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ABSTRACT

The short oligodeoxynucleotide (ODN) probes are
suitable for good discrimination of point mutations.
However, the probes suffer from low melting temper-
atures. In this work, the strategy of using acridine-
4-carboxamide intercalators to improve thermal sta-
bilisation is investigated. The study of large series
of acridines revealed that optimal stabilisation is
achieved upon decoration of acridine by secondary
carboxamide carrying sterically not demanding ba-
sic function bound through a two-carbon linker. Two
highly active intercalators were attached to short
probes (13 or 18 bases; designed as a part of HFE
gene) by click chemistry into positions 7 and/or 13
and proved to increase the melting temperate (Tm) of
the duplex by almost 8◦C for the best combination.
The acridines interact with both single- and double-
stranded DNAs with substantially preferred interac-
tion for the latter. The study of interaction suggested
higher affinity of the acridines toward the GC- than
AT-rich sequences. Good discrimination of two point
mutations was shown in practical application with
HFE gene (wild type, H63D C > G and S65C A > C
mutations). Acridine itself can also serve as a fluo-
rophore and also allows discrimination of the fully
matched sequences from those with point mutations
in probes labelled only with acridine.

GRAPHICAL ABSTRACT

INTRODUCTION

Fluorescent hybridisation probes are invaluable tool for de-
tection of specific oligonucleotide sequences in homoge-
nous solutions (1,2). Since the invention of the polymerase
chain reaction (PCR), an extensive effort has been made to
develop fluorescent hybridisation probes able to discrimi-
nate point mutations or single nucleotide polymorphisms.
The length of the fluorescent hybridisation oligonucleotide
probe has a crucial role in the mismatch discrimination
ability of the probe––in particular, short probes have ad-
vantageous properties. However, the short probes suffer
from low melting temperatures and the use of agents ther-
mally stabilising the duplex is mostly unavoidable. Differ-
ent types of stabilising agents have been described with
minor groove binders (3,4), polyamines (5,6) and inter-
calators (7–10) being the most promising. Among these
agents, acridine derivatives representing the last group, have
been demonstrated to be the promising structural motifs
thanks to their strong interaction with DNA. Specifically,
9-amino-6-chloro-2-methoxyacridine (11–13) (Figure 1A),
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Figure 1. Published acridine derivatives used for modification of DNA.

6,9-diamino-2-methoxyacridine (14,15) (Figure 1B) and
acridine-9-carboxamide derivatives (16) (Figure 1C) have
been conjugated with oligo(deoxy)nucleotides either during
synthesis of oligodeoxynucleotide (ODN) (11,12,17–20) or
as a postsynthetic modification (16,21–23) of the ODN, and
prepared conjugates have been studied for their ability to in-
fluence properties of DNA.

A lot of effort has also been put into the investigation
of biological activity and intercalation (24–27) of acridine
derivatives for application in anticancer (28–31), antimi-
crobial (32) or antiviral therapy (33). Disclosed structure–
activity relationships emphasize the high binding affin-
ity of acridine-4-carboxamide derivatives toward duplex
DNA (29–31,34,35). Their mechanism of biological action
was confirmed to be based mainly on their intercalation, fol-
lowed by inhibition of topoisomerase (36,37). Interaction
of acridine derivatives with DNA is, however, complex and
includes more processes (38). Presence of ionizable amino
moiety in the side chain seems to be advantageous since
it helps to ‘anchor’ the acridine after intercalation (39,40).
Early studies confirmed that the intercalation of acridine
is not precluded after its covalent binding to a sequence of
ODN (11,20,41–43). Considering all these data, we hypoth-
esized that the use of acridine-4-carboxamides covalently
attached to ODN may help in thermal stabilisation of the
duplex and increase selectivity of the short ODN probes.
In this work, we present deep investigation of the series of
acridines from the point of view of their structure and their
effect on the thermal stabilisation of DNA duplex either
freely in the solution or after their attachment to the ODN
probe. The ability of the acridines to help in discrimination
of single mismatched mutations was tested.

Considering the modification of the ODN molecule by
the selected label, several ways to attach a functional
molecule to a synthetic ODN exist. It can be incorporated
during synthesis of ODN in the synthesizer employing cor-
responding building blocks, usually phosphoramidites. Al-
ternatively, post-synthetic labelling can be employed, either
on the ODN still bound on the solid support or after its
cleavage from the solid support and deprotection (in so-
lution). The first approach brings advantage of easier pu-
rification by simple washing off the unreacted material and
higher stability of the oligonucleotide chain, which is still
protected. In addition, the reaction can be performed in a
wide spectrum of solvents and water solubility of the label is
not crucial. Thus, even highly lipophilic molecules can be at-
tached to the oligonucleotide. Lower consumption of the la-
bel can be considered as another great advantage of this ap-
proach. The only disadvantage is the reduced accessibility
of the reactive moiety on the solid support bounding ODN
requiring more efficient and straightforward reaction types.
That is why, copper-free ring-strain promoted azide-alkyne

cycloaddition has become the most popular reaction due
to its high efficiency, selectivity, and simple reaction proce-
dure (44–48). Therefore, we have decided to use it in this
project.

MATERIALS AND METHODS

General

All organic solvents used in the synthesis were of analytical
grade. Phenol used as solvent for reaction was purified by
distillation. All other chemicals for the syntheses were pur-
chased from certified suppliers (i.e. TCI Europe, Acros, Flu-
orochem, and Merck) and used as received. TLC was per-
formed on Merck aluminium sheets coated with silica gel
60 F254. Merck Kieselgel 60 (0.040–0.063 mm) was used
for column chromatography. The 1H and 13C NMR spec-
tra were recorded on a Varian VNMR S500 NMR spec-
trometer (Varian, Palo Alto, CA, USA) and Jeol JNM-
ECZ600R spectrometer (Jeol, Peabody, MA, USA). The
chemical shifts are reported as � values in ppm and are in-
directly referenced to Si (CH3)4via the signal from the sol-
vent. J values are given in Hz. The UV/Vis spectra were
recorded using a Shimadzu UV-2600 spectrophotometer
(Kyoto, Japan). Fluorescence spectra were measured using
FLS1000 spectrofluorometer (Edinburgh Instruments, Ed-
inburgh, UK). HRMS spectra were measured using an UH-
PLC system Acquity UPLC I-class (Waters, Millford, USA)
coupled to a high resolution mass spectrometer (HRMS)
Synapt G2Si (Waters, Manchester, UK) based on Q-TOF.
Chromatographic separations were performed on a Shi-
madzu LC20 chromatograph (Kyoto, Japan), composed of
a DGU-20A3 solvent degasser, two LC-20AD binary gra-
dient pumps, a SIL-20AC autosampler with a 100-�l sam-
ple loop, a CTO-20AC column oven, a SPD-M20A photo-
diode array detector (PDA) and a CBM-20A system con-
troller. The chromatographic data were recorded and an-
alyzed by LabSolutions software 5.3 (Shimadzu, Kyoto,
Japan). Semipreparative HPLC was carried out using a Phe-
nomenex Luna 5u Phenyl-Hexyl (150 × 3.0 mm; particle
size 5 �m) column using isocratic elution with acetonitrile
(ACN) and 50 mmol triethylammonium acetate buffer at
flow-rate 1 ml/min and 40◦C. Mass spectra of the oligonu-
cleotide probes were obtained using a MALDI-TOF Bruker
Daltonics Autoflex II mass spectrometer (Bruker, Bellerica,
MA, USA) with 3-hydroxypicolinic acid and ammonium
citrate in 50% acetonitrile as a matrix.

The following amines were prepared according to pub-
lished procedures: tert-butyl (2-aminoethyl)carbamate
(49), 1,6-diazidohexane (50), 6-azidohexane-1-
amine (50) and bis (2-methyl-2-propanyl) {[ (2-
aminoethyl)amino]methylidene}biscarbamate (51).

Synthesis

Preparation of N- (6-azidohexyl)acridin-9-amine (1). The
mixture of 13 (1.00 g, 4.7 mmol) and phosphorus oxychlo-
ride (10 ml) was stirred at 140◦C for 1 h. Then, the ex-
cess of phosphorus oxychloride was evaporated under re-
duced pressure. The crude product was used without fur-
ther purification in next reaction. Dry phenol (4.42 g, 47
mmol) was added, and the mixture was stirred at 110◦C
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for 15 min. The 6-azidohexane-1-amine (1.34 g, 9.41 mmol)
was added to the mixture cooled to 55◦C and the mix-
ture was stirred for 24 h. The reaction mixture was dis-
solved in chloroform and washed with 2 M sodium hydrox-
ide (50 ml). The organic layer was separated, dried over
sodium sulphate, and evaporated under reduced pressure.
The product was purified by column chromatography on sil-
ica (ethyl acetate). Pure fractions were collected and evap-
orated under reduced pressure; 282 mg of yellow crystals
were obtained. MP: 100.6–102.2◦C. Yield 19%. 1H NMR
(500 MHz, CDCl3) δ 10.21 (bs, 1H); 8.45 (d, J = 8.6 Hz,
2H); 8.07 (d, J = 8.5 Hz, 2H); 7.48 (t, J = 7.7 Hz, 2H);
7.21 (t, J = 7.8 Hz, 2H); 4.06 (t, J = 7.5 Hz, 2H); 3.18 (t,
J = 6.8 Hz, 2H); 2.04 (p, J = 7.5 Hz, 2H); 1.56–1.33 (m,
6H); 13C NMR (126 MHz, CDCl3) δ 156.62; 140.30; 138.58;
125.22; 122.93; 119.68; 112.49; 51.07; 48.58; 29.81; 28.51;
26.29; 26.19. IR (ATR) νmax = 3188, 3030, 2934, 2859, 2788,
2094, 1635, 1588, 1569, 1535, 1473, 1362, 1340, 1272, 1191,
1170, 1143, 1115, 1091, 1036, 953, 869, 748, 733, 698, 661,
640, 632 cm−1. HRMS (m/z): [M+H]+ calcd for C19H22N5,
320.1870, found, 320.1879.

General procedure for preparation of amides2–12. Acid 17
(200 mg, 0.55 mmol) was dissolved in SOCl2 (2 ml), and the
mixture was stirred at room temperature for 1 h. SOCl2 was
then evaporated under reduced pressure. The residue was
dissolved in dry dichloromethane (DCM) and added drop-
wise to ice-cold stirred solution of corresponding amine (1
eq.), and triethylamine (4 eq.) in dry DCM. The reaction
mixture was stirred for 30 min. DCM was evaporated from
the reaction mixture under reduced pressure. The product
was purified by column chromatography on silica. After pu-
rification and characterization, the free amines were con-
verted to the corresponding hydrochlorides that were more
stable. The acridines were dissolved in diethyl ether (50 ml)
and bubbled by HCl gas generated from NaCl and H2SO4.
The hydrochlorides then separated as an oily yellow liq-
uid. The diethyl ether was decanted and the oily residue
was washed 3 times with diethyl ether (50 ml), dissolved in
MeOH, and evaporated to dryness. The amount of HCl in
the sample was determined by titration with AgNO3 (see
Supplementary Data, Figure S1).

Preparation of 9-[(6-azidohexyl)amino]-N-[2-
(dimethylamino)ethyl]acridine-4-carboxamide (2). This
compound was prepared using the General procedure
above. Mobile phase–ethyl acetate:MeOH:TEA 95:5:1,
Rf = 0.19. Yellow oil, 60%. Data for free base: 1H NMR
(600 MHz, acetone-d6) δ 12.43 (s, 1H); 8.72 (s, 1H); 8.50
(d, J = 8.7, 1.6 Hz, 1H); 8.38 (d, J = 8.6 Hz, 1H); 8.04
(s, 1H); 7.71 (t, J = 7.0 Hz, 1H); 7.47–7.30 (m, 2H); 6.81
(bs, 1H); 3.91 (t, J = 7.2 Hz, 2H); 3.65 (q, J = 5.8 Hz,
2H); 3.22 (t, J = 6.9 Hz, 2H); 2.61 (t, J = 6.1 Hz, 2H);
2.36 (s, 6H); 1.84 (p, J = 7.4 Hz, 2H); 1.50 (p, J = 7.0 Hz,
2H); 1.45–1.30 (m, 4H); 13C NMR (151 MHz, acetone-d6)
δ 165.66; 153.42; 148.12; 147.29; 133.98; 130.64; 129.15;
128.45; 127.64; 123.73; 122.87; 121.19; 116.54; 115.63;
58.44; 51.03; 50.53; 44.83; 37.53; 30.87; 28.54; 26.28; 26.25.
IR (ATR) νmax = 3369, 2940, 2860, 2817, 2767, 2086,
1748, 1714, 1680, 1643, 1617, 1594, 1558, 1532, 1503, 1475,
1457, 1441, 1429, 1373, 1355, 1326, 1292, 1272, 1255, 1212,
1187, 1149, 1130, 1072, 1057, 1042, 941, 918, 884, 849, 780,

763, 748, 736, 681, 656,643, 632, 617 cm−1. HRMS (m/z):
[M+H]+ calcd for C24H32N7O, 434.2663, found, 434.2670.

Preparation of tert-butyl (2-{9-[(6-azidohexyl)amino]ac
ridine-4-carboxamido}ethyl)carbamate) (3-Boc). This com-
pound was prepared using the General procedure above
but without the final conversion to hydrochloride. Mobile
phase–ethyl acetate:MeOH:TEA, Rf = 0.46. Yellow oil,
63%. 1H NMR (600 MHz, CDCl3) δ 12.51 (s, 1H), 8.80 (s,
1H), 8.17 (d, J = 8.7 Hz, 1H), 8.06 (d, J = 8.7 Hz, 1H), 7.97
(s, 1H), 7.67 (t, J = 7.8 Hz, 1H), 7.37 (s, 2H), 5.51–5.14 (m,
2H), 3.85–3.69 (m, 4H), 3.49 (q, J = 5.8 Hz, 2H), 3.21 (t,
J = 6.8 Hz, 2H), 1.77 (p, J = 7.2 Hz, 2H), 1.55 (p, J = 7.0
Hz, 2H), 1.49–1.35 (m, 13H). 13C NMR (151 MHz, CDCl3)
δ 167.34, 156.30, 152.74, 147.89, 147.25, 134.80, 130.83,
129.63, 127.99, 126.86, 123.66, 122.49, 122.07, 116.54,
115.76, 79.32, 51.31, 51.04, 41.29, 39.63, 31.69, 28.76, 28.55,
26.50. IR (ATR) νmax = 3370, 2932, 2860, 2098, 1678, 1639,
1620, 1557, 1524, 1459, 1435, 1391, 1364, 1351, 1270, 1252,
1166, 1147, 1129, 1093, 1064, 1046, 1022, 847, 749, 730,
716, 683, 653, 642, 635, 627, 621, 609, 605 cm−1. HRMS
(m/z): [M + H]+ calcd for C27H36N7O3, 506.2874, found,
506.2873.

Preparation of N- (2-aminoethyl)-9-[ (6-
azidohexyl)amino]acridine-4-carboxamide (3). Compound
3-Boc (202 mg, 0.4 mmol) was dissolved in DCM (3
ml). Trifluoroacetic acid (TFA) (2.98 g, 26 mmol) was
added to the stirring solution. The mixture was stirred
for 1 h at room temperature and monitored by TLC. The
solvents were then evaporated under reduced pressure.
The product was purified by column chromatography on
silica (CHCl3:MeOH 4:1, Rf = 0.21). Pure fractions were
collected and evaporated. The product was dissolved in
CHCl3 (25 ml) and washed with 1M NaOH (25 ml) three
times. Organic layer was collected, dried over sodium
sulphate, and evaporated. Dark yellow oil (80 mg) was
obtained and converted to dihydrochloride according to
general procedure. Yield (42%). Data for dihydrochloride:
1H NMR (500 MHz, CD3OD) δ 8.69 (bs, 1H); 8.55 (d,
J = 7.4 Hz, 1H); 8.52–8.40 (bs, 1H); 7.98 (t, J = 7.7 Hz,
1H); 7.84 (d, J = 8.4 Hz, 1H); 7.67–7.52 (m, 2H); 4.14
(t, J = 7.5 Hz, 2H); 3.83 (t, J = 5.8 Hz, 2H); 3.33–3.25
(m, 2H); 2.02 (p, J = 7.1 Hz, 2H); 1.61 (p, J = 6.7 Hz,
2H); 1.57–1.42 (m, 4H); 13C NMR (126 MHz, CD3OD)
δ 170.39; 159.92; 136.95; 136.23; 128.76; 126.08; 120.43;
119.68; 114.99; 52.29; 50.67; 40.92; 38.74; 30.33; 29.69;
27.34; 27.32. IR (ATR) νmax = 2930, 2861, 2095, 1643,
1621, 1590, 1566, 1535, 1478, 1443, 1351, 1310, 1273, 1251,
1178, 1132, 1073, 1037, 898, 842, 823, 755,659, 649,640,
633, 626, 614, 602 cm−1. HRMS (m/z): [M + H–2HCl]+

calcd for C22H28N7O, 406.2350, found, 406.2352.
Preparation of bis (2-methyl-2-propanyl){[(2-

{9-[(6-azidohexyl)amino]acridine-4-
carboxamido}ethyl)amino]methylylidene}biscarbamate
(4-Boc). This compound was prepared using the General
procedure above but without the final conversion to
hydrochloride. Mobile phase ethyl acetate:MeOH:TEA
100:1:0.5 Rf = 0.47. Yellow oil, 88%. 1H NMR (600 MHz,
acetone-d6) δ 12.50–12.40 (m, 1H); 11.65 (s, 1H); 8.76–8.71
(m, 1H); 8.61–8.55 (m, 1H); 8.54–8.50 (m, 1H); 8.39 (d,
J = 8.7 Hz, 1H); 7.98 (d, J = 8.6 Hz, 1H); 7.73–7.66 (m,
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1H); 7.44–7.36 (m, 2H); 6.82–6.74 (m, 1H); 3.95 (q, J = 7.4
Hz, 2H); 3.85–3.79 (m, 2H); 3.76 (q, J = 5.8 Hz, 2H); 3.25
(t, J = 6.9 Hz, 2H); 1.93–1.82 (m, 2H); 1.57–1.33 (m, 24H);
13C NMR (151 MHz, acetone-d6) δ 166.21; 163.85; 156.49;
153.62; 152.84; 148.16; 147.41; 134.34; 130.78; 129.28;
128.24; 127.74; 123.60; 122.96; 121.23; 116.43; 115.54;
82.68; 77.97; 51.02; 50.52; 50.41; 40.99; 40.87; 38.48;
38.36; 30.81; 29.51; 28.52; 27.64; 27.23; 26.23. IR (ATR)
νmax = 2932, 2859, 2095, 1721, 1639 1618, 1560, 1526,
1510, 1457, 1413, 1393, 1367, 1351, 1328, 1278, 1253, 1229,
1156, 1134, 1051, 1024, 879, 853, 809, 759, 737, 702, 678,
657 cm−1. HRMS (m/z): [M + H]+ calcd for C33H46N9O5,
648.3616, found, 648.3621.

Preparation of 9-[(6-azidohexyl)amino]-N-(2-
guanidinoethyl)acridine-4-carboxamide (4). Compound
4-Boc (150 mg, 0.23 mmol) was dissolved in DCM (3 ml).
TFA (2.98 g, 26 mmol) was added to the stirring solution.
The mixture was stirred for 2 h at room temperature and
monitored by TLC. The solvents were then evaporated
under reduced pressure. The product was purified by
column chromatography on silica (CHCl3:MeOH 4:1,
Rf = 0.20). Pure fractions were collected and evaporated.
The product was dissolved in CHCl3 (25 ml) and washed
three times with 1M NaOH (25 ml). The organic layer was
collected, dried over sodium sulphate, and evaporated.
Dark yellow oil (62 mg) was obtained. The compound
was then converted to the dihydrochloride according to
general procedure. Yield 48%. Data for dihydrochloride:
1H NMR (500 MHz, CD3OD) δ 8.46–8.27 (m, 2H); 8.19
(bs, 1H); 7.87–7.55 (m, 2H); 7.36 (bs, 2H); 3.84 (bs, 2H);
3.66 (t, J = 6.4 Hz, 2H); 3.53 (t, J = 6.4 Hz, 2H); 3.21 (t,
J = 6.8 Hz, 2H); 1.83 (bs, 2H); 1.53 (p, J = 6.8 Hz, 2H);
1.37 (bs, 4H). 13C NMR (126 MHz, CD3OD) δ 168.37,
157.72, 134.41, 129.02, 123.61, 121.51, 51.02, 49.43, 48.58,
40.75, 38.62, 29.58, 28.43, 26.07. IR (ATR) νmax = 3129,
2928, 2857, 2095, 1668, 1642, 1620, 1563, 1462, 1352, 1308,
1273, 1252, 1178, 1129, 900, 858, 757,728, 677, 659, 631,
621, 609. HRMS (m/z): [M+H]+ calcd for C23H30N9O,
448.2568, found, 448.2572.

Preparation of 9-[ (6-azidohexyl)amino]-N-[3-
(dimethylamino)propyl]acridine-4-carboxamide (5). This
compound was prepared using the General procedure
above. Mobile phase: ethyl acetate:MeOH:TEA 95:5:1,
Rf = 0.1. Data for free base: 1H NMR (600 MHz, acetone-
D6) δ 12.32 (s, 1H), 8.74 (s, 1H), 8.48 (d, J = 8.6 Hz, 1H),
8.36 (d, J = 8.7 Hz, 1H), 7.95 (bs, 1H), 7.75–7.61 (m, 1H),
7.46–7.25 (m, 2H), 6.85 (bs, 1H), 3.88 (t, J = 7.2 Hz, 2H),
3.61 (q, J = 6.6 Hz, 2H), 3.19 (t, J = 6.9 Hz, 2H), 2.43 (t,
J = 7.1 Hz, 2H), 2.18 (s, 6H), 1.87 (p, J = 6.9 Hz, 2H), 1.81
(p, J = 7.2 Hz, 2H), 1.47 (p, J = 7.0 Hz, 2H), 1.41–1.27 (m,
4H). 13C NMR (151 MHz, acetone-D6) δ 165.84, 153.52,
148.12, 147.43, 134.19, 130.77, 128.98, 128.38, 127.72,
123.85, 122.84, 121.14, 116.46, 115.54, 57.53, 51.03, 50.53,
45.05, 37.57, 30.90, 28.56, 27.84, 26.31, 26.27. IR (ATR)
νmax 3228, 2938, 2686, 2096, 1621, 158, 1567, 1537, 1476,
1443, 1349, 1311, 1273, 1248, 1177, 1133, 1091, 1035, 1004,
979, 753, 659, 643, 633, 609 cm−1. HRMS (m/z): [M+H]+

calcd for C25H34N7O, 448.2819, found, 448.2827.
Preparation of 9-[(6-azidohexyl)amino]-N-[2-

(pyrrolidin-1-yl)ethyl]acridine-4-carboxamide (6). This
compound was prepared using the General procedure

above. Mobile phase: ethyl acetate:MeOH:TEA 95:5:1
Rf = 0.08. Data from free base: 1H NMR (600 MHz,
acetone-D6) δ 12.47 (s, 1H), 8.74 (d, J = 7.0 Hz, 1H), 8.50
(d, J = 8.8 Hz, 1H), 8.38 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 8.6
Hz, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.54 (s, 0H), 7.46–7.30
(m, 2H), 6.76 (s, 1H), 3.97–3.88 (m, 2H), 3.66 (q, J = 5.7
Hz, 2H), 3.23 (t, J = 6.9 Hz, 2H), 2.77 (t, J = 6.0 Hz, 2H),
2.69–2.59 (m, 4H), 1.90–1.78 (m, 6H), 1.52 (p, J = 7.0 Hz,
2H), 1.47–1.30 (m, 4H). 13C NMR (151 MHz, acetone-D6)
δ 165.50, 153.43, 148.28, 147.41, 134.10, 130.41, 129.31,
128.72, 127.45, 123.63, 122.95, 121.31, 116.48, 115.54,
55.27, 54.13, 53.86, 51.02, 50.49, 38.72, 30.83, 29.52, 28.53,
26.25, 23.53. IR (ATR) νmax 3391, 3230, 2938, 2614, 2095,
1644, 1622, 1590, 1568, 1537, 1475, 1445, 1401, 1350, 1311,
1272, 1250, 1193, 1178, 1120, 1080, 1015, 899, 821, 755,
659, 641, 633, 625, 617, 610 cm−1. HRMS (m/z): [M+H]+

calcd for C26H34N7O, 460.2819, found, 460.2823.
Preparation of 9-[(6-azidohexyl)amino]-N-[2-

(diethylamino)ethyl]acridine-4-carboxamide (7). This
compound was prepared using the General procedure
above. Mobile phase: ethyl acetate:MeOH:TEA 95:5:1,
Rf = 0.12. Data for free base: 1H NMR (600 MHz,
acetone-D6) δ 12.36–12.29 (m, 1H); 8.79–8.71 (m, 1H);
8.43–8.38 (m, 1H); 8.30–8.25 (m, 1H); 8.12–8.07 (m, 1H);
7.75–7.66 (m, 1H); 7.43–7.33 (m, 2H); 7.25–7. 17 (m, 1H);
3.99–3.88 (m, 2H); 3.63 (q, J = 6.0 Hz, 2H); 2.80 (t, J = 6.0
Hz, 2H); 2.72 (t, J = 6.2 Hz, 2H); 2.67 (q, J = 7.0 Hz, 1H);
2.62 (q, J = 7.0 Hz, 1H); 1.10–0.98 (m, 12H). 13C NMR
(151 MHz, acetone-D6) δ 165.51, 153.11, 148.22, 147.46,
134.15, 130.47, 129.39, 128.74, 127.19, 123.36, 122.81,
121.14, 116.09, 115.17, 52.38, 52.31, 51.02, 50.51, 46.97,
46.55, 46.11, 37.81, 30.85, 26.26, 11.58, 11.50. IR (ATR)
νmax 3391, 3233, 2980, 2649, 2486, 2097, 1622, 1588, 1569,
1537, 1474, 1397, 1352, 1313, 1273, 1247, 1180, 1141, 1015,
968, 755, 660, 651, 633, 606 cm−1. HRMS (m/z): [M + H]+

calcd for C26H36N7O, 462.2976, found, 462.2977.
Preparation of 9-[(6-azidohexyl)amino]-N-[2-

(piperidin-1-yl)ethyl]acridine-4-carboxamide (8). This
compound was prepared using the General procedure
above. Mobile phase: ethyl acetate:MeOH:TEA 95:5:1.
Rf = 0.2. Data for free base: 1H NMR (600 MHz, acetone-
d6) δ 12.30 (s, 1H), 8.74 (d, J = 7.4 Hz, 1H), 8.51 (d, J = 8.8
Hz, 1H), 8.39 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 8.7 Hz, 1H),
7.72 (t, J = 7.6 Hz, 1H), 7.47–7.32 (m, 2H), 6.76 (s, 1H),
3.94 (q, J = 6.9 Hz, 2H), 3.66 (q, J = 5.8 Hz, 2H), 3.24 (t,
J = 6.9 Hz, 2H), 2.62 (t, J = 6.2 Hz, 2H), 2.51 (bs, 4H),
1.86 (p, J = 7.3 Hz, 2H), 1.64 (p, J = 5.7 Hz, 4H), 1.53 (p,
J = 7.0 Hz, 2H), 1.50–1.41 (m, 4H), 1.41–1.32 (m, 2H).
13C NMR (151 MHz, acetone-d6) δ 165.50; 153.46; 148.24;
147.44; 134.16; 130.43; 129.56; 128.68; 127.47; 123.64;
122.97; 121.31; 116.47; 115.54; 58.42; 54.61; 51.02; 50.50;
50.38; 36.96; 36.85; 30.80; 28.52; 26.24; 26.03; 24.53. IR
(ATR) νmax 3226,2941, 2862, 2648, 2541, 2095, 1622, 1590,
1568, 1537, 1474, 1443, 1350, 1310, 1272, 1179, 1134, 1099,
1037, 1007, 949, 897, 856, 755, 659, 632, 624, 609 cm−1.
HRMS (m/z): [M+H]+ calcd for C27H36N7O, 474.2976,
found, 474.2974.

Preparation of 9-[(6-azidohexyl)amino]-N-
butylacridine-4-carboxamide (9). This compound was
prepared using the General procedure above but without
the final conversion to hydrochloride. Mobile phase ethyl
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acetate:MeOH:TEA 96:2:2, Rf = 0.54. Yellow oil, 59%.
Data for free base: 1H NMR (600 MHz, acetone-d6) δ
12.23 (s, 1H); 8.74 (s, 1H); 8.50 (d, J = 8.7 Hz, 1H); 8.39
(d, J = 8.8 Hz, 1H); 7.95 (d, J = 8.5 Hz, 1H); 7.72 (t,
J = 7.6 Hz, 1H); 7.39 (p, J = 6.1 Hz, 2H); 6.80 (s, 1H);
3.93 (t, J = 7.0 Hz, 2H); 3.57 (q, J = 6.5 Hz, 2H); 3.23 (t,
J = 7.0 Hz, 2H); 1.86 (p, J = 7.4 Hz, 2H); 1.72 (p, J = 7.0
Hz, 2H); 1.61–1.47 (m, 4H); 1.47–1.31 (m, 4H); 1.00 (t,
J = 7.4 Hz, 3H); 13C NMR (151 MHz, acetone-d6) δ 165.5;
153.63; 148.16; 147.49; 134.24; 130.87; 128.93; 128.56;
127.52; 123.75; 122.93; 121.27; 116.44; 115.52; 51.01; 50.51;
38.93; 31.83; 30.81; 28.52; 26.23; 20.40; 13.33. IR (ATR)
νmax = 3358, 2932, 2861, 2095, 1639, 1617, 1593, 1560,
1532, 1503, 1476, 1435, 1423, 1371, 1357, 1328, 1273, 1254,
1211, 1187, 1149, 1127, 1094, 1027, 956, 918, 848, 822, 763,
746, 736, 680, 657, 630, 617 cm−1. HRMS (m/z): [M+H]+

calcd for C24H31N6O, 419.2554, found, 419.2562.
Preparation of 9-[(6-azidohexyl)amino]-N-[2-

(dimethylamino)ethyl]-N-methylacridine-4-carboxamide
(10). This compound was prepared using the General
procedure above. Mobile phase: ethyl acetate:MeOH:TEA
95:5:1. Rf = 0.1. Data for free base: 1H NMR (500 MHz,
CD3OD) δ 8.36 (t, J = 10.0 Hz, 1H); 8.28 (t, J = 9.0 Hz,
1H); 7.99 (d, J = 8.9 Hz, 1H); 7.94 (d, J = 8.8 Hz, 1H);
7.69–7.60 (m, 2H); 7.36 (p, J = 8.3 Hz, 2H); 3.87 (bs, 1H);
3.83 (q, J = 6.8 Hz, 2H); 3.27 (s, 1.5H); 3.23 (t, J = 7.7
Hz, 1H); 3.22–3.14 (m, 2H); 2.85–2.77 (m, 2.5H); 2.54
(t, J = 7.7 Hz, 1H); 2.42 (s, 3H); 1.84 (s, 3H); 1.76 (p,
J = 7.3 Hz, 2H); 1.54–1.44 (m, 2H); 1.37–1.29 (m, 4H).
13C NMR (126 MHz, CD3OD) δ 172.24, 152.76, 152.63,
130.19, 130.01, 128.14, 127.83, 125.00, 123.45, 122.55,
121.17, 121.07, 116.25, 56.50, 55.48, 50.88, 49.89, 44.88,
44.41, 43.92, 36.21, 32.12, 30.59, 30.54, 28.34, 26.06, 26.04.
IR (ATR) νmax 2936, 2095, 1629, 1592, 1573, 1538, 1446,
1404, 1351, 1293, 1269, 1168, 1149, 1104, 1088, 1041, 976,
898, 857, 817, 759, 687, 656, 647, 637, 605 cm−1. HRMS
(m/z): [M + H]+ calcd for C25H34N7O, 448.2819, found,
448.2823.

Preparation of (9- ((6-azidohexyl)amino)acridin-4-yl)
(4-methylpiperazin-1-yl)methanone (11). This compound
was prepared using the General procedure above. Mobile
phase: ethyl acetate:MeOH:TEA 95:5:1, Rf = 0.1. Data for
free base: 1H NMR (600 MHz, acetone-d6) δ 8.40–8.31 (m,
2H); 7.93–7.89 (m, 1H); 7.67–7.61 (m, 1H); 7.56–7.52 (m,
1H); 7.37–7.31 (m, 2H); 6.47–6.38 (m, 1H); 3.95–3.85 (m,
3H); 3.75 (m, 1H); 3.25 (t, J = 6.9 Hz, 2H); 3.16–3.10 (m,
1H); 3.07–3.01 (m, 1H); 2.59–2.53 (m, 1H); 2.43–2.33 (m,
2H); 2.20 (s, 3H); 2.08–2.03 (m, 1H); 1.84 (p, J = 7.3 Hz,
2H); 1.53 (p, J = 7.9 Hz, 2H); 1.46–1.40 (m, 2H); 1.40–
1.33 (m, 2H); 13C NMR (151 MHz, acetone-D6) δ 168.57,
151.88, 149.59, 146.46, 137.61, 130.04, 129.74, 127.47,
124.23, 123.60, 122.83, 121.87, 116.61, 116.23, 55.09, 54.84,
51.03, 50.41, 50.30, 46.78, 45.65, 41.29, 30.96, 28.54, 26.28.
IR (ATR) νmax 2936,2602, 2095, 1629, 1592, 1573, 1538,
1445, 1351, 1269, 1198, 1165, 1131, 1090, 1023, 974, 902,
860, 816, 758, 681, 656, 647, 628, 613 cm−1. HRMS (m/z):
[M + H]+ calcd for C25H32N7O, 446.2663, found, 446.2669.

Preparation of 9-[(6-azidohexyl)amino]-N,N-bis[2-
(diethylamino)ethyl]acridine-4-carboxamide (12). This
compound was prepared using the General procedure
above. Mobile phase: ethyl acetate:MeOH:TEA 95:5:1,

Rf = 0.07. Data for free base: 1H NMR (500 MHz,
CD3OD) δ 8.39 (d, J = 8.7 Hz, 1H); 8.31 (d, J = 7.7 Hz,
1H); 7.96 (d, J = 8.7 Hz, 1H); 7.71–7.64 (m, 1H); 7.64–7.60
(m, 1H); 7.43–7.35 (m, 2H); 3.86 (t, J = 7.2 Hz, 3H); 3.81
(bs, 2H); 3.27–3.18 (m, 4H); 3.08–2.92 (bs, 2H); 2.74 (q,
J = 7.2 Hz, 4H); 2.78–2.70 (bs, 2H); 2.11 (q, J = 7.2 Hz,
4H); 1.78 (p, J = 7.3 Hz, 2H); 1.52 (p, J = 6.9 Hz, 2H);
1.43–1.30 (m, 4H); 1.19 (t, J = 7.2 Hz, 6H); 0.61 (t, J = 7.2
Hz, 6H); 13C NMR (126 MHz, CD3OD) δ 172.40, 152.54,
134.06, 132.15, 130.02, 128.84, 127.80, 127.66, 125.97,
124.92, 123.33, 122.62, 121.96, 121.12, 120.57, 117.31,
116.38, 50.89, 50.53, 49.90, 49.55, 47.38, 47.10, 46.71,
43.49, 30.56, 28.36, 26.09, 26.06, 10.62, 9.94. IR (ATR)
νmax 3411, 2942, 2650, 2482, 2096, 1629, 1593, 1574, 1537,
1464, 1445, 1397, 1352, 1327, 1268, 1197, 1169, 1125, 1070,
1038, 969, 895, 817, 763, 678, 660, 652, 641, 606 cm−1.
HRMS (m/z): [M+H]+ calcd for C32H49N8O, 561.4024,
found, 561.4030.

Preparation of 2-(phenylamino)benzoic acid (13). To solu-
tion of 2-chlorobenzoic acid (20.46 g, 131 mmol) in isoamyl
alcohol (120 ml) was added catalytic amount of copper
powder and potassium carbonate (36.11 g, 261 mmol). Ani-
line (12.24 g, 131 mmol) was added into the stirring reaction
mixture, and the reaction mixture was stirred overnight at
140◦C. After completion of reaction, isoamyl alcohol was
evaporated from reaction mixture under reduced pressure.
Crude product was dissolved in 1 M sodium hydroxide (100
ml) and poured into the hot water (1 l). After cooling, the
solution was acidified with concentrated hydrochloric acid.
Resulting precipitate was filtered and washed with hot water
(0.5 l). Then, the product was recrystalized from hot aque-
ous ethanol (350 ml). Product was purified twice by column
chromatography on silica (first column CHCl3, second col-
umn CHCl3:MeOH 4:1). Pale-yellow powder was obtained
(11.96 g, 43%). 1H NMR (500 MHz, DMSO) δ 13.07 (s,
1H); 9.63 (s, 1H); 7.90 (dd, J = 8.0, 1.7 Hz, 1H); 7.42–7.31
(m, 3H); 7.27–7.19 (m, 3H); 7.07 (t, J = 7.6, 1.3 Hz, 1H);
6.77 (t, J = 8.1, 7.0, 1.1 Hz, 1H); 13C NMR (126 MHz,
DMSO) δ 170.41; 147.46; 140.96; 134.63; 132.34; 129.95;
123.55; 121.85; 117.87; 114.20; 113.01.

Preparation of 2,2‘-iminodibenzoic acid (14). To a mixture
of anthranilic acid (6.8 g, 49.6 mmol), 2-chlorobenzoic acid
(7.8 g, 49.8 mmol), dry potassium carbonate (5 g, 36 mmol),
and catalytic amount of copper powder was added isoamyl
alcohol (70 ml). The reaction mixture was stirred overnight
at 140◦C. Then, isoamyl alcohol was evaporated under re-
duced pressure. The crude product was poured into the hot
water (1 l). The mixture was stirred for 30 min, and then
acidified with concentrated hydrochloric acid. The resulting
precipitate was collected by vacuum filtration and washed
3 times with hot water. The product was dissolved in 1 M
sodium hydroxide, boiled with charcoal, and filtered. Con-
centrated hydrochloric acid was added, and the resulting
precipitate was collected by vacuum filtration, and washed
3 times with water. The product was recrystalized from hot
aqueous ethanol; a pale-yellow product was obtained (5.14
g, 32%). 1H NMR (500 MHz, DMSO) δ 13.01 (s, 2H), 10.83
(s, 1H), 7.91 (dd, J = 8.0, 1.6 Hz, 2H), 7.48–7.38 (m, 4H),
6.94 (ddd, J = 8.1, 6.7, 1.5 Hz, 2H). 13C NMR (126 MHz,
DMSO) δ 168.56; 143.76; 133.52; 131.97; 120.15; 117.77;
117.74.



Nucleic Acids Research, 2022, Vol. 50, No. 18 10217

Preparation of methyl 9-oxo-9,10-dihydroacridine-4-
carboxylate (15). Phosphorus oxychloride (90 ml) was
added to 2,2‘-iminodibenzoic acid 14 (7.78 g, 30.24 mmol)
and the mixture was stirred at 140◦C for 1 h. The reaction
mixture was cooled to 50◦C, and dry methanol (100 ml)
was added dropwise. Resulting crystals were dissolved
by addition of phosphorus oxychloride (5 ml) and the
reaction mixture was stirred for 12 h at 50◦C. Methanol
was then evaporated under reduced pressure, and the
crystals were collected by vacuum filtration. The crystals
were recrystallised from hot methanol. Yellow crystals were
obtained (6.11 g, 79%), m.p. 170.8–172.1◦C. 1H NMR
(500 MHz, CDCl3) δ 11.70 (s, 1H); 8.70 (m, 1H); 8.41 (m,
2H); 7.67 (m, 1H); 7.37 (m, 1H); 7.33–7.18 (m, 2H); 4.00
(s, 3H); 13C NMR (126 MHz, CDCl3) δ 177.74; 168.34;
141.66; 139.98; 136.43; 133.88; 133.87; 127.00; 122.34;
122.29; 121.47; 119.78; 117.48; 113.46; 52.43. IR (ATR)
νmax = 3267, 3068, 2947, 1687, 1633, 1615, 1596, 1523,
1483, 1464, 1441, 1418, 1356, 1322, 1281, 1202, 1170, 1139,
1113, 1085, 1072, 1027, 1008, 992, 963, 940, 896, 873, 827,
802, 754, 739, 711, 677 cm−1. HRMS (m/z): [M+H]+ calcd
for C15H12NO3, 254.0812, found, 254.0818.

Preparation of methyl 9-[ (6-azidohexyl)amino]acridine-
4-carboxylate (16). The mixture of 15 (2.06 g, 8.13 mmol)
and thionyl chloride (8 ml) was stirred at 80◦C for 1 h.
Then, the excess of thionyl chloride was evaporated from
the reaction mixture under reduced pressure. Dry phenol
(7.75 g, 82.35 mmol) was added to the residue and the
stirring mixture was heated to 115◦C for 15 min. The 6-
azidohexane-1-amine (2.95 g, 20.74 mmol) was added to
the mixture precooled to 55◦C, and the mixture was stirred
for 24 h. The reaction mixture was dissolved in chloroform
and washed with 2M sodium hydroxide after completion
of reaction. The organic layer was separated, dried over
sodium sulphate, and evaporated under reduced pressure.
The product was purified by column chromatography on sil-
ica (ethyl acetate). Pure fractions were collected and evap-
orated under reduced pressure. Brown-orange oil was ob-
tained (2.42 g, 94%). 1H NMR (500 MHz, CDCl3) δ 11.08
(bs, 1H); 8.99–7.81 (m, 3H); 7.48 (s, 1H); 7.32–6.98 (m,
3H); 4.05–3.84 (m, 5H); 3.27 (t, J = 7.0 Hz, 2H); 2.01–1.81
(m, 2H); 1.65 (p, J = 7.0 Hz, 2H); 1.59–1.42 (m, 4H); 13C
NMR (126 MHz, CDCl3) δ 168.56; 140.51; 133.35; 132.66;
131.26; 129.26; 128.90; 120.35; 117.25; 115.53; 52.71; 52.22;
51.40; 32.30; 28.79; 26.99; 26.57. IR (ATR) νmax = 3280,
2935, 2847, 2818, 2091, 1689, 1608, 1573, 1519, 1487, 1465,
1446, 1436, 1415, 1370, 1321, 1279, 1269, 1254, 1195, 1161,
1141, 1124, 1079, 1068, 1019, 995, 941, 908, 891, 854,
829, 780,766, 754, 746, 731, 684, 665, 657, 612. HRMS
(m/z): [M+H]+ calcd for C21H24N5O2, 378.1925, found,
378.1928.

Preparation of 9-[ (6-azidohexyl)amino]acridine-4-
carboxylic acid (17): Compound 16 (5.2 g, 14.3 mmol) was
dissolved in THF. Excess (10 ml) of saturated solution of
sodium hydroxide in aqueous methanol (MeOH:H2O 5:1)
was added to the stirring solution. The mixture was stirred
for 1 h at 50◦C. Then, the solvents were evaporated from
the reaction mixture under reduced pressure. The residue
was adsorbed on silica and washed with ethyl acetate (100
ml) 3 times. Then, the silica was washed with mixture of
chloroform and methanol (CHCl3:MeOH 4:1) to elute the

pure sodium salt. Solvents were evaporated under reduced
pressure and the residue was dissolved in chloroform and
washed three times with aqueous 10% HCl (50 ml). The
organic layer was collected, dried over sodium sulphate,
and evaporated under reduced pressure. Orange solid was
obtained (4.28 g, 85%), m.p. 174.0–175.7◦C. 1H NMR (500
MHz, CDCl3) δ 11.21 (s, 1H), 8.81 (t, J = 6.5 Hz, 2H),
8.71 (d, J = 8.7 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H), 7.67 (d,
J = 8.4 Hz, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.38 (t, J = 7.9
Hz, 1H), 4.19 (t, J = 7.5 Hz, 2H), 3.16 (t, J = 6.8 Hz, 2H),
2.13 (p, J = 7.5 Hz, 2H), 1.59–1.46 (m, 4H), 1.46–1.36 (m,
2H) 13C NMR (126 MHz, CDCl3) � 170.69; 158.10; 141.50;
139.48; 137.48; 134.16; 128.46; 126.19; 123.91; 123.05;
122.23; 119.70; 113.45; 112.87; 51.19; 49.20; 29.61; 28.60;
26.49; 26.30. IR (ATR) �max = 2936, 2859, 2095, 1622,
1584, 1553, 1532, 1479, 1441, 1382, 1337, 1277, 1236, 1171,
1085, 1070, 1041, 972, 935, 889, 780, 750, 663, 642, 632,
619 cm−1. HRMS (m/z): [M+H]+ calcd for C20H22N5O2,
364.1768, found, 364.1779.

Preparation of modified probes

The tested ODNs were prepared by standard phospho-
ramidite synthesis in DNA/RNA synthesizer (ABI 394
DNA/RNA synthesizer) using ultra-mild protection on
the controlled pore glass solid phase support (loading:
30–40 �mol/g). Dibenzoazacyclooctyne (DBCO)-modified
thymidine phosphoramidite (with a seventeen atoms-long
linker, for structure see Supplementary Figure S2) was in-
troduced into selected positions during the synthesis. To
4 mg of the prepared support in a 2.5-ml plastic vial was
added 200 �l of solution of corresponding modifier in
methanol (approximately 50 mM concentration). The mix-
ture was agitated 24 h in the dark. Then, the solution and the
support were separated, and the support was washed with
pure methanol (500 �l) 5 times. Then, 0.05 M K2CO3 in
methanol (500 �l) was added to the support, and the mix-
ture was agitated in the dark for 8 h. Water (500 �l) was
added to the mixture, so the combined volume was equal to
1 ml. Deprotected modified probes were prepurified by size-
exclusion filtration columns (CentriPure N10, emp Biotech
GmbH, Berlin, Germany). The whole volume (1 ml) was
transferred to the gel chromatography column and the vol-
ume was allowed to enter the gel bed completely. Then, 1.5
ml of purified water was transferred to the column, and the
modified probe was eluted to the vial. The solution of the
modified probe was evaporated under reduced pressure, and
the residue was dissolved in purified water (120 �l). The re-
sulting solution was analysed by HPLC (using a 2-�l sample
volume). The rest of the volume was used for semiprepar-
ative HPLC purification under optimal content of ACN in
the mobile phase. The purified probe was collected, and the
solvent was evaporated under reduced pressure. The residue
was dissolved in 120 �l of water. Then, 2 �l of this solu-
tion was analysed by HPLC to check the final purity. Chro-
matograms and mass spectra are presented in Supporting
Material (Figures S3 and S4)

Thermal denaturation studies of acridines freely in solution

Two complementary 18 bases-long ODNs were used for
screening tests of acridines in solution. Sense oligonu-



10218 Nucleic Acids Research, 2022, Vol. 50, No. 18

cleotide (CL) was labelled by 6-carboxyfluorescein (FAM),
antisense oligonucleotide (TL) was labelled by BHQ1. The
first stock solution (10 mM) was prepared by dissolution
of a corresponding acridine in dimethyl sulfoxide (DMSO).
The second stock solution (0.8 mM) was prepared by dilu-
tion of the first stock solution in water. Working solutions
were prepared by dilution of the second stock solution to
seven different concentrations of acridine (400, 100, 50, 25,
6.25, 0.64 and 0.08 �M). Working solutions of acridines (5
�l) were added to the PCR buffer (pH 8.3, 20 mM Tris–HCl,
20 mM KCl, 5 mM (NH4)2SO4) with CL (0.15 �M) and TL
(0.30 �M) in the wells (15 �l) to get final concentrations
of tested compounds (one fourth of the above-mentioned
working solutions). The mixture was heated at 95◦C for 1
min, and the mixture was cooled to 40◦C during 3 min.
Then, the temperature was slowly raised by increments of
0.2◦C in temperature until it reached 80◦C. Fluorescence
was measured 5 s after every 0.2◦C increment. Final val-
ues of fluorescence were plotted against temperature to get
melting curves. Melting curves were compared to the con-
trol without acridine. The comparison of the melting peaks
gave �Tm. The tests were performed in triplicate and the
data in Figure 3 and Table 1 represent mean ± standard de-
viation (SD).

Fluorescence-based thermal denaturation studies of the
probes modified by FAM and acridine

ODN probes labelled with FAM and with/without acridine
were tested on CFX96 Touch Real-Time PCR thermal cy-
cler (Bio-Rad, Hercules, CA, USA). A 96-well plate was
used for determination of melting temperature (with fluo-
rescence channel for FAM, �ex = 450–490 nm, �em = 515–
530 nm). PCR buffer with antisense ODN labelled with
BHQ1 (15 �l, 0.53 �M) was transferred to the well plate.
The working solution of the probes modified by FAM and
acridine (5 �l, 1.2 �M) was added to the buffer in the wells
to get final concentration of the modified probes (0.3 �M)
and the antisense ODN (0.4 �M). The mixture was heated
at 95◦C for 1 min, and the mixture was cooled to 40◦C dur-
ing 3 min. Then, the temperature was slowly raised by in-
crements of 0.2◦C until it reached 80◦C. Fluorescence was
measured 5 s after every 0.2◦C increment of the tempera-
ture was reached. Final values of fluorescence were plotted
against temperature to get melting curves. All experiments
were performed in triplicate.

Absorption-based thermal denaturation studies of the probes
modified by FAM and acridine

Modified ODN probes were tested on Shimadzu UV-2600
spectrophotometer coupled with Shimadzu S-1700 temper-
ature controller (Shimadzu, Kyoto, Japan). A 1400-�l ab-
sorption quartz cuvette was used for determination of melt-
ing temperature. PCR buffer with ODN labelled with BHQ-
1 and probe modified by FAM and acridine (1000 �l, 1 �M
of both ODN strands) was transferred to the cuvette. The
mixture was heated at 95◦C for 3 min and then allowed to
cool slowly to room temperature for 10 minutes. The cu-
vette was placed in a holder heated to 40◦C and absorption
at 260 nm was measured after 90 s of stabilisation. Then,

the temperature was raised by increments of 0.5◦C until it
reached 80◦C. Absorbance was measured 90 s after every
0.5◦C increment of the temperature was reached. Final val-
ues of absorbance were plotted against temperature to get
melting curves. Prism 9 (GraphPad) software was used for
melting peak analysis. All experiments were performed in
triplicate.

Fluorescence-based thermal denaturation studies of the
probes modified by acridine only

Acridine-modified ODN probes (L 1 2*, L 7 2* and
S 1 2*) were tested on FLS1000 spectrofluorometer (Ed-
inburgh Instruments, Edinburgh, UK). A 1400-�l fluores-
cence quartz cuvette was used for determination of melting
temperature. PCR buffer with ODN labelled with BHQ-1
and the probe modified by acridine (1000 �l, 1 �M of both
ODN strands) was transferred to the cuvette. The mixture
was heated at 95◦C for 3 min and then allowed to cool slowly
to room temperature for 10 min. The cuvette was placed in
a holder tempered to 20◦C (for S probes) or 40◦C (for L
probes) and fluorescence at �em = 500 nm was measured
after 90 seconds of stabilisation (�ex = 400 nm). Then, the
temperature was slowly raised by increments of 0.5◦C until
it reached 60◦C (for S probe) or 80◦C (for L probes). Fluo-
rescence was measured 90 seconds after every 0.5◦C incre-
ment of the temperature was reached. Final values of flu-
orescence were plotted against temperature to get melting
curves. Prism 9 (GraphPad) software was used for melting
peak analysis. All experiments were performed in triplicate.

Study of interaction of acridine 2 with ssDNA and dsDNA

A 4-mM stock solution of acridine derivative 2 in water was
prepared. 5 �l of this stock solution was added to 995 �l of
reaction buffer (10 mM Tris–HCl (pH 7.5 at 25◦C), 2.5 mM
MgCl2, 0.1 mM CaCl2) to give 1000 �l of a 20 �M solution
of 2 in cuvette. The 20-�M solution of 2 in reaction buffer
was used for a UV–Vis monitored DNA binding study. Ab-
sorption spectrum at wavelength range 350–500 nm of the
solution was measured after each small addition of ssDNA
or dsDNA (stock solution concentration was 1 mM) until
the final concentration of ssDNA or dsDNA was 40 and 20
�M, respectively. Sequences of ODNs are mentioned in 2.
In case of fluorescence measurements (FLS1000 spectroflu-
orometer (Edinburgh Instruments)), the emission spectrum
was monitored at wavelength range 390–700 nm after exci-
tation at �ex = 380 nm.

Job’s plot

Stock solution of acridine 2 (20 �M) and stock solutions
of dsHFE, dsAT, dsGC and ssHFE (20 �M) in a reaction
buffer (10 mM Tris–HCl (pH 7.5 at 25◦C)) were prepared.
A solution of acridine 2 and a corresponding solution of
ds or ssDNA were mixed in various ratios to give 1 ml of
the mixture each time. Simultaneously, the stock solution of
acridine 2 was mixed with the reaction buffer (without ds or
ss DNA) in the same ratios to give 1 ml of mixture. Absorp-
tion spectra of the solutions were measured at wavelength
range 350–500 nm. Absorbance of the mixture of acridine
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2 and ds or ssDNA at wavelength 417 nm was subtracted
from absorbance of acridine 2 in the mixture with reaction
buffer at the same wavelength. This change in absorbance
was plotted against cacr/(cacr + cDNA); where cacr is the con-
centration of the acridine, and cDNA is the concentration of
ds or ssDNA.

Hybridisation study of the ODN with covalently tethered
acridine 2

Solution of L 7 2* (10 �M) was prepared in reaction buffer
and used for UV–Vis, and fluorescence monitoring of the
hybridisation and spectral changes of the acridine interac-
tion with ssDNA and dsDNA. Absorption spectra at wave-
length range 350–500 nm, and fluorescence spectra at wave-
length range 420–650 nm (�ex = 400 nm) of the solution
were measured after each small addition and hybridisation
of complementary TL not labelled by BHQ-1 (stock solu-
tion concentration was 2 mM) until the final concentration
of complementary strand reached 20 �M. The ODN was
hybridised according to the following procedure: the mix-
ture was heated at 95◦C for 3 min and then allowed to cool
slowly to room temperature for 10 min. The procedure was
repeated after every addition of the TL.

Study of temperature-dependent changes of emission spectra
of L 7 2*

Temperature maps of emission spectra (420–700 nm) were
measured on FLS1000 spectrofluorometer (Edinburgh In-
struments). A 1400-�l fluorescence quartz cuvette was used
for measurements of temperature maps. TL (1 �l of 1 mM
stock solution) was added to the solution of L 7 2* (1 �M)
in PCR buffer (1000 �l). The mixtures were heated at 95◦C
for 3 min and then allowed to cool slowly to room temper-
ature for 10 min. The cuvette was placed in a holder cooled
to 40◦C, and emission spectra (420–700 nm) were measured
after 90 s of stabilisation (�ex = 400 nm). Then, the tempera-
ture was raised by increments of 1.0◦C until it reached 80◦C.
Emission spectra were measured 90 s after every 1.0◦C in-
crement of the temperature was reached.

Melting analysis of HFE gene template

Real-time PCR and melting analysis were performed using
a CFX96T Cycler (Bio-Rad) (with fluorescence channel for
FAM, �ex = 450–490 nm, �em = 515–530 nm) in a gb Basic
PCR master mix with 2 mM concentration of Mg2+ in re-
action. All components were mixed prior to PCR start (for-
ward primer (0.1 �M), reverse primer (0.5 �M), quenching
sequence with BHQ-1 (0.2 �M), fluorescent probe L 7 2
(0.15 �M) and the template (1 × 105 copies)). The tem-
perature profile of the PCR reaction was as follows: initial
denaturation at 95◦C for 3 min and 50 cycles of denatura-
tion at 95◦C for 10 s, followed by annealing and elonga-
tion at 60◦C for 10 s and 72◦C for 20 s. The melting anal-
ysis followed immediately: 95◦C for 1 min; 35◦C for 3 min,
melting curve from 35 to 80◦C with 0.5◦C increment in 5
s. The probes and primers were based on a quantification
assay for the HFE gene with the following sequences: for-
ward primer: GGACCTTGGTCTTTCCTTGTTTG, re-
verse primer: CACATCTGGCTTGAAATTCTACTGG,

Scheme 1. Synthesis of acridine modifiers. Reaction conditions: i) Cu0,
K2CO3, isopentyl alcohol, aniline (for 13) or anthranilic acid (for 14), re-
flux overnight; ii) 1. 13, POCl3, reflux, 1 h; 2. phenol, 110◦C, 15 min; 3. 6-
azidohexyl-1-amine, 55◦C, overnight; iii) 1. 14, POCl3, reflux, 1 h; MeOH,
50◦C, overnight; iv) 1. SOCl2, 80◦C, 1 h; 2. phenol, 110◦C, 15 min; 3. 6-
azidohexyl-1-amine, 55◦C, overnight; v) THF, excess of saturated solution
of NaOH in MeOH:H2O 5:1, 50◦C, 1 h; vi) 1. SOCl2, rt, 1 h; 2. Amine
(1 equiv.), TEA (4 equiv.), DCM, 0◦C, 30 min. Compounds 2–12, except
compound 9, were converted to corresponding hydrochlorides.

fluorescent probe (L 7 2): TGATCATGAGAGTCGCCG,
and the quenching sequence (labeled by a BHQ-1 quencher
on 3-end): ATGGATGACCAGCTGTTCGTGTTC. For
sequence of the templates (wild-type, C > G and A > T
mutants), see Figure 7A. All experiments were performed
in triplicate.

RESULTS AND DISCUSSION

Design and synthesis of acridines

Structures of acridine-4-carboxamide derivatives in this
study were inspired by compounds with high binding affin-
ity to duplex DNA where high effect on the stabilisation of
the DNA was expected (31). In our study, the side chain
on the carboxamide was modified to contain various ba-
sic motifs to compare their effect on the thermal stability
and melting temperature of short ODN probes. Twelve acri-
dine derivatives (1–12, Scheme 1) with 6-azidohexylamine
linker suitable for possible attachment of the acridine
to ODN probe by click chemistry were therefore pre-
pared. The linker should provide sufficient flexibility for
interaction of acridine moiety with probe-target duplex
(52).
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Scheme 2. (A) Schematic illustration of the modified probes. (B) Principle
of ‘click’ modification of the probes on solid phase support. Dark-green
dot–FAM, red dot–DBCO, grey dot–solid phase support, yellow stick–
acridine modifier. S refers to ‘short’ and L to ‘long’ probe having 13 and 18
bases, respectively; numbers 1, 7 or 13 indicate the position of the acridine
in the ODN probe.

Chart 1. Sequences of the probes, the controls, and the targets used in the
study. Probes contain DBCO-modified T-base used for ‘click’ modifica-
tion. * Probes without FAM labelling. S – short (13 bases), L – long (18
bases) ODNs. Numbers 1, 7 and 13 indicate the position of the acridine in
the ODN probe. Phos = phosphate.

Synthesis started by Ullmann condensation of 2-
chlorobenzoic acids with aniline or anthranilic acid to
obtain precursors 13 and 14, respectively (Scheme 1).
(53) These anthranilic acid derivatives were then cyclised
to corresponding acridones (e.g. 15 from 14) (33) that
were subsequently converted to 9-chloroacridines and im-
mediately in situ modified by 6-azidohexylamine to give
acridine 1 and intermediate 16 used for further func-
tionalisation. (31) The methyl ester 16 was hydrolysed
to 17 and used as a starting material for synthesis of
acridine derivatives 2–12 (Scheme 1). In the first at-
tempts, the acid 17 was activated by (1H-benzotriazol-1-
yloxy) (dimethylamino)-N,N-dimethylmethaniminium hex-
afluorophosphate (HBTU) and the corresponding amine
was added to the reaction mixture. Unfortunately, the yields

of the final compounds were low (maximum 33%), and in
the case of tertiary amides 10–12, the synthesis was not suc-
cessful at all. The synthetic procedure was therefore mod-
ified by use of thionyl chloride for conversion of the free
carboxylic acid in 17 to acyl chloride with subsequent ad-
dition to the solution of corresponding amine and triethy-
lamine (TEA) as the base. The synthetic procedure using
thionyl chloride resulted in increased yields of the final com-
pounds compared to the HBTU procedure (see Supporting
Material, Table S1) and enabled preparation of all intended
derivatives. Compounds 2–12 (except compound 9) bear-
ing aliphatic amines were subsequently converted to corre-
sponding hydrochlorides (for increased solubility in MeOH
used for the click reaction) where besides the basic aliphatic
amine in the side chain, also the secondary 9-amino group
on acridine was protonated.

Preparation of ODN probes

ODN probes covalently modified by selected acridines were
prepared by click chemistry (Scheme 2). Probes were de-
signed as a part of HFE gene containing two sites of known
single nucleotide polymorphisms (Chart 1) (54,55). Ultra-
mild phosphoramidite monomers were used for synthesis
of the probes in the RNA/DNA synthesizer due to the
known instability of the carbon-nitrogen bond in the amino
group in position 9 of the acridine modifiers in the presence
of NH4OH that is typically used during the final cleavage
and deprotection of the probes (56). The cleavage and de-
protection was therefore achieved by K2CO3. Fluorescein
(FAM) was attached to the 5-end of ODN as a fluorescent
label for the melting assays. Three probes were also designed
without FAM labelling at 5-end (Chart 1) that is indicated
in the designation by an asterisk. The dibenzoazacyclooc-
tyne (DBCO) moiety was introduced into the probes as
a DBCO-modified dT cyanoethyl phosphoramidite during
the synthesis of the probes, which allowed using a copper-
free click chemistry for modification of the probes by azide-
containing acridines (Scheme 2). For this purpose, the se-
lected acridines were dissolved in MeOH, mixed with the
ODN probes on solid phase and simply shaken at rt for
24 h. Advantageously, this procedure allowed washing out
the unreacted acridines from the solid phase and reusing
them without any extensive purification. In this work, five
selected probes (Chart 1, Scheme 2) differed in length (13 or
18 bases), position of modified T-base (position 1, 7 or 13),
and the number of modified T-bases (one or two) to evaluate
different factors that could potentially influence the degree
of stabilisation of the duplex. Probes have a sense orienta-
tion corresponding to the wild-type sequence of the HFE
gene (see Chart 1 and Figure 7A). In applications where an
influence of mismatches was studied, the paired sequence
(either a 3-BHQ1 oligonucleotides or minus strand of ds-
DNA template in PCR) had an antisense orientation and
thus a mismatch CC and AA was present in case of H63D
C > G and S65C A > T mutation, respectively. Based on
the screening in solution done with the whole series 1–12
(see below), three highly active acridines (2, 3, and 4), and
one inactive acridine (11) were selected for modification of
the probes. However, the labelling of probes by acridine 3
was not successful even after several repetitions of the reac-
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Table 1. Increase of melting temperature of the duplex CL–TL after addi-
tion of studied acridines (at c = 6.25 �M)

Compound �Tm

1 2.07 ± 0.09
2 12.00 ± 0.19
3 9.93 ± 0.34
4 4.47 ± 0.43
5 3.60 ± 0.28
6 6.80 ± 0.0
7 5.13 ± 0.19
8 4.87 ± 0.33
9 0.27 ± 0.23
10 0.07 ± 0.09
11 0.07 ± 0
12 0.00 ± 0
17 0.13 ± 0

tion. There were no detectable peaks corresponding to the
probe modified by acridine 3 on HPLC chromatogram and
that is why only ODN probes modified by acridines 2, 4 and
11 were finally tested.

After cleavage from solid phase, all probes were puri-
fied and analysed by HPLC using a Luna-PhenylHexyl col-
umn and triethylammonium acetate buffer in various ra-
tios with acetonitrile as mobile phase. Separation condi-
tions were optimised and used for semipreparative HPLC
purification of the probes. The absorption spectra (Figure
2B) of the analysed probes had spectral features character-
istic of the ODN chain (band at 260 nm), acridine modi-
fier (450 nm) and FAM label (495 nm). Interestingly, two
peaks of approximately the same intensity were always ob-
served during the analysis of all probes containing one acri-
dine (Figure 2A, S3). The peaks had the same absorption
spectra (Figure 2B), and after isolation were characterized
by the same m/z (Figure 2C). A plausible explanation is
based on the presence of two constitutional isomers result-
ing from the click reaction of the acridines with unsymmet-
rical DBCO (Scheme 2) and is further supported by ob-
servation of three peaks (in 1:2:1 ratio) in case of probes
L 7,13 2 and L 7,13 4 with two attached acridines.

Screening tests of acridine derivatives

A screen of the activity of synthesized acridines on the DNA
duplex thermal stabilisation was first performed with the
compounds 1–12 and 17 freely in solution (not attached to
the ODN probe) to determine structure-activity relation-
ships in the whole series and to select the suitable candidates
for attaching to ODN. For this purpose, two complemen-
tary ODN probes CL (with 5-FAM) and TL (with 3-BHQ-1
quencher) containing the HFE gene sequence were used as
a model melting system (see Chart 1). Their melting tem-
peratures (Tm) were determined in the absence or presence
of increasing concentration of the tested acridines.

The duplex melted typically at higher temperatures in
the presence of the acridines. The increase �Tm was cal-
culated as the difference between Tm with and without the
acridines (Figure 3). For comparison purposes, the results
were analysed as the �Tm at 6.25 �M concentration of acri-
dine (see Table 1). The analysis of the data enabled drawing
the following structure-activity relationships: (i) acridine
derivatives containing tertiary carboxamide (10–12, Figure

3) did not increase melting temperature significantly even
at the highest concentrations while those with secondary
amides were effective. A hydrogen atom in the carboxamide
group of acridine-4-carboxamides is most likely involved in
a water-bridging hydrogen bond to the phosphate group in
the DNA backbone (27). (ii) The absence of the basic moi-
ety within the side chain of the secondary amides (9) or pres-
ence of carboxylic acid (17) led to complete loss of ability
to increase melting temperature of the duplex as well. (iii)
Compound 1 (no carboxamide moiety) also stabilised the
ODN duplex slightly. However, the stabilisation was lower
compared to all secondary amides 2–8. Of note, the unsub-
stituted 9-aminoacridine linked to the peptide nucleic acid
(PNA) has been utilized in thermal stabilisation of DNA–
PNA duplexes already by other researchers (57). (iv) Dis-
tance of two carbons between carboxamide and the basic
moiety seems to be optimal–its extension to 3 carbons in
5 led to a drop of the activity (compare with 2). (v) The
character of the basic moiety (most importantly its size)
may also affect the results. Apparently, the smaller the basic
group is, the higher the effect on stabilisation. For example,
compounds 2 and 3 with dimethylamino and amino group,
respectively, belonged to the most active while 7 and 8 with
bigger diethylamino or piperidinyl had rather small effect.

DNA binding study

Based on the above-mentioned experiments, acridine 2
with the highest �Tm was selected for the interaction
study with double-stranded (ds) and single-stranded (ss)
DNAs. Three types of dsDNAs and ssDNAs (Chart 2)
were used for titrations of acridine 2, i.e. GC-rich, AT-
rich and HFE sequence (mixed amount of GC and AT
bases). After addition of dsDNA to the acridine 2 solu-
tion, bathochromic and hypochromic shifts in its absorp-
tion spectrum were observed (Figure 4A-C). Reduction of
its fluorescence and change of emission spectra were ob-
served as well (Figure 4E–G, S5) with more pronounced
reduction observed for GC-rich and HFE duplex (Fig-
ure 4J). Such changes indicated an important �-� inter-
action of acridine heterocycle with nucleic bases. In line
with our observations, Kim et al. described similar changes
in absorption spectra of 9-aminoacridine bound to poly
(dA).poly (dT) duplex. (58) Observed changes of emis-
sion spectra are also in concordance with changes in emis-
sion spectra of N-( (N-(2-dimethylamino)ethyl)acridine-4-
carboxamide)-�-alanine bound to calf thymus DNA de-
scribed by Wu et al. (59) Interestingly, qualitative differ-
ences in the absorption and emission spectra were observed
in case of 2 bound to either GC-rich or AT-rich duplex
(Figure 4A, B, E, F), indicating slightly different interac-
tion with these bases. Absorption and emission spectrum
of 2 bound to HFE duplex was almost identical to the ab-
sorption and emission spectrum with the GC-rich duplex
(Figure 4I, J) suggesting preference of 2 for GC interac-
tion over the AT. In line with these observations, the quan-
titative data from absorbance (Figure 4D) also indicated a
steeper binding isotherm in case of GC-rich and HFE du-
plexes, further confirming these conclusions. The quanti-
tative data from fluorescence titrations indicated a steeper
binding isotherm in the case of the GC-rich sequence al-
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Figure 2. (A) Chromatogram of S 7 2 (� = 260 nm). (B) Absorption spectra of two peaks at chromatogram (A). (C) Mass spectrum of S 7 2 probe.

Figure 3. (A) Melting curves of the duplex CL–TL alone (black) or with selected acridine derivatives, 2 (blue), 4 (red) and 11 (dashed green) at concen-
tration 6.25 �M. (B) Screening test of acridine derivatives in the HFE melting system in solution expressed as dependence of the change of �Tm on the
concentration of acridine. Vertical dotted line is drawn at c = 6.25 �M used for comparison purposes. The test was performed in triplicate. (C) Scheme of
HFE melting system.

Chart 2. ODNs duplexes used for study of interaction of acridine 2 with
ODNs. Sense strands (used as ssDNAs in the study) are marked by a red
panel.

though the difference between the binding isotherms of the
GC-rich and AT-rich sequences was less pronounced com-
pared to data obtained from absorbance titrations (Figure
4D, H). A plausible explanation was put forth by Finlay
et al. (60) In their work, they suggested that the carbox-
amide side chain is expected to be exposed to the major
groove, the fact that was confirmed later by crystallographic
data. (61) As the major groove is deeper in the GC region,
it allows tighter binding in the GC and results in prefer-
ence of GC over AT due to interference with thymine methyl
groups.

Interaction of 2 with the three types of ssDNA was also
studied. Although the studied ssDNAs can also potentially
form the double-stranded self-structures, they are too weak
to be stable at the studied temperature, as confirmed by
the absorption-based melting study of the concerned ssD-
NAs where no significant changes were observed, confirm-

ing that ssDNAs did not form any secondary structures
at a significant level (Supplementary Figure S7). Changes
in absorption and emission spectra of 2 titrated by ss-
DNA (Supplementary Figure S5) resembled those observed
for dsDNA. Hypochromic and bathochromic shifts were
observed during absorbance titrations by all types of ss-
DNA, again with slight differences between AT-rich and
GC-rich sequences (Supplementary Figure S5). Absorption
spectra were also slightly blue-shifted when compared to
the dsDNAs (Supplementary Figure S5). However, the dif-
ferences in binding isotherms between GC-rich, AT-rich
and HFE sequences of ssDNA were almost not detected.
In comparison with corresponding isotherms in interac-
tion with dsDNA, they were substantially less steep, in-
dicating weaker interaction (Figure 4D). In case of emis-
sion spectra, the differences in binding isotherms between
GC-rich, AT-rich and HFE sequences of ssDNA (Supple-
mentary Figure S5H) were more pronounced compared to
binding isotherms of dsDNAs or compared to the binding
isotherms of ssDNAs obtained from absorbance measure-
ments (Supplementary Figure S5G). The emission and ab-
sorption spectrum of 2 bound to ssHFE was almost identi-
cal to the spectrum with ssGC (Supplementary Figure S5J,
K). All these results indicated high preference of 2 for GC-
rich strand also in ssDNA (Supplementary Figure S5L).
Considering the mode of interaction, the acridines were
suggested to interact with ssDNA by electrostatic forces or
by dye-base stacking. (62) Based on the observed similarity
of the results for ssDNA with dsDNA, the latter explana-
tion is more probably since the dye-base stacking may lead
to similar spectral response as in the case of intercalation
into dsDNA.
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Figure 4. Changes in absorption (A–C) and emission (E–G) spectra (�ex = 380 nm) of acridine 2 (20 �M) during the titration by AT-rich (A, E), GC-rich
(B, F), and HFE (C, G) duplexes in reaction buffer. (D, H) Changes in absorption at 417 nm (D) and emission at 530 nm (H) of acridine 2 during the
titration by duplexes (AT-rich–green, GC-rich–red, HFE–blue), and ssGC-rich (purple). (I, J) Comparison of absorption (I) and emission (J) spectra of 2
(20 �M) complexed to AT-rich (green), GC-rich (red) and HFE (blue) duplexes (20 �M). (K) Schematic principle of the experiment.

Figure 5. Job’s plot of the interaction of 2 with (A) dsHFE, (B) ssHFE, (C) dsAT, (D) dsGC (monitored as absorption of acridine at 417 nm).

To examine the stoichiometry of binding of 2 to ssHFE
and three types of dsDNAs, Job’s plot was performed. From
the constructed plots (Figure 5A-D), approximately nine
molecules of 2 are obviously bound to one 18-bases long
ssHFE or duplexes, indicating that acridine 2 is bound
to DNA single strand or duplex per every second base
pair.

Thermal denaturation studies of probes labelled by FAM and
acridine

After tests in solution, the effect of acridines directly at-
tached to the FAM-labelled probes on the thermal stabil-
isation was examined. The probes (Scheme 2, Chart 1) dif-
fered in length (13 bases (S), 18 bases (L)), type (acridine 2,

4 or 11) and position of the tethered acridine within the se-
quence (position 7 or 13). All probes labelled with FAM and
acridine were tested in an HFE thermal denaturation sys-
tem with complementary target ODNs (TS, TL with 13 and
18 bases, respectively) and later also with complementary
sequence with two different mismatches. Melting curves of
all probes had sigmoidal shape comparable with the melting
curve of unmodified control probes (Figure 6A). Acridine-
modified probes exerted seemingly two transitions (e.g. Fig-
ure 6B, at approximately 53◦C for L 7 4). Artefacts at the
beginning of melting curves may be caused by local melt-
ing of potential interaction between FAM and acridine and
were dependent on the position of the modification. In Fig-
ure 6B, when comparing the oligonucleotide curves, L 7 4
has these artefacts more pronounced than L 13 7. L 7 4
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Figure 6. (A) Comparison of melting curves and corresponding melting peaks (B) of the L 7 4 (blue), L 13 4 (red) in duplex with TL and control unmodified
duplex CL–TL without acridine moiety (black, dashed). (C) Comparison of melting curves and corresponding melting peaks (D) of L 13 4 matched to
the target TL (blue), L 13 4 hybridised to the A mismatched target TL(A) (red), L 13 4 hybridised to the C mismatched target TL(C) (green), and control
unmodified perfectly matched duplex CL–TL without acridine moiety (black, dashed). All melting curves were measured at the channel for FAM (�em =
515–530 nm). All measurements were performed in triplicate.

carries the acridine modification bound closer to FAM at
the 5 end than L 13 4, and it is likely that this closer position
may manifest itself in more pronounced artefacts at the be-
ginning of the melting curve. These artefacts, however, did
not affect the determinations of the melting temperatures.

Melting temperature (Tm) of duplexes with all acridine-
modified probes was increased compared to the melting
temperature of duplexes with unmodified control ODNs
(Tm (0)) (Table 2). Melting temperature of the long probes
(L) increased typically between 4–5◦C while the increase in
short probes (S) was between 6–7◦C with S 13 2 being the
best modification (�Tm (0) = 7.8 ± 0.24◦C). This observa-
tion was expected, due to the greater absolute contribution
of the modifier to the binding energy of short probes com-
pared to longer probes. No unequivocal differences were ob-
served between probes modified by acridine 2 and 4 (Table
2). The position (7 or 13) of the modifier within the sequence
of both S and L probes also seem not to significantly af-
fect �Tm (0) of the matched duplexes. As a negative control,
L 7 11 modified by inactive acridine derivative 11, was also
prepared and studied. Only very low increase (�Tm (0) =
1.7◦C) of melting temperature was observed for this probe.

Interestingly, double labelling of the L probes by
acridines (L 7,13 2 and L 7,13 4) also led to the shift of the
fluorescence-based melting curves toward the higher tem-
peratures (see melting curves, Supplementary Figure S6A),
but the shape of the curves was altered and did not allow
unequivocal analysis of the melting peaks after derivati-
zation (Supplementary Figure S6B) for which we have no
clear explanation right now. As an alternative, we also per-
formed absorption-based analysis of the melting tempera-
tures. As the absorption is less sensitive, the experiments
had to be performed at higher concentrations (1 �M for
absorption while 0.3 �M for fluorescence measurements)
that slightly changed the basal Tm (0) for approximately
1.6◦C. First, we compared the fluorescence and absorption-
based data for two probes modified by one acridine only
(L 13 2 and L 7 4) and found the �Tm values to be com-
parable with fluorescence-based data that confirmed that
both methods will give the same results (Supplementary
Table S2). Subsequently, the double-labelled probes were

tested. Contrary to the observation in fluorescence exper-
iments, the shape of absorption-based melting curves was
not altered and allowed unequivocal analysis of the melting
peak after derivatization (Supplementary Figure S6C, D).
Melting temperatures of duplexes of double labelled probes
L 7,13 2 and L 7,13 4 with TL were increased by �Tm (0)
= 6.6◦C and 7.0◦C, respectively (Supplementary Table S2),
i.e. even higher than for single acridine modified probes, in-
dicating increased stabilising effect of additional acridine.
However, despite this beneficial effect, the further practical
use of this modification is limited by impossibility of fluo-
rescence analysis of Tm and that is why these probes were
not investigated further.

Based on these encouraging results, the effect of the
modifier on mismatch discrimination ability was evalu-
ated. Two mismatched target sequences of the HFE gene
were selected, H63D C > G (rs1799945, c.187) and S65C
A > T (rs1800730, c.193). Both mutations are associ-
ated with hereditary hemochromatosis type 1. (54,55) The
melting temperatures of these mismatched ODNs (TS(A),
TS(C), TL(A), TL(C), Chart 1) with acridine-modified probes
were determined (Tm (A), Tm (C)) and compared to the Tm
of matched ODNs. In all cases, the mismatched duplexes
melted at much lower temperature. In case of AA mismatch,
the �Tm (A) values reached values approximately 8–9◦C and
4–5◦C for short and long probes, respectively. No obvious
differences were observed between the probes, considering
the position or structure of the acridine. In the case of CC
mismatch, the differences in temperatures were more sig-
nificant (up to �Tm (C) = 24.3◦C, Table 2) and clearly de-
pendent on the position but not on the structure of acri-
dine (results were almost the same for both 2 or 4). When
the acridine was placed in the position 13, it always sta-
bilised the mismatched duplex less, leading to lower Tm (c)
and consequently higher �Tm (C) which enables better dis-
crimination of the modification. In the case of CC mis-
match, similarly to AA mismatch, the longer probes led
to higher Tm (C) and consequently also to less pronounced
�Tm (C) that were more than half of the short probes. The
presented data therefore revealed the excellent ability of the
probes with acridine to discriminate between matched and
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Table 2. Melting temperatures of modified probes.a,b

ODN code Tm (0) (◦C) Tm (◦C) Tm (A) (◦C) Tm (C) (◦C) �Tm (0) (◦C) �Tm (A) (◦C) �Tm (C) (◦C)

S 7 2 38.3 44.0 35.5 25.3 5.7 8.5 18.7
S 13 2 38.3 46.2 38.2 21.7 7.8 8.0 24.5
S 7 4 38.3 45.7 37.3 28.0 7.3 8.3 17.7
S 13 4 38.3 45.2 36.2 21.2 6.8 9.0 24.0
L 7 2 58.3 62.0 57.6 53.2 3.7 4.4 8.8
L 13 2 58.3 62.3 57.9 51.2 3.9 4.4 11.1
L 7,13 2c 58.3 - - - - - -
L 7 4 58.3 63.2 58.2 54.0 4.9 5.0 9.2
L 13 4 58.3 62.9 58.2 52.1 4.6 4.7 10.9
L 7,13 4c 58.3 - - - - - -

aTm (0), melting temperatures of unmodified duplexes (i.e. CS-TS or CL-TL); Tm, melting temperatures of duplexes of modified probes with fully comple-
mentary target (i.e. with TS or TL); Tm (A), melting temperatures of duplexes of modified probes with target sequence with A mismatch (i.e. with TS(A) or
TL(A)); Tm (C), melting temperatures of duplexes of modified probes with target sequence with C mismatch (i.e. with TS(C) or TL(C)); �Tm (0) = Tm – Tm (0),
�Tm (A) = Tm – Tm (A), �Tm (C) = Tm – Tm (C). bDetermined by fluorescence measurements in PCR thermal cycler. cThe melting peak in fluorescence
measurements could not be properly analysed for the modified probes. �Tm (0) = 6.6◦C and 7.0◦C for L 7,13 2 and L 7,13 4, respectively, were determined
by absorption-based measurements.

Figure 7. Determination of the potential mutations in the HFE gene in models of real samples. (A) Template containing HFE gene sequence. (B) Principle
of the determination. (C) Melting curves and melt peaks (D) of the wild type of HFE (matched, blue) and its S65C A > T (red), and H63D C > G (green),
determined with probe L 7 2. The control experiment with probe L 7 (no acridine conjugation) and wild type HFE perfectly matched is shown by the
black dashed line.

mismatched sequences in the HFE system. We also consid-
ered the fact that the acridine stabiliser may interact directly
with the mismatch position, but it seems to be unlikely. High
preference was observed for GC pair that is always near the
T base modified by acridine and therefore it is expected that
the acridine will intercalate primarily in the closest GC pair
(the length of the linker is sufficient) where it has the highest
preference. The mutations are also always in close proxim-
ity (2 bp) but it is expected that the preference for C–C or
A–A bases will be lower.

The system was subsequently used in determination of
the potential mutations in the HFE gene in models of real
samples using adjacent probes (Figure 7B). Plasmids (lin-
earized prior to use in PCR) with the cloned wild type or
the mutated variant of HFE target sequence were used as
templates for PCR. The fluorescent probe L 7 2. recognized
the wild-type form and both potential A > T or C > G
mutation. The template (1 × 105 copies) was subjected to
PCR to multiply the template and then melting analysis
was performed together with the sequence bearing BHQ-

1 quencher that hybridised adjacent to the reporter probe.
In line with the above experiments, good discrimination of
both mutations was observed (Figure 7C, D).

Absorption and fluorescence study of intercalation of acridine
2 attached to the ODN

L 7 2* probe (without FAM to eliminate interference from
its absorption and emission spectrum) was prepared to eval-
uate the intercalation properties of acridine 2 covalently at-
tached to the probe, and its properties in the duplex. The
fluorescence of acridine allowed monitoring of its fate us-
ing the emission spectra (λem = 520 nm, ΦF = 0.49 for 2
(in MeOH)). The solution of L 7 2* probe was titrated by
TL (without BHQ-1), and absorption and emission spectra
were measured after every addition and hybridisation. In
the beginning (without any TL), the spectrum of L 7 2* re-
sembled the spectrum of acridine 2 after its interaction with
ssODN HFE sense (Figure 8B, blue lines), indicating that
the acridine in this probe interacts with the nucleic bases
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Figure 8. (A, C) Changes of absorption (A) and emission (C) spectra of L 7 2* probe titrated by TL; (B) Comparison of absorption spectra of 2 bound
to ssHFE (blue) or dsHFE (red) freely in solution (full lines). Dashed lines are absorption spectra of L 7 2* with (red) or without (blue) complementary
TL; (D) normalised changes in absorbance (blue) and fluorescence (red), of L 7 2* during titration with TL (data from boxes A and C). Concentration of
L 7 2* was 10 �M. T = 23◦C.

Figure 9. (A) Temperature dependent emission (�ex = 400 nm) changes of L 1 2* probe matched duplex with TL. (B) Comparison of melting curves of the
S 1 2* (blue) and CS (black) in duplex with TS. (C) Comparison of melting curves and melting peaks (D) of the S 1 2* matched to the target TS (blue),
S 1 2* hybridised to the A mismatched target TS(A) (red), and S 1 2* hybridised to the C mismatched target TS(C) (green).

already in the single strand before formation of a duplex.
After stepwise addition of TL, minor changes in absorp-
tion spectra (bathochromic and hypochromic shift) were
observed suggesting interaction of acridine with a newly
formed duplex (Figure 8A), supported by the spectrum at
full binding resembling the shape of the absorption spectra
of acridine 2 bound to the dsODN HFE duplex (Figure 8A,
B). The measurements of the fluorescence spectra showed
a reduction in fluorescence intensity by 53% (the shape re-
mained the same) after hybridisation with TL (Figure 8C).

In both absorption and fluorescence measurements, the
changes progressed up to expected 1:1 ratio L 7 2*: TL with
no further changes (Figure 8D). We can assume that these
changes are due to the transition from intercalation in the
ssODN to intercalation in dsODN with increased quench-
ing of acridine by nucleic bases in duplex.

Due to inherent fluorescence of the acridine core, it could
potentially be used as a fluorophore itself. This possibility
was explored with three probes labelled by acridine 2 only
(without FAM labelling)–L 1 2*, L 7 2* and S 1 2*. Ad-
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Table 3. Melting temperatures of probes modified by acridine only obtained from fluorescence measurementsa

ODN code Tm (0) (◦C) Tm (◦C) Tm (A) (◦C) Tm (C) (◦C) �Tm (0) (◦C) �Tm (A) (◦C) �Tm (C) (◦C)

S 1 2* 41.3 49.0 39.3 29.5 7.7 9.7 19.5
L 1 2* 61.0 67.2 61.8 58.7 6.2 5.4 8.5
L 7 2* 61.0 65.6 58.7 58.1 4.6 6.9 7.5

aTm (0), melting temperatures of unmodified duplexes (i.e. CS–TS or CL–TL); Tm, melting temperatures of duplexes of modified probes with fully comple-
mentary target (i.e. with TS or TL); Tm (A), melting temperatures of duplexes of modified probes with target sequence with AA mismatch (i.e. with TS(A)
or TL(A)); Tm (C), melting temperatures of duplexes of modified probes with target sequence with CC mismatch (i.e. with TS(C) or TL(C)); �Tm (0) = Tm –
Tm (0), �Tm (A) = Tm – Tm (A), �Tm (C) = Tm – Tm (C).

ditional position 1 (i.e. 5-end) of modification by acridine
was chosen since in the original design this position was
dedicated to the fluorophore. Duplex of the probes with
corresponding antisense strand TL or TS at 40◦C was only
weakly fluorescent both due to quenching of the interca-
lated acridine by nucleic bases (see Figure 9C) and by BHQ-
1 quencher. Upon increase of the temperature, the fluores-
cence increased due to melting of the duplex and separa-
tion of the acridine from the quencher (Figure 9A, exam-
ple for L 1 2*). Melting curves plotted as a change of acri-
dine fluorescence (�ex = 400 nm) at �em = 500 nm (the
biggest change in the emission), had a sigmoidal shape com-
parable with unmodified control CL (Figure 9B) but were
shifted to higher temperatures due to stabilisation of the
duplex with �Tm (0) = 7.9◦C for short S 1 2* probe and
6.1◦C and 4.3◦C for L 1 2* and L 7 2* probes, respectively
(Table 3). The probes were tested in a modified HFE ther-
mal denaturation system with complementary target ODNs
(TS, TL, Figure 9B) and also with complementary sequence
with two different mismatches (Figure 9C, D). Also in this
case, good discrimination of the mutations in HFE gene
was observed (for �Tm see Table 3) in particular with the
short S 1 2* probe (Figure 9C, D). Based on these results,
the acridine can fulfil both functions in the probes–to sta-
bilise the duplex and to serve as reporter dye due to its
fluorescence.

Conclusions

In this work, a series of acridine derivatives was prepared
and screened as the thermal stabilisers of the DNA du-
plexes. The structure–activity relationships revealed the
strong importance of the presence of the secondary amide
in position 4 and two-carbon linker to the basic moiety
that should not be preferentially bulky. Selected acridines,
once attached to the ODN probes labelled with FAM, were
able to increase the melting temperature of the duplexes.
They were also found suitable for discrimination of the mis-
matches where the high thermal stabilisation of the duplex
was found only for matched sequences. Observations of the
shape of absorption and emission spectra of the acridines
suggested their intercalation interaction. Additionally, in-
herent fluorescence of acridine enabled its use as a fluo-
rophore itself (without any other reported dye) and sta-
biliser at the same time therefore eliminating the neces-
sity of the additional fluorophore (e.g. FAM). In conclu-
sion, the selected acridines may be used as suitable thermal
stabilisers and fluorophores of the DNA duplexes in par-
ticularly for short probes that may recognize single point
mutations.
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