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Article
Long ssRNA undergoes continuous compaction
in the presence of polyvalent cations
Ana Luisa Duran-Meza,1 Liya Oster,1 Richard Sportsman,1 Martin Phillips,1 Charles M. Knobler,1,*

and William M. Gelbart1,2,3
1Department of Chemistry and Biochemistry, UCLA, Los Angeles, California; 2Molecular Biology Institute, UCLA, Los Angeles, California; and
3California NanoSystems Institute, UCLA, Los Angeles, California
ABSTRACT In the presence of polyvalent cations, long double-stranded DNA (dsDNA) in dilute solution undergoes a single-
molecule, first-order, phase transition (‘‘condensation’’), a phenomenon that has been documented and analyzed by many years
of experimental and theoretical studies. There has been no systematic effort, however, to determine whether long single-
stranded RNA (ssRNA) shows an analogous behavior. In this study, using dynamic light scattering, analytical ultracentrifugation,
and gel electrophoresis, we examine the effects of increasing polyvalent cation concentrations on the effective size of long
ssRNAs ranging from 3000 to 12,000 nucleotides. Our results indicate that ssRNA does not undergo a discontinuous conden-
sation as does dsDNA but rather a ‘‘continuous’’ decrease in size with increasing polyvalent cation concentration. And, instead of
the 10-fold decrease in size shown by long dsDNA, we document a 50% decrease, as demonstrated for a range of lengths and
sequences of ssRNA.
SIGNIFICANCE The 3D sizes of long (thousands of nucleotides long) single-stranded RNA are important in many
different biological contexts, ranging from confined RNA genomes in viral capsids to nuclear export of mRNAs, with size
being determined partly by large-scale sequence-specific secondary/tertiary structure and partly by nonspecific
electrostatic interactions mediated by mono-, di-, and polyvalent counterions. We report here the first, to the best of our
knowledge, systematic study of the effects of polyvalent cations on the compaction of long single-stranded RNAmolecules
and show that it is continuous, in contrast to the well-studied case of double-stranded DNA, which undergoes a
discontinuous phase transition—condensation—as a function of increasing tri- and tetravalent counterion concentration.
INTRODUCTION

Double-stranded (ds) DNAs with contour lengths long
compared with their persistence length behave under phys-
iological solution conditions like disordered self-repelling
polymers. In the presence of sufficiently high concentrations
of polyvalent cations, however, they condense discontinu-
ously into circumferentially wound, self-attracting, toroidal
structures that are hexagonally close packed along most of
their length. This phenomenon, involving the appearance
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of an effective attraction of the DNA for itself, has been
addressed experimentally in many papers (see, for example,
(1–5)) and has been accounted for by the breakdown of
mean-field (Poisson-Boltzmann and Debye-H€uckel) the-
ories of counterion effects and by the role of correlations be-
tween polyvalent cations (see, for example, (6–12)). In the
case of long single-stranded (ss) RNA, on the other hand,
the only studies of the effects of polyvalent cations have
involved isolated measurements of RNA size in the presence
of one or another di-, tri-, or tetravalent cation (see, for
example, (13–15)), with no attempt to characterize the
‘‘general’’ nature (e.g., continuous versus discontinuous)
of the dependence of size on the concentration of polyvalent
cation.

A great deal of work has been devoted to elucidation of
the effects of counterions—especially divalent cations—on
the evolution of secondary and tertiary structure of short
RNA molecules that fold into specific structural and
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enzymatic motifs (16–19). Moghaddam et al., for example,
using small-angle x-ray scattering, have demonstrated
different pathways for the multivalent-cation-induced com-
pactions of two different ribozymes (20). In the case of
RNAs that are �3000 nt or longer, however, such as the
single-stranded genomes of most viruses, the RNA mole-
cules are not associated with any one secondary/tertiary
structure but rather with a large ‘‘ensemble’’ of them, all
of which are thermally accessible (21–26). Here the rele-
vant question becomes: how does the ensemble-averaged
size depend on the overall length and sequence of the
RNA and on the concentration of polyvalent cation? In
the present work, we report several sets of measure-
ments—specifically, dynamic light scattering, analytical ul-
tracentrifugation, and gel electrophoresis—that allow us to
conclude that the size of a long ssRNA molecule in dilute
solution decreases ‘‘continuously,’’ and by no more than
50%, as the concentration of polyvalent cation (spermine
here) is increased. This result is in qualitative contrast to
the situation with long dsDNA, where—as we show by
documenting the presence of two distinct coexisting states
of the DNA over a range of spermine concentrations—the
decrease in size is as large as 10-fold and is discontinuous.
The continuous compaction of ssRNA is confirmed for
different nucleotide sequences and lengths (from 3000 to
12,000 nt) and for cationic/anionic charge ratios varying
from 0 to 3.
MATERIALS AND METHODS

Reagents

Five different ssRNAmolecules were studied, ranging in length from 3234

to 11,703 nt: ‘‘B1’’ (brome mosaic virus (BMV) RNA1), 3234 nt, is the

longest of the three molecules making up the genome of the BMV virus

(27); ‘‘Sting Star (Star),’’ 4628 nt, is a genetic fusion of RNA1 of the No-

damura virus (28) and the gene encoding the constitutively active form of

the STING protein (29); ‘‘B1B3,’’ 5317 nt, is a genetic fusion of BMV

RNA1 and BMV RNA3, with the 30 end of RNA1 fused to the 50 end of

RNA3 (30); ‘‘TMV,’’ 6395 nt, is the genome of the tobacco mosaic virus

(TMV) (31); and Sin FL is the full-length (FL) genome of the Sindbis vi-

rus (32). These RNAs were obtained by transcription, respectively, of the

linear plasmids pT7B1 (B1), Nod1-STING* (Star), pRDCT7B1B3

(B1B3), p30B (TMV), and pTE12 (Sin FL), using a MEGAscript T7 or

SP6 Transcription Kit (Thermo Fisher, USA), eluted in water, and frozen

at –80�C until use. The ssRNA lengths were corroborated by running a

0.8% agarose gel in TAE buffer (40 mM Tris-HCl, pH 8, 20 mM acetic

acid, 1 mM EDTA).

The appearance of a second band in the transcription mix of B1B3

necessitated additional purification. It was loaded into the central wells

of 0.8% agarose gel, flanked on either side by aliquots that were stained

with ethidium bromide. Using the labeled RNA bands as a ruler, the un-

stained RNA was excised from the gel and extracted from the excised

slice by electroelution into a dialysis bag. The extracted RNA was

then washed five times in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM

EDTA) using a 100-kDa Amicon Ultra-0.5 centrifugal filter spun at

7000 g at 4�C for 10 min, with each spin involving a �10-fold change

in volume, resulting in a buffer/solute exchange of �100,000-fold.

Spermine was obtained from Sigma (Sigma, USA). To ensure the repro-

ducibility of the measurements, aliquots were prepared by dissolving sper-
3470 Biophysical Journal 122, 3469–3475, September 5, 2023
mine in degassed water at a concentration of 0.1 mg/mL, which were then

purged with argon and stored at �80�C for no longer than a month.
Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed with a Mal-

vern Zetasizer Nano ZN (Malvern Panalytical, UK) at 25�C using 40 mL

cuvettes. RNA molecules were ‘‘monomerized’’ by heating them to 90�C
at a rate of 1�C/s, holding the sample at 90�C for 1 s, and then slowly cool-

ing at a rate of 1�C/s. 500 ng of RNA was incubated in 10 mM Tris-HCl

buffer (pH 7.2, 10 mM), which had been degassed by bath sonication and

argon purging with different concentrations of spermine for 30 min at

4�C in a total volume of 50 mL (corresponding to an RNA concentration

of 0.01 mg/mL). Each data point is the mean of 100 measurements.
Analytical ultracentrifugation

Changes in sedimentation coefficient of B1B3 with spermine were

measured using an Optima XL-A analytical ultracentrifuge (AUC)

(Beckman-Coulter, USA). The concentration of the RNA in these exper-

iments was 0.008 mg/mL RNA, with a total of 400 mL of solution, to

maximize signal and to minimize the chance of RNA and spermine form-

ing multi-RNA aggregates. The buffer was 10 mM Tris-HCl (pH 7.5).

The centrifugation speed and time were adjusted in each run to account

for the change in sedimentation velocity of each RNA and spermine

sample.
Gel electrophoresis

Gel electrophoresis experiments were performed in an electrophoresis tank

Owl EasyCast B1A Mini Gel Electrophoresis Systems (Thermo Fisher,

USA), using 0.8% agarose in TAE (40 mM Tris-HCl, pH 8, 20 mM acetic

acid, 1 mM EDTA). The control consisted of RNA fully denatured by heat-

ing to 65�C for 10 min and then mixed with 2X RNA Gel Loading dye and

cooled to 4�C. Samples containing spermine were thermally denatured

(90�C for 1 s, then slowly cooled at a rate of 1 �C/s) and incubated with

spermine at each of several spermine/RNA charge ratios. More explicitly,

1.5 mg RNA was mixed with spermine and incubated at 4�C for 30 min,

with cationic/anionic charge ratios of 0, 0.01, 0.025, 0.05, 0.075, 0.10,

0.25, 0.50, 0.75, 1.0, and 2.0. The final sample volumes were 20 mL.

They were prestained with 2 mL 200X GelRed, and the gel electrophoresis

was performed at 100 V for 1.5 h.
RESULTS

Hydrodynamic diameters of ssRNA, ranging
in length from 3000 to 12,000 nt, decrease
‘‘continuously’’ upon increase of spermine
concentration

Fig. 1 A shows intensity-weighted size distributions
measured by DLS for B1 RNA (3234 nt), for each of six
different spermine/RNA charge ratios, increasing from
0 to 1.5. The 15–20 nm width of each size distribution
does not arise from polydispersity in the length of the
RNA molecules but rather from the polydispersity
(ensemble) of secondary/tertiary structures associated with
any long ssRNA molecule (21–26). The presence of only
a single peak in each of the distributions reflects the fact
that for each spermine/RNA charge ratio over this broad



FIGURE 1 DLS-measured size distributions for each of several increasing spermine/RNA charge ratios, ranging from 0 to 1.5, for B1 RNA (3234 nt)

(see 1A), Sting Star RNA (4268 nt) (1B), and TMV RNA (6395 nt) (1C), and from 0 to 1 for Sin FL RNA (11703nt) (1D). Each data point is the average

of 100 measurements, and ten data points were taken for each RNA at each charge ratio and are plotted here as their triplicate average, with bars representing

standard deviations. To see this figure in color, go online.

Continuous ssRNA compaction
range there do not arise two different, coexisting, ensembles
of RNA conformations. Exactly the same behavior is seen
for three additional lengths and sequences of ssRNA (see
Fig. 1 B–D), and in each case, the widths of the size distri-
butions are seen to decrease with increasing spermine/RNA
charge ratio. The fact that the size distributions remain un-
imodal for all charge ratios, for each of the several different
molecules, and that the most probable/average size de-
creases continuously with increasing charge ratio, reflects
the absence of a first-order condensation transition. This is
in qualitative contrast to the situation for long dsDNA,
where (see below) distinctly ‘‘bimodal’’ size distributions
are observed for intermediate values of the cationic/anionic
charge ratio, corresponding to a two-state coexistence
involving uncondensed and compacted dsDNA.

DLS measurements of RNA size distributions like those
reported in Fig. 1 for spermine/RNA (cationic/anionic)
charge ratios of 0, 0.25, 0.5, 0.75, 1.0, and 1.5 were also
performed at the higher values of 2.0, 2.5, and 3.0. Fig. 2
shows a plot of the corresponding mean sizes (the average
hydrodynamic diameters) as a function of charge ratio over
the extended range 0–3, for the B1, Star, TMV, and Sin FL
RNA molecules. From these DLS measurements, we see a
continuous compaction of the ssRNA, up to about a 2:1 ra-
tio, after which the curve begins to level off. At still larger
values of the charge ratio, the average size appears to begin
to increase, and this is because of the onset of contributions
from aggregates of the RNA molecules. The onset of inter-
molecular interactions—and, specifically, aggregation of
RNA—at higher spermine concentrations is also seen in
gel electrophoresis analyses of these RNA molecules
(Fig. S1). More explicitly, for spermine/RNA charge ratios
smaller than 1.5, the RNA runs as a unique distinct band in
an agarose gel, whereas for higher values of the charge ra-
tio, a significant fraction remains in the well. This is
because the electrophoretic gel mobility, while inversely
proportional to RNA size, is dependent on—directly pro-
portional to—the effective ‘‘charge’’ on the molecules,
which decreases with spermine concentration. Accordingly,
these two effects of the spermine counter one another so
that there is little change in electrophoretic mobility with
increasing spermine (see Fig. S1), until aggregation sets
in and most of the RNA remains in the well. Note from
Fig. 2 that the sizes of all four molecules (except for the
Biophysical Journal 122, 3469–3475, September 5, 2023 3471



FIGURE 2 DLS-determined hydrodynamic diameters versus the sper-

mine/RNA charge ratio, for B1 (�3200 nt), Star (�4600 nt), TMV

(�6400 nt), and Sin FL (�11,700 nt) RNA compacted in TE buffer at

25�C. The RNA concentrations are 10 nM. Each data point is the average

of 100 measurements, and three data points were taken for each RNA at

each charge ratio and are plotted here as their triplicate average, with

bars representing standard deviations. To see this figure in color, go online.
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longest, Sin FL RNA) appear to level off to essentially the
same values at ratios larger than 1.5, corresponding to
hydrodynamic diameters of 35–40 nm; i.e., we are not
able to resolve the differences in their size expected by
the N1/3 behavior predicted for these compact molecules
(21–23,33).

The continuous decrease of hydrodynamic size upon in-
crease in polyvalent cation concentration is also observed
in analytical ultracentrifugation (AUC) experiments where
one measures sedimentation velocities normalized by the
centrifugal acceleration. Because the sedimentation velocity
S is inversely proportional to the hydrodynamic diameter,
we expect the compaction of RNA by spermine to appear
as an increase in S. This is seen in Fig. 3, where sedimenta-
FIGURE 3 Plot of sedimentation velocities, in units of Svedbergs

(1S ¼ 10� 13s), as a function of increasing spermine/RNA charge ratio,

for B1B3 RNA (�5300 nt long). To see this figure in color, go online.
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tion velocities for B1B3 RNA are plotted as a function of the
spermine/RNA charge ratio and where we have inverted the
vertical axis so that a continuous increase in its value can be
most easily compared with the continuous decrease in mo-
lecular size (here, again, the hydrodynamic diameter) shown
in Fig. 2; the maximum sedimentation velocity value corre-
sponds to the minimum size (maximally compacted) RNA.
Unlike the curve in Fig. 2, which shows a leveling off and
rise at high charge ratios, however, Fig. 3 shows a contin-
uous decrease. This difference can be attributed to the
lack of aggregation in the AUC studies, which can be carried
out at a thousand times lower RNA concentration.
Hydrodynamic diameters of dsDNA decrease
‘‘discontinuously’’ upon increase of spermine
concentration

Significantly, the above behavior of ssRNA is qualitatively
in contrast with what is observed when dsDNA is incubated
with successively higher concentrations of spermine, corre-
sponding to the same range of cationic/anionic charge ra-
tios. This is seen in Fig. 4, for the case of 48.5-kbp-long
dsDNA from bacteriophage lambda.

Here it is clear that for a range of spermine concentrations
corresponding to charge ratios greater than 0.3 and less than
1, there are two distinctly different size distributions that
coexist with one another, consistent with the system under-
going a first-order condensation phase transition. For charge
ratios of 0 (i.e., no spermine, see red curve) and of 0.3 (pur-
ple curve), for example, the dsDNA sizes are unimodally
distributed with most probable hydrodynamic diameters of
�800 and 500 nm, respectively. On the other hand, for a
charge ratio of 0.5, the size distribution (orange) is bimodal
with ‘‘coexisting’’ most probable diameters of �400 and
50 nm. Similarly, for a charge ratio of 0.7 (blue curve), there
FIGURE 4 DLS-measured intensity-weighted size distributions of 48,500-

bp dsDNA, at a concentration of 1 nM, for each of several spermine/

DNA charge ratios, ranging from 0 to 1.0. Each data point is the average of

100 measurements, and ten data points were taken for each RNA at each

charge ratio and are plotted here as their triplicate average,with bars represent-

ing standard deviations. To see this figure in color, go online.



Continuous ssRNA compaction
are two sizes, corresponding to� 350 and 100 nm: the prop-
erties of the two states of the molecule are beginning to
approach one another; indeed, for still larger spermine con-
centrations, the system has returned to a one-phase region
(see green curve), with a single most probable size of
�100 nm. A similar progression from unimodal to bimodal
to unimodal dsDNA size distributions upon increase in sper-
mine concentration has been reported by Yoshikawa et al.
for the case of 166-kbp-long dsDNA from T4 bacterio-
phage, as measured by fluorescence microscopy (34). Addi-
tional DLS size-distribution progressions of this kind for
lambda dsDNA are included in Fig. S2. We also include
several electron microscope images (see Fig. S3) of toroi-
dally condensed DNAs each coexisting with a much larger
configuration of uncondensed DNA, for a spermine/dsDNA
charge ratio of 0.6. No corresponding coexistence between
condensed and uncondensed states is observed for ssRNA:
instead, as shown in Fig. S4, the RNA simply becomes pro-
gressively and continuously compacted as spermine concen-
tration is increased.
DISCUSSION

We have presented data—from DLS (diffusion coefficient),
analytical ultracentrifugation (sedimentation velocity), and
agarose gel electrophoresis (mobility) measurements—that
contrast the way in which thousands-of-nucleotides-long
ssRNA and thousands-of-basepairs-long dsDNA are com-
pacted by increasing concentrations of polyvalent cations
(spermine), and we have shown that for ssRNA, the compac-
tion is continuous, whereas for dsDNA, it is strongly discon-
tinuous. This can be viewed in the context of the general
theory of polymer collapse, according to which the compac-
tion is continuous for linear chains and discontinuous for
sufficiently stiff ones (35). Note that the persistence length
of ssRNA is 1–2 nm, whereas it is as large as 50 nm for
dsDNA (36). Branching, such as that associated with sec-
ondary structure formation in ssRNA, has been argued to
further ensure the continuous nature of the transition (37).
As a high-molecular-weight charged biomolecule, long
dsDNA is basically just a stiff, linear polymer with its
size scaling as square root of the mass; long ssRNA, in
contrast, is flexible and effectively ‘‘branched’’—because
of its spontaneous self-complementary secondary struc-
ture—and hence significantly more compact, with its size
scaling as the cube root of its mass (21–23,33). In the
dsDNA case, the interaction between molecules or between
distant parts of the same molecule is essentially that be-
tween persistence-length (�150-bp) portions of the perfect
duplexes associated with their being formed from full-
length complementary strands. And a great deal of work
has been devoted to accounting for their self-attraction
that arises in the presence of polyvalent cations and that re-
sults in a first-order condensation of the system (1–12). In
the case of long ssRNA, on the other hand, about two-thirds
of the nucleotides are involved in long-distance base-pairing
due to self-complementarity of the molecule arising from
hydrogen-bonding ‘‘attractions’’ between nucleotides and
resulting in an effectively branched structure consisting of
many single-stranded loops from which emanate two, three,
or more base-paired duplex portions (21–23). Further, these
duplexes are typically no longer than 5–8 bp long and
accordingly are not expected to give rise to effective attrac-
tions in the presence of polyvalent cations (7,38).

Katz et al. (39) have reported that potentials of mean
force between short double-stranded RNAs �25 bp in
length remain repulsive as a function of increasing con-
centration of polyvalent cations, in contrast to compara-
ble-length dsDNA interactions that become attractive,
attributing this qualitative difference to how cations are
differentially bound in the respective major and minor
grooves of the duplexes. Similarly, thermodynamic and op-
tical measurements have shown that three 280-bp homopol-
ymer dsDNAmixtures—polyIþ polyC, polyCþ polyG and
polyA þ polyU—are condensed discontinuously by poly-
amines (40). It would be interesting to look for condensation
of sufficiently long (greater than many hundred basepairs)
double-stranded RNA upon increase in polyvalent cation
concentration, which we expect to undergo a discontinuous
compaction, and to show that long single-stranded DNA is
compacted continuously, as we have shown here to be the
case of ssRNA. We note that Ruiz-Garcia et al. (41) have re-
ported AFM studies of toroidal (‘‘nanoring’’) condensates of
ssRNA on mica surfaces in polyvalent cation aqueous solu-
tions, but here the interactions of the RNA molecules with
the negatively charged solid surface surely play a dominant
role in the nature of the compaction transition. Clearly
much work remains to be done to connect these related phe-
nomena and to further elucidate the nature of the effects
of polyvalent cations on different lengths of single- and
double-stranded RNA and DNA.

In order to contrast the continuous compaction of long
ssRNA with the well-studied discontinuous condensation
of dsDNA we have confined ourselves in the present work
to the role of tetravalent spermine—explicitly not including
the physiologically relevant divalent magnesium. And we
have chosen not only a large range of lengths of long
RNAs (from �3000 to �12,000 nt) but also a large range
of viral sequences, each with its very different evolutionary
pressures relating to size and shape. ‘‘B1’’ RNA is an
�3200-nt gene of the multipartite plant virus BMV that is
spontaneously packaged into an �28-nm spherical capsid
(23), whereas ‘‘SIN FL’’ is the whole, single-molecule,
�11,700-nt genome of the mammalian virus Sindbis that
is spontaneously packaged into an �40-nm spherical capsid
(42). In both cases, the RNA secondary/tertiary structures
ensure that the molecule will be sufficiently compact to be
packaged into its spherical shell by its capsid protein,
without the expenditure of any work. In addition, by design,
one of the intermediate-length RNAs we have chosen to
Biophysical Journal 122, 3469–3475, September 5, 2023 3473
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work with is the �6400-nt single-molecule genome of
TMV, which has no evolutionary pressure on it to be
compact. This is because it is spontaneously packaged
into a cylindrical capsid whose length is directly propor-
tional to its nucleotide length—and in a way that involves
all secondary structure of the RNA being dismantled in
the self-assembly process (43). Consistent with this fact,
the TMV genome is significantly less compact than the
comparable-length RNA genomes of spherical viruses
(21). And yet the continuous compaction—versus discontin-
uous condensation—effect of spermine on the overall 3D
size of the equilibrated RNAs is the same in all cases.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2023.07.022.
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