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A B S T R A C T

The targeting of epigenetic factors, particularly TET proteins (ten-eleven translocation methylcytosine dioxy
genases), has emerged as a significant focus in medicinal and biological research. Recent findings indicate that 
iron chelators possess substantial potential for inhibiting TET activity. In this study, we synthesized two 2- 
(hetero)aryl-1H-perimidines (perimidine 1 and 2) with iron(II) binding properties. The results show that these 
derivatives, particularly 2, exhibit notable inhibitory activity and selectivity for the TET1 protein, with an IC50 
value of 1.02 µM, in contrast to TET2, which has an IC50 value of 13.23 µM.

Regulation of gene expression is one of the most important regula
tory mechanisms in living systems [1]. Epigenetic regulations, such as 
DNA modifications, play a significant role in this process [2]. 5-methyl
cytosine and 5- hydroxymethylcytosine (5mC and 5hmC; called as the 
fifth and sixth base of DNA, respectively) play key roles in the regulation 
of gene expression. In gene promoters (CpG islands), 5mC supports gene 
silencing, whereas 5hmC is more associated with gene expression [3–6]. 
In living systems, the balance between 5mC and 5hmC is controlled by 
ten-eleven translocation proteins (TETs) [7,8]. TET proteins are Fe(II) 
and α-ketoglutarate-dependent dioxygenases that gradually oxidise 5mC 
to 5hmC. Therefore, dysregulation of TET protein activity can have 
serious health implications. For example, increased activity of TET1 is 
associated with the development and progression of MLL-rearranged 
leukaemia, non-small-cell lung carcinoma, and triple-negative breast 
cancer [9–11]. Additionally, several findings imply its significant role in 
the pathogenesis of autoimmune and neurodegenerative diseases [12].

Currently, inhibitors of TET proteins are being developed as poten
tial new therapeutics [13–15]. Notably, the catalytic domain of the TET1 
protein exhibits a high degree of similarity with the catalytic domain of 

other TET proteins, particularly TET2. However, there are significant 
differences in the protein regions responsible for interactions with DNA 
and with other proteins [16]. Consequently, their functionalities 
diverge, making effective targeting a considerable challenge. In this 
context, cyclic peptide inhibitors with potent selectivity for the TET1 
protein have been reported [17,18]. On the other hand, small molecule 
inhibitors may offer superior pharmacokinetic properties compared to 
peptides [19]. Consequently, there is currently an urgent need for se
lective small molecular inhibitors of TET proteins.

In medicinal chemistry, very promising results have often been re
ported for compounds containing N-composed heterocyclic motifs. 
These compounds feature a double bond between a nitrogen atom and a 
carbon atom (− C=N− ) in combination with substituents, usually alkyl 
or aryl groups [20–26]. They possess numerous intriguing properties 
such as high and selective inhibition of enzyme activity (e.g., urease, 
carbonic anhydrase, α-amylase, α-glucosidase, and prolyl oligopepti
dase), and they can act as ligands for transition metal ions.

Because of the presence of the Fe(II) ion in the active site of TET 
proteins, iron chelators are one possible type of developed inhibitors 
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[27–30]. Perimidines (tricyclic heterocycles with a mono
hydropyrimidine ring ortho- and peri-fused to a naphthalene scaffold) 
[31] and their derivatives have long been used as receptors for divalent 
metal ions [32,33]. Unfortunately, our knowledge regarding their in
teractions with Fe(II) ions is quite limited. Nevertheless, it is well rec
ognised that the structural motif of Fe(II) chelators is often characterized 
by the presence of nitrogen heteroaromatic groups [34,35]. This sug
gests that perimidines may serve as promising building blocks in the 
design of Fe(II) chelators. Additionally, perimidines represent an 
intriguing structural motif in the development of therapeutics (e.g., 
anticancer agents), [31] including enzyme inhibitors [36].

The above raises the question of whether the pyrimidine structural 
motif could also be utilised in the design of TET protein inhibitors. Its 
combination with other suitable groups to target TET proteins could lead 
to the development of potent TET inhibitors. Our previous results sug
gest that the hydroxyphenyl group is a promising candidate for targeting 
TET proteins [28,30,37]. On the other hand, nitrogen-containing het
erocycles could mimic the interaction of DNA bases with TETs [38]. In 
the present study, we therefore designed, synthesised, and studied per
imidine derivatives containing substituted 2-hydroxyphenyl or 2-pyri
dine groups as a novel class of Fe(II) chelators and potential TET1 
protein inhibitors.

1. Results

1.1. Chemistry

Perimidines 1 and 2 were prepared by the reaction of equimolar 
amounts of naphthalene-1,8-diamine with 2‑hydroxy-3-methox
ybenzaldehyde and 3-methylpyridine-2-carbaldehyde, respectively, in 
the presence of a threefold excess of sodium pyrosulfite as an oxidant at 
70 ◦C in ethanol (Scheme 1) [33]. The progress of the reactions was 
thoroughly examined by means of thin-layer chromatography using 
dichloromethane-methanol (10:1, v/v) or diethyl ether as a solvent 
system. After evaporation to dryness, the crude products were purified 
by column chromatography on silica gel (eluent: 
dichloromethane-methanol 10:1 v/v). 1H and 13C NMR spectroscopy 
was performed to confirm the structures of perimidines 1 and 2. Char
acteristic signals include singlets at δ 3.80 ppm for the methoxy group of 
1 and δ 2.64 ppm for the methyl group of 2, respectively. Signals in the 
downfield region of the spectrum at δ 10.66 and 10.61, respectively, 
were due to perimidine NH protons. The determined values of molecular 
masses of perimidines 1 and 2 (291.2 and 260.0) were consistent with 
the calculated values (291.1 and 260.1, respectively).

1.2. In silico docking of perimidines 1 and 2 to the TET1 and TET2 
models

For docking calculations, we used a structural model of the catalytic 
domain of TET1 (obtained by homology modelling using a method 
essentially identical to that published by Chua et al., 2019, starting from 
the 3D structure of TET2 (PDB id 4NM6) [39]. In silico mutations (from 

the amino acid sequence of TET2 to TET1 sequence) were introduced 
using the Coot program [40]. This step used the published sequence 
alignment given in Chua et al. [39] The resulting TET1 model contains 
the polypeptide chain and Fe(II) ion in the catalytic domain. To prepare 
the TET2 protein model, we used a high-resolution crystallographic 
structure (PDB id 5DEU) [41].

The structures of the ligands used in our study, perimidines 1 and 2, 
were drawn using ChemDraw software [29]. Our calculations showed 
that in both cases — before and after equilibration — perimidine 2 
exhibited a higher binding energy than perimidine 1. The values of 
binding energy are shown in Table 1. In this section, we will therefore 
focus only on the more promising compound – perimidine 2 (Fig. 1 and 
2).

The 2D diagram shows that Fe(II) in the catalytic site of TET1 forms 
π-anion interactions with perimidine 2, with a slightly shorter distance 
(3.4 Å) compared to perimidine 1 (3.6 Å) (Fig. 3, S1 and S2). Addi
tionally, one of key interactions is the π-sulphur interaction between CYS 
1263 and the ligand. Again, we observe a slightly shorter distance for 
this interaction in the case of perimidine 2 (5.1 Å) compared to value of 
5.5 Å for perimidine 1.

Further, we observe other non-covalent interactions. A π-Cation 
interaction occurs between the positively charged side chain of ARG 
1261 and the aromatic system of perimidine 2 (orange dashed lines). 
π-anion interactions are observed in ASP 1384 (purple lines), where the 
negatively charged carboxyl group interacts with the ligand’s aromatic 
ring. π–π stacking and T-shaped interactions (pink dashed lines) are 
observed with TYR 1532, HIS 1382, and other residues, stabilizing the 
ligand through aromatic π-π interactions. Alkyl and π-alkyl contacts 
(pink) are observed with VAL 1395, VAL 1530, PHE 1377, ALA 1379, 
and CYS 1374, contributing additional weak hydrophobic interactions. 
Finally, van der Waals interactions (green) with residues such as ASN 
1387, HIS 1386, HIS 1534, and HIS 1511 help stabilize the ligand within 
the binding site.

A comparison of the binding modes is shown in Figs. 3, S1 and S2. 
Across all four binding scenarios (TET1@1, TET2@1, TET1@2, and 
TET2@2), ligand stabilization is primarily governed by van der Waals 
forces, emphasizing the role of shape complementarity within the active 
sites. In the case of TET1, we can observe a pattern that includes π-anion 
interactions with Fe(II) ion. Fe(II) is a positively charged metal ion that 
typically forms π-cation interactions with electron-rich aromatic systems 
(such as the side chains of TYR or TRP). However, in the case of TET1, 
the interaction between Fe(II) and the ligands perimidine 2 and peri
midine 1 is classified as a π-anion interaction rather than a π-cation one 
[42]. In metalloenzymes like TET1, Fe(II) is not freely exposed but is 
coordinated within the active site by surrounding residues (such as HIS, 
ASP, or CYS). This coordination modifies the electronic environment 
around Fe(II), often making it less electrostatically positive than a free 
Fe(II) ions in solution, especially when Fe(II) is surrounded by nega
tively charged residues (e.g., ASP or GLU). A partial redistribution of 
electron density may occur, which in this context leads to behavior 
similar to that of electron-rich species [43,44].

Also the analysis of interactions of the TET1 complex with peri
midines 1 and 2 revealed considered interaction modes involving key 
residues that contribute to ligand stabilization. Notably, CYS 1263, ASP 
1384, and HIS 1382 interact with the pyrimidine region of the ligand 
through distinct non-covalent interactions, forming a stable binding 
network. CYS 1263 participates in a π-sulfur interaction, where its sulfur 

Scheme 1. Preparation of perimidines 1 and 2.

Table 1 
Computed value of binding energy between perimidines 1 and 2 and proteins 
TET1 and TET2 (after an equilibration step).

Compound Binding energy /[kcal/mol]

TET1 TET2

perimidine 1 − 8.4 − 6.589
perimidine 2 − 9.186 − 9.306
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atom interacts with the π-system of the ligand. ASP 1384 establishes 
π-anion interactions, where its negatively charged carboxylate group 
(-COO⁻) interacts with the electron-deficient π-system of the ligand. This 
interaction strengthens the ligand binding by providing additional 
electrostatic stabilization. HIS 1382 contributes through a π-cation 
interaction, where its positively charged imidazole ring interacts with 
the ligand’s electron-rich π-system. Such interactions are commonly 
observed in metal-dependent enzymes and may facilitate ligand orien
tation near Fe(II) within the active site [45–47]. We can also observe an 
aromatic type of interaction with TYR 1532. TYR 1532 contributes to 
ligand stabilization through π-π T-shaped interactions, reinforcing the 
hydrophobic and electrostatic network that governs ligand binding in 
TET1 [48].

The pyridine region of perimidine 2 bond to TET1 consistently in
teracts with a group of amino acid residues, including HIS 1416, ALA 
1379, VAL 1395, CYS 1374, and VAL 1530, which engage in alkyl and 
π-alkyl interactions, reinforcing the hydrophobic pocket that accom
modates the ligand.

The binding interactions of the perimidines 1 and 2 within the active 
site of TET2 exhibit distinct patterns compared to TET1. The key resi
dues contributing to ligand stabilization in TET2 include ARG 1262, 
ARG 1261, ASP 1384, GLU 1267 and CYS 1374, which bind to ligands 
via convential, carbon and π-donor hydrogen bonds. ARG 1262 forms a 

conventional hydrogen bond with the hydroxyl group of the methoxy- 
catechol moiety of perimidine 1, while GLU 1267 forms a carbon 
hydrogen bond with the methyl group of the methoxy-catechol moiety 
of perimidine 1. Also ARG 1262 forms π-alkyl interactions with the py
rimidine moiety of perimidine 1, while HIS 1380 interacts with the 
methyl group of the methoxy-catechol moiety of perimidine 1 via a 
π-alkyl bond. Additionally, LEU 1385 forms a π-sigma interaction with 
one of the aromatic rings of the pyrimidine moiety.

ARG 1261 and ASP 1384 form conventional hydrogen bonds with the 
pyrimidine moiety of the perimidine 2, while CYS 1374 forms a π-donor 
hydrogen bond. Additionally, ARG 1261 engages in a π-cation interac
tion with the pyridine group of perimidine 2. HIS 1382 forms π-π T- 
shaped interactions with the pyrimidine moiety of perimidine 2, while 
TYR 1533 forms π-π stacked and π-alkyl interactions with the pyridine 
moitey of perimidine derivatives 2. Additionally, VAL 1531 forms a 
π-sigma interaction with the pyrimidine ring. The presence of van der 
Waals interactions with residues like ALA 1379, THR 1372, and SER 
1284 suggests a hydrophobic environment that helps in ligand accom
modation and retention.

Binding Study of Compounds with Fe(II) ions
For used iron chelators, the presumed mechanism of inhibition is 

associated with the interaction of the Fe(II) ion at the active site of the 
enzyme. The chelation ability of the prepared compounds in aqueous 
surroundings was investigated using UV–VIS spectroscopy (Fig. S3 and 
4). Their interaction with Fe(II) ions was associated with a strong 
spectral response. For example, in the case of perimidine 2, a gradual 
decrease in absorption was observed at 282 nm, 334 nm, and 345 nm 
when the concentration of added ions increased from 0 to 0.25 equiv
alents (Figure ). Nevertheless, the addition of Fe(II) ion (from 0 to 0.2 
equivalents) also led to an increase in absorption at a new maximum (at 
373 nm). It can be suggested that perimidine 2 can form two types of 
complexes with Fe(II) ion in aqueous surroundings (1:4 and 1:5; Fe(II): 
chelator).

Both tested chelators exhibited a significant affinity for iron ions 
(Table 2). However, a significantly higher affinity was observed for 
perimidine 2, suggesting that the pyridine group, in combination with 
pyrimidine, represents a more effective structural motif for Fe(II) che
lation compared to ortho-hydroxy methoxyphenyl.

Inhibition of TET1 and TET2 protein using perimidines 1 and 2
The effects of perimidines 1 and 2inhibitors on the activity of TET1 

and TET2 were assessed using Bioscience chemiluminescence kits 
(TET1: 50651, TET2: 50652). The enzymes TET1 and TET2 were 
included as part of the mentioned kits, respectively. This approach was 
also used by Chua et al. [39] Both tested compounds demonstrated 

Fig. 1. A general view of perimidine 2 (violet) positioning of the TET1 active 
site (− 9.186 kcal/mol).

Fig. 2. Binding interactions between perimidine 2 and protein TET1. The left panel presents a 3D visualization of the molecular docking results, highlighting the 
position of the ligand within the active site of TET1. The right panel displays a 2D interaction diagram, where various types of non-covalent interactions between 
perimidine 2 and key amino acid residues of the protein are indicated using different colours and line styles.
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potent Fe(II) chelation properties, and their potential inhibitory effects 
could also stem from a significant reduction in the levels of free Fe(II) 
ions rather than direct interaction with the enzyme. A Fe(II) ion con
centration of 0.12 mM was used in the TET1 protein kit, while only 
0.004 mM was used for the TET2 protein. Given the expected IC50 value 
(micromolar), it can be concluded that the Fe(II) concentration for TET2 
protein was too low and that the tested concentrations could have led to 
a significant depletion of Fe(II) ions, thereby inhibiting enzyme activity. 
Consequently, the Fe(II) concentration was increased to 0.12 mM. 
Additionally, to improve the discrimination of the chelation effect, a 
potent Fe chelator (deferoxamine) was utilized as a control at the same 
concentration as the prepared chelators. Both perimidines 1 and 2, 
displayed comparable inhibitory effects on TET1 protein (Figure and 
Figure , Fig. S4 and S3, Table 3, S1 and S2).

However, in the case of TET2, the inhibitory effect of perimidine 1 
was significantly greater than that of 2 (Fig. 4, 5, 6). Notably, both 
chelators, particularly perimidine 2, exhibited several times higher 
inhibitory effects on TET1, with an IC50 of 1.023 µM, compared to TET2, 

which had an IC50 of 13.53 µM. The obtained IC50 values strongly sug
gest that the mechanism of inhibition by the tested chelators is not 
merely dependent on the nonselective complexation of free Fe(II) in 
medium. For example, the concentration of the tested chelators that led 
to a 50 % reduction in enzyme activity did not result in a significant 
decrease in the concentration of free Fe(II) ions. In the case of defer
oxamine, the inhibitory effects remained significant, but the obtained 
results indicated that the IC50 values were higher than 450 µM. In the 
reflex stoichiometry of the complex (1:1), [49] the decrease in the level 
of free Fe(II) is than comparable with decrease enzymes activity.

Fig. 3. Comparison of binding modes of TET1 and TET2 with perimidines 1 and 2.

Table 2 
Conditional binding constants and complex stoichiometry of chelator complexes 
with Fe(II) ion.

Chelator Log (K) Stoichiometry (metal: chelator)

perimidine 1 11.029±0.59 1:2
perimidine 2 23.81±0.51 1:4

29.023±0.78 1:5

Table 3 
Influence of chelators on the activity of TET1 and TET2 protein.

Chelators TET1 protein TET2 protein Selectivity

IC50 

/μM
Chelated Fe 
(II)a %

IC50 

/μM
Chelated Fe 
(II) %

perimidine 1 1.43 0.59 5.41 2.25 3.78
perimidine 2 1.02 0.42 13.5 5.62 13.23
Deferoxamine >450 ~100 >450 ~100 –

a The value expresses the potential reduction of free Fe(II) concentration 
through a chelation effect. The considered concentrations of perimidine 1 and 2, 
as well as deferoxamine, correspond to their IC50 values for the respective TET 
proteins. The expected complex stoichiometry is 1:2 for the prepared chelators 
and 1:1 for deferoxamine (Fe(II)). It is assumed that all chelators participate in 
the complexation.
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2. Discussion

In silico docking studies suggest that perimidine 1 could exhibit 
significantly higher affinity and inhibition activity for TET1 protein 
compared to TET2. This finding was further corroborated by experi
mentally obtained IC₅₀ values. However, in the case of perimidine 2, the 
interaction energy value suggests that this chelator may have compa
rable affinity for both TET1 and TET2 proteins. Notably, the IC₅₀ for the 
perimidine 2 with TET2 was an order of magnitude higher, which can be 
attributed to the lack of a direct correlation between IC₅₀ values and 
binding energy [50]. It is important to note that molecular docking of 
TET1 was performed on a homologous model based on the structure of 

TET2, whereas docking of TET2 was conducted on its experimentally 
determined crystal structure.

The obtained results imply that perimidines 1 and 2 can target 
critical parts in the active sites of TET1 and TET2 proteins, such as ARG 
1261. ARG 1261 participates in substrate binding via a water-mediated 
hydrogen bond between the hydrofuran oxygen (from deoxyribose 
DNA) and α-ketoglutarate (the co-factor of TET proteins) [38]. Addi
tionally, perimidines also bind Fe(II), except for the interaction of per
imidine 1 with TET2. The Fe(II) ion in the active site plays a key role in 
the oxidation of the cytosine group in 5mC.

Furthermore, a significant role in the mechanism of inhibition could 
also be played by the interaction of perimidines 1 and 2 with the iron 

Fig. 4. UV–Vis spectra of perimidine 2 in the presence of Fe(II) ions (A) and titration curve (B) for perimidine 2 (10 μM) showing the dependence of the complex 
absorbance on the Fe(II) concentration in aqueous medium (water/DMSO, 99:1, v/v).

Fig. 5. Dose-response curve of residual TET1 activity on the concentration of tested chelators (perimidines 1 and 2 and deferoxamine).
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coordination groups (HIS 1382 and ASP 1384). The HIS 1382/ASP 1382 
mutations in the TET2 protein are associated with a significant decrease 
in enzyme activity [12]. In the case of the TET1 protein, the obtained 
results imply that perimidines 1 and 2 can interact with both 1382 HIS 
and 1384 ASP. However, in the case of TET2, perimidines 1 and 2 
interact only with 1382 HIS and 1384 ASP, respectively.

In the case of non-substituted perimidine, molecular docking pre
dicts interactions with ARG 1261, the Fe(II) ion, 1382 HIS, and 1384 
ASP in the active site of both TET1 and TET2 proteins (Fig. S6). 
Nevertheless, the computed values of binding energy were approxi
mately 6.4 kcal/mol. This suggests that the perimidine core alone is 
sufficient for the inhibition of TET proteins, but with lower affinity/in
hibition activity and is probably non-selective. This also suggests that 
the difference in binding energy alone may not be enough to predict 
selectivity; the importance of targeted residues for the mechanism of 
enzyme catalysis should also be considered.

Nevertheless, it is obvious that both tested inhibitors, particularly 
perimidine 2 (with a selectivity greater than 13x), display significant 
selectivity for the TET1 protein. The majority of the tested low molec
ular weight inhibitors exhibit comparable inhibition activity against 
TET protein isoforms [27]. In this context, it is worth mentioning that 
Guan et al. prepared TETi76, a carboxylic acid derivative that exhibits 
potent selectivity (~8x) for TET1 compared to TET2 [13]. Interestingly, 
docking studies suggest a possible interaction between the Fe(II) ion in 
the active site of TET2 proteins and perimidines 1 and 2. Analysis of the 
interaction of perimidine 1 with Fe(II) ions showed the possibility of 
complex formation with 1:1 stoichiometry, but its K value is very low 
(Log K = − 0.24; Fig. S7A and Table S3). When analysing the 

stoichiometry for the binding of perimidine 2 in a 1:1 ratio, the obtained 
value was significant (Log K = 5.86; Fig. S7B and Table S3). It is 
important to note that binding constants can only be accurately calcu
lated using titration curves at specific wavelengths: 282 nm, 334 nm, 
and 345 nm. Consequently, the titration curve at 373 nm must be 
excluded from the stoichiometry calculations to prevent cycling errors. 
This implies that in the case of interaction of perimidines 1 and 2 with 
the Fe(II) ion in the enzyme’s active site occurs, but this interaction is 
not significantly stronger than others.

As expected, the inhibitory activity of deferoxamine (IC₅₀ > 450 μM) 
was observed for both TET1 and TET2. Palei et al. reported a signifi
cantly stronger effect of deferoxamine on the activity of the TET2 pro
tein (IC₅₀ = 46 μM) [51]. However, it is important to note that in this 
case, a significantly smaller amount of Fe(II) ions was used (75 μM 
(NH4)2Fe(SO4)2). This suggests that deferoxamine effect is strongly 
negatively correlated with the concentration of Fe(II) ions. It implies 
that deferoxamine most likely does not directly interact with TET pro
teins but rather decreases their activity primarily through the chelation 
of Fe(II) ions.

Currently, the potential usability of the tested inhibitors may be in 
question. One possible area for application could be the development of 
anticancer drugs. For example, the TET protein inhibitor Bobcat339, 
which has a strong effect against breast cancer cells with high metastatic 
activity, displays IC50 values of 33 and 73 μM for TET1 and TET2, 
respectively, with the same kit used in this study [39,52]. Its anticancer 
effects are more strongly associated with the inhibition of TET1 than 
that of TET2. The prepared compounds, especially perimidine 2, show 
high potential in anticancer treatment. It should also be mentioned that 

Fig. 6. Dose-response curve of residual TET2 activity on the concentration of tested chelators (perimidines 1 and 2 and deferoxamine).
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perimidine derivatives display inhibitory activity against topoisomerase 
II, another DNA-targeting enzyme [36]. On the other hand, pyrimidines 
are used as building blocks, and knowledge of their biological effects is 
necessary for the correct evaluation of their toxicity. Additionally, in 
biological research, selective inhibitors of the TET1 protein, such as 
perimidine 2, compared to TET2, could serve as promising tools for 
studying the role of TET proteins in gene expression.

The above suggests that the tested chelators, especially perimidine 2, 
represent promising structure motif for the in design of novel thera
peutic agents based on the inhibition of TET1 proteins.

3. Materials and methods

3.1. General comments

All chemicals and solvents were purchased from commercial sources 
and were used without further purification. NMR spectra were obtained 
with a Bruker Avance III 500 MHz (500 MHz for 1H and 125 MHz for 
13C) (Bruker, Germany) at 25 ◦C DMSO-d6. The chemical shifts (δ) are 
presented in ppm and the coupling constants (J) in Hz. Measured NMR 
spectra are showed on the Figure S8-S11. Mass spectra were measured 
with a 3200 Q TRAP mass spectrometer (AB Sciex, Canada) fitted with 
an electrospray ion source.

3.2. Preparation of perimidine derivatives

Perimidine 1 (2-(2-hydroxy-3-methoxyphenyl)-1H-perimidine)
Naphthalene-1,8-diamine (119 mg; 0.75 mmol), 2-hydroxy-3- 

methoxybenzaldehyde (114 mg; 0.75 mmol) and sodium pyrosulfite 
(429 mg, 2.25 mmol) were mixed in ethanol (35 mL) and heated at 70 ◦C 
overnight. After evaporation to dryness, the crude product was purified 
by column chromatography on silica gel (eluent: dichloromethane- 
methanol 10:1 v/v). Yellow solid, 195 mg (90 %). 1H NMR (DMSO-d6) 
δ 3.80 (s, 3H), 6.70 (d, J = 7.3 Hz, 2H), 6.87 (t, J = 8.1 Hz, 1H), 7.12 (m, 
3H), 7.21 (t, J = 8.0 Hz, 2H), 7.56 (dd, J = 8.2, 1.4 Hz, 1H), 10.66 (bs, 
1H). 13C NMR (DMSO‑d6) δ 55.8, 112.5, 115.2, 117.0, 117.5, 119.4, 
121.0, 128.5, 134.8, 139.2, 148.9, 152.1, 155.0. LRMS (ESI+): m/z 
calcd. for C18H14N2O2 [M + H]+ 291.1; found 291.2

Perimidine 2 (2-(6-methyl-2-pyridyl)-1H-perimidine)
Naphthalene-1,8-diamine (119 mg; 0.75 mmol), 3-methylpyridine- 

2-carbaldehyde (91 mg; 0.75 mmol) and sodium pyrosulfite (429 mg, 
2.25 mmol) were mixed in ethanol (35 mL) and heated at 70 ◦C over
night. After evaporation to dryness, crude product was purified by col
umn chromatography on silica gel (eluent: diethyl ether). Brick-red 
solid, 153 mg (79 %). 1H NMR (DMSO-d6) δ 2.64 (s, 3H), 6.70 (dd, J =
7.3, 1.0 Hz, 1H), 6.78 (dd, J = 7.4, 1.0 Hz, 1H), 7.02 (m, 1H), 7.08 (m, 
1H), 7.12 (t, J = 7.9 Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H), 7.47 (dd, J = 7.6, 
0.9 Hz, 1H), 7.88 (t, J = 7.8 Hz, 1H), 8.09 (dt, J = 7.8, 0.9 Hz, 1H), 10.61 
(bs, 1H). 13C NMR (DMSO-d6) δ 23.9, 103.4, 114.1, 117.8, 118.7, 119.7, 
125.5, 128.1, 128.5, 128.8, 135.1, 137.5, 137.9, 144.9, 148.7, 150.8, 
157.2. LRMS (ESI+): m/z calcd. for C17H13N3 [M + H]+ 260.1; found 
260.0.

3.3. Docking to TET1 and TET2 proteins

At the present time no high-resolution 3D structure of the catalytic 
domain of human TET1 has been deposited in the PDB database. Three 
entries for high-resolution structures of the iron-containing catalytic 
domain of human TET2 are available (PDB ids 4NM6, 5D9Y and 5DEU, 
L. Hu et al., 2013; L. Hu et al., 2015) [29,38,53]. To overcome this 
limitation, Chua et al. constructed a 3D structural model of human TET1 
based on the crystal structure of human TET2 (PDB ID: 4NM6), with 
computational methods described in the Supplementary Data section of 
their publication. Their approach was followed to generate model of the 
catalytic domain of TET1. Non-essential ligands, double conformations, 
solvent molecules, and water molecules were removed from the proteins 

using ChimeraX [54]. For the addition of the missing stretch of 5 amino 
acids, we used the corresponding segment in the AlphaFold model of 
TET1 (AF ID Q8NFU7) [55]. A large stretch of missing residues (ca. 480 
amino-acids) was modelled using an artificial polyGLY(8) stretch. Model 
superposition operations were performed using the ccp4MG program 
[56]. An additional step of CHARMM model equilibration protocol made 
the model slightly different from the initial TET2 structure (PDB id 
4NM6) [57]. The energy-optimized 3D model was subsequently utilized 
for docking calculations, which were carried out using AutoDock Vina 
[58]. The molecular model of TET2 was generated from the 1.8 Å res
olution crystal structure of TET2 (PDB id 5DEU) [41]. Further modelling 
was performed as for TET1. For the visualizations of models, we used 
both Coot and ChimeraX [40,54].

The search was performed within a box measuring 20 × 20 × 20 Å, 
centred at the entrance of the active site and positioned near the Fe(II) 
ion.

Molecular docking on the TET1 and TET2 models was performed 
both before and after CHARMM model equilibration [57]. Molecular 
docking simulations were carried out using AutoDock Vina [58,59]. 
ChemDraw was used to prepare chemical structure of the inhibitors for 
docking, and the structural preparation similar to that of the proteins 
was carried out according to the AutoDock Vina software manual [58].

3.4. Iron binding affinity of the prepared chelators

The interaction between chelators and Fe(II) ions was investigated 
using UV–Vis spectroscopy in an aqueous solution (water/DMSO, 99:1, 
v/v). Since the solvent significantly affects binding constants, all titra
tions were conducted under identical conditions while maintaining a 
constant DMSO to water ratio. Conditional constants (Ks) were derived 
from the absorbance changes (ΔA) of the chelators at the spectral 
maximum of their complexes with Fe(II), employing nonlinear regres
sion analysis with Letagrop Spefo 2005 software. A comprehensive 
description of the computational model was made by Selen et al. [60] 
The concentration of the chelators was fixed at 10 μM, while the con
centrations of Fe(II) varied from 0 to 0.5 mM, employing the same 
methodology as in the investigation of the interactions of organic hosts 
and metal ions in an aqueous media [33,37,61]. The solutions were 
continuously mixed in the cuvette throughout the titration process and 
after each addition of Fe(II) ion.

3.5. TET1 and TET2 inhibition assay

The procedure was adapted from the manual (Bioscience; TET1: 
50651, TET2: 50652). First, TBST buffer (1X TBS, pH 8.0, containing 
0.05 % Tween-20) was prepared. Next, 4.0X TET Assay Buffer (TAB) was 
diluted to 1.5X TAB and 1.0X TAB, ensuring uniformity with distilled 
water. The TET enzyme from the kit was thawed and diluted to 5.0 ng/ 
μL for TET1 and 10 ng/μL for TET2 using 1.0X TAB. The primary anti
body was diluted 100-fold with blocking buffer, while the secondary 
antibody was diluted 1000-fold with the same blocking buffer. The 
DMSO inhibitor solutions were diluted with 1.0X TAB to the desired 
concentration, ensuring that the solutions contained 5 % DMSO. The 
concentrations of the tested inhibitors included 0.1, 0.5, 1, 5, 10, and 50 
µM, with each concentration replicated four times. In both kits, a con
centration of 0.12 mM of Fe(II) ion was utilized. For the TET2 kit, the 
concentration was augmented by the addition of Fe(NH4)2(SO4)2. In the 
provided 96-well plate, 200 μL of TBST buffer was added to each well 
and incubated at room temperature for 15 min. After incubation, TBST 
buffer was removed, and 20 μL of 1.5X TAB, 10 μL of the inhibitor so
lution, and 20 μL of diluted TET enzyme were added to each well. For 
control wells, 10 μL of a 5 % DMSO solution and 20 μL of 1.0X TAB were 
added. The mixture was incubated at room temperature for 2 h. The 
reaction solution was then removed, and each well was washed three 
times with TBST buffer (200 μL, 200 μL, and 100 μL). Next, 100 μL of 
blocking buffer and 53 μL of the diluted primary antibody were added, 
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and the mixture was shaken gently at room temperature for 1 hour. After 
completing this step, the diluted primary antibody was removed, and the 
wells were washed three times with TBST buffer (200 μL, 200 μL, and 
100 μL). Then, 100 μL of blocking buffer was added to each well, and the 
mixture was shaken at room temperature for an additional 10 min before 
the blocking buffer was discarded. The diluted secondary antibody was 
added, and the mixture was shaken at room temperature for 30 min. 
Once this step was complete, the diluted secondary antibody was 
removed, and the wells were washed three times with TBST buffer (200 
μL, 200 μL, and 100 μL). Finally, 100 μL of blocking buffer was added to 
each well, and the mixture was shaken at room temperature for 10 min 
before the blocking buffer was removed. Substrate A for horseradish 
peroxidase (HRP) and substrate B for HRP were mixed in a 1:1 ratio, and 
100 μL of the HRP solution was added to each well. Immediately af
terwards, the chemiluminescence was read using the Spark (Tecan) plate 
reader.

4. Conclusion

Perimidines 1 and 2 (substituted by 2-hydroxyphenyl and 2-pyridyl 
groups, respectively) were synthesised and characterised using spec
troscopic techniques such as ESI-MS, 1H NMR, and 13C NMR spectros
copy. Lastly, they were studied for their ability to chelate Fe(II) ions and 
for in vitro inhibitory activity against TET1 and TET2. Both perimidines 
1 and especially 2 exhibited excellent inhibitory activity and selectivity 
for TET1. For example, perimidine 2 displayed more than ten times 
lower IC50 values for the TET1 protein compared to TET2 (1.02 vs. 13.5 
μM, respectively). Through molecular docking, we identified that peri
midines 1 and 2 block the iron coordination groups (HIS 1382 and ASP 
1384) and ARG 1261 (binding deoxyribose and α-ketoglutarate) in 
TET1/2 proteins. Results from analytical and in silico studies indicate 
that perimidines 1 and 2 can also bind to the catalytic Fe(II) ion in the 
active site. In future research, we plan to focus on optimising the 
structural properties of perimidine inhibitors to better understand their 
inhibitory mechanisms and conduct biological studies of TET protein 
inhibitors.
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Data curation. Jan Hajduch: Writing – review & editing, Supervision, 
Formal analysis. Pavel Martásek: Supervision, Methodology, Formal 
analysis, Conceptualization. Milan Jakubek: Writing – review & edit
ing, Writing – original draft, Supervision, Resources, Project adminis
tration, Funding acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment
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