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Among three novel DBTAA derivatives only DBTAA-propyl-adenine conjugate 1 showed

recognition of the consecutive oligo dT sequence by increased affinity and specific induced

chirooptical response in comparison to other single stranded RNA and DNA; whereby of particular

importance is up until now unique efficient differentiation between dT and rU. At variance, its

close analogue DBTAA-hexyl-adenine 2 did not reveal any selectivity among ss-DNA/RNA

pointing out to the important role of steric factors (linker length); moreover non-selectivity of the

reference compound (3, lacking adenine) stressed the importance of adenine interactions in the 1

selectivity.

Introduction

Both, DNA and RNA exhibit a wide range of structural
topologies, among which different single stranded (ss—)
sequences are quite numerous. While ss—sequences are
ubiquitous part of the RNA folding landscape, there are fewer
observations of stable ss—DNA cases, such as hairpinsl or
abasic sites,2 to name some of them. Since ds—DNA is
protected from reaction with a number of chemical and
biological nucleases,” many studies have been aimed at
exploiting the vulnerable ss—DNA. A number of small
molecules were synthesized that bind specifically at abasic
lesions with an idea to inhibit the DNA repair system and in
that way pronounce the action of antitumor drugs.*
recently many research groups have explored the potential of
the DNA as a template for arraying multichromophoric
systems, among which non-covalent ss-DNA-associated dyes
attracted considerable attention.’

Until now, aryl-nucleobase conjugates efficiently
recognized complementary nucleobases by affinity increase,
Zn-cyclene derivatives showed highly selective interactions
with uracil and thymine caused by specific coordination of Zn
with two keto-groups.® Very recently, abasic sites and single
base bulges in DNA were efficiently recognized by
metalloinsertors,” or small-ligand-immobilized biosensor was
applied for detecting thymine-related single-nucleotide
polymorphisms (SNPs).® However, longer oligo-dT sequences
were not specifically recognised until now, especially in
respect to closely related uracil analogues. Within the last
decade we showed that small modifications in structure of
aryl-nucleobase conjugates can control their selectivity toward
various ss- and ds- polynucleotide sequences.’

On the other hand, for the dibenzotetraaza[l4]annulene
(DBTAA) derivatives we recently showed that the interactions
of side-chains can finely tune selectivity toward various
DNA/RNA consequently their biological
activity.'® Specific properties of the DBTAA moiety, such as

Moreover,

and control

larger aromatic surface than the most of until now used aryl-
moieties and pronounced out-of-plane flexibility, offered
intriguing possibilities in design of novel aryl-nucleobase
ss conjugates. The very last generation of DBTAA derivatives
showed high (sub-micromolar) DNA/RNA affinity and
selectivity toward dA-dT over dG-dC sequences,'® the latter
property inspiring us to prepare DBTAA - adenine derivatives
(Scheme 1), with the aim of the selective recognition of
e complementary nucleobases (rU and/or dT) within the
DNA/RNA sequences. Previous results showed that structural
features of the targeted recognition process
strongly depend on the linker between large aromatic moiety
and nucleobase,” therefore we varied the length of the linker
es between DBTAA and adenine (1 and 2), and as the reference
compound we prepared the DBTAA lacking nucleobase (3).
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Scheme 1. Novel DBTAA-adenine conjugates 1 and 2 and
reference compound 3, previously studied analogue 4.1,
» Results and discussion
Synthesis

DBTAA-adenine conjugates 1, 2 and reference 3 were
synthesized via two consecutive monoalkylations by modified
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previously described method.'” The DBTAA-adenine
conjugates 1 and 2 were synthesized in a two-step procedure
involving reaction of the bis[2-(3-bromopropoxy)benzoyl]-
5,14-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine

dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine]

(Scheme 2, c) using 9-(6-bromohexyl)adenine followed by

incorporation of pyridinium - alkoxy moiety according to the
10 method reported earlier.'°!" Similar two-step procedure was

s (Scheme 2, a) with adenine in a 1:1 molar ratio, or employed for preparation of unsymmetrically substituted
monoalkylation of bis(2-hydroxybenzoyl)-5,14- product 3.
i _N_, °NH s
h Jr/ - A\ ’ kom0 rN/\ hoj |
o ‘aand NN L N
0 o N o p=N' T NHp OH o
(o) o (o] (o] o]
8 8
X 7N 9 79 N

Scheme 2 Starting compounds a) and ¢) are prepared as described previously.'™ Preparation of the products 1-3. i: 1) adenine, NaH, DMF 2) pyridine; ii:
15 1) 9-(6-bromohexyl)adenine, potassium carbonate, DMF 2) 1,6-dibromohexane, potassium carbonate, DMF 3) pyridine; iii: 1) 1-bromohexane, potassium
carbonate, DMF 2) 1,3-dibromopropane, potassium carbonate, DMF 3) pyridine.

O

Spectroscopic characterisation of buffered solutions of 1-3

Compounds 1-3 were moderately soluble in aqueous solutions
(up to c=1 x 107 mol dm™). Buffered aqueous solutions of
studied compounds were stable for several months. The
absorbencies of 1-3 were proportional to their concentrations
up to ¢=1 x10™ mol dm™, changes of the UV/vis spectra on
the temperature increase up to 95°C were negligible and
reproducibility of UV/vis spectra upon cooling back to 25°C
was excellent. The UV/vis spectra of 1-3 were similar to
previously studied analogue 4'*, the differences in molar
extinction coefficients’ could be attributed to additional
adenine chromophore of 1, 2 and lack of one pyridyl- of 3.

Study of interactions of 1-3 with ds-DNA in aqueous medium

The experiments with calf thymus (ct-)DNA (UV/vis
titrations, viscometry, gel
electrophoresis)’ clearly excluded intercalation of DBTAA-
adenine conjugates 1-3 into ds-DNA. Only 1 showed induced
CD bands at A > 300 nm upon binding to ct-DNA,” which can
35 be attributed to the well-organized agglomeration within
minor groove. At variance to 1-3, previously studied DBTAA
analogue 4'% intercalated into ct-DNA, showing significantly
stronger affinity and thermal stabilization effects. Such
pronounced difference in the binding mode to ds-DNA could
be attributed to distinct structural differences: two positively
charged pyridine moieties of 4 are both small enough to allow
of DBTAA into DNA
simultaneous electrostatic interactions of two positive charges
with negative DNA backbone.
compounds 1, 2 have only one positive charge (thus lowering

thermal denaturation,

intercalation combined with

At variance to 4, novel
the attracting forces) and in addition large and neutral adenine

of 1, 2 could by intramolecular stacking on DBTAA compete
with intercalation of DBTAA within ds-DNA basepairs. More

@

a

4 in aqueous solution were significantly lower solubility of
former and tendency to form colloidal system upon addition
of ct-DNA even at uM concentrations. Particularly latter
observation suggested preferred aggregation of 3 along
hydrophobic ds-DNA grooves instead of intercalation.
However, more detailed studies of 1-3 with synthetic ds-
DNA/RNA of homogenous basepair composition is necessary
prior to any definite conclusion.

Study of interactions of 1-3 with ss-DNA and ss-RNA in
aqueous medium

With the idea that DBTAA moiety will easily intercalate
within single stranded (ss-) DNA/RNA (much more flexible
than ds-DNA), while adenine of 1, 2 could form H-bonds with
complementary nucleobases, we studied interaction of 1-3
with a series of homogeneous RNA and DNA polynucleotides.

Table 1. Binding constants (logKs)* calculated from the UV/vis titrations
of 1-3 with ss- polynucleotides at pH 7.0 (buffer sodium cacodylate, / =
0.05 mol dm).

1 2 3

‘H/ % logKs ‘H/ %° logKs ‘H/% logKs

poly rC 46 6.2 £0.04 77 5.9+0.03 -4 5-6
polyrA 78 5.4 +0.04 67 5.1+0.02 -4 5-6°
poly rG 25 6.5 +0.04 95 5-6 -4 5-64
poly rU 59 6.1 +0.05 462 5-6 -4 5-64
poly dT 30 8.7 +0.04 -4 -d -4 5-6¢
polydA 73 5.0 +0.03 -d _d -4 5-64

* Processing of titration data by means of Scatchard equation” gave
values of ratio 7jpound 13y [polynucieatide] = 0.2-0.7, for easier comparison all
logKs values were re-calculated for fixed n=0.5; "Accuracy of n+ 10 -
30%, consequently logKs values vary in the same order of magnitude;

“Hza6nm=(Abs(1-3) - Abs(complex)) / Abs(1-3))x 100; dFormation of

agglomerates close to equimolar concentration of compound and

surprising was non-intercalative binding mode of reference 3, s
so due to its close similarity to 4. The differences between 3 and

DNA/RNA hampered collection of the sufficient number of data, thus
logKs values could be only estimated.

2|Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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The UV/vis titrations of 1-3 with ss- DNA and ss-RNA mononucleotides stressed the essential impact of several
revealed pronounced hypochromic effects > 300 nm (Table 1, consecutive dT in oligonucleotide sequence for achieving the
ESI"), characteristic for aromatic stacking interactions of s efficient helical organisation and consequent ICD recognition.
chromophore (DBTAA) with nucleobases. The affinities of 1-
5 3 toward most of the ss-DNA/RNA were similar, the only

exception being intriguing two orders of magnitude higher 451 :fg%réjs

affinity of 1 toward poly dT (Table 1, Figure 1). l '

0,50+

CD [mdeg]

0,45+
0,40+

0,354

0,304

Abs / 347 nm

0,25 A/ nm

0,20

T T T 1
0,0 3,0x10° 6,0x10° 9,0x10° 1,2x10™
¢ (polynucleotide) / mol dm™®

Fig. 1 .Dependence of 1 absorbance at Am,= 347 nm on ¢ (m, poly dT)
10 and ¢ (o, poly rU), at pH=7, sodium cacodylate buffer, 7 = 0.05 mol dm?.
Ratio r[1]/[polynucleotide] at the titration endpoint marked by an arrow.

CD [mdeg]

To get the information about the changes induced by the small
molecule on the spectroscopic properties of polynucleotide, the
CD spectroscopy was applied as a highly sensitive method to
1s evaluate conformational changes in the secondary structure of
polynucleotides.'” Additionally, the induced (I)CD spectrum
which can appear upon binding of achiral small molecules to
polynucleotides could give useful information about modes of
interaction related to the orientation of a small molecule in
2 respect to the DNA/RNA chiral axis.'>'* Noteworthy, the 1-3 are Fig. 2 Changes in CD spectra of poly rU (up) and poly dT (down);
achiral and therefore do not possess intrinsic CD spectrum. c(polynucleotide) = 3.0 x 10” mol dm” upon titration With,}‘Done at
. . 50 pH=7, sodium cacodylate buffer, I = 0.05 mol dm™.
Therefore, we performed CD experiments with 1-
3/polynucleotide complexes and indeed, addition of poly dT
resulted in the specific induced (I)CD band of 1, while with other 25
25 ss-DNA/RNA 1 did not show any ICD band (Figure 2 and
ESI').The plot of ICD band intensity against c(poly dT) for
1/poly dT complex agreed well with UV/vis titration (Fig. 1),
supporting high binding constant (Table 1). Such selectivity was 10

T T T T T T T T T 1
225 250 275 300 325 350 375 400 425 450
A/ nm

not observed for the reference compound 3, or for the DBTAA- >
30 hexyl-adenine 2, stressing the crucial importance of the adenine é °]
as well as the length of a linker connecting it to DBTAA. a Ly A
Apparently, shorter linker of 1 allows much more efficiently O 57
. . ICD bands range
intramolecularly-stacked DBTAA-adenine structure, necessary
for the fine tuning of the adenine to thymine orientation. 107
3s The UV/vis and CD experiments performed with dT decamer -15+ : : : : ,
revealed also high affinity and the same ICD bands.” However, 250 300 350 400 450
corresponding experiments of 1with mononucleotides (AMP, A/ nm
GMP, CMP, UMP, TMP)T yielded at least order of magnitude
lower logKs values in comparison to corresponding ss- Fig. 3 Changes in the CD spectra of 1/poly dT complex (c(poly dT) = 1.5
40 RNA/DNA (for thymine difference between TMP and poly dT x 10 mol dm™; ¢(1)=7.5 x 10 mol dm), upon addition of an 1-10fold
binding constant was 3 orders of magnitude). Moreover, the excess of poly U (ratio = [poly U] /3[p oly dT}). Done at pH 70 buffer
X R 55 sodium cacodylate, 7 = 0.05 mol dm™. Increase of CD bands intensity at
absence of any ICD band of 1 upon adding aforementioned 245 nm and 275 nm corresponds to the CD spectrum of free poly rU.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3
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Competitive experiment performed by adding up to 10-fold
excess of poly U (Figure 3) or other ss-DNA/RNA to the
1/poly dT complex did not result in decrease of the
characteristic ICD bands (300 — 450 nm range), thus
additionally supporting the affinity preference shown in
binding constants (Table 1).

The 'H NMR experiments on 1 performed with both poly dT
and oligo dT;, revealed strong broadening and pronounced
decrease of 1 proton signals upon complex formation (not
shown), which can be attributed to involvement of 1 in
intensive aromatic stacking interactions, possibly combined
with additional aggregation of several complexed systems
(due to order of magnitude higher concentrations of 1 in NMR
experiments (1 in 0.05 mM and oligo dT 0.1 mM
concentration) in comparison to previously described
spectrophotometric methods). However, resulting weak and
very broad proton signals were unsuitable for efficient NOE
experiments, hampering the determination of intramolecular
contacts in 1/oligo dTy.

Molecular modelling

The most intriguing result was up until know unmatched
property of 1 to bind significantly stronger to poly dT than to
poly rU and give specific chirooptical signal for poly dT. To
shed more light on this recognition process, we addressed the
1/dT and 1/rU complexes by molecular modelling. Analysis
started from the same geometry: DBTAA moiety was inserted
between adjacent nucleobases (supported by UV/vis and ICD
results), adenine forming H-bonds with rU or dT (ESI', Fig.
S17 and S18). The complexes were solvated, energy
optimized, and subjected to MD simulations. The complex
between poly dT and 3 was built from the 1-poly dT complex
by removing adenine. The initial aromatic stacking between
DBTAA and nucleobases of the complexes was not disrupted
during the 3 ns of MD simulations at room temperature.
Results pointed to the pronounced difference between the
final structures of the 1/dT and 1/rU complexes. Namely, in
the 1/dT complex (Fig. 4) intramolecular stacking between
adenine and DBTAA is preserved (imidazole ring to DBTAA-
double bond distance 3.36 A) and adenine with one of the o-
xylyl linkers is at the 3.6-4 A distance (angle of about 45°),
suggesting either edge-to-face or face-to-face aromatic
stacking interactions. Also, adenine forms two H-bonds with
thymine, latter stacked above benzene of DBTAA at 3.81 A.
The thymines at the top and the bottom of the structure are
stacked to adjacent thymines by distance of 3.34 A and 3.62
A, respectively. From the viewpoint along phosphate
backbone axis, sequence T-T-DBTAA-T-T formed helical
structure. Moreover, the thymine methyl is positioned above
the centre of pyridyl- of 1 (distance 2.8 A), suggesting the
existence of the CH - & interaction. Such binding motif of 1
can be repeated along poly dT forcing the thymidines into
intensively stacked, helical structure, which is clearly better
organized than the intrinsic structure of the free poly dT.'
Therefore, evident aromatic stacking of DBTAA moiety
between two thymines in well-ordered structure of the 1/poly
dT complex (Fig. 4) controlled the uniform orientation of
DBTAA chromophore transition moments in respect to chiral

60

65

70

75

80

axis of newly formed helical structure, which in turn can
explain the induced ICD bands above 300 nm, characteristic
for DBTAA moiety.'>"?

‘CH3 - pyridyl

Fig. 4 Structure of a 1/poly dT complex obtained by molecular modeling.
Black lines mark the aromatic stacking interactions between thymines and
DBTAA, green lines denote H-bonds between adenine and thymine, red
line marks interaction between dT-methyl with pyridyl- of 1.

Fig. 5 Structure of a 1/poly rU complex obtained by molecular modeling.
Note stacking of only one uracil with DBTAA and disruption of stacking
between uracils along poly rU helical axis.

The structure of the 1/ poly rU complex obtained by
modelling from the same starting point as previous dT-version
(Fig. 5) is stabilized mostly by aromatic stacking interactions
between various uracils with DBTAA phenyl (3.37 A), and o-
xylyl linkers (3.87 A and 3.81 A). Furthermore, adenine is
edge-to-face oriented pointing proton H8 to the centre of
DBTAA (3.7 A). Hydrogen bonds between adenine (of 1) and
uracil are missing and uracil does not have methyl to form
interaction with pyridyl- of 1, instead, the pyridyl- is stacked
to the phenyl-DBTAA (3.7 A). The structural outcome is
oligo rU severely kinked around molecule of 1, whereby the

4|Journal Name, [year], [vol], 00—00
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stacking between uracils is completely lost. Such a binding
mode of 1 disrupts even more intrinsically poorly organised
poly rU structure, which decreases the intensity of already
weak CD bands of poly rU. Consequently, absence of
significant chiral helicity of polynucleotide/1 complex
completely failed to induce any ICD band above 300 nm.

Application of the identical modelling approach to
reference compound 3 yielded completely different structure
of the 3/poly dT complex.” Compound 3 does not have
adenine with thymine and also the
interaction between dT-methyl and 3-pyridyl was missing.
Such poorly organized complex is not likely to give uniform
organization of DBTAA units and thus no ICD bands were
observed.

to form H-bonds

Conclusions

Here presented DBTAA-propyl-adenine conjugate 1 was to
the best of our knowledge the first small molecule able to
selectively recognize ss-dT sequence in respect to the other
homogenous ss-DNA/RNA (including rU) by both, strongly
increased affinity and specific spectroscopic (ICD) signal.
Such selectivity of 1 is exceptionally intriguing because, both,
rU and dT can form the same set of hydrogen bonds with
adenine (this factor probably excluded poly rC), and both ss-
polynucleotides are characterized by similar, poorly organized
secondary structure,' thus differing only by C5-methyl group
specific for thymine and one additional sugar 2'-OH group of
rU, respectively. Intriguingly, in analogous double stranded
polynucleotide systems the thymine-methyl has also an
important role in double stranded helix stabilisation. For
instance, poly(dA) - poly(dT) has 50% greater stability than
poly(dA) - poly(dU) as a result of the dT-methyl impact®.
Furthermore, study of the significant differences in stability of
DNA vs. RNA double stranded helices revealed that
contribution of dTC-5 methyl groups is always stabilizing,
while 2'-OH groups (present only in RNA) can be stabilizing
but also destabilizing, depending on the type of complex.'S
Thus, taking into account an estimation of C5-methyl group
contribution to ds-DNA stabilisation of about 0.3 kcal/mol per
AT pair'’, combined with the absence of 2'-OH group in poly
dT (which increases adjustability of polynucleotide), can
explain more efficient adjustment of 1 upon binding to poly
dT in comparison to poly rU. That is in accordance with here
presented molecular modelling results, showing that the main
factors regulating 1-poly dT selectivity are a) self-stacked
DBTAA-adenine system, which is favoured only by short
linker of 1 but completely lost for longer linker of 2, b) H-
bonding between adenine and thymine (not present in 1/poly
rU complex and reference compound 3); c) interaction
between thymine-methyl and pyridyl- of 1 (not present in
model of 1/poly rU).

Presented results will have high practical importance in
supramolecular design of novel small molecules targeting dT-
based sequences, either for ss-DNA or ds-DNA based
supramolecular constructs® or in biological applications; for
instance marking of the oligo (dT)-cellulose commonly used
for tRNA purification'®, or T-T sequences which are aside
guanine-sequences the most sensitive to radical-induced

10
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1

damage'’. Furthermore, compounds 1-4 are azamacrocyclic
ligands and thus have additional potential to bind metal
cations,” such metal complexes offering a variety of different
interactions with DNA/RNA. Preliminary experiments with 4
and several metal cations of biological interest (e.g. Zn>*,
Cu*, La*") revealed surprisingly low stability of complexes
under biologically relevant conditions (Ks < 10* M™).
Ongoing experiments try to address that issue by design of
novel compounds with biologically relevant stability of metal
complexes.

Experimental
Synthetic procedures

(7-{2-[3-(aden-9-yl)propoxy]benzoyl}-16-{2-[3-(N-pyridinium-
1-yl)propoxy]benzoyl}-5,14-dihydrodibenzo[b,i][1,4,8,11]
tetraazacyclotetradecine bromide) (1)

A mixture consisting of adenine (0.266 g, 1.973 mmol),

60% NaH (0.059 g, 1.408 mmol) in anhydrous DMF (5 mL)
was stirred for 1 h at room temperature. Compound a (0.76 g,
0.986 mmol) dissolved in anhydrous DMF (60 mL) was added
and the reaction mixture was stirred at 40 °C for 5 min, then
for 3h at room temperature. The reaction mixture was then
transferred to a separatory funnel and partitioned between
dichloromethane (150 mL) and water (100 mL). An organic
layer was separated, washed with water (2x100 mL), dried
over anhydrous magnesium sulfate, concentrated to a small
volume and chromatographed on a column of silicagel using
dichloromethane/methanol (40:2 v/v) as eluent. A main
orange fraction was collected and evaporated to dryness. A
residue was dissolved in pyridine (6 mL) and stirred C for 9h
at 45°. An excess of pyridine was removed under diminished
pressure and a residue was chromatographed on a column with
basic aluminium oxide, using dichloromethane/methanol (20:3
v/v) as eluent. A main orange fraction was collected,
concentrated to a small volume and diluted with n-hexane to
precipitate an orange product (0.144 g, 16%).
Mp: 164-166 °C. 'H-NMR (300 MHz, DMSO-ds, 8): 2.10
(2H, m, H"), 2.28 (2H, m, H"), 4.03 (2H, t, J = 6.0 Hz, H?),
4.12 (4H, m, H*, HY), 4.65 (2H, t, J = 6.9 Hz, H®), 7.04 (2H, s,
H°), 7.08-7.24 (12H, m, H'-H*, H">-H"5, H*, H**, H*®, H*®),
7.35 (2H, m, H®, H*), 7.50 (2H, m, H*/, H*"), 7.85 (1H, s,
H™), 7.90 (1H, s, H), 7.96 (2H, m, H®), 8.36 (2H, d,
J=6.5Hz, {H, H}/{H", H?)}), 8.45-8.52 (3H, m, {H,
H’}/(H'®, H*}, H'), 8.98 (2H, m, HY, 14.20 (2H, m, H",
H*'). *C-NMR (75 MHz, DMSO-dg, 8): 29.0 (C"), 30.0 (C"),
58.3 (C%), 65.0 (CY), 65.2 (C%), 109.8, 110.2 (C*, C"), 112.7,
113.0 (C*, C*)), 115.3, 115.4 (C', C*, C'2, CY), 118.7 (C"),
121.0, 121.1 (C*, C*), 126.7 (C% C?, C", C'%), 127.8 (C°),
128.6, 128.8 (C*, C**), 129.2 (C¥, C¥), 131.4, 131.5 (C¥,
C*™), 136.2, 136.3 (C°, C"', C'°, C*), 140.4 (C)), 144.6 (CY),
145.4 (C", 149.3 (C"), 152.1 (C™), 152.4, 152.6 (C', C?, C'S,
C?), 154.8, 155.1 (C¥, C*), 155.7 (C"), 191.2, 191.4 (C¥,
C™). IR (ATR) Vpa, (em™): 1254, 1285, 1326, 1414, 1445,
1487, 1557, 1591, 1642, 2876, 2959, 3059, 3203, 3355. MS
(ESI) m/z found: 823.6. Calc. for C4sH43N0O4": 823.35. Anal.
found: C, 61.47, H, 4.98; N, 14.71. Calc. for
C4gH43N1004BI"2H201 C, 6134, H, 504, N, 14.90%.

This journal is © The Royal Society of Chemistry [year]
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(7-{2-[6-(aden-9-yl)hexoxy]benzoyl}-16-{2-[6-(N-pyridinium-
1-yDhexoxy]benzoyl}-5,14-dihydrodibenzo[b,i][1,4,8,11]
tetraazacyclotetradecine bromide) (2)

A reaction mixture consisting of compound ¢ (0.2 g, 0.378
mmol), anhydrous potassium carbonate (0. 104 g, 0.757
mmol) and 9-(6-bromohexyl)adenine (0.056 g, 0.189 mmol) in
anhydrous DMF (40 mL) was stirred for 10 h at 65°C. 1,6-
Dibromohexane (0.7 mL, 4.54 mmol) and anhydrous
potassium carbonate (0.026 g, 0.189 mmol) were then added
10 and stirring was continued for 24 h, at room temperature. The
reaction mixture was transferred to a separatory funnel and
partitioned between dichloromethane (20 mL) and water (100
mL). A small amount of solid KBr was added to improve
separation of the phases. An organic layer was separated and
washed thoroughly with water (5x 30 mL), dried over
anhydrous magnesium sulfate, concentrated to a small volume
and chromatographed on a column of silicagel with use of
dichloromethane/methanol, (20:0.4 v/v) as eluent. The second
fraction was collected from the two orange ones of highest
intensity. It was evaporated to dryness, dissolved in a small
volume of chloroform and once more chromatographed on a
column of silicagel, using chloroform/methanol (20:0.4 v/v)
as eluent. The main fraction was collected, evaporated to
dryness and a solid residue was dissolved in pyridine (5 mL).
»s The mixture was stirred for 7 h at 45°C, then pyridine was

removed under diminished pressure and a solid residue was

w

7

2

S

chromatographed on a column with basic aluminium oxide,
using dichloromethane/methanol (20:2 v/v) as eluent. A main
orange fraction was collected and evaporated to dryness. An
30 orange microcrystalline product was obtained by slow
evaporation of methylene chloride solution of the crude
material (0.042 g, 11%).
Mp: 194-196 °C. 'H-NMR (300 MHz, DMSO-ds, &): 0.97-
1.28 (8H, m, aliphatic chain), 1.50 (6H, m, aliphatic chain),
35 1.64 (2H, m, aliphatic chain), 3.86 (2H, t, J = 7 Hz, H’), 3.95
(4H, m, H* H°), 4.40 (2H, t, J = 7.5 Hz, H"), 7.03-7.19 (14H,
m, H'-H* H'>-H", H?®, 1>, H?8, H*®', H"), 7.34 (2H, m, H”,
H®"), 7.49 (2H, m, HY, H*"), 7.85 (1H, s, H%), 7.97 (1H, s,
HP), 8.05 (2H, m, H"), 8.44 (4H, m, H’, H’, H'®, H*"), 8.53
(1H, m, HY), 8.93 (2H, m, H®), 14.20 (2H, m, H'’, H?*"). "C-
NMR (75 MHz, DMSO-d,, 3): 24.8, 24.9, 25.0, 25.6, 28.2,
28.4, 29.1, 30.6 (C°-C°, Ck-CM), 42.5 (C°), 60.5 (C", 67.7,
67.8 (C*, CY), 110.1 (C8, C'), 112.5 (C*8, C**), 115.2 (C', C*,
C'2, "), 118.7 (CY), 120.8 (C*, C**), 126.7 (C%, C3, Cb,
C'%), 128.0 (CM), 128.7, 128.7 (C*, C**), 129.4, 129.3 (C%,
C»), 131.5, 131.7 (C¥, C*"), 136.1, 136.1 (C°, C'!, C'®¢, C??),
140.4 (CP), 144.4 (C®), 145.4 (C'), 149.3 (CH, 152.2 (C%),
152.5 (C7, €%, C'®, ), 155.2, 155.3 (C*, C*), 155.8 (CY,
191.6 (C%, C¥)). IR (ATR) vpu (cm™): 1239, 1290, 1308,
1414, 1447, 1485, 1558, 1585, 1652, 1679, 2875, 2931, 3059,
3116, 3242, 3374. MS (ESI) m/z found 908.3. Calc. for
Cs4Hs5sN 00, 907.44. Anal. found: C, 65.62; H, 5.95; N,
14.05. Calc. for Cs4HssN;(O4Br: C, 65.65; H, 5.61; N,
14.18%.

4

4

@

5

55
(7-(2-hexoxybenzoyl)-16-{2-[3-(N-pyridinium-1-
yl)propoxy]benzoyl}-5,14-dihydrodibenzo[b,i]
[1,4,8,11] tetraazacyclotetradecine bromide) (3)
A reaction mixture consisting of compound ¢ (1 g, 1.892

e mmol), 1-bromohexane (0.319 mL, 2.27 mmol), anhydrous
potassium carbonate (0.313 g, 2.27 mmol) in anhydrous DMF
(130 mL) was stirred at 60°C, for 3 h. The mixture was cooled
down, transferred to a separatory funnel and partitioned
between chloroform(150 mL) and water (200 mL). A few

6s drops of hydrobromic acid solution was added to improve
separation of the phases. An organic layer was separated and
washed thoroughly with water (7x100 mL), dried over
anhydrous magnesium sulfate and evaporated to dryness. A
solid residue was dried at 55 °C in vacuo and added to a

70 reaction mixture consisting of 1,3-dibromopropane (1.92 mL,
18.92 mmol), anhydrous potassium carbonate (0.523 g, 3.784
mmol) in anhydrous DMF (30 mL). The mixture was stirred at
room temperature for 24 h, then transferred to separatory
funnel and partitioned between toluene (100 mL) and water

75 (250 mL). A small amount of solid KBr was added to improve

separation of the phases. An organic layer was separated,

washed with water (7x100 mL) and dried over anhydrous
magnesium sulfate. The solvent was evaporated; a residue was

dissolved in a small amount of methanol and left in a

refrigerator for 12 h. A solid orange material was filtered off,

washed with methanol and dried. It was then chromatographed

twice on a column of silicagel using toluene/acetone (40:1

v/v) as eluent. A second orange fraction was collected,

evaporated to dryness, dried in vacuo and dissolved in

s pyridine (4 mL). The mixture was stirred for 3 h at 60°C. An
excess of pyridine was evaporated and a solid residue was
chromatographed on a column of silicagel using
dichloromethane/methanol (10:1 v/v) as eluent. The solvents
were evaporated and a residue was dried in vacuo to give an

90 orange-red product (0.065 g, 4%).

Mp: 126-129 °C. 'H-NMR (600 MHz, DMSO-dq, 8): 0.56
(3H, t, J = 7.1 Hz, H", 0.98 (4H, m, H, H"), 1.16 (2H, m, H'),
1.48 (2H, m, HM, 2.29 (2H, m, H®), 3.96 (2H, t, J = 6.0 Hz,
H®), 4.12 (2H, t, J = 6.0 Hz, H*), 4.65 (2H, t, J =7 Hz, H°),

s 7.07-7.19 (8H, m, H?, H®, H'3, H'*, H*, H?S', H*, H?®), 7.22-
7.26 (4H, m, H', H*, H'?, HY), 7.34 (2H, m, H®, H®), 7.50
(2H, m, H*", H*"), 8.00 (2H, m, H®), 8.44 (4H, m, H’, H’, H'"®,
H*), 8.53 (1H, m, H), 9.00 (2H, m, H%), 14.22 (IH, ¢,
J=6.5Hz, H'/H), 14.27 (1H, t, J=6.5 Hz, H'/H*"). C-

10 NMR (75 MHz, DMSO-dg, 8): 13.5 (CY, 21.8, 25.1, 28.5,
30.1, 30.8 (C°, C"-CY), 58.2 (C°), 65.0, 67.8 (C*, C¥), 110.0,
110.1 (C% C"), 112.4, 113.1 (C*, C**), 115.2, 115.4 (C', C*,
C'%, CY), 120.8, 121.1 (C*, C*%), 126.7, 126.8 (C*, C*, C",
C'%, 127.9 (C®), 128.7, 128.7 (C*, C**), 129.0, 129.3 (C%,

s C2), 131.5, 131.6 (C¥, C?7), 136.2 (C°, C!', C'°, C*?), 144.7

(CY, 145.5 (C"), 152.3, 152.5 (C7, C°, C'%, C*), 154.8, 155.2

(C¥, €*), 191.3, 191.5 (C¥, C*). IR (ATR) Vpy, (cm™):

1252, 1286, 1310, 1396, 1418, 1447, 1488, 1559, 1588, 1647,

2859, 2929, 3057, 3394. MS (ESI) m/z found: 732.6. Calc. for

C4H4NsO,*: 732.35. Anal. found: C, 66.07; H, 5.73; N, 8.25.

Calc. for C4sHysN5O,Br-1.3H,0: C, 66.07; H, 5.86; N, 8.37%.

=

3
S

1

S

Materials and methods

Elemental analyses were performed on an Elementar vario
11is MICRO cube analyser. 1H and 13C NMR were run on a
Bruker AVANCE II 300 and Bruker AVANCE III 600
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spectrometers. Chemical shifts () are expressed in parts per
million and J values in hertz. Assignments of the NMR signals
(for numeration of C-atoms and H-atoms see Scheme 2) were
based on H-H COSY, HMBC and HSQC experiments, and
literature data.”’ The H-2 and H-8 signals of adenine were
differentiated using known method involving deuteration
experiments.'"® ESI mass spectra were taken on a Bruker
Esquire 3000 spectrometer. The IR spectra were recorded with
a Thermo Fisher Scientific Nicolet IR200. Melting points
were measured with use of a Boethius apparatus and were
uncorrected.

The UV/vis spectra were recorded on a Varian Cary 100 Bio
spectrophotometer and CD spectra on JASCO J815
spectrophotometer at 25°C using appropriate 1cm path quartz
cuvettes. For study of interactions with DNA and RNA,
aqueous solutions of compounds buffered to pH 7.0 (buffer
sodium cacodylate, /=0.05 moldm™) were used.
Polynucleotides were purchased as noted: poly dA, poly rA,
poly rG, poly rC, poly rU, poly dT, oligo dTy (Sigma), calf
thymus (ct)-DNA (Aldrich). Polynucleotides were dissolved
in Na-cacodylate buffer, /=0.05 mol dm™, pH 7.0. The calf
thymus ctDNA was additionally sonicated and filtered
through a 0.45 mm filter.”> Polynucleotide concentration was
determined spectroscopically as the
phosphates. Spectrophotometric titrations were performed and
pH 7.0 (1=0.05 mol dm, buffer sodium cacodylate) by adding
portions of polynucleotide solution into the solution of the
studied compound for UV/vis and for CD experiments were
done by adding portions of compound stock solution into the
30 solution of polynucleotide. Titration data were processed by
Scatchard equation® Values for K, and n given in Table 1 all
have satisfactory correlation coefficients (>0.999). Thermal
melting curves for DNA, RNA and their complexes with
studied compounds were previously
described** by following the absorption change at 260 nm as
a function of temperature. Absorbance of the ligands was
subtracted from every curve and the absorbance scale was
normalized. T,, values are the midpoints of the transition
curves determined from the maximum of the first derivative
and checked graphically by the tangent method.”* The AT},
values were calculated subtracting T, of the free nucleic acid
from T, of the complex. Every AT,, value here reported was
the average of at least two measurements. The error in ATy, is
+0.5°C.

Viscometry measurements were conducted with an Ubbelohde
viscometer system AVS 370 (Schott). The temperature was
maintained at 25 +/- 0.1 °C. Aliquots of drug stock solutions
were added to 3.0 ml of 5 x 10 mol dm™ ct-DNA solution in
sodium cacodylate buffer, / = 0.05 mol dm?, pH 7.0, with a
so compound to DNA phosphate ratio r less than 0.2. Dilution
never exceeded 4% and was corrected for in the calculations.
The flow times were measured at least five times optically
with a deviation of + 0.2 s. The viscosity index o was
obtained from the flow times at varying r according to the
following equation (1):%

(D L/LU =[( -1t )/ ( tpolynucleotide — 1t )] "= I+ or
Where to, tpoiynucieotice and t, denote the flow times of buffer,
free polynucleotide and polynucleotide complex at ratio

concentration of

determined as

a

%

3

S

Tcompound] / [polynucleotide] » Te€spectively; L/L, is the relative

0 DNA/RNA 1engthening. The L/L() to r[compound] / [polynucleotide] ~

plot was fitted to a straight line that gave slope a. The error in
ais <0.1.

Agarose gel electrophoresis was performed on a 1% agarose
in TAE buffer (pHS8), using TAE as a running buffer”,
applying constant voltage of 30V for two hours, followed by
quick staining of the gel with EB solution (0.5ug/mL).
Supercoiled plasmid DNA (pCI) was treated by compounds 1-
3 and ethidium bromide as a reference for the intercalation.
Molecular modeling methods. Single stranded
tetranucleotides, DNA (poly dT) and RNA (poly rU) were
built with the program nucgen, a part of the Amber program
suit.”® Compounds 1 and 3 were built using module 'Builder'
within ~ program  Insightll”®  Complexes  with  ss-
polynucleotides were built by intercalating the aromatic ring
of DBTAA into the space between two adjacent bases in the
middle of the polynucleotides. The adenine of 1 was oriented
in the way form two H-bonds with the polynucleotide-base,
(thymine and uracil in the complex with ss-DNA and ss-RNA,
respectively).

Parameterization was performed within the AMBER ff99SB
force filed of Duan et al.*® and the general AMBER force field
GAFF. Each complex was placed into the centre of the
octahedral box filled with TIP3 type water molecules, a water
buffer of 7 A was used, and Na* ions were added to neutralize
the systems. The solvated complexes were geometry
optimized using steepest descent and conjugate gradient
methods, 2500 steps of each. The optimized complexes were
heated in steps of 100 K, each lasting 200 ps, while the
volume was kept constant. The equilibrated systems were
subjected to 3 ns of the productive unconstrained molecular
dynamics (MD) simulation at constant temperature and
pressure (300 K, 1 atm) using Periodic Boundary Conditions
(PBC). The time step during the simulation was 1 fs and the
temperature was kept constant using Langevin dynamics with
a collision frequency of 1 ps’'. The electrostatic interactions
were calculated by the Particle Mesh Ewald (PME) method
with cutoff-distance of 11 A for the pairwise interactions in
the real space. Geometry optimization and molecular
dynamics (MD) simulations were accomplished using the
AMBER 9 program package.
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Dibenzotetraaza[l4]annulene — adenine conjugate recognizes
complementary poly dT among ss-DNA / ss-RNA sequences
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Lukasz Dudek,” Jarostaw Grolik,” Julita Eilmes’ and Ivo Piantanida**

| S aromatic stacking

y H-bonds_

g
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CH3 - pyridyl

DBTAA—(CHZ)S-adenine: the first small molecule able to

recognize consecutive oligo dT sequence by affinity and
specific chirooptical (ICD) response
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Additional characterisation data for compounds 1-3:
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3C-NMR spectrum of 1 in DMSO-dg
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2 Experimental procedure for Spectroscopy and interactions with DNA/RNA

'H NMR spectra were recorded on Bruker Avance 600 spectrometer (operating at 600.13
MHz for 'H) equipped with TBI probe including z-gradients. Samples in 1 mM sodium
cacodylate buffer with 10% D,O/H,O were measured at 298 K. Water suppression was
achieved using watergate W5 pulse sequence with gradients (from Bruker pulse sequence
library). The methyl proton signal of sodium cacodylate buffer was used as internal standard.
Proton spectra with spectral width of 12,000 Hz and a digital resolution of 1.4 Hz per point
were measured with 128 scans.

Viscometry measurements were conducted with an Ubbelohde viscometer system AVS 370
(Schott). The temperature was maintained at 25 +/- 0.1 °C. Aliquots of drug stock solutions
were added to 3.0 ml of 5 x 10*mol dm™ct-DNA solution in sodium cacodylate buffer, I =
0.05 mol dm™, pH 7.0, with a compound to DNA phosphate ratio r less than 0.2. Dilution
never exceeded 4% and was corrected for in the calculations. The flow times were measured
at least five times optically with a deviation of + 0.2 s. The viscosity index a was obtained
from the flow times at varying r according to the following equation:'

L/Ly= [ (tr —to ) / ( tpolynucleotide — o ) ] B = 1 +o*r

Where ty, tpolynucicotide and t. denote the flow times of buffer, free polynucleotide and
polynucleotide complex at ratio Iicompound] / [polynucleotide] » T€Spectively; L/Lg is the relative
DNA/RNA lengthening. The L/Lo t0 T{compound] / [polynucleotide] -plot was fitted to a straight line
that gave slope a.. The error in o is < 0.1.
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Spectroscopy and interactions with DNA/RNA

Table S1. Electronic absorption data of 1, 2, 3.

Joman /mm | €% 107/ mmol™ em® | 5y | e 10° / mmol™ em?
1| 256 29.6+0.3 346 37.6+0.2
2| 258 325403 346 42.1+0.3
3| 254 17.8+0.6 342 32.0+09

* Sodium cacodylate buffer, 7 = 0.05 mol dm’ ,pH=7.0.
The values of molar extinction coefficient (g) increase with the length of the linker between
DBTAA unit and nucleobase, which could be attributed to the weakening of the
intramolecular aromatic stacking interactions proportional to the length of the linker.

3.1. Thermal denaturation experiments

It is well known that upon heating ds-helices of polynucleotides at well-defined
temperature (Tm value) dissociate into two single stranded polynucleotides. Non-covalent
binding of small molecules to ds-polynucleotides usually has certain effect on the thermal
stability of helices thus giving different Tm values. Difference between Tm value of free
polynucleotide and complex with small molecule (ATm wvalue) is important factor in
characterization of small molecule / ds-polynucleotide interactions.

0,30+

v 3+ ctDNA

0,25-"

0,20

0,154

2 + ctDNA

Abs / 260 nm

0,10+

0,05+

50

T 1
90 100

Figure S1. Thermal denaturation curve of ct-DNAupon addition of 1 and 2 at 7compound/
[polynucleotise] = 0.3 and 3 at » = 0.1 (precipitation at higher ratios). Done at pH 7.0 (buffer
sodium cacodylate, 7= 0.05 mol dm™).
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3.2. Viscometry measurements, CD and gel electrophoresis experiments with ct-DNA

The increase in DNA contour length that accompany an intercalative mode of binding is most
conveniently monitored by measuring the viscosity of sonicated rod-like fragments of DNA as a
function of ligand binding ratio, r. Cohen and Eisenberg have deduced that the relative increase in
contour length in the presence of bound drug is approximated by the cube root of the ratio of the
intrinsic viscosity of the DNA-drug complex to that of the free DNA..!

0.64

0.60

L/L,

0.56

0.52

0.48 T T T T
0.00 0.05 0.10 0.15

r (compound / phosphates)

Figure S2. Relative helix length extension of ct-DNA (L/Lo) vs. ratio I{compound] / [pNA] PlOt for
EB, 1 and 2 at pH 7.0, sodium cacodylate buffer, /= 0.05 mol dm™.

Viscometry experiments (Figure S2) performed with ct-DNA at pH 7.0 (sodium cacodylate
buffer, = 0.05 mol dm™) yielded values of o = 0.13 £ 0.01 (1), 0.095 + 0.03 (2), and in
control experiment for ethidium bromide o(EB) = 0.87 £ 0.02. Reference compound 3
precipitated during the experiment.
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Figure S3. Changes in the CD spectrum of ct-DNA (¢ = 3.0 x 10” mol dm™) upon addition of
1 (left) and 2 (right) and 3 (down) at molar ratios r = [compound]/ [polynucleotide] (pH 7.0,

buffer sodium cacodylate, 7= 0.05 mol dm™).
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Agarose gel electrophoresis technique was extensively used for investigating the DNA
cleavage efficiency of small molecules and as a useful method to investigate various binding
modes of small molecules to supercoiled DNA.? Intercalation of small molecules to plasmid
DNA can loosen or cleave the SC (supercoiled) DNA form, which decreases its mobility rate
and can be separately visualized by agarose gel electrophoresis method, whereas simple
electrostatic interaction of small molecules to DNA and groove binding does not significantly
influence the SC form of plasmid DNA, thus the mobility of supercoiled DNA does not
change.?

.
A, i e BN ram — i -
C ¢ D
L ———— e . ————
¥ ”
B “Q 2 . -'. ‘ ”‘ B
pCI  pCI pCI pCI pCI pCI pCI pCI

10uM  30pM 10pM  20pM 10pM  20uM
EtBr EtBr 2 2 3 3

Figure S4. Gel electrophoresis of the supercoiled plasmid DNA, pCI. Arrows point A — open
circular plasmid DNA, B — supercoiled circular plasmid DNA, C — supercoiled circular
plasmid DNA, retained by intercalated EB, D — supercoiled circular plasmid DNA pre-treated
with new compounds.
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3.3. CD experiments with ss-DNA/RNA
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Figure S5. Changes in the CD spectra of ss-polynucleotides (poly A, poly dA, poly C and

poly G, ¢ =

[polynucleotide] (pH 7.0, buffer sodium cacodylate, 7 = 0.05 mol dm™).

3.0 x 10° mol dm™), upon addition of 1 at molar ratios r = [compound]/
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3.4. UV experiments with ss-DNA/RNA

Observed versus Predicted Values
Y = 5.5389E-8+1"x

g
a 3 0%
< g 034
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© 030
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0.20
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Alnm 0.22 0.26 0.30 0.34 0.38 0.42 0.46
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Figure S6. Left: Changes in UV/vis spectrum of 1 (¢= 1.3 x 10™ mol dm™) upon titration with
poly C (c=1.7 x 10— 1.6 x 10* mol dm™); Right: Experimental (o) and calculated data (—),
processed according to the Scatchard equation, of 1 (Amax=347 nm) as a function of poly C
concentration (pH=7, sodium cacodylate buffer, / = 0.05 mol dm™).
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Figure S7. Left: Changes in UV/vis spectrum of 1 (¢= 1.0 x 10” mol dm™) upon titration with
poly A (¢c=1.9 x 10° - 1.3 x 10* mol dm™); Right: Experimental (o) and calculated data (—),
processed according to the Scatchard equation, of 1 (Am.=346 nm) as a function of poly A
concentration (pH=7, sodium cacodylate buffer, / = 0.05 mol dm™).
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Figure S8. Left: Changes in UV/vis spectrum of 1 (¢= 1.0 x 10” mol dm™) upon titration with
poly G (c=1.9 x 10°-9.0 x 10 mol dm™); Right: Experimental (m) and calculated data (—),
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processed according to the Scatchard equation, of 1 (An=346 nm) as a function of poly G
concentration (pH=7, sodium cacodylate buffer, / = 0.05 mol dm™).

Observed versus Predicted Values
Y =-2.7827E-8+1"x

0,54

Observed Values

0,04

T T T
320 360 400 440 480 520 560 600

0.15
A/nm 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48
Predicted Values

Figure S9. Left: Changes in UV/vis spectrum of 1 (¢= 1.3 x 10 mol dm™) upon titration with
poly U (c= 2.8 x 10°— 1.8 x 10* mol dm™); Right: Experimental (0) and calculated data (—),
processed according to the Scatchard equation, of 1 (Anx=347 nm) as a function of poly U
concentration (pH=7, sodium cacodylate buffer, / = 0.05 mol dm™).
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Figure S10. Left: Changes in UV/vis spectrum of 1 (c= 9.0 x 10 mol dm™) upon titration
with poly dA (c= 4.0 x 10° = 1.0 x 10™ mol dm™); Right: Experimental (m) and calculated
data (—), processed according to the Scatchard equation, of 1 (Amax=347 nm) as a function of
poly dA concentration (pH=7, sodium cacodylate buffer, /= 0.05 mol dm™).
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Figure S10. Left: Changes in UV/vis spectrum of 1 (¢= 9.0 x 10 mol dm™) upon titration
with poly dA (c= 4.0 x 10° = 1.0 x 10* mol dm™); Right: Experimental (m) and calculated
data (—), processed according to the Scatchard equation, of 1 (Apna=347 nm) as a function of
poly dA concentration (pH=7, sodium cacodylate buffer, 7= 0.05 mol dm™).
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Figure S11. Left: Changes in UV/vis spectrum of 2 (c= 1.3 x 10 mol dm™) upon titration
with poly C (e= 1.7 x 10 = 1.3 x 10* mol dm™); Right: Experimental (m) and calculated data
(—), processed according to the Scatchard equation, of 2 (An.x=347 nm) as a function of poly
C concentration (pH=7, sodium cacodylate buffer, = 0.05 mol dm™).
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Figure S12. Left: Changes in UV/vis spectrum of 2 (c= 8.4 x 10 mol dm™) upon titration
with poly A (c=1.9 x 10°® — 1.4 x 10 mol dm™); Right: Experimental (o) and calculated data
(—), processed according to the Scatchard equation, of 2 (Anax=346 nm) as a function of poly
A concentration (pH=7, sodium cacodylate buffer, 7 = 0.05 mol dm™).

16



04+

Abs

Organic & Biomolecular Chemistry

Abs (346 nm)

X/ nm

0.36 1

o

w

@
1

o

w

S
!

o
N
IN

0.24

T

T T T T T T
00  3.0x10° 6.0x10° 9.0x10° 1.2x10* 1.5x10"

¢ (poly G) / mol dm™

Figure S13. Left: Changes in UV/vis spectrum of 2 (c= 9.9 x 10 mol dm™) upon titration
with poly G (c= 1.9 x 10° - 1.5 x 10 mol dm™); Right: Experimental (m) and calculated data
(—), processed according to the Scatchard equation, of 2 (An.x=346 nm) as a function of poly
G concentration (pH=7, sodium cacodylate buffer, /= 0.05 mol dm™).
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Figure S14. Left: Changes in UV/vis spectrum of 2 (c= 1.3 x 10 mol dm™) upon titration
with poly G (¢=2.9 x 10° = 2.5 x 10* mol dm™); Right: Experimental (m) and calculated data
(—), processed according to the Scatchard equation, of 2 (An.x=347 nm) as a function of poly
G concentration (pH=7, sodium cacodylate buffer, /= 0.05 mol dm™).
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3.5. Competitive CD experiment with poly dT and poly U

—— poly dT
—— 1/ poly dT
—— 1/ poly dT + poly U R=1
30 —— 1/ poly dT + poly U R=2
1 —— 1/ poly dT + poly U R=3
254 —— 1/ poly dT + poly U R=4
20_’ —— 1/ poly dT + poly U R=5
] —— 1/ poly dT + poly U R=6
154 —— 1/ poly dT + poly U R=7
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Figure S15. Changes in the CD spectra of 1/poly dT complex (c(poly dT) = 1.5 x 10™ mol
dm™; ¢(1) = 7.5 x 10 mol dm™), upon addition of an 1-10-fold excess of poly U (R= [poly

—poly dT
——1/poly dT
——1/poly dT + poly U R=1

307 L ——1/poly dT + poly U R=2
dillution effect —— 1/poly dT +poly U R=3

25+ ——1/poly dT + poly U R=4
——1/poly dT + poly U R=5

20 l ——1/poly dT + poly U R=6

—— 1/ poly dT + poly U R=7
—— 1/ poly dT + poly U R=8
—— 1/ poly dT + poly U R=9

T T 1
300 350 400 450

A/nm

1/ poly dT + poly U R=10

U]/ [poly dT]). Done at pH 7.0, buffer sodium cacodylate, / = 0.05 mol dm™. Increase of CD
bands at 245 nm and 275 nm corresponds to intrinsic CD spectrum of poly U.
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3.6. UV/vis and CD experiment of 1 with deka dT, titrations with mononucleotides
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Figure S16a. Left: Changes in the UV/vis spectrum of 1 (¢ = 9.0 x 10°mol dm™) upon
addition of dekadT. Inset: Dependence of 1 absorbance at Ama,= 346 nm on the concentration
of dekadT. Right: Changes in the CD spectrum of deka dT (¢ = 3.0 x 10°mol dm™) upon
addition of 1 at molar ratios r = [compound]/ [polynucleotide] (pH 7.0, buffer sodium
cacodylate, /= 0.05 mol dm™).
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Figure S16b. CD titration of 1 (¢= 1.0x 10” mol dm™) with AMP, GMP, CMP, UMP and
TMP (c= 2.0 x 10* mol dm™) at pH 7.0, buffer sodium cacodylate, 7= 0.05 mol dm™.

19



Page 29 of 34

Organic & Biomolecular Chemistry

Table S2. Binding constants (long)a’b for 1/nucleotide’ complexes calculated from the
UV/Vis titrations at pH 7.0 (buffer sodium cacodylate, 7 = 0.05 moldm™ )

AMP GMP CMP UMP TMP
logKs | ¢ H/% | logKs | H/% | logKs | ¢ H/% | logKs | ° H/% | logKs| ¢ H/%
47 1209 | 50 | 217 | 49 | 21.7 | 48 | 202 | 49 | 23.7

“Titration data were processed according to the Scatchard equation; all logKs values were
calculated for fixed n=1 (stoichiometry 1 : 1);
bAccuracy of nt 10 - 30%, consequently logKs values vary in the same order of magnitude;
‘H=(Abs(1) - Abs(complex)) / Abs(1)x 100;
dAMP = adenosine monophosphate; GMP = guanosine monophosphate; CMP = cytidine
monophosphate; UMP = uridine monophosphate; TMP = thymidine monophosphate.
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Figure S16¢. left column) Changes in UV/vis spectrum of 1 (¢= 1.0x 10™ mol dm™) upon
titration with AMP, GMP, CMP, UMP and TMP (c= 5x 10°- 4.0x 10 mol dm™); right
column) Dependence of 1 absorbance at Ap,x = 347 nm on ¢c(AMP, GMP, CMP, UMP and
TMP), at pH=7, sodium cacodylate buffer, /= 0.05 mol dm™.
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4 Molecular modelling: Method and Results

Method

Single stranded tetranucleotides, DNA (poly dT) and RNA (poly rU) were built with the
program nucgen, a part of the Amber program suit.* Compounds 1 and 3 were built using
module 'Builder' within program Insightll.> Complexes with ss-polynucleotides were built by
intercalating the aromatic ring of DBTAA into the space between two adjacent bases in the
middle of the polynucleotides. The adenine of 1 was oriented in the way form two H-bonds
with the polynucleotide-base, (thymine and uracil in the complex with ss-DNA and ss-RNA,
respectively).

Parameterization was performed within the AMBER ff99SB force filed of Duan et al.® and the
general AMBER force field GAFF. Each complex was placed into the center of the octahedral
box filled with TIP3 type water molecules, a water buffer of 7 A was used, and Na" ions were
added to neutralize the systems. The solvated complexes were geometry optimized using
steepest descent and conjugate gradient methods, 2500 steps of each. The optimized
complexes were heated in steps of 100 K, each lasting 200 ps, while the volume was kept
constant. The equilibrated systems were subjected to 3 ns of the productive unconstrained
molecular dynamics (MD) simulation at constant temperature and pressure (300 K, 1 atm)
using Periodic Boundary Conditions (PBC). The time step during the simulation was 1 fs and
the temperature was kept constant using Langevin dynamics with a collision frequency of 1
ps’. The electrostatic interactions were calculated by the Particle Mesh Ewald (PME) method
with cutoff-distance of 11 A for the pairwise interactions in the real space. Geometry
optimization and molecular dynamics (MD) simulations were accomplished using the
AMBER 9 program package.

Results

In the initial complexes between 1 and ss poly-nucleotides (poly dT poly rU)) the substrate
was oriented in the similar way with its rings stacked but enabling formation of the hydrogen
bonds between adenine and either thymine or uracil (Figures S17 and S18). The complexes
were solvated, energy optimized, and subjected to MD simulations. The complex between ss-
DNA and 3 was built from the 1-ss-DNA complex by removing adenine. The initial aromatic
stacking between DBTAA and nucleobases of the complexes was not disrupted during the 3
ns of MD simulations at room temperature. However, analysis of the results of MD
simulations showed that the complex of 1 with ss-DNA is more stable than the complex with
ss-RNA. Besides the aromatic stacking of DBTAA with thymines, one hydrogen bond
between adenine and thymine was preserved (green line in Figure 4 in the manuscript), while
this was not the case in the complex with ss-RNA (see Figure S18). In Figure S18 on the right
side we can see that there are no hydrogen bonds retained between adenine and uracil.
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Application of the identical modelling approach to the reference compound 3 revealed a
completely different binding mode (Figure S19) whereby 3 does not have adenine to form H-
bonds with thymine and in addition the contact of T-methyl with 3-pyridyl is lacking.

Figure S17: The 1/poly dT complex: initial optimized (left) and final optimized structure
(right).

Figure S18: The 1/poly rU complex: initial optimized (left) and final optimized structure
(right).
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Figure S19: The 3/poly dT complex: initial optimized (left) and final optimized structure
(right).
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