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ABSTRACT

2′-5′-linked RNAs play important roles in many bio-
logical systems. In addition, the mixture of 2′-5′ and
3′-5′ phosphodiester bonds have emerged as a plau-
sible structural element in prebiotic RNAs. Toward
our mechanistic studies of RNA folding and struc-
tures with heterogeneous backbones, we recently re-
ported two crystal structures of a decamer RNA du-
plex containing two and six 2′-5′-linkages, showing
how RNA duplexes adjust the structures to accom-
modate these non-canonical linkages (Proc. Natl.
Acad. Sci. USA, 2014, 111, 3050–3055). Herein, we
present two additional high-resolution crystal struc-
tures of the same RNA duplex containing four and
eight 2′-5′-linkages at different positions, providing
new insights into the effects of these modifications
and a dynamic view of RNA structure changes with
increased numbers of 2′-5′-linkages in the same du-
plex. Our results show that the local structural pertur-
bations caused by 2′-5′ linkages can be distributed to
nearly all the nucleotides with big ranges of changes
in different geometry parameters. In addition, hydra-
tion pattern and solvation energy analysis indicate
less favorable solvent interactions of 2′-5′-linkages
comparing to the native 3′-5′-linkages. This study not
only promotes our understanding of RNA backbone
flexibility, but also provides a knowledge base for
studying the biochemical and prebiotic significance
of RNA 2′-5′-linkages.

INTRODUCTION

RNA has been long regarded as the first biopolymer in the
original stage of life due to the dual roles it can play as
both genetic information carriers and biochemical catalysts
(1–4). The template-directed non-enzymatic replication of
RNA is a key step toward the evolution of simple cellular
life from prebiotic chemistry. (5) In the current model, due
to the similar nucleophilicity and orientation of the 2′ and
3′ hydroxyl groups on the ribose, the chemical copying of
RNA templates generates a product mixed with both 3′-5′
and 2′-5′ backbone linkages (Figure 1), although the spe-
cific formation of native 3′-5′ linkages could be promoted
by using different activated monomers or buffers containing
various metal ions (6–11). This lack of regiospecificity has
been regarded as one of the big problems for the evolution
of functional RNAs since the resulting backbone hetero-
geneity might disrupt the functions of RNA ribozymes such
as folding, molecular recognition and catalysis, which are
the foundation of the RNA world. However, recent works
from Szostak lab have demonstrated the reproducible evo-
lution of functional nucleic acid molecules from the mix-
ture of DNA/RNA backbones, (12) and that the RNA lig-
and binding and catalytic functions of a flavin mononu-
cleotide binding aptamer and a hammerhead ribozyme is
not significantly disrupted by sporadic occurrences of 2′-
5′ linkages (13). More interestingly, it has been known for
long time that 2′-5′ linkages can reduce the thermal stabil-
ity of RNA duplexes, facilitating duplex strand separations
during the subsequent replication of RNA (13–16). Con-
sidering that strand separation is another big issue of non-
enzymatic RNA replication (17), the function of lowering
the duplex stability actually represents a big evolutionary
advantage of 2′-5′-backbone linkages. In addition, previous
studies have revealed that 2′-5′ linkages in RNA duplexes
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Figure 1. Template-directed chemical incorporation of an activated monomer to a primer. (LG, leaving group, e.g. 2-methylimidazole).

hydrolyze much easier than the normal 3′-5′ linkages (6),
resulting in the formation of 2′,3′-cyclic phosphate, which
can be selectively converted back to the more stable 3′-5′-
linkages under prebiotic conditions (18) and may have been
a potential pathway to weeding out most of the 2′-5′ link-
ages in later stages of RNA world.

These results suggested that the co-existence of 2′-5′ and
3′-5′ backbone linkages may have been one of the essential
features of early RNA and play certain roles in the origi-
nal stage of life, instead of being a problematic issue. More
interestingly, probably as relics from the RNA world, 2′-5′
linkages still exist and play critical roles in current biolog-
ical RNA systems. For example, the Peach Latent Mosaic
Viroid, a circular RNA pathogen that can replicate itself in
a DNA-independent fashion via a rolling circle mechanism,
uses 2′-5′ phosphodiester bonds to circularize its RNA from
linear form and to stabilize the circular template for effi-
cient self-replication (19). In human’s innate immune re-
sponse system, the RNA 2′-5′ linkage is used to activate en-
doribonuclease RNase L and degrade external virus RNAs
(20–22). In addition, the 2′-5′ linked oligonucleotides have
also been used as antisense therapeutics with improved en-
zymatic hydrolysis resistance (23–25).

Given the potential importance of 2′-5′-linked RNA in
prebiotic and modern biology, we have been working on
the structural features and functions of these non-canonical
phosphodiester linkages. The study will not only promote
our understanding of RNA backbone flexibility, but also
provide the knowledge base for studying their biochemical
and prebiotic significance, as well as the further optimiza-
tion of their biomedical applications. Despite the fact that
NMR structures of a 2′-5′-DNA:RNA duplex and a few X-
ray crystal structures of 2′-5′-linked dinucleotides have been
reported (26–34), no crystal structures were available for the
2′-5′/3′-5′ mixed RNA molecules until recently. We have re-
ported the first two high-resolution crystal structures of a
self-complementary RNA decamer duplex containing two
and six 2′-5′ linkages, respectively (35). These data, along
with the following molecular dynamics simulations, pro-
vide clear structural insights into the conformation of 2′-5′-
linked nucleotides and preliminary information about how
RNA duplexes adjust their global and local structures to ac-
commodate these mixed backbones through flexible sugar
puckers and the flanking nucleotides compensation effect
(35). Herein, we present two additional crystal structures of
the same decamer RNA duplex containing four and eight
2′-5′-linkages at different positions. Together with our pre-

viously solved structures, this work provides a dynamic view
of RNA structure changes with increased numbers of 2′-5′-
linkages in the same duplex context. Our results show that
the RNA helical structures can be well retained with 40% of
backbone heterogeneity. The local structural perturbations
caused by 2′-5′ linkages can be distributed to nearly all the
nucleotides in the structure with diverse ranges of changes
in different geometry parameters. In addition, both hydra-
tion pattern and solvation energy analysis suggest that 2′-
5′-linkages have less favorable solvent interactions than the
native 3′-5′-linkages.

MATERIALS AND METHODS

RNA oligonucleotides preparation

Self-complementary RNA oligonucleotides with CG
containing sequence 5′-(CCGGCGCCGG)2-3′ were
synthesized by standard solid phase synthesis using
Oligo-800 DNA synthesizer. The 3′-TBDMS-2′-CE-
phosphoramidites purchased from ChemGenes Corpo-
ration were used to synthesize 2′-5′ linked RNA strands
5′-CCG*GC*GCCGG-3′ (referred as 4-25-decamer) and
5′-CCG*GC*GC*CG*G-3′ (referred as 8-25-decamer)
with the 2′-5′ linkages denoted by asterisks. Oligonu-
cleotides were deprotected by AMA (1:1 mixture of
ammonium hydroxide and methyl amine solution) followed
by the Et3N•3HF treatment; and purified by ion-exchange
HPLC using Dionex PA-200 column at a flow rate of
1 ml/min with the buffer system containing pure water
(buffer A) and 2 M ammonium acetate (pH 7.1, buffer
B). The RNA oligonucleotides were eluted with a linear
gradient from 0% to 45% buffer B over 20 min. The
collected major fractions were lyophilized, desalted and
re-concentrated to 1 mM.

Crystallization

RNA samples (0.5 mM duplex) were heated to 80◦C for 5
min, slowly cooled down to room temperature (20◦C) with
the rate of 1◦C/min, and placed at 4◦C for overnight be-
fore crystallization. Nucleic Acid Mini Screen Kits, Natrix
(Hampton Research) and Nuc-Pro-HTS (Jena Bioscience)
were used to screen crystallization conditions at both 20
and 4◦C using the hanging-drop method. Both RNA sam-
ples were crystallized by mixing 1 �l of RNA duplex solu-
tion with 1 �l of precipitant consisting of 40 mM sodium
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cacodylate buffer (pH 7.0), 10% (v/v) MPD (2-methyl-2,4-
pentanediol), 12 mM spermine tetrahydrochloride, 40 mM
LiCl, 80 mM SrCl2 and 20 mM MgCl2 (No. 22 of the
Nucleic Acid Mini Screen kit from Hampton Research) at
room temperature in 3–5 days equilibrating with 35% (v/v)
MPD as reservoir.

Data collection, structure determination and refinement

Perfluoropolyether was used to soak crystals as the cry-
oprotectant. The crystals were mounted into the perfluo-
ropolyether drop and kept for 30 s before transferred to liq-
uid nitrogen. Diffraction data were collected at wavelength
of 1 Å under a liquid nitrogen stream at −174◦C on Beam-
line 8.2.1 at Advanced Light Source in Lawrence Berkeley
National Laboratory (USA). The crystals were exposed for
1 s per image with a 1◦ of oscillation angle. All the data were
processed using HKL2000 (36).

The program PHASER (37) was initially used to solve the
crystal structures of both 2′-5′ modified RNAs by molec-
ular replacement using our previously solved 2-25-duplex
structure (PDB: 4MSB) as model after removing metal
ions and water molecules. One solution was found for 8-
25-decamer, however, no solution could be found for the
4-25-decamer. Then MOLREP (38) was carried out using
only one chain of our previously solved native structure
(PDB: 4MS9) as the search model. Two unpaired asymmet-
ric chains were found. Both structures were refined using
Refmac (39). The stereo-chemical topology and geometri-
cal restraint parameters of DNA/RNA were applied (40).
To build the 2′-5′ linkage models, the nucleotide whose 2′-
OH links to the 5′-phosphorus of the next nucleotide was
loaded from monomer library and manually adjusted to fit
with the electron density at the modified position in Coot
(41). The old unmodified residues in model from molecular
replacement were removed, then the 2′-5′ linkages were cre-
ated by merging the monomers into the truncated model.
After several cycles of refinement, a number of highly or-
dered waters and strontium ions were added. The final mod-
els were obtained until the refinement achieves convergence
and deposited into PDB data with entry ID 5TDJ for 4-25-
decamer and 5TDK for 8-25-decamer. The data collection
and refinement statistics of these two structures are listed in
Table 1.

Thermal denaturation and CD experiments

Solutions of the duplex RNAs (0.5 �M) were prepared by
dissolving the purified oligonucleotides in 10 mM sodium
phosphate (pH 6.5) with 100 mM NaCl. The solutions were
heated to 90◦C for 3 min, then cooled slowly to room tem-
perature, and stored at 4◦C for overnight. Thermal denatu-
ration was performed in a Cary 300 UV-Visible Spectropho-
tometer equipped with a temperature controller. The tem-
perature reported is the block temperature. Each curve was
acquired at 260 nm by heating and cooling from 5 to 85◦C
four times at a rate of 0.5◦C/min. Experiments were re-
peated for four times. CD studies were carried out in the
same buffer utilizing a Jasco-815 CD spectrometer at room
temperature in a quartz cell with a 10-mm path length. CD
spectra were collected from 380 to 200 nm and with a scan-
ning speed of 100 nm/min. The bandwidth was 1.0 nm, and

Figure 2. Crystal packing of (A and B) 4-25-decamer and (C and D) 8-
25-decamer RNA duplexes. RNA duplexes are shown as cartoon with all
bases demonstrated as slab except four bases (shown as stick) close to a
water molecule (red sphere) located on a 2-fold axis in (D).

the digital integration time was 1.0 s. All CD spectra were
baseline-corrected for signal contributions due to the buffer.

RESULTS

Molecular packing and overall helical interactions

Both of the modified RNA duplexes crystallized in the
space group of C2. There is one paired duplex in the asym-
metric unit of 8-25-decamer crystal, while in the asymmetric
unit of 4-25-decamer, there are two separated single strands,
which form duplexes with their symmetry mates. To deter-
mine whether the 2′-5′-linked residues are directly involved
in the molecular packing, we investigated the helix–helix in-
teractions in each crystal lattice. Each paired duplex of 4-25-
decamer generated by symmetry operation elongate along
the two helical axes of the two asymmetric duplexes. One of
the helical axis is parallel to the short diagonal of face ac,
and the other parallel to cell edge a (Figure 2A). The termi-
nal base pairs of consecutive duplexes along helical axes are
stacked together (Figure 2A and B). Each adjacent duplexes
parallel to the helical axes are linked together through the
formation of several hydrogen bonds involving backbones
and sugars (Supplementary Figure S1A). The 8–25 RNA
duplex extends along the helical axes parallel to each diag-
onal of face ab at an angle of 55.7◦ (Figure 2C). Similar to
the 4–25 pattern, the consecutive helices stack on each other
in a head-to-tail fashion with the 3′-terminal G10:C1 pair
of one helix staked on the C1:G10 pair of another helix,
forming continuous helical chains. Notably, the two termi-
nal guanosine bases are very close to each other at each he-
lical junction with the distance between the two O6 atoms
only 2.8 Å (Supplementary Figure S1C). More interestingly,
a water molecule at 2-fold axis of the unit cell forms perfect
hydrogen bonds within four adjacent duplexes (Figure 2D
and Supplementary Figure S1B). One duplex can interact
with another two parallel neighboring duplexes through hy-
drogen bonds (Supplementary Figure S1D). Similar as our
previous solved 2–25 and 6–25 structures, the O3′ atoms of
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Table 1. The statistics of X-ray data collection and structure refinement of the RNA decamer duplexes with four and eight 2′-5′-linkages

4-25-decamer (PDB ID: 5TDJ) 8-25-decamer (PDB ID:5TDK)

Scaling
Space group C 2 C 2
Unit cell parameters, Å 27.5 × 94.5 × 21.3 24.8 × 47.0 × 42.9
Unit cell parameters, degrees 90, 111.2, 90 90.0, 96.5, 90.0
Resolution range, Å (last shell) 30–1.50 (1.55–1.50) 18.69–1.43 (1.47–1.43)
Unique reflections (last shell) 7870 (721) 8980 (632)
Completeness, % 96.7 (88.7) 98.6 (91.9)
Rmerge,% 6.4 (55.4) 6.3 (67.8)
<I/�(I)> 18.3 (1.8) 13.3 (2.0)
Redundancy 3.9 (3.0) 5.2 (6.3)
Refinement
Resolution range, Å 19.90–1.50 18.69–1.43
Number of reflections 7093 8504
Completeness, % 96.7 98.5
Rwork, % 15.2 16.8
Rfree, % 17.0 20.6
Bond length rmsd, Å 0.0099 0.0104
Bond angle rmsd, degrees 1.96 1.38
Overall B-factor with water, Å2 33.7 19.0

bases at the 2′-5′-linked steps are directly involved in the
duplex–duplex interactions, as shown in the three zoom-
in views of Supplementary Figure S1A and Supplementary
Figure S1B.

Overall helical structures of multiple 2′-5′ linked RNAs

As expected, both of these two multiple 2′-5′-linked RNA
strands form A-type duplexes. The superimposed compar-
ison with our previously solved two structures containing
two (referred as 2-25-decamer) and six (referred as 6-25-
decamer) 2′-5′-linkages in the same sequence context (all the
sequences are shown in Figure 3A) shows very similar over-
all duplex structures (Figure 3B) with slight winding of each
helical axis that is connecting the centroid of each base pair
(Figure 3C). These 2′-5′-linked RNAs also have very high
structural isomorphism to their native counterpart with the
overall root mean square deviations (r.m.s.d.) are 1.22, 0.55,
1.70 and 1.38 Å for two, four, six and eight 2′-5′-linked
decamers, respectively. Figure 3D shows the alignment of
the backbones that connect each phosphorus atoms in the
same strand. Obvious compressed or ‘kinked’ backbones
have been observed in the previous 2-25-decamer and 6-25-
decamer structures with the distances between two terminal
phosphorus atoms (P2-P10) being 22.9 Å and 21.8 Å, re-
spectively, comparing to 25.4 Å in native duplex. However,
in the 4-25-decamer strands, the distance of P2-P10 (25.3 Å)
is almost identical to the one in native duplex, while in the
8-25-decamer structure, the distance is 21.8 Å, identical to
the one in the 6-25-decamer structure. This comparison in-
dicates that the addition of 2′-5′ linkages is not directly cor-
related with the strand compressing. While the locations of
2′-5′ linkages might have more effects on the overall duplex
conformation, the relatively small r.m.s.d values of duplexes
and big distance range of P2-P10 with different numbers of
2′-5′ linkages confirm that the RNA duplex structures are
quite flexible and can be dynamically adjusted to accom-
modate backbone heterogeneity without causing dramatic
global changes.

Helical parameters and overall duplex Flexibility with Mul-
tiple 2′-5′ linkages

To further compare these RNA structures with more quan-
titative details, we calculated their local base-pair, base pair
helical and step parameters using 3DNA (43). Consistent
with the duplex superimpose view, the average values of
each geometric parameters are very similar within all the
five structures (Supplementary Tables S1 and S2). Within
the local base pair parameters, stagger and propeller show
most obvious changes with the different numbers of 2′-5′
linkages. In the stagger pattern (Figure 4A), comparing to
the native structure (represented by the green up-triangle
line), the introduction of single 2′-5′ linkage at C5 position
in each strand (red diamond line) causes significant increase
of stagger distance especially in G4, C5 and G6 pairs. The
additional 2′-5′ linkage at G3 (blue cycle line) further in-
crease the stagger of C5 and G6 pairs, while decreasing the
one in G4 pair. The further introduction of 2′-5′ linkages at
C7 (cyan square line) and G9 (dark yellow down-triangle
line) positions, however, decreases the stagger of both C5
and G6 pairs gradually back to the native level. Instead,
the stagger distances of G3, G9 and G10 pairs are dramat-
ically increased for about 0.4 Å and stagger into opposite
directions with the two additional 2′-5′ linkages. The pro-
peller pattern (Figure 4B) shows that the introduction of
2′-5′ linkages decreases the overall propeller angles for up
to 10◦. Particularly, the G4 pair propels to opposite direc-
tion with over 20◦ changes (from −15◦ to 5◦) in the 6–25
structure (cyan line), while switching back to −5◦ with an
additional 2′-5′ linkage in the G9 position, which is far away
from the G4 pair. While all these changes are cascade effects
of each connected base pairs and it is difficult to attribute
them to a particular single 2′-5′ linkage, the 2′-5′ linked base
pairs seem to have better flexibility and buffering capacity
comparing to the native ones.

It has been shown from our previous structural analysis
that the x-displacement, slide and rise are the three base pair
step parameters that have most obvious changes induced by
the 2′-5′ linkages. The introduction of one 2′-5′ linkage at
each C5 residue increases ∼2 Å of x-displacement (red line
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Figure 3. (A) Sequences of the native and 2′-5′-linked RNA decamers with 2′-5′-linked residues labeled as red asterisks. (B) The superimposed duplex
comparison of native (green), 2–25 (red), 4–25 (blue), 6–25 (cyan) and 8–25 (dark yellow). (C) Duplex comparison shown with the winding axis connecting
the centroids of each base pair. (D) The backbone distances measured between P1 and P9 in each duplex (backbone coordinates are generated by program
CURVES (42)).

Figure 4. Local base pair and base-pair step parameters. (A) Stagger, (B) Propeller, (C) X-displacement, (D) Slide, (E) Rise (Å) and (F) Inclination (◦) of
native and the four 2′-5′ linked RNA decamers.

versus green line in Figure 4C) for the C5-G6 step. While
the 2nd 2′-5′ linkage at G3 position decreases this C5 x-
displacement for ∼3.5 Å (red line versus blue line), it fur-
ther increases this parameter at other positions except the
G4-C5 and G6-C7, where all the x-displacements of these
five structures are interestingly very similar to each other.
The further addition of 2′-5′ linkages stretches the x-disp of
C5-G6 step back to the native level while causing obviously
fluctuation at the two terminal C2-G3 and C8-G9 steps.
Similarly, the slide at C5-G6 step shows the largest increase
(∼1.6 Å) in the 2–25 duplex (Figure 4D, red line) and grad-
ually decrease to the native distance with more 2′-5′ linkages
in each strands. Meanwhile, the slides at G3-G4 and C7-C8
step gradually increase for ∼1.4 Å when there are more 2′-5′
linkages present and the slides at C2-G3 and C8-G9 steps in
all the 2′-5′ structures remain very similar as native one. The

rise of each base pair steps drops for ∼0.1–0.2 Å except the
C5-G6 step in the 2-25-decamer structure (Figure 4E, red
line versus green line). The same trend is observed in 4–25
structure (blue line) where the rise of C5-G6 reaches to 3.6
Å, (almost 0.5 Å higher than native one), and the rises of
G3-G4 and C7-C8 restore to the native one. One additional
2′-5′ linkage in 6–25 structure (cyan line) decreases the rise
of all the three middle steps including G4-C5, C5-G6 and
G6-C7, as well as the C2-G3; but dramatically increase the
rise level between G3-G4 to 3.7 Å, which is 0.4 Å higher
than native and 2–25 ones. In the 8–25 structure (dark yel-
low line), all the rise in each base step distribute equally cen-
tering on the native values with a big range from 2.8 to 3.7
Å. Another base pair step helical parameter that has simi-
lar trend is inclination (Figure 4F). The introduction of first
2′-5′ linkage between C5-G6 (red line) increases most of the



3542 Nucleic Acids Research, 2017, Vol. 45, No. 6

inclination angles. The 2nd 2′-5′ linkage (blue line) further
increase the angles at C2-G3 and C8-G9 to the maximum
(∼15◦ over the native one) while decreasing the middle C5-
G6 step for over 10◦. The 3rd 2′-5′ linkage between C7-C8
(cyan line), however, increases most of the inclination values
while decreasing the ones at C2-G3 and C8-G9 steps.

Helical groove widths

We further measured the groove widths of these five du-
plexes to study the impact of 2′-5′-linkages to the over-
all helix structures. The direct distances between the cross-
stranded phosphate atoms (44) were analyzed as shown
in Figure 5 and Supplementary Table S3. Similar as each
individual structural geometry, the widths of both major
and minor grooves fluctuate with increased numbers of 2′-
5′-linkages. The introduction of single 2′-5′-linkage com-
presses the major groove and open the minor groove for
∼0.5 Å in the central region of the duplex (the red versus
green lines in Figure 5A and B). The second 2′-5′-linkage,
instead, opens the major groove for ∼1 Å except in the
central C5 position, while retaining almost the same minor
groove size as the native one (blue versus green lines). Intro-
ducing the next two 2′-5′-linkages further expands the ma-
jor groove in the G3, G6 and C7 positions for maximum 2 Å
and compress it in the G4 and C5 positions for ∼1 Å (Fig-
ure 5A, cyan and dark yellow lines). Accordingly, the mi-
nor groove widths (Figure 5B, cyan and dark yellow lines)
decrease in the G3, G6 and C7 positions but fluctuate in
both G4 and C5 positions. Overall, the 2′-5′-linkages in the
duplex can dynamically either open or compress both ma-
jor and minor grooves in different positions with minimal
change in the middle of duplex (C5 position). The maxi-
mum change of major groove width locates in the G6 po-
sition; and the two terminal positions have the maximum
change of minor groove widths.

Sugar pucker conformations of 2′-5′-linked nucleotides

The flexible sugar pucker conformation of 2′-5′-linked nu-
cleosides might be one of the major players to adjust the
local structures and accommodate different extent of back-
bone heterogeneity with diverse structural geometries in the
duplex context. It has been reported from previous NMR
studies that the 2′-5′-linked nucleosides take 2′-endo sugar
pucker conformation, which results in longer distances be-
tween its 5′- and 2′- phosphorous atoms than the normal
3′-5′-linked one (45,46). We also observed all the 2′-endo,
3′-endo and the mixed forms of sugar puckers in our pre-
viously solved 2′-5′-RNA duplexes with the formation of a
potential hydrogen bond between the free 3′-OH and one
of the oxygen atom in the 2′-phosphate group (35). Con-
sistently, in the two new duplex structures with four and
eight 2′-5′-linkages, most of the 2′-5′-nucleotides take the 2′-
endo sugar pucker except the G9 in the 3′-end of the 8–25
structure (Supplementary Table S4). Each 2′-5′-linked base
step has quite flexible local geometries with different dis-
tances between 3′-OH and phosphate oxygen atom ranging
from 3.0 Å (Figure 6C) to 4.1 Å (Figure 6B), and between
the two 1′-carbon atoms ranging from 5.5 Å (Figure 6B) to

6.5 Å (Figure 6A). With the 2′-endo sugar pucker, the 2′-5′-
linked G-G step has obvious shorter C1′-C1′ distance than
the C-G and C-C steps (Figure 6B). The switching of sugar
pucker to 3′-endo (e.g. G9 in the 8–25 structure, Figure 6D)
expands the distance between the two guanine bases but de-
creases the distance between 3′-OH and phosphate oxygen
comparing to the similar G-G step in Figure 6B, resulting
in further bending of the phosphate backbone at this site. It
has been demonstrated that the energy difference between
the two sugar puckers are relatively small (35,47) and they
can dynamically switch to each other. The various distances
observed in these base steps further confirm the dynamic vi-
bration of these 2′-5′-linked residues.

It has been known that the 2′-5′-linked RNA duplexes are
easier to be hydrolyzed than the normal 3′-5′-linked ones
(6,9) and our previous structural work showed that the O3′-
P-O5′ angles in the 2′-5′ linked base steps are much bigger
than the O2′-P-O5′ angles in the 3′-5′ linked residues, po-
sitioning the O3′ atom closer to an ‘in-line’ conformation
with P-O5′ bond (35). Consistently, we observed the ‘in-line’
mode of O3′-P-O5′ in all the 2′-5′ linked nucleotides with
slightly different angles. Taking the base steps in Figure 6
as examples, the O3′-P-O5′ angles in 2′-5′ linked C-G, G-G
and C-C with 2′-endo sugar pucker are 116.9◦, 120.4◦ and
107.9◦, respectively (Supplementary Figure S2A–C). Inter-
estingly, in the G-G step with 3′-endo sugar pucker, the an-
gle is 159.4◦ (Supplementary Figure S2D), placing the O3′
atom even closer to a completely linear alignment with P-
O5′ bond. These residues might also be the most labile posi-
tions in the 2′-5′ linked RNA strands during the hydrolysis.
In comparison, both C-G and G-G steps with native 3′-5′
linkages take much smaller angles as ∼70◦ (Supplementary
Figure S2E and F).

Hydration and solvation energy of 2′-5′-linked RNA duplexes

Our native RNA structure (PDB: 4MS9) shows that almost
every 2′-OH group on the ribose has interactions with sev-
eral highly conserved water molecules in the minor groove.
In comparison, the 3′-OH groups in the 2′-5′-linkages have
much less hydrogen bonding interactions with surrounding
water molecules. We only observed three 2′-5′-linked nu-
cleotides that are involved in the water interactions includ-
ing the G3-G4 and C7-C8 steps in the 6–25 structure (Fig-
ure 7A and B), where one water molecule bridges the 3′-
OH and one of the phosphate oxygen, as well as the G3-
G4 step in 8–25 structure (Figure 7C), where two water
molecules are involved in the hydrogen bonds with the 3′-
OH. Interestingly, none of the middle 2′-5′-linked C4-G5
step in all the four duplexes contains any water interaction.
The less participation of the 3′-OH in hydration networks
is also consistent with the higher structural flexibility of
the 2′-5′-linked nucleotides. On the other hand, the nucle-
obases in the 2′-5′-linked nucleotides are usually highly in-
volved in the hydration networks with highly conserved wa-
ter molecules and the phosphate oxygen atoms. One typi-
cal pattern is shown in Figure 7D, where three highly con-
served water molecules connect the 2′-5′-linked C5-G6 step
with the C7 residue through the hydrogen bonding with the
nucleobases. These interactions might contribute to the pre-
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Figure 5. The effects of 2′-5′-linkages to the over helical structures in (A) major groove widths (Å); and (B) minor groove widths (Å) in different base pair
steps. The groove widths are measured by the direct P-P distances cross the strands (Pi-Pi+2).

Figure 6. 2′-5′-linked base steps in the four modified structures labeled with the distances between the two 1′ carbon atoms, and between the 3′-OH and its
closest oxygen atom of phosphate on next residual. (A) C5-G6 step in 2–25 structure; (B) G3-G4 step in 4–25 structure; (C) C7-C8 step in 6–25 structure;
and (D) G9-G10 in 8–25 structure with the G9 taking 3′-endo sugar pucker. The color codes are consistent with the previous figures.

Figure 7. The water mediated hydrogen bonding interactions involved in the 2′-5′-linked base steps. (A) G3-G4 step in 6–25 structure; (B) C7-C8 step
in 6–25 structure with two flexible conformations of C8; (C) G3-G4 step in 8–25 structure; and (D) C5-G6-C7 steps in 4–25 structure. The red spheres
represent the highly conserved water molecules; and the color codes are consistent with the previous figures.

organization of each single RNA strands for the formation
of duplex structures.

The solvation energies of each 2′-5′-linked and native
RNA duplexes were subsequently calculated using the ‘sol-
vate’ module of the SEQMOL program. As shown in Sup-
plementary Table S5, the introduction of the first two 2′-5′-
linkages significantly decreases the solvation energies of the
two duplexes with approximately 60 Å2 less accessible sur-
face area than the native one. However, the additional 2′-5′-
linkages in 6–25 structure result in bigger accessible surface
areas than native one for 68 Å2; and the accessible surface
area is further increased for 70 Å2 in the 8–25 structure. This

big range of total accessible surface areas observed in the 2′-
5′-linked RNA duplexes are also consistent with the above-
described diverse structural geometries. On the other hand,
the solvation energies of both 6–25 and 8–25 duplexes are
slightly decreased in comparison with the native one.

DISCUSSION

One of the original aims of this work is to generalize the cor-
relation between the structural changes and the introduc-
tion of each 2′-5′-linkages at different positions and differ-
ent base steps. Overall, since each geometric parameter has
been affecting each other and they have integrated contribu-
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tions to both local and global structural changes of the du-
plexes, it seems to be very complicated and difficult to gen-
eralize these rules. Nevertheless, the systematic comparison
of these geometric parameters indicates the strong cooper-
ative effects of multiple 2′-5′-linkages in the same duplex
to accommodate or buffer most of the structural changes.
The local perturbations caused by the 2′-5′-linkages could
be distributed not only to the flanking bases but also to the
remote residues far away from the linkages, showing the
overall structural flexibility of RNA duplexes with back-
bone heterogeneity. In addition, these structural analyses
show the 2′-5′-linked nucleotides are prone to change their
geometries much easier than the native 3′-5′-linked ones in
responding to the additional 2′-5′-linkages. We have made
an animation for a more direct view of the dynamic struc-
tural changes of these RNA duplexes with increased num-
bers of 2′-5′-linkages, as shown in the additional online Sup-
porting Data.

One important characteristic feature of 2′-5′-linked RNA
duplexes is their decreased thermal stability comparing to
the native counterparts. For a RNA duplex, the more 2′-5′-
linkages, the lower the thermal stability is (13–16). In addi-
tion, it has been known from the previous study that the in-
creased numbers of 2′-5′-linkages decrease the overall RNA
duplex stability in a linear fashion, and that the destabiliza-
tion effect is also dependent on the 2′-5′-linked residues, the
positions as well as the arrangement of these 2′-5′-linkages
within the duplex (14). In the current GC-10mer sequence
context, as shown in Table 2 and Supplementary Figure S3,
the incorporation of the first two 2′-5′-linkages dramatically
decreases the duplex Tm for ∼9◦C, while the 4–25 duplex
retains very similar Tm with the 2–25 one, and the Tm of 6–
25 and 8–25 duplex with extra two and four 2′-5′-linkages
only decrease for ∼7◦C. These data indicate that the 2′-5′-
linkages reduce the overall duplex thermal stability in a co-
operative way, which can be attributed to the relatively big
ranges of structural flexibility and the resulted maximum
duplex formation. It has been proposed that the perturba-
tion of base step rise plays dominating roles in destabilizing
these 2′-5′-linked duplexes (43,48). This is also consistent
with the large fluctuations rise values we observed in Figure
4E, which are quite far away from the optimal 3.3 Å (49)
and result in the diminished base stacking interactions. In
addition to the rise values, the overlap areas between each
base pair steps might also affect the overall stacking interac-
tions. As shown in Supplementary Table S6, the total over-
lap area including both intra-strand and inter-strand over-
lapping of the four 2′-5′-RNA duplexes are 54.29, 51.90,
51.04 and 50.01 Å2, respectively, similar to the total area of
53.54 Å2 in the native duplex. Interestingly, the total over-
lap area of 2–25 duplex is even higher than the native one
despite a ∼9◦C of Tm drop, indicating that the difference of
duplex overlapping areas caused by the 2′-5′-linkages might
not be significant to lower the stability of RNA duplex.

Although the absolute energy calculation from the theo-
retical molecular simulation is not accurate, the lower sol-
vation energies associated with the larger duplex accessible
surface areas of the 2′-5′-linked RNA indicates that the 2′-
5′-linkages have less favorable solvent interactions compar-
ing to the native 3′-5′-linkages, which is also consistent with
our observation that there are much fewer highly ordered

water molecules interacting with the 2′-5′-backbone. Since
hydration can directly affect the overall duplex stability (50),
the energy difference we observed here might be another
contributing factor to adjust the thermal stability of 2′-5′-
linked RNA duplexes.

To study their overall conformation in solution, we fur-
ther measured the circular dichroism spectra of 2′-5′-linked
RNA duplexes. As shown in Supplementary Figure S4, all
the duplexes show characteristic peaks of the A-form he-
lical conformation with a strong positive peak around 270
nm and a weak negative peak around 240 nm (51,52). Com-
paring to the native duplex, 2′-5′-linked ones have slight up-
shifts on the positive peak and show a relatively strong neg-
ative peak at ∼210 nm. Consistent with the duplex compar-
ison, these CD spectra also confirm the high structural iso-
morphism of 2′-5′-linked duplexes with subtle local changes
in solution. It is known that comparing to normal 3′-5′-
linkages, the 2′-5′-linked backbones are more ‘pushed’ into
the minor groove, which is characterized as wide and shal-
low in A-form duplexes (33,53). As a result, the minor
groove can better accommodate the backbone heterogene-
ity with its width changes relatively smaller than the major
groove. The non-regular helical structures might also fa-
cilitate the dissociation of these RNA duplexes at certain
positions and enable them to functionalize as ‘aptamers’,
which diversify the functions of early RNAs through bind-
ing with other environmental components including small
molecule ligands, metal ions and other RNA species toward
the evolution of more complicated RNA machineries with
specific functions. On the other hand, the variable major
groove widths caused by the 2′-5′-linkages might play im-
portant roles in the enzymatic recognition of 2′-5′-linked
RNA duplexes in currently biological systems. For exam-
ple, the RNA:2′-5′-RNA duplexes are known to be able to
bind the enzyme RNase H as the non-active substrates (15).

CONCLUSION

In this work, we present two new high-resolution crys-
tal structures of RNA-decamer duplexes containing four
and eight 2′-5′ backbone linkages. The systematic structural
comparison with our two previously-solved structures con-
taining two and six 2′-5′ linkages within the same sequence
context, together with the native counterpart, provides a dy-
namic view of how RNA duplex switches its structure with
increased numbers of 2′-5′ linkages. Our results show that
the RNA helical structures have striking duplex plasticity
and can be well retained with even 40% of 2′-5′ backbone
heterogeneity. The local structural perturbations caused by
2′-5′ linkages can be accommodated and distributed to
nearly all the nucleotides in the structure with diverse ranges
of changes in several different geometry parameters. The de-
tailed geometric analysis of the current four crystal struc-
tures indicates that each structural parameters could fluc-
tuate in a big range and the 2′-5′-linked nucleotides are rel-
atively easy to change their geometries comparing to the na-
tive 3′-5′-linked ones in responding to the additional 2′-5′ in-
corporations. Since the 2′-5′ linkages are primarily located
in the wide minor groove of A-form RNA duplex, they are
observed to widen the duplex major grooves more than mi-
nor grooves. In addition, both hydration pattern and energy
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Table 2. Melting temperatures of native and each 2′-5′-linked RNA duplexes

RNA duplex Tm (◦C)a ΔTm (◦C)b

Native 74.1 ––
2–25 65.5 −8.6
4–25 63.1 −11
6–25 59.2 −14.9
8–25 58.2 −15.9

aTms were measured in 10 mM sodium phosphate (pH 7.0) containing 100 mM NaCl. Tm values are the averages of four measurements.
b�Tm values are relative to the native duplex.

analysis suggest that 2′-5′-linkages have less favorable sol-
vent interactions in comparison to the native 3′-5′-linkages,
which might also contribute to the lower thermal stability
of 2′-5′-linked RNA duplexes. Overall, these dynamic struc-
tural changes and the associated lower RNA duplex stabil-
ity caused by the 2′-5′ linkages might have represented the
evolutionary significance that enables these hybrid RNAs
to develop more diversified functions and interactions with
other environmental components toward the evolution of
more complicated RNA machineries. However, more sys-
tematic RNA structures containing different distribution
patterns of 2′-5′-linkages in more sequence contexts are still
required in order to find out the general rules correlating
the detailed structural changes with the additions of each
2′-5′ linkages at different positions. These studies will also
promote our better understanding of the current biological
functions of RNA 2′-5′ linkages and contribute to the ratio-
nal design of 2′-5′-linked RNAs as antisense strands in their
biomedical applications.

AVAILABILITY

Detailed base-pair, base-pair step and base-pair helical pa-
rameters, base pair overlap area, duplex groove widths,
sugar pucker conformation, the solvation energy, the UV-
melting and CD curves of the 2′-5′-linked RNA duplexes.
The two new RNA structures have been deposited in Pro-
tein Data Bank (www.rcsb.org) with the PDB IDs: 5TDJ
(4-25-duplex) and 5TDK (8-25-duplex).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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