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ABSTRACT

Polyriboadenylic [poly(rA)] strands of sufficient length form parallel double helices in acidic and/or ammonium-containing
conditions. Poly(rA) duplexes in acidic conditions are held together by A+

–A+ base-pairing also involving base interactions
with the phosphate backbone. Traditional UV-melting studies of parallel poly(A) duplexes have typically examined homo-
duplex formation of a single nucleic acid species in solution. We have adapted a technique utilizing a DNA nanoswitch that
detects interaction of two different strands either with similar or differing lengths or modifications. Our method detected
parallel duplex formation as a function of length, chemical modifications, and pH, and at a sensitivity that required over
100-fold less concentration of sample than prior UV-melting methods. While parallel polyriboadenylic acid and poly-2′′′′′-
O-methyl-adenylic acid homo-duplexes formed, we did not detect homo-duplexes of polydeoxyriboadenylic acid strands
or poly-locked nucleic acid (LNA)-adenylic strands. Importantly however, a poly-locked nucleic acid (LNA)-adenylic strand,
as well as a poly-2′′′′′-O-methyl-adenylic strand, formed a hetero-duplex with a polyriboadenylic strand. Overall, our work
validates a new tool for studying parallel duplexes and reveals fundamental properties of poly(A) parallel duplex formation.
Parallel duplexes may find use in DNA nanotechnology and in molecular biology applications such as a potential poly(rA)
tail capture tool as an alternative to traditional oligo(dT) based purification.
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INTRODUCTION

In acidic conditions, and/or in the presence of ammonium
ions, ribonucleic acid strands containing all adenine bases
of 6 nt or longer [i.e., polyriboadenylic acid or poly(rA)] will
bind one another and form parallel homo-stranded right-
handed double helices (Fig. 1; Rich et al. 1961; Brahms
et al. 1966; Safaee et al. 2013; Gleghorn et al. 2016). In
contrast, B-form DNA, A-form RNA, and A-form hetero-
stranded RNA–DNA double helices have strands that are
antiparallel to one another (Fig. 2A). Two different X-ray
crystal structures of parallel poly(rA) duplexes have been
solved and validated a long-standing structural model
that had been built from fiber diffraction data (Rich et al.
1961; Safaee et al. 2013; Gleghorn et al. 2016). These
structural models depict a parallel poly(rA) duplex where
each adenine C6-attached amino group nitrogen (N6) hy-
drogen bonds to the N7 of the symmetrically paired aden-

osine from the opposite strand (Fig. 1B,C; Rich et al. 1961;
Safaee et al. 2013; Gleghorn et al. 2016). Additionally, hy-
drogen bonds exist between the adenine amino group N6
and a non-bridging oxygen from a phosphate of the oppo-
site strand. Importantly, the parallel duplex is stabilized by
N1 protonation in acidic conditions (i.e., A+, where “+” de-
notes a protonated adenine) or under neutral pH in the
presence of an N1- and non-bridging phosphate oxy-
gen-coordinated ammonium ion (Fig. 1B,C; Rich et al.
1961; Safaee et al. 2013; Gleghorn et al. 2016). As such,
poly(rA) duplexes have melting temperatures that increase
with strand length, acidity, and ammonium ion concentra-
tion (Safaee et al. 2013). Although there are examples of
antiparallel A–A pairing in the context of helices stabilized
by other pairing or stabilizing molecules (Baeyens et al.
1996; Persil et al. 2004; Xing et al. 2005; Jain et al. 2008;
Joung et al. 2009; Devi et al. 2015), when nucleic acid
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strands are only poly(A), only the parallel orientation is
known to form a duplex.
Copp et al. (2017) have analyzed strand interactions in

poly(rA) parallel duplexes when the component strands
were identical in nucleic acid sequence and length. They
used UV-melting and native gel analyses at different pH
values to test for homo-duplex formation when modified
sugars were placed in key locations of the strand (Copp
et al. 2017). In that study, duplex stability was enhanced
in acidic conditions when 2′-O-methylated sugars of aden-
osine (Fig. 2B) were incorporated within poly(rA)-contain-
ing strands, and in ammonium-containing conditions
with the presence of 2′-fluoro-ribose (2′-F) sugars.
However, 2′-deoxyribose adenosines (dAs) within a poly
(rA)-containing strand reduced duplex thermal stability
and poly(dA) did not form a homo-duplex, contrary to a
prior report (Chakraborty et al. 2009; Copp et al. 2017).
Other groups have studied the influence of locked nu-

cleic acids (LNAs) on parallel duplex formation (Szabat
et al. 2015). LNAs comprised of 2′-O-4′-C-methylene-β-D-
ribofuranosyl sugars having a linking carbon between the

2′ oxygen and 4′ carbon (Fig. 2B)
that forces a C3′-endo (“north” or
“N”) sugar pucker, a property of sug-
ars in A-form antiparallel Watson–
Crick paired RNA helices and ob-
served in parallel poly(A) duplex struc-
tures (Vester and Wengel 2004;
Safaee et al. 2013; Gleghorn et al.
2016). Addition of LNAs to nucleic
acid sequences have been exploited
for a number of molecular biology ap-
plications that require binding of small
nucleic acid strands to, for example,
messenger RNA targets for targeted
down-regulation (Vester and Wengel
2004). The enhancement that LNAs
provide is an increased thermal stabil-
ity of the resulting antiparallel duplex
(Vester and Wengel 2004). Various
other nucleic acid parallel duplex
structures exist in addition to parallel
poly(A) duplexes (Day et al. 2014;
Szabat and Kierzek 2017). The effect
of LNA incorporation studies on nu-
cleic acid complexes with strands in
parallel orientation include a study re-
vealing increased triplex stability at
physiological pH, versus natural for-
mation requiring a more acidic pH,
when LNA-containing triplex forming
strands (TFOs) form Hoogsteen base
pairs in a parallel orientation to a
strand that is part of aDNAantiparallel
duplex (Obika et al. 2001; Vester and

Wengel 2004). Acid induced i-motif structures comprised
of C–C+ pairs can form with some substitution of DNA
with LNA residues (Kumar et al. 2007). We are unaware of
any prior studies examining LNAs in parallel poly(A) duplex
formation prior to what we report here.
Formation of parallel duplex structures are studied for

their role in regulation of biological processes (Szabat
and Kierzek 2017) and potential uses in mRNA targeting
strategies (Jain et al. 2008). Recent discovery of the pres-
ence of the i-motif structure in the cell (Zeraati et al.
2018) points to potential roles of other unusual nucleic
acid structures such as poly(rA) parallel duplexes in biol-
ogy. A published hypothesis postulated that protein-medi-
ated protonation of mRNA poly(rA) tails generated by
polyadenylation can reach sufficient length to loop back
on themselves, forming parallel poly(rA) duplexes that
could inhibit further 3′ polyadenylation of mRNAs; poten-
tial poly(rA) duplex roles regarding regulation of poly(A)
binding protein (PAB) and stabilization of mRNA were
also discussed (Zarudnaya and Hovorun 1999). We specu-
late that poly(rA) tails could be an evolved sensor for acidic
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FIGURE 1. Known poly(rA) parallel duplex helix structure and pairing interactions. (A) Poly(rA)
parallel duplex structure showing the 10-bp duplex region of a neutral pH and ammonium in-
duced structure (PDB 4JRD) that has structural similarity to the acidic induced structure.
Solvent and ammonium ion molecules are not shown. (B) A specific protonated A–A pair of
the poly(rA) helix structure (PDB 5K8H) at acidic pH, but now modeled with a hydrogen in
the N1 position (not originally modeled, rather inferred). (C ) A ∼90° rotation of “B” to illustrate
a side-view perspective of a single intermolecular base pair. Atom colors are: carbons (white),
oxygens (red), phosphorus (orange), nitrogens (blue), and hydrogens (yellow), not shown in A.
AnN1-proximal water molecule is shown in panels B andC. Images were generated with UCSF
Chimera software (Pettersen et al. 2004).
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internal cellular stress, possibly forming duplexes com-
posed of strands from different mRNA poly(rA) tails in
trans, causing mRNA to cluster together and halting their
translation, which all could be undone when pH is restored
to near neutral pH. It is known that mRNAs accumulate in
cells upon stress, and the possibility has been suggested
that PABs that bind single-stranded poly(rA) serve cells
to prevent poly(rA)-duplex mediated clustering (Safaee
et al. 2013). In the context of DNA nanotechnology, non-
Watson–Crick base-pairing is used inmany devices for bio-
sensing and triggered drug release purposes (Yatsunyk
et al. 2014). The pH responsive formation of poly(A) paral-
lel duplexes makes them potential candidates for pH sens-
ing switches and in stimuli-responsive nanostructures.

Parallel poly(A) duplex formation has often been studied
using a single species (i.e., all having the same sequence
and length) of nucleic acid strand in solution and using
techniques such as UV melting, circular dichroism (CD),
and native gel separations (Brahms et al. 1966; Safaee
et al. 2013; Copp et al. 2017). However, there are two
major drawbacks to existing methods. (1) When testing
hetero-dimeric interactions of two different poly(A)-con-

taining strands in solution, a profound inherent problem
is that results are complicated due to homo-dimers of
each strand additionally forming in the tested conditions.
(2) Techniques such as UV melting and CD require high
concentrations of the sample. As a solution to these prob-
lems we have developed and report here an adapted use
of a DNA nanoswitch to specifically detect interaction of
two different strands without detecting unwanted interac-
tions. Concentrations we used for detection are far lower
than typical UV melting experiments.

To validate our nanoswitch-based parallel poly(A) du-
plex detection method, we tested if our results mimicked
those expected from in-solution studies. Validating results
showed that (i) lower pH values, those nearest (yet above)
the adenine N1 pKa (pH 4.5 and 5.0), and also known to
induce poly(rA) duplex formation in solution, produced
positive nanoswitch detection signal indicating poly(rA)
homo-duplex formation whereas pH 6.0 did not, and (ii)
more signal was produced the longer the poly(rA) homo-
duplex tested (Brahms et al. 1966; Safaee et al. 2013). To
clarify conflicting reports in the literature regarding poly
(dA) parallel homo-duplex formation, we tested and found
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FIGURE 2. Known and testable interactions involving poly(A) strands. (A) Known and example antiparallel and parallel duplexes are shown for
comparison. Note that “+” indicates a protonated state relative to a neutral pH state. (B) The variety of sugar modifications tested in this study.
(C ) Examples of some DNA nanoswitch testable parallel hetero- and homo-poly(A) duplex formations. The “n” and “m” notations indicate that
strands can be of specific testable lengths.
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no positive nanoswitch detection sig-
nal. We did however find that poly(A)
strands modified with 2′-O-methylat-
ed ribose sugars [Fig. 2B; poly(mA)]
produced nanoswitch-based detec-
tion signal higher than for the poly
(rA) duplexes of the same length.
The latter two findings both agree
with the findings of Copp et al.
(2017) and add additional support to
the validity of our method. Given
that 3′-endo sugar pucker is observed
in all known determined structures
of parallel poly(A) duplexes (Safaee
et al. 2013; Gleghorn et al. 2016;
Copp et al. 2017) and that LNAs are
trapped into a 3′-endo sugar pucker
configuration, we wanted to know if
poly(LNAA) could also form parallel
duplexes. Using the hetero-duplex
detection ability of our method, we
observed that poly(LNAA)–poly(rA) du-
plex formation produced a stronger
relative signal than poly(rA)-only du-
plexes, yet surprisingly poly(LNAA)–
poly(LNAA) duplexes did not form.
Our results provide insight into sugar
pucker and general structure require-
ments for poly(A) parallel helix forma-
tion. Our assay provides a new way to study a variety (Fig.
2C) of complex interactions, and our results may have po-
tential applications in DNAnanotechnology andmolecular
biology.

RESULTS

Parallel poly(A) duplex detection with a DNA
nanoswitch

Design of testable interaction regions to use with the DNA
nanoswitch

A recent bioanalysis tool called a DNA nanoswitch can
be used to visually detect binding of a molecule or mole-
cules of interest through readout of altered DNAmigration
after agarose gel separation (Koussa et al. 2015;
Chandrasekaran et al. 2016, 2017, 2019). For example,
DNA nanoswitches can detect the presence of single-
stranded small RNAs of a specific sequence from cellular
total RNA in a highly sensitive manner (Chandrasekaran
et al. 2019). The DNA nanoswitch that we use here is
made of a linearized single-strand of M13 bacteriophage
DNAwith annealed reverse complement oligonucleotides
duplexed along the length of M13 DNA, with the excep-
tion of extended single-stranded detector arm regions

that are not duplexed (Fig. 3A). To detect parallel duplex
interactions, we designed chimeric oligonucleotides that
contained a 14 nt DNA region that reverse complements
to a detector arm (“holding regions” d1 and d2 in Fig.
3B), while the remaining portion of the oligo was changed
to a variety of all adenine-containing nucleotides with dif-
ferent testable ribose, 2′-deoxyribose, or other sugar moi-
ety modifications (“interacting regions” X and Y in Fig. 3B).
Sequences for these variations are listed in Table 1. To test
for parallel poly(rA) homo-duplex formation for example,
two different test strands were used with the nanoswitch.
One strand had at its 3′ side, a DNA region (d1) that binds
to detector arm 1 (d1∗) on the nanoswitch, and at the 5′

side of the strand had a number of sequential rAs [i.e.,
poly(rA), “X”] (Fig. 3B). The other tested strand contained
at its 5′ side the reverse complement DNA sequence (d2)
to pair with detector arm 2 sequence (d2∗), and at the 3′

side of this strand was a poly(rA) region (i.e., “Y”) that
was tested for interaction with “X” (Fig. 3B). If X and Y
formed a parallel duplex, then this slows migration of the
nanoswitch “on” state upon agarose gel separation and
generated a positive detection for the DNA nanoswitch
(Fig. 3C). In this way, the detector bound portions of tested
oligos form antiparallel Watson–Crick base pairs with the
DNA nanoswitch detector arms while simultaneously per-
mitting formation of parallel poly(A) duplexes of the other

BA
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FIGURE 3. DNA nanoswitch based parallel duplex detection design. (A) The nanoswitch is a
linear duplex in its “off” state. Two “detectors” have single stranded extensions that can bind
to other strands. Tested oligos (purple and orange) pair to detector regions through DNA an-
tiparallel interactions while permitting parallel interactions through variable “X” and “Y” re-
gions. Note that for parallel duplexes formed in acidic conditions, the positive state is
expected only when the assay and gel contained the pH favoring parallel duplex formation.
On forming a parallel duplex, the nanoswitch reconfigures to the looped “on” state. The dot-
ted lines represent the continuation of the DNA nanoswitch. The ball and arrow represent 5′

and 3′ ends of the oligonucleotides, respectively, and are included to show strand direction
especially in the formation of parallel duplexes. (B) Design of chimeric oligonucleotides which
can bind to the detectors on one end (“holding region” with sequence d1 binds to detector
d1∗). We changed the other portion of this strand to contain variations of poly(A) lengths
and modifications (“interacting regions,” X and Y ). (C ) The “on” and “off” states of the nano-
switch can be easily resolved on an agarose gel.
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tested X and Y components of the strands using non-
Watson–Crick pairing (Fig. 3A, inset; Safaee et al. 2013;
Gleghorn et al. 2016). By simply leaving the respective
d1 or d2 DNA regions intact, but changing the composi-
tions of X and Y on these chimeric nucleic acids, we were
able to test for a variety of interactions.

Agarose gel separations

Since parallel poly(rA) homo-duplexes have long been
known to form in acidic conditions (Rich et al. 1961;
Brahms et al. 1966) but not at neutral pH (i.e., unless in
the presence of ammonium ions), we had to validate that
DNA nanoswitch-detected interactions were pH depen-
dent, as evidence that we are indeed detecting parallel du-
plexes. To achieve this, incubations of nucleic acid
components, and the subsequent agarose separations

had to be at the same pH; otherwise, a complex that
formed in acidic incubation conditions might fall apart if
the agarose gel was at near neutral pH conditions, for ex-
ample, prior to detection. Another important consider-
ation was to not over-incubate complexes prior to
detection in acidic conditions due to potential depurina-
tion effects.

To decrease heat generation during electrophoresis in
our conditions to that below melting temperatures of at
least the longest poly(rA) duplexes tested (Brahms et al.
1966; Safaee et al. 2013), we had to perform separations
more slowly than traditional 1× TBE agarose gels, in the
cold (refrigerator) and surrounded by ice and ice packs.
Using an infra-red heat gun and periodically measuring
the temperature at 20-min intervals over 260 min of pH
4.5 and pH 5.0 agarose gel separations, the maximum
temperature recorded was 7.5°C, and 9.3°C, respectively
(data not shown).

Validation of DNA nanoswitch detection of known
pH dependent poly(A) duplex interactions

Poly(rA) homo-duplexes form as a function of length, acid-
ity, and ammonium ion concentration (Brahms et al. 1966;
Safaee et al. 2013). Poly(rA) as small as rA6 have been
shown to form parallel homo-duplexes and the thermal
stability of these complexes increases as the length of
strands in the duplex increase (Brahms et al. 1966;
Safaee et al. 2013), likely due to increased hydrogen bond-
ing interactions. Additionally, parallel poly(rA) duplexes
are more thermally stable as pH decreases from neutral
pH (Brahms et al. 1966; Safaee et al. 2013). Poly(mA),
that is, 2′-O-methylated, parallel duplexes with eight pos-
sible A+

–A+ pairs (dT1-mA8 strands) form at pH 4.0 and
have a higher melting temperature (+10°C) than poly(rA)
duplexes (dT1-rA8 strands) of a similar length (Copp et al.
2017). To validate that DNA nanoswitch detection pro-
duced signal for the known low-pH induced parallel poly
(A) homo-duplex formation, while not producing signals
at higher pH, we tested for strand interactions at pH 4.5,
5.0, and 6.0. As a negative control, we used two strands
with sequences d1 and d2 that bind to respective d1∗

and d2∗ detectors of the nanoswitch separately, verifying
that the “holding regions” (Fig. 3B) alone do not generate
looping of the DNA nanoswitch (Fig. 4A, top). We used a
28 nucleotide (nt) DNA oligo “K28” as a positive control
(Chandrasekaran et al. 2016), which contains 14 bases on
each side for binding each of the two detector arms (Fig.
4A, bottom). K28 binding causes a looped-out structure
to form that slows migration on an agarose gel of this
“on” state DNA nanoswitch relative to an undetected
“off” state (Fig. 4A, inset).

To determine if our method produced a signal readout
reflective of parallel duplex length, knowing that longer
lengths are more thermally stable (Brahms et al. 1966;

TABLE 1. Oligonucleotides used in these studies

Names of each DNA, RNA, or DNA/RNA chimera are indicated.
Underlined regions of each sequence indicate the region that forms an
antiparallel reverse complement to respective detector regions on the
nanoswitch. Oligos standard to the DNA nanoswitch are not shown
(Chandrasekaran et al. 2016).

Pickard et al.
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Safaee et al. 2013), we first designed oligonucleotides
(Table 1) to test for interaction and complex formation in
different lengths of poly(rA)–poly(rA) and poly(mA)–poly
(mA) sequences. We tested 8-, 16- and 24-nt versions of
these strands by creating interaction regions of similar
lengths on strands bound to both detectors: rA8–rA8,
rA16–rA16, rA24–rA24, mA8–mA8, mA16–mA16, and
mA24–mA24, where the first segment denotes the type
of nucleotide and length of interacting region in detector
1 (purple in Fig. 4B) and the second segment denotes
those attached to detector 2 (orange in Fig. 4B). In all
shown tested pH values, single-stranded positive control
K28 was detected by the DNA nanoswitch, and negative
control strands (d1/d2), which are reverse complemented
DNA to the detector arms, were not detected (Fig. 4B).
This indicates that the “on” state is due to bridging detec-
tor arms and validates the functionality of the nanoswitch
at the different pH values tested. All our subsequent
DNA nanoswitch experiments include these positive and
negative controls as quality controls and as such have sim-

ilar readouts. Importantly, interactions with the strongest
signal in the two most acidic pH values tested were those
of the greatest length and known to interact in acidic con-
ditions, rA24–rA24 andmA24–mA24, and these homo-du-
plexes are not visible at pH 6.0 (Fig. 4B,C). These results
validate the utility of the DNA nanoswitch in detecting par-
allel poly(A) duplexes as a function of pH since parallel poly
(rA) and poly(mA) homo-duplexes formed at pH 4.5 and
5.0, but not at pH 6.0. As expected, a general trend of de-
creased detection was visualized as the size of homo-di-
mers decreased to 16 (rA16–rA16 and mA16–mA16)
pairs, and then to an undetected 8 (rA8–rA8 and mA8–
mA8) pairs in each acidic condition tested (Fig. 4C).

Increased sensitivity of parallel poly(A) duplex detection
compared to traditional UV melting studies

A known advantage of nucleic acid detection with a DNA
nanoswitch is its high sensitivity (Koussa et al. 2015;
Chandrasekaran et al. 2016). The nanoswitch itself is

BA
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FIGURE 4. Parallel poly(A) duplexes are detected by a DNA nanoswitch in a pH dependent manner. (A) Negative and positive controls used in
this study. For the positive (+) control scenario, we used an oligonucleotide sequence (K28) with symmetric 14 base-pairing with each detector
region (Chandrasekaran et al. 2016). The full K28 sequence combined the d1 andd2 sequences, complementary to the detector arms d1∗ and d2∗

described in Figure 3. For a negative control, we added two oligonucleotides (d1 and d2) that bind separately to detectors and quench the nano-
switch and thus avoid loop formation. Representative expected gel image with the positive and negative controls is shown as an inset. The pos-
itive “detection” band is indicated by a yellow arrow. (B) Testing poly(rA) and poly(mA) interactions. Agarose gels with lanes indicated for the
strand interactions tested and the pH used for each assay. Interaction regions bound to detectors 1 and 2 are indicated in purple and orange,
respectively, on top of each lane. (C ) Quantified results of parallel duplex formation at different pH values for different lengths of poly(rA) and
poly(mA) strands tested.
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relatively large (∼7 kbp) compared to what it is detecting
(8–24 bp). Thus when a single molecule is detected, the
large mass of the entire nanoswitch shifts position on the
gel due to the change in topology (linear to looped) and
binds to many molecules of DNA interacting dyes like
GelRed to produce a signal much stronger than what could
be obtained from staining just the single detected nucleic
acid complex alone (i.e., the parallel poly(A) duplex)
(Koussa et al. 2015; Chandrasekaran et al. 2016).
Traditional parallel poly(A) duplex detection uses UV melt-
ing which requires a significant amount of material to pro-
duce an absorbance at 260 nm (A260) that permits the
detection of duplex (lower absorbance) and single-strand-
ed (higher absorbance) species in solution (Brahms et al.
1966; Safaee et al. 2013; Copp et al. 2017). UV-melting ex-
periments typically start at an A260 of 0.5 and melt to an
A260 of 0.8 (Brahms et al. 1966; Safaee et al. 2013; Copp
et al. 2017). For an rA24 strand for example, which is
3.43 nmole/OD260, an A260 of 0.8 is 2.74 µM. Our experi-
ments were carried out with a 10.42 nM final concentration
of each separate strand. Even if we, for the sake of compar-
ison, divided the concentration of strands for a typical UV-
melting study in half considering that only strands of the
same rA24 sequence are used rather than two different
strands as in our method, our method still requires over
130 times less concentration of strands for parallel duplex
detection than a typical UV melting study.

Poly(dA) duplexes are not detected by the DNA
nanoswitch detection method in conditions that
detect poly(rA) duplex formation

Recent UVmelting studies and native gel analysis studies by
Copp et al. (2017) showed that the introduction of dAwithin
an otherwise strand of rA or mA nucleotides, decreased rel-
ative duplex stability in acidic and ammonium-containing
solutions, and a dA-only stranddid not formaduplex. These
studies appear to invalidate a prior study that suggested
poly(dA) strands form parallel duplexes (Chakraborty et al.
2009). To test the formation of poly(dA) homo-duplexes,
we added dA8, dA16, and dA24 to d1 and d2 sequences
and carried out a DNA nanoswitch detection (Fig. 5) at pH
4.5.Although rA16and rA24homo-duplexesweredetected
at pH 4.5 and not pH 6.0, no signal was detected for homo-
duplex formation of dA8, dA16, or dA24 strands at either of
these pH values (Fig. 5).

The DNA nanoswitch is a useful tool to accurately
detect hetero-dimeric poly(A) duplexes

Hetero-dimeric poly(rA) duplex formation when
interacting strands are of different lengths

We exploited the ability to change each side of the tested
duplex on theDNA nanoswitch to test hetero-stranded du-

plex formations as well as to further evaluate the effective-
ness of our method. To test if the smaller side of each
construct was limiting to parallel poly(A) duplex formation,
and therefore validating the effectiveness of our technique
to not include off-target homo-duplex formations in our
readout, we performed experiments varying the lengths
of interacting poly(rA) strands at a pH value supporting
rA24–rA24 duplex formation, pH 5.0 (Fig. 6A). As expect-
ed and now as controls, rA8–rA8 interactions were not de-
tected, whereas rA16–rA16, and rA24–rA24 interactions
were detected. Any combination of tested pairs including
rA8 as one of the strands, did not produce a detected du-
plex signal. However, rA16–rA24 duplexes did form, re-
gardless of the detector-side that each strand was
positioned (i.e., switching d1 and d2 for each strand pro-
duced a similar result) (Fig. 6A, lanes 10,11). These results
suggest that duplex formation strength is limited by the
smaller of the two sides (indicated by gray circles in the
bottom panel of Fig. 6A), and this is logical given that
the number of bonds capable would be limited by the
smaller side. These results also support that the DNA
nanoswitch is a detector that is specific for only those
strands tested for hetero-duplex formation.

Hetero-dimeric poly(A) duplex formation when strands
are of different sugar composition and length

Antiparallel nucleic acid hetero-duplexes with strands dif-
fering in sugar composition form stable helical structures.
Many prior studies testing for poly(A) formation often
only tested homo-duplex formation, even if modifications
were made within each strand. To learn more of the struc-
tural adaptability and limitations of the parallel poly(A) he-
lix, we tested for the ability of poly(rA), poly(mA), and poly

FIGURE 5. Poly(dA) duplexes are not detected by the DNA nano-
switch in conditions of poly(rA) duplex detection. Lanes of interacting
oligonucleotides tested and pH of assays and agarose gels are indi-
cated. For both poly(rA) and poly(dA), we tested interaction lengths
(Xn and Yn) of 8, 16, and 24 nt on each detector (purple and orange
in figure and gel labels, respectively).
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(dA) strands to form hetero-duplexes with one another;
combinations of these strands, but each at either 16 nucle-
otides (nts) or 24 nts in length were tested for interaction at
pH 4.5 and pH 6.0 (Fig. 6B). At pH 6.0, no detection was
observed other than positive control K28. Our above re-
sults (Fig. 5) showed that at pH 4.5, rA16 and rA24
homo-duplexes were detected, and homo-duplexes of
dA16 and dA24 were not detected. Here, a tested combi-
nation for potential rA24–dA24 duplex formation also
showed no detection (Fig. 6B, lane 5). Whereas no notice-
able detection was observed for an mA16–rA16 hetero-
duplex (lane 6), an mA24–rA24 hetero-duplex was detect-
ed (lane 7) with ∼6% looped nanoswitch compared to
∼13% for the rA24/rA24 homo-duplex (lane 3; Fig. 6C).
No detection was observed for an mA16–dA16 or
mA24–dA24 hetero-duplex formation (lanes 8 and 9,
respectively).

Poly(LNAA) strands duplex strongly with poly(rA)
strands but not with other poly(LNAA) strands, and
poly(rA)–poly(LNAA) can duplex at a higher pH than
poly(rA) homo-duplexes of the same length

Sugar moieties in parallel poly(rA) duplexes adopt the C3′-
endo conformation that is also present in A-form antiparal-
lel RNA duplexes. Since LNA sugar modifications force this

conformation, we tested the potential of adenines at-
tached to LNA sugars to contribute to parallel poly(A) du-
plex formation using our DNA nanoswitch assay. We
tested different combinations of strands that contained
LNA modifications in acidic conditions (Fig. 7A). Due to
limitations in synthesis, our constructs contained a maxi-
mum length of 15 sequential LNAA nucleotides. First, we
kept one interacting region constant (rA16) and changed
the other interacting region to be rA16, rA1-LNA15 (with
one rA nucleotide followed by 15 LNA nucleotides) or
rA8-LNA8 (with alternating rA and LNA). At pH 6.0, no
detection was observed for duplex formations tested
(Fig. 7A, bottom gel image). The rA16 homo-duplex was
detected at pH 5.0 (as in Fig. 4B), but not at pH 5.5 (Fig.
7A, lane 3). In comparison, a hetero-duplex formed with
rA16 and rA1-LNA15 produced an even stronger interac-
tion signal than the rA16 homo-duplex at pH 5.0, and

B

A

C

FIGURE 6. Parallel poly(A) hetero-dimeric duplexes can form and be
detected by the DNA nanoswitch. Lanes and pH of assay and gel are
indicated. (A) Hetero-dimeric parallel poly(A) duplexes formed from
two strands of different lengths is limited by the shorter strand. For
the interactions that resulted in parallel duplex formation, the shorter
lengths are indicated by a gray circle in bottom panels. (B) Hetero-
dimeric poly(mA)–poly(rA) duplexes form when strands are of suffi-
cient length and in acidic conditions (lane 7). Poly(mA)–poly(dA) het-
ero-duplexes were not detected (lanes 8,9). (C ) Histogram of
detected fraction of rA24/rA24 and mA24/mA24 looped bands for
comparison.

B

A

C

FIGURE 7. Hetero-dimeric poly(LNAA)–poly(rA) duplexes can form in
acidic conditions while poly(LNAA)–poly(LNAA) duplexes do not form
in these conditions. (A) Interaction regions (X and Y) on each detector
were changed to different combinations of poly(rA) and poly(LNAA) or
a mixture of both. Gel results with lanes identified for each type of in-
teraction tested. The pH of the assay and gel are also indicated. (B)
Quantified results of parallel duplex formation at different pH values
for the rA16/rA1-LNA15 and rA16/rA16 combinations. (C )
Quantified results of parallel duplex formation at pH 5 for rA16/
rA16 (no LNA bases), rA16/rA8-LNA8 (8 LNA bases), and rA16/rA1-
LNA15 (15 LNA bases).
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produced a positive interaction signal at pH 5.5 as well
(Fig. 7A, lane 4 and Fig. 7B). The strand containing alter-
nating LNAA and rA nucleotides also interacted at pH 5.0
with an rA16 strand, but not at pH 5.5 (Fig. 7A, lane 5).
Interestingly, no detection was observed when two poly
(LNAA) strands were examined at the pH values tested
(Fig. 7A, lane 6). When a 16 nt strand with alternating
LNAA and rA bases was tested for interaction with a poly
(LNAA) strand, detection was observed at pH 5.0, but not
pH 5.5 (Fig. 7A, lane 7). These results indicate that poly
(LNAA) strands bind strongly with poly(rA) strands in a par-
allel fashion but not with other poly(LNAA) strands, and
poly(rA)–poly(LNAA) can duplex at higher pH values than
poly(rA) homo-duplexes of the same length (Fig. 7B).
Moreover, within the versions tested, the interactions are
stronger with increasing number of LNA nucleotides in
the strand that interacts with rA16 (Fig. 7C).

DISCUSSION

We have adapted a DNA nanoswitch based method to
detect parallel poly(A) duplex formation in acidic condi-
tions and at a sensitivity requiring 10.4 nM of each interact-
ing strand, over 130 times less concentration than typical
UV melting studies. As is the benefit of the DNA nano-
switch itself (Koussa et al. 2015; Chandrasekaran et al.
2016), no radiation, spectroscopy equipment, or addition-
al enzymes are required for parallel polyadenylic duplex
detection; rather simply, what is required are oligonucleo-
tides and standard DNA agarose gel electrophoresis com-
ponents and equipment. Additionally, the “on” or “off”
state readout while controlling specific strand sequences
and compositions being tested for interaction is less am-
biguous than native gel analysis. The evidence here that
parallel duplex detection with the DNA nanoswitch is pH
dependent strongly suggests that we are indeed analyzing
parallel poly(A) duplexes that are known to form in acidic
conditions, and that they dissociate as the pH is increased.
We note, however, that the DNA nanoswitch does have its
limits, because (i) while producing higher signals at respec-
tive acidic pH values as homo-duplex length increased, re-
spective lengths of detected poly(A) duplexes at pH 5.0
produced a greater fraction of looped signal than at pH
4.5 (Fig. 4C), and (ii) when normalized to the K28 control
(data not shown), the reverse trend was seen, except for
rA16 homo-dimer formation testing. It is unclear why these
two occurrences were observed; a possible explanation
could involve subtle acid-induced destabilization of the
nanoswitch and/or detector interactions by depurination
or other effects. Additionally, and since it is known that
polyadenylic duplexes form in ammonium ion solutions
at more neutral pH values (Safaee et al. 2013; Copp
et al. 2017), a different limitation to our method is that
we currently rely on the presence of phosphate buffered
saline (PBS) in our solution and phosphate interacts

strongly with ammonium to form an ammonium phos-
phate salt that would precipitate out of solution. Future de-
velopment of the method to test a variety of other
conditions and metal inclusion as well, would be useful.

Of note, the pKa of N1 of adenine has been suggested
to be 4.2, and 3.64 when part of adenosine (Kapinos et al.
2011). It is N1 protonation that is attributed to parallel
polyadenylic helix formation (Rich et al. 1961; Gleghorn
et al. 2016). All regions we tested here for interaction con-
tain all adenines as bases and therefore differences in
nanoswitch detection levels are reflective of environmen-
tal pH, strand lengths, and strand sugar compositions.
We are unaware of the pKas for adenine when adjoined
to all of the different sugar variants we have used here,
and therefore we are for now limited to assume pKas are
similar to adenine and adenosine. Parallel poly(rA) homo-
duplexes were detected with higher signal for rA24-
formed over rA16-formed homo-duplexes at acidic pH val-
ues of 4.5 and 5.0 (Fig. 4B,C), values that are both above
the pKa of adenine and adenosine, yet within a pH-range
known to support poly(rA) duplex formation in solution
(Brahms et al. 1966; Safaee et al. 2013). By definition,
pKa reflects an environmental pH at which a 50:50 mixture
of protonated:unprotonated exists, at adenine N1 in this
instance; even at pH 5.0, but not pH 6.0, protonation ap-
pears sufficient for poly(A) duplex formation (Fig. 4). The
evidence here and elsewhere (Brahms et al. 1966; Safaee
et al. 2013) that longer polyadenylic strands can compen-
sate for lower levels of protonation to form parallel polyad-
enylic duplexes is very important due to the question of
whether such structures exist in cells at more physiological
pHs (i.e., near pH 7). The most obvious place for parallel
polyadenylic structures to exist are within the long, poly
(rA) tails found in RNA polymerase II transcribed RNAs in
cells (Zhao et al. 1999). These tails can be longer than
200 nt in length in eukaryotes (Subtelny et al. 2014), yet
it is unclear if the cellular environment can permit their ex-
istence. Possibly, at these lengths, a pH near the pKa of ad-
enine N1 that is required for smaller poly(rA) sequences to
form parallel poly(rA) duplexes, is not as crucial for parallel
duplex formation and can be compensated for by having
only a few protonated interactions, but more in total due
to an increased poly(rA) length. It has been hypothesized
that protonation need not derive from solution alone,
but possibly from proteins that interact with poly(rA) tails
(Zarudnaya and Hovorun 1999).

In addition to protonated adenine, the C3′-endo sugar
pucker observed in nucleotides of solved poly(A) duplex
structures appears important to helix stabilization
(Safaee et al. 2013; Gleghorn et al. 2016). Evidence for
this is first from determined poly(A) parallel helix struc-
tures that contained in each strand a single dA substitu-
tion that adopted C3′-endo pucker, despite dA typically
adopting the C2′-endo pucker in a single stranded
dApdA dinucleotide and in poly(dA) strands antiparallelly
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paired to poly(rU) (Ts’O 1974; Arnott et al. 1986; Erie et al.
1993; Xiong and Sundaralingam 1998; Copp et al. 2017).
Secondly, mA incorporation that has been shown to en-
hance parallel poly(A) duplex stability, achieves this by
preferential C3′-endo pucker observed in the majorly
mA-comprised poly(A) helix NMR structure (Copp et al.,
2017); this C3′-endo preference is sufficient enough to
even convert B-form (C2′-endo) DNA antiparallel duplex-
es to more A-form (C3′-endo) (Lubini et al. 1994; Copp
et al. 2017). As such, in our work here, poly(A) parallel du-
plexes not forming when both strands were poly(dA) (Fig.
5, lanes 6–8), when one strand was poly(rA) and the other
poly(dA) (Fig. 6B, lane 5), and when one strand was poly
(dA) and the other poly(mA) (Fig. 6B, lanes 8,9), can be ex-
plained by unfavorable C2′-endo sugar pucker, instability
of preferred C3′-endo sugar pucker, and/or improper
base-stacking interactions. Supporting the latter point,
whereas dA substitutions are tolerated and molded to
the proper C3′-endo sugar conformation in the context
of otherwise mA- and rA-containing helices (Copp et al.
2017), our results and those of Copp et al. (2017) that a
poly(dA) strand does not support parallel duplex forma-
tion, could likely be explained by altered base stacking in-
teractions, in addition to sugar pucker preference,
compared to an all rA helix; these differences are evi-
denced in a single stranded rAprA dinucleotide com-
pared to a dApdA dinucleotide (Ts’O 1974; Erie et al.
1993). Importantly, a poly(mA) strand with nucleotides ex-
pected to adopt C3′-endo sugar pucker did pair with a
poly(rA) strand (Fig. 6B, lane 7) indicating the importance
of both strands containing the proper sugar pucker con-
formations to form the parallel poly(A) helical structure.
The looping percentage for this poly(mA)–poly(rA) duplex
with 24 possible A+

–A+ pairs was 2.2 times less than for
the same length of a poly(rA)–poly(rA) duplex at pH 5.0
(Fig. 6C); this is in contrast to the 1.9 times enhancement
of poly(mA)–poly(mA) detection over poly(rA)–poly(rA)
detection (Fig. 4C). Our results are consistent with the
findings of Copp et al. (2017) in that dA–dA pairing
does not occur and that mA–mA pairing is more favorable
for poly(A) duplex stability. New here however, with re-
sults capable through the advantage that our method pro-
vides, is that mA–rA pairing appears less favorable than
rA–rA and mA–mA pairing. Since a largely (with a single
dA in each strand) mA-composed parallel poly(A) helix
NMR structure was similar to an all poly(rA) double-helix
structure (Copp et al. 2017), it is unclear why mA–mA ap-
pears to decrease parallel poly(A) helix stability and/or for-
mation. Possibly, there is subtle disruption in the
symmetric nature of the pairs when one is mA, and the
other rA, that owes to a slight decrease in helix stability;
however, further structural exploration of this is needed.
Importantly, we have found that at pH 5.5, a poly(LNAA)–

poly(rA) hetero-duplex can form at an even higher pH than
a poly(rA) homo-duplex of the same length (Fig. 7A, com-

pare lanes 3,4; Fig. 7B). Moreover, nanoswitch looping sig-
nal increased at pH 5.0 as the number of LNAAs increased in
a strand interacting with a similar length of poly(rA) (Fig.
7C). Possibly, the C3′-endo prominent and stabilized con-
formation of this modified sugar supports the parallel du-
plex formation more so than a poly(rA) sequence, which
might have more flexibility. Incorporation of LNA residues
in a DNA strand antiparallelly paired with a complementa-
ry strand of DNA, causes the resulting helix to adopt a
more A-form than B-form conformation (Ivanova and
Rösch 2007), illustrating the influence of the LNA-contain-
ing strand on the conformation of the entire helical struc-
ture. The fact that a poly(LNAA)–poly(rA) hetero-duplex
strongly forms dependent on acidic pH in our experiments
(Fig. 7), suggests that the duplex is adopting a structure at
least some-what similar to the poly(rA) parallel double-he-
lix. It has been shown that LNA–RNA (i.e., one strand con-
taining all LNA residues, and the pairing strand having all
ribose sugars) antiparallel and Watson–Crick paired du-
plexes adopt a helical conformation with parameters
that are unlike RNA–RNA and LNA–LNA antiparallel du-
plexes, and resemble an intermediate conformation be-
tween the two (Eichert et al. 2010; Förster et al. 2012).
Future structural studies are needed to elucidate the heli-
cal parameters of a poly(LNAA)–poly(rA) parallel double-he-
lix that we have identified here; it will be interesting and
informative to then contrast and compare poly(LNAA)–
poly(rA) and poly(rA)–poly(rA) parallel helical parameters.
It is peculiar though, that we did not observe poly(LNAA)–

poly(LNAA) homo-duplex formation (Fig. 7, lane 6). A steric
or other hindrance must be preventing LNAA–LNAA pairing
from each strand. Supporting this idea, in Figure 7, the
rA1-LNA15/rA8-LNA8 interaction (lane 7) was weaker
than rA16/rA1-LNA15 (LNAA–rA pairing) interaction (lane
4), and slightly stronger than the rA16/rA16 interactions.
Any positive effect (relative to rA–rA interactions) of strong
LNAA–rA pairing, is apparently diminished by potentially
unfavorable LNAA–LNAA interactions.
Poly(rA) parallel duplexes at acidic pH are stabilized by

inter-strand rA–rA base–base pairing, as well as base–
phosphate interactions (Rich et al. 1961; Gleghorn et al.
2016). Direct base–phosphate inter-strand interactions
are absent in RNA–RNA, LNA–RNA, LNA–LNA, DNA–
DNA, andDNA–RNA antiparallel duplexes that are formed
largely throughWatson–Crickbase–base inter-strand inter-
actions. Inherent to the pairing that generates the poly(rA)
parallel double-helix, while having C3′-endo sugar pucker,
helical parameters are otherwise unlike that of A-form anti-
parallel double helices (Safaee et al. 2013; Gleghorn et al.
2016). Factors specific to LNA residuesmust therefore con-
tribute to preventing poly(LNAA)–poly(LNAA) parallel duplex
formation despite the preferred C3′-endo sugar pucker
fromboth strands.Molecular modeling and structural stud-
ies have shown that LNA–LNA antiparallel helices are
underwound due to competing forces of steric rigidity
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and base-stacking interactions (Pande and Nilsson 2008;
Förster et al. 2012; Yildirim et al. 2014). Possibly, without
one strand of an “all poly(LNAA)” parallel duplex having
the conformational dexterity to accommodate the rigidity
of the other, like the more flexible poly(rA), improper
base-stacking and pairing interactions do not support the
protonatedN1-mediated interactions necessary for thedu-
plex to form at acidic pH (Fig. 1). Consistent with there be-
ing a limit to LNA-induced enhancement to helical stability,
TFO strands composed of all LNAs were unable to support
triplex formation with a dsDNA, whereas LNA substitutions
within an otherwise DNA strand showed enhanced triplex
formation over a natural DNATFOat pH 6.6 and 7.2 (Obika
et al. 2001).

Although we can learn from LNA incorporation in anti-
parallel Watson–Crick paired duplexes, it is important to
note that our knowledge of these helical formations is
not necessarily directly transferable to our understanding
of parallel poly(A) duplexes. This is evidenced by our re-
sults showing that a poly(dA) strand does not detectably
pair with a poly(rA) strand (Fig. 6B, lane 5), since DNA–
RNA antiparallel duplexes are well known to form. As
such, and with our current state of knowledge, it is difficult
to predict the resulting helical structure and parameter val-
ues that will form when one strand has different modifica-
tion than the other.

In conclusion, the work presented here presents a DNA
nanoswitch based method that can be developed further
in the future to detect other pH-sensitive nucleic acid inter-
actions, such as i-motif and triplex structures. Our findings
suggest that C3′-endo pucker is an important structural el-
ement to parallel poly(A) duplex formation. Moreover, we
have identified a potential poly(rA) duplex mimic, poly
(rA)–poly(LNAA) that can form at a pH higher than that of a
poly(rA) duplex of similar length. Our immediate hope is
that we can use our knowledge of the poly(rA)–poly(LNAA)
duplex to capture mature poly(rA)-tailed mRNA transcripts
in amethod that canbe compared to the existingoligo(dT)-
and cap-based methods (Blower et al. 2013). Such a strat-
egy could have benefits over traditional oligo(dT) based
purification, especially sinceextractionof RNA fromcells al-
ready requires low pH to purify RNA away from DNA
(Chomczynski and Sacchi 2006), and this, the nature of
the poly(A) duplex, and the incorporation of LNA mole-
cules could provide RNase resistance. A stable poly(rA) du-
plexmimic might also be used as a tool to identify proteins
in cells that can potentially recognize this structure.

MATERIAL AND METHODS

Construction of the DNA nanoswitch for parallel
duplex detection

DNA nanoswitches were constructed as described in
Chandrasekaran et al. (2016) (without purification) to contain

detector D1 and D2 (here referred to as “d1∗” and “d2∗”, respec-
tively) sequences at variable V4 and V8 positions on the nano-
switch with appropriate filler strands (Chandrasekaran et al.
2016). All oligos were purchased from Integrated DNA
Technologies, except those containing LNA (i.e., 2′-O-4′-C-meth-
ylene-β-D-ribofuranosyl) modifications, which were purchased
fromQiagen. All oligos were purchased with a standard desalting
purification level. Once the nanoswitches were built by annealing,
themixturewas diluted1:25 in a 1×PBSannealingbuffer at thepH
tested in the subsequent assay, that is, “detection buffer.”
Oligomers used for testingduplex interactions (Table1) contained
a tested region for interaction aswell as a 14nt sequence that is the
reverse complement of d1∗ or d2∗ detector arms; this region is
one-half of the K28 sequence described in Chandrasekaran
et al. (2016). Each individual oligo used for detection was diluted
to 50 nM in the specific detection buffer yielding a concentration
of 25 nM after combining 25 µL of each oligo. A single oligonucle-
otide, “K28” thatbinds to14 nt fromeachdetector arm servedas a
positive control for detection (Chandrasekaran et al. 2016). The 50
µL solution of mixed oligos for interaction detection were an-
nealed, along with the annealing for assembly of the nanoswitch
itself (Chandrasekaran et al. 2016), in a T100 Bio-Rad thermocy-
cler, by heating the mixture to 90°C and then cooling at a rate of
1°C per minute to 4°C (Chandrasekaran et al. 2016). Oligos were
then transferred to ice and 5 µL was mixed with 5 µL of prechilled
diluted nanoswitch in prechilled 0.2 mL PCR tubes, vortexed, and
centrifuged on a table-top centrifuge and incubated∼7 to 17 h in
the refrigerator at 4°C.

Acidic pH agarose gel electrophoresis and
nanoswitch readout

Following the completion of the detection assay 2 µL of cold 6×
DNA loading dye with bromophenol blue and xylene cyanol
was added to each tube. Samples were immediately separated
on a 0.8% agarose gel made with a 0.05 M citrate buffer with
pH values of: 4.5, 5.0, 5.5, or 6.0. The pH of the gel buffer always
matched the pH of the 1× PBS used in the detection assay. Gels
(40 mL) were prestained with 2 µL of 10,000× GelRed. Acidic gels
were separated in a refrigerator at 40 V for 4–8 h on ice using pre-
chilled buffer of the same pH as the gel; the gel and gel box were
also prechilled and ice packs placed on top of the gel box to ab-
sorb as much heat as possible to aid in preventing denaturation of
the parallel poly(A) duplexes and overheating of the gel (Liu et al.
1993). Gels were imaged on a Bio-Rad ChemiDoc XRS+ or
ChemiDoc MP gel imager with associated Image Lab Software
(versions 6.0.1.34 and 5.2.1, respectively), that was also used for
quantifying band intensities.
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