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ABSTRACT

The compaction of long DNA strands into confined spaces such as the nuclei of eukaryotic cells is an
essential phenomenon towards the emergence of elaborated forms of life. Histones and protamines are
the major nucleoproteins involved in this task participating in the formation of chromatin in somatic
and germinative cells, respectively. In addition to a fundamental understanding of critical biological pro-
cesses, DNA condensation also holds strong potential in biotechnology. Herein, we investigate the mesos-
cale structure of complexes formed between DNA and histones or protamines. A sophisticated set of
biophysical methods encompassing steady-state fluorimetry, small-angle X-ray scattering and infrared
nano spectroscopy was used to unveil both the self-assembly and molecular interactions of these com-
plexes. We explored the fluorescence of a molecular rotor, thioflavin T, to investigate the accessibility
of ligands in the inter-base environment of DNA strands. AFM-based infrared spectroscopy was used
for the first time to probe the vibrational signature of individual DNA/nucleoprotein nano assemblies
and disclose secondary-structure features. Our results show that protamines form highly compact struc-
tures in which DNA folding hinders access to the inter-base spacing. These assemblies exhibit diversified
secondary-structure conformations, with the presence of B-sheets stabilizing the packing. In contrast,
histone-based complexes are characterized by fibrillar nano assemblies exhibiting larger inter strands
separations and access to guest molecules that intercalate between bases. The findings presented here
may help the understanding of DNA condensation mediated by these two major nucleoproteins and
may assist the optimization of gene vehicles based on these promising nano assemblies.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

ties of genes. Nucleoproteins are highly specialized structures for
this task, with histones and protamines being described as the

The compaction of long DNA strands into confined spaces is a
ubiquitous phenomenon in biology and a crucial step towards
the emergence of elaborated forms of life. This intricate framework
involves multiple physicochemical steps that depend on the asso-
ciation of DNA with various biological ligands, such as small ions,
natural polyamines, lipids, and nucleoproteins.[1-5] Striking
examples of extreme condensation are observed in the self-
assembly of chromatin in eukaryotic cells and the packing of viral
genomes within lipoprotein capsids.[6,7] This challenging process
leads to functional assemblies that fit within tiny compartments
and maintain the storage, regulation and transcriptional capabili-

* Corresponding author.
E-mail address: er.silva@unifesp.br (E.R. da Silva).
T These authors contributed equally to this work.

https://doi.org/10.1016/j.molliq.2022.120745
0167-7322/© 2022 Elsevier B.V. All rights reserved.

major players in DNA condensation.[2,8,9] Histones are the main
ones responsible for DNA condensation in somatic cells leading
to the formation of nucleosomes and organization of chromatin,
[10-12] whereas, in germinative cells, they are replaced by pro-
tamines.[13,14] These nucleoproteins are highly cationic polyelec-
trolytes, and their interaction with DNA occurs mainly through
electrostatic attraction between basic residues at protein strands
and phosphate groups at the nucleotide backbone.[13] Protamines
are arginine-enriched proteins, whereas histones comprise lysine
amino acids.[15] In addition to fundamental studies on chromatin
structure and gene regulation, DNA condensation mediated by his-
tones and protamines attracts interest due to their potential in
biotechnology.[11] The development of non-viral vectors for
gene therapy and designing DNA-based self-assemblies are topic
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subjects whose development strongly depends on a deep under-
standing of DNA compaction.[3,16-19].

From understanding fundamental biological phenomena to the
development of biomedical applications, DNA condensation has
attracted great interest in the research community, leading to
many studies addressing the topic. However, such works rarely
explore the self-organization process on a hierarchical scale,
approaching the physicochemical aspects of the DNA/nucleopro-
tein interaction across scales covering from the molecular level
to the micrometric range. In this work, we investigated in detail
the mesoscopic structure of model systems formulated through
the complexation of DNA with histones and protamines to provide
comparative analyses between self-assemblies formed by these
two major nucleoproteins. A sophisticated set of experimental
techniques gathering steady-state fluorimetry, small-angle X-ray
scattering and infrared nano spectroscopy was used to unveil both
the self-assembly and molecular interactions of these complexes
with particular attention to the supramolecular arrangements
resulting from complexation. We explore the fluorescence of a
molecular rotor, thioflavin T, to investigate the interaction between
DNA and nucleoproteins to extract valuable information on the
accessibility of ligands to the inter base environment of DNA
strands. For the first time, AFM-based infrared spectroscopy was
used to study the vibrational signature of individual DNA/nucleo-
protein nano assemblies. Our results show that protamines form
highly compact structures, wherein DNA folding hinders access
to the inter-base spacing. These assemblies exhibit diversified
secondary-structure features, with B-sheets stabilizing the pack-
age. In contrast, histone-based complexes are characterized by fib-
rillar nano assemblies exhibiting larger inter strands separations
and access for guest molecules intercalating between bases.

2. Materials and methods
2.1. Reagents and sample preparation

All reagents were purchased from Sigma-Aldrich and used as
received. The nucleic acids fraction was composed of double-
stranded calf-thymus DNA containing linear nucleotide chains
(product code D1501), with an average molecular weight <Mw>
= 660 Da per base pair. Gel electrophoresis revealed the presence
of polydisperse chains with sizes between ~3 kbp and 20 kbp, with
most strands remaining around 15 kpb. The histones also origi-
nated from calf-thymus, and they corresponded to whole unfrac-
tionated histones (product code H9250) containing a mix of four
fractions associated with core histones H2a, H2b, and H4, with
<Mw> = 15 kDa. Protamines were originated from salmon sperm
and purchased in the form of sulfate salt (product cod. P4020).
They are composed of P1 and P2 type protamines, with <Mw> =
4.5 kDa. DNA and nucleoproteins were received as a lyophilized
powder, and stock solutions were prepared by weighing the appro-
priate amounts of biomolecules and dissolving them with ultra-
pure water. To avoid degradation, the solutions were prepared
using nuclease-free tubes and pipettes, and only fresh stocks (i.e.,
<24 h from solubilization) were used in sample preparation. UV-
Vis measurements revealed A,go/A2go ratios between 1.8 and
1.85 for all batches used throughout the work, confirming the pur-
ity of DNA in the samples.[20] The concentration of DNA stocks
was ascertained by determining the absorbance at 260 nm (Ayg0)
and considering an average extinction coefficient of 13200 M~
cm'. [21] The final concentrations were obtained from the corre-
sponding dilutions used for preparing DNA/nucleoprotein mix-
tures. A series of samples in our study has been prepared using
ultrapure water as a solvent, with DNA-nucleoprotein solutions
at native pH. This approach has been followed in previous works
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dealing with nucleic acid-nucleoprotein interactions|4,16], and
the choice aims to avoid specific and non-specific interactions
between the macromolecular species and buffer compounds. The
native pH of the stock solutions was found to be 5.8 for DNA, 4.8
for histones, and 4.7 for protamines. Another series of samples
have been investigated using HEPES (10 mM, pH = 7.2) or TE buffer
(10 mM Tris, 1 mM, pH = 7.2) to mimic the pH conditions found in
cell nuclei.[22]| Complexes were then prepared by mixing the cor-
responding amounts from fresh stocks to obtain the desired DNA/
protein ratios and concentrations.

2.2. EtBr displacement assays

Ethidium bromide (EtBr) displacement assays were performed
to analyze the interaction between DNA and ligands (protamines
and histones). Aqueous solutions were prepared with 15 uM
DNA and 2.5 uM EtBr, then mixed in test tubes with nucleoproteins
covering concentrations in the interval 0-3.5 pM. The native pH of
DNA-histone solutions was 5.1 + 0.2, and the native pH of DNA-
protamine samples was 4.8 + 0.2. The mixtures were submitted
to vigorous vortexing and left at rest for two hours prior to mea-
surements. The excitation wavelength was set at Aexc = 520 nm,
and emission spectra were recorded in the interval 550 < hep, < 700-
nm. Intensity values at 590 nm were plotted as a function of ligand
concentration, revealing sigmoidal profiles that were successfully
described by the Boltzmann'’s equation:[23,24].

Iy — Isq
1590 :Isat+07((s,cto) (1)
1+ewx

where Iy and I, correspond, respectively, to the initial intensity (so-
lution without ligand) and to the intensity reached when ligand/
DNA association saturates, C is the concentration of ligand, Gy is
the midpoint concentration of the sigmoid, and dC is the transition
width between the asymptotic regimes.

2.3. ThT fluorescence

The fluorescence behavior of thioflavin T (ThT) in the presence
of ligand/DNA complexes was monitored to probe the interaction
between proteins and DNA. All samples were prepared in solutions
containing 30 pM ThT.[25] Two series of titration experiments
were performed: In the first one, the concentration of DNA base
pairs was kept at 15 pM and nucleoproteins were titrated in inter-
vals of 0-3 puM (for protamines) or 0-1 puM (for histones). pH mea-
surements of these titration series in ultrapure water indicated
values at 5.3 £ 0.3. In the second assay, nucleoprotein solutions
at 1.3 uM were co-solubilized with ThT, and DNA was titrated in
the interval 0-20 pM. Fluorescence spectra were recorded on a Shi-
madzu F-2500 fluorimeter exciting the samples at Aexc = 440 nm,
and emission data were registered in the range
450 nm < Xem < 600 nm. All experiments were performed at room
temperature, and a magnetic stirrer bar was activated during data
collection to homogenize the mixtures.

2.4. AFM-based infrared spectroscopy (AFM-IR)

Nano spectroscopy measurements were performed using an
Anasys NanolR2-s apparatus as described elsewhere.[25-27]
DNA/nucleoprotein complexes were prepared by mixing DNA
and nucleoproteins from stock solutions at the same concentra-
tions used in fluorescence assays. The final DNA concentration in
the mixtures was 15 pM, whereas nucleoprotein concentration
was kept at 4 pM. At these concentrations, no precipitation was
observed, and solutions appeared transparent to the eye. Droplets
from these mixtures were deposited on Au-coated silica substrates
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and left at rest for about 5 min before removing the excess solution
with a paper filter. The substrates were incubated overnight in
evacuated desiccators prior to further analysis to ensure complete
drying of the samples. The microscope was operated in contact
mode, and the first step was to collect topography images covering
3 x 3 um? or 5 x 5 um? areas (512 x 512 pixels). This step served
to reveal the morphology of complexes on the substrates and to
identify regions of interest (ROIs). In the second step, the AFM tip
(~30 nm radius) was positioned on top of ROIs and spectra were
collected in the interval between 1500 cm~' and 1800 cm™'. This
procedure allowed us to investigate the spectral signature of differ-
ent nanoparticles and to discriminate the infrared behavior of dif-
ferent regions within a single nanoparticle. All data were baseline
subtracted and smoothed using an FFT filter (5 points of window).
Data analysis was performed using the AnalysisStudio software
and further visualization enhancement was carried out with the
Gwyddion.[28].

2.5. Polarized Light Microscopy (PLM)

Polarized light microscopy was used to probe the liquid crys-
talline features and amyloidogenic characteristics of the samples.
Mixtures containing DNA and proteins at concentrations of 3 mg/
ml were sandwiched between glass slides and cover slips. The sam-
ples were observed on a Nikon E200 Eclipse microscope endowed
with a crossed polarizers setup. Specimens have been examined
using 20 X objectives, and the instrument was coupled to a CCD
device to register images.

2.6. Small-angle X-ray Scattering (SAXS)

Small-angle X-ray scattering assays were carried out on the
SAXS-1 beamline at the Brazilian Synchrotron Light Laboratory
(LNLS, Campinas). Nucleoprotein/DNA mixtures were prepared in
water at final concentrations of 1 mg/ml. Under these conditions,
the formation of white pellets was observed, which were sand-
wiched between Kapton foils inside a 1 mm pathlength cell holder.
To analyze uncomplexed controls containing only DNA or nucleo-
protein, 300 pL from the solutions were injected between mica
windows and examined in the same manner as performed for
the pellets. X-ray energy was kept at 8 keV (i = 1.54 A), and a Dec-
tris 300 K Pilatus detector was positioned at 100 cm from the sam-
ple holder. The setup was fully calibrated by using scattering
profiles from silver behenate standards. This configuration enabled
access to scattering vectors in the interval 0.13 nm~! < q <4 nm™!
(where g = 47t/ sin®). Ten frames of 30 s each were collected and
compared to each other to check for radiation damage. The frames
were then averaged and a scattering profile from the cell contain-
ing only water was used for background subtraction. The resulting
datasets were characterized by Porod-like decaying at the low-q
region, featuring sharp interfaces between particles and the sur-
rounding solvent,[29] and by interference peaks at the
intermediate-to-high g-values, indicating the presence of correla-
tion domains in the inner structure of aggregates. Full-range data
fitting was carried out using the SASFit program[30] with the fol-
lowing functional form:

D

2 + 2
1+ (19 - qolé0)” 1+ (lg—a11¢1)
+ Bkg (2)

In Eq. (2), the first and second terms are power laws accounting
for features observed at the low and intermediate g-regions,
whereas the third and fourth terms are broad peak functions.[31]
Bkg is an additive constant to describe a flat background related
to electronic noise and incoherent scattering. Parameters A, B, C

I(q)=A-q*+B-q"+

Journal of Molecular Liquids 368 (2022) 120745

and D are scaling constants to adjust the weight of each component
in the model. The exponents o and B carry information on the glo-
bal form of the particles. Values closer to 0 are usually associated
with globular shapes, and values near to 1 indicate elongated
structures (e.g., rod-like shapes).[31,32] These exponents can also
be associated with the fractal dimension of the scatters, and thus,
the information on the nature of fractal aggregates could be
devised.[33] The fractal dimension is determined as follows:

=Dy, for 1<oa<3 (3)

a=6-D, for 3<oa<4 (4)

where D,, corresponds to the dimension of mass fractals and Ds to
the dimension of surface fractals. In our study of highly concen-
trated condensates, we have observed only the formation of surface
fractals. In the broad peak terms, gy and q; correspond to peak posi-
tions associated with the average distance d between scattering
inhomogeneities through Bragg’s law, d = 21t/q. The parameter ¢ is
a correlation length associated with the broadness of the peak
and brings information on the ordering of the structure: the broader
the peak the smaller the correlation length, and the lower the
degree of order in the assemblies. Data analysis was carried out
with the SASFit using Eq. (2) to fit the data.

3. Results and discussions
3.1. EtBr displacement assays

Ethidium bromide (EtBr) displacement assays were performed
to investigate the interaction between DNA and the nucleopro-
teins. It is widely known that EtBr binds to nucleic acids with high
affinity, enhancing in this way its own fluorescence.[34] Herein,
the fluorescence yield can be used to probe the competition
between nucleoproteins and the dye for binding sites at DNA
duplexes. In Fig. 1A, fluorescence profiles from complexes prepared
with protamines are characterized by a maximum at ~590 nm
which is found to decay to about 20% of the initial fluorescence
upon the addition of nucleoprotein to the mixture, indicating that
EtBr molecules are released from the DNA strands into the bulk
solution. In 1B, the EtBr fluorescence is shown for complexes
formed between DNA and histones. Again, one observes fluores-
cence decay upon the increase of nucleoprotein concentration;
however, although the fluorescence yield is found to decrease upon
the addition of histones, we now observe that the decay is much
smoother than in protamine solutions, and intensities reach a pla-
teau at ~40% of the initial emission. To quantitatively describe this
behavior, the relative intensity at 590 nm was plotted as a function
of the nucleoprotein concentrations (Fig. 1C), and the resulting
curves have a “Z” shape which was properly fitted to the sigmoid
function described in Eq. (1). The midpoint of the curve for pro-
tamine complexes was found at Cy_pror = (1.31 £ 0.13) uM whereas
for histone complexes it was at Cp_gisr = (0.71 £ 0.27) uM.

Cp can be used as an estimate for the apparent dissociation con-
stant, Kp, being therefore proportional to it. The smaller the Kp
value (and thus Cp) the higher the binding affinity. In addition, by
assuming that the dissociation of EtBr occurs due to the occupation
of binding sites by the ligand, Cy also provides an estimate of the
association between the nucleoproteins and DNA. Putting the find-
ings together, we may conclude that histones are less efficient at
folding nucleotide chains. In fact, EtBr fluorescence in the presence
of protamines remarkably drops to ~20% of its initial level, thus
suggesting that a lower number of interaction sites remain avail-
able on DNA strands and indicating more compact assemblies in
comparison with DNA/histones complexes. EtBr displacement
assays performed in ultrapure water at 37 °C revealed fluorescence



B.B.S. Souza, T.C. Lourenco, B.B. Gerbelli et al.

150

100

a
o

Intensity [a.u.]

Os50 600 650 700
(A) Wavelength [nm]

Intensity [a.u.]

Journal of Molecular Liquids 368 (2022) 120745

—O0uM
—0.3uM
—0.7uM
—1.0uM
—1.3uM
—1.7uM
—2.0uM
—2.7uM
—3.3uM

150+

100

(o))
o

0 L L L
550 600 650 700

(B) Wavelength [nm]

Relative intensity [a.u.]

® Histones
O Protamines

1 -
0.2 % T - °
_ O g
0 A S © S —
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

(C) Nucleoprotein [uM]

Fig. 1. EtBr displacement assays in DNA/nucleoprotein solutions (native pH, room temperature). Fluorescence spectra from samples containing (A) protamines or (B)
histones. (C) Fluorescence intensities (relative to nucleoprotein-free controls) as a function of nucleoproteins concentration. Red lines are sigmoidal fits according to Eq. (1).

profiles very similar to those observed at room temperature (see SI
File, Fig. S1), suggesting that temperature variation within the
physiological range has minor effects on the interplay between
DNA and nucleoproteins. When the analyzes are performed in buf-
fered solutions at pH = 7.2 (Figs. S3 and S5), the capacity of pro-
tamines to displace EtBr from DNA strands is found to be even
stronger than in ultrapure water, as indicated by the level of fluo-
rescence at the saturation plateau (~20% of the initial value in
ultrapure water, and less than 10% at pH = 7.2). In the case of his-
tones, the displacement level remains essentially the same (~40 %
of the starting value), suggesting that interactions between DNA
and histones are barely affected by pH. Indeed, the apparent disso-
ciation constants (parameter Cy in Eq. (1)) of protamines decreases
from Cg pror = (1.31 £ 0.13) uM in water to Cp proc = (0.91 £ 0.17) uM
in TE, whereas for histones this parameter slightly increases within
uncertainties from Cy_yjs = (0.71 £ 0.27) uM in water to Cq_yise = (0.
86 + 0.24) puM in buffer.

3.2. ThT fluorescence in the context of DNA-nucleoproteins binding:

The DNA/nucleoprotein interaction was also investigated using
thioflavin T (ThT) fluorescence assays. Recently, the applications of

ThT as a fluorescence probe have expanded far beyond the study of
amyloids and have also gained importance in conformational anal-
yses of nucleic acid assemblies.[35] Upon intercalation between
DNA bases, the molecular rotor formed by ThT benzothiazol and
dimethylaminobenzyl rings undergoes steric hindrance, decreasing
non-radiative dissipation during de-excitation steps and increasing
the fluorescence quantum yield.[36,37] This feature makes ThT
very sensitive to microviscosity in the vicinities of DNA duplexes,
making it an excellent reporter for local conformational changes
in the DNA chain.[38] In Fig. 2A, one observes that ThT fluorescence
increases about one order of magnitude in the presence of DNA
(compare bold curves in 2A). Peaks characterize the data at
485 nm, and spectra from DNA/protamine solutions containing
ThT indicate that fluorescence intensities decrease dramatically
as the fraction of protamine increases in the mixture. This behavior
is similar to that observed in the EtBr assays above, thus suggesting
that protamine also promotes the displacement of ThT. Moreover,
the plot of fluorescence intensity as a function of protamine con-
centration (Fig. 2B) also has a sigmoidal shape with an inflection
point at Cp = 1.08 £ 0.01 uM, very close to the value obtained in
EtBr assays. Control experiments evaluating the ThT fluorescence
in the presence of nucleoproteins do not indicate fluorescence
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Fig. 2. (A) Emission spectra of ThT and (B) intensity vs. nucleoprotein concentration from DNA/protamine samples. The sigmoidal fitting has been performed using Eq. (1). (C)
ThT fluorescence spectra and (D) intensity vs. histone concentration from DNA/histone solutions. The dashed line is a guide to the eye showing the exponential behavior of

ThT emission.

growth within the concentration regime used in the study; thus,
changes in the quantum yield of the dye are related to modifica-
tions in the interaction between ThT and DNA, likely due to confor-
mational changes induced by the ligands.

In contrast to DNA/protamine complexes, in DNA/histone sam-
ples ThT fluorescence is found to grow upon the addition of histone
to DNA solutions (Fig. 2C). In addition, a hypsochromic effect is
observed, and the emission peak is found to blue shift to 490 nm.
The plot of maximum intensities as a function of histone concen-
tration, Fig. 2D, exhibits a monotonic increase with an exponential
shape. Therefore, we may conclude that the binding of histone to
DNA chains is insufficient to promote displacement of ThT, and
the conformational arrangements of the strands are different from
those observed in protamine complexes. Instead, histones likely
contribute to stabilizing ThT molecules intercalated in the DNA
structure by inducing conformations that favor the accessibility
of the dye to the inter-base environment. As seen below, the
nanoscale morphology of condensed complexes is quite different
depending on the nucleoprotein used in the condensation.

Distinct effects of protamines and histones on ThT fluorescence
upon binding to DNA were further evidenced in assays in which
the concentration of nucleoproteins was fixed, and the DNA was
titrated into solution. In Fig. 3A, DNA titration into the solution
containing only ThT shows a significant increase in fluorescence

upon the addition of DNA. Across the concentration range studied
(i.e., 0-20 uM DNA), the yield linearly increased and reached val-
ues about 12 times higher than the emission from the solution con-
taining only ThT. When ThT appears co-solubilized with
protamines (Fig. 3B), the behavior is quite different and the fluores-
cence yield remains nearly constant upon DNA titration, evidenc-
ing that protamines hinder the association between the dye and
DNA strands. For solutions where histones are co-solubilized with
ThT, Fig. 3C, fluorescence spectra are found to blue shift, and emis-
sion intensities grow by a factor of about 20x. The different behav-
iors are evidenced in Fig. 3D, where the maximum intensities are
plotted as a function of DNA concentration in the mixtures. We
observe that intercalation of ThT in DNA strands enhances the flu-
orescence of the dye and that protamines and histones affect the
binding in very distinct manners. Whereas protamines drop fluo-
rescence growth likely due to competition with ThT binding sites,
histones reinforce the emission of the dye, probably due to stabi-
lization of the ThT rotor upon intercalation in ordered assem-
blies.[35] It should be noted that at low DNA concentrations,
fluorescence yield in DNA/histone solutions also exhibits a near-
constant feature. We ascribe this behavior to the initial binding
of histones to DNA, which first promotes the occupation of ThT
sites; however, as the fraction of DNA in the solution increases,
ordered clusters appear in the complexes, and ThT molecules can
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intercalate. As such, the molecular rotor in the ThT chromophore is
rotor stabilized, and the fluorescence yield is enhanced. Similar to
EtBr assays, data obtained at 37 °C exhibit the same profiles found
at room temperature (Fig. S2), confirming that temperature has
minor effects on the interaction between DNA and nucleoprotein.
The enhancement of ThT fluorescence in the presence of histones
is also observed at pH = 7.2 (Figs. S4 and S6); however, the strength
of the effect depends on buffer composition. In HEPES, the fluores-
cence growth is on the order of 20-fold, in close agreement with
the data observed at native pH, while in TE buffer this increase is
much more intense (40-fold). These findings highlight specific
and non-specific interactions between buffer compounds and the
species in solution, either biomolecules or the fluorescent dye.
[39-41]Altogether, these observations indicate that, for the pHs
investigated here, the overall behavior of histones and protamines
regarding DNA condensation agrees with data obtained in ultra-
pure water where only DNA and nucleoproteins participate in
the interplay. Therefore, the results above provide further evidence
that, although histones and protamines exhibit physicochemical
similarities such as high charge densities and large amounts of
basic amino acids, they promote different supramolecular arrange-
ments upon complexation with DNA.

3.3. Nano spectroscopy analyzes

Atomic force microscopy combined with infrared spectroscopy
(AFM-IR) analyses were performed on DNA/nucleoprotein com-
plexes to visualize the morphology of the aggregates and concomi-
tantly obtain the vibrational signature of single nanoparticles. In
Fig. 4, a topography image of DNA/protamine complexes indicates
that the sample is populated by globular assemblies with heights
mainly varying between 10 and 35 nm, and lateral dimensions
reaching a few hundred nanometers in larger-sized particles. This
result agrees with previous observations of Motta et al. in calf-
thymus DNA/protamine complexes.[ 16] Most structures, however,
have lateral sizes around ~50 nm, indicating that protamine forms
very compact assemblies with DNA in agreement with its strong
condensing capacity. Vibrational profiles collected from individual
particles in the range 1550-1800 cm ™! bring information related to
the amide band of proteins.[42] The infrared spectra shown in
Fig. 4B are characterized by four vibrational bands located at
1634, 1652, 1668 and 1686 cm~!. The most intense band, at
1652 cm™!, could indicate either the presence of a-helix conforma-
tions or, more likely, disordered structures of protamine.[43]
Another intense band appears at 1634 cm™!, assigned to B-sheet
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Fig. 4. AFM-IR data from DNA/protamine complexes. (A) Topography image showing highly compact globular condensates. (B) Infrared spectra from the areas indicated by
corresponding numbers in (A). Spectra 1-5 were obtained from individual particles, and spectra 6-9 were collected from different regions of the largest globule.

conformations in the aggregates.[42,44] This band has already
been reported in protamine-DNA complexes,[12] and the forma-
tion of these conformations is possibly favored by strong electro-
static interactions of protamine with DNA. Previous AFM-IR
studies of our group conducted on polyelectrolyte systems formu-
lated between DNA and cationic peptides also showed the pres-
ence of aggregates stabilized by B-sheet conformations.[25,27]
One hypothesis for this recurrent feature is associated with the
higher energetic stability of p-sheets compared to o-helices.[45]
The other two bands have more complex assignments, however,
vibrations at 1668 cm™~! are usually assigned to p-turns, while res-
onances at 1686 cm™! can be assigned to anti-parallel p-sheets or,
more commonly, to B-turns.[42] An interesting aspect to note in
the spectra of Fig. 4B is that, although these four bands are
observed at all selected points, it is possible to verify variations
in relative intensity between the different peaks. This behavior
suggests that the local composition of the nanoparticles contains
different fractions of each conformation or that different protein/
DNA ratios are found in distinct regions of the same nanoparticles.

In Fig. 5, it is shown AFM-IR data obtained from complexes pre-
pared with histones. In contrast to protamine-based aggregates,
the topographic image in 5A reveals structures primarily charac-
terized by elongated fibers. The diameters of the larger fibers are
around 250 nm, while several smaller structures are also observed
with diameters around 150 nm. The heights vary from 30 to 60 nm
and the lengths easily reach the micrometer scale. In addition to
the fibrillar aggregates, some globules with sizes of a few tens of
nanometers are also observed. The presence of fibrillar aggregates
agrees with observations from fluorescence assays above, which
revealed intercalation of ThT in ordered assemblies. In this case,
the conformation into elongated assemblies could keep the inter
base environment accessible to dye intercalation in DNA/histones
complexes. In contrast, condensation into highly packed globules,
observed in complexed with protamines, would hinder access of
ThT to the structure of DNA strands.

The infrared spectra of the histone/DNA complexes are shown
in Fig. 5B. Different bands across the amide I region are observed
with the predominance of an intense peak at ~1650 cm™!, which
is ascribed to disordered conformations.[42,44] The spectra are
also characterized by bands at ~1625 and 1684 cm™', related to
the presence of B-sheets and B-turns, respectively. A faint band also
appears around 1668 cm™! in most spectra, indicative of turns. In

addition, a peak around 1564 cm™! is observed in the region of

amide II. The unambiguous interpretation of this peak is controver-
sial; however, it is associated with C=N vibrations, and some
authors attribute it to B-turns.[46] As a whole, the infrared signa-
ture is similar to that observed in protamine complexes; however,
in the case of protamines, the B-sheet content is higher. On the
other hand, in the case of histones, we observed more significant
variations between spectra extracted from different regions of
the fiber. For example, the spectra corresponding to positions 4
to 8 in 5A, all obtained from the same fiber, show noticeable vari-
ations in relative intensities of peaks at 1645 cm~! (disordered)
and 1624 cm ' (B-sheets), indicating that the fractions of these
conformations may vary along the fiber.

3.4. Polarizing light microscopy (PLM)

DNA is a chiral molecule with a high degree of anisotropy and a
persistence length on the order of 50 nm (or ~150 bp).[47] These
chirality and anisotropy characteristics make DNA highly prone
to form liquid-crystalline phases, especially at higher concentra-
tions.[48] At concentrations typically found in chromosomes (i.e.,
400-800 mg/ml),[49] DNA forms highly organized mesophases,
with the appearance of cholesteric domains and hexagonal phases
which have distinct optical responses under polarized light. We
performed PLM assays on samples prepared in aqueous solutions
using starting concentrations much lower than those observed in
chromosomes. These samples were prepared from starting solu-
tions in the range of a few mg/ml, at which the DNA appears
isotropically distributed in solution, and no optical textures are
identified under PLM. In Fig. 6, PLM images of condensates contain-
ing nucleoproteins show optically dense condensates with clear
birefringent domains. The textures are characterized by oily streak
patterns, alternating bright and dark regions, where local orienta-
tion determines the intensity of the light observed. By rotating
the polarizer, it is also possible to observe a color response with
respect to the orientation of the domains, where shades of blue
appear in optically active regions indicating light retardation and
highlighting the birefringent nature of these oriented domains.
These textures are observed both in systems prepared with pro-
tamines and histones, and they are characteristic of liquid crys-
talline cholesteric or hexagonal phases.[50] In systems containing
only DNA, cholesteric phases appear in concentration ranges
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Fig. 5. AFM-IR data from DNA/histones complexes. (A) Topography image and (B) infrared spectra. Since the morphology of the complexes was characterized by elongated

fibers, spectra were collected along the axis of the aggregates.

500 um 'y

Protamine/DNA Histone/DNA

Fig. 6. Polarized light micrographs from condensates formed between DNA and
histones (upper row), and protamines (bottom row). Oily streak textures appear
due to oriented domains forming DNA mesophases. The angles shown in the figure
indicate the rotation of the analyzer regarding the polarizer, and the presence of
interference colors is a sign of retardation induced by the birefringent domains.

between ~160 and ~380 mg/ml and hexagonal phases are
observed in the 380-670 mg/ml range.[50] Thus, our observations
suggest that the condensates formed by nucleoproteins under the

conditions employed here have compactness comparable to that
observed in chromosomes.

3.5. Small-angle X-ray scattering

The inner structure of complexes formed between DNA and
nucleoproteins was analyzed using SAXS. Under the experimental
configuration used here, the structural information was obtained
in the size range between ~1 and ~50 nm, thus within the
nanometer scale and related to the supramolecular structure of
the complexes. SAXS data from DNA/nucleoprotein condensates
are shown in Fig. 7A and 7B. A key observation from these data
is the appearance of new levels of organization in samples contain-
ing complexes compared to those containing only DNA or nucleo-
proteins (Fig. 7C-E). Indeed, the low-q range in DNA/nucleoprotein
samples is featured by a linear decay that reveals a scaling law
behavior typical of fractal aggregates.[29,51] At the higher angle
region (i.e., ¢ > ~ 1 nm™"), the profiles are characterized by Bragg
peaks, indicating the formation of locally ordered domains upon
complexation. The slope of the low-q region carries information
on the fractal dimension of the scattering aggregates,[31] and the
peak positions and widths bring information about the separation
between correlated inhomogeneities within the complexes. Inter-
estingly, remarkable differences are observed between conden-
sates prepared with protamines or histones. Complexes prepared
with protamines exhibit only one sharp peak at q = 2.43 nm™,
whereas complexes based on histones show a diffuse band at
q ~ 1.1 nm~" and a second peak at q = 1.76 nm™'. These features
indicate that the nanoscale structure of complexes is strongly
dependent on the type of nucleoprotein used in the preparation.
To extract quantitative structural parameters, we have used the
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Fig. 7. SAXS data from samples prepared with (A) DNA/protamine condensates and (B) DNA/histone condensates. Red lines are model fits according to Eq. (2). In the bottom
row, scattering data are from 1 mg/ml solutions prepared with (C) protamines, (D) DNA and (E) histones.

functional expression shown in Eq. (2) to fit the experimental data.
From the results shown in Table 1, we observe that the low-angle
region of DNA/protamine complexes is characterized by an expo-
nent o = 3.6, indicative of surface fractals (Fig. 7A).[27,31] The frac-
tal dimension of these complexes could be straightforwardly
determined through Eq. (4), leading to Ds = 2.4, which is associated
with rough interfaces in DNA/protamine aggregates. The exponent
B, related to the intermediate region roughly corresponding to
lengths 5-10 nm, has values close to zero suggesting the presence
of globular domains in the local structure of the aggregates. The
interference peak at qo = 2.43 nm~! corresponds to repeat dis-
tances of d = 21/qo = 2.6 nm, very close to the diameter of hydrated
DNA strands.[48] Therefore, we ascribe this result to the side-by-
side organization of DNA duplexes within highly compacted
domains. This configuration is consistent with AFM data, which
revealed very compacted globules formed by DNA/protamine com-
plexes. Furthermore, the fit indicates correlation lengths
£o = 5.2 nm, i.e., two repeat distances on average. Although this
SAXS information does not allow unambiguous determination of

the three-dimensional organization within these aggregates, the
separation d = 2.6 nm is compatible with distances between DNA
chains in liquid crystalline phases, namely cholesteric and hexago-
nal phases.[2,52] Therefore, together with the texture information
in polarized light microscopy, our data suggest that protamines
promote the ordering of DNA chains into cholesteric symmetry
arrangements.

Fig. 7B shows SAXS data from complexes formulated with his-
tones. Curve data fitting with Eq. (2) revealed that the low-q region
is featured by a decay exponent o = 4, characteristic of sharp inter-
faces (Ds = 2). Furthermore, in the intermediate region, the decay
exponent is B = 0.88, suggesting that in this case the scattering
domains at length scales 5-10 nm have elongated geometries, in
close agreement with AFM images which indicated the presence
of elongated assemblies in DNA/histone complexes. The data are
also characterized by a very diffuse peak centered at
qo = 1.08 nm~! followed by a more pronounced interference at
q; = 1.76 nm™!, respectively corresponding to 5.8 nm and 3.6 nm
separations. These findings indicate that repeat distances in DNA/

Table 1
SAXS fitting parameters obtained from SAXS data.
Sample o D B o %o a1 &i[nm] d [nm]
[nm~1] [nm] [nm~1]
DNA/Protamine 3.6 2.4 0.08 243 5.2 o e 2.58
DNA/Histone 4.0 2.1 0.88 1.08 3.4 1.76 1.1 3.59
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histone condensates are larger than in protamine-based com-
plexes, suggesting a lower level of compaction in the structure.
Indeed, the correlation lengths associated with these peaks are
found at &, = 3.4 nm and &; = 1.1 nm, lower than & values found
in DNA/protamine assemblies, and coherent with a high degree
of looseness in histone-based complexes.

4. Conclusions:

We presented a comprehensive study of DNA condensation
mediated by histones and protamines, and found out that the
mode of interaction and the supramolecular arrangement of the
resulting complexes strongly depend on the kind of nucleoprotein
used for condensation. The combination of AFM with infrared nano
spectroscopy provided vibrational data from individual nanoparti-
cles, revealing that p-sheet conformations predominantly stabilize
the condensates. The presence of B-sheets is particularly remark-
able in DNA/protamine complexes, whereas histone condensates
have significant fractions of disordered domains with B-sheet frac-
tions varying along fibrillar assemblies formed by these complexes.
The increase of ThT emission yield in histone-based condensates
indicates that these assemblies form ordered structures that pre-
serve access of the dye to the inter base environment. In contrast,
this effect is not observed in DNA/protamine complexes, consistent
with highly packed structures where DNA folding hinders dye
intercalation. These findings agree with the nanoscale morphology
of the aggregates, which revealed the presence of elongated fibers
in DNA-histone assemblies and globular structures in DNA-
protamine complexes. SAXS data indicated the formation of corre-
lated domains with DNA strands placed side-by-side in DNA/pro-
tamine assemblies and less correlated structures with larger
inter-strand spacing in DNA/histone complexes. These findings
also suggest a relevant role of the basic amino acids in the compo-
sition of protamines and histones. Indeed, protamines have
arginine-enriched domains, with these residues composing nearly
67% of their sequence.[15] On the other hand, histones are much
richer in lysines, and arginine residues correspond to only a tiny
fraction of the amino acids in their composition. In this case,
although the electrostatic attraction is a primary force driving
complexation, the ability of arginine bidentate sidechains to estab-
lish multiple H-bonds should play a relevant role in reaching more
packaged structures that hinder access to the inter base environ-
ment of DNA strands and lead to a diversity of secondary-
structure conformations, including o-helices. The stronger con-
densing power of protamines is consistent with its biological func-
tion of compacting DNA into the nuclei of spermatic cells.[10] Also,
tight packing is essential to preventing reactive oxidative species in
sperm nuclei,[53,54] and hindrance of access to inter base
microenvironment certainly contributes to avoiding DNA damage.
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