in the presence of SAM in the running buffer. A) Sensorgrams (left) and response at 

equilibrium fitted to a 1:1 interaction model (right) for 11 interacting with immobilized SMYD3. 

B) Sensorgrams (left) and response at equilibrium fitted to a 1:1 interaction model (right) for 

11C interacting with immobilized SMYD3. Experiments were carried out in duplicate. 

 

2.4 Investigation of the mechanism of inhibition by MS 

Classical ESI-MS analysis can be used to easily distinguish covalent vs non-covalent 

target-ligand complexes. Indeed, a covalent enzyme-ligand adduct is not cleaved during the 

desorption/ionization process within an electrospray ion source, while a non-covalent enzyme-

ligand complex is. Hence, if formation of a covalent adduct occurs, a new signal at higher m/z 
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values is expected to appear in the MS spectrum, as a consequence of enzyme mass increase 

upon covalent binding formation. This assay is performed on the intact protein without any 

further processing. Hence, to assess whether the three derivatives bearing the reactive warhead 

were able to covalently bind SMYD3, an ESI-MS analysis was performed on intact SMYD3 

upon incubation with a 10-fold molar excess of either 8C, 9C and 11C. Inspection of mass 

spectra confirmed that 9C and 11C were able to form a covalent adducts, while no stable adduct 

was detected upon incubation with 8C. These results are consistent with the inability to detect an 

interaction between 8C and SMYD3 using the SPR biosensor assay. Thus, the lack of binding 

likely prevents a suitable localization of the inhibitor close to Cys186 within the target binding 

pocket. The derivative 9C differs from 8C in the cyclopropyl instead of the methyl substituent on 

the oxazole group. Hence, the cyclopropyl group seems to be essential for a stable anchorage in 

the SMYD3 active site, thereby favouring the reaction between the nucleophilic Cys186 and the 

reactive group of our derivative.   

The specific site of reaction of 9C and 11C along the SMYD3 primary structure was also 

assessed by searching for modified peptides upon protein digestion (see supporting information 

for experimental details); results showed that both 9C and 11C were able to target Cys186, 

located in the substrate binding site, in a concentration-dependent manner (Figure 5 and Table 

S2), being 11C significantly more effective in forming a covalent adduct, also in agreement with 

its higher apparent affinity. 

Interestingly, 11C showed a striking selectivity for the target Cys186 residue, even in 

conditions in which reaction was forced (inhibitor/SMYD3 ratio equals to 10) and 100% of 

targeted aminoacid was covalently modified (Figure 5). SMYD3-11C formation showed to be 

concentration-dependent (Figure 5 and Table S2) with high yield of reaction. Conversely, despite 
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compound 9C was endowed with good selectivity when incubated with SMYD3 at equimolar 

ratio (no covalent adducts with other cysteine residues were detected), selectivity towards 

Cys186 was lost when a higher inhibitor/enzyme ratio was assayed and modification of Cys238 

was observed (% adduct formation = 13.0 ± 0.7) at 9C/SMYD3 ratio of 10 (Table S2). 

Furthermore, the extent of the covalent adduct formed by 9C with the target Cys186 at equimolar 

ratio with SMYD3 was very low (5.7%). 
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Figure 5. Concentration-dependent covalent modification of target Cys186 by derivatives 9C 

and 11C upon 24h incubation as determined by LC-MS analysis. Data are the mean of two 

independent experiments, each performed in triplicate. 

 

As expected for a covalent inhibitor, the formation of the covalent adduct between 11C 

and SMYD3 was shown to be time dependent. Reaction occurred in a relatively fast way and 

50% of Cys186 was covalently modified after 1h when 11C was incubated at equimolar 

concentration with SMYD3 (Figure 6).  
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Figure 6. Time course of the covalent adduct formation with Cys186 upon incubation of 

SMYD3 with 11C at a molar ratio 1:1.  

 

2.5 Evaluation of inhibitory potency towards SMYD3 MTase activity and investigation of 

inhibition kinetics  

The covalent modification of the cysteine residue in the substrate binding pocket is 

expected to translate into an enzyme activity inhibition, however covalent modification may not 

hamper substrate binding in an efficient way. To confirm the ability of the new derivatives to 

inhibit SMYD3 MTase activity, the inhibitory potency was assessed by a previously developed 

and validated MS-based approach33 that does not require radio-ligands and ensures direct 

monitoring of methylated substrate formation. MAP3K2 peptide, representing the MAP3K2 

sequence containing the SMYD3 target Lys260, was used as substrate. We tested all derivatives 

that showed any affinity in the SPR biosensor assay, since they can impair the substrate binding 

and inhibit SMYD3 MTase activity. Compounds were initially screened at a single concentration 

(10 µM, inhibitor/SMYD3 =10), and the inhibitory activity of compounds bearing the Cys-trap, 

e.g., 9C and 11C, were compared to their analogues lacking the reactive group, i.e., 9 and 11, 

respectively. EPZ03168625, as one of the most potent commercially available SMYD3 inhibitor, 
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was used as a reference inhibitor, while 8C was used as a negative control since it formed no 

reversible (SPR biosensor data) or covalent (MS data) adducts. Since different potencies were 

expected based on SPR biosensor and MS data, a relatively high inhibitor/target ratio (i.e., 10) 

was selected for a preliminary screening (Table 1).  

 

Table 1. Inhibition of SMYD3 activity by compounds 9, 9C, 11 and 11C. Molar ratio 

(inhibitor/SMYD3) = 10. EPZ031686 and 8C were used as positive and negative controls, 

respectively. Data are the mean of two independent experiments each carried out in triplicate. 

Compound % inhibitiona ± SD 

EPZ031686 100.0 ± 0.0 

11C  92.1 ± 0.4 

11 29.1 ± 0.6 

9C 14.0 ± 0.0 

9 5.0 ± 0.7 

8C n.a. 

a preincubation time equals to 1h. n.a stands for not active, i.e. inhibition percentage lower than 5%.  

 

Results in Table 1 show that 11C and 9C were significantly more potent than the 

corresponding reversible derivatives (11C vs 11 and 9C vs 9), confirming a role for the covalent 

adduct in the enzyme inhibition. Noticeably, data also proved that affinity plays a role (as 

expected for TCIs) since, in agreement with SPR biosensor results, also the reversible inhibitors 

with the affinity to SMYD3 in SPR biosensor screening, were able to inhibit MTase activity; the 

inhibitory potencies paralleled the affinity trend (see SPR biosensor studies). Indeed, the 5-
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cyclopropyloxazole fragment grants a higher affinity (11 vs 9; see SPR biosensor studies) which 

translated into a higher inhibitory potency. 

11C showed the highest inhibition capacity among the new derivatives, close to that of 

the reference inhibitor EPZ031686. Also, when assayed at equimolar ratio with SMYD3, the 

inhibitory activity of 11C (51.7 ± 0.7 %) was comparable to that of EPZ031686 (56.8 ± 0.9 %). 

However, due to the different mode of inhibition of 11C compared to EPZ031686 (covalent vs 

reversible), we expected that a difference in the potency would appear upon a longer incubation 

time due to the time-dependent covalent bond formation. In agreement with this hypothesis, 

upon a 24h-incubation compound 11C inhibited SMYD3 MTase activity at a significantly higher 

extent with respect to EPZ031686 (85.6 ± 0.8% vs 50.2 ± 1.6%, respectively) when assayed at 

1:1 ratio with SMYD3. 

The kinetics of SMYD3 MTase activity inhibition by 11C paralleled the kinetics of enzyme 

covalent modification at Cys186 (compare profiles in Figure S2 and Figure 6). Indeed, formation 

of the covalent adduct impairs accessibility of the binding site to the substrate. IC50 value for 

compound 11C upon 24h incubation, i.e. a time which ensures covalent modification to reach the 

plateau (see Figure S2), was calculated and resulted to be 370 ± 21 nM. In agreement with the 

above considerations, 11C was more potent than the reference inhibitor EPZ031686 (IC50 = 689 

± 20 nM)33. Overall, these results indicated that 11C has the most promising profile. Hence, this 

compound was selected for further investigations. 

Finally, for an in-depth characterization of SMYD3 inhibition by 11C, the kinetics of 

enzyme inactivation was also investigated. Indeed, inhibition by 11C involves the initial 

formation of a reversible complex (EI), followed by production of a covalent adduct (EI*). Based 

on SPR biosensing studies, the formation of the covalent adduct EI* is much slower than the 
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formation of the initial reversible complex EI, hence the two-step irreversible inhibitor model 

was applied 36. In such an inactivation model, the inactivation constant KI describes the affinity 

underpinning the initial non-covalent complex formation, while the maximum inactivation rate 

constant, kinact, describes the rate of covalent adduct formation. For inhibition of SMYD3 by 11C, 

KI was 6.11  0.11 µM, while kinact resulted to be (4.49  0.32) 10-4 s-1. From those values the 

inactivation potency, defined as kinact/KI, was calculated and resulted equals to 73.5 M-1s-1. 

 

2.6 Crystallographic analysis of 11C-SMYD3 complex 

In order to confirm the mechanism of action of 11C, the structure of SMYD3 in complex 

with 11C was determined by X-ray crystallography. SMYD3 was conjugated with 11C for 8 h at 

room temperature to allow the formation of a covalent bond with the target Cys186. The reaction 

mixture was subsequently used for crystallization trials. Optimal conditions revealed that 

acicular crystals nucleated within a day and grew to their maximal dimensions within one week. 

The crystals diffracted to a nominal resolution of 1.55 Å and belonged to P212121 space group. 

Data collection, merging and scaling statistics are provided in Table S3 (Supplementary 

Information). 

The model building involved the molecular replacement methods encompassing different 

refinement steps and placement of the co-crystallized substrate SAM. A continuous peak of 

positive difference electron density was observed at the bottom of the substrate protein binding 

cavity spanning a region between the entrance to the methylation tunnel and the target Cys186 

(Figure 7A). The structure shows that bound 11C is located across one of SMYD3 -strands 

formed by residues Phe183-Cys186. The opposite part of the inhibitor (represented by 

cyclopropyl-substituted oxazole group) is pointing towards SAM with the cyclopropyl 
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substituent in close proximity to the entrance to the methylation tunnel formed by Phe183, 

Tyr239 and Tyr257.  

Importantly, the data allowed the unambiguous assignment of all atoms in 11C, with the 

only exception being the chlorine atom. No peak indicating its presence was observed. This 

result confirmed the reaction mechanism of 11C towards Cys186 in which the chlorine of 11C is 

a leaving group. Moreover, the distance between the sulphur atom of Cys186 and the continuous 

electron density between 11C and the enzyme indicates the presence of a covalent bond between 

the protein and the inhibitor (Figure 7B). The geometry of the thioether bond between Cys186 

and α-carbon of the N-acetyl moiety of 11C is optimal, with interatomic distances 1.8Å and the 

C-S-C angle 107.5°. 

A          B  

Figure 7. X-Ray crystallographic structure of SMYD3 in complex with 11C. A) The inhibitor is 

located at the bottom of the substrate binding site of SMYD3, spanning across the β-strand 

formed by amino acid residues 183-186 and establishing a covalent bond with Cys186. B) (F0-

Fc) difference density (green mesh), contoured at +3 sigma and carved at 1.6 Å from 11C (salmon 

sticks) and side chain of Cys186 residue (grey sticks). 
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In addition, the structure revealed one polar interaction between one carbonyl group of 11C 

forming a hydrogen bond with the amide of Thr184. There were other polar contacts mediated 

through water molecules, namely, between the terminal carbonyl of 11C and backbones of 

Ile214 and Phe216, as well as between the carbonyl of Cys238 and the aromatic nitrogen of the 

amide group. Finally, due to the high quality of the electron density map, we were able to assign 

a low energy chair conformation to the 11C piperidine moiety. 

2.7. Plasma stability of 11C  

The stability of compound 11C in human plasma was evaluated by LC-MS analysis using 

propranolol 21 as an internal standard. No changes in 11C concentration were observed within 

3h upon incubation at 37°C. A 24% decrease was observed after a 6h-incubation (Figure 8). 

 

 

Figure 8. Plasma stability of 11C. The residual portion (%) of 11C (10 µM input) over time at 

37°C in the plasma. Initial concentration of 11C was set as 100%. Experiments were carried out 

in duplicate. (**) p= 0.020.  

 

2.8. Cell-based studies  
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As the best performing derivative in the series, the biological activity of compound 11C 

was assessed in MDA-MB-231 breast cancer cells and HCT116 colorectal cancer cells. 

Compound 11, the analog lacking the reactive warhead, was used as a reference. Two SMYD3 

functions, namely epithelial-to-mesenchymal transition (EMT)37 and regulation of RAS-ERK 

signalling8,14, were specifically evaluated. MDA-MB-231 cells present mesenchymal-like 

features and a high invasiveness38. Based on preliminary dose-response experiments, we chose a 

5 M concentration as optimal dose to preliminarily study the impact of the 11 and 11C on cell 

growth. In these cells 11C significantly retarded cell proliferation by 48 h whereas 11 was 

without effect (Figure 9).  

 

Figure 9. Impact of compounds 11 and 11C on MDA-MB-231 cell proliferation. 

DMSO (0.5%) was used as a vehicle. Statistical significance was calculated using a one-way 

ANOVA followed Tukey post-test. Data represents mean  SD, n=3. 

 

Based on these results, we treated MDA-MB-231 cells with increasing concentrations of 

11, 11C and EPZ031686 and investigated the steady-state levels of mRNAs of SMYD3 target 

genes by RT-qPCR. Specifically, 11C was assayed at 0.5, 3.5 and 5 M compared to 0.5, 5 and 
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50 M for 11. Similarly, higher doses were required for the reference compound EPZ031686 

(10, 25 and 50 M). Even at the lowest tested concentration (0.5 µM), 11C significantly reduced 

the expression of CDK2 and C-MET, the known SMYD3 regulated genes14,20,39. Furthermore, the 

abundance of mRNAs of the extracellular matrix component fibronectin 1 (FN1) and N-cadherin 

(N-CAD)37 was attenuated by low micromolar concentrations of 11 (Figure 10a). In contrast, the 

reversible analogue 11 was significantly less effective in affecting the expression of SMYD3 

regulated genes (compare Figures 10A and 10B). Furthermore, EPZ031686 evoked a lower 

efficacy, since the concentration as big as 50 µM and a longer exposure (72 h vs 48 h) were 

required to attenuate SMYD3 regulated transcripts (Figure 10C). Conversely, the treatment with 

compound 11C did not affect CDK2, C-MET, FN1 and N-CAD mRNA levels in SMYD3-KO-

MDA-MB-231 cells, where the endogenous SMYD3 gene was knocked out by CRISPR/Cas9 

genome editing (Figure 10D)31. Likewise, compound 11C did not alter transcript levels of the 

selected SMYD3 targets in a breast cancer cell line that expressed very low levels of SMYD3 

and that we previously showed to be insensitive to the SMYD3 inhibitor BCI-121 (Figure 10E)14. 

The finding that treatment with 11C does not determine alterations in the transcript levels of 

SMYD3-regulated genes in cells where SMYD3 is very low or knocked out supports the idea 

that 11C likely acts specifically through SMYD3. 
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Figure 10. Compound 11C attenuates the expression of SMYD3 target genes while does not 

affect expression when SMYD3 is knocked out or expressed at low levels. qRT-PCR analysis of 

CDK2, c-MET, FN1 and N-CAD transcripts in MDA-MB-231 cells treated with 11C (A), 11 (B) 

(48 h) or for 72 h with EPZ031686 (EPZ) (C); qRT-PCR analysis of CDK2, c-MET, FN1 and N-

CAD transcripts in SMYD3-KO-MDA-MB-231 cells (D) and MDA-MB-468, a breast cancer 

cell line expressing low levels of SMYD3 (E) treated with 11C. Data were normalized to the 

GAPDH housekeeping gene. Results were analyzed with a two-way ANOVA followed by 

Dunnet post-test. *p≤0.05, **p≤0.01, ***p≤0.001. Data are mean SD; n3. 

 

SMYD3 has a pivotal role in the regulation of oncogenic RAS signalling by methylating 

MAP3K2 and modulating ERK1/2 phosphorylation/activation. SMYD3 deletion or 

pharmacological inhibition resulted in a lower ERK1/2 phosphorylation concomitant with 

reduced MEK-ERK signaling and in vivo tumour growth in response to oncogenic RAS8,14.  

Hence, the effect of SMYD3 inhibition was investigated using ERK1/2 phosphorylation as a 

readout in HCT116 and MDA-MB-231 cell lines that carry oncogenic KRAS mutations. Both 

compounds 11 and 11C decreased ERK1/2 phosphorylation in a dose- and time-dependent 

manner, with 11C exerting a more potent effect in each cell line (Figure 11). As RAS pathway 

inhibition induces growth inhibition and apoptosis of KRAS-mutant cells40, PARP cleavage upon 

treatment with 11 and 11C was also analyzed. Figure 11 showed that, in HCT116 as well as in 

MDA-MB-231 cells, 11C attenuated ERK1/2 phosphorylation and induced PARP processing at 

the same concentrations that retarded cell proliferation (see Figure 9). On the contrary, 11 did not 

induce these responses, in agreement with the lack of a significant inhibition of cell proliferation. 

Altogether, these results strongly suggested that, at least in certain cell types, cancer cell lines 
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expressing high levels of SMYD3 are addicted to its enzymatic activity and appear to be highly 

sensitive to its pharmacological inhibition with the covalent inhibitor 11C.  

 

 

Figure 11. Effects of compounds 11 or 11C on ERK1/2 phosphorylation (pERK1/2) and 

PARP cleavage (cleaved PARP) in HCT116 and MDA-MB-231 cell lines analysed by 

immunoblotting. Actin was used as a loading control. 

 

3. CONCLUSIONS  

We identified EM127 (11C) as the most perspective compound of a series of 4-

aminopiperideine derivatives developed as targeted covalent inhibitors of SMYD3 

methyltransferase. In line with the original design of SMYD3-directed TCIs, SPR biosensor 

experiments demonstrated that EM127 mode of action entails the formation of a reversible and 

stable complex (KD value of 13.2 µM) with SMYD3 prior to covalent reaction. Formation of 

such a complex ensures the correct positioning of the inhibitor warhead within the enzyme 

binding pocket and grants the high selectivity for the target Cys186 residue, as evidenced by MS 

analyses and crystallographic data. Time dependent inhibition of SMYD3 MTase activity 



 27 

associated with a prolonged enzyme silencing is considered therapeutically beneficial. Data on 

knockout mice have shown that SMYD3 is dispensable for animal survival under physiological 

conditions, so pharmacological SMYD3 inhibition should be well tolerated.  

  EM127 effectively impaired the proliferation of MDA-MB-231 cells and reduced the 

transcriptional modulation of SMYD3 target genes. Moreover, EM127 affected ERK1/2 

phosphorylation in HCT116 and MDA-MB-231 cell lines, suggesting that covalent inhibitors of 

SMYD3 can provide a long-lasting pharmacological action in specific tumor types expressing 

high levels of SMYD3.  

Our results established EM127 as the first example of second-generation potent, 

selective, site-specific and covalent SMYD3 inhibitor. The newly discovered chemotype may 

serve as a chemical tool for further SMYD3 exploration. Development of drug candidates based 

on the new scaffold might be promising for treatment of SMYD3 positive tumors alone and in 

combination with PARP inhibitors.  

 

4. EXPERIMENTAL SECTION 

Chemistry. General procedures. All reagents were used as obtained from commercial sources 

unless otherwise indicated. Solvents were dried over standard drying agents and freshly distilled 

prior to use. The 1H and 13C NMR spectra were recorded on Varian spectrometers (400 and 500 

MHz for 1H, 100 and 125 MHz for 13C). Deuterated chloroform was used as the solvent for NMR 

experiments, unless otherwise stated. 1H chemical shifts values (δ) are referenced to the residual 

non-deuterated components of the NMR solvents (δ = 7.26 ppm for CHCl3). The 13C chemical 

shifts (δ) are referenced to CDCl3 (central peak, δ = 77.0 ppm), as the internal standard. Mass 

spectrometry analyses were performed by direct infusions on a Q-ToF Micro quadrupole time-
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of-flight (Q-TOF) hybrid analyzer (Micromass, Manchester, UK) equipped with a Z-spray 

electrospray ion source (ESI) operating in positive polarity. Flash chromatography was 

performed on Teledyne Isco CombiFlash® Rf 200 using RediSep® Normal-phase Silica Flash 

Columns (230-400 mesh). TLC was performed on silica gel 60 F254 plastic sheets. Purity of 

final compounds was determined on a Jasco HPLC system (model: Jasco PU-2089 equipped 

with MD-2010 DAD detector) under optimized chromatographic conditions (supporting 

information).  

tert-butyl 4-(2-chloroacetamido)piperidine-1-carboxylate (2). 2-chloro acethylchloride 

(0.45 mmol, 37 L, 1.5 eq.) was added dropwise to a solution of tert-butyl 4-aminopiperidine-1-

carboxylate (1) (0.3 mmol, 62 mg, 1 eq.) and pyridine (0.45 mmol, 36 L, 1.5 eq.) in CH2Cl2 (3 

mL) at 0 °C. The reaction mixture was then transferred into a separatory funnel and subsequently 

washed with a saturated solution of NH4Cl and brine. The organic layer was dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (cHex:AcOEt 70:30) to give compound 2 as a white solid in 90% yield. 

1H NMR (500 MHz, CDCl3) δ 6.45 (d, J = 7.7 Hz, 1H), 4.06 – 4.03 (m, 2H), 4.03 (s, 2H) 3.97-

3.89 (m, 1H), 2.87 (ddd, J = 14.1, 11.5, 2.8 Hz, 2H), 1.93-1.89 (m, 2H), 1.45 (s, 9H), 1.41 – 1.32 

(m, 2H). 13C NMR (126 MHz, CDCl3) δ 165.26, 154.51, 79.64, 47.14, 42.52 (2C), 42.47, 31.58 

(2C), 28.33 (3C). 

tert-butyl (1-(5-methylisoxazole-3-carbonyl)piperidin-4-yl)carbamate (6). To a solution of 

5-methylisoxazole-3-carboxylic acid (4, 0.2 mmol, 1 eq.), N-Boc-4-aminopiperidine (0.2 mmol, 

40 mg, 1equiv.) and DMAP (0.24 mmol, 29 mg, 1.2 equiv.) in DCM (2 mL), EDC (0.24 mmol, 

46 mg, 1.2 equiv.) was added in one portion. The resulting mixture was stirred at room 

temperature overnight. Subsequently, the volatiles were removed under reduced pressure and the 
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crude was purified by silica gel column chromatography (cHex:AcOEt  = 60:40) affording 

compound 6 as a white solid in 53% yield. 1H NMR (500 MHz, CDCl3) δ 6.25 (bs, 1H), 4.59 (d, 

J = 13.6 Hz, 1H), 4.51 (bs, 1H), 4.35 (dtd, J = 13.9, 3.9, 2.1 Hz, 1H), 3.75-3.71 (m, 1H), 3.22 

(ddd, J = 14.3, 11.6, 2.7 Hz, 1H), 2.97 – 2.91 (m, 1H), 2.46 (s, 3H), 2.07 – 1.99 (m, 2H), 1.44 (s, 

9H), 1.42-1.37 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 169.93, 159.81, 158.65, 155.06, 102.68, 

79.66, 47.82, 45.84, 41.48, 33.19, 32.16, 28.37 (3C), 12.14. 

tert-butyl (1-(5-cyclopropylisoxazole-3-carbonyl)piperidin-4-yl)carbamate (7). Compound 

7 was prepared starting form 5-cyclopropylisoxazole-3-carboxylic acid (5) and following the 

procedure described for the synthesis of derivative 6. 7 was isolated as a white solid by silica gel 

column chromatography (cHex:AcOEt 50:50) in 96% yield. 1H NMR (500 MHz, CDCl3) δ 6.16 

(s, 1H), 4.59 (d, J = 13.2 Hz, 1H), 4.47 (bs, 1H), 4.37-4.33 (m, 1H), 3.75 (bs, 1H), 3.22 (ddd, J = 

14.2, 11.7, 2.8 Hz, 1H), 2.98 – 2.92 (m, 1H), 2.10-2.01 (m, 3H), 1.46 (s, 9H), 1.43 – 1.36 (m, 

2H), 1.14 – 1.08 (m, 2H), 1.03 – 0.97 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 175.39, 159.81, 

158.54, 155.07, 99.70, 79.62, 47.83, 45.82, 41.45, 33.15, 32.13, 28.36 (3C), 8.66, 8.65, 8.01. 

(4-aminopiperidin-1-yl)(5-methylisoxazol-3-yl)methanone hydrochloride (8). 2.0 mL of 

HCl 2M were added to a solution of compound 6 (0.19 mmol, 64.4 mg, 1 eq.) dissolved in 

MeOH (2.0 mL). The reaction mixture was stirred until complete conversion of the starting 

material (monitored by TLC). Volatiles were removed under reduced pressure affording pure 

compound 8 as a white solid in quantitative yield. 1H NMR (400 MHz, D2O) δ 6.21 (s, 1H), 4.47 

– 4.43 (m, 1H), 3.90-3.86 (m, 1H), 3.39 – 3.88 (m, 1H), 3.13-3.10 (m, 1H), 2.89-2.83 (m, 1H), 

2,32 (s, 3H), 2.03 – 1.91 (m, 2H), 1.53 – 1.47 (m, 2H). 13CNMR (100 MHz, D2O) δ 172.32, 

161.80, 157.58, 152.93, 101.37, 101.30, 47.63, 45.39, 40.65, 29.68, 28.01, 11.27. Monoisotopic 
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MS (ESI) m/z: [M+H]+ calc for C10H15N3O2, 210.1242; found 210.1274; Anal. HPLC: Rt 

10.60 min, purity 95.0%. 

(4-aminopiperidin-1-yl)(5-cyclopropylisoxazol-3-yl)methanone hydrochloride  (9). For the 

preparation of compound 9, the same procedure used for 8 synthesis was applied. At the end of 

reaction, monitored by TLC, volatiles were removed under reduced pressure affording pure 

compound 9 as a white solid in quantitative yield. 1H NMR (500 MHz, D2O) δ 6.14 (s, 1H), 4.47 

– 4.44 (m, 1H), 3.87 (d, J = 14.1 Hz, 1H), 3.44 – 3.38 (m, 1H), 3.13 (t, J = 13.3 Hz, 1H), 2.87 (t, 

J = 13.0 Hz, 1H), 2.07 – 1.93 (m, 2H), 1.95 (d, J = 12.8 Hz, 1H), 1.54 – 1.48 (m, 2H), 1.03 – 

0.99 (m, 2H), 0.87 – 0.83 (m, 2H). 13CNMR (100 MHz, D2O) δ 177.66, 161.75, 157.58, 152.39, 

98.09, 98.01, 47.64, 45.39, 40.63, 29.70, 28.81, 8.37, 7.41. Monoisotopic MS (ESI) m/z: [M+H]+ 

calc for C12H17N3O2, 236.1399; found 236.1189; Anal. HPLC: Rt 6.87 min, purity 99.7%. 

2-chloro-N-(1-(5-methylisoxazole-3-carbonyl)piperidin-4-yl)acetamide (8C). 2 mL of HCl 

2M were added to a solution of compound 2 (0.2 mmol, 55 mg) and MeOH (2 mL). The reaction 

mixture was stirred until complete conversion (monitored by TLC). Afterward, volatiles were 

removed under reduced pressure and the crude product (3) was used in the next step without 

further purification. 5-methylisoxazole-3-carboxylic acid (4, 0.2 mmol, 1 eq.), DIPEA (0.5 

mmol, 87L, 2.5 eq.) and EDC (0.24 mmol, 46 mg, 1.2 eq.) were added in one portion to a 

solution of 3 in CH2Cl2 (2 mL). The resulting mixture was stirred at room temperature overnight. 

Subsequently, the volatiles were removed under reduced pressure and the crude was purified by 

silica gel column chromatography (cHex:AcOEt 30:70), affording derivative 8C as a white solid 

in 40% yield. 1H NMR (500 MHz, CDCl3) δ 6.53 (d, J = 8.0 Hz, 1H), 6.26 – 6.25 (m, 1H), 4.68 

– 4.63 (m, 1H), 4.43 – 4.39 (m, 1H), 4.09 (dddd, J = 15.6, 11.3, 8.4, 4.3 Hz, 1H), 4.04 (s, 2H), 

3.24 (ddd, J = 14.2, 11.9, 2.8 Hz, 1H), 2.95 (ddd, J = 13.6, 12.0, 3.0 Hz, 1H), 2.46 (d, J = 1.0 Hz, 
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3H), 2.10 – 2.00 (m, 2H), 1.57 – 1.47 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 170.05, 165.32, 

159.82, 158.56, 102.68, 47.04, 45.75, 42.55, 41.41, 32.53, 31.50, 12.14. Monoisotopic MS (ESI) 

m/z: [M+H]+ calc for C12H16ClN3O3, 286.0958; found 286.1003; Anal. HPLC: Rt 8.27 min, 

purity 98.8%. 

2-chloro-N-(1-(5-cyclopropylisoxazole-3-carbonyl)piperidin-4-yl)acetamide (9C). 

Compound 9C was obtained starting from 5-cyclopropylisoxazole-3-carboxylic acid (5) and 

following the same procedure described for the synthesis of derivative 8C. 9C was isolated by 

silica gel column chromatography (cHex:AcOEt 40:60) as a white solid in 75% yield. 1H NMR 

(500 MHz, CDCl3) δ 6.50 (d, J = 7.4 Hz, 1H), 6.16 (s, 1H), 4.67 – 4.63 (m, 1H), 4.43 – 4.39 (m, 

1H), 4.13 – 4.06 (m, 1H), 4.04 (s, 2H), 3.24 (ddd, J = 14.3, 11.9, 2.8 Hz, 1H), 2.95 (ddd, J = 

13.6, 12.0, 3.0 Hz, 1H), 2.09 – 2.01 (m, 3H), 1.56 – 1.47 (m, 2H), 1.12 – 1.08 (m, 2H), 1.01 – 

0.98 (m, 2H).  13C NMR (126 MHz, CDCl3) δ 175.53, 165.29, 159.84, 158.48, 99.73, 47.04, 

45.75, 42.55, 41.41, 32.54, 31.52, 8.71, 8.69, 8.03. Monoisotopic MS (ESI) m/z: [M+H]+ calc for 

C14H18ClN3O3, 312.1115; found 312.1090; Anal. HPLC: Rt 6.25 min, purity 99.7%. 

tert-butyl 4-(5-cyclopropylisoxazole-3-carboxamido)piperidine-1-carboxylate (10). To a 

solution of 5-cyclopropylisoxazole-3-carboxylic acid (5) (0.2 mmol, 31 mg, 1 eq.), tert-butyl 4-

aminopiperidine-1-carboxylate 1 (0.2 mmol, 40 mg, 1 eq.) and DMAP (0.24 mmol, 29 mg, 1.2 

equiv.) in CH2Cl2 (2 mL), EDC (0.24 mmol, 46 mg, 1.2 eq.) was added in one portion. The 

resulting mixture was stirred at room temperature overnight. Subsequently, the volatiles were 

removed under reduced pressure and the crude was purified by silica gel column 

chromatography (cHex:AcOEt = 70:30) affording compound 10 as a white solid in 58% yield. 

1H NMR (500 MHz, CDCl3) δ 6.64 (d, J = 8.1 Hz, 1H), 6.32 (s, 1H), 4.11-4.03 (m, 3H), 2.90 

(ddd, J = 14.2, 11.7, 2.8 Hz, 2H), 2.07 (tt, J = 8.5, 5.0 Hz, 1H), 2.00 – 1.94 (m, 2H), 1.46 (s, 9H), 
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1.44 – 1.37 (m, 2H), 1.14 – 1.09 (m, 2H), 0.98 (dt, J = 7.2, 4.8 Hz, 2H). 13C NMR (126 MHz, 

CDCl3) δ 176.90, 158.62, 158.42, 154.67, 98.32, 79.75, 46.86 (2C), 42.57, 31.83 (2C), 28.41 

(3C), 8.79 (2C), 8.12.  

5-cyclopropyl-N-(piperidin-4-yl)isoxazole-3-carboxamide hydrochloride (11). Compound 

10 (0.12 mmol, 39 mg, 1 eq.) was dissolved in MeOH (1.5 mL) and then 1.5 mL of HCl 2M 

were added. The reaction mixture was stirred until complete conversion was obtained (monitored 

by TLC). Then the volatiles were removed under reduced pressure. Product 11 was isolated 

without any further purification in quantitative yield. 1H NMR (500 MHz, D2O) δ 6.23 (d, J = 

1.2 Hz, 1H), 4.03 – 3.99 (m, 1H), 3.36 (d, J = 12.9 Hz, 2H), 3.01 (dd, J = 14.2, 11.2 Hz, 2H), 

2.08 – 2.00 (m, 3H), 1.71 (dd, J = 18.5, 8.3 Hz, 2H), 0.96 – 1.00 (m, 2H), 0.85 – 0.82 (m, 2H). 

13CNMR (100 MHz, D2O) δ 177.67, 161.76, 157.61, 154.48, 91.11, 98.03, 47.64, 45.40, 40.64, 

29.74, 28.84, 8.37, 7.42. Monoisotopic MS (ESI) m/z: [M+H]+ calc for C12H17N3O2, 

236.1399; found 236.1354; Anal. HPLC: Rt 7.31 min, purity 100.0%. 

N-(1-(2-chloroacetyl)piperidin-4-yl)-5-cyclopropylisoxazole-3-carboxamide (11C). 2-

chloro acethylchloride (0.17 mmol, 14 L, 1.5 eq.) was added dropwise to a solution of 

compound 11 (0.116 mmol, 1 eq.) and DIPEA (0.29 mmol, 50 L, 2.5 eq.) in CH2Cl2 (1.5 mL) at 

0 °C. The resulting mixture was stirred at room temperature for 16 h. The reaction mixture was 

then transferred into a separatory funnel and subsequently washed with a saturated solution of 

NH4Cl and brine. The organic layer was dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography 

(cHex:AcOEt 60:40) to give the compound 11C as white solid in 96% yield. 1H NMR (500 

MHz, CDCl3) δ 6.70 (d, J = 8.0 Hz, 1H), 6.32 (s, 1H), 4.54 – 4.50 (m, 1H), 4.22 – 4.14 (m, 1H), 

4.13 – 4.04 (m, 2H), 3.92 – 3.84 (m, 1H), 3.30 – 3.24 (m, 1H), 2.90 – 2.84 (m, 1H), 2.14 (d, J = 
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12.9 Hz, 1H), 2.10 – 2.04 (m, 2H), 1.62 – 1.45 (m, 2H), 1.14 – 1.10 (m, 2H), 1.00 – 0.96 (m, 

2H). 13C NMR (126 MHz, CDCl3) δ 177.02, 165.04, 158.55, 158.45, 98.29, 46.51, 45.15, 41.18, 

40.97, 32.22, 31.34, 8.82 (2C), 8.13. Monoisotopic MS (ESI) m/z: [M+H]+ calc for 

C14H18ClN3O3, 312.1115; found 312.1090; Anal. HPLC: tR 6.99 min, purity 99.3%. 

 

SMYD3 production and purification. Full length recombinant SMYD3 was overexpressed in 

E. coli Rosetta 2 (a derivative of BL21(DE3)) strain as previously reported33. The homogeneity 

of the isolated protein exceeded 98%, with an average yield of 5 mg of the pure protein from 1 L 

of culture. The high purity of the protein preparations was confirmed by mass spectrometry (MS) 

analysis. For crystallization experiments, the protein was purified by immobilized metal affinity 

chromatography (IMAC), followed by tag cleavage with thrombin, reverse IMAC, and anion 

exchange chromatography. Fractions containing pure protein were concentrated to 12 mg mL-1 in 

50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM DTT buffer. 

 

Interaction kinetic analysis. Interaction kinetic analyses were performed employing a BIAcore 

X100 system thermostated at 15°C. SMYD3 surfaces preparation, experiments execution and 

data analysis were performed according to the previously published protocol. Briefly, SMYD3 

was immobilized at densities between 6500 – 10000 RUs through amine-coupling chemistry 

employing CM5 sensor chips. For the immobilization procedure, HEPES 10mM, NaCl 150 mM 

and T-20 0.05% at pH 7.4 (HBS-T) was used as running buffer. Tris-HCl 50 mM, NaCl 150 

mM, 2mM DTT, 0.05% T-20, DMSO 2% pH 8.0 was used as analysis buffer (TBS-T buffer). 

EM-compounds stock solutions were prepared at 10 mM concentration in 100 % DMSO and 

diluted to 200 µM in TBS-T buffer so that final DMSO content equals 2%. Interactions were 
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monitored in TBS-T buffer and TBS-T buffer supplemented with SMYD3-saturating 

concentration of S-adenosyl-methionine (SAM). S-adenosyl-homocysteine (SAH) and peptide 

MAP3K2249-274 (DYDNPIFEKFGK260GGTYPRRYHVSYHH; Celtek Peptides, Franklin, USA) 

were used as control compounds in SAM-free and SAM-saturated running buffer, respectively. 

A solvent correction procedure was performed and applied to equilibrium responses for data 

analysis. Data analysis was performed using BIAeval 4.1 and GraphPad software.  

 

Mass spectrometry analysis of covalent binding. SMYD3 stock solution was prepared in Tris 

50 mM pH 8.0 containing NaCl 150 mM, DTT 2 mM and glycerol 5% (v/v) and was stored at -

80°C before use. 8C, 9C and 11C 10 mM stock solutions were prepared in DMSO and stored at 

-20°C before use. Further enzyme and tested compounds dilutions were performed with Tris 50 

mM pH 8.0 buffer containing 75 mM NaCl. To assess the formation of covalent bonds between 

SMYD3 and tested compounds, the enzyme (final concentration 10 µM) was incubated at 23°C 

(Thermomixer Comfort) in their absence and presence. 8C and 9C were tested at the final 

concentration 10 and 100 µM while 11C was also tested at the final concentration 1 µM. Samples 

(40 µL) were then denatured, alkylated and digested as described below. The rate of covalent 

bond formation between SMYD3 and 11C was derived incubating SMYD3 at 23°C in the 

presence of 11C under equimolar conditions (10 µM). The resulting solution was incubated at 

23°C (Thermomixer Comfort) and, at selected times (0, 1, 2, 4, 8 and 24h), an aliquot (40 µL) 

was drawn from the solution and immediately denatured, alkylated and digested. Enzyme 

denaturation was achieved by adding 5 µL of DTT 0.1 M in water and incubating at 56°C for 30 

min. After that iodoacetamide (IAA) 55 mM in Tris 50 mM pH 8.0 buffer containing 75 mM 

NaCl was added, and samples were incubated for 45 min in the dark. Finally, 2 µL of trypsin 
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1µg/µL and 2 µL of chymotrypsin 1 µg/µL both in HCl 2 mM were added and samples were 

overnight incubated at 30°C (Thermomixer Comfort) under gentle stirring (300 rpm). The 

resulting peptides were analysed by Liquid chromatography-mass spectrometry analysis. 

 

Liquid chromatography-mass spectrometry analysis. Peptides derived from SMYD3 

proteolytic digestion were analysed by using an Agilent 1200 Series system (Walbronn, 

Germany) equipped with an autosampler. Analyses were performed on a reverse phase C4 

column (Phenomenex Jupiter; 150×2.0 mm i.d., 5 µm, 300 Å) kept at 40°C. Mobile phases A 

(water/AcCN/FA, 99/1/0.1) and B (AcCN/water/FA, 99/1/0.1) were used to develop a gradient. 

The solvent gradient was set as follows: 0–40% B, 60 min; 40–70% B, 5 min; 70–80%, 10 min. 

The column was equilibrated with the mobile phase composition of the starting conditions for 10 

min before the next injection. The flow rate was 0.4 mL/min while the injection volume was 18 

µL. MSMS analysis for the identification of the peptides involved in the covalent bound with 

tested compounds was performed on a Q-ToF Micro hybrid analyser (Micromass, Manchester, 

UK) equipped with a Z-spray ion source. ESI-Q-TOF source temperature was set at 110°C, the 

capillary voltage at 3.0 kV, and the cone voltage at 35 V. Peptide ions within a m/z 200–3600 

survey scan mass range were analysed for subsequent fragmentation. 1+, 2+, 3+ and 4+ charged 

ions exceeding a threshold abundance (TIC value: 10 counts/sec), were selected for MSMS 

analyses. From a single survey scan 8 ions were selected for subsequent fragmentation. Scan 

returned to mass survey mode when the ion intensity fell below 5 counts/sec or after 8 s. Scan 

time was 1 s for the parent ion and 1 s for the fragment ions. Collision energy was selected using 

charge state recognition. Once identified the SMYD3 peptides involved in the formation of 
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covalent bonds with tested compounds, TIC detection in the m/z range 200-3600 was employed 

and the percentage of the bound peptide was derived by applying the following formula: 

%covalent binding = [Ibound peptide/(Ibound peptide + Ifree peptide)] x 100 

where Ibound peptide and Ifree peptide are the peptide intensity, both in its bound and free form, derived 

from the respective extract ion chromatogram. The analyses were performed in triplicate. Data 

were processed using GraphPad Prism 8.1.1 software. Best fitting was achieved by using a two-

phase exponential association equation. 

 

MTase inhibition assay. SMYD3 stock solution in 50 mM Tris buffer pH 8.0 containing 150 

mM NaCl, 2 mM DTT and 5% glycerol (v/v) was stored at -80°C before use. MAP3K2249-274 

peptide tested compounds and 10 mM EPZ031686 stock solutions were prepared in DMSO and 

stored at -20°C before use.  SAM stock solution (37.7 mM) was prepared in water and stored at -

20°C before use. All further dilutions were performed in assay buffer (Tris 50 mM pH 8.0 

containing, 4 mM MgCl2, 0.2% (w/w) Tween 20, 2 mM DTT). MAP3K2249-274 peptide dilutions 

were performed with the assay buffer containing 10% DMSO (v/v). 

SMYD3 was pre-incubated in the absence or presence of tested compounds at 23°C for 

1h (Thermomixer Eppendorf Comfort) so that SMYD3 final concentration was 5 µM, tested 

compound final concentration was 50 µM and DMSO was 2% (v/v). All the tested compounds 

were preincubated at the concentration 50 µM for 1h while 11C and EPZ031686 were also pre-

incubated at the concentration of 5 µM for 1 and 24h. The SMYD3 MTase activity was assayed 

by incubating 6 µL of preincubated solutions with 5 µL of 300 µM SAM, 5 µL of MAP3K2249-274 

peptide (75 µM) and 14 µL of the assay buffer. In the final conditions SMYD3 was 1 µM. After 

1h of incubation at 30°C the MTase activity of SMYD3 was stopped adding 30 µL of stop 
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solution consisting of H2O/AcCN/FA (50/50/0.1, v/v/v) and 10 µL were analysed by LC-ESI-MS 

as reported below. All experiments were performed in duplicate. 

 

Inhibition kinetics of SMYD3 MTase activity by 11C. 

Initial assessment of time dependent SMYD3 inhibition by 11C. SMYD3 was pre-incubated in 

the absence and in the presence of 11C at 23°C (Thermomixer Eppendorf Comfort, Eppendorf 

Italy) in the assay buffer so that SMYD3 and 11C concentration was 5 µM and DMSO was 2% 

(v/v). At selected times (0, 1, 2, 4, 8 and 24 h), an aliquot (6 µL) was drawn from the solution 

and its MTase activity was assessed as reported in section 1.2.2. Final assay concentrations were: 

SMYD3 1 µM, 11C 1 µM, MAP3K2249-274 peptide 12.5 µM, SAM 50 µM and the final percentage 

of DMSO 2% (v/v). 10 µL of the final solution were analysed by LC-ESI-MS as reported below. 

All experiments were performed in duplicate. Data were processed using GraphPad Prism 8.1.1 

software. 

 

Determination of kinact and KI values for SMYD3 inhibition by 11C. kinact and KI values were 

determined applying the preincubation time-dependent inhibition with dilution approach 36. 

SMYD3 (5 µM) was pre-incubated in the absence and in the presence of increasing 

concentrations of 11C (3.13, 6.25, 12.0 and 25.0 µM) at 23°C (Thermomixer Eppendorf 

Comfort, Eppendorf Italy) in the assay. DMSO was kept at 2% (v/v). At selected times (1.5, 3, 5, 

8, 13 and 24 h), an aliquot (6 µL) was drawn from the solution and its MTase activity was 

assessed as reported in section 1.2.2. In selected experimental conditions the percentage of 

substrate conversion was about 10% in agreement with model requirements. Data were 

processed using GraphPad Prism 8.1.1 software (Graph Pad Prism). In details, from one phase 
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exponential decay curves the concentration dependent kobs were derived. kobs values (s-1) were 

then plotted against 11C concentration [M] in the preincubation assay and fitted to the non linear 

template model included in the GraphPad Prism software and describing the equation: kobs = 

kinact*[I]/(KI + [I]). kinact and KI were calculated from the kmax value and from the inhibitor 

concentration giving a k value equals to 1/2 kmax, respectively. Finally, the overall inactivation 

potency was calculated from the ratio kinact/KI 
36. 

 

IC50 determination. SMYD3 5 µM was pre-incubated in the absence or presence of 11C at 23°C 

for 24 h in the activity assay buffer. On the basis of its reversible mechanism of inhibition, the 

reference inhibitor EPZ031686 was pre-incubated with SMYD3 for 1h. DMSO was 2% (v/v). 

MTase activity was determined as reported in section 1.2.2. Final assay concentrations were: 

SMYD3 1 µM, 11C from 1.74 to 0.11 µM or EPZ031686 from 5 to 0.15 µM, MAP3K2249-274 

peptide 12.5 µM, SAM 50 µM and the final percentage of DMSO 2% (v/v). 10 µL of the final 

solution were analysed by LC-ESI-MS as reported below. All experiments were performed in 

duplicate. IC50 was determined from the inhibition-concentration curves using GraphPad Prism 

(version 8.1.1). 

 

LC-MS analysis. LC-MS analysis to assess the methylation degree on MAP3K2249-274 peptide was 

carried out on Agilent 1200 HPLC instrument equipped with a thermostated autosampler and C4 

reverse phase Jupiter 300 column (150⨉2 mm i.d., 5 µm, 300 Å; Phenomenex, USA) kept at 

60°C, coupled to a Q-ToF mass-spectrometer with a Z-Spray ion source (Micromass, UK). 

Mobile phases A (H2O/AcCN/FA, 99/1/0.1) and B (AcCN/H2O/FA, 99/1/0.1) were used to 

develop a solvent gradient as follows: 10–60% B over 2 min and 60% B for 3 min. Mass-
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spectrometric detection was performed under the following setting: source temperature – 100°C, 

desolvation temperature 250°C, capillary voltage 3.0 kV, cone voltage 35V. Chromatograms 

were recorded in total ion current (TIC), in the m/z range 500-1700 and the scan time was 1 s. 

The peptide’s baseline-subtracted spectra were deconvoluted onto a true mass scale using the 

maximum entropy (MaxEnt1)-based software supplied with MassLynx 4.1 software. LC-MS 

analyses were performed in duplicate. 

 

Crystallization of SMYD3-11C complex. Compound 11C (0.4 mM solubilized in DMSO) was 

incubated with SMYD3 (7 mg/ml in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM DTT) at 

room temperature for 8 hours. The crystallization was performed using hanging drop vapor 

diffusion method with 2 µL drops with equal volumes of reservoir solution (16% PEG3350, 100 

mM Tris (pH 8.25), 100 mM Mg(OAc)2) and SMYD3 incubated with compound 11C. The 

crystals were cryocooled in liquid nitrogen after soaking in a cryoprotection solution containing 

20% PEG3350, 100 mM Tris (pH 8.25), 100 mM Mg(OAc)2, 10% DMSO and 10% glycerol. 

The data was collected at BioMAX beamline of MAX IV light source (Lund, Sweden). The 

structure was solved with molecular replacement employing PhaserMR software 41 and 5CCL as 

a search model, refinement was done with Refmac5 42, model building with Coot 38, restrains for 

11C were quantified with ACEDRG 38. Model quality was evaluated using MolProbity 43. To 

obtain a (F0-Fc) difference density map, ligand atoms and atoms SG, CB, CA of Cys186 residue 

were removed from the final model. Then, the map was calculated using Refmac5 after 10 cycles 

of refinement.44  
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Determination of 11C stability in the plasma. A 5 µL aliquot of 11C stock solution (210 µM in 

PBS buffer) was added to 100 µL of plasma from a healthy volunteer to reach the final inhibitor 

concentration of 10 µM. Samples were incubated at 37°C, under gentle agitation (300 rpm, 

Thermomixer Comfort, Eppendorf). At selected time (0, 60, 120, 180, and 360 min), plasma 

proteins were precipitated by addition of 400 µL of ice-cold acetonitrile containing propranolol 

as internal standard (IS, 625 nM). Each time point was assayed in triplicate. Samples were 

centrifuged at 13000 rcf for 10 min at 4°C, then, 350 µL of supernatant were collected and dried 

under nitrogen stream. Finally, the residue was re-suspended in 100 µL of H2O/AcCN (50/50, 

v/v) and analysed by a liquid chromatography-mass spectrometry (LC-MS) approach. LC 

analysis was carried out by an Agilent 1200 Series (Walbronn, Germany) equipped with an 

autosampler. Analyses were performed on a C18 (Eclipse XDB-C18, 3.5 µm; 2.1 x 100 mm; 

Agilent). A gradient elution was optimized with the mobile phase A [water/acetonitrile/formic 

acid (99/1/0.1) (v/v/v)] and B [acetonitrile/water/formic acid (99/1/0.1) (v/v/v)]. In particular B 

was increased from 15 to 50% in 8 min. The flow rate was set at 0.3 mL/min and the injection 

volume was 10 µL. Mass spectrometry analyses were performed on a Q-ToF spectrometer 

(Micromass, Manchester, UK) equipped with a Z-spray ion source. The ESI source temperature 

was set at 120 °C, the desolvation temperature at 280 °C, the capillary voltage at 3.0 kV, and the 

cone voltage at 35 V. Single ion monitoring (SIM) acquisitions in positive polarity were 

performed at 312 and 260 m/z for 11C and IS, respectively. The ratio between 11C and IS peak 

area was plotted against time to evaluate 11C stability in plasma. 

 

Cell based studies. HCT116, MDA-MB-231 and MDA-MB-468 cell lines were purchased from 

ATCC and cultured in Dulbecco modified Eagle’s medium supplemented with glucose, 10% 
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foetal bovine serum (#0270-106, Gibco) and 100 U/ml penicillin and 100 µg/ml streptomycin 

(#15140-122, Gibco) at 37 °C, 5% CO2. SMYD3-KO-MDA-MB-231 cells were previously 

described in Sanese et al 31.Cell lines were routinely tested for Mycoplasma contamination (#11-

7048; Minerva Biolabs) and found negative throughout the study. Trypan blue was from Sigma 

Aldrich. Cells were treated with different doses of compound 11, compound 11C, and 

EPZ031686 (Medchem Express) and analyzed at different time points. Cells treated with DMSO 

were used as a control.  

 

Quantification of cell viability was assessed by trypan blue method and cell death of the 

reported cell lines were scored by counting. Supernatants (containing dead/floating cells) were 

collected, and the remaining adherent cells were detached by Trypsin/EDTA (Sigma). Cell 

pellets were resuspended in 1X PBS and 10 μL were mixed with an equal volume of 0.01% 

trypan blue solution. Viable cells (unstained, trypan blue negative cells) and dead cells (stained, 

trypan blue positive cells) were counted with a phase-contrast microscope. The percentages of 

viable and dead cells were calculated. The data shown in the results section are representative of 

three or more independent sets of experiments.  

 

RNA isolation, cDNA preparation and qPCR analysis. Total RNA was extracted using TRI 

reagent (Sigma) according to the manufacturer’s instruction. cDNA was synthesized on the RNA 

template (1 µg) using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystem). 

qRT-PCR was performed in triplicate using 2X Xtra Master Mix (GeneSpin) on a CFX Connect 

Real-Time PCR Detection System (Bio-Rad). The qRT-PCR reactions were normalized to 
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GAPDH as housekeeping gene. Relative quantification was done using the ddCT method. 

Primers used in this study can be found in Fenizia et al37. 

 

Immunoblotting. Whole cell extracts were homogenized in the lysis buffer (50 mM Tris-HCl 

pH 7.4, 5 mM EDTA, 250 mM NaCl and 1% Triton X-100) supplemented with protease and 

phosphatase inhibitors (Roche). Twenty micrograms of protein extracts from each sample were 

denatured in the Laemmli buffer and loaded into a 7.5% SDS–polyacrylamide gel. Proteins were 

resolved electrophoretically, transferred onto a nitrocellulose membrane and probed with 

primary antibodies to ACTIN (#3700, Cell Signaling), cleaved PARP (G7341, Promega), 

phospho-ERK1/2 (Thr202/Tyr204) (#9106, Cell Signaling) or total ERK1/2 (#9102, Cell 

Signaling). Rabbit and mouse IgG conjugated with horseradish peroxidase (#NA934V and 

#NA931V, respectively; GE Healthcare) were used as secondary antibodies. Signals were 

detected using the ECL-plus chemiluminescence reagent (RPN2232, GE Healthcare).  

 

Statistical analysis. Statistical significance of the results was analyzed using Student’s t-tail test. 

Differences p<0.05 was considered statistically significant. You mentioned ANOVA and Tukey 

above.  
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