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Abstract

Two bis-polyaza pyridinophane derivatives and their monomeric reference compounds
revealed strong interactions with ds-DNA and RNA. The bis-derivatives show a specific
condensation of GC- and IC-DNA, which is almost two orders of magnitude more efficient than
the well-known condensation agent spermine. The type of condensed DNA was identified as
y-DNA, characterized by the exceptionally strong CD signals. At variance to the almost silent
AT(U) polynucleotides, these strong CD signals allow the determination of GC-condensates at
nanomolar nucleobase concentrations. Detailed thermodynamic characterisation by ITC reveals
significant differences between the DNA binding of the bis-derivative compounds (enthalpy
driven) and that of spermine and of their monomeric counterparts (entropy driven). Atomic
force microscopy confirmed GC-DNA compaction by the bis-derivatives and the formation of

toroid- and rod-like structures responsible for the y-type pattern in the CD spectra.

List of abbreviations

AFM — Atomic Force Microscopy
AT-DNA — poly dA —poly dT
CD — circular dichroism

CtDNA — calf thymus DNA
ds-DNA — double stranded DNA
A/G® — Gibbs free energy

AH® — enthalpy

AS® — entropy

EB — ethidium bromide

EMF — electromotive force



ESI — electronic supplementary information
GC-DNA — poly (dGdC) or poly dG — poly dC
IC-DNA — poly (dIdC).

ICD — induced CD spectrum

ITC — Isothermal titration calorimetry

Ka — equilibrium association constant

LD — linear dichroism

N — [bound ligand] / [polynucleotide]
y-DNA — psi-DNA (condensed form)

poly dAdT — poly dA — poly dT

poly AU — poly A — poly U

S — spermine

Tm — melting temperature
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Introduction

Naturally occurring polyamines, such as spermine, spermidine and putrescine are ubiquitous
cellular cations that play key roles in cell growth, differentiation!, cell progression and
apoptosis.>> Growth regulation by polyamines is partly associated with their nucleic acids
interaction and ability to alter DNA conformation through condensation and aggregation.*>
Stabilization of specific DNA conformations is important for processes such as nucleosome

formation,® chromatin condensation’ and gene expression.®’ Moreover, a high polyamine



concentration is linked with the initiation and progression of cancer.!® Therefore, the study of
the interactions of novel polyamine-like compounds with DNA and RNA polynucleotides is
still of great relevance in biomedical chemistry. The main stabilizing driving force between
polyamines and nucleic acids is an electrostatic interaction between the positively charged
polyamines and the negatively charged phosphates of nucleic acids. Moreover, the ability of
polyamines to change their protonation degree upon small pH variations permits to modulate
the interaction with DNA. However, interactions with the bases along the grooves should also
be taken into account. For example, spermine is reported to have either weak or no base-pair

ILI2 or GC selectivity!*!* depending on the base-composition of the DNA duplexes.

selectivity
On the other hand, natural polyamines induce changes from the B-secondary DNA structure to
the A- or Z- structures®rror! Bookmark not defined. 51 can favour DNA aggregation processes.Frror
Bookmark not defined. ) thig frame, our groups launched a program to develop synthetic open-chain
polyamine ligands able to bind selectively RNA over DNA!> However, the first family of
ligands exhibited negligible in vitro activity in cancer cell cultures due to a poor cellular uptake
caused by their high charge at physiological conditions. In order to improve cell uptake, we
prepared aryl-linked (pyridine and phenanthroline) bis-polyaza pyridinophane ligands (L2 and
L5 in Scheme 1) with the same charge as the previous family but possessing a much higher
hydrophobicity due to their bulky conformation induced by an internal hydrogen bond
network'® The selectivity achieved by these polyazapyridinophane ligands for ds-RNA (poly
A—poly U) over ds-DNA (poly dA—poly dT) was explained by the differences in the steric
properties of the binding sites of these polynucleotides.!” Interestingly, the much lower ds-RNA
over ds-DNA selectivity observed for L5 in comparison to L2 was ascribed to the ability of
phenanthroline to intercalate between the base-pairs of the polynucleotides.

The pronounced ds-RNA over ds-DNA selectivity showed by L2 is intriguing and has led us to

perform a more detailed study of the interaction of L2-like compounds with DNA and RNA.



Following this approach, we have synthesized a new poly pyridinophane ligand L1 (Scheme 1)
with a higher number of amino groups than L2 but retaining the same conformation and
preserving some of the properties of the parent aryl linked compounds L2 and LS. In addition,
we have studied ligands L3 and .4 (Scheme 1) described as the one-arm monomer counterparts
of L1 with and without the pyridine unit in the arm, respectively.

We have studied the interaction of these ligands with double stranded polynucleotides
presenting significant differences in the secondary structure: i) ctDNA which presents a
classical B-helix and mixed base pair composition'8, ii) dGdC-DNAs which also form classical
B-helix but with a minor groove that is sterically hindered by amino groups of guanine, iii) the
close analogue dIdC-DNA lacking the amino groups in the purine bases, iv) dAdT-DNA which
forms a peculiar twisted secondary structure characterized by much narrower and deeper minor
groove!” in comparison to common B-helix of other ds-DNAs and v) rArU-RNA (ds-RNA)
characterized by A-helical structure of wide and shallow minor groove and deep and narrow
major groove. Error! Bookmark not defined.

Taking into account the preliminary circular dichroism experiments of the interaction of L2 and
poly dG-poly dC which suggested DNA condensation, we have expanded our studies to all bis-
and mono-derivative compounds shown in Scheme 1 by using thermal UV melting, CD and
ITC techniques. In addition, an acyclic polyamine that is a well-known DNA condensation

agent in cells, spermine, was studied for comparative aims. Error! Bookmark not defined.*

Results and discussion

Synthesis and acid-base behaviour

Synthesis of the compounds L1-L4.

The synthesis of L1 was carried out by reacting two moles of 6-(6-amino-3-azahexyl)-3,6,9-

triaza-1-(2,6)-pyridinecyclodecaphane (L4 in Scheme 1) with one mole of pyridine-2,6-



dicarboxaldehide in dry ethanol followed by in situ reduction with sodium borohydride. Finally,
L1 was precipitated as its hydrochloride salt with HCI in dioxane. Synthesis of L2, L3 and L4
was achieved as previously reported,Error! Bookmark not defined..2L A ]| the ligands were characterized
by NMR spectroscopy, HR-MS and elemental analysis (see Material and Methods).

Acid-base behaviour of L1-L4.

Potentiometric titrations were conducted to know which species prevail in solution and to
determine the number of charges of the ligands in the pH range of interest. The protonation
constants of L1 along with those of L2, L3 and L4, reported previously, are shown in Table
S1.Error! Bookmark not defined. Error! Bookmark not defined..22 | 1 presents eight protonation steps in the pH
range of study (pH = 2.5 — 10.5) and the high values of the protonation constants make the
species HsL.18* to prevail in a wide pH range (see figure S1 in ESI). From the analysis of the
distribution diagrams (figures S1-S2), the net charges of the ligands at pH 7.0 were calculated
and shown in Table 1. The net charges follow the trend L1 > L2 > L4 ~ L3 (Table 1), which is
in good agreement with the increasing number of secondary amine groups in the ligands.
Interactions of L1-L4 compounds with double stranded nucleic acids

Thermal denaturation studies

It is well known that when heated, ds-helices of polynucleotides dissociate into two single
stranded polynucleotides at well-defined temperatures (Tm value). The thermal stability of ds-
polynucleotides, and thus the Tm value, is affected by the binding of non-covalent small
molecule. In this regard, Tm differences between free polynucleotides and their complexes with
small molecules (ATm values), are an important factor in the characterisation of small molecule
/ ds-polynucleotide interactions.?®> Thermal denaturation studies of compounds L1-L4 and
spermine with ds-DNA (ctDNA, poly dAdT, poly (dIdC)2) and ds-RNA (poly AU) were

performed and AT values are collected in Table 2.



L1-L4 did not exhibit significant stabilization effect in the studied polynucleotides except for
poly A — poly U. On the other hand, spermine, the simplest polyamine of the series, exhibited
the largest ds-polynucleotide stabilization. This effect is possibly related to its acyclic- structure
that allows for a more efficient interaction between its ammonium groups and the phosphate
backbone groups.?*

Both, bis-derivatives (L1-L2) and mono-derivatives (L3-L4), demonstrated stronger
stabilization of ds-RNA (poly A-poly U) than of ds-DNA (poly dA — poly dT).Error! Bookmark not
defined. Taking into account the conformations of these polynucleotides, the observed thermal
denaturation selectivity is probably related to the much deeper major groove of ds-RNA that
allows a more efficient binding of all polyamine-based compounds.

Specific trends in the stabilization effects of poly dA — poly dT (ATm values) and ratios (r =
[Ligand)] / [polynucleotide]) were observed for both single- and double-derivatives. L3 (r =0.5,
ATm =3.3) and L4 (r =0.5, ATm = 3.9) showed an increase of poly dA — poly dT stabilization
with the increase of r whilst L1 showed an opposite trend (decrease in stabilization with the
increase of r). The stabilization pattern of single-derivatives is of typical minor groove binders
(namely higher stabilization with an increase of r).2° The opposite effect observed for L1 ( ATm
(r=0.1)=5.9> ATm (r =0.2) =3.5> ATm (r = 0.5) = 2.4) suggests that this bulkier double-
derivative cannot bind as properly in the minor groove of poly dA — poly dT as it does for low
molar ratios. This effect may be induced by modification of AT minor groove dimensions that
hampers the binding of additional molecules.?

A small stabilization of the mixed base-pair composition, ctDNA (42% of GC base-pairs and
58 % of AT base-pairs) was only shown by spermine. Furthermore, low ATm values were
observed for poly (d1dC). with L1, L2 and spermine.

ITC titrations of compounds with ds-DNA and ds-RNA



Isothermal titration calorimetry (ITC) is the only experimental technique that allows the
calculation of all components of the Gibbs' equation simultaneously in a single experiment at a
given temperature (the binding constant equilibrium (Ka), Gibbs free energy of binding (A:G°),
enthalpy (ArH°), entropy (ArS°) and the stoichiometry (N) of the association event (see
Experimental Section and ESI for details).?"282°

The majority of titration experiments resulted in negative peaks indicating that the binding
processes were exothermic (Figure 1 and ESI). The most of the resulting data was fitted to a
single-site binding model by using a nonlinear least square method (Table 3).

Analysis of ITC experiments of the double-derivatives L1 and L2 and of the single-derivative
L3 with poly dA — poly dT, poly A — poly U and poly dG — poly dC showed relatively high and
similar binding affinities (log Ka in Table 3) with the binding stoichiometries ranging from 0.11
to 0.21. A correlation between the binding thermodynamic parameters, the number of ligand
net charges and the chemical structural features (one vs. two polyazamacrocyles and
propylamine-chain extension) was observed following the series L1 > L2 > L3. An exception
occurs for the interaction of the compounds with poly dA — poly dT which presents similar A/G°
and Ka values. Aside from the ligand structure, the type of polynucleotide plays an important
role in the binding process and hence, in the thermodynamic parameters. Therefore, AH° and
TAS° values increase following the polynucleotide trend: poly dA — poly dT (the non-classical
B helix conformation®rrort Bookmark not defined. \y/jth the slow solvent exchange rates in the minor
groove®*3Y) > poly dG — poly dC (an intermediate A/B-helix ) > poly A — poly U (A-helix).

A strikingly different thermodynamic signature was observed for the single derivative L3
compared to the double-derivatives L1 and L2. The interaction of L3 with poly A — poly U and
poly dG — poly dC was characterized by positive (favourable) binding entropies (7AS° term)
and slightly negative enthalpies (Table 3), revealing an entropically driven binding. On the

other hand, the binding of both bis-derivative ligands (L1 and L2) with polynucleotides was



favoured by the large negative enthalpy and the significant negative entropy terms, indicating
overwhelmingly enthalpically driven binding processes. In many cases, the groove binding is
associated with positive (favourable) binding entropies due to the release of confined or
interfacial water molecules to the bulk as we postulated for L3 from the thermal studies.Err*
Bookmark not defined.,32

The enthalpic contribution to the free energy reflects the specificity and the strength of
interactions occurring between the binding partners (ionic and hydrogen bonds, electrostatic
and van der Waals interactions, polarisation of the interacting groups and others),Error! Bookmark
not defined. O the other hand, the stronger interaction in a bimolecular binding process will
produce a more negative enthalpy that occurs at the expense of an increased order, leading to a
more negative entropy contribution (see Tables 3 and 4).

In order to analyse the differences in ITC profiles of alternating dGdC and dIdC sequences,
spermine and double-derivative compounds were also titrated with poly (dGdC), and poly
(d1dC)z2. Poly (dGdC), titrations with both L1 and L2 exhibited binding constants of an order
of magnitude higher than of the other polynucleotides. Experiments of double-derivatives with
poly (d1dC)2 were processed according to a two sites model, since both L1 and L2 demonstrated

two types of binding (Figure 1, S7 and S12 in ESI).

The first binding event with dIdC sequences was characterized by binding constants of two
orders of magnitude higher than those for the other polynucleotides studied.

Unlike spermine, where binding was clearly entropy driven, the titrations with L1 and L2 was
accompanied by almost equally large negative AH° values and positive TAS® terms. All
thermodynamic parameters obtained from spermine titrations with dGdC and dIdC sequences

are in agreement with previous reports,Error! Bookmark not defined. 33



Lower constants and small negative entropies were obtained for the second type of binding of
both double-derivatives with poly (dIdC)..

Ethidium bromide displacement assays

As an alternative method for the estimation of affinity of small molecules for polynucleotides,
we have performed ethidium bromide (EB) displacement assays (ESI, Figures S37 - S38). It
should be stressed that this method gives only an estimation of the affinity, since the difference
in binding modes (intercalation of EB vs groove binding of compounds) and the difference in
the molecule size between EB and L1, L2 does not allow a direct comparison of binding
affinity.

Taking into account the obtained 1Cso values (ESI, Table S2) and the binding constant of EB
toward ctDNA in the same experimental conditions (pH 7.0, log Ks = 6), the estimated affinity
of L1, L2 toward ds-polynucleotides is about log Ks 6, and for L3 log Ks 5, which agrees within
an order of magnitude with the ITC results (Table 3).

CD spectroscopy

CD spectroscopy, a highly sensitive method for detecting conformational changes in the
secondary structure, was used to monitor changes in polynucleotide properties induced by small
molecule binding.®* In addition, achiral small molecules such as L1-L3 can eventually acquire
induced CD spectrum (ICD) upon binding to polynucleotides, potentially providing useful
information of the binding modes .*>% However, the absorbance range of DNA and L1-L3
strongly overlaps, thus only changes in CD spectra at A > 290 nm could be attributed to eventual
ICD bands of small molecules.

In general, the addition of the single-derivative L3 to polynucleotides caused negligible changes
in CD spectra (see Figures S29-S33 in ESI) and thus will not be further discussed.

The appearance of a negative CD band in the 295 - 300 nm region, was observed as a common

feature of all CD titrations with L1 and L2 (Figures 2 and 3 and S29-S33 in ESI). While the



addition of L1-L2 to ds-polynucleotides yielded only very small changes in CD spectra at r <
0.2. (see Figure 2), at higher ratio (r > 0.2, Figure 2) changes in CD spectra became significant.
The addition of L1 and L2 to poly dA - poly dT and poly A - poly U yielded similar effects
coupled with the rise of a negative ICD band above 295 nm and exclusively in poly dA - poly
dT titrations, a concomitant hypsochromic shift of polynucleotide CD maximum (Figure S31
in ESI).

Most intriguingly, the addition of L1 and L2 to GC-based polynucleotides resulted in the
dramatic changes of CD spectra (Figures 2 and S30 in ESI), characterized by a strong intensity
increase of CD-bands and strong shifts of CD maxima. Such exceptional changes led us to
perform a detailed CD study of the double-derivatives with various GC-DNAs; poly dG-poly
dC, poly (dGdC) and its close analogue poly (dIdC). (Figures 2, S30, S32-S33 in ESI). For
comparison, the well-known GC-DNA condensing agent spermine (S) was also studied in our
experimental COﬂditiOﬂS.Ermr! Bookmark not defined.,Error! Bookmark not defined.

Poly dG — poly dC adopts an unusual B-form with some distinctly A-like features.>” Even
though embedded G-tracts have a propensity to favour the A-form in solution&rror! Bookmark not
defined. " the overall conformation of (G+C) rich DNA fragments was more indicative of the B-
form.® First additions of both L1 and L2 (r [/ polynucteotice] = 0.1) caused transition of poly dG
— poly dC to the A-form with a characteristic negative peak at 210 nm (Figure S30 in ESI).
Unusually for the A-form, another peak appeared at 270 nm, likely due to the cumulative effect
of ICD bands of L1 and L2 combined with changes in CD spectrum of DNA. Further additions
(r >0.2) resulted in dramatic intensity increases of the CD bands, which can be attributed to the
condensation of poly dG — poly dC (see Figure 2). It is noteworthy that condensation occurred
at lower ratio for L1 (r = 0.3) than for L2 (r = 0.5), which could be explained by the higher
charge of L1 at this pH (L1, +6; L2, +4.2, see Table 1). Similarly to the bis-derivatives (L1-

L 2), the addition of the mono-derivative L3 to a poly dG — poly dC solution also resulted in a



transition to the A-form but contrary to L1 and L2, the condensation did not happen which
emphasizes the importance of the second polyaza chain.

Even stronger changes in CD spectrum were observed at lower ratios (r < 0.1) for the alternate
GC-base polynucleotide (poly (dGdC)2), suggesting a higher propensity of the compounds to
condense this particular DNA (see Figure 2 middle and S32 in ESI). Nonetheless, the strongest
increase in CD bands was observed for poly (dIdC). (Figure 2 up and S33 in ESI). Poly (dIdC).
is a peculiar DNA that lacks the purine 2-amino group and exhibits a rather unusual CD
spectrum® having a positive peak near 264 nm and a negative band at 284 nm characteristic of
a Z-DNA structure. Nevertheless, vacuum CD*%41, Raman** and NMR*® studies indicate that
poly (dIdC). forms the right-handed B-DNA double helix.

The strong changes in CD spectra of GC and IC polynucleotides induced by the double-
derivatives are characterized by (i) a negative signal around 300 nm, (ii) the large magnitude
CD bands compared to the intrinsic CD bands of studied polynucleotides and (iii) an extension
of CD bands to the non-absorbing region in the form of CD tails. All these features in CD
spectra could be attributed to the formation of y (psi) form-DNA induced by L1-L2.

The v -DNA*4 js considered to be a twisted and tightly packaged self-assembly of the
polymer, which is postulated to occur when 90% of the DNA negative charge from the
phosphate backbone is neutralized.*®

The transition from the B-DNA to the y-DNA is reversible and could be monitored by CD
spectroscopy by changing the ionic strength of the solution (I > 0.1M). Therefore, the initial
CD spectra of the L2-poly (dGdC). complex in the y-DNA form showed the expected v — B
transition upon NaCl addition (Figure 3). Moreover, the flow-LD experiments of the L1-ctDNA
complex were performed and they confirmed DNA condensation by the appearance of an

intense LD band induced by L1 addition (Figure S36 in ESI). Error! Bookmark not defined. 47



Spermine (S) was studied by CD spectroscopy as the well-known DNA-condensing reference
agent,Errort Bookmark not defined..Error! Bookmark not defined. Although S induced a B — A transition in
poly dG — poly dC (see Figure S30 in ESI) similar to L1-L2, at high ratios it did not yield any
condensation. For alternating dGdC and dldC DNA, S induced profound changes in the CD
spectra consistent with the y (psi) - DNA profile. However, to observe these changes an order
of magnitude higher ratio was required for S (r > 1.1) than for L1 - L2 (r;>0.1).

To estimate the impact of GC polymer length on the condensation process, we carried out the
CD experiment with alternating GC 25mer and L1 (Figure S34 in ESI). The positive CD band
at 283 nm shifted towards shorter wavelengths at r = 0.1, while the large magnitude CD band
appeared at r = 0.2, pointing to a DNA-condensation similar to that observed for poly (dGdC)s.
Interestingly, the negative signal near 300 nm was not present in the CD spectrum of GC 25mer
in contrast to poly (dGdC).. Additionally, the reversible y — B transition experiment with L1-

GC 25 mer complex was successfully obtained upon addition of NaCl (see ESI).

Discussion of calorimetric and spectroscopic studies

The degree of polynucleotide condensation was different depending on the basepair
composition and their secondary structure and varied following the trend poly A — poly U <
poly dA — poly dT < poly dG — poly dC < poly(dGdC). < poly(dldC). . Although L1 and L2
bind in the major groove of both poly dG — poly dC (the intermediate A/B-DNA) and poly A —
poly U (A-RNA), only poly dG — poly dC showed a pronounced condensation (Figure 2, Figure
S29 in ESI). These effects can be related to different electrostatic potential around DNA and
RNA that brings ions closer to the latter than to the former. Also, the computations of the
potential around DNA and RNA duplexes showed that the major groove of A-RNA has a higher
negative potential than the minor groove while this is reversed for B-DNA. Because of that,

multicharged ions have a tendency to bury themselves very deep within the RNA major groove



and thus, are not visible at the surface.*®4° On the other hand, in less deep DNA major grooves
(i.e. poly dG — poly dC) multivalent cationic substrates can be more accessible from outside
and the condensation is likely to occur when the surface charge patterns can electrostatically
contact with each other.

Also, our findings that spermine (+4) is capable of inducing the condensation of alternating GC
sequences (Figure S32 in ESI) and not of consecutive GC sequences (Figure S30 in ESI),
suggested that the intrinsic DNA structure is an additional important factor in inducing the
condensation beside the basepair composition. As mentioned earlier, although both poly dG —
poly dC and poly (dGdC)2 belong to the B-form of DNA, consecutive GC tracts can adopt
structures between B-form and A-form in solution and depending on the local water activity,
can be more prone to B — A transition.>°

Although the binding to nucleic acids and DNA condensation represent complex processes, we
propose possible simplified explanations for the obtained thermodynamic profiles of studied
ligand-polynucleotide systems (Tables 3 and 4):

1) a first type of binding occurring in the minor groove of AT and IC sequences and in the major
groove of GC and AU sequences was accompanied by removal of the sequence-dependent
hydration patterns from the binding site (entropy-driven) and forming the specific interactions
(hydrogen bond interactions, van der Waals attractions, hydrophobic forces) inside the binding
site (mostly enthalpy-driven), 2) the second type of binding occurring after the saturation of
dominant binding sites was probably accompanied by a partial displacement of bound
molecules from the binding site followed by partial recovery of water molecules from bulk
solution to the binding site and electrostatic interactions of ligand molecules with the backbone
phosphates. Thus, the noticed decrease in stabilization of poly dA — poly dT upon the increase
of L1 concentration could result from the partial displacement of L1 molecules from the minor

groove (Table 2). Whether this second type of binding will be characterized by the larger



favourable enthalpy or the larger favourable entropy contribution to the Gibss free energy,
depends on lots of factors (the size and the number of net positive charges of the ligand,
differences in structure-dependent and sequence-dependent hydration of polynucleotides®?,
differences in electrostatic potentials around DNA/RNA and inside the binding sites®?, the
shape of minor and major groove, the specificity of ligand-polynucleotide interaction). It
appears from the thermodynamic profile of spermine-GC/IC systems that the favourable
entropic contribution is mostly the result of the electrostatic binding rather than specific
interactions inside the binding site. Interestingly, despite the similar negative electrostatic
potentials in the minor grooves of AT and IC sequences, stabilization of poly dA — poly dT was
higher compared to that of poly (dIdC), (Table 2). The reason for this can be a narrower minor
groove of poly dA — poly dT that enables the deep penetration of ligands and the better
interaction conditions inside the minor groove. Another reason for the lower stabilization of
poly (dIdC)2 could be the binding of ligands not only inside the minor groove but also inside
the major groove due to the equally negative electrostatic potentials in those binding sites.Error
Bookmark not defined. The possibility of favourable binding to two binding sites could enable ligands
with higher number of net positive charges to better screen charges at poly (dIdC). backbone
and thus to induce stronger condensation of that polynucleotide. Obtained experimental results
(strong condensation of poly (dIdC) in contrast to weak condensation of poly dA — poly dT)
support that assumption. Further, a better condensation of alternating GC sequences could result
from less negative electrostatic potential in the major groove compared to that of GC

homopolymer.E"o” Bookmark not defined.

Agarose gel electrophoresis
Extensive agarose gel electrophoresis is commonly used for investigating the DNA cleavage

efficiency and the various binding modes of small molecules to supercoiled DNA.%® Gel



electrophoresis can also be used to monitor the effect of DNA condensation induced by different
ligands.>* We performed this assay (Figure 4) to evaluate the impact of L1 - L3 and spermine
binding to DNA (plasmid BISc r2.9) and, consequently, to investigate the relative mobility of
the formed complexes at different compound/DNA concentration ratios. Bis-polyaza
pyridinophane compounds (L1 and L2) strongly delayed the mobility of DNA at 50 puM
concentration, while at ten times lower concentration (5 pM) there was no effect. Spermine
decreased the mobility of DNA only at 50-times higher concentration (5 mM) while monomer
ligand, L3 had no effect on DNA mobility. These results agree with the tendency to condense
DNA observed in the CD experiments; L1 and L2 have a stronger ability to condense DNA

than spermine while L3 has no effect on DNA condensation.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a surface-sensitive technique able to describe 3D
conformations of biomolecules at high nanometer level resolution. In this work, AFM was
employed to visualise poly (dGdC). conformation deposited on atomically flat mica surface,
before and after the addition of condensing agents (Figure 5). Figure 5A shows DNA molecules
on a mica surface, with the expected elongated conformation of a linear ds-DNA polymer. The
addition of L1 at r = 0.3 resulted in the condensation of the polynucleotide, with the increase
in height, width (Table 5) and the acquisition of a rod-like and toroid-like morphology (Figure
5B-C). Compaction effects on poly (dGdC). was also caused by the well-known condensing
polyamine agent spermine at r = 1.2 (Figure 5D). The observed conformational changes in
topography are in line with the formation of supercoiled DNA in condensing environments,
where the presence of positive charges screens the negatively-charged DNA backbone and
induces DNA compaction®°®%"The same environment can generate different topographies,

such as rods, toroids and spheroidsEor! Bookmarknot defined. \vhich may as well represent different



stages of the condensation processError! Bookmarknotdefined. The high increase in dimensions with
L1 (Figure 5B-C) is caused by the formation of multi-molecular condensed polynucleotide, as
reported previously for other condensing agents®®. This can be ascribed to the more efficient
condensing effect of L1 compared to spermine, which could drive the aggregation of a larger
number of poly (dGdC). molecules. AFM measurements reported here give visual and
structural complementary information of the condensation of poly (dGdC). as observed with
the CD spectroscopy in the present study.

Conclusions and Outlook

Our study confirms that electrostatic and hydration forces are the main driving forces in ligand-
induced condensation processes of DNA/RNA by highly positively charged ligands. In contrast
to the published literature, the interaction of polyaza double-derivatives L1 - L2 with
DNA/RNA is enthalpy driven, whereas DNA/RNA interactions of similarly positively-charged
spermine and the single polyaza derivative L3 are entropy driven. This difference stresses the
importance of the ligand supramolecular organisation upon the target binding, whereby only
L1 and L2 possess the so called ‘tweezer’ structural features that provide the ability to wrap
around DNA/RNA binding sites.

Furthermore, we have shown that the DNA/RNA condensation capacity is closely related to the
binding site properties (shape and electrostatic potential) as well as to the features of the
multivalent ligands (L1, L2 charge, structure and size). The condensation was negligible in
poly A — poly U and poly dA — poly dT but strongly pronounced in GC- and IC-DNAs. Upon
binding to poly dG — poly dC, all four studied compounds (L1, L2, L3 and spermine) at low
ratio, r = 0.1, converted B-DNA to A-DNA, but only the bis-derivatives L1 and L2 showed
additional structural and charge capacity to induce transition from A-DNA to a condensed, -

DNA form.



Particularly interesting is the specific and exceptionally strong CD response to GC- and IC-
DNA condensation induced by L1 and L2. For instance, upon addition of L1 and L2, a 20-50-
fold increase of CD-band at 260 nm was observed for the GC/IC-DNA sequences which
allowed the determination of nanomolar concentrations of DNA-bases.

In particular, the results presented herein highlight the differences between mono-(L3,L4) and
bis-cyclic (L1,L2) derivatives. Moreover, there is an evident difference in DNA-condensation
efficiency between linear amines (spermine-S, and many other analogues) and the here used
cyclic amines. A plausible reason might be that at physiological pH both secondary amine
groups of the macrocyclic core are protonated and they can establish hydrogen bonds with
unprotonated amino groups of the bridge or with the pyridine connector giving rise to a close
conformation in which most of the heteroatoms are oriented inwards providing a restricted
hydrophobic environment. Previous modelling studies performed for L2 and L5&rror! Bookmark
not defined. showed that the conformations is dependent on the protonation state acquiring the
molecules a much extended or open conformation at acidic pH values when the extensive
protonation of the secondary ammonium groups disrupts the hydrogen bonding network. Linear
polyamines, being less bulky, can easily fit in the grooves and adjust the original shape of
oligonucleotides, in that way less favouring the aggregation.

The results here presented provide means to distinguish between different polynucleotide
duplexes using polyaza ligands and give basic information about the thermodynamics of these
recognition processes in physiological conditions (~0.15 M NaCl, 37 °C). Further detailed in
vitro studies may afford additional insight into the possible biological applications of bis-
polyaza pyridinophane derivatives. The planned experiments will be conducted by means of
transient transfection of the HelLa cells with pECFP-Mito vector and the commercial
transfecting agent Lipofectamine 2000 as a control. In addition, many protein coding genes

consist of GC-rich isochores,* also certain regions of the human genome, including the



regulatory regions of oncogenes, and the Epstein Barr virus genome, have very high guanine-
cytosine contents (>80%)%. Thus, selective GC-DNA condensing ligands®-®2can be relevant
for the control of gene expression and thereby, for the treatment of genetic diseases, infections

by antibiotic-resistant bacteria or cancer.

Experimental Section

Synthesis of L1. 2,6-Pyridinedicarboxaldehyde (0.3 g, 2.0 mmol) were dissolved in 40.0 mL
of anhydrous ethanol and added dropwise to L3 (1.0 g, 4.2 mmol) dissolved in 30.0 ml of
anhydrous ethanol during 1 hours. The mixture was stirred additionally for 2 hours and NaBH.
(0.9 g, 20.7 mmol) was then added and the resulting solution stirred for 2 hours at room
temperature. Therefore, the ethanol was removed under reduced pressure, extracted with H,O
(30.0 mL) and CHCl; (3 x 25.0 mL) and dried over MgSQa4. The organic phase was removed
at reduced pressure, and the resulting residue was dissolved in ethanol and precipitated as
hydrochloride salt of L1 in 63% yield. mp: 223-225 °C. *H NMR (300.0 MHz, D20): & (ppm)
=7.64 (t, 2H, J = 8 Hz), 7.63 (t, 1H, J = 8 Hz), 7.18 (d, 2H, J = 8Hz), 7.13 (d, 4H, J = 8Hz),
4.32 (s, 8H), 4.18 (s, 4H), 3.11-3.16 (m, 4H), 2.85-2.96 (m, 12H), 2.62-2.65 (m, 8H). 13C NMR
(75.4 MHz, D20): 6 (ppm) = 140.1, 139.7, 123.5, 122.5, 51.4, 51.2, 50.9, 49.8, 46.3, 43.5. Calc
for CasHs1N11-6HCI 4H20: C, 44.4; H, 7.3; N, 17.3. Found: C, 44.6; H, 7.7; N, 16.5. MS (FAB)
m/z 601.0 [M]*

EMF measurements. The potentiometric titrations were carried out at 298.1 + 0.1 K using
NaCl 0.15 M as supporting electrolyte. The experimental procedure (burette, potentiometer,
cell, stirrer, microcomputer etc.) has been fully described elsewhere.®® The acquisition of the
EMF data was performed with the computer program PASAT.%* The reference electrode was
an Ag/AgCI electrode in saturated KCI solution. The glass electrode was calibrated as a

hydrogen ion concentration probe by titration of previously standardized amounts of HCI with



CO2-free NaOH solutions and the equivalent point determined by the Gran’s method,% which
gives the standard potential, E°,and the ionic product of water (pKw = 13.7(1)). The computer
program HYPERQUAD was used to calculate the protonation and stability constants.®® The
HYSS®” program was used to obtain the distribution diagrams The pH range investigated was
2.5-11.0.

Study of DNA/RNA interactions. The UV/Vis spectra were recorded on a Varian Cary 100
Bio spectrophotometer, CD spectra were recorded on JASCO J815 spectropolarimeter at 25.0
°C using appropriate 1 cm path quartz cuvettes. For study of interactions with DNA and RNA,
aqueous solutions of compounds buffered to pH = 7.0 (Na cacodylate buffer, I =0.05 mol dm"
%). Polynucleotides were purchased as noted: poly dGdC — poly dGdC, poly dIdC — poly dldC,
poly dAdT — poly dAdT, poly dG — poly dC, poly dA — poly dT, poly A — poly U, (Sigma), calf
thymus ctDNA (Aldrich). Polynucleotides were dissolved in sodium cacodylate buffer, | = 0.05
mol dm™, pH = 7.0. The calf thymus ctDNA was additionally sonicated and filtered through a
0.45 um filter.®® Polynucleotide concentration was determined spectroscopically as the
concentration of phosphates®®. CD experiments were performed by adding portions of
compound stock solution into the solution of polynucleotide on a JASCO J815
spectrophotometer.

Thermal melting curves for ds-DNA, ds-RNA and their complexes with studied compounds
were determined as previously described&rrort Bookmark not defined. [y, fgllowing 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. Tm values are the midpoints of the
transition curves determined from the maximum of the first derivative and checked graphically
by the tangent method.Error! Bookmarknot defined. The AT, values were calculated subtracting T of

the free nucleic acid from T of the complex. Every ATm value here reported was the average

of at least two measurements. The error in AT is = 0.5 °C.



ITC measurements. ITC experiments were performed by means of an isothermal titration
microcalorimeter Microcal VP-ITC (MicroCal, Inc. Northampton, MA, USA) at 25.0°C. Origin
7.0 software, supplied by the manufacturer, was used for data acquisition and treatment. In the
titration experiments, aliquots of the ligand (see ESI for detailed protocol) were injected from
a rotating syringe (307 rpm) into the calorimeter reaction cell containing polynucleotide
solution (ESI). Blank experiments were carried out to determine the heats of dilution of the
ligands and the polynucleotides. All solutions used in the ITC experiments were degassed under
vacuum prior to use to eliminate air bubbles. Each injection generated a heat burst curve (P in
MW versus time). The data were imported to Origin 7.0 and the area under each peak was
determined by integration to evaluate the heat associated with the injection. The data were
corrected for heats of dilution. The resulting data were analysed by using the Origin 7.0
software according to the model based on a single set or two set of identical binding sites to
estimate the binding contants (Ka), the binding stoichiometry (N) and the enthalpy of binding
(ArH®). The reaction Gibbs energies (A/G°) were calculated by using the following equation:
AG® = -RTIn(Ka).

Entropic contribution to the binding Gibbs energy was calculated by equation: TA/S® = AH° -
AG°.

Ethidium bromide (EB) displacement assay’®: to polynucleotide solution (c= 9.0 x 10 mol
dm3) ethidium bromide was added (riesy [olynucleotice;=0.3), and quenching of the
EB/polynucleotide complex fluorescence emission (Aex=520 nm, Aem=602 nm) was monitored
as function of c(EB)/c(compound). The given ICso values present the ratio c(EB)/c(compound)
= [Int(EB/polynucleotide) — Int(EB+ee)] / 2, where Int(EB/polynucleotide) is fluorescence
intensity of EB/polynucleotide complex and Int(EB+ee) is fluorescence intensity of the free

ethidium bromide before polynucleotide is added.



Agarose gel electrophoresis. The gel electrophoresis was performed on a 1.5% agarose in TAE
buffer (pH = 8.0), using TAE as a running buffer’?, applying constant voltage of 50.0 V for one
hour, followed by quick staining of the gel with EB solution (0.5 pg/mL).

Atomic Force Microscopy: An Atomic Force Microscope Bruker BioScope Catalyst (Bruker
Instruments, Santa Barbara, California, USA) was used to visualize DNA deposited on freshly-
cleaved mica flakes. The measurements were performed in 40 mM HEPES buffer (pH 7.4) with
NiCl2 (1 mM). Samples consisted of 7.6 x 107 M poly (dGdC). alone or in combination with
spermine or compound L1. The ratio condensation agent/polynucleotide,r was 0.12 and 0.30
for spermine and L1, respectively. The samples were incubated on mica flakes for 10 min at
room temperature, then imaged in the same buffer or rinsed with MilliQ water and dried under
a gentle stream of nitrogen. For analysis in air, RTESP cantilevers (Bruker Instruments, Santa
Barbara, California, USA) were used, with a nominal spring constant of 40 N/m and a nominal
resonant frequency of 300.0 kHz. For imaging in buffer, MLCT-E cantilevers were used
(Bruker Instruments, Santa Barbara, California, USA), with a nominal spring constant of 0.05
N/m and a nominal resonant frequency of 26.0 kHz. All imaging was conducted using Tapping
Mode and Peak Force Tapping Mode at a scan speed of 1Hz. Images were processed with first-
order flattening and dimensions of molecules were calculated using Bruker Nanoscope Analysis
software and ImageJ software.
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Figure 2. CD titration of poly (dGdC), , poly (dIdC): and poly dG-poly dC (c =3 x 10 M)
with L1 at molar ratios 7 [L1] / [polynucleotide] = 0; 0.1; 0.2; 0.3; 0.4 (pH 7.0, buffer sodium
cacodylate, /= 0.05 M). At 1> 300 nm (right of vertical dotted line) only L1 absorbs light and

thus positive band in CD could be attributed only to the induced (I)CD band of chromophore.
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Figure 3. CD spectra of poly (dGdC), (¢ = 3x10 M) upon addition of L2, at molar ratio r [L2]

/ Ipolynucleotide] = 0.3 and subsequent increase of NaCl concentration (pH 7.0, buffer sodium

cacodylate, / = 0.05 mol dm™).
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Figure 4. Gel electrophoresis of the supercoiled plasmid DNA, BISc 12.9. Arrows point A —
open circular plasmid DNA, B — supercoiled circular plasmid DNA, C — supercoiled circular

plasmid DNA, retained by L1, L2 and spermine; S-spermine.
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Figure 5. AFM images of poly (dGdC), deposited on mica surfaces. (A) Two linear polymers
in the absence of condensing agents imaged in buffer (HEPES 40 mM, NiCl, 1 mM, pH 7.4).
Addition of compound L1 results in the condensation of the poly (dGdC); to form rod-like (B)

and toroid-like (C) structures. (D) Condensation of the poly (dGdC); in the presence of

spermine.
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Scheme 1. Structures of L1 — L4 and spermine (S)



Table 1. Number of positive charges resulting from amine protonation for each compound at

pH=7.0.
L1 L2 L3 L4
6.0 4.2 3.2 3.4

* Calculated by pH-metric titrations in aqueous solution at 298.1 K using 0.15 M NacCl as a supporting electrolyte.

Table 2. AT, values (°C) of studied ds- polynucleotides upon addition of L.1-L.4 and spermine

at pH 7.0 (sodium cacodylate buffer, I = 0.05 M).

ctDNA  polydAdT polyAU poly(d1dC)2

01 02 01 02 01 02 01
L1 0 08 59 35 275 ¢ 1.8
L2 0 - 1.9 c 151 ¢ 1.0
L3 0 0 1.0 14 10 15 -
L4 05 05 05 16 123 157 -

s¢ 10 27 34 51 235 261 1.2

aError in ATy, + 0.5 °C; ® r = [Ligand] / [polynucleotide]; ¢ Precipitation; ¢ Spermine



Table 3. Data parameters obtained during nonlinear regression for ITC titration of poly A-poly
U, poly dG-poly dC, poly (dGdC),, poly (dIdC), and poly dA-poly dT with compounds L1, L2,

L3 and spermine with the model one set of sites.

AH° TAS® AG°

kJ mol!

log
N K,

L1 01 71 -50.7 -10.4 -40.3

f’&!lyyAU L2 02 63 -449 86  -36.3

L3 02 6.0 -15.0 19.1 -34.1

L1 01 6.9 -60.1 -20.9 -39.2
poly dG
apoly L2 02 6.3 -51.4 -15.7 -35.7
C

L3 02 6.0 -13.9 20.3 -34.2

L1 01 7.0 -738 -337  -401
polydA 5 02 72 612 200  -41.2

-poly dT
L3 02 71 -27.3 131 -40.4
L1 01 82 -641 -17.1  -470
?S&C)z L2 02 83 425 4.6 -47.1

S 22 50 -0.9 275 -28.4

E’;I'gc)z S 21 45 25 230  -255

Table 4. Data parameters obtained during nonlinear regression (model: two sets of sites) for

ITC titration of poly (dIdC). with L1 and L2.

N1 log AHYK] TArSlO/ kJ AG/K]

Ka  mol? mol- mol!

L1 01 75 -522 -9.6 -42.6
L2 02 69 -435 4.1 -394
o log  AHYKI TASUK)  AGUKI

Ka mol* mol* mol!

L1 003 97 -385 16.8 -55.3

L2 01 95 -282 26.0 -54.2
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Table 5. Dimensional values for the poly (dGdC), displayed in Figure 5. Letters refer to the

respective panels in Figure 5.

A B C D
Maximal
Hoight (o) 21 44 4.0 31
Maximal 24 82 76 67

Width (nm)




