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A Quadrupolar Bis-Triarylborane Chromophore as a Fluorimetric
and Chirooptic Probe for Simultaneous and Selective Sensing of
DNA, RNA and Proteins

Željka Ban,[a] Stefanie Griesbeck,[b] Sanja Tomić,[a] Jçrn Nitsch,[b] Todd B. Marder,*[b] and
Ivo Piantanida*[a]

Abstract: A water-soluble tetracationic quadrupolar bis-triar-

ylborane chromophore showed strong binding to ds-DNA,
ds-RNA, ss-RNA, as well as to the naturally most abundant

protein, BSA. The novel dye can distinguish between DNA/

RNA and BSA by fluorescence emission separated by Dñ=

3600 cm@1, allowing for the simultaneous quantification of

DNA/RNA and protein (BSA) in a mixture. The applicability of
such fluorimetric differentiation in vitro was demonstrated,

strongly supporting a protein-like target as a dominant bind-
ing site of 1 in cells. Moreover, our dye also bound strongly

to ss-RNA, with the unusual rod-like structure of the dye,

decorated by four positive charges at its termini and having
a hydrophobic core, acting as a spindle for wrapping A, C

and U ss-RNAs, but not poly G, the latter preserving its sec-

ondary structure. To the best of our knowledge, such un-
matched, multifaceted binding activity of a small molecule

toward DNA, RNA, and proteins and the selectivity of its flu-
orimetric and chirooptic response makes the quadrupolar

bis-triarylborane a novel chromophore/fluorophore moiety
for biochemical applications.

Introduction

Low-molecular-weight fluorescent probes are frequently used

tools in most molecular biology or biochemistry experiments
today, as well as in many medical diagnostic tests.[1] In order to

avoid preparation of fluorescently labelled secondary monoclo-
nal antibodies specific for some organelle, and therefore to

simplify and accelerate experiments, non-covalently binding
molecular sensors that readily recognize and distinguish be-

tween different types of biomolecules are of huge interest.[2]

However, the small size of a molecule presents a significant
challenge in the design of selective probes, particularly in well-
explored fluorophore families. Thus, development of a novel
structural motif represents a valuable contribution. One of par-

ticular interest would be a small-molecule probe which binds
to several different biomacromolecules (e.g. DNA and protein)

giving a different spectroscopic response for each type of bio-

molecule. That would allow for monitoring the cell life process-
es related to biomacromolecule targets and their mutual rela-

tions by only one dye instead of several.
We recently reported the water-soluble and stable cationic

bis-triarylborane derivative 1 as a new fluorophore applicable
for one- and two-photon excited fluorescence imaging in
cells.[3] Given that only a few examples of water-soluble triaryl-

boranes have been reported to date,[4–13] such borane-based
chromophores could be considered to be novel fluorophores
for biochemical applications; they are already widely used in
nonlinear optical materials, organic electronics, organic light-

emitting diodes or anion sensors.[14–22] However, fluorescence
of 1 only enabled intracellular localisation of a dye, but did not

allow for the determination of a targeted biomacromolecule
(for example, protein or DNA or RNA). The question arose as to
whether it is possible, by detailed analysis of the dye’s spectro-
photometric response in a cell, to determine the type of tar-
geted biomacromolecule, which would help to determine the

binding site and suggest further dye applications and develop-
ments.

Such elongated, rod-like molecules, bearing four positive
charges at the long axis termini, in part resemble bis-amidine
derivatives of five-membered heterocyclic systems studied in

detail by Wilson and Boykin.[23, 24] Over the last decade we have
explored in detail a large series of amidine-substituted deriva-

tives, combining structures of DAPI (4’,6-diamidino-2-phenylin-
dole), furamidine[25] and Hoechst 33258[26] (Scheme 1), whereby
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we systematically varied the molecular length, volume and ri-

gidity.[27–29] In particular, thiophene analogues showed intrigu-
ing DNA and RNA binding properties including, for example,

stronger stabilisation of ds-DNA with respect to other furanyl-
analogues[27] and, in some cases, showed promising antiproli-

ferative effects.[30, 31] Our results showed that a rather fine inter-

play between planarity of the aromatic system, its flexibility,
distribution of positive charge and choice of central heterocy-

clic system can control not only the DNA/RNA binding mode
(intercalation, minor groove binding, DNA/RNA groove aggre-

gation) but, in thiophene analogues, could result in a switch of
intracellular target, for example, from DNA to tubulin.[30]

Therefore, in particular, the terminal dicationic triarylborane

groups in novel molecule 1 could be considered as new posi-
tively charged termini of exceptionally large volume with re-
spect to all of our previously studied positive terminal groups.
Moreover, the triarylboranes are also fluorophores, thus able to

sense interactions with DNA, RNA or protein target directly.
The pronounced hydrophobicity of 1 in the central dithio-

phene core (Scheme 1), prompted us to study its interactions

with serum albumin (BSA), a known physiological transporter
of a variety of heterocyclic molecules[32] where on the whole,

bilirubin[33] (Scheme 1) is the most similar to molecule 1 in size
and structure.

To study the interactions of 1 with DNA/RNA, several typical
types of DNA and RNA were chosen (Supporting Information,

Table S1). Naturally occurring calf thymus (ct)-DNA represents a

typical b-helix structure with a balanced ratio of GC-(48 %) and
AT-(52 %) base pairs. Synthetic alternating polynucleotides

poly (dGdC)2 and poly (dAdT)2 represent two extreme situa-
tions (only AT- or GC-), differing significantly in their secondary

structure as well as in the availability of the minor groove for
small-molecule binding (the guanine amino group sterically

hinders deep molecule penetration). For comparison between

double stranded (ds) DNA and ds-RNA, poly rA- poly rU was
chosen as an a-helical structure characterised by major groove

available for binding of bulky small molecules.
Furthermore, to explore the DNA/RNA binding of the novel

chromophore to a greater extent, we also studied the single-

stranded synthetic ss-RNA polynucleotides poly G, poly A,
poly U and poly C, each of them characterised by different

properties. Thus, adenine ss-RNA mimics 50 to 250 adenine nu-
cleotides at the 3’ end of mRNA, poly G is related to guanine-

rich sequences in both DNA and RNA, whereas poly C and
poly U are significantly more flexible than purine-RNAs, and

with less organised secondary structures.

Due to the possibility that 1 could interact with proteins, we
examined the most naturally abundant protein, bovine serum

albumin (BSA), taking into account its versatility of binding
sites.

Results and Discussion

Compound 1 was previously spectroscopically characterised in
an aqueous medium.[3] For studies of its interactions with

DNA/RNA/protein we prepared a stock solution in water of
5 mm concentration, stable at low temperature in the dark for

a long period, and diluted it with corresponding aqueous
buffer prior to further experiments.

Thermal denaturation experiments

It is well known that upon heating ds-helices of polynucleo-
tides, at a well-defined temperature (Tm value) they dissociate

into two single-stranded polynucleotides. Non-covalent bind-
ing of small molecules to ds-polynucleotides usually increases

Scheme 1. Schematic representations of our tetracationic bis-triarylborane 1 and known DNA minor-groove binders DAPI-thiol-analogue,[24] furamidine,[25]

Hoechst 33258,[26] and known HSA/BSA ligand bilirubin.[33]
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the thermal stability of ds-helices thus giving increased Tm

values, whereby the increase (DTm) can (in corroboration with

other methods) be related to the various binding modes.[34]

Compound 1 strongly stabilised all ds-DNAs and ds-RNA

against thermal denaturation (Table 1) with no significant se-
lectivity. The thermal stabilisation is in the range of many inter-

calators and groove binders, thus not giving a definite indica-
tion of the binding mode.[23, 34, 35]

Spectrophotometric titrations

Preliminary UV/Vis titration of 1 with ct-DNA revealed a strong
bathochromic (Dñ=@956 cm@1) and pronounced hypochromic

effect (Figure S1, Supporting Information); however, systematic

deviation from the isosbestic point suggested more complexes
formed, at least under UV/Vis titration conditions. Given that 1
is, in part of the titration, in excess over DNA (ratio r[1]= [DNA]>

0.3), that suggested the possible aggregation of 1 along the

polynucleotide, combined with a single molecule of 1 binding
to DNA in the part of titration at which DNA is in excess

(r[1]= [DNA]<0.3).

To ensure an excess of DNA over 1 throughout the titration
(r[1]= [DNA] ! 0.3), we took advantage of the intrinsic fluorescence

of 1, which allowed titrations at submicromolar concentrations.
In general, upon addition of any DNA/RNA/protein, emission

increased. However, the intensity of increase and, even more
importantly, the shift of the emission maximum, strongly de-

pended on the biomacromolecule (Figure 1). The magnitude of

the emission increase was in the order AT-DNA>AU-RNA>
mixed sequence ct-DNA>GC-DNA> ss-RNAs and BSA
(Figure 1). Intriguingly, addition of any DNA/RNA induced only
a weak hypsochromic shift (Dñ= 304 cm@1) of the emission
maximum, at variance with the strong hypsochromic shift
(Dñ= 1360 cm@1) induced by the protein, BSA.

For all fluorimetric titrations performed (Figure 1 top, and
Supporting Information), it was possible to calculate binding
constants (Table 2); for DNA and RNA titrations, non-linear fit-

ting by means of the Scatchard equation (McGhee, von Hippel
formalism)[36, 37] was applied. The BSA titration data fit excellent-

ly to a 1:1 (1:BSA) stoichiometry model, pointing to only one
dominant binding site of 1 at BSA.

The strong, submicromolar affinities of 1 toward ds-DNA

and ds-RNA were within the same order of magnitude, in line
with similar thermal stabilisations (Table 1), whereas its affinity

toward ss-RNA was approximately an order of magnitude
lower. The affinity of 1 toward BSA was at least two orders of

magnitude lower than toward ds-DNA (Table 2). The excellent
fit of the titration data (Figure S10, Supporting Information)

Table 1. The DTm
[a] values (8C) of studied ds polynucleotides upon addi-

tion of ratio r[b] of 1 at pH 7.0 (sodium cacodylate buffer, I =
0.05 mol dm@3).

r[b] ct-DNA poly(dA-dT)2 poly A-poly U

0.1 ++7.3 ++10.0 ++9.5

[a] Error in DTm = :0.5 8C. [b] r = [compound]= [polynucleotide] .

Figure 1. Top: Comparison of fluorimetric titrations of 1
(c = 5 V 10@7 mol dm@3, lexc = 425 nm) at lem = 540 nm for all ds-DNA, ds-RNA
and BSA (ss-RNA not shown, see the Supporting Information). Bottom: Com-
parison of the fluorescence spectrum of 1 with spectra of 1/biomacromole-
cule complexes at the end of the titrations. Note the significant hypsochro-
mic shift of the 1/BSA complex in comparison to the 1/DNA, RNA com-
plexes.

Table 2. Binding constants (logKs) and spectroscopic properties of 1 with
polynucleotides or BSA calculated by evaluation of fluorimetric titra-
tions;[a] c[1] = 5 V 10@7 mol dm@3, at pH 7.0, sodium cacodylate buffer, I =
0.05 mol dm@3.

Polynucleotide LogKs
[a] n[a]

ct-DNA 7.0 0.25
poly dAdT–poly dAdT 7.9 0.25
poly dGdC–poly dGdC 7.6 0.25
poly A–poly U[b] 7b 0.25
poly G 6.9 0.5
poly A 6.6 0.5
poly C 6.9 0.5
poly U 6.4 0.5
BSA[c] 5.9c 1c

[a] Processing of titration data by means of the Scatchard equation[36, 37]

gave ratios of n[bound 1]= [polynucleotide] = 0.3–0.4. For easier compari-
son, all logKs values were re-calculated for fixed n = 0.25 (ds-polynucleo-
tides) and n = 0.5 (ss-RNA). The accuracy of logKs values is within an order
of magnitude; thus, differences larger than ten-fold can be considered as
significant. Correlation coefficients were >0.99 for all calculated Ks

values. [b] Fluorescence change was almost linear, thus allowing only esti-
mation of the binding constant. [c] Fitted by non-linear regression (soft-
ware Origin 7.0) to 1:1 (1:BSA) stoichiometry model, Ks value error :10 %.
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strongly supported a single dominant binding site on BSA for
1, although other binding sites of several orders of magnitude
lower affinity cannot be excluded.

The very intriguing difference between the emission spectra
(Figure 1 bottom, Figure 2 a) of complexes 1/BSA and 1/DNA,
RNA led us to perform a BSA/1/ds-DNA competition experi-
ment. Titration of 1 with BSA was performed (Figure 2 a;
BSAt1-t10) to ensure >90 % of the 1/BSA complex formed, fol-

lowed by titration with ct-DNA (Figure 2 b). The typical 1/BSA
emission maximum (510 nm) clearly shifted toward the 1/ds-

DNA maximum (540 nm), whereby non-linear fitting of the ti-
tration data using the Scatchard equation[36, 37] (see Table 2 for
conditions) gave an apparent binding constant logKs app = 2.1

(Figure 2 c), which agreed with the difference between logKs(1/
ds-DNA) and logKs(1/BSA).

Most importantly, by monitoring the changes of emission in-
tensities at l= 475 (BSA dominant) and l= 573 nm (DNA spe-

cific), it was possible, by ratiometric analysis, to determine the

percentage of both BSA and DNA in solution simultaneously.
Thus, compound 1 could be considered to be a single-mole-

cule two-target probe with well-separated wavelengths at
which each of these targets have a specific response (Dñ=

3600 cm@1). We applied these findings to the analysis of the

previously reported[3] fluorescence spectrum of 1 collected by
confocal microscopy in cells (Figure 6 c in Ref. [3]), whereby

comparison with 1/BSA and 1/DNA spectra (Figure 2 d, particu-
larly the blue ellipsoid area) clearly pointed to a protein-like

binding target as a dominant site in the cell.

CD Experiments

Thus far, we had studied the non-covalent interactions at 25 8C

by monitoring the spectroscopic properties of compound 1
upon addition of the polynucleotides. In order to obtain in-

Figure 2. Competitive BSA/DNA experiment: a) the fluorimetric titration of 1 (c = 5 V 10@7 mol dm@3 lexc = 425 nm) with BSA; the overlaid titration of 1 with ct-
DNA (ctDNA t1-12) was done separately for comparison. Note the BSA isosbestic point (lem = 573 nm), at which fluorescence of 1 is not affected by any quan-
tity of BSA (“blind spot”), but strongly changes upon addition of any DNA/RNA; b) the pre-formed 1/BSA complex was titrated with ct-DNA; note the marked
positions at lem = 475 nm and lem = 573 nm; c) the emission intensities at 475 nm (BSA characteristic), 573 nm (DNA characteristic) and 535 nm (1/DNA maxi-
mum) as a function of increasing c(ct-DNA); d) overlaid emission (normalised to the intensity at lmax) of free 1; 1++BSA; 1++BSA++DNA (last DNA addition from
b) and fluorescence spectrum of 1 measured in the cell.[3] Note in blue ellipsoid the emission area of 1 specific for protein (BSA).
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sight into the changes of polynucleotide properties induced
by the small-molecule binding, we chose CD spectroscopy as a

highly sensitive method for the examination of conformational
changes in the secondary structure of polynucleotides.[38] In ad-

dition, 1 as an achiral small molecule, can still generate an in-
duced CD spectrum (ICD) upon binding to polynucleotides,

which could give useful information about the modes of inter-
action.[39, 40]

Addition of 1 to ds-DNA/RNA resulted in a minor decrease

of the intensity of the AT(U)-containing polynucleotide CD
spectra (230–300 nm range; Figures 3 and S14), whereas the

GC-DNA CD spectrum was only negligibly affected. AT-Contain-
ing polynucleotides (Figures 3 and S14, Supporting Informa-

tion, ct-DNA) also revealed ICD bands at l>300 nm, which
could only be attributed to the uniformly oriented binding of

1 within a well-defined DNA binding site.[40] Closer inspection

of the ICD bands and comparison with UV/Vis titration data
(Inset Figure 3) revealed their bisignate nature with the zero
point at the corresponding UV/Vis maximum (l= 432 nm), sug-
gesting the DNA minor groove as the dominant binding site

(see below). The lack of ICD bands for the 1/GC-DNA complex
could be attributed to the sterically crowded minor groove

with amino groups of guanine, not allowing deep penetration
of 1 and thus diminishing the induced CD effect.[40] The AU-
RNA broad and shallow minor groove is a poor binding site for

small molecules, in contrast to the RNA major groove (width
similar to DNA minor groove, Table S1), which could be an effi-

cient binding site for 1; however, the large depth of the major
groove allowed a heterogeneous orientation of molecules of 1
with respect to the ds-RNA chiral axis, thus inhibiting the ap-

pearance of measurable ICD bands.
Particularly intriguing results were obtained for 1/ss-RNA

complexes. Addition of 1 completely disordered the CD spec-
trum of poly A (Figure 4) and also those of poly C and poly U

(Figure S14). In contrast to other ss-RNAs, the CD spectrum of
poly G was only marginally affected (Figure S14, Supporting In-

formation), which could be attributed to the well-known gen-
eral stability of the poly G helical (and thus chiral) secondary

structure in comparison to other ss-polynucleotides.[41, 42] For
the poly A titration, the isoelliptic point at l= 254 nm strongly

supported only one type of 1/poly A complex, in contrast to

poly U and poly C (systematic shifting of spectral cross points,
Figure S14).

Complete loss of helical chirality of A, C, and U ss-RNAs
upon binding to 1, accompanied with a rather high affinity

and the fluorescence increase of 1 (Table 2, Figure 1 bottom)
suggests wrapping of the ss-polynucleotide chain around the

cylindrical shape of 1. Such a binding mode would maximize

the efficiency of electrostatic interactions between the four
positive charges of 1 and the negatively charged polynucleo-

tide backbone, additionally supported by a strong hydropho-
bic effect of excluding the bis-thiophene core from solution

and also allowing eventual hydrogen bonding between RNA
and thiophenes. Such a complex of achiral 1, serving as a spin-

dle for ss-RNA, would not give any chiral response (in accord-

ance with Figure 4).

Molecular modelling of ligand 1 complexed in ds-DNA and
serum albumin

The above experimental results strongly support the binding
of 1 within the ds-DNA minor groove. Among the available

single-crystal X-ray diffraction structures of typical minor
groove binder/DNA complexes, the structure containing

Hoechst 33258 was chosen as a starting point due to its simi-
larity with 1 in terms of length and shape.

Thus, starting from the structure of Hoechst 33258 com-
plexed in the minor groove of B-DNA,[43] docking was per-

formed in PyMOL, wherein compound 1 was docked into the

DNA minor groove using the position of Hoechst 33258 as a
template. However, 1 can exist in two conformations (cis and

trans) and in the crystal structure of a related compound[3] the
trans conformation was found. According to our DFT calcula-

tions the trans isomer is about 3.5 kcal mol@1 lower in energy
than the cis isomer, and the energy barrier for the bond rota-

Figure 3. CD titration of poly (dAdT)2 (c = 2 V 10@5 mol dm@3) with 1 at molar
ratios r[1]= [AT-DNA] = 0–0.5. Inset : overlay of the UV/Vis and CD titration in the
360–550 nm range for r = 0; 0.1; 0.2. Spectra were acquired at pH 7.0, using
sodium cacodylate buffer, I = 0.05 mol dm@3.

Figure 4. CD titration of poly A (c = 2 V 10@5 mol dm@3) with 1 at molar ratios
r[1]= [poly A] = 0-0.5 at pH 7.0, buffer sodium cacodylate, I = 0.05 mol dm@3.
Inset : dependence of CD band change at 264 nm on ratio r.
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tion between the two thiophenes is approximately 5.3 kcal
mol@1 (see Figure S15, Supporting Information). Thus, it is feasi-

ble that 1 could adopt either conformation upon binding to
DNA. Therefore, for each configuration of compound 1 (cis and

trans) separate 1/DNA complexes were considered, energy
minimised, equilibrated and simulated for 1 ns,[44–47] as shown
in Figure 5.

There are no significant energy differences between 1cis/DNA

and 1trans/DNA complexes when compound 1 is accommodat-
ed within the DNA groove, and the energies of complex forma-

tion are similar to the experimentally determined values de-
rived from the binding constants listed in Table 2.

In the resulting complexes (Figure 5), the DNA minor groove

size and shape are not altered at the position of insertion of 1,
indicating that binding of 1 did not require a significant struc-

tural change of the ds-DNA helix. In addition, all four positively
charged phenyltrimethylammonium groups of 1 are positioned

at ideal distances from the DNA backbone to form electrostatic
interactions with negative phosphate groups. A closer inspec-

tion of the Van der Waals radii of 1 and its DNA binding site re-

vealed an excellent fit, thus suggesting significant contribu-
tions of hydrophobic and Van der Waals interactions to the

overall stability of the complex.

Binding of 1 to bovine serum albumin (BSA)

The binding site(s) of 1 to BSA or HSA were not experimentally

determined; however, an excellent fit of the titration data to
1:1 1/BSA stoichiometry (Figure S10, Supporting Information)

supported a single dominant binding site for 1 (although
other binding sites of significantly lower affinity cannot be ex-
cluded). According to the literature, most BSA/HSA ligands are
of low molecular weight (Mw<500), with the exception of bilir-

ubin and hemin (Mw>700), which bind to the IB:FA1 position

of HSA, characterised by a deep hydrophobic cleft.[32] Both, bi-
lirubin and hemin are similar to 1 insofar as they contain repet-

itive five-membered heterocycles, as well as by approximate
mass and volume. Furthermore, among all small molecules

which bind to HSA/BSA, hematin and bilirubin show by far the
highest affinities (logKs&8 m@1),[32] which agree well with the

binding constant determined for 1 (Table 2). Therefore, we
used the experimentally determined single-crystal X-ray diffrac-
tion structure of human serum albumin complexed with
4Z,15E-bilirubin-IX-alpha as a starting point (Figure 6 a).[33]

Bilirubin was removed from the complex and 1 was docked
in two different ways: a) manually docked structure of 1 using

the position of bilirubin as a template, followed by 10 ns MM
optimisation (Figure 6 b); or b) along the IB:FA1 position of
HSA, using AUTODOCK4.[48] Eleven distinct clusters were gener-
ated and the representative structures of the three selected,
high scored structures are shown in Figure 6 c–e. The selected
structures are characterised by their mean binding energies
ranging from @6 to @9 kcal mol@1, corresponding nicely to

values of the experimentally determined binding constant log
Ks&6 m@1 (Table 2). The analysis of these results (Figure 6) sug-

gests that the proposed binding site is well-suited for the ac-

commodation of 1.

Conclusion

Our water-soluble tetracationic quadrupolar bis-triarylborane 1,

recently reported as a novel chromophore for one- and two-
photon excited fluorescence imaging in cells,[3] showed strong

non-covalent interactions with ds-DNA, ds-RNA and also ss-
RNA, as well as one of the most abundant protein carriers,

bovine serum albumin (BSA). The most intriguing advantage of
such a broad set of targets is the selective fluorimetric re-

sponse of 1 upon binding to DNA/RNA (at lem = 573 nm) with

respect to BSA (at lem = 475 nm), whereby the separation of
almost 100 nm between the characteristic emissions allows for

the simultaneous ratiometric determination of both DNA/RNA
and BSA in solution. Importantly, we demonstrated the applica-

bility of this approach by analysing fluorescence spectra of 1
previously collected in vitro (in cell, Figure 2 d and Ref. [3]),

clearly defining protein and not DNA as a main target. This

novel finding suggests a number of new possible biochemical
and biomedical applications for 1 as a multipurpose simultane-

ous fluorescent sensor.
Furthermore, 1 binds to ds-DNA/RNA as a groove binder

but, in contrast with most groove binders,[49, 50] it also interacts
strongly with ss-RNA, by acting as a spindle around which ss-

RNAs are wrapped due to a combination of electrostatic, H-
bonding and hydrophobic interactions. As most small molecule

interactions with ss-RNA are based on an intercalative binding
mode, often combined with additional H-bonding, whereby
helicity of ss-RNA is preserved[51, 52] or even enhanced,[53] the

binding mode of 1 presented herein is unique. Such ss-RNA
condensation due to complexation (extended strand to globu-

lar transformation) could protect its backbone against RNAase
degradation and also facilitate its cellular uptake and distribu-

tion, opening new possibilities for RNA-based applications.

To the best of our knowledge, the multifaceted binding ac-
tivity of a small molecule toward DNA/RNA and proteins pre-

sented here, and the selectivity of its fluorimetric and chiroop-
tic response is unmatched in the literature. Thus, our quadru-

polar bis-triarylborane could be considered as a novel chromo-
phore/fluorophore moiety for biochemical applications. The

Figure 5. The result of 1 ns molecular dynamics simulation of 1/DNA com-
plexes; Left : cis ; Right: trans configuration.
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effect of systematic variations of the properties of the linker
connecting the two triarylborane units, as well as modifying

the number of positive charges at the termini, are the subject
of ongoing investigations, the results of which will be present-
ed in due course.

Experimental Section

Materials and methods

The synthesis and characterisation of 1 were reported previously.[3]

All measurements were performed in aqueous buffer solution
(pH 7.0, I = 0.05 m, sodium cacodylate/HCl buffer). The UV/Vis spec-
tra were recorded on a Varian Cary 100 Bio spectrometer and fluo-
rescence spectra were recorded on a Varian Cary Eclipse fluorime-
ter in quartz cuvettes (1 cm). Under the experimental conditions
used, the absorbance of 1 was proportional to its concentration.

Polynucleotides were purchased as noted: poly dGdC—poly dGdC,
poly dAdT—poly dAdT, poly A—poly U, poly A, poly G, poly C,
poly U (Sigma), calf thymus (ct)-DNA (Aldrich) and dissolved in
sodium cacodylate buffer, I = 0.05 m, pH 7.0. The ct-DNA was addi-
tionally sonicated and filtered through a 0.45 mm filter to obtain
mostly short (approx. 100 base pairs) rod-like B-helical DNA frag-

ments.[54] The polynucleotide concentration was determined spec-
troscopically[55] as the concentration of phosphates (corresponds to
c(nucleobase)).

Bovine Serum Albumin (BSA) (Sigma–Aldrich) was dissolved in
sodium cacodylate buffer, I = 0.05 m, pH 7.0 and its concentration
determined spectroscopically using a NanoDrop spectrophotome-
ter at 280 nm using its molar extinction coefficient of
43 824 m@1 cm@1.

Spectroscopic titrations

In fluorimetric experiments, an excitation wavelength of lexc =
425 nm was used to avoid absorption of excitation light by added
polynucleotides or BSA. Fluorimetric titrations were performed by
adding portions of polynucleotide or BSA solution into the solution
of the studied compound being studied (c = 5 V 10@7 m). After
mixing polynucleotides or BSA with the compound, equilibrium
was reached in less than 120 s. Fluorescence spectra were collect-
ed using an excess of DNA/RNA (r[1]= [DNA]<0.3) to assure one domi-
nant binding mode. To obtain binding constants (Ks), titration data
were processed by means of non-linear fitting to the Scatchard
equation (McGhee, von Hippel formalism),[36, 37] which gave values
of the ratio of [bound compound]= [polynucleotide] in the range
0.1–0.3, but for easier comparison, all Ks values were re-calculated

Figure 6. a) Starting X-ray structure HSA/bilirubin;[33] b) manually docked structure of 1 into the bilirubin binding site, followed by MM optimisation; c–e) set
of the high scored structures the complex obtained by AUTODOCK4.[48]
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for the fixed n = 0.25 (for ds-DNA/RNA) or 0.5 (for ss-RNA). Calculat-
ed values for Ks have satisfactory correlation coefficients (>0.99).
Titration data with BSA gave an excellent correlation (>0.999) to
non-linear regression fitting to a 1:1 (1:BSA) stoichiometry model,
giving a value of Ks.

CD Spectra were recorded on JASCO J-815 spectropolarimeter at
room temperature using 1 cm path quartz cuvettes with a scan-
ning speed of 200 nm min@1 (an average of 3 accumulations). A
buffer background was subtracted from each spectrum. CD experi-
ments were performed by adding portions of compound stock so-
lution into the solution of the polynucleotide (c = 2 V 10@5 m).

Thermal melting experiments were performed on a Varian Cary
100 Bio spectrometer in quartz cuvettes (1 cm). The measurements
were carried out in aqueous buffer solution at pH 7.0 (sodium ca-
codylate buffer, I = 0.05 m). Thermal melting curves for ds-DNA, ds-
RNA and their complexes with 1 were determined by monitoring
the absorption change at 260 nm as a function of temperature.[34]

Tm values are the midpoints of the transition curves determined
from the maximum of the first derivative and checked graphically
by the tangent method. The DTm values were calculated by sub-
tracting Tm of the free nucleic acid from Tm of the complex. Every
DTm value here reported was the average of at least two measure-
ments. The error in DTm is :0.5 8C.

Molecular-modelling methods

Docking

Compound 1 was docked into the single-crystal X-ray diffraction
structure of human serum albumin (HSA) in two different ways:
a) manually using the position of bilirubin in the structure of the
HSA—bilirubin complex (PDB code 2VUE) as a template;[33] or
b) using the program AUTODOCK4.[48]

AUTODOCK4 procedure: The grid of 120 V 120 V 120 grid points
with spacing of 0.375 a centred at the protein’s centre was used to
generate atom-specific affinity, electrostatic and desolvation maps.
The docking procedure was performed using the Lamarckian ge-
netic algorithm (LGA) in 20 copies, with a maximum of 2 500 000
energy evaluations. During docking, the protein was kept rigid
whereas the ligand (compound 1) was flexible.

Molecular simulations

Compound 1 (its cis and trans form) was optimized using Gaussian,
version g09-D0.1 software, at the B3LYP/6-31G(d) level of theory,
and the parametrisation procedure was performed using the Ante-
chamber[44] module within the AMBER16 program suite wherein
the Mullikan charges were used as the partial atomic charges.

Parameterisation, energy minimisation, and MD simulations of the
complexes between compound 1 (both in cis and trans conforma-
tions) and macromolecules, DNA and serum albumin were per-
formed using the AMBER16 suite of programs.[56] The solutes were
prepared using the AMBER16 utility program tLeap in association
with the general AMBER force field gaff for ligand[57] and ff14sb[58]

and ff99bsc0[59] force fields for simulations of the DNA-1 and HSA-1
complexes, respectively. All Arg and Lys residues were positively
charged and Glu and Asp negatively charged in HSA. Protonation
states of histidines were determined manually, based on their abili-
ty to form hydrogen bonds with the neighbouring amino acids.

The systems were solvated in the truncated octahedron box filled
with TIP3P water molecules[45] whereas the sodium ions[46] were
added to achieve electroneutrality.

For each configuration of compound 1 (cis and trans) two com-
plexes were examined. The complexes were minimised, equilibrat-
ed and simulated for 1 ns by the programs sander.MPI and
pmemd.MPI. The programs used are part of the AMBER16 suite of
programs. The simulations were performed using periodic boun-
dary conditions (PBC). The particle mesh Ewald (PME) method was
used for calculation of the long-range electrostatic interactions,
and in the direct space the pairwise interactions were calculated
within the cut-off distance of 10 a. The solvated complexes were
geometry optimised by using steepest descent and conjugate gra-
dient methods, 1500 steps of each, and equilibrated for 130 ps.
During the first stage of equilibration (30 ps), the temperature was
linearly increased from 0 to 300 K and the volume was held con-
stant. In the second stage, temperature and pressure were held
fixed (300 K and 1 atm, respectively) and the solution density was
optimised. The equilibrated complexes were subjected to produc-
tive molecular dynamics simulation using NPT conditions and a
time step of 1 fs. The temperature was held constant using a Lan-
gevin thermostat[60] with a collision frequency of 1 ps@1. Pressure
was regulated by a Berendsen barostat.[61]

DFT calculations

PES calculations were carried out with the program package Gaus-
sian 09 (Revision D.01).[62] Geometries were optimised without sym-
metry contraints using the B3LYP functional[63–66] in combination
with a 6-31G(d) basis set.[67, 68] A relaxed potential-energy surface
scan was performed, during which the geometry was optimised at
each point with a frozen dihedral angle (S-C-C-S).
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[51] M. Radić-Stojković, P. Piotrowski, C. Schmuck, I. Piantanida, Org. Biomol.
Chem. 2015, 13, 1629 – 1633.

[52] D. Saftic, M. R. Stojkovic, B. Zinic, L. Glavas-Obrovac, M. Jukic, I. Piantani-
da, L. M. Tumir, New J. Chem. 2017, 41, 13240 – 13252.

[53] I. Crnolatac, I. Rogan, B. Majic, S. Tomic, T. Deligeorgiev, G. Horvat, D.
Makuc, J. Plavec, G. Pescitelli, I. Piantanida, Anal. Chim. Acta 2016, 940,
128 – 135.

[54] J. B. Chaires, N. Dattagupta, D. M. Crothers, Biochemistry 1982, 21, 3933.
[55] M. Hranjec, B. Lucic, I. Ratkaj, S. K. Pavelic, I. Piantanida, K. Pavelic, G.

Karminski-Zamola, Eur. J. Med. Chem. 2011, 46, 2748 – 2758.
[56] AMBER16, D. A. Case, R. M. Betz, D. S. Cerutti, T. E. Cheatham, T. Darden,

R. E. Duke, T. J. Giese, H. Gohlke, A. W. Goetz, N. Homeyer, S. Izadi, P. Ja-
nowski, J. Kaus, A. Kovalenko, T. S. Lee, S. LeGrand, P. Li, C. Lin, T.
Luchko, R. Luo, B. Madej, D. Mermelstein, K. M. Merz, G. Monard, H.
Nguyen, H. T. Nguyen, I. Omelyan, A. Onufriev, D. R. Roe, A. Roitberg, C.
Sagui, C. Simmerling, W. M. Botello-Smith, J. Swails, R. C. Walker, J.
Wang, R. M. Wolf, X. Wu, L. Xiao, P. A. Kollman, University of California,
San Francisco, 2016.

[57] J. Wang, R. M. Wolf, J. Caldwell, P. A. Kollman, D. A. Case, J. Comput.
Chem. 2004, 25, 1157 – 1174.

[58] J. A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom, K. E. Hauser, C. Sim-
merling, J. Chem. Theory Comput. 2015, 11, 3696 – 3713.

[59] M. Zgarbov#, M. Otyepka, J. Sponer, A. Ml#dek, P. Ban#s, T. E. Cheatham,
P. Jurecka, J. Chem. Theory Comput. 2011, 7, 2886 – 2902.

[60] R. J. Loncharich, B. R. Brooks, R. W. Pastor, Biopolymers 1992, 32, 523 –
535.

[61] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, J. R.
Haak, J. Chem. Phys. 1984, 81, 3684 – 3690.

[62] Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,
A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. , Jr. , Montgomery, J. E. Peralta, F. Ogliaro,
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Ko-
bayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-
gar, J. Tomasi, M. Cossi, N. Rega, N. J. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, :. Farkas, J. B. Foresman, J. V. Ortiz, J. Cio-
slowski, D. J. Fox, Gaussian, Inc. , Wallingford CT, 2009.

[63] A. D. Becke, Phys. Rev. A 1988, 38, 3098 – 3100.
[64] C. T. Lee, W. T. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789.
[65] A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652.
[66] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys. Chem.

1994, 98, 11623 – 11627.
[67] G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-Laham, W. A. Shirley,

J. Mantzaris, J. Chem. Phys. 1988, 89, 2193.
[68] G. A. Petersson, M. A. Al-Laham, J. Chem. Phys. 1991, 94, 6081 – 6090.

Manuscript received: August 28, 2019
Revised manuscript received: November 21, 2019

Accepted manuscript online: November 22, 2019

Version of record online: January 22, 2020

Chem. Eur. J. 2020, 26, 2195 – 2203 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2203

Full Paper

https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1021/cm0495717
https://doi.org/10.1021/cm0495717
https://doi.org/10.1021/cm0495717
https://doi.org/10.1016/j.ccr.2006.01.007
https://doi.org/10.1016/j.ccr.2006.01.007
https://doi.org/10.1016/j.ccr.2006.01.007
https://doi.org/10.1002/anie.200703722
https://doi.org/10.1002/anie.200703722
https://doi.org/10.1002/anie.200703722
https://doi.org/10.1002/ange.200703722
https://doi.org/10.1002/ange.200703722
https://doi.org/10.1002/ange.200703722
https://doi.org/10.1002/ange.200703722
https://doi.org/10.1021/ar900072u
https://doi.org/10.1021/ar900072u
https://doi.org/10.1021/ar900072u
https://doi.org/10.1039/C6DT02756C
https://doi.org/10.1039/C6DT02756C
https://doi.org/10.1039/C6DT02756C
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1016/j.ejmech.2017.01.037
https://doi.org/10.1016/j.ejmech.2017.01.037
https://doi.org/10.1016/j.ejmech.2017.01.037
https://doi.org/10.1016/j.ejmech.2008.02.010
https://doi.org/10.1016/j.ejmech.2008.02.010
https://doi.org/10.1016/j.ejmech.2008.02.010
https://doi.org/10.1021/jm070876h
https://doi.org/10.1021/jm070876h
https://doi.org/10.1021/jm070876h
https://doi.org/10.1021/jm8000423
https://doi.org/10.1021/jm8000423
https://doi.org/10.1021/jm8000423
https://doi.org/10.1021/jm801573v
https://doi.org/10.1021/jm801573v
https://doi.org/10.1021/jm801573v
https://doi.org/10.1002/chir.20709
https://doi.org/10.1002/chir.20709
https://doi.org/10.1002/chir.20709
https://doi.org/10.1002/chir.20709
https://doi.org/10.2210/pdb2VUE/pdb
https://doi.org/10.1016/j.jmb.2008.06.016
https://doi.org/10.1016/j.jmb.2008.06.016
https://doi.org/10.1016/j.jmb.2008.06.016
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1021/bi00066a035
https://doi.org/10.1021/bi00066a035
https://doi.org/10.1021/bi00066a035
https://doi.org/10.1021/bi00066a035
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1016/0022-2836(87)90123-9
https://doi.org/10.1016/0022-2836(87)90123-9
https://doi.org/10.1016/0022-2836(87)90123-9
https://doi.org/10.1016/0022-2836(87)90123-9
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp8001614
https://doi.org/10.1021/jp8001614
https://doi.org/10.1021/jp8001614
http://ambermd.org/
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.3762/bjoc.14.93
https://doi.org/10.3762/bjoc.14.93
https://doi.org/10.3762/bjoc.14.93
https://doi.org/10.1016/j.aca.2016.08.021
https://doi.org/10.1016/j.aca.2016.08.021
https://doi.org/10.1016/j.aca.2016.08.021
https://doi.org/10.1016/j.aca.2016.08.021
https://doi.org/10.1021/bi00260a005
https://doi.org/10.1016/j.ejmech.2011.03.062
https://doi.org/10.1016/j.ejmech.2011.03.062
https://doi.org/10.1016/j.ejmech.2011.03.062
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1021/ct200162x
https://doi.org/10.1021/ct200162x
https://doi.org/10.1021/ct200162x
https://doi.org/10.1002/bip.360320508
https://doi.org/10.1002/bip.360320508
https://doi.org/10.1002/bip.360320508
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.455064
https://doi.org/10.1063/1.460447
https://doi.org/10.1063/1.460447
https://doi.org/10.1063/1.460447
http://www.chemeurj.org

