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ABSTRACT: In biological systems, the unprompted assembly of DNA
molecules by cationic ligands into condensed structures is ubiquitous.
The ability of ligands to provoke DNA packaging is crucial to the
molecular organization and functional control of DNA, yet their
underlined physical roles have remained elusive. Here, we have examined
the DNA condensation mechanism of four cationic ligands, including
their primary DNA-binding modes through extensive biophysical studies.
We observed contrasting changes for these ligands binding to
poly[dGdC]:poly[dGdC] (GC-DNA) and poly[dAdT]:poly[dAdT]
(AT-DNA). Based on a CD spectroscopic study, it was confirmed that
only GC-DNA undergoes B- to Ψ-type DNA transformation in the
presence of ligands. In the fluorescence displacement assay (FDA), the
ability of ligands to displace GC-DNA-bound EtBr follows the order:
protamine21+ > cohex3+ > Ni2+ > spermine4+, which indicates that there is no direct correlation between the ligand charge and its
ability to displace the drug from the DNA, indicating that GC-DNA condensation is not just influenced by electrostatic interaction
but ligand-specific interactions may also have played a crucial role. Furthermore, the detailed ITC-binding studies suggested that
DNA−ligand interactions are generally driven by unfavorable enthalpy and favorable entropy. The correlations from various studies
insinuate that cationic ligands show major groove binding as one of the preferred binding modes during GC-DNA condensation.

■ INTRODUCTION
DNA condensation is the phenomenon in which long DNA
fragments experience compaction and aggregate into ordered,
highly condensed states. Mounting evidence suggests that cells
use DNA condensation as a mechanism to protect genetic
material and regulate gene expression.1 In the living organism,
genomic DNA is a large, negatively charged, and quite rigid
polymer that experiences huge compaction to fit in the few
available spaces inside the cell.2 In vivo DNA condensation is
achieved by cationic proteins and polyamines.3−9 It can also be
achieved in vitro using neutral molecules such as alcohols,
polyols, or charged ligands such as lipids, synthetic polymers,
and peptides.5,10−13 In the presence of these condensing
agents, the collapse of the DNA occurs from its stretched
coiled conformation to highly ordered nanosized particles.
Apart from understanding the fundamental mechanism of
DNA condensation, this topic has also garnered attention
because of its applications in gene therapy and nano-
technology.14

Based on numerous earlier reports, several factors are known
to affect DNA condensation such as the type of condensing
agent, the concentration of salt, solvent dielectric constant,
temperature, pH, as well as the concentration, length, and
sequence of the DNA.15 Apart from this, DNA−DNA and
DNA−solvent interactions also contribute to condensation. A
possible role of the intrinsic properties of DNA, such as its

bendability and length, has also been discussed. However,
these experimental approaches precluded the determination of
the probable binding modes of cationic ligands within the
DNA condensates.
Until now, the most conventional view with respect to DNA

condensation has been based on an electrostatic model, which
says that the collapse of the DNA occurs following an adequate
amount of neutralization of negative charges on DNA by
cationic ligands through electrostatic interactions.3,16,17

Recently, studies have suggested a sequence dependence of
DNA condensation, involving an important role for ligand-
specific interactions.6 However, more elaborative findings
using a variety of cations and pure AT/GC sequences are
necessary to reach a strong conclusion. In view of this, here, we
have selected chemically diverse condensing agents such as
protamine21+, spermine4+, [Co(NH3)6]3+ (cobalt hexamine or
cohex), and Ni2+ (nickel chloride) as shown in Figure 1.
Protamine is known to bind DNA and produce a highly
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condensed form of DNA within the sperm cell that inactivates
the sperm genome.18 Interestingly, protamine was found to
preferably condense GC-DNA,6 the exact mechanism of which
is still unknown. Spermine demonstrated mixed binding modes
in DNA condensation.19 In fact, an extensive study of spermine
derivatives also indicated the vital role of its diverse chemical
structures in DNA condensation. Given the mixed outcomes,
the precise binding mode of spermine responsible for DNA
condensation remains unclear. Similarly, the role of the ligand
charge in DNA condensation was truly challenged by cohex. It
was observed that cohex has a similar charge to spermidine but
a much greater DNA condensing capacity than the latter.20

Besides, even though there is general agreement that a
minimum of +3 cationic charge is essential for DNA
condensation, divalent Ni2+ was found to condense DNA
successfully.21 Ni2+ ion has very fascinating properties
(compared to other dications); for example, it shows a much
higher specificity for the nitrogen of DNA bases.22 This kind of
knowledge implies that factors other than electrostatic
interaction may also play an important role in DNA
condensation; however, its systematic probing through
qualitative as well as quantitative means is essential.
In view of this, the following questions are being raised: (i)

DNA has several potential ligand-binding sites (groove,
intercalation, and phosphate), which one of these would play
a dominant role for a particular ligand and what are the driving
(thermodynamic) forces behind it? (ii) Why are the DNA
condensing strengths of cationic agents diverse, and why a
proper correlation could not be established between the
condensing ability and their chemical structure/charge/size?
Such fundamental knowledge is crucial as it can provide inputs
concerning the mechanism of DNA condensation and further
into the development of gene therapeutics. Since it is highly
difficult to obtain structural information of condensed DNA by
X-ray crystallography, evaluating the ligand-binding mode
using a combination of various experimental biophysical
techniques seems to be the best possible way. Here, with the
help of GC-rich and AT-rich polymeric DNA sequences and a
variety of chemically diverse cationic ligands, we have tried to
explore new insights into the process of DNA condensation.

■ MATERIALS AND METHODS
Poly[dGdC]:poly[dGdC] (GC-DNA) and poly[dAdT]:poly-
[dAdT] (AT-DNA), protamine sulfate salt (from salmon),

spermine, ethidium bromide (EtBr), cobalt hexamine (cohex),
and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)
were bought from Sigma-Aldrich Co. and used without
additional purification. Nickel(II) chloride was procured
from Alfa Aesar. The approximate average length of base
pairs is 800 in both GC- and AT-DNA. The concentrations of
DNA solution were determined in the base pair (bp) by
recording absorbance at 260 nm using molar extinction
coefficients, ε256 = 16800 and ε260 = 13200 bpM−1 cm−1 for
GC-DNA and AT-DNA, respectively.23 To check whether the
DNA is free of protein, the purity of DNA was calculated at the
absorbance ratio of A260/A280 nm. The value was in the range
of 1.8−1.9, which directed that the DNA is pure and free of
proteins.24 The stock concentrations of DAPI and EtBr were
prepared at 1 mM in HPLC water. Furthermore, 10 mM stock
solutions were prepared for protamine, nickel chloride,
spermine, and cohex using 10 mM HEPES buffer at pH 7.4.
Circular Dichroism. CD experiments were carried out

under nitrogen using the Chirascan Applied Photophysics
spectropolarimeter. Quartz cuvettes with a path length of 3
mm were used, and experiments were conducted at 25 °C.
Samples were prepared by using constant (50 μM/bp)
concentrations of GC-DNA and AT-DNA, whereas the
concentration of ligand was variable: protamine (0−6 μM),
spermine (100 μM to 20 mM), Ni2+ (100 μM to 8 mM), and
cohex (50 μM to 3 mM) using 10 mM HEPES buffer at pH
7.4 containing 100 mM NaF. Samples were scanned in the
wavelength range of 220−300 nm with a scan speed of 75 nm/
min. Five runs with an approximate scan time of 11 min per
scan were performed and averaged.
Gel Electrophoresis. The samples were prepared in 10

mM HEPES buffer and 100 mM NaCl by mixing GC-DNA
(∼20 μM) with different concentrations of ligands, NiCl2 (0−
10 mM), spermine (0−2.0 mM), protamine (0−2 μM), and
cohex (0−1 mM). 0.5% agarose gel was prepared to contain
0.5 μg/mL of EtBr for DNA staining during the run. To get the
best results, all the prepared samples were incubated for 20
min at 4 °C, and in the case of protamine and cohex, the
samples were centrifuged for 20 min at 14,000 rpm. ImageJ
software was used to process gel images.
Isothermal Titration Calorimetry. ITC experiments were

performed on the MicroCal iTC200 system at a 20 °C
temperature, the detailed information of which is published
elsewhere.25−27 Experiments were conducted by titrating the
ligand into 100 μM/bp of DNA. Control experiments were
performed to ignore the heat released when the ligand is
titrated into the buffer. The entire data was fitted using one set
of site models or two sets of site models available in the Origin
software. The fitting for the binding of cohex to GC-DNA
(Figure 6D,H) was complex and done in two phases, where
independent regression analyses for each set were carried out,
and the parameters were recorded for the best fit. First, 7−11
data points were deleted from the binding isotherm, which was
then fitted using a single set of the binding model. Next, the
fitting was done for the second peak of the isotherm using a
two-set-binding site model, where points 1−6 were deleted
which belonged to phase 1. Thermodynamic parameters, that
is, stoichiometry (N), binding constant (KA), and enthalpy
change (ΔH) were obtained as shown in Table 1. Using KA
and ΔH, the Gibbs free energy change (ΔG = −RT ln KA) and
entropy change (ΔG = ΔH − TΔS) can also be calculated.
UV Spectroscopy Measurements. The absorbance of

each of the fixed concentrations of DNA samples (GC-DNA

Figure 1. Chemical composition of (A) protamine (made up of a total
of 33 amino acids of which 21 are Arg residues), (B) spermine, (C)
cohex, and (D) NiCl2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01557
ACS Omega 2023, 8, 4554−4565

4555

https://pubs.acs.org/doi/10.1021/acsomega.2c01557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01557?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01557?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and AT-DNA) was scanned from 200 to 400 nm in the Cary
100 UV−vis spectrophotometer by varying the protamine,
spermine, Ni2+, and cohex concentration. DNA−ligand
samples (10 mM HEPES buffer, pH 7.4, 100 mM NaCl)
were made in aliquots and incubated for 2 h at 4 °C. After
incubation, the aliquots were centrifuged at 60,000 rpm for 10
min. To compare the amount of condensed DNA in the
presence of various ligands, the absorbance values at 260 nm
were normalized and plotted. In the time-dependent measure-
ments, the effect of each of the DNA condensates was
monitored separately. In the melting study, the absorbance
change for each DNA in the absence and presence of ligand
over a temperature range of 25−90 °C was recorded at 260
nm. All the melting studies were done at a constant
concentration of 50 μM of DNA complexed with a ligand.
Fluorescence Displacement Assay. FDA was performed

using a Cary Eclipse fluorescence spectrophotometer. Experi-
ments were carried out at room temperature using a quartz
cuvette of 1 cm path length with a scanning speed of 60 nm/
min. The DNA concentration was fixed at 50 μM/bp. The
saturated DNA−drug complex was prepared using 0.5 and 0.25
drug/DNA bp−1 ratios for EtBr and DAPI, respectively. The
DNA−drug complex was titrated with varying concentrations
of the ligand (protamine, spermine, Ni2+, and cohex) from its
lower to higher concentration. Fluorescence emission was
recorded in the range of 500−700 nm by exciting EtBr at 480
nm and DAPI at 375 nm. The fluorescence intensities at the
maximum wavelength were plotted against drug concentration,
and the mid point of transition was used as the IC50 value.

■ RESULTS
Ligand-Induced Conformational Changes in DNA.

CD is certainly the most prevalent technique for investigating
the conformational modifications in the DNA helix after ligand
binding. Figure 2 shows the effects of the addition of increasing
amounts of four cationic ligands on the conformation of GC-
and AT-DNA. Free GC-DNA displays a single positive peak at
274 nm and a negative peak at 254 nm, indicating the B-form
of DNA.7 Upon addition of spermine, no major shifting of CD
bands was observed (Figure 2A), suggesting that spermine
binds weakly to the GC sequence, which is in support of the
previous studies;28 however, there was a broadening of the
peak around 274 nm. Notably, when protamine was titrated
into GC-DNA, there was a reduction of intensity at 274 nm
and a huge red-shift (275−295 nm) in wavelength (Figure
2B), followed by the broadening and flattening of the peak.
Similar results were observed for Ni2+ and cohex (Figure
2C,D). Here, the red shifting and broadening of the spectrum
induced by these cations has characteristics similar to the
spectrum observed in the case of polymer-induced con-
densation (psi).7

In Figure 2E, AT-DNA shows a CD spectrum with a single
positive peak at 262 nm, a weak shoulder peak at 280 nm, and
a negative peak at 247 nm.29 In the presence of spermine, there
was a moderate decrease in the intensity, suggesting an
alteration in the conformation of AT-DNA. Similarly, upon the
addition of protamine (Figure 2F), there was an abrupt
reduction in the DNA intensity, and at 100 μM, the DNA
signal showed negative ellipticity with a slight blue shift from
275 to 265 nm. The CD patterns in 2E and 2F do not match
with the ones observed in Figure 2A−D, and the constant
decrease in the intensity here strongly suggests the formation
of aggregates of DNA.30 On the contrary, the binding of Ni2+T
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(Figure 2G) to AT-DNA resulted in only a slight decrease in
the CD spectrum, suggesting its lower binding capacity. In
Figure 2H, cohex induces a small change in the intensity,
suggesting that cohex is able to induce conformational
alteration in AT-DNA, although of lower strength compared
to protamine.
The effects of the condensing ligands on the thermal stability

of the GC- and AT-DNA were investigated by recording UV-
melting curves. Generally, when DNA undergoes ligand-
induced condensation, it can have a different melting profile
compared to that of free DNA. In Figure 3A, the melting of
free GC-DNA resulted in a sigmoidal curve with a Tm value of
64 °C. In the presence of 1 mM spermine, the melting curve of
GC-DNA showed complex behavior with the presence of more
than one transition. The decrease in absorbance during the first
transition may be an indication of DNA undergoing significant
structural alteration such as aggregation or condensation.
Remarkably, when the concentration of spermine was
increased to 4 mM, the downward transition disappeared
and the melting curve returned to its original (sigmoidal)

shape, without any change in the DNA melting stability
(similar to free DNA). This process is comparable to the well-
recognized DNA resolubilization by a cationic ligand.30

Similarly, in Figure 3B, in the presence of protamine, GC-
DNA gives a complex curve in which the transition in the
lower temperature range is due to the alteration in DNA
conformation.6 Likewise, in the case of Ni2+ (Figure 3C), the
melting curve of GC-DNA goes downward and then upward,
suggesting that the DNA-Ni2+ interaction has also resulted in a
significant alteration in the structure of GC-DNA.6 Analo-
gously, cohex shows a similar but sharper melting profile for
GC-DNA as shown in Figure 3D.
Here, abnormal melting profiles registered for GC-DNA

include two separate transitions; the first corresponds to the
formation of a new DNA−ligand structure, and the second
transition is ascribed to the destruction of that DNA system.
Temperature-induced aggregates of higher-ordered assemblies
are quite common for biopolymers in the presence of cations.31

When the Tm is reached, the aggregates dissolve extensively.
32

The ability of a cation to alter the DNA structure can be

Figure 2. CD spectra of GC-DNA in the presence of (A) spermine
(100 μM to 10 mM), (B) protamine (2−15 μM), (C) Ni2+ (100 μM
to 8 mM), and (D) cohex (50 μM to 3 mM) and of AT-DNA in the
presence of (E) spermine (500 μM to 20 mM), (F) protamine (8−
100 μM), (G) Ni2+ (2−10 mM), and (H) cohex (50 μM−3 mM).
The concentration of each DNA was 50 μM in base pairs. Melting
profiles of GC- and AT-DNA with condensing ligands.

Figure 3. Melting profiles of GC-DNA in the presence of (A)
spermine at 0 (●), 1 (■), and 4 mM (⧫); in the inset, the enlarged
spectrum of free DNA (in the absence of ligand); (B) protamine at 0
(●) and 2 μM (⧫); (C) Ni2+ at 0 (●), 1 (■), and 2 mM (⧫); and
(D) cohex at 0 (●) and 1 mM (⧫). AT-DNA in the presence of ©
spermine at 0 (●), 1 mM (⧫), and 4 mM (■). (F) protamine at 0
(●), 1 μM (⧫), and 4 μM (■). (G) Ni2+ at 0 (⧫), 2 (■), and 4 mM
(⧫) and (H) cohex at 0 (●) and 1 mM (⧫). The concentration of
each DNA was 25 μM in base pairs.
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attributed to its ability to disrupt DNA base pairing and
simultaneously cross-link with two different sites.
In Figure 3E, free AT-DNA showed a sigmoidal curve with a

melting temperature (Tm) of 60 °C. In the presence of 1 mM
spermine, the melting curve showed non-sigmoidal behavior
similar to GC-DNA (Figure 3A), indicating an alteration in
DNA conformation. In the presence of 4 mM spermine, the
curve returned to its sigmoidal shape with no change in Tm.
This is exactly similar to GC-DNA, suggesting the resolubiliza-
tion of aggregates formed at the lower concentration of
spermine.20 Thus, spermine induces an alteration in DNA
conformation, which is independent of the DNA sequence. In
Figure 3F, AT-DNA in the presence of protamine gives a
biphasic curve in which lower Tm (58 °C) and the higher Tm
(68 °C) can be related to free and protamine-bound DNA,
respectively.33 The bound state indicates protamine-stabilizing
DNA by 10 °C. On the contrary, Ni2+ ions did not induce a
significant change in the melting temperature of the DNA,
which suggests that it does not interact with AT-DNA strongly
enough (Figure 3G), also supported by CD results. The post-
transition drift observed in the melting curve may be due to
temperature-induced aggregation of the DNA-Ni2+ complex at
higher temperatures. Interestingly, cohex stabilizes AT-DNA,
giving a biphasic transition�the first transition for free DNA
and the second for the bound DNA (Figure 3H).
UV−vis Absorbance Spectra. The change in DNA

absorbance at 260 nm can be used to understand the structural
alteration in DNA upon ligand-binding. Upon the addition of
spermine, there is a decrease in absorbance of GC-DNA and
AT-DNA, indicating a loss of their DNA structure (Figure 4A)

up to 1 μM. However, the effect is stronger in the case of AT-
DNA, suggesting that AT-DNA is more susceptible to
structural modifications by spermine. When the concentration
of spermine was increased beyond 1 μM, absorbance started
increasing again. This is in good agreement with the melting
studies, where we saw the reversal of the melting transition at

higher spermine concentrations. On the contrary, in the case of
protamine, the decrease in absorbance happens in more than
one phase for both GC- and AT-DNA. Similarly, for Ni,
absorbance values decreased more rapidly for GC-DNA
compared to those for AT-DNA. Interestingly, there is an
increase in the absorbance when cohex is added initially to AT-
DNA, indicating the stabilization of DNA (Figure 4D), which
is also supported by Tm results (Figure 3H). However, further
additions of cohex to GC-DNA resulted in a continuous
decrease in absorbance, suggesting the aggregation of DNA.
To explore the time-dependent changes in the absorbance of

the ligand−DNA complexes, we monitored their UV−vis
spectra at different time intervals (Figure 5). The absorbance
values for the complex of GC- and AT-DNA with 1 mM
spermine were found to decrease (70% in 10 h) continuously
with an increase in time, indicating a serious alteration in the
structure of DNA by spermine (Figure 5A). However, in the
presence of 4 mM spermine, there was no change in
absorbance even after 10 h of incubation for both the DNAs
(Figure 5C,D). Moreover, it was observed that in 1 mM
spermine there was a broadening and splitting of the peak at a
time interval of 6−10 h with the solution becoming turbid,
whereas there was no such noticeable change in λmax (which is
similar to the naked DNA) at 4 mM concentration of spermine
with the solution being transparent throughout the experiment.
This confirms that DNA can retain its original conformation at
a higher concentration of spermine. The results are strongly
supported by the UV studies in Figures 3A,E and 4A.
In the case of protamine, there is a decrease in the

absorbance as a function of time for both GC- and AT-DNA
(Figure 5E,F). Since the decrease in absorbance is taking place
with both the DNAs, it is difficult to suggest whether it is due
to the formation of condensates or multimolecular aggregates.
However, as observed in CD, protamine induces a psi type of
structure in GC-DNA but not in AT-DNA. Therefore, it is
reasonable to say that the decrease in absorbance in GC-DNA
is due to condensation, whereas it could be due to aggregation
in AT-DNA. In our earlier study also, we observed single DNA
molecules collapsing into a toroidal form, as well as multiple
molecules being arranged into aggregates.6 Interestingly, there
is a small time-dependent effect of Ni2+ on GC-DNA but no
change in AT-DNA (Figure 5G,H). Furthermore, in the
presence of cohex, there is a decrease in the absorbance when
complexed with GC-DNA, which confirms the loss in the
confirmation of DNA with time (Figure 5I). However, in the
case of AT-DNA, no such change in the absorbance intensity
(Figure 5J) was observed at 1 mM cohex, which would mean
that it may be involved in stabilization of the DNA. The initial
upward curve in Figure 4D observed for AT-DNA supports
this, which is also further backed by the melting study (Figure
3H).
Gel Electrophoresis. To support the above results, we also

performed the select gel electrophoresis experiments at various
P/D bp−1 ratios (Figure S1) for GC-DNA in the presence and
absence of Ni, spermine, protamine, and cohex. Here, the band
intensities can be compared for free versus ligand-bound GC-
DNA. We observed that, with the increase in the ligand
concentration (for all the ligands), there is a loss of band
intensity, which is an indication that DNA is undergoing
topological changes such as condensation.6 These results
support the analysis from CD and UV−vis studies (Figures
2−4).

Figure 4. UV condensation measurements of GC- and AT-DNA in
the presence of (A) spermine, (B) protamine, (C) Ni2+, and (D)
cohex. The absorbance values were recorded at 260 nm for GC- and
AT-DNA. Time-dependent measurements of DNA condensates using
UV−vis absorption.
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Binding Thermodynamics of the DNA−Ligand Inter-
action. Figure 6 shows ITC-binding isotherms of various
ligands with AT- and GC-DNA. The binding of the spermine
was found to be slightly biphasic, which was fitted using the
two-site binding model. The binding to AT (KA1 = [(1.0 ±
0.26) × 106 M−1] was slightly higher compared to GC-DNA
(KA1 = [(1.0 ± 0.15) × 105 M−1] as shown in Figure 5A,E.28

The KA2 values for second sites are relatively low, indicative of
weak non-specific interactions. The ability of spermine to bind
the AT as well as the GC sequence suggests an important role
of non-specific interaction in binding. The binding is
enthalpically unfavorable and entropically favorable in both
cases (Table 1). The entropically favorable interaction
supports the role of electrostatic interaction and solvation
entropy in the binding.6 The electrostatic binding has resulted
in the charge neutralization responsible for condensation. The
N value (0.2 and 0.3) suggests one spermine binding per 3−5
bp of DNA. Similarly, the binding between protamine and GC-
DNA is entropically dominant with a binding constant of [KA
= (3.2 ± 0.3) × 105 M−1], whereas no measurable binding
(scattered data) was observed in the case of AT-DNA (6B and
6F).
Ni showed a higher binding affinity for GC-DNA [(2.3 ±

0.7) × 105 M−1] than AT-DNA [(5.4 ± 0.4) × 104 M−1]

(Figure 6C,G; Table 1). The N value (0.8) suggests nearly one
Ni binding per one DNA bp. The reaction is dominated by
favorable entropy terms in both cases (ΔS = +6.2 and +5.8 kcal
mol−1, respectively), suggesting the role of solvation entropy in
binding.34 When binding was performed at variable salt
concentrations, it was observed that the affinity of Ni2+ to
GC-DNA decreased with an increase in salt concentration
from [(2.3 ± 0.7) × 105] M−1 at 10 mM salt (Figure 6C) to
[(5.4 ± 0.6) × 104] M−1 at 25 mM salt (Figure S1A and Table
S1). However, in the case of AT-DNA, the binding at higher
salt (Figure S1B) was completely abolished, suggesting that
AT-Ni complexation is dominated by a weak non-specific
interaction. This indicates that the Ni−GC complex formation
is driven by specific interactions, which is also supported by a
higher negative enthalpy change (−1.11 kcal/mol−1). Thus,
the strength of the binding in the Ni2+-DNA interaction is
intensely reliant upon the base composition of the DNA.
In Figure 6D, the ITC titration curve indicates that cohex

binds to GC-DNA in two stages; in the first stage, it binds to
neutralize a certain fraction of the negative charge on the DNA
[K = (1.5 ± 0.7) × 105] M−1; ΔH = 1.0 ± 0.3 kcal mol−1; TΔS
= 8.1 ± 1.5 kcal mol−1]. Thereafter, further additions of cohex
result in the neutralization of the additional negative charge on
the DNA with the evolution of the second transition (K = (1.0

Figure 5. Time-dependent absorption spectral changes for (A) GC-DNA with 1 mM spermine, (B) AT-DNA with 1 mM spermine, (C) GC-DNA
with 4 mM spermine, (D) AT-DNA with 4 mM spermine, (E) GC-DNA with 5 μM protamine, (F) AT-DNA with 5 μM protamine, (G) GC-DNA
with 5 mM Ni2+, (H) AT-DNA with 5 mM Ni2+, (I) GC-DNA with 1 mM cohex, and (J) AT-DNA with 1 mM cohex.
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± 0.5) × 107 M−1; ΔH = 0.5 ± 0.1 kcal mol−1; TΔS = 10.1 ±
1.9 kcal mol−1), which can be assigned to DNA condensation
and aggregation.8 Similar behavior was reported earlier for the
interaction of the cationic lipid with DNA.13 AT-DNA (Figure
6H) also shows a biphasic curve in which the first stage is a
result of ligand binding to DNA driven by endothermic heat
and positive entropy (K = (2.1 ± 0.9) × 104 M−1; ΔH = 1.3 ±
0.4 kcal mol−1; TΔS = 7.2 ± 1.5 kcal mol−1). The curve in the
second stage (K= (3.0 ± 0.7) × 106 M−1; ΔH = −1.6 ± 0.3
kcal mol−1; TΔS = 7.2 ± 1.5 kcal mol−1) is much deeper with
the involvement of exothermic heat, which could be an
indication of the formation of aggregates. We have observed
similar results earlier for calf thymus DNA.6 The N values
(0.25 ± 0.1 and 0.55 ± 0.2) suggest cohex binding to 2−5 bp
of DNA.
Fluorescence Displacement Studies Using EtBr and

DAPI. To reveal the nature of ligand-binding modes that drive
DNA condensation, we performed EtBr and DAPI fluores-
cence displacement assays. Generally, ligands recognize DNA
via three general modes: intercalation, groove, and electrostatic
interaction.35 EtBr and DAPI, which are strong fluorescent
dyes, are known to bind to DNA through intercalation and
minor groove-binding modes, respectively.36 Thus, when the
ligand is added to the DNA−drug complex, a decrease in
fluorescence intensity may be observed, which is an indication
that the ligand is displacing the drug from its DNA site. Based
on the ability of a ligand to displace DAPI or EtBr, its DNA-
binding mode can be estimated.

Figure 7A shows the plot of change in emission intensity due
to displacement of the drug by the ligand versus the
concentration of the ligand. Here, EtBr gives a strong emission
peak at 610 nm upon binding with the DNA through the
intercalation mode.6 In the case of GC-EtBr, the ability of
ligands to displace EtBr follows the order: protamine > cohex
> Ni > spermine (Figure 7A), and the corresponding IC50
values (the concentration of ligand required to displace 50% of
the dye) were 1.1, 490, 905, and 4100 μM. In the case of AT-
EtBr (Figure 7B), the order is protamine > spermine > cohex >
Ni, and IC50 values are 1.4, 700, 1100, and 2100 μM,
respectively (Figure 7D). Interestingly, based on the ligand
order, in the case of AT-DNA, there is a good correlation
between the ligand charge and its ability to displace the drug.
However, in GC-DNA, there is no such correlation observed,
which indicates that GC condensation is not just influenced by
electrostatic interaction but ligand-specific interactions are also
crucial. Amongst all the ligands, protamine displayed the
strongest ability to displace drugs from both the DNAs, which
may be due to its larger size and the presence of multiple Arg
residues. Noticeably, six times higher spermine is required to
displace EtBr from the GC- compared to AT-DNA. This shows
that spermine does not compete directly with EtBr (an
intercalator) for GC sites.
On the other hand, Ni displaces EtBr more efficiently from

GC-DNA compared to AT-DNA, which could be due to its
ability to recognize guanines with higher specificity than
adenines. This is well supported by ITC, where Ni binds better

Figure 6. ITC-binding thermograms of GC-DNA with (A) spermine, (B) protamine, (C) Ni, and (D) cohex; and AT-DNA with € spermine, (F)
protamine, (G) Ni, and (H) cohex. The upper panel signifies the data for the successive injection of the ligand into DNA, and the bottom panel
displays the integrated heat after correction of heat due to buffer.
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to GC- than AT-DNA, and UV-melting, where Ni could
induce alteration in GC-DNA. Also, Ni2+, despite having fewer
positive charges compared to spermine4+, is much more
effective in displacing EtBr from GC-DNA. This confirms the
overall significance of the DNA-binding affinity and specificity
of the ligand in DNA condensation. Furthermore, only half of
the cohex concentration was required to displace EtBr from
GC-DNA compared to AT-DNA, which could be due to its
ability to bind and induce conformational changes in GC-DNA
as supported by CD, ITC, and melting studies. Although cohex
has one less positive charge than spermine, it is more effective
in condensing GC-DNA, which could be due to its compact
structure and ability to exert base-specific contacts with GC-
DNA.
In Figure 7C, the displacement of DAPI from AT-DNA by

all the four ligands follows the order: protamine > cohex >
spermine > Ni (Figure 7D), with the corresponding IC50
values of 13.3, 210, 495, and 5000 μM, respectively. It was
observed that the displacement of DAPI from AT-DNA
requires 10 times higher protamine concentration compared to
the displacement of EtBr. This is because DAPI forms a much
stronger complex with AT-DNA compared to EtBr.6 Cohex
also shows a strong ability to displace DAPI from AT-DNA,
indicating its ability to compete with DAPI binding sites on
DNA, supported by the formation of a moderately stable AT-
cohex complex in the melting study. Ni is required in very high
concentrations to displace DAPI from the minor groove of AT,
probably because it does not compete directly with DAPI
binding sites.

■ DISCUSSION
Ligand-Binding Modes Play a Vital Role in DNA

Condensation. Protamine is instrumental in condensing and
packaging the DNA in mature human spermatozoa. It consists
of 21 Arg residues with the potential to form a wide range of
interactions with DNA. The extended structure of protamine
and endothermic heat in ITC suggest that protamine can bind
externally to the DNA backbone. As far as DNA condensation
is concerned, it acts in a very sequence-specific manner and
condenses only GC-specific DNA. This is based on its ability
to induce the ψ structure in GC-DNA (Figure 2B), which is
known to promote the bending properties of DNA and also
condensation.37 Earlier, using ctDNA, we had proposed that
GC stretches in the DNA sequence are crucial for DNA
condensation.6

Furthermore, protamine caused the stronger displacement of
GC-bound EtBr compared to AT-bound EtBr, essentially
through specific H-bond interactions of Arg-NH (of prot-
amine) with G-N7. Arg has a higher pKa (∼13.8) with a strong
tendency to remain charged at physiological pH. Also, each
Arg has a guanidinium group, which has the potential to
promote bidendate hydrogen bonding with the phosphate
oxygens and N7 and O6 (acceptors) of guanine in the major
groove of the DNA.38 Here, the major groove can provide
more H-bonding sites on DNA than the minor groove. Earlier,
Arg-rich peptides have been shown to interact in a similar
fashion.39 Also, the larger size of protamine is suitable to fit in
the GC-major groove, which is also larger in size. The flexible
conformation of protamine allows it to achieve the maximum
possible H-bonds with DNA, which is favorable entropically
also (Table 1). The minor groove, on the other hand, is too

Figure 7. Fluorescent drug displacement plots of (A) EtBr-GC-DNA, (B) EtBr-AT-DNA, and (C) DAPI-AT-DNA by the binding of spermine
(●), protamine (■), cohex (⧫), and Ni2+(▲) and (D) the comparison of the corresponding IC50 values using histogram plots.
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narrow for protamine binding. As a result of protamine binding
in the major groove, the phosphates on both strands can get
attracted to the groove-bound ligand, leading to groove
closure, accompanied by DNA bending toward the ligand. In
the past, major groove binding associated with the bending of
the DNA was suggested for GC-DNA.40 On the contrary, the
N7 atom of adenine is known to form a weaker interaction with
Arg compared to the N7 atom of guanine.41 Furthermore,
between AT-bound EtBr and AT-bound DAPI, protamine
affects easier displacement of the former (Figure 7), indicating
its inability to displace DAPI. This clearly establishes that
protamine has poor accessibility to the AT minor groove.
When it comes to DNA condensation, only cations with

more than +3 charges are considered to be effective. Divalent
metal cations do not aggravate the condensation phenomenon
except at a very high concentration42 or under distinctive
conditions, such as in water-alcohol mixtures.43 It is generally
considered that cations bound even at the most favorable sites
on B-form DNA readily exchange with the solution, and they
are not considered as strongly bound by any criteria.
Nevertheless, the preferential localization of cations at some
sequences over others implies their DNA sequence-dependent
binding.44 Previously, Ni2+ showed a successful condensation
of DNA;21 however, the study reported mostly qualitative
analysis. Here, we have concluded that Ni can induce
condensation specifically in GC-DNA based on the following
experimental outputs: (i) Ni has about five times better affinity
for GC- compared to AT-DNA; (ii) Ni is much more effective
in displacing GC-bound EtBr compared to AT-bound EtBr,
indicating its ability to recognize guanines more specifically;
(iii) Ni induces a characteristic psi type of spectrum in GC-
DNA; (iv) Ni induces time-dependent loss of GC at 260 nm in
UV−vis, an indication of condensation of DNA; and (v)
unusual melting of GC by Ni as opposed to AT, which shows
normal melting. The ability of Ni2+ to selectively recognize the
N7 atom of the guanine45 imitates its site-specific binding to
the DNA containing GC base pairs. Similar observations were
made earlier, where authors have revealed that the extent of
binding between AMP/GMP and Ni is mainly driven by the
basicity of N7.

46 Recently, it has also been observed that Ni
binds G-C in the double helix from the side of the major
groove, thus forming bridges between G-N7 of one chain and
G-N7 of the opposite chain (Vasil et al. arXiv open-access
repository). The stoichiometry (N ∼ 1.0) suggests one Ni
binding per single bp. The N7 positions are well accessible in
the major groove of duplex DNA. This leads to the binding of
multiple Ni to DNA, leading to the partial charge
neutralization of DNA strands and their condensation.47

To dig deeper into the mechanism, we performed an EtBr
displacement assay on two nickel-bound GC-containing
sequences, seq1 (with GC at the terminal ends d-
(CGTATATACG)2) and seq2 (with GC in mixed positions
[d(CGTGTACACG)2). The difference in the number and
position of GC bases allows detecting the accessibility of GC
bases to Ni. The sequences were selected based on an earlier
X-ray study45 (PDB ID: 1G3V). In the fluorescence binding
study (Figure 8A), EtBr binds better to seq2 (containing more
GC bases) than to seq1. However, in the EtBr displacement
study (Figure 8B), Ni shows equal displacement of EtBr in
both the sequences observed by the decrease in fluorescence
intensity upon the addition of Ni2+. This suggests that Ni may
be displacing EtBr only from the terminal GC base pairs, which
further suggests that Ni has better access to terminal GC base

pairs. Previously, Sitko et al. have shown that Ni binding has
resulted in the ends of single GC-DNA molecules being folded
on themselves, producing tennis racket-shaped condensates.21

This unambiguous result gives evidence that Ni prefers binding
to terminal GC, and the process, which is driven by steric
accessibility, drives DNA condensation.21 On the contrary, Ni
could not easily displace AT-bound DAPI (Figure 7), which
shows that it has a weaker affinity for the AT sequence
(supported also by Tm). This gets support from crystal data,
where Ni can associate with N7 atoms of all the guanines but
not with adenines.22

The nature of the DNA−spermine complex has received
considerable attention.19,48,49 In the past, Feuerstein et al.40

found that spermine shows a preference for the major groove
of B-DNA, followed by a minor groove, with some binding to
the phosphate groups. However, which one of these modes
would be dominant in DNA condensation is still unresolved.
Based on results here, spermine induces complete condensa-
tion in GC-DNA and faces resistance in AT-DNA. Here, the
use of the pure AT versus GC sequence gives an opportunity
to shed more light on the spermine’s probable binding mode in
DNA condensation. Based on the ITC results, spermine is
likely to bind in the minor groove of AT-DNA48 because the
minor groove of the AT sequence is deep and narrow, which is
better suited for spermine binding. This is further supported by
stronger displacement of DAPI (compared to EtBr) by
spermine from the AT sequence. However, deeper minor
grooves may promote the internalization of bound spermine
molecules rather than exposing them to neighboring helices for
DNA−DNA attraction. Thus, groove geometry may play a vital
role in the resistance of AT-DNA to condensation by
spermine.
However, the ability of spermine to bind equally well to GC

in ITC suggests that spermine may be occupying the major
groove of the GC-DNA because its binding in the minor
groove is prohibited due to steric hindrance from the G-NH2
group.50 Recently, MD analysis found that spermine remained
bound to the major grooves of the respective DNA molecules
for the entire simulation duration.51 Here, GC-DNA is
expected to undergo condensation by spermine as bending
in the major groove would favor condensation, as also reported
earlier.40 From the FDA results, successful EtBr displacement
by spermine from GC-DNA does not rule out a secondary role
of electrostatic interaction between spermine’s cationic ends
and phosphate backbone in DNA condensation.
ITC studies revealed that cohex binds to both GC- and AT-

rich sequences; however, the observed biphasic curve is more
pronounced in GC, suggesting that the condensation
phenomenon is more intense in the GC-rich sequence. This

Figure 8. Fluorescence study (A) binding plot of EtBr with seq1 and
seq2; (B) displacement of EtBr by Ni from the EtBr complex with
seq1 and seq2.
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is also supported by the unusual melting transition of GC
observed in the presence of cohex. Also, the fact that cohex is
more effective in displacing GC-bound EtBr compared to AT-
bound EtBr in FDA indicates its ability to induce marked
conformational changes in GC. Furthermore, the decrease in
the 260 nm peak in UV suggested the loss of the B-form of
GC-DNA by cohex, whereas no such change was observed for
AT-DNA. These results confirmed the ability of cohex to act
on DNA in a sequence-specific manner. Here, multiple modes
of binding by cohex may drive GC-DNA condensation. In
ITC, the positive entropies overcome small enthalpies,
indicating that the interactions are entropically driven.
Generally, such an effect is due to the charge−charge
interaction, which is often accompanied by the loss of
counterions and the disruption of the hydration layer, driven
by favorable entropy and unfavorable enthalpy. The
stoichiometry value in ITC suggests that a single cohex covers
almost four base pairs in the GC-DNA binding. Since a minor
groove of GC is blocked by the G-NH2 group, here, cohex can
occupy the major groove of GC-DNA. In GC-DNA, the edges
of the bases in the major groove present an electrostatically
negative face, and since cohex is cationic in nature, electrostatic
binding supports the initial driving force for its affinity to GC-
DNA, which is also favored by higher endothermic ΔH and
positive entropy (Table 1). Furthermore, a greater preference
of cohex for the N7 atom of guanine52,53 can certainly
strengthen these interactions. Previously, such binding of
cohex in the major groove of RNA was reported through
hydrogen bonding with the N7 and O6 of guanine residues.

54

■ CONCLUSIONS
In this paper, we studied, using diverse biophysical means, the
DNA-condensing abilities and the corresponding binding
modes of four ligands. An interesting picture emerged of the
sequence specificity of DNA condensation by these ligands in
which the phenomenon is driven by major structural
alterations in the DNA. Protamine, which has a larger size
and a greater number of positive charges, has the strongest
ability to selectively alter the GC-DNA structure and thereby
induce its condensation. Interestingly, Ni2+ is shown to be
more efficient in condensing GC-DNA (but not AT-DNA)
compared to spermine4+. Spermine induces conformational
alteration in GC as well as AT-DNA; however, it induces
condensation in GC-DNA only. Interestingly, cohex induces
conformational alteration in AT-DNA while condensation in
GC-DNA. In general, GC-DNA sequences are extremely
flexible to experience transition from the B- to psi type of
DNA, which facilitates the condensation. Furthermore, the
major groove binding by ligands seems to be the favorable
mode of interaction during GC-DNA condensation. The low
concentration of protamine required to induce DNA
condensation compared to other ligands indicates that
molecules having a larger size with chained multiple cationic
charges will have an advantage in forcing the DNA toward
condensation. On the other hand, smaller cations are too
disorganized in solution to have a collaborative effect, and they
may be required in very high concentrations to induce DNA
condensation.
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