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ABSTRACT Long RNA molecules are at the core of gene regulation across all kingdoms of life, while also serving as genomes
in RNA viruses. Few studies have addressed the basic physical properties of long single-stranded RNAs. Long RNAs with non-
repeating sequences usually adopt highly ramified secondary structures and are better described as branched polymers. To test
whether a branched polymer model can estimate the overall sizes of large RNAs, we employed fluorescence correlation spec-
troscopy to examine the hydrodynamic radii of a broad spectrum of biologically important RNAs, ranging from viral genomes to
long noncoding regulatory RNAs. The relative sizes of long RNAs measured at low ionic strength correspond well to those pre-
dicted by two theoretical approaches that treat the effective branching associated with secondary structure formation—one
employing the Kramers theorem for calculating radii of gyration, and the other featuring the metric of maximum ladder distance.
Upon addition of multivalent cations, most RNAs are found to be compacted as compared with their original, low ionic-strength
sizes. These results suggest that sizes of long RNA molecules are determined by the branching pattern of their secondary struc-
tures. We also experimentally validate the proposed computational approaches for estimating hydrodynamic radii of single-
stranded RNAs, which use generic RNA structure prediction tools and thus can be universally applied to a wide range of

long RNAs.

INTRODUCTION

The discovery of ribozymes, RNA interference, and ri-
boswitches brought RNA to the forefront of molecular
biology by demonstrating that these molecules are ubig-
uitously involved in a wide range of cellular processes
(1-4). Genome sequencing and high-throughput expression
profiling have recently revealed novel long noncoding (Inc)
RNAs, some of which are thousands of nucleotides long
and are known to play important regulatory functions
(5,6). For example, Xist IncRNA is a 17 kb-long transcript
responsible for silencing one of the homologous pair of
X chromosomes during mammalian development (7,8).
Others, such as HOTAIR and NRON, are important regula-
tors of gene expression (9-11) linked to diverse human
diseases (12). Furthermore, a vast number of important
pathogenic viruses including HIV, SARS coronavirus,
poliovirus, Dengue fever virus, and many others utilize
long RNAs as genetic material, which also play structural
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roles during virus assembly and genome packaging
(13-20). Previous studies have established the importance
of local secondary and three-dimensional structure in the
biological function of RNA (21,22). However, the effects
of the secondary structure on the large-scale properties
(e.g., size) of long RNAs remain poorly understood, even
while its importance for virus assembly has been demon-
strated (13-20).

Several models have been developed to describe
properties of double-stranded (ds) and single-stranded
(ss) homopolymeric nucleic acids, both of which behave
as linear polymers. Coarse-grained properties of long
dsRNAs are well described by semiflexible polymer
models such as the wormlike chain (23), which only
take into account the overall contour length and average
persistence length, the latter being weakly dependent
on sequence or base composition. Similarly, the freely
jointed chain model describes the conformational
behavior of the more flexible single-stranded homo-
polymers (24,25). These models yield simple scaling
laws, which relate the contour length (/) or a degree of
polymerization (N, number of nucleotides) to the overall
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size, e.g., radius of gyration (R,) or hydrodynamic
radius (R,):

R, ~R, ~b'"™ x ' ~N". (1)

Here v is a scaling exponent that depends on the polymer
chain model (e.g., v = 0.5 for an ideal Gaussian chain,
v = 0.59 for a self-avoiding chain, and v ~ 1 for a stiff poly-
electrolyte at low ionic strength), and b represents an effec-
tive segment length that is related to the persistence length
(l,) and describes polymer flexibility. Highly structured
RNAs are described by a collapsed polymer chain model
with v close to 0.33, also applicable to other compact bio-
polymers such as globular proteins (26,27).

In contrast, due to extensive intramolecular basepairing
arising from Watson-Crick complementarity of nucleotides
separated by long distances along the chain contour, long
ssRNAs fold into effectively branched structures with short
duplex regions emanating from single-stranded loops (28)
(Fig. 1). Furthermore, given the plethora of possible base-
pairing scenarios, thermally equilibrated long RNAs are ex-
pected to display a large number of secondary structures in
solution. Notable exceptions are RNAs in large ribonucleo-
protein complexes such as in ribosomes (29) or virus capsids
(15,30-35). This view is supported by recent experiments
confirming that protein-free viral genomic RNAs adopt an
ensemble of branched conformations (28), which are further
compacted upon viral assembly (14,20,36,37). Hence, se-
lecting out a unique (native) or representative conformation
is less appropriate and useful than averaging over a statisti-
cal (thermal) ensemble of secondary structures, for obtain-
ing a reasonable estimate of the overall RNA size.

Here we examine the sizes (hydrodynamic radii, R;,) of a
wide range of biologically relevant long RNA molecules at
low nanomolar concentration using fluorescence correlation
spectroscopy (FCS). The sizes compare well with those pre-
dicted by two ensemble averaging methods that take into ac-
count the sequence-dependent effective branching of long
RNAs. Furthermore, this correlation holds even in the pres-
ence of polyvalent cations that enhance tertiary interactions
and result in measurable compaction of RNAs, suggesting
that these polymer theory-based methods can successfully
predict sizes of long RNA molecules under a variety of con-
ditions. Both methods are based on generic RNA structure
prediction algorithms and, accordingly, would be widely
applicable to other long RNAs with known sequences.

MATERIALS AND METHODS

DNA constructs used for transcribing long RNAs

MS2 phage RNA as well as the 3’ and 5'-end fragments of MS2 phage
RNAs were transcribed as described in Borodavka et al. (36). The template
for transcription of RpoB RNA was produced by cloning part of the open
reading frame of Escherichia coli RNA polymerase B subunit gene
(rpoB), as described in Borodavka et al. (14). The Xenopus laevis mRNA
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was produced by transcribing a plasmid pTRI-Xef, containing the
1.89-kbp elongation factor 1-« gene from X. laevis (Ambion/Thermo Fisher
Scientific, Carlsbad, CA).

The TCV_pSMART_HC"™ construct (Table S2 in the Supporting Ma-
terial) was produced by PCR amplifying the full-length TCV ¢cDNA using
primers TCV_F1 and TCV_R1 R2 (Table S1) and a pBIN61-based vector,
encompassing the full-length TCV cDNA, as a template. pPBIN61-TCV
plasmid was a gift from Professor George Lomonossoff (John Innes Centre,
Norwich, UK). The resulting PCR product was then amplified using
5’-phosphorylated primers TCV_F2 and TCV_R2 (Table S1) to add a T7
promoter sequence to the 5'-end and an Xhol restriction site to the
3'-end. Further PCR product purification and cloning into pPSMART HCA™
vector were performed the same way as described above for the other DNA
templates. Templates for transcription of 16S rRNA and 23S rRNA
(16STRNA_ pSMART_HCA™ and 23SrRNA_ pSMART_HCA™) were
produced by cloning the corresponding genes using genomic DNA
extracted from E. coli BL21 cells. The primer pairs 16S_F1/16S_R1 and
23S_F1/23S_R1 (Table S1) were designed to amplify region 483879-
485408 (16S ribosomal RNA, GenBank: CP001665.1) and region
228583-231490 (23S ribosomal RNA, GenBank: AM946981.2) of the
BL21 DE3 E. coli genome. The resulting PCR products corresponding to
the 16S and 23R rRNA-coding regions were used as templates for a second
round of PCR amplification using 5'-phosphorylated primers 16S_F2/
16S_R2 and 23S_F2/23S_R2 (Table S1), respectively. This amplification
resulted in incorporation of T7 promoter sequences at the 5'-ends of both
PCR products and Dral (16S rRNA DNA) and HindIII (23S tRNA DNA)
restriction sites at their respective 3'-ends. Further PCR product purification
via agarose gel electrophoresis and subsequent cloning into a pSMART
HC"™ vector were performed as described above for other DNA templates.
The resulting DNA constructs for in vitro transcription of 16S and 23S
rRNAs are 16STRNA_pSMART HC*™ and 23SrRNA_pSMART HCA™
(Table S2).

DNA template LZRS-HOTAIR (12) encompassing a 2146-nt long human
HOTAIR IncRNA sequence (deposited by Professor Howard Chang, Ho-
ward Hughes Medical Institute, Stanford University, Stanford, CA) was ob-
tained from the AddGene depository. Primers HotAir_F1 and HotAir_R1
(Table S1) were used to amplify a DNA region, corresponding to the human
HOTAIR IncRNA using Q5 high-fidelity DNA polymerase (New England
Biolabs, Ipswich, MA), as described above. The resulting PCR product
was used as a template in a second amplification with 5'-phosphorylated
primers HotAir_F2 and HotAir_R2 (Table S1), which resulted in addition
of T7 promoter sequence at the 5'-end and an EcoRV restriction site at
the 3/-end. The obtained PCR product was agarose gel-purified and used
for a subsequent ligation into a pSMART HC”™ vector as described above,
following the manufacturer protocols. The XL1 Blue competent cells (Agi-
lent Technologies, Santa Clara, CA) were used for transformation with the
ligated products, the resulting transformants were PCR-screened, and the
positive clones were verified by DNA sequencing. The resulting construct
HOTAIR_pSMART HC”™ (Table S2) was used for in vitro transcription
of the human HOTAIR IncRNA.

c¢DNA for IncRNA NRON was produced by reverse-transcribing phenol-
chloroform extracted total RNA from HEK 293 cells using Superscript 111
Reverse Transcriptase and random hexamer oligonucleotide primers (Invi-
trogen, Carlsbad, CA), following the manufacturer’s protocol. Primers
NRON_F and NRON_R (Table S1) were used to amplify the resulting
cDNA using Q5 high-fidelity DNA polymerase. The resulting PCR product
was agarose gel-purified and used for a subsequent ligation into a pJET1.2
vector using a CloneJET PCR Cloning Kit (Thermo Fisher Scientific,
formerly Fermentas), following the manufacturer protocol. The XLI1
Blue-competent cells were transformed with the resulting ligated products.
The transformants were csPCR-screened and the positive plasmid clones
were verified by DNA sequencing. The resulting DNA construct NRON_
pJET1.2A™ (Table S2) was used for in vitro transcription of the human
NRON IncRNA.

Several DNA constructs for in vitro transcription were generously pro-
vided upon request by various research groups. The DNA template for
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production of the STNV-C genomic RNA was a gift from Dr. Robert
Coutts (38). DNA construct HCV JFH1/Luc SGR was a gift from Profes-
sor Mark Harris (University of Leeds, Leeds, UK). DNA constructs
pUCI9T7RFsl and pUCI9T7RFs11 were a gift from Dr. Ulrich Dessel-
berger (39) (University of Cambridge, Cambridge, UK). DNA constructs
pF2100 and P2BS WT were donated by Professor Anette Schneemann
(The Scripps Research Institute, La Jolla, CA). DNA constructs

online.

pT7riboBUN-S and BUNVL were a gift from Dr. John Barr (University
of Leeds). All DNA constructs with their respective linearization restriction
enzymes, used for in vitro transcription of long RNAs, are summarized
in Table S2. The scrambled s11 sequence was synthesized as a gene
block DNA and inserted into a pUC19 vector under control of a T7 pro-
moter. Sequences and base compositions are summarized in the Supporting
Material.
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Transcription and fluorescent labeling of ssRNAs

In vitro transcription reactions were carried out using a T7 RNA transcrip-
tion kit (HiScribe T7 or T3 High Yield; New England Biolabs) following
the manufacturer’s protocol. RNAs were purified using RNeasy mini
kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol,
except for the fluorescently labeled RNAs. In those samples the RNA-
loaded column was washed four times with 80% (v/v) ethanol before
elution with 30 uL of sterile nuclease-free water. MS2-derived RNAs
were 3’-end labeled while all others were 5'-end amine-modified RNAs
produced by incorporation of amino-GMP and fluorescently labeled
as described in Borodavka et al. (14). All RNA samples were routinely
examined on denaturing formaldehyde agarose gels to ensure their integrity.
Every precaution was taken to avoid contamination with RNases, and
RNA samples were kept as 10 uL aliquots at —80°C to minimize
degradation.

FCS data collection and analysis

FCS measurements were performed on a custom-built FCS confocal setup.
The excitation laser (Sapphire CW blue laser, 488 nm; Coherent, Bloom-
field, CT) power was set to 65 uW. The immersion oil objective (63x
magnification, numerical aperture of 1.4; Carl Zeiss, Jena, Germany) was
used together with low autofluorescence immersion oil (refractive index
1.515, type DF; Cargille-Sacher Laboratories, Cedar Grove, NJ). The focus
position was adjusted to 20 um from the coverslip inner surface and pre-
cisely maintained by a piezoelectric feedback loop (Piezosystem, Jena, Ger-
many). The photon count was recorded and analyzed by an ALV-5000
multiple tau digital correlator (www.alvgmbh.de) used in a single channel
mode. Multiple runs of up to 100 autocorrelation functions with acquisition
scan time of 30 s each were recorded for each of the samples using ALV-
correlator software (ALV-5000/E/EPP, Ver. 3.0). Calibration of the confocal
volume was performed by measuring the diffusion time of AF488-SDP dye
(1 nM in RNA measurement buffer) before each data set collection. FCS
data were analyzed by nonlinear least-squares fitting with a single-compo-
nent diffusion model autocorrelation function corrected for the triplet state
(14) using MATLAB (The MathWorks, Natick, MA). Calculation of R;,
was based on the measured diffusion time value for AF488 dye and the es-
tablished diffusion coefficient for a free dye using the Einstein-Stokes
relationship.

RNA measurements were performed with 0.5-2 nM RNA in RNase-free
20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 10 mM KOH
buffer, pH 7.0 with 1 mM dithiothreitol at 25°C. RNA condensation exper-
iments were performed in the presence of divalent (10 mM MgCl,, Mg”)
and trivalent (I mM spermidine chloride, Sp3+) cations, added to the
0.5-2 nM RNA samples before FCS measurements.

Theory

To account for the conformational statistics associated with an ensemble of
secondary structures, it is useful (28,40—43) to represent the RNA secondary
structure as a tree graph (44), i.e., a collection of points (vertices) each of
which is connected by a line (bond) to at least one other point, without
any closed paths. Fig. | illustrates this mapping for a simple case: here
duplexes are treated as rigid bonds of the same length—tree edges, and sin-
gle-stranded flexible loops are treated as tree vertices. Hairpin loops are
vertices of order one; loops, including bulges, connecting two duplexes are
twofold vertices; and loops from which three or more duplexes emanate
are branched vertices (see Fig. 1 A). To calculate the size of the resulting
branched polymer (Fig. 1 B), two approaches can be used. The first method
makes use of the Kramers theorem (41,45.46) to directly calculate R, from
the tree topology. In the second method, the size is determined by identifying
the longest chain of edges found within the tree—defined as the maximum
ladder distance (MLD, Fig. | A) (42,43)—and the branched tree is replaced
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by a linear chain with effective contour length (Ng) proportional to the
MLD. Treating the resulting linear polymer as an ideal chain then gives

12

R, = (b°N/6) )

Here the segment length b corresponds to the average length of a duplex
(=5 bp) (17,28,47) and N.g is the number of duplexes along the MLD,
which is N = MLD/b. Thus,

R, = (MLD/6b)"* ~ (MLD)'"” 3)

in bp units (42,46). The MLD is estimated from RNA secondary structure
predictions and can be further refined using structure probing experiments
(21). Because there is heterogeneity among the many structures whose
energies lie within a thermally available range (kg7), we use the Boltz-
mann-averaged MLD (denoted (MLD)), derived from an ensemble of
RNA structures generated by prediction algorithms implemented in
RNAfold (48). Earlier theoretical analyses have shown that while even
the most sophisticated and accurate basepairing programs begin to fail
for long RNAs like those treated here, the relative values of their (MLD)
and R, can still be meaningfully estimated (41,42).

Size computations

Average (MLD) values were computed from the 100 lowest-energy second-
ary structures (42) generated using the Vienna package (48). Relative values
of R, were estimated using (see Eq. 3) the relationship R, ~ ({MLD))I/ 2,
Each tree graph representation was derived from a dot-bracket representa-
tion of the secondary structure (see the Vienna RNA web server manual
at http://rna.tbi.univie.ac.at/help.html). The R, was calculated from the
tree graph by treating the vertices as perfectly flexible joints and the edges
as rigid phantom bonds (i.e., as an ideal branched polymer), and using the
Kramers theorem (46). More explicitly, the R, of a branched polymer (tree
graph) was calculated by

R = (b /L) SL ()L — Li()), )

where the overbar denotes an average over all conformations of the ideal
branched polymer. The sum in Eq. 4 is evaluated by summing over all
L bonds the product of L;(j) and L-L;(j), the numbers of vertices on either
side of the jth bond (see Fig. 1 B). The square root of Eq. 4 yields the radius
of gyration of the tree graph (i.e., kg = Rz). We then averaged R ¢ over
the tree graphs we generated from the secondary structures, which for
simplicity we refer to as the R, (i.e., R, = (IAQg>). The predicted R, values
are reported in units of the average duplex length b.

RESULTS AND DISCUSSION

Due to their large sizes and high conformational flexibility,
little is known about the structural organization and physical
properties of long RNAs. Some of them, such as viral
positive-sense ssSRNA genomes, adopt compact conforma-
tions as part of their function and facilitate packaging into
the confined space of icosahedral viral capsids (17). Like-
wise, several IncRNAs, including HOTAIR and SRA, as-
sume well-defined conformations with separate domains,
capable of folding into compact structures upon addition
of divalent cations (49,50). These independent domains
interact with their binding partners via evolutionarily
conserved protein-binding motifs (49). To better understand
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the architecture of long RNA molecules, e.g., their overall
compactness or extendedness, we explore the relation be-
tween predicted sizes, using either the MLD or R, obtained
from Kramers theorem, respectively, and the experimentally
determined hydrodynamic radii (R,) for long RNAs, ranging
from 600 to >9000 nucleotides in length.

We have examined a wide range of biologically relevant
RNAs, including messenger, long noncoding, viral, and ri-
bosomal RNAs. To minimize nonspecific intermolecular in-
teractions between RNA molecules, we employ extremely
dilute solutions (low nanomolar concentrations) and low
ionic strength (i.e., good solvent conditions for charged
polymers), and measure sizes of RNA molecules by FCS.
In contrast to other ensemble solution techniques (small-
angle x-ray and light scattering, and analytical centri-
fugation), the dilute conditions minimize aggregation due
to intermolecular basepairing, which has previously been
shown to result in an overestimation of sizes (51). Further-
more, we have also used FCS to examine compaction of in-
dividual RNA molecules in response to biologically relevant
divalent (Mg>") and trivalent (spermidine, Sp>") cations.

Sizing Long RNA Molecules in Solutions

The latter conditions promote formation of tertiary struc-
tures (52,53).

Table 1 summarizes calculated (MLD) values and
measured hydrodynamic radii for a range of long RNA
molecules examined by FCS. Due to the low RNA concen-
trations and ionic strength conditions used here (notably
nonphysiological, by design), aggregation and tertiary struc-
ture formation are unlikely, so that the effects of branching
due to secondary structure can be accentuated and be probed
directly under close-to-isolated molecule (infinite-dilution)
conditions. We note that while the measured R, broadly in-
creases with the length, the rise significantly deviates from
the monotonic behavior expected for the simple scaling
laws (Eq. 1, Fig. 2 A). This result suggests that linear poly-
mer scaling laws (Eq. 1) are not appropriate to describe long
ssSRNA, which is an effectively branched polymer. Instead,
essential coarse-grained features of their sequences need
to be taken into account.

To account for sequence variations, basepairing, and the
resulting branching, we estimate branching patterns using
the output of secondary structure algorithms (RNAfold)

TABLE 1 Hydrodynamic Radii Measured by FCS and Average Computed MLDs
Length R;, Low (MLD)
Number RNA* Class” (kb) % BasePaired®  Salt™® (nm) R, Mg>" (nm)>' R;, Sp>* (nm)“¢ (rungs)" R, (au.)
1 RV sl1 ds 0.67 58 82 = 1.1 11.2 = 35 7 = 1.6 quenching® 114 £ 6 2.10
9.6 £2)

2 RV s11 scrambled ds 0.67 56 65 + 14 — — 83 + 6 2.1
3 BunVS ss 0.96 65 10.0 = 1.6 72 + 21 8 +33 134 = 11 223
4 STNV ss 1.2 62 11.7 £ 1.0 85+ 1.7 9 +2 154 = 7 2.39
5 FHV2 ss 1.4 62 119 = 2.0 94 + 26 83 2 176 + 24 2.76
6 Ef2 m 1.8 60 8.8 + 14 94 + 1.6 9.7 = 1.6 184 + 14 3.12
7 16S rRNA r 1.55 64 17.5 = 4.0 14 = 4.8 quenching® 149 + 26 2.56
8 HOTAIR Inc 2.4 61 162 = 2.0 125 = 24 134 = 47 264 = 19 3.39
9 5'-MS2 ss 2.5 69 10.7 = 1.2 9.8 = 0.6 103 = 1.7 167 £ 17 2.74
10 3'-MS2 ss 2.6 69 13.8 £ 1.3 10.8 = 0.8 105 = 1 159 =9 2.68
11 NRON Inc 2.6 58 17.6 = 2.7 153 +3 13.7 £ 2.6 212 £ 11 3.14
12 23S rRNA r 29 63 142 =25 11.3 =22 quenching® 252 + 24 3.25
13 FHV 1 ss 3.1 62 15.6 £ 2.0 11.7 £ 43 9.6 = 34 224 + 13 3.12
14 RV sl ds 33 58 184 = 34 153 =22 18.1 = 9 aggregation® 319 + 24 3.66
15 MS2 Ss 3.6 69 123 = 0.6 113 + 1.7 92 + 1 188 + 18 2.92
16 RpoB m 3.6 64 183 + 2.7 12 +12 10.6 = 2 289 + 20 3.69
17 TCV ss 4.5 63 16.5 = 1.7 147 = 45 124 = 45 341 + 21 3.85
18 BunV L ss 6.9 59 147 £ 24 11.7 = 1.8 125 =2 375 £ 17 4.03
19 HCV ss 8.9 64 33.1 £53 20.1 = 2.6 18.8 = 2.8 567 = 43 4.81

“RV sl and s11, human Rotavirus segment 1 and 11 precursors (single-stranded); BunVS and BunVL-Bunyamwera virus, small and large segment precur-
sors, respectively (single-stranded); STNV, Satellite Tobacco Necrosis Virus genomic RNA; FHV1 and FHV2, Flock House Virus RNA1 and 2; Ef2 mRNA,
X. laevis Ef2 gene transcript; 5'-MS2- 5" end of MS2 phage genomic RNA (nucleotides 1-2469); 3'-MS2- 3’ end of MS2 phage genomic RNA (nucleotides
992-3569); TCV, Turnip Crinkle Virus genomic RNA; and HCV, Hepatitis C Virus genomic RNA.

bds, single-stranded precursors of dsRNA viral genomes; ss, genomes of ssRNA viruses; m, cellular mRNA; r, ribosomal RNA; and Inc, long noncoding RNA.
“Percentage of basepairing averaged over 100 predictions.

9Measured in 20 mM MOPS-K ™, pH 7.

“The values are reported as average + SD computed from at least 10 measurements. Long RNA molecules were transcribed and 5 (or 3'; see Materials and
Methods) end-labeled with Alexa Fluor 488 (Thermo Fisher Scientific), purified and subsequently checked for integrity by denaturing agarose gel electro-
phoresis (Fig. S1). In a few cases, quenching or aggregation affected or prevented determination of the diffusion correlation time.

"Measured in 10 mM MgCl, in 20 mM MOPS-K™, pH 7.

£Measured in 1 mM spermidine in 20 mM MOPS-K*, pH 7.

"Computed by averaging over 100 predictions (* SD).

iComputed using Kramers theorem.
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FIGURE 2 (A) Measured R;, as a function of nucleotide length (in kb).
Numbering of RNAs is according to their increasing length (Table 1) and
coloring is according to the class (black, single-stranded precursors of
dsRNA viral genomes; red, genomes of ssSRNA viruses; blue, cellular
mRNAs; green, ribosomal RNA; and cyan, long noncoding RNAs. Lines
and curves represent best fits to different linear polymer models: charged
(red, Eq. 1, v = 1, reduced xz = 35.85), simple Gaussian coil (blue,
Eq. 1, » = 0.5, reduced x> = 13.37), and a self-avoiding coil (green,
Eq. 1, v = 0.59, reduced Xz = 14.85). (B) Correlation between R;, and R,
predicted from (MLD) (in bp units); solid line is the best fit with reduced
XZ = 11.28. (C) Correlation between R;, and R, predicted from Kramers
theorem (in units of the average segment length, a.u.); solid line is the
best fit with reduced x* = 12.74. RNA color coding and numbering is
the same as in (A). Error bars were omitted for clarity; see Table 1 for stan-
dard deviations. To provide directly comparable reduced x> values, all
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and ensemble average over the low energy structures.
The measured hydrodynamic radii are in good agreement
with the theoretical estimates of the R, values based either
on the MLD (Fig. 2 B, Eq. 3) or the Kramers theorem
(Fig. 2 C). This result is consistent with most RNA mole-
cules adopting branched structures in which the MLD
largely determines the overall size (41,42). This is illus-
trated by comparing the maximum ladder path of rotavirus
segment 11 precursor (sl1, Fig. 1 C) with that of MS2
phage genomic RNA (Fig. | D). The experimentally deter-
mined secondary structure pattern of sll is significantly
less branched than that of the typical prediction for
MS2. Furthermore, this is reflected in the relatively large
MLD and hydrodynamic size of s11, comparable to that
of Ef2 mRNA, which is three times the length. This dem-
onstrates that the relatively simple MLD description can
capture the essence of coarse-grained RNA structure, and
yields quantitative predictions based on the RNA sequence
alone.

Further compaction of RNA molecules and the formation
of tertiary structure require di- and polyvalent cations
(Mg**, spermidine®", spermine*") and/or association with
RNA-binding proteins (54). As seen in Table 1, upon addi-
tion of divalent (10 mM Mg”) or trivalent cations (1 mM
spermidine, Sp3+), the measured R; decreases for most
RNAs, consistent with compaction driven by electrostatic
screening and neutralization. Fig. 3 compares R; before
and after the addition of multivalent cations. The R;, values
cluster along the line with the slope between 0.7 and 0.8,
indicating that on average the RNAs undergo a 20-25%
size compaction compared to their original R;. As a conse-
quence, the proportionality between R; and predicted size
holds for most of the RNAs even after addition of polyvalent
cations. However, there are few RNAs that either fail
to further compact (RV sl1 No. 1 and Ef2 mRNA No. 6
in Fig. 3, where the R;, change is insignificant at confidence
level 90%) or the compaction is more prominent in compar-
ison with other RNAs examined (HCV, No. 19 in Fig. 3,
where the R), differs significantly from the expected value
at confidence level 99%).

The quantitative relation between the experimental R,
and R, predicted either from (MLD) or the Kramers theorem
indicates that modeling the RNA as an ideal branched poly-
mer constitutes a good starting point for predicting the over-
all size of long RNAs. However, there are several notable
discrepancies between the predicted and measured sizes.
One limitation of our approach is that computational predic-
tions may yield an incorrect structure and hence an MLD
that differs from that of the experimentally determined sec-
ondary structure, as in the case of STMV RNA (21,55).
Such failures of the computational approach are more likely

fitting was performed using the same nonlinear Levenberg-Marquardt algo-
rithm in OriginPro (OriginLab, Northampton, MA). To see this figure in
color, go online.
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FIGURE 3 Hydrodynamic size reduction in the presence of Mg>" (A) or
spermidine Sp>* (B). Coloring and numbering scheme is as in Fig. 2. R;,
values that were compromised by either quenching or possible aggregation
(RV sl and s11 in Table 1) in the presence of multivalent cations were
omitted from the plot. Linear regression lines with slopes 0.77 * 0.03,
Pearson’s r = 0.89 for Mngr and 0.73 £ 0.04, and Pearson’s r = 0.87
for Sp>*, respectively, are shown. To see this figure in color, go online.

to occur when long RNA sequences are analyzed,
thus explaining the largest deviations observed for HCV
and BunV L (>5 kb), the longest RNAs examined here
(Fig. 2 B; Table 1) (17,28). This situation can be remedied
by estimating MLD from structure-probing data, which
should improve the accuracy of RNA size calculations.
This is demonstrated for s11 RNA for which the probing-
derived MLD.y, is slightly lower than the computed
average (MLD) (Fig. 1 C, compare (MLD) and MLD.,),
yielding a R, ~ 9.3 value that agrees better with the exper-
imental R; (i.e., point No. 1 would be closer to the trend
line in Fig. 2 B). On the other hand, when secondary struc-
ture determination (or prediction) is ambiguous, experi-
mental size measurements by FCS can be used for
selecting those structures with MLDs compatible with the
experimentally determined hydrodynamic radii. In addition
to the MLD prediction limitations, HCV RNA is com-
pacted twofold in the presence of multivalent ions, i.e.,
to a much higher degree than other RNAs examined here
(20-25% reduction), highlighting the importance of repul-
sive electrostatic interactions at low salt and formation of

Sizing Long RNA Molecules in Solutions

tertiary contacts stabilized by multivalent cations, not ac-
counted for in our approach.

Another case of underestimating the size is 16S rRNA,
which is predicted to be more compact than experimentally
observed (Fig. 2, B and C, No. 7, R, ~ 17.8 nm). This
discrepancy likely reflects the presence of distinct domains
within 16S rRNA that make the protein-free 16S rRNA rela-
tively large (measured R, ~11.4 nm). Only upon binding of
multiple ribosomal proteins does it undergoes gradual
compaction to its fully folded functional state (R, ~ 7 nm)
(56,57).

Ef2 mRNA is an example of overestimated size (Fig. 2,
No. 6) and in this case tertiary contacts involving long-
range interactions—not accounted for in our analysis—
may play important roles in maintaining its compactness.
The observed lack of further compaction of Ef2 mRNA in
the presence of multivalent cations is consistent with pre-
formed stable intramolecular contacts present in this RNA
(Fig. 3, No. 6; Table 1).

To further test the observed correlation between (MLD)
and the experimental hydrodynamic radius, we generated
a scrambled s11 RNA sequence, as described in Materials
and Methods. This disrupted as much as 25% of the original
base pairings in the experimentally probed secondary struc-
ture of s11 (see sequence in the Supporting Material), while
maintaining a similar level of basepairing (only 2% reduc-
tion of overall base pairing, Table 1). Analysis of the scram-
bled RNA sequence yields a reduction of (MLD) and is
reflected in a concomitant decrease (significant at 99%
confidence level) of experimentally measured R, (Table 1;
Fig. 2, RNA No. 2). In this case the native, original fold
of s11 RNA is an extended conformation while the scram-
bled sequence produces an ensemble of more branched
and hence more compact species, further demonstrating
the predictive power of the MLD approach. However, the
Kramers theorem approach fails to predict this reduction,
most likely due to assuming the same average phantom
bond length between vertices (compare to Fig. 1, A and B).

Overall, the observed differences in compactness and
extendedness of RNA molecules may reflect various biolog-
ical functions they perform. While MS2 phage genomic and
subgenomic ssRNAs (Nos. 9, 10, and 15 in Fig. 2 A) are
comparable in length to IncRNAs (Nos. 8 and 11) and the
protein-free ribosomal RNA (No. 12), they appear to be
smaller in size (see 2—4 kb region in Fig. 2 A). However,
the Ef2 mRNA transcript (No. 6) is yet even more compact
than the comparatively short viral RNAs (RNAs No. 4, 5,
and 13 in Fig. 2 A), suggesting that although there might
be evolutionary pressure on genomes of ssSRNA viruses to
fold into more compact structures (17), there is a number
of exceptions, including more extended viral RNAs (21)
and compact mRNAs. Moreover, relative size of viral
RNAs may also reflect replication strategies and genome
packaging mechanisms employed by viruses. For example,
viruses with segmented RNA genomes may preferentially
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utilize extended, less branched RNA conformations for their
segment precursors (s11 in Fig. 1 C) to minimize the forma-
tion of nonspecific intersegment RNA-RNA contacts, while
enabling formation of specific interactions facilitated by the
viral RNA chaperones (58).

Remarkably, despite significant differences in the archi-
tectures of various long RNAs, we find that their sizes (hy-
drodynamic radii) can be estimated using coarse-grained
theoretical predictions, even in the presence of multivalent
ions stabilizing tertiary contacts. Because the theoretical ap-
proaches used here treat exclusively the branching patterns
associated with the RNA secondary structures, our results
provide experimental evidence that the overall sizes of long
RNAs are determined predominantly by their secondary
structure branching patterns (17). The effects of di- and poly-
valent cations are more prominent for smaller RNAs, such
as riboswitches and ribozymes, which adopt compact and
unique tertiary structures in the presence of Mg>" (59) via
formation of specific tertiary contacts. Due to the heterogene-
ity of secondary structures in long RNAs, such specific con-
tacts would be harder to achieve, while also explaining why
long RNAs often require auxiliary proteins to guide their
folding into a unique structure. This feature of RNA is likely
to be the result of a limited repertoire of interactions offered
by the four nucleobases and points to a fundamental limita-
tion of RNA as a complex biopolymer when compared to
proteins. We find that even relatively simple theoretical
calculations based on ensembles of predicted secondary
structures and MLD averaging correlate well with the
experimental measurements for a diverse set of long RNA
molecules, allowing our approach to account for the sizes
and compactness of broad classes of ssSRNAs.
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One figure and two tables are available at http://www.biophysj.org/
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