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Structure of the Parallel Duplex of Poly(A) RNA: Evaluation of

a 50 Year-Old Prediction**

Nozhat Safaee,* Anne M. Noronha, Dmitry Rodionov, Guennadi Kozlov, Christopher J. Wilds,

George M. Sheldrick, and Kalle Gehring*

The first nucleic acid structure to be elucidated was the B-
DNA antiparallel duplex with Watson—Crick base pairs.
Although B-DNA is the most common DNA structure,
alternative structures, such as A-DNA and Z-DNA,? and
sequence-specific duplexes,” triplexes,” and quadru-
plexes™¥ exist, and in some cases they have been shown to
be physiologically relevant.®! RNA is similarly capable of
forming a variety of higher-order structures, including
a homopolymer duplex formed by poly(rA), which was first
described by Rich, Davies, Crick, and Watson.” using
diffraction patterns of poly(rA) fibers formed in acidic pH.
Based on alternative helical structures of poly(rA) and
comparison of the calculated and observed fiber diffraction
patterns, they generated the parallel double-helix model of
poly(rA), stabilized by N1 protonation. Subsequently, Patta-
biraman'”! showed that formation of a parallel, right-handed
nucleic acid duplex is thermodynamically favorable. Kikuchi
et al.l' were able to crystallize A-rich fragments of RNA and
DNA. Recently, Chakraborty et al.,'”! using NMR spectros-
copy and thermal denaturation studies, showed that poly(dA)
can form a parallel homo duplex in acidic solution with low
salt concentration. Despite time and effort, the detailed
atomic structure of the duplex of poly(rA) has remained
elusive. Herein, we obtained highly ordered crystals of (rA);
and determined its structure to 1 A resolution. Thermal
denaturation studies were used to study the stability of the
poly(rA) duplex in solution and elucidate the conditions for
its formation.
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Crystallization of (rA),; required the presence of a frag-
ment of poly(A)-binding protein (PABP) containing domains
RRM1-2. The binding of (rA);; to the protein most likely
reduces the rate of association of the RNA strands to allow
the formation of well-ordered crystals. High-quality data were
collected from multiple single crystals and initial phases were
determined using ab initio direct methods employing the
multi-CPU version of the program ShelxD."®! The structure
model was built in Coot!"! and refined using the program
ShelxL."* The final structure was refined to 1.0 A resolution
(Table 1).

Table 1: Data collection and refinement of the (rA);; duplex structure.”’!

Data collection of (rA),, (PDB ID:4JRD)

Space group P4,2,2

a, b, c[A] 22.8,22.8,163.7
Resolution [A] 22.58-1.0 (1.1-1.0)
Rinerge 0.094 (0.142)

/ol 34.4 (4.7)
Completeness [%] 92.6 (73.1)
Redundancy 2.73 (1.20)

Refinement of (rA),,

Resolution [A] 22.58-1.0 (1.1-1.0)

No. of reflections 22972
Ruork/Riree 0.126/0.158
No. atoms

poly(A)-RNA 478
water 94
B-factors

poly(A)-RNA 13.4
water 29.2
RMS deviations®

Bond lengths (A) 0.007
Bond angles (°) 1.4

[a] Parentheses indicate values for the highest resolution shell.
[b] RMS =root-mean-square.

This structure shows that (rA),; forms a parallel double-
stranded helix (Figure 1) with symmetric base pairs formed by
two adenine nucleotides (Figure 1 A). The A-A base pairs are
“N7-amino-symmetric” where N7 atom of one adenine forms
a hydrogen bond with the amino group of the opposite base.
This base pairing pattern has been previously observed for the
dinucleotide monophosphate of CpA.[") An additional hydro-
gen bond forms between the oxygen atom of the phosphate
group of one strand and the second hydrogen atom of the
amino group from the opposite strand (Figure 1A). There-
fore, the A—A base pairing is mediated by four hydrogen
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Figure 1. (rA);, forms a parallel, right-handed double-stranded helix.
A) The A-A base pair responsible for formation of the poly(rA) duplex.
The phosphate groups are driven towards the axis of the helix and
form two of the four hydrogen bonds. B) Ball-and-stick representation
of the (rA);;, duplex. C) The compact structure of (rA),, with a space-
filling representation. D) Continuous helix of poly(rA) formed from
(rA);; with individual duplexes shown in different colors.

bonds, engaging the Hoogsteen as well as the Watson—Crick
faces of the adenines. These interactions lead to the formation
of a parallel double helix where bases are positioned
perpendicular to the axis of the helix (Figure 1B). The
asymmetric unit of the crystal contains one parallel duplex of
(rA);; comprised of ten base pairs and one nucleotide
overhanging at each end. The terminal unpaired nucleotides
form interduplex base pairs, resulting in a continuous helix
(Figure 1 D; Supporting Information, Figure S1).

Unlike antiparallel duplexes, with major and minor
grooves, the duplex of poly(rA) has grooves of equal size.
The glycosidic angle is trans (187°), the sugar pucker
conformation is 3’-endo with the average pseudorotational
phase angle (P) of 10.7° and maximum torsion angle (v,,,,) of
43.5 (Figure 2). The pitch height, composed of eight base
pairs, is 30 A and the helical rise is 3.7 A (Figure 2). The
formation of the hydrogen bond between phosphate back-
bone and the adenine base drives the phosphate groups
towards the axis of the helix, bringing about the compact
structure of the duplex (Figure 1C), in agreement with the
fiber diffraction model.”! To confirm the structure, AnoDel*!
was used to calculate the anomalous density of the backbone
phosphorous atoms, using a 1.9 A dataset collected from
a single (rA);; crystal. Such a density is calculated using the
measured anomalous differences and phases that are shifted
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Figure 2. Base-pair and helical properties of the parallel duplex of
(rA);;. A),B) Distribution and average (filled oval) of base pair and
helical parameters in the crystal structure. C) Pseudorotation phase
and glycosidic torsion angles.

by 90° from the model phases. The resulted anomalous map of
the phosphorous atoms agrees with their coordinates in our
ab initio model (Supporting Information, Figure S2). Since
AnoDe only uses the phases not the structural model, the
resulted anomalous map is not model-biased but, independ-
ently, confirms the structure.

The stability of the duplex depends on the positioning of
the negatively charged phosphate groups proximal to the axis
of the duplex to allow formation of hydrogen bonds with the
adenine amino groups (Figure 1). Rich et al.l’l suggested that
N1 protonation is required to neutralize the charge of the
backbone phosphate groups, which is consistent with the fact
that they were able to obtain well-ordered fibers at pH 4.

Our structure was however obtained at neutral pH. For 18
nucleotides, we observe strong density for a molecule per-
fectly positioned to make three hydrogen bonds: one to the
purine N1 atom of the same nucleotide, one to the phosphate
of the same nucleotide, and one to the phosphate of the
preceding nucleotide (Figure 3A,B). The low-temperature
factors of these molecules (as low as 13.5 A%) imply that they
are tightly bound as an integral part of the structure, and their
close association with the phosphate groups suggests that they
could be ammonium ions, which were present in high
concentration under the conditions leading to crystallization.
As the numbers of electrons in H,O and NH," are identical,
we cannot distinguish between the two based on electron
density.

The absence of ring protonation is supported by careful
measurement of the angles and distances in the adenine rings.
High-resolution crystallographic studies of adenine nucleo-
sides have shown that the internal angle at N1 is larger when
protonated with ranges of 121.9° to 124.1° for protonated and
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Figure 3. Neutral adenines form homo base-pairs in the presence of ammonium ions. A) Stick
representation of the duplex with bound ammonium ions on the two strands shown in yellow and blue
dot representations, prepared using PyMol. B) A section of the 2F,—F_ map of the (rA),; structure
contoured at 1.3¢ illustrating A-A hydrogen bonds, prepared using Coot.""! The rotated view of the
same section of the map shows that ammonium ion make hydrogen bonds with two phosphate groups
from the adjacent nucleotides on the same strand. C) Histogram of the 22 C2-N1-C6 angles in our
structure. For comparison, the average values for protonated and neutral adenine are shown.

117.7° to 120.8° for neutral adenine.!'”! To measure the C2-N1-
C6 angles in our structure, we performed one round of
refinement in ShelxL, under relaxed restraints, and used the
resulting coordinates to measure the angle. The C2-N1-C6
angles in the duplex range from 117.1° to 120.8°, with a mean
value of 119.2° (Figure 3 C). This suggests that the adenines
are not protonated and that the N1 atoms are available as
hydrogen bond acceptors for the bound NH," (Figure 3B).
To understand the requirement for the poly(rA) duplex
formation, we investigated the effects of NH," and pH on the
thermal melting transition (7,) of poly(rA) duplexes
(Figure 4). We found that in the absence of NH,", the
duplex of poly(rA) is not stable enough to be detected above
pH 5.0 (Supporting Information, Figure S3 A). However, the
addition of NH," increased the thermal stability of duplex and
the hyperchromatic transition of duplex to single strand was
observed even at physiological pH (Figure 4; Supporting
Information, Figure S3B). We observed that increasing the
concentration of NH," increased the thermal stability of the
poly(A) duplex (Figure 4 A). At low concentrations of NH,",
the T, of poly(rA) duplex varies with pH (Supporting
Information, Figure S3), suggesting that protonation still
plays a role in stabilizing the duplex. However, at a NH,"
concentration of 4.4 M, the duplex is stable in a pH-independ-
ent manner and could be detected at neutral pH (Figure 4 B).
It is noteworthy that Na' does not stabilize the poly(rA)
duplex (Supporting Information, Figure S3D), confirming
that hydrogen bond formation between the cations and
adenines is essential for stabilizing the A—A base pairs.
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Using RNA oligonucleotides
of different lengths, we could
show that the T, of poly(rA)
duplex increases with its length
both at acidic pH in the absence
of NH,* and at neutral pH in the
presence of NH," ions (Fig-
ure 4C-F). These results show
that the A—A base pair formation
along the poly(rA) strands is
cooperative at both acidic and
neutral pH.

The ability of pH and NH,*
ions to compensate and coopera-
tively stabilize the poly(A) paral-
lel duplex suggests that there is
fast exchange between the NH,"
stabilized duplex reported herein
and the H" stabilized duplex
observed by Rich and col-
leagues.”) The structures are
likely to be close to isosteric
with only minor changes associ-
ated with the protonation of the
N1 atom and replacement of the
bound NH," ions with water mol-
ecules. Thus our crystal structure
with 1A resolution represents
both a confirmation of the origi-
nal report of a parallel duplex
form of RNA and a novel structural motif for supramolecular
chemistry.

Parallel poly(rA) duplexes may have played a key role in
an early RNA world. Duplex formation could have been
a mechanism to regulate ribozyme function upon change of
cellular environment. As the great majority of eukaryotic
messenger RNAs (mRNA) are tagged with 100 to 250
adenines at their 3’ end, the polymorphism of poly(rA) is
also relevant for present day cellular processes involving
mRNA translation, storage, and decay. Under conditions of
cell stress, cellular mRNAs are transported into RNA
granules, increasing the local concentration of poly(rA). It is
possible that nature evolved proteins such as PABP in part to
regulate the occurrence of poly(rA) duplexes in cells.

Experimental Section

Assembly, purification, and characterization of RNA oligomers,
(rA),, were previously described.®! Poly(rA) (Sigma-Aldrich) is
polyadenylic acid, potassium salt, with an average length of 500
nucleotides. PABP and eIF4G proteins were produced and purified as
previously described.!"”!

UV thermal denaturation studies: 0.5 OD of poly(rA) was
lyophilized and resuspended in buffer, heated to 90°C for 10 min,
cooled slowly to room temperature, and stored at 4°C overnight
before measurements. Denaturation curves were acquired at 260 nm
with 0.5°Cmin ", using a Varian CARY Model 3E spectrophotom-
eter. The data were analyzed according to the convention of Puglisi
and Tinoco.!
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1.5 A%Da! and a solvent content of
17.7% The structure was analyzed
using the program 3DNA I
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Figure 4. Ammonium ions stabilize the duplex of poly(rA) at physiological pH. A) UV thermal [9] A. Rich, D.R. Davies, F.H. C.

denaturation of long poly(rA) duplexes at 260 nm in 50 mm sodium cacodylate, pH 6.0 supplemented Crick, J. D. Watson, J. Mol. Biol
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218.
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