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ABSTRACT: The effect of polyvalent cations, like spermine, on
the condensation of DNA into very well-defined toroidal shapes
has been well studied and understood. A great effort has been made
to obtain similar condensed structures from RNA molecules, but so
far, it has been elusive. In this work, we show that single-stranded
RNA (ssRNA) molecules can easily be condensed into nanoring
and globular structures on a mica surface, where each nanoring
structure is formed mostly by a single RNA molecule. The
condensation occurs in a concentration range of different cations,
from monovalent to trivalent, but at a higher concentration,
globular structures appear. RNA nanoring structures were observed
on mica surfaces by atomic force microscopy (AFM). The samples
were observed in tapping mode and were prepared by drop evaporation of a solution of RNA in the presence of one type of the
different cations used. As far as we know, this is the first time that nanorings or any other well-defined condensed RNA structures
have been reported in the presence of simple salts. The RNA nanoring formation can be understood by an energy competition
between the hydrogen bonding forming hairpin stems—weakened by the salts—and the hairpin loops. This result may have an
important biological relevance since it has been proposed that RNA is the oldest genome-coding molecule, and the formation of
these structures could have given it stability against degradation in primeval times. Even more, the nanoring structures could have
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the potential to be used as biosensors and functionalized nanodevices.

B INTRODUCTION

Since Watson and Crick discovered the structure of the DNA,"
its functions inside the cells, viruses, or bacteria have been
investigated. The condensation of nucleic acids is an issue that
has been fascinating scientists in diverse fields. Nucleic acid
condensation is defined as the collapse of extended chains of
DNA or RNA into highly ordered and compacted structures,
which might have only one or a few molecules and that
distinguishes it from random aggregation due to the high
degree of order that molecules present within the condensed
structure. Thus, the term condensation can be associated with
the ordered aggregation of the nucleic acids into a limited size
and well-defined morphology. Generally, the process of
condensation of nucleic acids occurs mostly at the nanometric
scale. The DNA condensation has been observed in cells,”
spermatozoids,3 bacteria,* and viruses.® But in recent decades,
scientists’ attention has gone to the study of RNA, which is the
molecule directly involved in the protein’s synthesis,® and it
has a lot more functions inside the cell than DNA and it is also
believed to be the precursor molecule of the origin of life.” The
nucleic acid condensation is an issue that has direct importance
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in several research fields, such as cellular biology, virology,
therapeutics, nanotechnology, and others.

In recent decades, studies have focused on trying to obtain
condensed RNA structures to compare its behavior with DNA.
One of the first observations on DNA condensation is its
condensation in the cell’s nucleus, where chromosomes are
made up of DNA tightly wound around histone proteins,
which order and pack the DNA into structural units known as
nucleosomes.” DNA condensation into toroidal shapes has also
been observed inside the bacteriophage capsids by the
interaction with spermine.9 In addition, it has been discovered
that DNA condenses into rod-like and toroidal shapes in the
presence of polyvalent cations in solution'® or even inside
liposomes.'"'* Experimental evidence shows that DNA
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condensation occurs when 90% of its charge is neutralized by
counterions.'’ There are several forces present in the DNA
condensation phenomenon. The loss of entropy promotes the
collapse; however, the major contributions are given by the
multivalent molecular cations in the solution. DNA con-
densates form well-defined structures regardless of DNA size,
and these structures are preferably in the shape of toroids of
similar sizes.

Thus, the addition of small amounts of multivalent
molecular cations to solutions containing double-stranded
DNA leads to inter-DNA attraction and its eventual
condensation. Surprisingly, an expected similar condensation
is suppressed in double-stranded RNA (dsRNA), which carries
a similar negative charge density as DNA but assumes a
different double-helical form."* Thus, highly charged DNA
molecules are expected to repel each other, and yet can be
condensed by certain multivalent cations into structured
aggregates.'*~'* The condensation phenomenon is biologically
important since the compaction of anionic DNA and RNA
molecules by oppositely charged cationic agents enables
efficient packaging of the genetic material inside living cells
and viruses. It has been shown that the intramolecular
attraction of DNA is mainly due to electrostatic contributions
in the presence of multivalent cations. However, dsRNA
helices resist condensation under conditions where DNA
duplexes condense easily.'* The condensation of single-
stranded RNA (ssRNA) by multivalent molecular cations has
also been attempted; however, so far, there is no evidence of
well-defined structural condensation of ssRNA." The reason
might be that ssRNA in solution presents secondary or tertiary
structures, which fluctuate. Although there is a minimum free
energy (MFE) secondary structure, as shown in Figure 1, there

Figure 1. Minimum free energy secondary structure of the RNA that
codes for an enhanced green fluorescent protein (EGFP) obtained by
the Vienna RNA software package.

are other structures that are very close in energy to the MFE
secondary structure. Therefore, the structure of the ssRNA
fluctuates between different structures, and obtaining a well-
defined compact condensed structure is not expected.

In this work, we prepare ssSRNA solutions with monovalent,
divalent, and trivalent atomic cations, from 1 to 15 mM salt
concentrations. The salts used acted as chaotropic agents,
helping in the disruption of the ssRNA secondary structure
because the salts weaken the hydrogen bonds. After depositing
the RNA solution on the mica surface, the samples were
observed by atomic force microscopy (AFM), which revealed
the formation of RNA nanorings. The nanorings are mostly
one molecule thick, but the estimated number of RNA
molecules forming the nanorings depends on the valence of the
cation. Furthermore, when the cation concentration increases,
globular RNA structures are formed. As far as we know, this is

the first report on the formation of well-defined condensed
structures of RNA molecules.

B MATERIALS AND METHODS

Five different mRNA molecules were used in this study; four of
them were purified from the CCMV virus, which contains an
RNA mixture composed of RNA1 (3171 nucleotides (nt)),
RNA2 (2774 nt), RNA3 (2173 nt), and RNA4 (824 nt),'® and
the entire RNA mixture was used directly. The fifth RNA
molecule used was a pure RNA encoding the enhanced green
fluorescent protein (EGFP) with a sequence length of 798
nucleotides, where its MFE secondary structure is shown in
Figure 1. The EGFP was cloned into the Eco Rl site of pVAX1,
as has been described before.!” Briefly, the plasmid pVAX1-
EGFP was amplified and purified using a Qiagen Maxi kit
(QIAGEN, Valencia CA). RNA transcription in vitro was
carried out by a RiboMAX large-scale RNA production system
kit (Promega, Madison WI). A total of 40 yg of pVAX1-EGFP
was linearized with Xho I (NEB, Ipswich, MA) at 37 °C and
inactivated at 65 °C, then the linearized plasmid was extracted
with phenol:chloroform, precipitated with alcohols, and eluted
in nuclease-free water. Overall, 10 ug of this DNA was
subjected to a T7 transcription reaction in 20 uL, as indicated
by the manufacturer. The RNA transcript was treated with
RQl RNase-free DNase (1 U/ug) for 15 min at 37 °C
followed by a phenol:chloroform purification protocol and
eluted in nuclease-free water. In the purification protocol, the
RNA was precipitated with isopropanol plus 3 M sodium
acetate or 90% ethanol followed by a 70% ethanol rinse. The
integrity of mRNA was evaluated by denatured gel electro-
phoresis with formaldehyde in 1X MOPS as a running buffer
with diethylpyrocarbonate (DEPC) water. The in vitro
transcripts were denatured for 15 min at 65 °C and then
kept on ice for S min before they were loaded onto a 1.2%
agarose gel. The mRNA was compared with a ssRNA ladder
(NEB, Ipswich, MA). To prevent RNA degradation, the RNA
molecules were kept in a buffer that consists of 0.9 M NaCl,
0.02 M Tris—HCI, and 0.01 M EDTA at pH 7.0. For all RNA
samples, purity and concentration were determined by UV—vis
spectrophotometer measurements (NanoDrop 2000C, Ther-
mo-Scientificc MA). A curve of the sample absorbance was
obtained and compared with the characteristic values of RNA.
The purity of the RNA sample is calculated as P = A,4)/A,g,
where A,q, and A,g, are the absorbances at 260 and 280 nm,
respectively, and P is the RNA purity value.'"® For RNA, the
purity is considered good enou%h when this ratio is at least 1.5
with a maximum at 260 nm.'® The virus concentration is
obtained by C = A,4, X 40 pig/mL. For the RNA samples used
in this work, the absorbance at 260 nm was 1.75, which means
that the concentration of the sample was 70.13 yg/mL and the
purity was 2.13. After verifying that the RNA purity was very
good, the RNA was stored in a sterilized 1.5 mL RNase-free
tube and placed in the freezer at —80 °C to prevent RNA
degradation.

All of the materials used for the sample preparation were
RNase-free and properly sterilized. Buffer solutions were
prepared with monovalent (NaCl), divalent (MgCl,), or
trivalent (CeCl;7H,0) salts at S, 10, 12, and 15 mM
concentrations for each salt using autoclaved deionized water
(>18 MQ/cm). RNA dilutions were prepared at concen-
trations of 0.07 mg/mL in nuclease-free water (NFW). A total
of 5 uL of the RNA solution was aggregated into a 1.5 mL
RNase-free tube with 1 mL of every correspondent salt
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Figure 2. CCMV RNA nanoring structures. (a) Atomic force microscopy (AFM) image of the four CCMV RNA mixture at a high concentration
forming nanorings observed at 12 mM NaCl. (b) Three-dimensional (3D) image of a section of the nanoring image of (a) showing details on the
difference in the height of the nanorings. AFM images of the four CCMV RNA mixture forming nanorings observed at (c) 12 mM Na*, (d) 12 mM
Mg*, and (e) S mM Cs*".
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Figure 3. AFM nanoring images formed by EGFP RNA observed in the presence of different cations or concentrations. (a) 15 mM Mg** and (b) §
mM Na™.

solution and mixed gently for RNA dissolution. The final RNA onto freshly cleaved mica and dried at ambient temperature
solutions with the three different salts used were deposited without disturbance.

15406 https://doi.org/10.1021/acsomega.1c06926
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Table 1. Size Characteristics of the Nanoring Formed by the CCMV RNAs Observed by AFM at Different Molar

Concentrations of the Salts Used

ion salt Na*
concentration (mM) S 10 12 15
external diameter (D, 56 + 4.1 47 + 3.8 43 £ 35 58 + 4.0
(nm))
molecules/nanoring 1.6 + 0.2 12 + 0.2 09 + 0.2 1.7 + 0.3

nanoring height (nm) 26+03 1.5+03 1.1 +£02 12+02

Mg2+ CS3+
10 12 15 1 N
82 + 4.5 74 + 4.5 72 + 4.3

+ 0.1 34 +£02 28 £02 27+03 21 +02 3.0+03
+ 0.1 23 +£02 1.5 £0.1 22 +02 43 +£03 44 +£03

Samples were imaged using a Nanoscope III Multimode
AFM equipped with a piezoelectric scanner, with a maximum
scan range of 10 ym (x and y) and 3.8 um (z) (VEECO/
Digital Instruments). Images were obtained in a tapping mode
(oscillation frequency 250—300 kHz) under ambient con-
ditions, using microcantilevers (MikroMash, Watsonville, CA)
with a nominal radius of curvature <10 nm, a spring constant
of 48 N/m, and a resonance frequency of 325 kHz. The scan
rates used were 1—3 Hz and the images were acquired at 512 X
512 pixels. The samples were usually imaged immediately after
drying the sample, but some samples were imaged within a few
days after preparation. Samples were stored at 4 °C, and
images of some samples were taken 1 month after preparation
to study any changes in morphology.

B RESULTS AND DISCUSSION

RNA samples were deposited on freshly cleaved mica, which is
a widely used substrate for the deposition of biomolecules to
be observed by AFM due to its molecularly flat and smooth
surface. The typical roughness observed on the mica surface is
about 0.09 nm.'"” However, when the surface of the freshly
cleaved mica comes in contact with a water solution, the
hydrated potassium ions desorb, causing the surface of the
mica to acquire a negative charge.”” Since RNA in a buffer
solution also acquires a highly negative charge, it is important
to have positive ions in the RNA buffer solution. Therefore,
the positive ions in the solution have two important effects in
our experiments; the first one is that they act as chaotropic
agents, as discussed below. The second effect is to neutralize or
even reverse the mica surface charge to a positive surface that
facilitates the absorption of the RNA molecules; thus, the
cations from the salt not only neutralize the mica surface
charge but in the case of multivalent cations can reverse the
mica surface charge and facilitate the adhesion of the nucleic
acid. In addition, we use a low concentration of salts to prevent
the formation of salt crystals on the mica surface.”’

Nanoring structures were observed after a few uL of the
RNA solution with cationic ions is deposited on a recently
cleaved mica surface, as shown in Figures 2 and 3, where
Figure 2 was obtained at a higher concentration of RNA than
Figure 3. The nanoring structures are quite well defined,
although in Figure 2 some nanorings seem to be smaller and
less thick. This could be due to the CCMV mixture of RNA3
and RNA4 being much smaller than RNA1 and RNA2. In
addition, it can be observed that between the nanoring
structures, there is RNA material that is not fully incorporated
into the nanoring structures. Figure 2c—e also shows the
formation of nanorings from the CCMV RNA mixture, with
the three different cations used. It is important to mention that
most nanoring structures are made mostly by one up to three
RNA molecules. The separation of the nanoring structures
could be explained by a wetting effect that can break down due
to capillary instabilities, where the adsorbed film decomposes

into a collection of segregated, nonoverlapping molecules.””
Figure 3 shows nanoring structures obtained with EGFP RNA
with (a) Mg®* and (b) Na*. It is worth mentioning that similar,
but much bigger, nanoring structures have been observed when
a mixture of a cationic polymer, e.g. polyethylenimine (PEI), is
mixed with an anionic polymer, poly(sodium 4-styrenesulfa-
nate) (PSS), and also when a third polyelectrolyte is added
into the previous polyelectrolyte mixture such as polyallyl-
amine hydrochloride (PAH).>**

Table 1 shows the sizes of the CCMV RNA nanoring
structures under different conditions in which the experiments
were performed. Note that the external diameter of the
nanorings (D,,) for the monovalent cationic salt is very similar
at all concentrations used, which is also of similar size for the
divalent cationic salt at the two lower concentrations. Using
the thickness of the nanoring and the external and internal
diameter, we estimated that these nanorings are approximately
made by one RNA molecule. However, when the concen-
tration of the divalent cationic salt increases, the size of the
nanorings also increases. However, the size of the nanorings is
greater, as is the number of molecules involved in the
formation of the nanorings, with the trivalent salt even at low
concentrations.

In general, the thickness of the nanorings for the monovalent
and divalent cationic salts, at a low concentration, corresponds
to the thickness of one RNA molecule (~1 nm). However, the
thickness increases as the salt concentration increases,
especially with the divalent and trivalent cationic salts. Even
more, at higher concentrations of divalent or trivalent salts, the
nanorings fill up, increase in size, and begin to have a more
spherical shape, but are still well separated from each other, as
shown in Figure 4. This observation is consistent with the
formation of a compacted RNA tertiary structure.

It should be noted that toroidal DNA condensation is only
observed in the presence of multivalent molecular cations in
solution, whereas, here, we report RNA condensation in the
presence of monovalent to trivalent atomic cations. This
condensation can be understood as a competition of the
energy related to the two types of hairpins that form the RNA
secondary structure, as shown schematically in Figure 5.

The left part in Figure S is formed when two strands are
bounded by hydrogen bonds, two or three depending on the
nucleotide pairing, where the nucleotides are separated by the
distance “a” and this arrangement is commonly called a hairpin
stem. The energy related to the hairpin stem can be described
by the following expression

L — n’zR

E,qg=—-V
hyd hyd 2 (1)

where L is the total length of RNA, V}, 4 is the energy gain due
to the formation of individual hydrogen bonds, and n is the
average number of nucleotides in the hairpin loops formed in
the RNA secondary structure. In the hairpin loop part, the
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Figure 4. AFM image of RNA globules observed at 20 mM Mg“. The
average diameter of these structures is 102.7 + 5.5 nm and their
average height is 1.4 + 0.15 nm.

(a)

[TITITTITII]T R

a

Figure 5. Schematic representation of the main structures of the
ssRNA secondary structure. (a) Schematic organization of a hairpin
stem and a hairpin loop. The hairpin stem on the left part contains
hydrogen bonds and the nucleotides are separated by the distance a ~
1 nm due to base pairing when read in opposite directions. Whereas,
R is the radius of the hairpin loop. (b) Schematic figure of the part of
the bent chain of nucleotides in the hairpin loop, where the distance

« »

between two nucleotides along the hairpin loop is “a”.

hydrogen bonds are not involved. Instead, there is an elastic
energy pay due to the bending of the RNA chain. This elastic
energy can be evaluated from general arguments. In the hairpin
loop, as shown in Figure Sb, the average center-to-center
distance between nucleotides can be estimated as
2

BT R @)
When R becomes very large (no bending), the position is
equilibrium related to the minimum of the covalent energy.
The deviation from this equilibrium value (elastic energy E,) is
quadratic with respect to the displacement a®/2R. Then, the
elastic energy can be written in the following form

2
Ve[ a” | 22R
2R a 3)

where a is a numerical parameter and the last factor represents
the total number of sites along the circle. V,, is the individual

E,=a

el

2
a

covalent energy of one site. As a result, the elastic energy of the
circle can be written as

o a
E,=—V_—
el 3 cov R ( 4)
The total energy, Ej,q + E,, can be minimized with respect to
R to obtain the equilibrium circle radius. The result is

R =a g cov
2 Viya ()

Viya becomes even weaker in the presence of the chaotropic
salts, so the radius of the RNA circle (Nanoring) is much
greater than the distance ¢ < 1 nm between the subsequent
RNA nucleotides. Since the energy of the C—C bond is of the
order of 347 KJ/mol” and the hydrogen bonds are of the
order of 10—40 KJ/ mol,*° then, in this case, we can take the
lower value due to the presence of the chaotropic salts to
estimate the value of the constant a. Taking an average
diameter value of the nanorings of ~60 nm, the value for the
constant « is of the order of 207.

An interesting question is how the ionic concentration
influences the shape of the hairpins. In the model presented,
the constant @ in eq 3 remains as a fitting parameter. This
constant is determined by the interaction strength of the
nucleotides in Figure 1. This interaction definitely depends on
the ionic concentration. The screening effect of the ions
reduces the effective interaction by decreasing this constant,
which results in a reduction of the radius R in Figure 5. This
mechanism correlates well with the effects that ions have on
flexible polyelectrolytes in solution, where a high ionic
concentration leads to a highly compact shape of a bent
chain system.””*® At room temperature, kT is of the order of
5—10% of the energy of the hydrogen bonds, which are of the
order of 0.1—0.4 eV. Thus, the entropic effects are just a
correction to the main result determined by the energy
minimization.

B CONCLUSIONS

In this work, we resolved the question of whether or not
ssSRNA molecules could be condensed into well-defined
structures; this is, the condensation of RNA molecules by
multivalent molecular cations into well-defined structures,
similar to those obtained for DNA by similar cations. Attempts
have been made to obtain these well-defined condensed
structures on both types of molecules, ssRNA and dsRNA,
without success. It has also been recognized that the DNA’s
internal structure plays an important role in its well-defined
toroidal condensation.”” Even though dsRNA has a similar
number of charges as dsDNA, no well-defined structures have
been observed so far. On the other hand, ssRNA has many
secondary structures because these structures only differ very
little from the secondary structure of the minimum global
energy. Therefore, the RNA structure fluctuates among
different secondary structures, and these differences might
prevent the formation of well-defined structures.

RNA plays a very important role in various cellular activities
and many of its biological functions depend on its three-
dimensional structure, for example, RNA condensation within
viral capsids is very important. We study different RNA
molecules, with different lengths and secondary structures. We
show for the first time, the formation of condensed structures
in ssRNA in the form of nanorings and globular structures on
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planar substrates. The formation of these RNA nanostructures
can be understood by the energy minimization of the RNA
molecules; this is, the competition between the elastic energy
due to the bending of the RNA chain in the hairpin loop and
the hydrogen bonding in the hairpin stem, where the hydrogen
bond energy is weakened by the interaction with the
chaotropic salts, breaking or disrupting the hydrogen bonds
of the RNA secondary structure. Furthermore, they could
prevent the dissociation of ions along the RNA chain,
increasing the hydrophobicity regions along the RNA chain.
The RNA molecules will then try to hide their hydrophobic
groups by forming the nanoring structure, starting the structure
with the shape of the hairpin loops. Also, the concentration of
salts is important, since without or at relatively high
concentrations of salts, the formation of RNA nanorings is
not observed. On the other hand, if the salt concentration is
high, the formation of RNA globules is observed instead of
nanorings. Our work is the first one to present well-defined
condensed structures of ssRNA. These advances could
facilitate the structural understanding of many aspects of
RNA biology, since the observation of the formation of the
RNA nanoring and globular structures could lead to a better
understanding of the stability of RNA molecules, especially in
primeval times, since it has been proposed that RNA was the
first genetic molecule that gave rise to life.° Even more,
nanobiotechnology has continued to improve and the RNA
nanoring or globule nanoparticle structures could be used as
biosensors and functionalized nanodevices.>”
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