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ABSTRACT 

O6-Methylguanine-DNA-methyltransferase (MGMT) is a key DNA repair enzyme involved in 

chemoresistance to DNA-alkylating anti-cancer drugs such as Temozolomide (TMZ) through 

direct repair of drug-induced O6-methylguanine residues in DNA. MGMT substrate analogues, 

such as O6-benzylguanine (BG), efficiently inactivate MGMT in vitro and in cells; however, 

these drugs failed to reach the clinic due to adverse side effects. Here, we designed hybrid 

drugs combining a BG residue covalently linked to a DNA-interacting moiety (6-chloro-2-

methoxy-9-aminoacridine). Specifically, two series of hybrids, encompassing three 

compounds each, were obtained by varying the position of the attachment point of BG (N9 of 

guanine vs. the O6-benzyl group) and the length and nature of the linker. UV/vis absorption 

and fluorescence data indicate that all six hybrids adopt an intramolecular stacked 

conformation in aqueous solutions in a wide range of temperatures. All hybrids interact with 

double-stranded DNA, as clearly evidenced by spectrophotometric titrations, without 

intercalation of the acridine ring and do not induce thermal stabilization of the duplex. All 

hybrids, as well as the reference DNA intercalator (6-chloro-2-methoxy-9-aminoacridine 8), 

irreversibly inhibit MGMT in vitro with variable efficiency, comparable to that of BG. In a 

multidrug-resistant glioblastoma cell line T98G, benzyl-linked hybrids 7a–c and the N9-linked 

hybrid 19b are moderately cytotoxic (GI50 ≥ 15 µM after 96 h), while N9-linked hybrids 19a and 

19c are strongly cytotoxic (GI50 = 1–2 µM), similarly to acridine 8 (GI50 = 0.6 µM). Among all 

compounds, hybrids 19a and 19c, similarly to BG, display synergic cytotoxic effect upon co-

treatment with subtoxic doses of TMZ, with combination index (CI) values as low as 0.2–0.3. 

In agreement with in vitro results, compound 19a inactivates cellular MGMT but, unlike BG, 

does not induce significant levels of DNA damage, either alone or in combination with TMZ, 
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as indicated by the results of γ-H2AX immunostaining experiments. Instead, and unlike BG, 

compound 19a alone induces significant apoptosis of T98G cells, which is not further 

increased in a combination with TMZ. These results indicate that molecular mechanisms 

underlying the cytotoxicity of 19a and its combination with TMZ are distinct from that of BG. 

The strongly synergic properties of this combination represent an interesting therapeutic 

opportunity in treating TMZ-resistant cancers. 
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1. INTRODUCTION 

Glioblastoma multiforme (GBM) is the most common primary brain cancer in adults worldwide. 

It is one of the deadliest cancers and is still contemplated as incurable. The survival time for 

more than 90% of patients is only 15 to 18 months, whereas only 0.47% of patients survive 

for more than 5 years. Its hallmarks are genomic instability, rapid cellular proliferation, diffuse 

infiltration and several multiresistance factors [1–3]. Its current palliative and invasive 

treatments consist in tumor removal, followed by radiotherapy in combination with the lipophilic 

prodrug temozolomide (TMZ) [1]. TMZ is able to cross the blood–brain barrier (BBB) and 

spontaneously decomposes at neutral or slightly basic pH, yielding the highly reactive methyl-

diazonium cation. This monoalkylating agent is responsible for the alkylation of several 

macromolecules, chiefly DNA [1,4]. Three major modified nucleobases include N3-

methyladenine (N3MeA) and N7-methylguanine (N7MeG), representing 70% and 9% of DNA 

alkylation damage, respectively, as well as O6-methylguanine (O6MeG) formed in a 5% yield 

[1,4]. Despite being a minor product, the latter is responsible for the major DNA damage 

response in the cell. Its similarity with adenine, in terms of lipophilicity and hydrogen bond 

donor / acceptor pattern, leads to the insertion of a thymine facing the modified nucleobase in 

the newly synthesized DNA strand during the first replication cycle. The resulting O6MeG:T 

mismatch is recognized by the DNA mismatch repair system (MMR) that removes the newly 

inserted base (i.e., dT). This base insertion / removal process is repeated in a futile cycle 

leading to the replication fork stalling and cell cycle arrest in the G2/M phase that carries the 

cell death by numerous pathways [1,5]. Regardless the mechanisms leading to cell death, 

50% of patients that receive TMZ chemotherapy show refractivity to it. It was shown that the 

major mechanism responsible for this resistance is the overexpression of the O6-

methylguanine-DNA-methyltransferase (MGMT), a suicide enzyme that reacts with O6MeG in 

DNA in an irreversible fashion by removing the methyl group and restoring the former guanine 

residue, allowing the cell to survive and replicate [1,4,6]. One of the strategies designed to 

defeat TMZ resistance relies on the use of MGMT inhibitors, or more precisely MGMT 

inactivators that represent substrate analogues that covalently and irreversibly react with the 

Cys residue of the enzyme leading to its deactivation. Among these, O6-benzylguanine (BG, 

Chart 1) and O6-(3-bromothenyl)guanine, or Lomeguatrib (LG), represent the most studied 

examples. Both compounds were shown to enhance TMZ activity in numerous in vitro 

experiments with different cell lines, but failed in the Phases I–II of clinical trials [7]. 

Since it has been shown that GBM presents a large genetic heterogeneity and many factors 

contribute to its resilient characteristics [1,3,4,8], another strategy that could be employed is 

the design of small molecules that could play a multitarget effect, aiming to circumvent the 

tumor resistance [3]. In other types of cancer a similar concept, relying on the use of so-called 
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hybrid molecules, has been employed at least in the early stages of drug discovery [9,10]. By 

definition, hybrid drugs contain two different pharmacophore units that can amplify or modulate 

each other’s activity, displaying a dual activity inside a cell. With regard to MGMT inhibitors, 

the BG moiety was exploited in the design of a hybrid drug MR30 by linking to a quinazoline 

derivative targeting the epidermal growth factor receptor (EGFR) in A549 cell lines [11]. In 

parallel, BG has been linked to DNA-alkylating nitrosourea derivatives; the resulting hybrid 

drugs showed markedly increased cytotoxicity with regard to clinically used nitrosoureas or 

their combinations with BG in several human glioma cells lines such as SF126, SF763 or 

SF767 [12,13]. Finally, BG scaffold has also been attached to the caged methyltriazene in 

prodrugs that release both DNA-methylating agents and BG upon hydrolysis. These prodrugs 

were more active than TMZ in a large panel of cancerous cell lines, demonstrating the power 

of the hybrid drug approach [14].  

 

Chart 1. Structures of O6-benzylguanine (BG), Lomeguatrib (LG), quinacrine (QC), and two 

types of BG–acridine hybrids (Bn-hybrids and N9-hybrids) studied in this work. L = linker. 

 

DNA-binding compounds, in particular those that intercalate into DNA, represent an old and 

well-established class of anti-cancer agents [15–17]. In addition to their well-established, 
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DNA-related anti-cancer activities stemming from the inhibition of DNA/RNA polymerases and 

topoisomerases [17–20], 9-aminoacridine derivatives, such as quinacrine (QC, Chart 1), 

recently regained increased interest due to their low genotoxicity and “curaxin” activity [21], 

that is, tumor-specific cytotoxicity stemming from the activation of expression of the tumor 

suppressor protein p53, namely through inhibition of NF-κB via chromatin trapping of the FACT 

(facilitates chromatin transcription) complex [18,22–26]. Moreover, the acridine fragment has 

been extensively exploited in the design of hybrid drugs targeting malaria [27] and DNA repair 

inhibitors targeting apurinic/apyrimidinic (AP) sites in the DNA [28–30], as well as trinucleotide 

(CUG)n or tetranucleotide (CCUG)n RNA repeats in Myotonic Dystrophy Type 1 (DM1) or Type 

2 (DM2), respectively [31,32]. Additionally, the strong fluorescence properties of acridine 

derivatives enable their visualization in cells by fluorescence microscopy, allowing the 

evaluation of cellular uptake, sub-cellular distribution and metabolism of the drugs. 

On these premises, we designed two series of BG–acridine hybrids connected through a linker 

(L) attached either at the benzyl ring (Bn-hybrids) or at N9 position of BG (N9-hybrids), 

respectively (Chart 1). In this work we present the synthesis of these drugs, evaluation of their 

DNA-binding properties and inhibition of MGMT activity in vitro and in cells, as well as 

evaluation of cytotoxic properties of these compounds alone and in combination with TMZ in 

a multidrug-resistant glioma cell line (T98G) [33–36]. 

 

2. RESULTS 

2.1. Chemistry 

The structural details of MGMT in the complex with inhibitors [6], as well as the data on in vitro 

inhibitory activity of BG derivatives [37–40] and in silico docking experiments [41] suggest that, 

within the BG scaffold, positions 3 and 4 of the benzyl ring, as well as N9 of the guanine have 

minimal impact on the binding and reaction with the enzyme. These positions were exploited 

to design two series of hybrid molecules presented on Chart 1. Notably, these two types of 

hybrids are expected to produce different outcomes upon reacting with MGMT: in the case of 

Bn-hybrids, a reaction with MGMT would lead to a transfer of the acridine residue to the 

enzyme through a process reminiscent of SNAP-Tag labelling [42], resulting in a deactivated 

enzyme endowed with a DNA-intercalating tag. In the case of N9-hybrids, the enzymatic 

reaction should result in benzylation of MGMT, leaving a debenzylated acridine–guanine 

conjugate as a potential DNA-binding drug. 

Synthesis of Bn-hybrids: In the design of this series, the linker was introduced through an 

amide function at position 3 of the benzyl ring of BG. Indeed, it was reported that 3-
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aminomethyl-BG 5 (Scheme 1) is a much more potent MGMT inhibitor than BG due to the 

formation of additional hydrogen bonds with the enzyme [38]. The synthesis of Bn-hybrids was 

performed by formation of the amide bond linking 3-aminomethyl-BG and carboxy derivatives 

of acridine as the final step (Scheme 1).  

 

Scheme 1. Synthesis of Bn-hybrids 7a–c and the reference compound 8. Reagents and 

conditions: i) BH3•THF, THF, 0 °C to room temp., 24 h, 98%; ii) CF3CO2Et, NEt3, MeOH, 0 °C 

to room temp., 2 h, 67%; iii) t-BuOK, DMF, room temp., 5 h, 48%; iv) K2CO3, MeOH/H2O, 

reflux, 4 h, 51%; v) a) t-BuOK, pyridine, room temp., 48 h, b) H2O, reflux, 2 h, 77% in one pot; 

vi) a) PhOH, 70 °C, 1 h; b) H2N-L-COOH, 110 °C, 3 h, 89%, 98% and 94% for 6a, 6b and 6c 

respectively; vii) 5, HBTU/HOBt, DIPEA, DMF, 0 °C to room temp., 24 h, 34%, 62%, 65% for 

7a, 7b and 7c respectively; viii) a) PhOH, 70 °C, 1 h; b) (NH4)2CO3, 110 °C, 3 h, 81%. 

 

3-Aminomethyl-BG 5 was obtained using a previously reported strategy [38,43]. Thus, the 

reduction of 3-cyanobenzoic acid with THF-BH3 gave in an excellent yield the amino alcohol 

1, which was immediately protected as a trifluoroacetamide 2 in a good yield. This derivative 

was made to react with the activated guanine 3 in basic conditions (t-BuOK, DMF) to yield the 

benzylated compound 4 in a moderate yield (48%), comparable to that described the literature 

[13,38]. Basic hydrolysis of 4 allowed to obtain compound 5 in a moderate yield (51%). In 

order to improve the yield of this compound, a one-pot synthesis was attempted, where a 

reaction of 2 with the activated guanine 3 in pyridine (48 h, room temperature) was followed 

by addition of water and heating to reflux for 2 h. This way, compound 5 was obtained in a 

77% yield, representing a significant improvement over the previously published procedures.  
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The acridine-derived carboxylic acids 6a–c were obtained in excellent yields through 

activation of 9,6-dichloro-2-methoxyacridine by heating in phenol, followed by the addition of 

the commercially available ω-aminoacids [44–46]. Coupling of the acid 6a with the amine 5 

using EDCI/HOBt (72 h) allowed to obtain the product 7a in low yield (19%); an improved yield 

of this product (34%) was obtained using HBTU/HOBt reagent pair (24 h). These conditions 

were also employed for the synthesis of hybrids 7b and 7c, obtained in good yields (62% and 

65%, respectively). Finally, 9-amino-6-chloro-2-methoxyacridine 8 was prepared as a 

reference compound through ammonolysis of 9,6-dichloro-2-methoxyacridine (Scheme 1). 

 

Synthesis of N9-hybrids: Initially, N9-alkylation of 6-chloroguanine with 4-(N-Boc-amino)butyl 

bromide 9 in basic conditions was performed (Scheme 2). After deprotection of the terminal 

amino group in compound 10 in acidic conditions (HCl / dioxane), a reaction with the activated 

acridine derivative 11 was performed in typical condition (PhOH, 110 °C), aiming to obtain 

compound 12. However, products 13 and 14 were obtained instead (in 24% and 16% yields, 

respectively), presumably due the nucleophilic substitution of the chlorine atoms by phenol 

and residual water respectively. Therefore, another strategy was also chosen were BG was 

alkylated at N9 position with the building block 9 to yield the product 15 in a moderate yield 

(46%). A deprotection in acidic conditions followed by a reaction with acridine 11 was 

performed aiming to obtain compound 19a; unfortunately, the concomitant debenzylation led 

to compound 16 once again in a moderate yield. Since the benzyl substituent at the O6 position 

of guanine appeared to be acid-sensitive [47], a third route was explored. Thus, BG was 

alkylated with the commercially available ω-(bromoalkyl)phthalimides 16a–b or with the iodo 

derivative 16c [48] in basic conditions, to give the intermediates 17a–c in good yields. After 

the removal of the phthalimide group by hydrazinolysis, the free primary amines 18a–c were 

obtained in excellent yields (above 80%) [12]. Finally, a nucleophilic substitution reaction with 

extemporarily prepared phenoxyacridine 11 (pyridine, reflux) yielded the desired hybrids 19a–

c in moderate yields [31,32].  
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Scheme 2. Synthesis of N9-hybrids 19a–c. Reagents and conditions: i) Cs2CO3, DMF, room 

temp., 24 h, 40%; ii) HCl, dioxane, 0 °C to room temp., 4 h; iii) 11, PhOH, 110 °C, 6 h and then 

18 h, room temp; iv) 9, Cs2CO3, DMF, room temp., 24 h, 46%; v) HCl, dioxane, 0 °C to room 

temp., 4 h; vi) 11, PhOH, 110 °C, 4 h and then 20 h, room temp, 50%; vii) Cs2CO3, DMF, room 

temp., 24 h (17a) or 0 °C, 8 h and then 16 h, room temp (17b, 17c), 68–94%; viii) N2H4·H2O, 

EtOH, 65 °C, 1-2.5 h 82–94%; ix) 11, pyridine, reflux, 24 h, 20–59%. 

 

2.2. Self-stacking of BG–acridine hybrids and interaction with ds DNA 

Photophysical properties of the hybrids: Conjugates of 9-aminoacridine with nucleic acid 

bases are known to adopt predominantly an intramolecular self-stacked (folded) conformation 

in aqueous solutions, which is characterized by hypochromism of the acridine chromophore 

[49,50]. To evaluate the intrinsic conformation of acridine–BG hybrids, we studied their 

photophysical properties in several solvents in comparison with reference compounds, 

acridine 8 and BG (Figure 1 and Figure S1). In diluted (c = 10 µM) aqueous solutions, both 

the long-wavelength (350–475 nm) and short-wavelength (250–300 nm) absorption bands of 

the hybrids were red-shifted (by 3–20 nm) and significantly weaker comparing with those of 

acridine 8, giving evidence of intramolecular stacking (Figure 1). The values of hypochromism 

(H, %), i.e., the ratio of the oscillator strength of the hybrids to the sum of those of reference 

compounds 8 and BG (Table 1), provide a semi-quantitative measure of this effect [49,50]. In 



9 
 

aqueous solutions, Bn-hybrids 7b and 7c were most prone to self-stacking (H = 60 and 77%, 

respectively), in contrast to their short-linker analogue 7a (H = 27%). This is in contrast to what 

was observed in the series of acridine–nucleobase conjugates, where short (e.g., C3) linkers 

were shown to promote the highest degree of intramolecular stacking, and can be explained 

by a model where the attachment of the linker through the benzyl residue leads to the stacking 

of the latter with the acridine ring instead of the guanine moiety, as suggested by molecular 

modelling (Figure S2). In the series of N9-hybrids, the short-linker derivative 19a expectedly 

showed the highest degree of self-staking (H = 48%); of note, the analysis of compound 19b 

was approximative due to its poor aqueous solubility. To evaluate the efficiency of the 

intramolecular stacking, we recorded absorption spectra of the hybrids in aqueous solutions 

at varied temperatures (20 to 75 °C). No significant changes were observed in this temperature 

range (Figure S3), indicating the high stability of the folded conformation [49]. However, self-

staking was significantly reduced in organic solvents (MeOH, MeCN, THF), except for 

compound 7c that showed high hypochromism even in these conditions (Table 1). 
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Figure 1. Absorption spectra of A) Bn-hybrids and B) N9-hybrids, BG and acridine 8 in water 

(c = 10 µM). Compound 19b was not fully soluble in these conditions. 
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Table 1. Photophysical properties of compounds. 

Compound Hypochromism (H, %)a Fluorescence quantum yield (Φ)b 

 THF MeCN MeOH H2O THF MeCN MeOH H2O 

8     0.22 
 

0.22 
 

0.42 
 

0.36 
 

7a 31 15 8 27 0.12 
(0.55) 

0.06 
(0.27) 

0.07 
(0.17) 

0.08 
(0.22) 

7b 38 50 49 60 0.06 
(0.27) 

0.05 
(0.23) 

0.06 
(0.14) 

0.01 
(0.03) 

7c 67 63 61 77 0.06 
(0.27) 

0.04 
(0.18) 

0.06 
(0.14) 

0.01 
(0.03) 

19a 44 34 36 48 0.09 
(0.41) 

0.07 
(0.32) 

0.06 
(0.14) 

0.01 
(0.03) 

19b 5 6 0 13 0.08 
(0.36) 

0.09 
(0.41) 

0.05 
(0.12) 

0.05 
(0.14) 

19c 0 12 6 36 0.09 
(0.41) 

0.09 
(0.41) 

0.06 
(0.14) 

< 0.01 
(< 0.03) 

a Calculated from absorption spectra, recorded at c = 10 µM (Figure 1 and Figure S1). b From 

fluorescence spectra recorded at c = 1 µM; quantum yield reference: Coumarin 153 (Φ = 0.38) 

[51]. The values in parentheses are the ratios of the quantum yield of the compound to that of 

acridine 8 in the same solvent. 

 

Fluorescence spectra of compounds (Figure S4) further confirmed the intramolecular stacking 

in aqueous solutions, since the fluorescence of hybrids was strongly quenched (from 4.6-fold 

for 7a up to > 700-fold in the case of 19c), comparing with acridine 8 (Table 1). In organic 

solvents, the quenching effect of the BG moiety was much less pronounced. Altogether, these 

results confirm that self-stacking properties of acridine–BG hybrids can be modulated by the 

attachment mode of the two moieties (Bn vs. N9 attachment) and the length of the linker, with 

Bn-hybrids 7b and 7c showing most the stable folded conformation. 

 

Interaction with DNA: The folded conformation could influence the DNA-binding properties 

of the hybrids, since the binding to a non-damaged, fully matched DNA duplex would require 

the opening of the folded form to allow the intercalation of the acridine ring. The DNA-binding 

properties of the compounds were initially studied by spectrophotometric titrations with calf 

thymus DNA (CT DNA, Figure S5) [52]. In the case of all hybrids, addition of CT DNA led to a 

further decrease of the intensity of the long-wavelength absorption bands without concomitant 

red shift; the latter was observed only in the case of acridine 8 behaving as a typical 
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intercalator (Figure S5, D). The values of dissociation constants (Kd, Table 2), determined by 

non-linear fitting of binding isotherms (Figure 2), indicate that the DNA affinity of the hybrids 

(Kd = 13 to 23 µM) was not dramatically different with respect to acridine 8 (Kd = 16.1 µM). 

These results indicate that, independently on the attachment mode and the length of the linker 

connecting the two moieties, all hybrids interact with double-stranded DNA. 
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Figure 2. Titration isotherms for spectrophotometric titrations of CT DNA to solutions of 

compounds (c = 20 µM in 10 mM LiAsO2Me2, 100 mM KCl buffer, pH 7.2). Data are means ± 

s.d. from at least three independent experiments. Lines represent the fitting of experimental 

data to the one-site binding model, with Kd values given in Table 2. 

 

Table 2. DNA-binding properties of compounds, obtained from spectrophotometric titrations 

and thermal denaturation experiments with calf thymus (CT) DNA. 

Compound Kd / µM a ∆Tm / °C b 

7a 16.2 ± 6.3  1.5 ± 1.1 

7b 23.4 ± 8.8 –0.7 ± 0.7 

7c 14.3 ± 6.1  0.2 ± 0.5 

8 16.1 ± 8.7  8.5 ± 0.6 

19a 19.1 ± 2.9  0.6 ± 1.0 

19b ND  0.7 ± 0.6 

19c 13.4 ± 5.4 –1.4 ± 1.2 
a Binding constants, obtained from spectrophotometric titrations presented in Figure 2. Data 

are means ± s.d. from three replicates. b Ligand-induced shift of melting temperature of CT 

DNA; conditions: c(CT DNA) = 12.5 µM, c(cpd) = 6.25 µM in 10 mM KAsO2Me2, pH 7.2. 



12 
 

The interaction of the drugs with CT DNA was also studied through thermal denaturation 

experiments, which provide a measure of ligand-induced stabilization of the DNA duplex 

through a shift of a melting temperature (∆Tm). The results (Table 2) indicate that acridine 8 

strongly stabilized CT DNA (∆Tm = 8.5 °C); in contrast, none of hybrids induced significant 

effect on the thermal stability of CT DNA. In order to explore the discrepancy between the 

results of spectrophotometric titration that clearly give evidence of interaction of hybrids with 

DNA and the absence of thermal stabilization effects, we performed ethidium bromide (EB) 

displacement assay (Figure S6). While acridine 8 efficiently displaced bound EB, as 

demonstrated by the concentration-dependent decrease of fluorescence intensity with a DC50 

value (corresponding to the displacement of 50% of bound EB) of ~ 8 µM, none of hybrids was 

able to displace EB, giving evidence of the absence of intercalative binding to DNA. 

Furthermore, induced circular dichroism (CD) spectra of DNA–ligand complexes supported 

the differences in the binding modes. While compound 8 displayed a positive induced CD 

band in the region corresponding to the long-wavelength transition band of acridine (360–

460 nm), characteristic for DNA intercalators and similar to what has been reported for 9-

aminoacridine [53], hybrid 19a did not show induced CD signal in the same region (Figure S7). 

 

2.3. In vitro MGMT inhibition 

In order to study the efficiency of compounds to inhibit MGMT activity, an in vitro coupled 

enzymatic assay was performed [54–56]. In this gel electrophoresis-based assay, the activity 

of MGMT is monitored through the cleavage of a fluorescently labeled 26-bp DNA 

oligonucleotide by restriction endonuclease (Bsp119I), that can occur only after demethylation 

of the O6MeG residue within the restriction site (5′-TT^C(O6MeG)AA-3′ / 5′-TT^CGAA-3′) by 

MGMT (Figure 3, A and Figure S8). A first comparative analysis was performed using the drug 

concentration of 12.5 µM and a reaction time of 5 min. A control assay was performed to verify 

the effect of the compounds on the activity of the Bsp119I endonuclease in the conditions of 

the coupled assay (Figure S8); none of the compounds was found to inhibit this enzyme to a 

significant extent (> 4%), confirming that, in the conditions of the coupled assay, the observed 

effect was exclusively due to MGMT inhibition. 

In the coupled assay, reference inhibitors BG and LG inhibited MGMT activity by 25% and 

94%, respectively (black bars in Figures 3, B). In the series of Bn-hybrids, the inhibitory activity 

of compounds 7a and 7b was comparable to that of BG (around 21% of inhibition), whereas 

compound 7c proved to be significantly more potent (47% inhibition). In the series of N9-

hybrids, compounds 19a and 19b showed the inhibitory efficiency similar to that of BG (18% 

and 23% inhibition, respectively), while compound 19c proved to be the least efficient with 
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only 5% inhibition. Among other compounds, 3-aminomethyl-BG 5 inhibited the enzyme by 

43%, in agreement with its previously documented higher activity than BG [38], whereas N9-

substituted BG derivatives 17a and 18a inhibited the enzyme by 22% and 37%, respectively. 

Unexpectedly, acridine 8 revealed to be a strong MGMT inhibitor, inhibiting 48% of enzymatic 

activity. Likewise, acridine hybrids 13 and 14, lacking the benzyl moiety and thus unable to 

react with MGMT via a benzyl transfer, also inhibited the enzymatic activity by 15% and 16%, 

respectively (Figure 3, B and Figure S8). Consequently, for the hybrid derivatives it is difficult 

to determine which part of the molecules (BG, acridine, and/or both) contribute to their MGMT 

inhibitory effect. 

 

Figure 3. In vitro inhibition of MGMT activity. A) Principle of the coupled enzymatic assay. B) 

Comparison of MGMT inhibition observed in coupled assay performed in standard conditions 

(black bars), in the presence of calf thymus DNA (40 µM base pairs, green bars), and upon 

30-min preincubation of compounds with the enzyme (blue bars). In all cases, c(inhibitor) = 

12.5 µM, c(substrate) = 200 nM, c(MGMT) = 800 nM, c(Bsp119I) = 0.2 U mL−1. Data are 

means ± s.d. from at least three experimental replicates. 

 

In order to prove irreversible inhibition of MGMT by the hybrids, another assay was performed 

by preincubating the enzyme and the drugs for 30 min prior to addition of the substrate (blue 
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bars in Figure 3, B). As expected, pre-incubation increased the inhibitory efficiency of BG from 

25 to 88%, giving evidence of irreversible inhibition. In the case of acridine 8 pre-incubation 

also increased the inhibitory effect (from 48 to 85%), also suggesting an irreversible inhibition; 

this may be due to a reaction of acridine with the enzyme, or a non-specific inhibition 

mechanism [57]. The same effect, i.e., an increase of inhibitory activity up to ~80%, was 

observed for all hybrids except 7a and 7b, whose activity reached only ~50% inhibition in this 

setting. The lower activity of both derivatives in fact agrees with their stronger intrinsic self-

stacking properties (as evidenced by higher hypochromism values, cf. Table 1) that render 

both parts of the molecule less available for interaction with the enzyme. Conversely, in the 

case of 7c and 19a–b, it is difficult to attribute the increase of inhibition activity observed upon 

pre-incubation with the enzyme to irreversible inhibition by BG or acridine moieties of the 

hybrid. 

Finally, to evaluate the effect of DNA binding on the inhibitory activity of the hybrids, we 

assayed the activities in the presence of 40 µM (base pairs) CT DNA, i.e., non-substrate DNA 

(green bars in Figure 3, B). In the case of BG, the inhibitory activity was slightly increased in 

the presence of CT DNA (from 25 to 31%), in agreement with previous reports [58], whereas 

for acridine 8 it was reduced from 47% to 20%, a fact that can be explained by partial 

sequestration of the compound by DNA. In the case of the hybrid drugs, the inhibitory activity 

of compound 19c was increased from 5 to 21%, following the trend of BG. For the other drugs, 

the level of inhibitory activity was either maintained (7a, 14 and 19b) or reduced (7b, 7c, 13 

and 19a) in the presence of CT DNA; again, the reduction of inhibitory activity can be 

interpreted as partial sequestration of the inhibitor by non-substrate DNA. The fact that MGMT 

inhibitory activity is mostly maintained in the presence of CT DNA indicates that these 

compounds may be potent in cellular conditions.  

 

2.4. Antiproliferative properties 

Intrinsic cytotoxicity: The cytotoxicity of six BG–acridine conjugates 7a–c and 19a–c, as 

well as the derivatives 13 and 14 and three reference compounds (BG, 5, and acridine 8) was 

assessed in a multidrug-resistant glioblastoma cell line T98G [33–35] using CellTiter-Glo® 

assay, that provides a measure of viability of the cells through the ATP-dependent luminescent 

signal [59]. Cells were treated with the compounds for 96 h and GI50 values, i.e., concentration 

of the compound leading to 50% inhibition of viability with respect to compound vehicle (0.5% 

v/v DMSO) were determined (Table 3; dose-response curves: Figure S9). As was expected 

for an MGMT-expressing cell line, TMZ was poorly active (GI50 ≈ 375 µM), in agreement with 

literature reports [4,35,36]. 
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Table 3. Cytotoxicity of the synthesized compounds in T98G cells upon 96-h incubation. 

Compound GI50 (µM)a 

reference compounds 

TMZ ≈ 375 

 acridine 8 0.6 ± 0.1 

BG and derivatives  

BG 91.8 ± 8.1  

5 > 25 

17a > 25 

18a > 25 

Bn-hybrids 

7a 15.6 ± 104 

 7b ≈ 25 

 7c 19.4 ± 1.3 

N9-hybrids  

 19a 1.1 ± 0.1  

 19b 14.5 ± 0.2 

 19c 2.1 ± 0.3 

Other hybrids 

13 0.8 ± 0.1 

14 > 25 
a Values are means ± s.d. from at least three biological replicates. The studied range of 

concentrations was 0 to 750 µM for TMZ, 0 to 600 µM for BG, and 0 to 50 µM for other drugs 

due to solubility limitations. 

 

The data presented in Table 3 give a first idea on the structure–properties relationships in BG–

acridine conjugates. First of all, BG showed a relatively low cytotoxicity (GI50 = 91.8 µM), in 

agreement with the published results obtained in different cancerous cell lines (e.g., GI50 > 

100 µM at 24 h in HT-29 cells) [12,13,40,60]. Likewise, BG derivatives substituted in the benzyl 

ring (5) or at the N9 atom, but devoid of the acridine fragment (17a and 18a) showed low 

cytotoxicity (viability ≥ 70% at a concentration 25 µM). Instead, acridine 8 showed the highest 

activity of all evaluated compounds with a GI50 = 0.6 µM. This high cytotoxicity is in line with 

the antiproliferative activity of this compound observed in an NCI60 screen (average GI50 ≈ 1 

µM in a panel of 60 cancer cell lines upon 48-h treatment).1 

                                                
1 Accessed at https://dtp.cancer.gov/public_compare/ on 18/06/2021; compound identifier: NSC15300. 

https://dtp.cancer.gov/public_compare/
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The cytotoxicity of all hybrids was found in the range between those of BG and acridine 8. 

Thus, Bn-hybrids 7a–c systematically demonstrated moderate cytotoxicity (15 µM < GI50 < 25 

µM). Among N9-hybrids, compound 19b was also moderately cytotoxic (GI50 = 14.5 µM), while 

the analogues 19a and 19c showed high cytotoxicity (GI50 = 1.1 and 2.1 µM, respectively), 

approaching the value obtained for the acridine 8. Finally, in the case of miscellaneous 

hybrids, the O6-phenylguanine conjugate 13 was found to have high cytotoxic activity (GI50 = 

0.8 µM), in the same range as its O6-benzyl analogue 19a, whereas the guanine conjugate 14 

had no cytotoxic effects at concentrations lower than 25 µM. Considering the ensemble of the 

data obtained with these compounds, we can conclude that: (i) the cytotoxicity of BG 

derivatives is increased by conjugation of a 6-chloro-2-methoxyacridine moiety in hybrid 

compounds; (ii) as a general rule, N9-hybrids are more cytotoxic than Bn-hybrids; and (iii) in 

the series of N9-linked guanine–acridine hybrids, the nature of the substituent R in position 6 

of the guanine moiety plays an important role in the molecule’s cytotoxicity (13 (R = Ph) > 19a 

(R = Bn) > 14 (R = void)). 

Cytotoxic effects of drugs in combination with TMZ: As a next step, the cytotoxic effects 

of the drugs were evaluated upon co-treatment with TMZ, aiming to determine the mutual 

effects of these combinations (additive, synergic or antagonistic). In these experiments, 

compounds were tested at single concentrations, representing either their GI50 values (Table 

3) or 25 µM for compounds whose GI50 was higher than this value (BG and compounds 5, 17a 

and 18a). TMZ was co-administrated at three concentrations (94, 188 and 375 µM), that 

correspond to 100%, 63%, and 50% viability at mono-treatment, respectively (cf. Figure S9). 

In drug combination experiments, compounds were added to cell cultures 2 h prior to addition 

of TMZ, following by incubation for 94 h in the presence of both drugs, which is a typical 

procedure for the assessment of MGMT inhibitors [11–13,38,56,60,61]. Bliss Independence 

model was used to analyze the combination effects of the drugs. This model assumes that the 

compounds acts independently, none of them interfering with the other drug’s action but both 

contributing to the same outcome [62–64]. For the analysis in terms of this model, the 

experimental viability of cells treated by a combination of two drugs A and B (Vexp,AB) is 

compared with the theoretical viability of the combination calculated from the individual viability 

values obtained for the corresponding compounds (Vtheo,AB
 = VA × VB). The effect of a drug 

combination is interpreted as additive if the theoretical and experimental values match (Vexp ≈ 

Vtheo), synergic if Vexp < Vtheo, and antagonistic if Vexp > Vtheo [62,63]. 

The results of combination experiments are presented in Figure 4 (for 94 µM TMZ) and Figure 

S10 (for 188 and 375 µM TMZ) and summarized in Table 4. BG was found to induce a clear 

synergic effect with TMZ used at a concentration of 94 µM, in agreement with what was 

observed in T98G and other MGMT-proficient cell lines [11,35,61]. BG derivatives 5, 17a and 
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18a also demonstrated synergy with TMZ in these conditions (p < 0.0001); these observations 

are in line with the previously documented ability of compound 5 to potentiate the activity of 

BCNU in the HT29 cell line [38]. Unexpectedly, acridine 8 also demonstrated strong synergy  

with subtoxic concentrations of TMZ. In case of the hybrids, none of the Bn-attached 

compounds were synergic, whereas among the N9-hybrids, compounds 19a and 19c were 

synergic and compound 19b probably as antagonist (cf. Figure 4 footnote). In the case of 

higher TMZ concentrations (188 or 375 µM), none of the BG derivatives devoid of the acridine 

moiety proved be synergic. At 188 µM TMZ, compounds 7a and 7b even showed an 

antagonist effect, while an additive effect was observed for all other compounds. Finally, at 

375 µM TMZ, only compound 19a and 19c exhibited a synergic effect (Figure S10, Table 4). 
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Figure 4. Bliss analysis of combinations of drugs (at their GI50 values, or 25 µM if GI50 ≥ 25 

µM) with TMZ (94 µM) in T98G cells. Black bars represent Vtheo,AB and its theoretical S.D. (see 

SI); white bars represent the experimental viability Vexp,AB and its standard deviation from at 

least three biological replicates consisting of two technical replicates each. S and ANT stands 

for synergy or antagonism, respectively. One-way ANOVA with Sidak post-test comparison 

statistical analysis was performed; **** denote p values below 0.0001. # V > 150% was 

determined using CellTiter-Glo® kit; however, a cell counting experiment for this condition 

revealed a viability of ≥ 85%, indicating an interference with the CellTiter-Glo® kit. Therefore 

this result was not taken into account.  
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Table 4. Summary of combination effects of drugs with TMZ upon 96-h treatment in T98G 

cells.a 

Compound 
TMZ concentration (µM) 

94 188 375 

reference compounds 

 acridine 8 S (****) A ANT (***) 

BG and derivatives  

BG S (****) A A 

5 S (****) A A 

17a S (****) A ANT (**) 

18a S (****) A A 

Bn-hybrids 

7a A ANT (***) A 

 7b A ANT (****) ANT (****) 

 7c A A ANT (*) 

N9-hybrids 

 19a S (****) A S (*) 

 19b ANT (****) ANT (**) ANT (**) 

 19c S (****) A S (*) 

Other hybrids 

13 A A A 

14 N/Db A A 
a S, synergy, A, additive effect, ANT, antagonism; the asterisks indicate the p-level (*, **, *** 

and **** stand for p values ≤ 0.05, 0.01, 0.001 and 0.0001 respectively). b see # in Figure 4. 

 

After screening the full panel of drugs, compounds 19a and 19c were studied in further detail 

along with BG control in a range of subtoxic doses (from ⅛ GI50 to GI50) for both the drugs and 

TMZ (Figure S11). The viability data were analyzed by employing the Chou–Talalay method 

as implemented in the software CompuSyn [65,66]. In this method, the effect of the drug 

combination is represented by the value of Combination Index (CI), with CI > 1 being indicative 

of antagonist effect, CI < 1 of a synergic effect, and CI ≈ 1 of an additive effect, respectively. 

The results are represented as CI values as a function of the drug concentration, grouped by 

the employed TMZ concentrations (Figure 5). 
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Figure 5. Combination Index (CI) values for combinations of drugs BG, 19a and 19c with TMZ 

in the range of concentrations from ⅛ GI50 to GI50 for each drug (GI50 = 92 µM for BG, 1.1 µM 

for 19a and 2.1 µM for 19c). #: these combinations were not analyzed due to an artifact similar 

to that observed in Figure 4, where the viability determined using CellTiter-Glo® kit was > 100% 

whereas viability by cell counting was ≈ 30%. Each CI value results from three biological 

replicates. 

 

As a general trend, it can be observed that, for each TMZ concentration, CI values decrease 

and the synergy increases at low concentration of both drugs, reaching CI values as low as 

0.2–0.3 at 47 µM TMZ and subtoxic (⅛ GI50) concentration of the drugs. The comparison of 

CI values in Figure 5 shows that both hybrids are at least as efficient as BG in exerting synergy 

with TMZ in T98G cells, albeit at 40- to 80-fold lower concentration.  

 

2.5. Microscopy studies 

Due to fluorescent properties of the acridine moiety, the cellular localization of hybrids can be 

assessed by fluorescence microscopy. Towards this end, live-cell images of T98G cells were 

acquired after 96 h of incubation with compound 19a. The green fluorescence of 19a was 

observed in the cytosolic region (Figure 6, B) but not in the nucleus, as can be seen by DRAQ5 
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nuclear staining (Figure 6, A). It is also worth noting that the distribution of 19a in the cytosol 

was not homogeneous; instead, the compound localized in the perinuclear region, as could 

be observed by the inspection of Z-stacked series of images (Figure S12). 

 

 

Figure 6. Representative in-plane confocal images of live T98G cells after 96 h of incubation 

in the presence of compound 19a (1.1 µM). A) Fluorescence of DRAQ5 (642 / 700 nm 

channel); B) fluorescence of compound 19a (488 / 525 nm channel); C) merged image. 

 

2.6. Inactivation of cellular MGMT 

In order to verify that treatment with the hybrid 19a inactivates MGMT in live cells, we analyzed 

the residual activity of MGMT from cell extracts of T98G cells, following the treatment with 

compound 19a or BG as a positive control (2 µM, 2 h) using the same coupled enzymatic 

assay (cf. Figure 3, A) [54,67]. The results (Figure 7) indicate that 19a was indeed able to 

inactivate cellular MGMT in these conditions (by 50%), however less efficiently than BG (95% 

inhibition). These results demonstrate that, in agreement with its in vitro MGMT inhibition 

activity (cf. Figure 3), 19a is also able to target MGMT in cells leading to its inactivation. 

A)                                     B)                                    C)
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Figure 7. Inactivation of cellular MGMT activity in T98G cells treated for 2 h with compound 

19a (2µM), BG (2 µM), or DMSO as a vehicle. The MGMT activity determined by PAGE 

analysis was normalized to the total protein concentration in cellular extracts. Data are means 

± s.d. from three biological replicates. One-way ANOVA; ****: p ≤ 0.0001, **: p ≤ 0.01. 

 

2.7. DNA damage induction 

To get insight into the mechanisms of cell death in the conditions of synergistic co-treatment 

with TMZ and 19a (or BG as a control), we assessed the level of DNA double-strand breaks 

(DSB) in T98G cells through immunofluorescence assay using anti-γH2AX, a phosphorylated 

histone representing a well-established DSB marker [68]. Neither TMZ (94 µM) nor BG (92 

µM) treatments induced significant change of the number or the size of γH2AX foci per nuclei; 

however, a combination of both induced a strong and statistically significant increase of the 

number (Figure 8) and size (Figures S13 and S14) of nuclear γH2AX foci, in agreement with 

the proposed mechanism of action of TMZ leading to DNA adducts followed by the 

accumulation of DSB resulting from the futile repair of O6MeG residues [69–71]. Remarkably, 

neither compound 19a (1.1 µM) nor its combination with TMZ induced an increase of the 

number or the size of γH2AX foci, despite a synergistic cytotoxic effect.  
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Figure 8. Impact of compounds on the number of nuclear γ-H2AX foci, as determined by 

immunostaining followed by fluorescence microscopy. Cells were incubated for 96 h with 

compound vehicle (DMSO 0.5% v/v), TMZ (94 µM), BG (92 µM), a combination of TMZ and 

BG (94 and 92 µM, respectively), compound 19a (1.1 µM) and a combination of TMZ and 19a 

(94 and 1.1 µM, respectively). Black bars indicate the mean values. At least 150 cells were 

counted per condition; data from two biological replicates. One-way ANOVA multi comparison 

with Tukey’s post-test analysis; ****: p ≤ 0.0001. 

 

2.8. Apoptosis induction  

In order to identify the mechanisms of cell death underlying the cytotoxic effects of the hybrids, 

we performed an Annexin V / propidium iodide (PI) cell death assay. Neither TMZ [72] nor BG 

treatments alone significantly increased the proportion of cells undergoing early apoptosis; 

however, their combination increased the fraction of apoptotic cells (from 2 to 8%) after 96 h, 

but not after 48 h (Figure 9, A), in agreement with literature [61] and in line with the DNA-

damaging effects of this combination. Interestingly, compound 19a alone significantly 

increased the fraction of early apoptotic cells (to 10%) after 96 h, but not after 48 h of 

treatment. The same effect was observed for a combination of 19a with TMZ (11% after 96 h), 

indicating that the synergy of the cytotoxic effect of this combination does not stem from a 

synergistic apoptosis. In addition, no drug induced significant late apoptosis nor necrosis  

(Figure S15). Finally, to confirm that the compound 19a triggers cell death by apoptosis, we 

assessed the activation of caspases using luminescent Caspase-Glo 3/7 assay. The results 

(Figure 9, B) clearly give evidence of activation of caspases in the cells treated with compound 

19a (1.4-fold with respect to DMSO control), which was not further increased in a combination 

of 19a with TMZ. 
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Figure 9. A) Results of the Annexin V / PI assay: fractions of early apoptosis in T98G cells 

after 48 h (black bars) and after 96 h (grey bars) of incubation with DMSO (0.5% v/v), TMZ 

(94 µM), BG (92 µM), a combination of TMZ (94 µM) and BG (92 µM), 19a (1.1 µM), and a 

combination of TMZ (94 µM) and 19a (1.1 µM), as determined by flow cytometry. Two-way 

ANOVA with a Tukey’s multi comparison post-test. B) Caspase 3/7 activity of T98G cells 

treated for 96 h in the same conditions as described above. One-Way ANOVA test with a 

Dunnett’s multi-comparison post-test; * ** and *** denote values of p ≤ 0.05, 0.01, 0.001 

respectively. 

 

3. DISCUSSION 

3.1. Intrinsic conformation, DNA binding, and in vitro MGMT inhibition by hybrid drugs 

Photophysical properties of the hybrids give evidence that they adopt an intramolecular staked 

conformation in aqueous solutions, characterized by hypochromic and bathochromic effects 

on the acridine chromophore and a strong reduction of the fluorescence quantum yield, 

comparing with the reference acridine 8. This conformation, stabilized by π-stacking 

interactions between the acridine and guanine units, is stable in a wide temperature range in 

aqueous solutions, but is disrupted in organic solvents. In this regard, the behavior of our 

acridine–BG hybrids is analogous to that of the conjugates of acridine with native nucleobases 

[49,50], with BG residue behaving as an efficient fluorescence quencher similar to guanine. 

While in the series of N9-hybrids (19a–c) shorter linker resulted in more efficiently stacked 

hybrids (as estimated by the value of hypochromism H), in the series of Bn-hybrids 7a–c the 

derivative with the shortest linker (7a) displayed the lowest hypochromism. This can be 

explained by a molecular model in which the benzyl group serving as the attachment point for 
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the two moieties stacks with the acridine ring, interfering – at least partially – with the stacking 

of the guanine residue (Figure S2). 

Regardless the efficiency of intramolecular stacking, all hybrids were found to bind to double-

stranded DNA with similar affinity (characterized by Kd values from 13 to 23 µM, Table 2), as 

indicated by photometric titrations, but without intercalation of the acridine moiety and thermal 

stabilization of the DNA duplex. This behavior is similar to that of structurally related 

intercalator–nucleobase conjugates that, despite their binding to double-stranded DNA 

evidenced by isothermal photometric titrations, do not lead to thermal stabilization of the 

undamaged duplex [73–75], and can be rationalized by a model where acridine–BG hybrids 

interact with DNA through external binding mode (Scheme 3, A). This is presumably due to 

the fact that energetic gain resulting from DNA intercalation by acridine is insufficient 

compensate for the penalty necessary to unfold the intramolecularly stacked ligand. Although 

the details of this DNA-binding mode are unknown, we can hypothesize that external binding 

to DNA leads to even stronger intramolecular stacking of hybrids, manifested by the increased 

hypochromic effect. 

 

Scheme 3. Properties of BG–acridine hybrids. A) In the absence of DNA, the hybrids exist 

mainly in the intramolecular stacked form. Addition of ds DNA leads to external binding 

characterized by increased hypochromism of the acridine moiety. B) Inhibition of MGMT by 

BG–acridine hybrids. (1) Repair of the DNA substrate by MGMT; (2) inactivation of MGMT by 

BG–acridine hybrids through irreversible reaction of the BG moiety; (3) irreversible inhibition 

due to the acridine moiety. The inactivated MGMT is shown in gray. 



25 
 

The in vitro MGMT inhibition data revealed several complex patterns. In the standard 

conditions of this assay, the drug and the methylated DNA substrate compete for irreversible 

reaction with the enzyme (Scheme 3, B); as a result, the observed inhibitory effect stems from 

a combination of thermodynamic (i.e., the affinity of the drug to the active site of the enzyme) 

and kinetic (i.e., the velocity of reaction of the enzyme with the drug, relative to that of O6MeG 

DNA substrate) effects. In addition, for DNA-binding inhibitors such as our hybrids, the 

presence of substrate or non-substrate DNA in the assay may play an additional role by 

sequestering the inhibitor, as evidenced by decreased inhibitory activity in the presence of CT 

DNA for most hybrids except compound 19c (cf. Figure 3, B).  

An interesting finding of our experiments was the fact that model acridine 8, devoid of BG 

group, efficiently inhibited MGMT activity, with an inhibitory effect superior to that of BG in the 

conditions of the standard assay (Figure 3, B). One possible explanation of this finding would 

be a non-specific inhibitory effect due to sequestration of the DNA substrate in the intercalative 

complex. However, two facts speak against this hypothesis: (i) several well-known, strong 

DNA intercalators (ethidium bromide, daunomycin, doxycycline, and coralyne) did not inhibit 

MGMT in identical conditions (data not shown); (ii) the efficiency of MGMT inactivation by 

acridine 8 dramatically increased when this compound was pre-incubated with the enzyme, 

similarly to what was observed with BG (cf. Figure 3, B), whereas a mechanism based on a 

substrate-targeted inhibition (i.e., assuming that 8 interacts with the DNA, but not with the 

enzyme) would suggest identical activity in both setups. Altogether, these data indicate that 

acridine 8 inhibits the activity of MGMT, either through tight or irreversible binding or, 

eventually, due to aggregation effects leading to adsorption and loss of the enzyme. 

Interestingly, during the preparation of this manuscript, MGMT binding of structurally related 

acridone derivatives was suggested on the basis of molecular docking experiments [76]; 

moreover, inhibition of MGMT activity by other polyaromatic compounds was previously 

documented [77]. Inactivation of MGMT by the acridine residue can also explain the inhibitory 

effect of the hybrids 13 and 14 that do not contain a BG moiety, as well as an increase of the 

inhibitory activity of all hybrids observed upon pre-incubations of compounds with the enzyme 

prior to addition of the target. While the extensive studies of MGMT inhibition by acridine and 

its derivatives are outside the scope of this work, it is clear that the properties of BG–acridine 

hybrids are strongly influenced by the acridine moiety that, on one hand, modulates the 

properties of the BG counterpart (by stacking interactions and by interaction with DNA, see 

Scheme 3) and, on the other hand, interacts with the enzyme itself, at least in the case of 

compound 8. 
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3.2. Antiproliferative activity, synergy with TMZ and cell death mechanisms 

Similarly to in vitro properties, the molecular design of hybrids has an influence on their 

cytotoxic effects, as illustrated by the fact that the activity of all hybrids falls in the range 

between that of weakly cytotoxic BG and the highly cytotoxic acridine 8. However, while all 

hybrids inhibited – to a varied extent – MGMT activity in vitro, only N9-hybrids 19a and 19c 

exerted drug synergy upon co-treatment with TMZ in MGMT-expressing T98G cells. For both 

19a and 19c, as well as for BG, the magnitude of synergy effect, quantitatively expressed 

through CI values, was stronger at low concentrations of both TMZ and MGMT inhibitors (cf. 

Figure 5). The lack of synergy at higher doses of TMZ and/or inhibitors may be due to the 

“cytotoxicity burst” effect, i.e., activation of multiple stress responses, in near-cytotoxic 

conditions, in contrast to sub-toxic conditions where the cell death is due to one predominant 

mechanism, i.e. O6MeG-induced toxicity [78]. While the synergy with TMZ and inactivation of 

cellular MGMT (cf. Figure 7) may suggest that cellular effects of 19a are similar to BG, the 

mechanism underlying this synergy appears to be quite different. Indeed, while the 

combination of BG with TMZ strongly increased the number of DSB and the fraction of cells 

undergoing apoptosis, neither 19a alone nor in combination with TMZ did not show any DSB 

increase; however, both treatments induce apoptosis at the same level (cf. Figures 8 and 9). 

This gives evidence that cytotoxic mechanisms of this hybrid (and its combination with TMZ) 

are more complex: in the case of combination of BG with TMZ, the apoptosis clearly seems to 

stem from the DNA damage. In contrast, the combinations of 19a with TMZ leads to synergy 

effect on the cytotoxicity level independently of DNA damage or increased apoptosis. This is 

plausible since TMZ may sensitize also glioblastoma cell lines via other pathways than DNA 

damage (such as autophagy) [79]. Moreover, the apoptotic effect of compound 19a may be 

attributed to the presence of acridine fragment that is able to activate many signaling 

cascades, as described for related 9-aminoacridine derivatives [22,23]. 

Despite the presence of a DNA-interacting acridine moiety, compound 19a was found to 

localize in perinuclear region of the cytoplasm; indeed, its presence in the nucleus of live cells 

could not be detected by confocal microscopy even upon long incubation time (96 h). This 

finding is rather unexpected, as structurally similar acridine–melamine hybrids were shown 

adopt strictly nuclear localization [31]; however, they it can be rationalized taking into account  

the absence of intercalative DNA binding by the hybrids. Moreover, similar peri-nuclear 

localization was observed for acridine dimers [80]. As MGMT is known to adopt both nuclear 

and cytosolic localization [81,82], the absence of nuclear staining by 19a is consistent with 

inactivation of cellular MGMT; however, it may also point to a different mechanism. Of note, 

the observed fluorescence may arise from the product of enzymatic debenzylation of 19a (i.e., 

compound 14) accumulating, e.g., in transport vesicles. 
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Remarkably, acridine 8 itself also demonstrated strong synergy effect with low doses of TMZ. 

This effect is in line with the recently described activity of structurally related acridones to 

potentiate the cytotoxic effects of TMZ [76]. While the detailed studies of the mechanism of 

intrinsic cytotoxic effects of this compound are outside the scope of this work, this unexpected 

property represents a novel addition to a multitude of biological effects of acridine derivatives. 

From the practical point of view, the capacity of BG–acridine hybrids to inhibit the growth of a 

multidrug-resistant glioblastoma cell line alone or in combination with sub-toxic doses of TMZ 

represents significant interest. To address the potential of therapeutic use for these 

compounds, we performed in silico evaluation of their physicochemical and ADME parameters 

and drug-likeness, including the potential to cross the BBB [83]. The results (Table S1) 

demonstrate that, in contrast to BG and acridine 8, most hybrids can be seen as rather poor 

drug candidates according to the classical criteria of medicinal chemistry, with only 19a and 

19b satisfying the Lipinski filter. However, the evaluation of BBB permeability using 

AlzPlatform database [84] indicates that most hybrids are potentially able to cross the BBB 

and reach brain tumors. It should be noted that brain tumors are known to compromise the 

BBB integrity, resulting in a vasculature known as the blood–tumor barrier (BTB), which is 

highly heterogeneous and characterized by non-uniform permeability, rendering its in silico 

prediction rather challenging [85,86]. 

 

4. CONCLUSIONS 

In this work, we designed, synthesized and studies two panels of hybrid compounds, 

combining a DNA-intercalating 9-amino-6-chloro-2-methoxyacridine moiety with O6-benzyl-

guanine unit capable of deactivation of MGMT. We demonstrated that all hybrids were able to 

(i) interact with DNA, presumably through external binding, and (ii) inactivate MGMT in vitro 

with varied efficiency, depending on the chemical structure of the hybrid, the presence of non-

substrate DNA, and the conditions of the experimental setup, revealing the mutual influence 

of both constituents on the DNA-binding and enzyme-inhibiting properties. Importantly, hybrid 

19a was also able to inactivate MGMT in cells. All hybrids displayed moderate cytotoxicity in 

TMZ-resistant glioblastoma cells; however, only two N9-hybrids, 19a and 19c, displayed 

pronounced synergy effect with DNA-alkylating prodrug TMZ in sub-cytotoxic conditions. Our 

findings clearly suggest that compound 19a induces cell death alone and in synergy with TMZ 

through a different pathway than BG. While the detailed studies of these effects are outside 

the scope of this work, the antiproliferative properties of this new series of hybrids may 

potentially be exploited in a strategy to treat cells resistant to the BG / TMZ combination and 

represent a novel addition to the panel of biological activities of acridines. 
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5. EXPERIMENTAL SECTION 

5.1. Chemistry 

General remarks: All commercially available chemicals were reagent grade and used without 

further purification. NMR spectra were measured with a Bruker Avance 300 spectrometer at 

25 °C; chemical shifts are given in ppm (δ) values. Multiplicities of 13C NMR signals were 

determined from DEPT-135 or APT experiments. The purity of final compounds was assessed 

by LC/MS analysis (Waters Alliance 2525 equipped with a Phenomenex Luna Omega 3 μm 

Polar C18 100A column and Waters 2996 photodiode array detector; eluent A: water with 0.1% 

HCOOH, eluent B: MeCN with 0.1% HCOOH, gradient elution with 2 to 100% of eluent B). 

Mass spectra were obtained on a Waters ZQ spectrometer using electrospray ionization (ESI). 

HRMS analysis were performed at the Small Molecule Mass Spectrometry platform of ICSN 

(Centre de Recherche de Gif Sur Yvette, France). 

(3-(Aminomethyl)phenyl)methanol (1) [38]: In a two-neck round flask under an Ar 

atmosphere, 3-cyanobenzoic acid (10.0 g, 67.9 mmol) was suspended in anhydrous THF (50 

mL) while cooling at 0 °C. THF·BH3 complex (1 M in THF, 200 mL, 200 mmol) was added 

dropwise and the reaction was stirred for 24 h at room temperature. The mixture was 

quenched with a mixture of concentrated HCl (37%) and H2O (1:1, 100 mL). THF was removed 

under vacuum and NaOH pellets were carefully added until pH 12 was reached. The aqueous 

phase was extracted with Et2O (11 × 200 mL); the organic layers were dried over Na2SO4, 

filtered and concentrated under vacuum. The amino alcohol 1 (9.1 g, 66.3 mmol, 98%) was 

obtained as a white solid and immediately stored under Ar at –20 °C. 1H NMR (CDCl3, 300 

MHz): δ 2.45 (s, 3H), 3.77 (s, 2H), 4.59 (s, 2H), 7.14–7.31 (m, 4H). 

N-(3-(Hydroxymethyl)benzyl)trifluoroacetamide (2) [38]: Amino alcohol 1 (885 mg, 6.45 

mmol) was dissolved in 10 mL of dry MeOH under an Ar atmosphere. Triethylamine (896 µL, 

650 mg, 6.45 mmol) was added, the reaction mixture was cooled to 0 °C, and ethyl 

trifluoroacetate (998 µL, 1.187 g, 8.38 mmol) was added dropwise. The reaction mixture was 

allowed to return to room temperature while stirring for 1 h. After removal of MeOH in vacuum, 

the crude product was dissolved in AcOEt (10 mL) and washed with H2O (10 mL). The 

aqueous layer was extracted with AcOEt (3 × 20 mL), the organic layers were pooled, dried 

over Na2SO4, filtrated and concentrated under vacuum. The product was purified by flash 

chromatography (SiO2, eluent: cyclohexane / AcOEt, 2:1; Rf = 0.25), to give 2 (1.00 g, 4.28 

mmol, 66%) as a white solid. 1H NMR (CDCl3, 300 MHz): δ 1.93 (s, 1H), 4.53 (d, J = 5.7 Hz, 

2H), 4.69 (s, 2H), 6.69 (s, 1H), 7.21–7.40 (m, 4H); 13C NMR, (CDCl3, 75 MHz): δ 43.9 (CH2), 

64.9 (CH2), 118.0 (Cq, J = 287 Hz), 126.5 (CH), 126.9 (CH), 127.2 (CH), 129.3 (CH), 136.1 
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(Cq), 141.8 (Cq), 157.1 (Cq), 157.2 (Cq); MS (ESI+): m/z (%) 257.1 (5) [M + Na]+, 216.2 (100) 

[M – OH]+. 

1-(2-Amino-9H-purin-6-yl)-1-methylpyrrolidin-1-ium chloride (3) [38]: Under an Ar 

atmosphere, 2-amino-6-chlorpurine (1.00 g, 5.89 mmol) was suspended in dry DMF (30 mL) 

and heated for 2 h at 50 °C to dissolve the reagent. Upon cooling to room temperature, 1-

methylpyrrolidine (1.4 mL, 1.15 g, 13.50 mmol) was added and the mixture was stirred for 18 

h. Then, cold acetone (2 mL) was added and the precipitate was collected by filtration, washed 

with Et2O (2 × 20 mL) and dried in vacuum to obtain 3 (791 mg, 3.10 mmol, 53%) as a white 

solid. 1H NMR (DMSO-d6, 300 MHz): δ 2.05 (m, 2H), 2.12 (m, 2H), 3.65 (s, 3H), 3.98 (m, 2H), 

4.60 (m, 2H), 7.12 (s, 2H), 8.35 (s, 1H), 13.48 (br s, 1H); 13C NMR (DMSO-d6, 75 MHz): δ 21.4 

(CH2), 51.5 (CH3), 64.0 (CH2), 116.0 (Cq), 142.9 (CH),151.6 (Cq),158.6 (Cq), 159.0 (Cq); MS 

(ESI+) m/z (%) 219.2 (100) [M – Cl]+. 

N-(3-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)-2,2,2-trifluoroacetamide (4) [38]: 

Under an Ar atmosphere, alcohol 2 (415 mg, 1.78 mmol) was dissolved in dry DMF (5 mL) 

together with t-BuOK (1.02 g, 9.14 mmol) and the mixture was stirred for 30 min at room 

temperature, followed by the addition of salt 3 (228 mg, 0.89 mmol). The mixture was stirred 

for 5 h at room temperature. The solvent was removed under vacuum and the crude mixture 

was purified by flash chromatography (SiO2, eluent: DCM / EtOH, 95:5 to 90:10) to yield 4 

(304 mg, 0.82 mmol, 47%) as a white solid. 1H NMR (DMSO-d6, 300 MHz): δ 4.41 (d, J = 5.8 

Hz, 2H), 5.48 (s, 2H), 6.29 (s, 2H), 7.24–7.42 (m, 4H), 7.81 (s, 1H), 10.03 (t, J = 5.8 Hz, 1H), 

12.42 (s, 1H); MS (ESI+): m/z (%) 367.1 (100) [M + H]+. 

6-((3-(Aminomethyl)benzyl)oxy)-9H-purin-2-amine (5) [38]. Method A: In a mixture of 

MeOH (26 mL) and H2O (800 µL), compound 4 (366 mg, 0.72 mmol) and K2CO3 (500 mg, 3.6 

mmol) were resuspended and the mixture was refluxed for 4 h until the disappearance of the 

starting material (TLC). The solvent was removed and the crude product was purified by flash 

chromatography (SiO2, eluent: DCM / MeOH / TEA, 80:20:1, Rf = 0.2) to give 5 (108 mg, 0.39 

mmol, 55%) as a white solid. 1H NMR (DMSO-d6, 300 MHz): δ 3.74 (s, 2H), 5.46 (s, 2H), 6.28 

(s, 2H), 7.31–7.33 (m, 3H), 7.47 (s, 1H), 7.83 (s, 1H); 13C NMR (DMSO-d6, 75 MHz): δ 45.4 

(CH2), 66.9 (CH2), 126.5 (CH), 126.8 (CH), 127.3 (CH), 128.2 (CH), 136.4 (Cq), 138.2 (CH), 

144.0 (Cq), 159.5 (Cq); MS (ESI+): m/z (%) 271.2 (100) [M + H]+. Method B: In an Ar 

atmosphere, compound 2 (2.19 g, 9.39 mmol) was dissolved in dry pyridine (30 mL) and t-

BuOK (2.12 g, 18.93 mmol) were added. The reaction mixture was stirred for 20–30 min at 

room temperature, followed by the addition of salt 3 (1.20 g, 4.71 mmol). After 6 h, more t-

BuOK (2.12 g, 18.93 mmol) was added and the reaction was stirred overnight. Then, 2 (2.19 

g, 2.39 mmol) was added to the mixture, which was finally stirred for 24 h more. Finally, H2O 
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(6 mL) was added and the mixture was refluxed for 2 h. The solvents were removed under 

vacuum and the crude purified as described above to yield 5 (1.03 g, 3.80 mmol, 81%); the 

spectroscopic data were identical with those given above. 

3-((6-Chloro-2-methoxyacridin-9-yl)amino)propanoic acid (6a) [46]: In a two-neck flask, 

6,9-dichloro-2-methoxyacridine (1.00 g, 3.59 mmol) was mixed with PhOH (4.00 g, 42.5 mmol) 

and β-alanine (247 mg, 3.89 mmol), and the reaction was heated for 3 h at 110 °C. The dark-

brown solution was cooled to room temperature an Et2O (20 mL) was added. The precipitated 

yellow solid was collected by filtration, dissolved in aq. NaOH (1 M, 100 mL), and filtered. The 

filtrate was acidified to pH 7. The yellow precipitate was collected, washed with H2O (2 × 20 

mL), MeOH (1 × 10 mL) and Et2O (2 × 30 mL), and dried over P2O5 to yield 6a (1.05 g, 3.17 

mmol, 89%) as a yellow solid. 1H NMR (DMSO-d6, 300 MHz): δ 3.93–3.98 (m, 5H), 7.29 (dd, 

J = 9.2 Hz, 2.0 Hz, 1H), 7.40 (dd, J = 9.3, 2.4 Hz, 1H), 7.66 (d, J = 9.3 Hz, 1H), 7.81–7.85 (m, 

2H), 8.36 (d, J = 9.2 Hz, 1H); 13C NMR (DMSO-d6, 75 MHz): δ 36.5 (CH2), 46.5 (CH2), 55.5 

(CH3), 100.9 (CH), 114.8 (Cq), 117.3 (Cq), 119.2 (Cq), 122.2 (CH), 124.1 (CH), 126.6 (CH), 

130.1 (CH), 133.3 (CH), 145.6 (Cq), 147.9 (Cq),150.5 (Cq), 155.5 (Cq), 174.4 (Cq); MS (ESI+): 

m/z (%) 331.2 (100) [M + H]+. 

2-(2-(2-((6-Chloro-2-methoxyacridin-9-yl)amino)ethoxy)ethoxy)acetic acid (6b): Under 

an Ar atmosphere, 6,9-dichloro-2-methoxyacridine (300 mg, 1.07 mmol) was mixed with 

PhOH (3.00 g, 31.8 mmol) and the mixture was heated at 70 °C for 1 h. Then, 2-[2-(2-

aminoethoxy)ethoxy]acetic acid (194 mg, 1.18 mmol) was added and the temperature was 

increased to 110 °C for 3 h. The reaction mixture was cooled to room temperature, filtrated, 

and the solid washed with Et2O (2 x 30 mL) and purified by flash chromatography (SiO2, eluent: 

DCM / MeOH / TEA, 95:5:1, Rf = 0.26) to yield 6b (426 mg, 1.05 mmol, 98%) as a yellow 

powder. 1H NMR (DMSO-d6, 300 MHz): δ 3.55 (s, 4H), 3.71 (t, J = 5.2 Hz, 2H), 3.86 (t, J = 5.2 

Hz, 2H), 3.933.95 (m, 5H), 7.34 (dd, J = 9.2, 2.1 Hz, 1H), 7.44 (dd, J = 9.4, 2.4 Hz, 1H), 7.64 

(d, J = 2.4 Hz, 1H), 7.83 (d, J = 9.4 Hz, 1H), 7.88 (d, J = 2.1 Hz, 1H), 8.38 (d, J = 9.2 Hz, 1H); 

13C NMR (APT, DMSO-d6, 75 MHz, 40 °C): δ 49.2 (CH2), 55.5 (CH3), 67.6 (CH2), 69.6 (CH), 

69.7 (CH), 69.9 (CH), 101.1 (CH), 115.1 (Cq), 117.6 (Cq), 122.8 (Cq), 124.1 (CH),126.1 (CH), 

126.4 (CH), 129.6 (Cq), 133.6 (Cq), 145.1 (Cq), 147.1 (Cq), 147.3 (Cq), 150.6 (Cq), 155.1 (Cq), 

171.4 (Cq); MS (ESI+): m/z (%) 405.2 (100) [M + H]+. 

8-((6-Chloro-2-methoxyacridin-9-yl)amino)octanoic acid (6c): 6,9-dichloro-2-methoxy-

acridine (300 mg, 1.07 mmol) was mixed with PhOH (3.00 g, 31.8 mmol) under an Ar 

atmosphere and the mixture was heated at 70 °C for a period of 1 h. Then, 8-aminocaprylic 

acid (189 mg, 1.18 mmol) was added and the temperature was increased to 110 °C for 3 h. 

The reaction mixture was cooled to room temperature, filtrated, the solid was washed with 
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Et2O (2 × 30 mL) and purified by flash chromatography (SiO2, eluent: DCM / MeOH / TEA, 

95:5:1, Rf = 0.20). Compound 6c (405 mg, 1.01 mmol, 94%) was obtained a yellow solid. 1H 

NMR (DMSO-d6, 300 MHz): δ 1.42–1.49 (m, 6H), 1.51 (dt, J = 7.5, 6.9 Hz, 2H), 1.85 (dt, J = 

8.1, 6.3 Hz, 2H), 2.15 (t, J = 7.2 Hz, 2H), 3.96 (s, 3H), 4.03 (t, J = 6.9 Hz, 2H), 7.48 (dd, J = 

9.2, 1.9 Hz, 1H), 7.65 (dd, J = 9.3, 2.3 Hz, 1H), 7.88 (d, J = 9.3 Hz, 1H), 7.95 (m, 2H), 8.5 (d, 

J = 9.2 Hz, 1H), 9.56 (s, 1H), 12.0 (s, 1H); 13C NMR (APT, DMSO-d6, 75 MHz): δ 24.8 (CH2), 

26.5 (CH2), 28.8 (CH2, 2C), 29.5 (CH2), 34.1 (CH2), 49.2 (CH2), 56.6 (CH3), 104. 1 (CH), 110.9 

(Cq), 114.9 (Cq), 118.6 (Cq), 121.8 (CH), 123.6 (CH), 127.2 (CH), 127.6 (CH), 129.1 (CH), 

138.8 (Cq), 155.9 (Cq), 156.2 (Cq), 174.9 (Cq); MS (ESI+): m/z (%) 401.3 (100) [M + H]+. 

N-(3-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)-3-((6-chloro-2-methoxyacridin-9-

yl)amino)propanamide (7a): Compound 6 (159 mg, 0.48 mmol) was dissolved in dry DMF 

(10 mL) under an Ar atmosphere together with DIPEA (249 µL, 195 mg, 1.51 mmol), HBTU 

(364 mg, 0.96 mmol), and HOBt (13 mg, 0.09 mmol). The mixture was stirred for 30 minutes 

and then 5 (143 mg, 0.52 mmol) was added to the mixture. The reaction mixture was stirred 

for 24 h at room temperature, then H2O (10 mL) was added and the crude mixture was 

extracted with a mixture of DCM and MeOH (9:1, 4 × 50 mL). The organic layers were pooled, 

dried over Na2SO4, filtrated and concentrated under vacuum. The reaction was purified two 

times by flash chromatography (SiO2, eluent: DCM / MeOH / TEA, 95:5:1, Rf = 0.12) to yield 

7a (76 mg, 0.13 mmol, 27%) as a yellow solid. 1H NMR (DMSO-d6, 300 MHz, 40 °C): δ 1.24 

(s, 1H), 2.64 (m, 2H), 3.91 (s, 3H), 4.05 (m, 2H), 4.26 (m, 2H), 5.42 (s, 2H), 9.18 (s, 2H), 7.15–

7.45 (m, 6H), 7.80–7.86 (4H), 8.37–8.44 (m, 2H), 12.36 (br s, 1H); 13C NMR (APT, DMSO-d6, 

75 MHz, 40 °C): δ 35.9 (CH2), 41.9 (CH2), 45.9 (CH2), 55.5 (CH3), 66.5 (CH2), 101.4 (CH), 

109.7 (CH), 114.4 (Cq), 117.1 (CH), 118.8 (CH), 122.8 (CH), 123.9 (CH), 124.4 (CH), 126.7 

(CH), 126.8 (CH), 127.1 (CH), 128.2 (CH), 134.8 (Cq), 136.6 (Cq), 139.4 (Cq), 144.2 (Cq, 

observed by HMBC), 146.3 (Cq), 150.9 (Cq), 155.1 (2C, Cq), 159.5 (Cq), 170.3 (Cq); MS (ESI+): 

m/z (%) 583.3 (10) [M + H]+, 292.2 (100) [M + 2H]2+; purity (HPLC): 97%; HRMS (TOF ESI+): 

calcd. for C30H28ClN8O3 [M + H]+: 583.1973, found: 583.1993. 

N-(3-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)-8-((6-chloro-2-methoxyacridin-9-yl)-

amino)octanamide (7b): Compound 8 (80 mg, 0.19 mmol) was dissolved in dry DMF (8 mL) 

under an Ar atmosphere together with DIPEA (98 µL, 77 mg, 0.59 mmol), HBTU (90 mg, 0.23 

mmol), and HOBt (5 mg, 0.04 mmol). The mixture was stirred for 30 min and then 5 (80 mg, 

0.29 mmol) was added. The reaction was stirred for 24 h at room temperature. After addition 

of H2O (10 mL), the crude was extracted with a mixture of DCM and MeOH (9:1, 5 × 50 mL). 

The organic layers were pooled, washed with H2O and brine (1× 30 mL each), dried over 

Na2SO4, filtered and concentrated in vacuum. The residue was purified two times by flash 

chromatography (SiO2, eluent: DCM / MEOH / TEA, 95:5:1, Rf = 0.14). Compound 7b (85 mg, 
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0.12 mmol, 65%) was obtained as a yellow solid. 1H NMR (MeOD4, 300 MHz): δ 3.64 (s, 4H), 

3.77 (t, J = 5.1 Hz, 2H), 3.89 (s, 3H), 3.96–3.97 (m, 5H), 4.21 (s, 2H), 5.28 (s, 2H), 7.02 (d, J 

= 7.4 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 7.4 H, 1H), 7.24–7.29 (m, 2H), 7.45 (d, J = 

9.3 Hz, 1H), 7.55 (m, 1H), 7.70-7.73 (m, 2H), 7.80 (s, 1H), 8.26 (d, J = 9.3 Hz, 1H). 13C NMR 

(APT, MeOD4, 75 MHz): δ 43.2 (CH2), 49.6 (CH2), 56.4 (CH3), 68.6 (CH2), 70.8 (CH2), 71.1 

(CH2), 71.2 (2C, CH2), 72.0 (CH2), 102.5 (CH), 114.4 (Cq), 117.5 (Cq), 123.3 (CH), 124.9 (CH), 

126.5 (CH), 127.3 (CH), 127.8 (CH), 128.0 (CH), 128.1 (CH), 129.6 (CH), 138.0 (Cq), 138.8 

(Cq), 139.7 (Cq), 139.9 (CH), 142.2 (Cq), 145.5 (Cq), 155.3 (Cq), 157.6 (Cq), 161.2 (Cq), 161.6 

(Cq), 172.5 (Cq); MS (ESI+): m/z (%) 657.4 (5) [M + H]+, 329.3 (100) [M + 2H]2+; purity (HPLC): 

97%; HRMS (TOF ESI+): calcd. for C33H34ClN8O5 [M + H]+: 657.2335, found: 657.2364. 

N-(3-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)-8-((6-chloro-2-methoxyacridin-9-yl)-

amino)octanamide (7c): Compound 10 (100 mg, 0.25 mmol) was dissolved in dry DMF (10 

mL) under an Ar atmosphere together with DIPEA (124 µL, 97 mg, 0.75 mmol), HBTU (114 

mg, 0.30 mmol) and HOBT (7 mg, 0.05 mmol). The mixture was stirred for 30 min and 5 (101 

mg, 0.38 mmol) was added. The reaction was stirred for 24 h at room temperature. After 

addition of H2O (10 mL), the crude was extracted with a mixture of DCM / MeOH (9:1, 5 × 50 

mL). The organic layers were pooled, washed with H2O and brine (1 × 30 mL each), dried over 

Na2SO4, filtrated and concentrated under vacuum. The product was purified two times by flash 

chromatography (SiO2, eluent: DCM / MeOH / TEA, 95:5:1, Rf = 0.12) to yield compound 7c 

(106 mg, 0.16 mmol, 65%) as a yellow solid. 1H NMR (MeOD4, 300 MHz): δ 1.27–1.31 (m, 

8H), 1.52–1.57 (m, 2H), 1.72–1.77 (m, 2H), 2.16 (t, J = 7.3 Hz, 2H), 3.80 (t, J = 7.2 Hz, 2H), 

3.93 (s, 3H), 4.34 (s, 2H), 5.46 (s, 2H), 7.19–7.44 (m, 6H), 7.53 (d, J = 2.6 Hz, 1H), 7.77–7.82 

(m, 3H), 8.24 (d, J = 9.4 Hz, 1H); 13C NMR (APT, MeOD4, 75 MHz): δ 25.3 (CH2), 26.3 (CH2), 

28.5 (CH2), 30.5 (CH2), 35.5 (CH2), 42.5 (CH2), 49.5 (CH2), 54.9 (CH3), 67.4 (CH2), 100.1 (CH), 

113.9 (Cq), 116.6 (Cq), 122.9 (CH), 125.0 (CH), 126.7 (CH, 2C), 126.9 (CH, 2C), 127.0 (CH), 

128.2 (CH), 135.6 (Cq), 136.7 (Cq), 138.6 (CH), 139.1 (Cq), 152.3 (Cq), 155.9 (Cq), 172.1 (Cq), 

174.5 (Cq); MS (ESI+): m/z (%) 653.5 (5) [M + H]+, 327.4 (100) [M + 2H]2+; purity (HPLC): 97%; 

HRMS (TOF ESI+): calcd. for C35H38ClN8O3 [M + H]+: 653.2570, found: 657.2782. 

6-Chloro-2-methoxyacridin-9-amine (28):[27,87] 6,9-dichloro-2-methoxyacridine (1.00 g, 

3.59 mmol) was mixed with PhOH (3.00 g, 31.80 mmol) under an Ar atmosphere and the 

reaction was heated at 70 °C for a period of 1 h. Then, (NH4)2CO3 (700 mg, 7.28 mmol) was 

added and the temperature was increased to 110 °C for 3 h. The reaction was cooled, the 

solid was collected by filtration, washed with 10% aq. NaOH (3 × 20 mL), H2O (2 × 20 mL), 

DCM (2 × 10 mL), acetone (1 × 10 mL) and then dried over P2O5 to yield compound 8 (750 

mg, 2.89 mmol, 81%) as a yellow solid. 1H NMR (DMSO-d6, 300 MHz): δ 3.91 (s, 3H), 7.30 

(dd, J = 9.2, 1.3 Hz, 1H), 7.37 (dd, J = 9.3, 1.9 Hz, 1H), 7.67 (d, J = 1.9 Hz, 1H), 7.70 (s, 2H), 
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7.80 (d, J = 1.3 Hz, 1H), 8.30 (d, J = 9.2 Hz, 1H); 13C NMR (DMSO-d6, 75 MHz): δ 55.7 (CH3), 

100.3 (CH), 111.2 (Cq), 113.2 (Cq), 122.0 (CH), 124.4 (CH), 125.3 (CH), 126.9 (CH), 130.5 

(CH), 133.6 (Cq), 145.9 (Cq), 147.7 (Cq), 148.7 (Cq), 154.6 (Cq); MS (ESI+): m/z (%) 259.0 (100) 

[M + H]+, purity (HPLC): 98%. 

tert-Butyl (4-bromobutyl)carbamate (9):[88] Under an Ar atmosphere, 500 mg (2.02 mmol) 

of 4-bromobutan-1-amine hydrobromide (500 mg, 2.02 mmol) was dissolved in dry THF (10 

mL) at 0 °C together with (Boc)2O (519 mg, 2.37 mmol) and triethylamine (360 µL, 262 mg, 

2.59 mmol). After reaching room temperature, the mixture was stirred for 24 h. The solvent 

was removed under vacuum and the sample diluted DCM (50 mL). The organic layer was 

washed with 5% aq. HCl (15 mL) and H2O (15 mL), dried over Na2SO4, filtered and 

concentrated under vacuum to yield 9 (537 mg, 2.37 mmol, 100%) as a transparent oil that 

solidified upon freezing. 1H NMR (CDCl3, 300 MHz): δ 1.44 (s, 9H), 1.65 (m, 1H), 1.92 (m, 2H), 

3.16 (q, J = 6.6 Hz, 2H) 3.31 (m, 1H), 3.41 (t, J = 6.6 Hz, 2H), 4.54 (s, 1H). 

tert-Butyl (4-(2-amino-6-chloro-9H-purin-9-yl)butyl)carbamate (10): Under an Ar atmos-

phere, 2-amino-6-chlorpurine (327 mg, 1.93 mmol) was suspended in dry DMF (5 mL) with 

Cs2CO3 (1.43 g, 4.38 mmol) and stirred for 15 minutes. Then, 9 (663 mg, 2.63 mmol) was 

added to the mixture and stirred for 24 h at room temperature. The reaction was quenched by 

adding H2O (5 mL) and the mixture was extracted with AcOEt (4 × 50 mL). The organic layers 

were pooled, dried over Na2SO4, filtrated and concentrated under vacuum. The crude product 

was purified by flash chromatography (SiO2, eluent: DCM / EtOH, 98:2, Rf = 0.34) to yield 10 

(262 mg, 0.77 mmol, 40%) as a white solid. 1H NMR (CDCl3, 300 MHz): δ 1.45 (s, 9H), 1.52 

(m, 2H), 1.77 (m, 2H), 3.21 (q, J = 6.4 Hz, 2H), 4.12 (t, J = 7.2 Hz, 2H), 4.84 (s, 1H), 5.20 (s, 

2H), 7.77 (s, 1H); 13C NMR (CDCl3, 75 MHz): δ 27.1 (CH2), 28.5 (CH3 + CH2), 39.7 (CH2), 43.3 

(CH2), 77.3 (Cq), 79.6 (Cq), 119.8 (Cq), 125.4 (Cq), 142.4 (CH), 151.5 (Cq), 153.9 (Cq), 156.2 

(Cq), 159.2 (Cq); MS (ESI+): m/z (%) 341.3 (15) [M + H]+, 285.2 (100) [M – C4H9]+. 

6-Chloro-2-methoxy-9-phenoxyacridine (11):[45] PhOH (10.00 g, 106.3 mmol) was mixed 

with NaOH (400 mg, 10.0 mmol) and 6,9-dichloro-2-methoxyacridine (2.00 g, 7.2 mmol). The 

mixture was heated up to 120 °C for 2 h and then poured into aq. NaOH (2 M, 50 mL). The 

aqueous phase was washed with DCM (3 × 40 mL), the organic layers were pooled and dried 

over Na2SO4, filtered and concentrated under vacuum. The crude product was recrystallized 

from MeOH to yield 11 (960 mg, 2.9 mmol, 40%) as yellow needles. 1H NMR (CDCl3, 300 

MHz): δ 3.80 (s, 3H), 6.85 (d, J = 7.8, 2H), 7.06 (m, 1H), 7.15 (d, J = 2.7 Hz, 1H), 7.28 (m, 

2H), 7.36 (dd, J = 9.2, 1.9 Hz, 1H), 7.47 (dd, J = 9.5, 2.7 Hz, 1H), 7.97 (d, J = 9.2, 1H), 8.11 

(d, J = 9.5, 1H), 8.22 (d, J = 1.9 Hz, 1H); 13C NMR (CDCl3, 75 MHz): δ 55.5 (CH3), 97.7 (CH), 

115.6 (CH), 118.8 (Cq), 121.2 (CH), 122.8 (CH), 123.8 (Cq), 126.5 (CH), 127.3 (CH), 128.2 
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(CH), 130.0 (CH), 131.3 (CH), 135.4 (Cq), 148.5 (Cq), 148.6(Cq), 153.5 (Cq), 157.5 (Cq), 159.0 

(Cq); MS (ESI+): m/z (%) 336.2 (100) [M + H]+. 

N-(4-(2-amino-6-phenoxy-9H-purin-9-yl)butyl)-6-chloro-2-methoxyacridin-9-amine (13): 

Compound 10 (171 mg, 0.50 mmol) was dissolved in dry dioxane (4 mL), the reaction was 

cooled in an ice bath, and HCl (4 M in dioxane, 800 µL, 3.2 mmol) was added and the ice bath 

immediately removed. Once the reaction reached room temperature, it was gently stirred for 

6 h. The solvent was removed under vacuum and the residue was washed with MeOH (10 

mL). Then, 6,9-dichloro-2-methoxyacridine (152 mg, 0.45 mmol) and PhOH (800 mg, 10.0 

mmol) were added and the mixture was heated for 6 h at 110 °C and then stirred at room 

temperature for 18 h. The reaction was dissolved in MeOH (1 mL) and Et2O (10 mL) was 

added. An orange precipitate was formed. It was collected by filtration and purified by flash 

chromatography (SiO2, eluent: DCM / MeOH, 95:5,) to yield compounds 13 (Rf = 0.1, 65 mg, 

0.12 mmol, 24%) and 14 (Rf = 0.01 37 mg, 16%) as orange solids. Compound 13, 1H NMR 

(DMSO-d6, 300 MHz): δ 1.79–1.89 (m, 4H), 3.91–4.05 (m, 5H), 4.08 (t, J = 5.3 Hz, 2H), 6.35 

(s, 2H), 7.21–7.27 (m, 3H), 7.41–7.44 (m, 3H), 7.55 (d, J = 7.5 Hz, 1H), 7.75 (s, 1H), 7.73 (d, 

J = 9.3 Hz, 1H), 7.89 (s, 1H), 7.96 (s, 1H), 8.38 (d, J = 9.3 Hz, 1H); 13C NMR (APT, DMSO-

d6,75 MHz): δ 26.5 (CH2), 26.9 (CH2), 42.4 (CH2), 48.5 (CH2), 55.9 (CH3), 102.3 (CH), 113.4 

(Cq), 121.6 (CH), 122.9 (CH), 125.0 (CH),125.6 (CH), 127.6 (CH), 129.5 (CH), 140.8 (CH), 

152.3 (Cq), 155.2 (Cq), 155.4 (Cq), 159.6 (Cq); MS (ESI+): m/z (%) 540.4 (20) [M + H]+, 270.2 

(100) [M + 2H]2+, purity (HPLC): 97%; HRMS (TOF ESI+): calcd for C29H27ClN7O2 [M + H]+: 

540.1915, found: 540.1897. The characterization data for compound 14 are given below. 

2-Amino-9-(4-((6-chloro-2-methoxyacridin-9-yl)amino)butyl)-1,9-dihydro-6H-purin-6-

one (14): Compound 15 (159 mg, 0.38 mmol) was dissolved in dry dioxane (5 mL) under an 

Ar atmosphere and the reaction was cooled on an ice bath. HCl (4 M in dioxane, 500 µL, 2.00 

mmol) was added, the ice bath was immediately removed, and the reaction was stirred for 2.5 

h until the disappearance of the starting material (TLC). The solvent was removed under 

vacuum and PhOH (700 mg, 9.09 mmol) and 6,9-dichloro-2-methoxyacridine (118 mg, 0.31 

mmol) were added. The reaction was heated for 4 h at 110 °C and then stirred at room 

temperature for 24 h. After cooling, Et2O (50 mL) was added, the orange precipitate was 

collected and purified by flash chromatography (SiO2, eluent: DCM / MeOH / TEA, 95:5:1, Rf 

= 0.1). Compound 14 (90 mg, 0.19 mmol, 50%) was obtained as an orange solid; 1H NMR 

(300 MHz, DMSO-d6): δ 1.69–1.80 (m, 4H), 3.79 (t, J = 6.9 Hz, 2H), 3.75–3.96 (m, 5H), 6.40 

(s, 2H), 7.06 (br s, 1H), 7.33 (dd, J = 9.3, 1.5 Hz, 1H), 7.43 (dd, J = 9.3, 2.0 Hz), 7.60 (d, J = 

2.3 Hz, 1H), 7.65 (s, 1H), 7.81–7.87 (m, 3H), 8.30 (d, J = 9.3 Hz, 1H), 10.53 (s, 1H); 13C NMR 

(DMSO-d6, 75 MHz): δ 26.5 (CH2), 28.0 (CH2), 42.3 (CH2), 49.0 (CH2), 55.6 (CH3), 116.6 (CH), 

117.0 (Cq), 119.2 (CH); 122.7 (CH), 126.6 (CH), 133.8 (CH), 137.4 (Cq), 150.7 (Cq), 151.1 (Cq), 
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153.4 (Cq), 155.1 (Cq), 156.8 (Cq); MS (ESI+): m/z (%) 232.7 (100) [M + 2H] 2+, 464.4 (15) [M 

+ H]+, purity (HPLC): 98%; HRMS (ESI+ TOF) calcd for C23H23ClN7O2 [M + H]+: 464.1602, 

found: 464.1577. 

tert-Butyl (4-(2-amino-6-(benzyloxy)-9H-purin-9-yl)butyl)carbamate (15): BG (315 mg, 

1.31 mmol) was suspended with Cs2CO3 (851 mg, 2.61 mmol) in dry DMF (10 mL) and stirred 

under an Ar atmosphere for 10 minutes. Then, compound 9 (395 mg, 1.56 mmol) was added 

and the mixture was stirred for 24 h at room temperature. To quench the reaction, H2O (15 

mL) was added and the mixture was extracted with AcOEt (4 × 25 mL). The organic layers 

were pooled, dried over Na2SO4, filtrated and concentrated under vacuum. The residue was 

purified by flash chromatography (SiO2, eluent: DCM / MeOH gradient, 100:0 to 98:2, Rf = 0.3) 

to yield 15 (247 mg, 0.60 mmol, 46%) as a transparent oil that solidified in the fridge. 1H NMR 

(CDCl3, 300 MHz): δ 1.45 (s, 9H), 1.50 (m, 2H), 1.89 (m, 2H), 3.20 (dd, J = 8.5, 6.7 Hz, 2H), 

4.07 (t, J = 6.8 Hz, 2H), 4.90 (s, 2H), 5.06 (s, 1H), 5.57 (s, 2H), 7.26–7.52 (m, 5H), 7.59 (s, 

1H); 13C NMR (CDCl3, 75 MHz): δ 26.7 (CH2), 27.3 (CH2), 28.4 (CH3), 39.7 (CH2), 42.8 (CH2), 

68.0 (CH2), 79.0 (CHq), 115.6 (Cq), 127.9 (CH), 128.2 (CH), 128.4 (CH), 136.5 (Cq), 139.2 

(CH), 154.1 (Cq), 156.1 (Cq), 159.2 (Cq), 161.0 (Cq); HRMS (TOF ESI+): calcd for C21H30N6O3 

[M + H]+: 413.2296, found: 413.2277. 

N-(2-(2-(2-Iodoethoxy)ethoxy)ethyl)phthalimide (16c): Potassium phthalimide (1.00 g, 5.40 

mmol) was suspended in 1,2-bis(2-chloroethoxy)ethane (8.5 mL, 10.1 g, 54.0 mmol) under an 

Ar atmosphere and the mixture was heated at 130 °C for 48 h. The reaction mixture was 

cooled and directly purified by flash chromatography (SiO2, eluent: cyclohexane / AcOEt, 8:2 

to 6:4, Rf = 0.2 in 7:3) to yield N-(2-(2-(2-chloroethoxy)ethoxy)ethyl)phthalimide [48] (16d, 

957 mg, 3.3 mmol, 61%) as a transparent oil; 1H NMR (CDCl3 , 300 MHz): δ 3.54 (t, J = 5.4 

Hz, 2H), 3.56–3.70 (m, 6H), 3.75 (t, J = 5.6 Hz, 2H), 3.91 (t, J = 5.6 Hz, 2H), 7.73–7.75 (m, 

2H), 7.84–7.86 (m, 2H); 13C NMR (APT, CDCl3, 75 MHz): δ 37.3 (CH2), 42.7 (CH2), 68.0 (CH2), 

70.1 (CH2), 70.6 (CH2), 71.4 (CH2), 123.3 (CH), 132.1 (CH), 133.9 (Cq), 168.3 (Cq). MS (ESI+): 

m/z (%) 298.3 (10) [M + H]+, 174.2 (100) [M – C4H8ClO2] +. Intermediate 16d (200 mg, 0.67 

mmol) and NaI (252 mg, 2.67 mmol) were dissolved in dry MeCN (4 mL) under an Ar 

atmosphere and refluxed for 24 h. The reaction was quenched by addition of H2O (10 mL) and 

the mixture was extracted with AcOEt (4 × 10 mL). The organic layers were pooled, dried over 

Na2SO4, filtered and concentrated in vacuum to yield compound 16c (251 mg, 0.64 mmol, 

96%) as a yellow oil which was used without further purification; 1H NMR (CDCl3 , 300 MHz): 

δ 3.17 (t, J = 6.9 Hz, 2H), 3.60–3.68 (m, 6H), 3.76 (t, J = 5.7 Hz, 2H), 3.91 (t, J = 5.7 Hz, 2H), 

7.71–7.73 (m, 2H), 7.83–7.87 (m, 2H); 13C NMR (APT, CDCl3, 75 MHz): δ 3.00 (CH2), 37.4 

(CH2), 68.1 (CH2), 70.2 (CH2), 70.3 (CH2), 72.1 (CH2), 123.4 (CH), 132.3 (CH), 134.1 (Cq), 
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168.4 (Cq); MS (ESI+): m/z (%) 412.2 (5) [M + Na]+, 390.2 (30) [M + H]+, 362.1 (40) [M – I]+, 

174.2 (100) [M – C4H8IO2] +. 

N-(4-(2-Amino-6-(benzyloxy)-9H-purin-9-yl)butyl)phthalimide (17a) [89]: BG (1.50 g, 6.24 

mmol) and Cs2CO3 (3.00 g, 9.30 mmol) were suspended in dry DMF (20 mL) under an Ar 

atmosphere and the mixture was stirred for 10 minutes. N-(4-bromobutyl)phthalimide (16a, 

1.90 g, 6.81 mmol) was added and the reaction was stirred at room temperature for 24 h. The 

reaction was quenched by addition of H2O (10 mL), extracted with AcOEt (3 × 100 mL), the 

organic layers were pooled, dried over Na2SO4, filtered and concentrated in vacuum. The 

residue was purified by flash chromatography (SiO2, eluent: DCM / MeOH, 98:2, Rf = 0.14) to 

give 17a (1.90 g, 4.22 mmol, 68%) as a white solid. 1H NMR (CDCl3, 300 MHz): δ 1.72 (m, 

2H), 1.90 (m, 2H), 3.75 (t, J = 7.3 Hz, 2H), 4.11 (t, J = 7.0 Hz, 2H), 4.84 (s, 2H), 5.56 (s, 2H), 

7.29–7.35 (m, 3H), 7.50 (m, 2H), 7.60 (s, 1H), 7.72 (dd, J = 5.4, 3.0 Hz, 2H), 7.83 (dd, J = 5.4, 

3.0 Hz, 2H); 13C NMR (CDCl3, 75 MHz): δ 25.6 (CH2), 27.2 (CH2), 37.0 (CH2), 42.8 (CH2), 67.9 

(CH2), 115.7 (Cq), 123.3 (CH), 127.9 (CH), 128.2 (CH), 128.4 (CH), 132.0 (CH), 134.0 (CH), 

136.5 (Cq), 139.4 (CH), 154.2 (Cq), 159.2 (Cq), 161.0 (Cq), 168.4 (Cq); MS (ESI+): m/z (%) 

443.3 (100) [M + H]+, purity (HPLC): 96%; HRMS (ESI+ TOF) calcd for C24H23N6O3 [M + H]+: 

443.1832, found: 443.1819. 

 

N-(8-(2-Amino-6-(benzyloxy)-9H-purin-9-yl)octyl)phthalimide (17b): BG (1.00 g, 4.14 

mmol) was dissolved in dry DMF (20 mL) under an Ar atmosphere and the solution was cooled 

to 0 °C. Cs2CO3 (2.00 g, 6.14 mmol) and N-(8-bromooctyl)phthalimide (16b, 1.70 g, 4.91 mmol) 

was added in portions. The reaction was kept on an ice bath for 8 h and then stirred at room 

temperature for a total of 24 h. The reaction was quenched by the addition of H2O (40 mL), 

extracted with AcOEt (6 x 40 mL), the organic layers were pooled, dried over Na2SO4, filtered 

and concentrated in vacuum. The residue was purified by flash chromatography (SiO2, eluent: 

DCM / EtOH, 99:1 to 97:3, Rf = 0.36 and 0.28 in 95:5 for N9 and N7 isomers respectively). The 

N9 and N7 isomers were assigned according to the correlations observed in HMBC spectra. 

The N9 isomer (17b, 998 mg, 2.01 mmol, 48%) was obtained as a white solid; 1H NMR (CDCl3, 
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300 MHz): δ 1.32 (m, 8H), 1.66 (m, 2H), 1.82 (m, 2H), 3.67 (t, J = 7.2 H, 2H), 4.03 (t, J = 7.2 

Hz, 2H), 4.86 (s, 2H), 5.56 (s, 2H), 7.32–7.37 (m, 3H), 7.50–7.52 (m, 2H), 7.59 (s, 1H), 7.69–

7.72 (2H), 7.81–7.85 (m, 2H); 13C NMR (APT, CDCl3, 75 MHz): δ 26.6 (CH2), 26.8 (CH2), 28.6 

(CH2), 28.9 (CH2), 29.0 (CH2), 29.9 (CH2), 38.1 (CH2), 43.6 (CH2), 68.1 (CH2), 115.8 (CH), 

123.3 (CH), 128.0 (CH), 128.4 (CH), 128.5 (CH), 132.2 (Cq), 134.0 (CH), 136.7 (Cq), 139.6 

(CH), 154.3 (Cq), 159.2 (Cq), 161.1 (Cq), 168.6 (Cq); MS (ESI+): m/z (%) 499.4 (100) [M + H]+ 

(100). The N7 isomer (17b′, 608 mg, 1.21 mmol, 24%) was obtained as a white solid; 1H NMR 

(CDCl3, 300 MHz): δ 1.18–1.22 (m, 4H), 1.23–1.25 (m, 4H), 1.64 (dd, J = 7.3, 6.7 Hz, 2H), 

1.75 (dd, J = 7.3, 7.1 Hz, 2H), 3.66 (t, J = 7.3 Hz, 2H), 4.12 (t, J = 7.3 Hz, 2H), 4.98 (s, 2H), 

5.5 (s, 2H), 7.35–7.45 (m, 5H), 7.39–7.71 (dd, J = 5.4, 3.1 Hz, 2H), 7.74 (s, 1H), 7.82 (dd, J = 

5.4, 3.1 Hz, 2H); 13C NMR (APT, CDCl3, 75 MHz): δ 26.3 (CH2), 26.7 (CH2), 28.5 (CH2), 28.8 

(CH2), 28.9 (CH2), 31.3 (CH2), 38.0 (CH2), 47.6 (CH2), 68.2 (CH2), 107.2 (Cq), 123.2 (CH), 

128.2 (CH), 128.4 (CH), 128.7 (CH), 132.2 (Cq), 134.0 (CH), 136.2 (Cq), 144.7 (CH), 157.2 

(Cq), 159.3 (Cq), 164.1 (Cq), 164.4 (Cq); MS (ESI+): m/z (%) 499.4 (100) [M + H]+ (100).  

 

N-(2-(2-(2-(2-Amino-6-(benzyloxy)-9H-purin-9-yl)ethoxy)ethoxy)ethyl)phthalimide (17c): 

BG (366 mg, 1.52 mmol) was dissolved in dry DMF (14 mL) under an Ar atmosphere. The 

solution was cooled to 0 °C in an ice bath, and Cs2CO3 (731 mg, 1.52 mmol) and compound 

16c (708 mg, 1.82 mmol) in dry DMF (6 mL) was added in portions. The reaction mixture was 

stirred at 0 °C for 8 h and then at room temperature for 24 h. The reaction was quenched by 

adding H2O (40 mL) and the mixture was extracted with AcOEt (6 × 40 mL). The organic layers 

were pooled, dried over Na2SO4, filtered and concentrated in vacuum. The residue was 

purified by flash chromatography (SiO2, eluent: DCM / EtOH, 99:1 to 96:4, Rf = 0.4 and 0.17 

for 98:2 for N9 and N7 isomers respectively). The N9 and N7 isomers were assigned according 

to the correlations observed in HMBC spectra. The N9 isomer (17c, 277 mg, 0.55 mmol, 36%) 

was obtained as a sticky oil; 1H NMR (CDCl3, 300 MHz): δ 3.53 (m, 2H), 3.58 (m, 2H), 3.70 

(m, 4H), 3.88 (t, J = 5.6 Hz, 2H), 4.16 (t, J = 4.9 Hz, 2H), 4.85 (s, 2H), 5.56 (s, 2H), 7.26–7.29 

(m, 3H), 7.49–7.52 (m, 2H), 7.69–7.72 (m, 3H), 7.82–7.85 (m, 2H); 13C NMR (APT, CDCl3, 75 
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MHz): δ 37.2 (CH2), 43.3 (CH2), 68.0 (CH2), 68.1 (CH2), 69.3 (CH2), 70.0 (CH2), 70.6 (CH2), 

115.4 (Cq) 123.3 (CH), 127.9 (CH), 128.3 (CH), 128.4 (CH), 132.1 (Cq), 133.9 (CH), 136.6 

(Cq), 140.6 (CH), 154.1 (Cq), 159.1 (Cq), 161.0 (Cq), 168.3 (Cq); MS (ESI+): m/z (%): 503.4 

(100) [M + H]+. Isomer N7 (17c′, 280 mg, 0.56 mmol, 37%) was obtained as a sticky oil; 1H 

NMR (CDCl3, 300 MHz): δ 3.41 (dd, J = 5.6, 3.0 Hz, 2H), 3.5 (dd, J =5.6, 3.0 Hz, 2H), 3.68 (m, 

4H), 3.84 (t, J = 5.4 Hz, 2H), 4.29 (t, J = 5.7 Hz, 2H), 4.90 (s, 2H), 5.05 (s, 2H), 7.35–7.44 (m, 

5H), 7.67–7.69 (m, 2H), 7.79–7.83 (m, 2H), 7.85 (s, 1H); 13C NMR (APT, CDCl3, 75 MHz): δ 

37.2 (CH2), 47.2 (CH2), 68.0 (CH2), 69.8 (CH2), 69.9 (CH2), 70.6 (CH2), 106.8 (Cq), 123.2 (CH), 

128.1 (CH), 128.3 (Cq), 128.6 (CH), 132.1 (CH), 133.9 (CH), 136.2 (Cq), 145.9 (CH), 157.1 

(Cq), 159.1 (Cq), 164.1 (Cq), 166.8 (Cq); MS (ESI+): m/z (%) 503.4 (100) [M + H]+.  

9-(4-Aminobutyl)-6-(benzyloxy)-9H-purin-2-amine (18a) [89]: Compound 17a (1.42 g, 3.19 

mmol) was dissolved in EtOH (80 mL) together with hydrazine hydrate (1.55 mL, 1.59 g, 31.9 

mmol). The mixture was heated at 65 °C for 2.5 h. The reaction mixture was cooled and 

filtrated. The filtrate was concentrated under vacuum and the residue was suspended in DCM 

(20 mL), re-filtered, and the filtrate was concentrated in vacuum. The crude residue was 

purified by flash chromatography (SiO2, eluent: DCM / MeOH / TEA, 85:15:1, Rf = 0.11) to 

yield compound 18a (815 mg, 2.61 mmol, 82%) as a white solid which was stored under Ar at 

–20 °C. 1H NMR (CDCl3, 300 MHz): δ 1.42–1.52 (m, 2H), 1.84–1.95 (m, 4H), 2.73 (t, J = 6.9 

Hz, 2H), 4.07 (t, J = 7.2 Hz, 2H), 4.90 (s, 2H), 5.56 (s, 2H), 7.30–7.52 (m, 5H), 7.59 (s, 1H); 

13C NMR (APT, CDCl3, 75 MHz): δ 27.4 (CH2), 30.6 (CH2), 41.6 (CH2), 43.4 (CH2), 68.1 (CH2), 

115.6 (Cq), 128.1 (CH), 128.4 (CH), 128.5 (CH), 136.6 (Cq), 139.5 (CH), 154.3 (Cq), 159.3 (Cq), 

161.1 (Cq); MS (ESI+): m/z (%) 313.2 (60) [M + H]+, 242.1 (80) [M – C4H10N]+, 152.2 [M – 

C4H10N – Bn]+; purity (HPLC): 100%; HRMS (ESI+ TOF) calcd for C16H21N6O [M + H]+: 

313.1777, found: 317.1786. 

9-(8-Aminooctyl)-6-(benzyloxy)-9H-purin-2-amine (18b): Compound 17b (400 mg, 0.80 

mmol) was dissolved in EtOH (10 mL) together with hydrazine hydrate (382 µL, 400 mg, 0.80 

mmol). The reaction was heated for 1 h at 65 °C and cooled to room temperature. The reaction 

mixture was filtered, and the white solid was washed with DCM (2 × 10 mL). The filtrate was 

concentrated under vacuum, resuspended in DCM (20 mL), then filtered again and the filter 

cake was washed with DCM (2 × 10 mL). The filtrate was concentrated in vacuum to yield 

compound 18b (278 mg, 0.75 mmol, 94%) as a sticky yellow oil which was used without further 

purification. 1H NMR (CDCl3, 300 MHz): δ 1.26 (m, 8H), 1.38–1.40 (m, 2H), 1.78–1.83 (m, 2H), 

2.09 (br s, 2H), 2.63 (t, J = 7.0 Hz, 2H), 4.01 (t, J = 7.2 Hz, 2H), 5.14 (s, 2H), 5.55 (s, 2H), 

7.23–7.31 (m, 3H), 7.48–7.50 (m, 2H), 7.58 (s, 1H); 13C NMR (APT, CDCl3, 75 MHz): δ 26.4 

(CH2), 26.6 (CH2), 28.9 (CH2), 29.1 (CH2), 29.7 (CH2), 33.4 (CH2), 41.9 (CH2), 43.5 (CH2), 67.9 
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(CH2), 115.5 (Cq), 127.9 (CH), 128.1 (CH), 128.3 (CH), 136.5 (Cq), 139.4 (CH), 154.1 (Cq), 

159.2 (Cq), 160.9 (Cq); MS (ESI+): m/z (%) 369.2 (100) [M + H]+.  

9-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-6-(benzyloxy)-9H-purin-2-amine (18c): Compound 

17c (277 mg, 0.55 mmol) was dissolved in EtOH (8 mL) together with hydrazine hydrate (300 

µL, 315 mg, 6.1 mmol). The reaction was heated for 1 h at 65 °C and cooled to room 

temperature. The reaction mixture was filtered, and the white solid was washed with DCM (2 

× 10 mL). The filtrate was concentrated under vacuum, suspended in DCM (20 mL), filtered 

again, and the filter cake was washed with DCM (2 × 10 mL). The filtrate was concentrated in 

vacuum to yield compound 18c (195 mg, 0.52 mmol, 95%) as a sticky oil which was used 

without further purification. 1H NMR (CDCl3, 300 MHz): δ 2.11 (br s, 2H), 2.84 (t, J = 5.2 Hz, 

2H), 3.38 (t, J = 5.2 Hz, 2H), 3.5 (m, 4H), 3.79 (t, J = 5.1 Hz, 2H), 4.24 (t, J = 5.1 Hz, 2H), 4.94 

(s, 2H), 5.56 (s, 2H), 7.30–7.33 (m, 3H), 7.49–7.52 (m, 2H), 7.76 (s, 1H); 13C NMR (APT, 

CDCl3, 75 MHz): δ 41.7 (CH2), 43.4 (CH2), 68.1 (CH2), 69.4 (CH2), 70.3 (CH2), 70.7 (CH2), 

73.4 (CH2), 115.4 (Cq), 128.0 (CH), 128.4 (CH), 128.5 (CH), 136.6 (Cq), 140.6 (CH), 154.2 

(Cq), 159.3 (Cq), 161.1 (Cq); MS (ESI+): m/z (%) 373.3 (100) [M + H]+.  

N-(4-(2-amino-6-(benzyloxy)-9H-purin-9-yl)butyl)-6-chloro-2-methoxyacridin-9-amine 

(19a): Compounds 18a (200 mg, 0.64 mmol) and 11 (195 mg, 0.58 mmol) were dissolved in 

dry pyridine (5 mL) under an Ar atmosphere and the mixture was refluxed for 24 h. The solvent 

was removed in vacuum and the residue was purified by flash chromatography (SiO2, eluent: 

DCM / MeOH, 99:1 to 93:7; Rf = 0.12 at a 93:7 ratio) to yield compound 19a (200 mg, 0.36 

mmol, 56%) as an orange solid. 1H NMR (CDCl3, 300 MHz): δ 1.26 (s, 1H), 1.82 (m, 2H), 1.98 

(m, 2H), 3.79 (m, 2H), 3.88 (s, 3H), 4.12 (t, J = 6.7 Hz, 1H), 4.87 (s, 2H), 5.56 (s, 2H), 7.23–

7.35 (m, 6H), 7.51 (m, 2H), 7.5 (s, 1H), 7.97 (m, 2H), 8.0 (d, J = 1.3 Hz, 1H); 13C NMR (APT, 

CDCl3, 75 MHz): δ 27.6 (CH2), 28.7 (CH2), 43.1 (CH2), 50.0 (CH2), 55.7 (CH3), 68.2 (CH2), 

68.1 (CH2), 99.2 (CH), 115.8 (Cq), 116.2 (Cq), 118.4 (Cq), 124.1 (CH), 124.7 (CH), 124.9 (CH), 

128.2 (CH), 128.4 (CH), 128.5 (CH), 131.2 (CH), 135.1 (Cq), 136.5 (Cq), 139.3 (CH), 143.6 

(Cq), 149.7 (Cq), 154.2 (Cq), 156.3 (Cq), 159.3 (Cq), 161.2 (Cq); MS (ESI+): m/z (%) 554.3 (60) 

[M + H]+, 464.2 (100) [M – Bn]+, purity (HPLC): 95%; HRMS (ESI+ TOF) calcd for C30H29ClN7O2 

[M + H]+: 554.2071, found: 554.2060. 

N-(8-(2-amino-6-(benzyloxy)-9H-purin-9-yl)octyl)-6-chloro-2-methoxyacridin-9-amine 

(19b): Compounds 18b (278 mg, 0.75 mmol) and 11 (295 mg, 0.89 mmol) were dissolved in 

dry pyridine (10 mL) under an Ar atmosphere and the mixture was refluxed for 24 h. The 

solvent was removed in vacuum and the residue was purified by flash chromatography (SiO2, 

eluent: DCM / MeOH, 98:2 to 95:5, Rf = 0.16 at a 95:5 ratio) to yield compound 19b (123 mg, 

0.20 mmol, 25%) as an orange solid; 1H NMR (MeOD4, 300 MHz): δ 1.15–1.30 (m, 10H), 
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1.72–7.76 (m, 4H), 3.79 (t, J = 7.1 Hz, 2H), 3.93 (s, 3H), 4.02 (t, J = 7.1 Hz, 2H), 5.50 (s, 2H), 

7.25–7.35 (m, 4H), 7.40 (dd, J = 2.6, 9.2 Hz, 1H), 7.46–7.48 (m, 2H), 7.50 (d, J = 2.6 Hz, 1H), 

7.76–7.81 (m, 3H), 8.23 (d, J = 9.2 Hz, 1H); 13C NMR (APT, MeOD4, 75 MHz): δ 27.4 (CH2), 

27.7 (CH2), 29.9 (CH2), 30.0 (CH2), 30.6 (CH2), 31.8 (CH2), 44.5 (CH2), 56.2 (CH3), 68.9 (CH2), 

101.6 (CH), 115.2 (Cq), 118.0 (Cq), 124.3 (CH), 125.8 (CH), 126.4 (CH), 127.4 (CH), 129.1 

(CH), 129.3 (CH), 129.4 (CH), 137.2 (Cq), 137.9 (Cq), 141.2 (CH), 145.4 (Cq), 148.2 (Cq), 153.7 

(Cq), 155.1 (Cq), 157.3 (Cq), 161.6 (Cq), 162.0 (Cq). MS (ESI+): m/z (%) 610.4 (40) [M + H]+, 

520.4 (100) [M – Bn]+, purity (HPLC): 98%; HRMS (ESI+ TOF) calcd for C34H37ClN7O2 [M + 

H]+: 610.2697, found: 610.2725. 

N-(2-(2-(2-(2-amino-6-(benzyloxy)-9H-purin-9-yl)ethoxy)ethoxy)ethyl)-6-chloro-2-

methoxyacridin-9-amine (19c): Compounds 18c (195 mg, 0.52 mmol) and 11 (180 mg, 0.54 

mmol) were dissolved in dry pyridine (8 mL) under an Ar atmosphere and the mixture was 

refluxed for 24 h. The solvent was removed in vacuum and the residue was purified by flash 

chromatography (SiO2, eluent: DCM / MeOH, 98:2 to 95:5, Rf = 0.19 at a 90:10 ratio) to yield 

compound 19c (91 mg, 0.15 mmol, 27%) as an orange solid; 1H NMR (MeOD4, 300 MHz): δ 

3.55 (s, 4H), 3.63 (t, J = 5.1 Hz, 2H), 3.74 (t, J = 4.9 Hz, 2H), 3.85–7.87 (m, 5H), 4.43 (t, J = 

4.9 Hz, 2H), 5.28 (s, 2H), 7.19–7.33 (m, 6H), 7.37–7.40 (m, 2H), 7.71–7.76 (m, 3H), 8.14 (d, 

J = 8.1 Hz, 1H); 13C NMR (APT, MeOD4, 75 MHz): δ 42.7 (CH2), 49.1 (CH2), 54.9 (CH3), 67.5 

(CH2), 68.4 (CH2), 69.8 (CH2), 69.9 (2 × CH2), 100.4 (CH), 113.4 (Cq), 114.4 (Cq), 117.1 (Cq), 

123.4 (CH), 124.0 (CH), 125.3 (CH), 125.8 (CH), 127.2 (CH), 127.6 (CH), 127.8 (CH), 127.9 

(CH), 136.1 (Cq), 136.3 (Cq), 140.4 (CH), 143.4 (Cq), 145.9 (Cq), 152.6 (Cq), 153.6 (Cq), 156.0 

(Cq), 160.2 (Cq), 160.4 (Cq); MS (ESI+): m/z (%) 614.3 (50) [M + H]+, 524.3 (100) [M – Bn]+ 

(100), purity (HPLC): 96%; HRMS (ESI+ TOF) calcd for C34H37ClN7O2 [M + H]+: 614.2283, 

found: 614.2341. 

 

5.2. Absorption and fluorescence spectroscopy 

UV spectra were recorded either on a Hitachi U2900 or (in the case of varied-temperature 

experiments) on a Cary 300 Bio double-beam spectrophotometers, in quartz cuvettes (1 cm 

path length). Ligand concentration was 10 µM, with a maximum of 0.2% (v/v) DMSO. 

Hypochromism (H) values were determined using Equation (1): 

H (%) = 100 × 




1 − 

ƒ(hybrid)

 ƒ(BG) + ƒ(8)
 ,       (1) 

where ƒ is the oscillator strength, obtained by integration of the corresponding absorption 

spectrum in the 260–315 nm region [49]. Fluorescence spectra were recorded on a HORIBA 
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JobinYvon Fluoromax-3 spectrofluorimeter in quartz cuvettes (10 × 10 mm path) at a 1 µM 

ligand concentration with a maximum of 0.2% (v/v) DMSO, using the following parameters: 

λexc = 424 nm, integration time: 0.5 s, excitation / emission slits: 5 nm. Fluorescence quantum 

yields were calculated using a solution of Coumarin 153 in EtOH as a standard (Φ = 0.38) 

[51]. 

 

5.3. DNA-binding studies 

Spectrophotometric titrations: Calf thymus DNA (CT DNA, Invitrogen, 10 mg mL−1) was 

diluted ≈ 5-fold with 10 mM LiAsO2Me2, 100 mM KCl buffer, pH 7.2 and the precise 

concentration (3 mM base pairs, bp) was determined through A260 nm measurement using the 

extinction coefficient value of 12,824 cm−1 M −1. UV/Vis titrations were performed by titrating 

ligand solutions (c = 20 µM in 10 mM LiAsO2Me2, 100 mM KCl buffer, pH 7.2) with solutions 

of CT DNA (3 mM) supplemented with 20 µM of the respective ligand to avoid the dilution 

effects). After 5 min equilibration at room temperature, spectra were recorded in the 350–500 

nm range and binding isotherms were plotted as A / A0 at 410 nm vs. c(CT DNA) and fitted to 

a One Site Binding model (Equation 2) in GraphPad Prism: 

Y=Bmax × X / (Kd + X),         (2) 

where X = c(CT DNA) and Kd is the equilibrium dissociation constant. The results represent 

the Kd values ± s.d. from three to five replicates. 

Thermal denaturation experiments: Samples containing CT DNA (12.5 µM bp) and 

compounds (6.25 µM) or DMSO control (0.6% v/v) in 10 mM KAsO2Me2, pH 7.2 buffer (total 

volume: 1000 µL) were degassed, placed into self-masked quartz cuvettes (path length: 1 

cm), sealed and heated from 20 to 95 °C at a rate of 0.2 °C min–1, while the absorption was 

measured at 260 nm, with a Cary 300 Bio spectrophotometer. Melting temperatures (Tm) were 

determined as maxima of first-order derivatives of melting curves using Cary WinUV software. 

The experiments were performed in triplicate. 

Ethidium bromide (EB) displacement assay: Experiments were performed based on the 

already described protocols [90]. Briefly, EB solution in 10 mM LiAsO2Me2, 100 mM KCl buffer, 

pH 7.2 (1.13 µM, 44 µL), CT DNA solution in the same buffer (20 µM bp, 5 µL) and compound 

solution in DMSO (0–1 mM, 1 µL) were mixed in a 96-well half-area black, flat-bottom NBS 

microplate (Corning 3993) and incubated for 30 min at room temperature in the dark. 

Fluorescence was measured on a microplate reader (CLARIOstarPlus, BMG Labtech) using 

excitation at 545 nm (bandwidth: 15 nm) and emission at 595 nm (bandwidth: 20 nm). 

Fluorescence intensity, corrected for the background fluorescence of EB in the absence of 
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DNA, was plotted as a function of compound concentration. Results are the means from 3–5 

independent titrations with their corresponding standard deviations.  

Circular dichroism spectroscopy: CD spectra were recorded on a JASCO J-1500 

spectropolarimeter. A 3 mL solution containing the compounds 8 or 19c (50 µM) and CT 

DNA (500 µM bp) in 10 mM LiAsO2Me2, 100 mM KCl buffer, pH 7.2, was prepared and 

spectra were recorded in quartz cuvettes (1 cm path length) in a 300–500 nm range 

(bandwidth: 2 nm, scanning speed: 100 nm min–1, 8 scans per sample) at room 

temperature. Spectra were corrected by blank subtraction. 

 

5.4. In vitro MGMT inhibition assays 

Oligonucleotides and protein solutions: RP-HPLC purified and lyophilized DNA 

oligonucleotides (Table 5) were purchased from Eurogentec (Seraign, Belgium), reconstituted 

in sterile water to a concentration of 100 µM according to the manufacturer’s indications, and 

stored at –20 °C when not in use. 

 

Table 5. Oligonucleotides used in this work. 

Acronym Sequence (5′ → 3′) 

S1 Cy3-TAAAAGACTTC(O6MeG)AAAAATTTTTAAAA 

S2 TTTTAAAAATTTTTCGAAGTCTTTTA 

S1′ Cy3-TAAAAGACTTCGAAAAATTTTTAAAA 

Q1 GGGTTACT(O6MeG)CGAACTGG 

Q2 CCAGTTCGCAGTAACCC 

 

For preparation of the O6MeG-bearing substrate (S) or the non-methylated control (S′) 

duplexes, the Cy3-labelled 26-mers S1 or S1′ respectively (final concentration: 6.4 µM) were 

mixed with a slight excess of the unlabeled complementary strand S2 (final concentration: 7.0 

µM) in a 10 mM Tris-HCl, 100 mM NaCl buffer (pH 8.5). For preparation of the unlabeled 

quencher (Q), the complementary 17-mers Q1 and Q2 were mixed in the same buffer to give 

the final concentration of each strand of 15 µM. The duplexes were annealed by heating for 5 

min at 90 °C and then left to reach room temperature within ~ 3 h. CT DNA (10 mg mL−1) was 

diluted 20-fold with the same buffer and the precise concentration (700 µM) was determined 

through A260 nm measurement. Except from single stranded DNA, all solution were stored at + 

4 °C covered from light. 
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MGMT protein: Recombinant human MGMT was produced and purified following a 

modification of the published protocol [91]. Human MGMT cDNA was digested with restriction 

endonucleases BamHI and XhoI and ligated into pET24 vector. E. coli STAR BL 21 pRare 

cells were transformed and grown at 37 °C in 1 L of Terrific Broth. Overexpression was 

induced with 0.25% arabinose and 0.5 mM IPTG at 20 °C overnight. The cells were harvested 

by centrifugation at 4000 × g, 4 °C for 15 min. The pellets were suspended in lysis buffer 

(glycerophosphate pH 7.6 50 mM, NaCl 80 mM, β-mercaptoethanol 8 mM, MgCl2 1 mM, 

S. marcescens nuclease (benzonase) 170 U µl–1, 1X complete EDTA-free protease inhibitor 

cocktail). Cells were disrupted by passage through a T75 cell disruptor (Constant Systems, 

CellD). The resulting cell lysate was centrifuged at 43,000 × g, 4 °C for 1 h. Solid ammonium 

sulfate was added to the supernatant fraction to a final concentration of 25%. The mixture was 

stirred on ice for 15 min and left to stand on ice for 30 min. The precipitate was removed by 

centrifugation at 20,000 × g, 4 °C for 20 min. Additional ammonium sulfate was added to the 

supernatant to a final concentration of 55%. After a second centrifugation, the precipitate was 

redissolved in Buffer A (Tris-HCl pH 8.4 50 mM, EDTA 1 mM, β-mercaptoethanol 2 mM) and 

subjected to affinity chromatography on Toyopearl AF-Red (Tosoh Bioscience). The proteins 

were eluted in a buffer composed in Buffer A and NaCl (2 M). After an overnight dialysis 

(Spectra/Por 3, MWCO 3.5 kDa) against Buffer C (Tris-HCl 50 mM pH 8, EDTA 1 mM, glycerol 

10%, DTT 1 mM, NaCl 20 mM), the eluate was loaded onto a Capto SP ImpRes ion exchange 

column (Cytiva) and eluted with a continuous gradient of NaCl (0.02 to 1 M) in the same buffer. 

The fractions containing MGMT were pooled, dialyzed and concentrated (Macrosep Pall, 

MWCO 3 kDa) with a buffer C (Tris-HCl 50 mM pH 8, EDTA 1 mM, glycerol 10%, DTT 1 mM, 

NaCl 500 mM) to a volume of about 3 mL, loaded onto a size exclusion chromatography 

column (HiLoad Superdex 75 pg, 26 × 600, Cytiva) and eluted with buffer C. The fractions 

containing the protein were collected. The purity of the protein was visualized on a 4–20% 

SDS-PAGE. The protein concentration (8 µM) was determined by OD280 nm measurement. The 

enzyme was stored at –80 °C. 

Coupled enzymatic assay: Stock solutions of compounds were prepared in DMSO at a 10 

mM concentration. DNA solutions were prepared daily in a 10 mM Tris-HCl, 100 mM NaCl 

buffer (pH 8.5) and supplemented with DTT (final concentration: 1 mM). For the competition 

assay, compound solutions (diluted with buffer to c = 25 µM, 3 µL) or DMSO control (1:400 in 

buffer) were mixed with the substrate S (1.2 µM, 1 µL), placed in a thermostat at 37 °C, and 

MGMT (2.4 µM, 2 µL) was added. Final assay concentrations were as following: compounds, 

12.5 µM; S, 200 nM; MGMT, 800 nM (excess enzyme was required to account for the 

incomplete activity); DMSO, 0.125% (v/v), in a total reaction volume of 6 µL. After 5 min at 

37 °C, 1.5 µL of reaction mixtures were transferred to ice-cooled Eppendorf vials containing 
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the unlabeled reaction quencher Q (15 µM, 2.5 µL). Then, dH2O (2 µL), 5X TANGO buffer (2 

µL) and Bsp119I (Thermo Scientific, 2 U/mL, 2 µL) were added to each vial, and the vials were 

incubated at 37 °C for 1 h. The reactions were quenched by addition of formamide / 5 M aq. 

Na2EDTA solution (80:20, 5 µL). Aliquots (10 µL) of each reaction were loaded into a 0.75-

mm denaturing gel (15% polyacrylamide, 7 M urea) and separated at ambient temperature 

during 35 min (~1200 V, 20 W). Gels were visualized with a Typhoon 5 imager (GE Healthcare) 

using standard settings for Cy3 detection and quantified with ImageQuant TL software (GE 

Healthcare). Inhibition efficiency (%) was determined using Equation (3): 

Inhibition (%) = 100 × 




1 – 

Rcomp

Rcontrol
,       (3) 

where Rcomp and Rcontrol are relative amounts of the 10-mer reaction product (relative to the 

sum of the bands of the product and the 26-mer substrate, as determined by densitometry 

analysis of electrophoresis gels) for the compound and DMSO control, respectively. 

For the endonuclease inhibition assay, the methylated substrate S was substituted by S′, and 

MGMT and Q where substituted by equal volumes of the Tris / DTT buffer; the experiments 

were performed and analyzed as above. 

In the competitive assay, compound solutions (diluted with buffer to c = 50 µM, 1.5 µL) or 

DMSO control (2:400 in buffer) were mixed with CT DNA (160 µM bp, 1.5 µL) and incubated 

at room temperature for 10 min, followed by the addition of the substrate S (1.2 µM, 1 µL). 

The reaction vials were placed in a thermostat at 37 °C, and MGMT (2.4 µM, 2 µL) was added. 

The subsequent reaction (5 min), quenching and analysis steps were performed as described 

above. In the uncompetitive assays, solutions of MGMT (2.4 µM, 2 µL) and the compounds 

(25 µM, 3 µL) were preincubated for 30 min at room temperature, then placed in the thermostat 

(37 °C) and the substrate S (1.2 µM, 1 µL) was added. The subsequent reaction (5 min), 

quenching and analysis steps were performed as described above. 

 

5.5. Cell culture experiments 

General remarks: T98G human glioblastoma cell line was purchased from American Type 

Culture Collection (ATCC). Adherent cells were grown in Minimum Essential Medium (MEM 

1X + GlutaMAX™, Life Technologies) supplemented with 1% penicillin/streptomycin (Life 

Technologies), 10% fetal bovine serum (Biowest) and 1% MEM Non-Essential Amino Acids 

Solution (MEM NEAA (100X), Life Technologies), kept in humidified atmosphere with 5% CO2 

in air at 37 °C and subcultured twice a week by dispersal with TrypLE™ Express Enzyme (Life 

Technologies). 
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Growth inhibition (GI50) determination: Cells were seeded at (0.125–0.25) × 105 cells mL−1 

in a 25 cm2 flask between 3–4 days before the experiment in the conditions mentioned above. 

After reaching this time, the medium was removed and the cells were washed with 5 mL of 

sterile PBS. For each flask, 1 mL of TrypLE™ Express Enzyme (Life Technologies) were 

added to the flask for 5–10 minutes at 37 °C, followed by 9 mL of medium. Cells were counted 

using a MaxiZ™ counter (Orflo, Ketchum) and resuspended in media at a 0.125 × 105 cells 

mL−1 concentration. 200 µL of this suspension was added into each well of a 96-well plate 

(Costar). After 4 h, 1 µL of solution of compounds in DMSO were added such as to obtain the 

final drug concentration in a range from 0.015 to 25 µM (final concentration of DMSO in each 

well: 0.5% v/v) and mixed. The cells were incubated for 96 h in the conditions mentioned 

above. Cell viability was assessed by using CellTiter Glo® Luminescent Cell Viability Assay 

(Promega) following the kit instructions. Cells viability (V, %) was determined as the ratio of 

the luminescent signal of the cells treated with the compound(s) and the vehicle (DMSO, 0.5% 

v/v). Each condition was assayed at least three times with two technical replicates per plate.  

For determination of viability through cell counting, the following protocol was employed: T98G 

cells were plated in 24-well tissue culture plates (TPP®) at 0.25 × 105 cells mL−1 in 1 mL 

medium, and 4 h later treated with varied concentrations of each compound and incubated for 

96 h at 37 °C and 5% CO2. After washing with 500 µL of PBS, 100 µL of TrypLE™ Express 

Enzyme (Life Technologies) was added to the cells for 5 min at 37 °C, followed by 900 µL of 

medium. Cells were counted as described before. Cells viability (%) were defined as the ratio 

between the concentration of cells treated with compound and the vehicle, where each 

condition was tested at least one time. 

Drug combination experiments: Cells were seeded in a white 96-well tissue culture plate 

(Costar®) and the compounds were added as DMSO solutions and incubated for 2 h. After 

this time, TMZ was added as a DMSO solution, such as the final concentration of DMSO in 

each well was 0.5% v/v. The cells were grown for a total of 96 h and the experimental viability 

(Vexp,AB) was determined using CellTiter Glo® kit as described before. For the analysis in terms 

of Bliss Independence model [62,63], the theoretical viability of cells treated with a combination 

of drugs A and B (Vtheo,AB) was calculated using Equation (4): 

Vtheo,AB = Vexp,A × Vexp,B,        (4) 

where Vexp,A and Vexp,B are the viabilities of cells treated individually with compounds A and B, 

respectively, at the same concentrations as in the combination experiment. The corresponding 

s.d. (σ) values were calculated using the error propagation formula, Equation (5): 

σ2 = (VTheo,AB)2 × (
σVA

²

VA²
 + 

σVB
²

VB²
),        (5) 
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where σVA
 and σVB

 are the s.d. values for the experimental viabilities Vexp,A and Vexp,B, 

respectively. One-way ANOVA and Sidak post-test comparison statistical analysis were 

performed (GraphPad 6, www.graphpad.com) to compare Vtheo,AB with experimentally 

observed viability Vexp,AB. 

For Combination Index (CI) determination, the Chou–Talalay method was used by employing 

CompuSyn software as per software manual (https://www.combosyn.com/) [65,66]. 

Inactivation of cellular MGMT: T98G cells were seeded at 0.125 × 105 cell mL−1 in 30 mL of 

media in T75 flasks and incubated as described before. After four days, media was removed, 

the flasks were washed with PBS (10 mL) and filled with fresh media containing DMSO (0.5% 

v/v) or the compounds (2 µM) and incubated for 2 h at 37 °C. Media was removed, and cells 

were washed with PBS (2 × 10 mL) and trypsinized collecting about 1 × 107 cells per treatment. 

The cells were pelleted and N2-frozen for storing at −80 °C. The pellets were resuspended in 

the reaction buffer (50 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, 5% glycerol, pH 8.0) 

supplemented with DTT (1 mM) and 1X HaltTM protease cocktail (Thermo Scientific). The 

suspension was pulse-sonicated 5 times (5 s each, 30 s between pulses) at 4 °C and then 

centrifuged for 30 min at 4 °C and 14000 g; the supernatant was transferred to a clean tube 

and kept on ice. Protein concentration, measured using PierceTM BCA protein assay kit 

(Thermo Scientific), was 4–8 mg mL–1, similar to what is reported in the literature [54,67]. 

Reactions were performed in 150 µL of reaction mixture containing the protein extract (147.5 

µL, 100–500 µg of protein) and DNA substrate S (2.5 µL of a 240 nM solution, final 

concentration: 4 nM) and incubated 2 h at 37 °C. DNA was extracted using phenol : chloroform 

: isoamyl alcohol (25:24:1, Sigma) saturated with 10 mM Tris and 1 mM EDTA, pH 8.0 

(150 µL). 100 µL of the DNA-containing phase were employed to precipitate the DNA using 

50 µL of NaOAc (3 M), 900 µL of cold abs. EtOH, 1 µL of glycogen (20 µg/µL, Invitrogen) and 

then stored at −20 °C overnight. The samples were centrifuged (2 h, 4 °C, 16,000 g) and the 

supernatant was carefully removed. The pellet was washed with 150 µL of cold 70% EtOH 

and re-centrifuged (10 min, 4 °C, 16,000 g). The supernatant was removed and the DNA was 

dried by speed vacuum, then dissolved in a total of 10 µL of solution containing H2O (6 µL), 2 

µL of 5X TANGO (2µL) and Bsp119I (2 U/mL, 2 µL). Gel electrophoresis analysis was carried 

as before and the activity was calculated by dividing the MGMT activity by the amount of total 

protein used for the assay. The results represent the mean ± s.d. of three independent 

biological experiments. 

Live cell imaging: T98G cells were cultured as described above and plated in an 8-well plate 

(ibidi®) at 0.25 × 105 cells mL−1 in 0.3 mL medium, and 4 h later treated with compound 19a 

(final concentration: 1.1 µM) and incubated for 96 h at 37 °C and 5% CO2. Medium was 

http://www.graphpad.com/
https://www.combosyn.com/
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removed and the cells were washed with PBS (300 µL). Medium was replenished, DRAQ5TM 

(Invitrogen) was added as a nuclear dye (final concentration: 20 µM) and cells were incubated 

for 20 minutes at room temperature, protected from light. Finally, medium was removed; cells 

were washed and medium was added as before. Images were acquired on a TIRF Spinning 

Disk Microscope (Gataca systems, TiE Nikon), with a 100X oil magnification using a 488 nm 

laser (525 / 25 nm filter) and a 642 nm laser (700 / 75 nm filter). Pixel size was 0.11 µm and 

the Z step size was 0.5 µm over a Z range of 10 µm. 

γ-H2AX immunostaining: T98G cells were plated in an 8-well plate Lab-Tek® II Chamber 

Slide™ at 0.125 × 105 cells mL−1 concentration for DMSO and TMZ treatment and at 0.25 × 

105 cells mL−1 for the rest of the conditions in 0.4 mL of medium and treated 4 h later with 

DMSO, BG and 19a for 2 h at 37 °C and 5% CO2. Then, TMZ was added and cells were 

incubated in the same conditions for 94 h more. Medium was removed, and cells were washed 

with PBS (2 × 400 µL) and fixed with PFA (2% in PBS, 400 µL) for 10 min at rt, and then 

washed with PBS (3 × 400 µL). Cells were permeabilized with Triton X-100 (0.2% in PBS, 400 

µL) for 10 min at room temperature and then washed with PBS (3 × 400 µL). Cells were 

incubated with goat serum (Abcam, 10 % in PBS, 250 µL) for 1 h at room temperature, washed 

once with PBS (400 µL) and incubated overnight with γ-H2AX antibody (MerckMillipore, 

Antiphospho-Histone H2A.X (Ser139), clone JBW301,1:500 in BSA 1%, 250 µL) at 4 °C. Cells 

were washed with PBS (5 × 400 µL, leaving for 5 min between washings) and incubated with 

the secondary antibody (Life Technologies, AlexaFluor™ 555 goat anti-mouse IgG1 (γ1), 

1:600 in BSA 1%) for 30 min at room temperature. Cells were washed with PBS (5 × 400 µL, 

leaving for 5 minutes between washings) and slides were finally mounted with Vectashield® 

Mounting Medium for Fluorescence containing DAPI as nuclear dye (Vector Laboratories) and 

a cover glass (N° 1.5, VWR). Images were acquired on a 63X oil magnification with a Widefield 

Microscope (Leica) and processed using ImageJ software. Data presents the results of two 

individual replicate were a minimum of 150 cells were analyzed per condition.  

Apoptosis and necrosis determination: T98G cells were incubated in a 6-well plate (TPP®) 

in a 5 mL final volume, at 0.35 × 105 cells mL-1 for DMSO and TMZ treatment and at 0.7 × 105 

cells mL-1 for the rest of the conditions for the 48 h experiment, 0.25 × 105 cells mL-1 for DMSO 

and TMZ treatment, 0.5 × 105 cells mL−1 for 19a and BG, and 1 × 105 cells mL-1 for the 

combination experiments for at 96 h. Cells were treated 4 h later with the compounds as 

DMSO solutions, incubated for 2 h at 37 °C and 5% CO2 when TMZ was added and incubated 

to complete 48 h or 96 h of incubation. After this time, medium was removed and washed with 

PBS (2 mL), cells were trypsinized and counted. Medium was removed by centrifugation (5 

min, 1500 g at 4 °C) and cells were washed again (2 × 2 mL) and analyzed using FITC Annexin 

V Apoptosis Detection Kit (BD PharmagenTM) according to the kit instructions. Cells were 
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analyzed with a BD FACSCanto II cytometer equipped with a 488 nm laser. The data 

presented were an average of three to five individual experiments per condition. 

Caspase 3/7 activation assay: In a 96-well plate, T98G cells were seeded at 1 × 104 cells 

mL−1 for 19a and 19a / TMZ combination experiment and 0.5 × 104 cells mL−1 for DMSO and 

TMZ experiments. Compounds were added as for the combination assay experiments at the 

corresponding concentrations, namely DMSO (0.5% v/v), TMZ (94 µM), 19a (1.1 µM) and 19a 

/ TMZ combination (1.1 and 94 µM, respectively). Cells were incubated with compounds for 

96 h and caspase 3/7 activity was measured using the Caspase-Glo® 3/7 kit (Promega) as 

per kit instructions [92,93]. Values were normalized with respect to the DMSO control and the 

amount of total protein (considered proportional to the cell number). The results represent 

means ± s.d. from three independent biological replicates. 
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