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ABSTRACT: G-Quadruplexes are noncanonical nucleic acid secondary
structures based on guanine association that are readily adopted by G-rich
RNA and DNA sequences. Naturally occurring genomic G-quadruplex-forming
sequences have functional roles in biology that are mediated through structure.
To appreciate how this is achieved, an understanding of the likelihood of G-
quadruplex formation and the structural features of the folded species under a
defined set of conditions is informative. We previously systematically investigated
the thermodynamic stability and folding topology of DNA G-quadruplexes and
found a strong dependence of these properties on loop length and loop
arrangement [Bugaut, A., and Balasubramanian, S. (2008) Biochemistry 47, 689—
697]. Here we report on a complementary analysis of RNA G-quadruplexes using
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UV melting and circular dichroism spectroscopy that also serves as a comparison to the equivalent DNA G-quadruplex-forming
sequences. We found that the thermodynamic stability of G-quadruplex RNA can be modulated by loop length while the overall
structure is largely unaffected. The systematic design of our study also revealed subtle loop length dependencies in RNA G-

quadruplex structure.

Guanine—rich RNA and DNA sequences are known to fold
into quadruple-helical structures called G-quadruplexes.'
The core of a G-quadruplex consists of multiple G-tetrads
formed from four guanines that self-associate through hydrogen
bonding at both Watson—Crick and Hoogsteen edges. Stacks of
planar G-tetrads give rise to characteristic G-quadruplex
structures that are stabilized by monovalent cations, especially
potassium,” and may contain connecting loops of different
sizes.

The ability of nucleic acids to adopt unusual secondary
structures such as G-quadruplexes raises the question of
whether these structures serve biological functions. Bioinfor-
matics analyses have estimated that there are as many as
376000 putative quadruplex-forming sequences in the
genome.> In addition to repetitive DNA regions that harbor
many putative quadruplex-forming sequences, such as telo-
meres and rDNA, an enrichment of G-rich sequences has been
observed in other genomic locations, including gene
promoters,” and in areas of the transcriptome including splice
sequences’ and untranslated regions.” These observations have
informed hypothesis-driven investigations into understanding
G-quadruplex function. The human telomeres, which are
involved in genome stability and cell growth by protecting
chromosome ends,®® offer one of the most well characterized
and validated examples of G-quadruplex involvement in a
cellular process.'® The recent discovery that telomeric DNA is
transcriptionally active'™'* has further emphasized the impor-
tance of G-rich telomeric sequences. The r[(GGGUUA),]
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repeat transcripts localize at the telomere,""" inhibit telo-

merase,'> and also have a propensity to form RNA G-quadruplex

14—16
structures.

A series of recent studies have established that G-quadruplex
structures formed in the 5-UTR of certain mRNAs, including
NRAS,"” Bcl-2,'® Zic-1," TRF2,° MT3,*! ESR1,** and other™
human mRNAs, have the ability to reduce the efficiency of
translation, and that the extent of inhibition may have a stability
and positional dependence.** Furthermore, an RNA G-
quadruplex “switch” in the 5-UTR of human VEGF mRNA has
been implicated in IRES-mediated translation initiation.*> In
bacteria, Wieland et al. demonstrated the ability to modulate in
vivo gene expression by artificially coupling RNA G-quadruplex
formation with the masking of a ribosome binding site.”®

For intramolecular G-quadruplex structures, the largest variability
resides in the loops that connect the stacks of G-tetrads. There have
been numerous studies addressing the effect of loop lengths and
sequences on the formation of DNA G-quadruplexes.”’ >* We
previously investigated the effect of short loop lengths on DNA G-
quadruplex stability and folding topology in a well-defined and
sequence-independent manner.> Herein we report an analogous
study using RNA G-quadruplex-forming sequences, with the aim of
understanding fundamental differences and similarities between
RNA and DNA G-quadruplexes. Specifically, we explored the effect
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of loop length and loop arrangement on the stability and folding
topology of RNA G-quadruplex libraries using UV melting and CD
spectroscopy, respectively. We measured the average stability and
folding topology properties of RNA oligonucleotide libraries that
contain a population of G-quadruplex-forming sequences of defined
loop lengths and arrangements. The RNA oligonucleotide libraries
represent individual loop lengths of 1—5 nucleotides and total loop
lengths of 3—15 nucleotides.

B MATERIALS AND METHODS

Oligonucleotides. RNA oligonucleotide libraries were
purchased from Biomers and used as supplied. Stock solutions
were prepared with nuclease free water (Ambion Biosciences).
Concentrations of single-stranded oligonucleotides were
determined by UV absorption at 260 nm after they had been
heated at 95 °C for 5 min, and molar extinction coefficients
were calculated using OligoAnalyzer version 3.1 (http://eu.
idtdna.com/analyzer/applications/oligoanalyzer/default.aspx).
Molar extinction coefficients are provided in Table S1 of the
Supporting Information.

UV Melting. UV melting curves were recorded using a
Cary 100 UV—visible spectrophotometer (Agilent) by measur-
ing the absorbance at 295 nm as a function of temperature.
RNA oligonucleotide library solutions were prepared with a
final concentration of 4 yM in 10 mM lithium cacodylate buffer
(pH 7.0) containing S mM potassium chloride. The melting
experiments were performed in 10 mm path length quartz
cuvettes with 1 mL of a buffered RNA oligonucleotide library
solution. A steady stream of nitrogen was applied to prevent
condensation at low temperatures, and the solutions were
covered with a layer of mineral oil to minimize evaporation.
Temperature ramps consisted of low — high — low — high
cycles with a temperature range of 5—90 or 15—-98 °C for
libraries with melting temperatures of <60 or >60 °C,
respectively. A ramp rate of 0.25 °C/min was maintained for
all experiments with data collected every 1 min. van't Hoff
analysis was performed on the melting and annealing curves as
previously described.® This method of analysis relies on the
assumption that there is a two-state (folded vs unfolded)
equilibrium with no significantly populated intermediates, and
the determination of baselines relies on subjective manual
selection.

Circular Dichroism. Circular dichroism spectra were
recorded on a Chirascan spectropolarimeter (Applied Photo-
physics, Leatherhead, UK.) using a 1 mm path length quartz
cuvette at an RNA concentration of 10 yM in 10 mM lithium
cacodylate buffer (pH 7.0) containing S or 100 mM potassium
chloride. Sample preparation involved heating at 95 °C for §
min followed by slow cooling to room temperature. Scans were
performed at 25 °C over a range of 320—220 nm, and each final
spectrum is the average of four scans taken with a step size of 1
nm, a time per point of 1 s, and a bandwidth of 0.5 nm. A buffer
only blank was subtracted from each spectrum, and data were
zero-corrected at 320 nm.

Gel Electrophoresis. Nondenaturing gel electrophoresis
was performed on a Novex 6% Tris-Glycine Mini Gel (1.0 mm,
10-well, Invitrogen). Folded RNA G-quadruplex was prepared
at a concentration of 20 M in 10 mM lithium cacodylate (pH
7.0) containing S mM potassium chloride by being heated at
95 °C for 5 min and slowly cooled to room temperature.
Electrophoresis was conducted in 0.5X TBE running buffer
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Figure 1. RNA oligonucleotide library design.

with a constant voltage of 100 V at room temperature for 30
min. Gels were stained with Stains-All (Sigma-Aldrich).

B RESULTS

Experimental Design. UV and CD spectroscopies, which
are well-established biophysical tools for characterizing G-
quadruplex formation, were employed to investigate the
influence of loop length on the thermodynamic stability and
folding topology of RNA oligonucleotide libraries designed to
fold into intramolecular G-quadruplexes. Each library contains
quadruplex-forming RNA sequences with four tracts of Gj
separated by three sets of loop nucleotides (Figure 1). The
libraries are designated Ljkl, where j, k, and | denote the
number of nucleotides in the first, second, and third loops,
respectively, between the Gj; tracts. The RNA oligonucleotide
libraries presented here encompass G-quadruplexes with
mono-, di-, and trinucleotide loops (j, k, or [ = 1, 2, or 3).
The general sequences of any mononucleotide and dinucleotide
loops are H and HH, respectively, where H is A, U, or C with
equal probability, and the general sequence of any trinucleotide
loop is HNH, where N is A, U, C, or G with equal probability.
This prevents bias arising from loop sequence and the
possibility of G4 tracts. However, this design does not exclude
the possibility that an isolated G in a trinucleotide loop may
participate in tetrad formation, which has been observed for
DNA G-quadruplexes.*®®” Overall, the design allows the
libraries to be categorized according to total loop length
(“TLL”, the total number of nucleotides in all three loops) as
well as loop length at each loop position. RNA oligonucleotide
libraries with the same total loop length and loop nucleotide
combinations but different loop arrangements are termed “Ljkl
et al.”; for example, L112 et al. denotes RNA oligonucleotide
libraries L112, L121, and L211.

UV Melting. The melting of a G-quadruplex structure can
be monitored by following a characteristic hypochromic shift at
295 nm.*® All of the RNA oligonucleotide libraries studied here
exhibited hypochromic melting transitions at 295 nm in the
presence of S mM potassium in 10 mM lithium cacodylate
(pH 7.0). Unlike the analogous DNA study,® we could not
perform the UV melting experiments at a higher (20 mM)
potassium ion concentration because the most stable libraries
could not be unfolded (data not shown).

The melting and annealing profiles of each RNA
oligonucleotide library were superimposable (Figure S1 of
the Supporting Information), supporting a fast and reversible
formation of intramolecular G-quadruplex species.””**  We
analyzed the migration behavior of RNA oligonucleotide
libraries with the shortest loop lengths through a non-
denaturing polyacrylamide gel matrix to confirm molecularity.
We found that RNA oligonucleotide libraries L111, L112, and
L113 each migrate as a single band at 20 yuM RNA in the
presence of S mM potassium chloride (Figure 2). Additionally,
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the migration of the selected RNA oli§onudeotide libraries is
similar to that of the TRF2 (cf. L112),*° MT3 (cf. L113),*! and
TERRA (cf. L333)*' RNA G-quadruplexes, each of which has
previously been shown to fold into an intramolecular G-
quadruplex. Furthermore, the melting temperature of RNA
library L111 is invariant over the concentration range of 1— 25
uM (Figure S2 of the Supporting Information). Taken
together, these results indicate that all of the RNA

Figure 2. Nondenaturing gel electrophoresis of RNA oligonucleotide
libraries (20 M) and naturally occurring intramolecular RNA G-
quadruplexes. Lanes 1-7: L111, L112, TRF2, L113, MT3, L333, and
TERRA, respectively.

oligonucleotide libraries are largely populated by stably folded
intramolecular G-quadruplex structures.

The melting and annealing curves for each RNA oligonucleo-
tide library were subjected to thermodynamic analysis using the
1 Melting temperatures (T,,) of the RNA
oligonucleotide libraries are listed in Table 1, along with the

van't Hoff mode

apparent van’t Hoff free energy of G-quadruplex formation at
37 °C. An overlay of the folded fraction curves as a function of
temperature for the RNA oligonucleotide libraries is provided
in Figure 3.

A general trend emerged indicating that the thermodynamic
stability of RNA G-quadruplexes decreases as the total loop
length increases (Figure 4). RNA library L111 formed the most
stable G-quaduplexes under the conditions of the study [T, =
86 °C; AGyu(37 °C) = —33.8 kJ mol™"]. Replacing one
mononucleotide loop with a dinucleotide loop resulted in a
decrease in free energy of ~6.5 k] mol™'. Each subsequent
increase of one nucleotide in total loop length led to an average
reduction in free energy of G-quadruplex formation of ~2—4
k] mol™!. The trend in thermal stability was essentially identical
(Figure S3 of the Supporting Information), with an incremental
decrease of ~3—6 °C per one-nucleotide increase in total loop

length.

Table 1. Melting Temperatures and van’t Hoff Thermodynamic Parameters for RNA and DNA G-Quadruplex-Forming
Libraries” and Naturally Occurring RNA G-Quadruplex-Forming Sequencesb

Tovr)/ T (°C)

L111 86/86 —249 + 16
L112 78/78 —237 £ 10
L121 76/76 —-239 £ 15
L211 77/77 —247 £ 4
L113 74/74 =241 £ 17
L131 73/73 —279 + 16
L311 75/75 —238 £ 2
L122 72/72 —266 + 17
1212 72/72 =245 £ 1
L221 70/71 =251 £ 1
1222 67/67 —236 + 19
L133 63/63 242 £ 5
L313 65/65 -233 + 4
L331 63/64 —-243 £ 0
L1223 63/63 —241 £ 5
1232 61/62 —238 + 14
L322 59/59 —224 + 4
L1233 59/59 -231 £ 3
L1323 59/59 -218 £ 9
L332 57/58 —-220 £ 6
L333 55/55 =232 £ 7
L444 49/50 —-159 £ 0
LSSS 46/47 —165 + 4
dL111 77/78 —-190 £ 9
dL222 41/41 —116 + 3
dL333 38/38 -132 £ 1
TRF2 77/78 —255 + 6
MT3 71/71 —247 + 6
NRAS 69/68 —244 + 4
TERRA 57/58 —265 + S

AHyy (k] mol™)

ASyy (K] mol™! K1) AGyy (37 °C) (kJ mol™!)

—0.692 + 0.045 —338 + 1.8
—0.674 + 0.030 —27.6 £ 1.2
—0.685 + 0.042 —26.7 + 1.4
—0.703 + 0.013 —283 + 0.1
—0.701 + 0.067 =257 + 14
—0.798 + 0.064 —25.7 + 1.6
—0.684 + 0.007 —26.0 £ 0.1
—0.768 + 0.075 —26.5 + 1.0
—0.711 = 0.002 —24.6 + 0.8
—0.730 + 0.006 —244+03
—0.693 + 0.056 —20.8 + 1.6
—0.721 + 0.014 —184 + 0.2
—0.687 + 0.012 —192 + 0.6
—0.722 + 0.000 —19.1 £ 0.1
—0.717 + 0.017 —18.6 + 04
—0.712 + 0.041 —-174 + 12
—0.673 + 0.012 —149 + 0.2
—0.693 + 0.008 —154 + 0.5
—0.657 + 0.027 —142 £ 03
—0.665 + 0.016 —13.5 + 0.6
—0.707 + 0.021 —129 + 0.6
—0.493 + 0.001 —6.1 £ 0.1
—0.518 + 0.013 —4.6 + 0.1
—0.543 + 0.027 -219 + 0.6
—0.368 + 0.008 —-14 £ 0.1
—0.425 + 0.004 -03 + 0.0
—0.728 + 0.016 —294 + 09
—0.719 + 0.016 —241 + 1.0
—0.713 + 0.012 =227 £ 0.5
—0.799 + 0.016 —163 + 0.3

“For the libraries, these measurements represent apparent values derived from melting curves of the mixtures. bAll errors are given as the standard
deviation. Ty, values are accurate to +1 °C. “Tpy(yy) values are melting temperatures determined from van’t Hoff analysis, whereas Ty, values are

determined as the point at which the folded fraction equals one-half.
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To determine whether a plateau in stability is reached when
loop lengths are further increased, UV melting experiments were
performed on RNA libraries 1444 and L5SS with total loop
lengths of 12 and 15 nucleotides, respectively. The free energies of
G-quadruplex formation for RNA libraries 1444 and LSS5
decreased by 6.8 and 8.3 kJ mol™, respectively, compared to
that of L333. However, the magnitude of the difference between
1444 and 1555 (1.5 kJ mol™) is markedly smaller than that
between 1333 and L1444, suggesting that thermodynamic stability
may become less dependent on total loop length near this point.

We then tested the utility and relevance of our framework of
averaged thermodynamic stabilities by performing UV melting
experiments with four individual RNA G-quadruplex—formingi;
sequences (Figure 4 and Tables 1 and 2). The TRF2,*° MT3,”
and NRAS'” RNA G-quadruplexes, which naturally occur in the

Folded Fraction

Temperature ("C)

Figure 3. Fraction folded of RNA oligonucleotide libraries as a
function of temperature.
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Figure 4. AGyy as a function of total loop length: RNA libraries (4p),
naturally occurring RNA G-quadruplex sequences (), and DNA
libraries (red diamonds). Errors are given as the standard deviation of
triplicate experiments.

S-“UTR of the corresponding human mRNA, were selected for
their distinct loop length arrangements of L112 (TLL 4), L113
(TLL S), and L213 (TLL 6), respectively. Additionally, the
human telomeric RNA sequence TERRA™ was also selected to
represent a loop length arrangement of L333 with a total loop
length of nine nucleotides. The stability of S“UTR RNA G-
quadruplexes TRF2, MT3, and NRAS was similar to the
stability (within experimental error) of RNA oligonucleo- tide
libraries L112, L113, and L222, respectively. For TERRA, the
stability of the sequence was ~3 kJ mol™" greater than the
average thermodynamic stability of L333.

To allow a direct comparison between the RNA oligonucleo-
tide libraries analyzed here and their equivalent DNA
sequences, we performed UV melting experiments with DNA
oligonucleotide libraries dL111, dL222, and dL333 under
experimental conditions identical to those used for the RNA
oligonucleotide libraries (Figure 4 and Table 1). DNA library
dL111 [AGyu (37 °C) = —21.9 k] mol™!] exhibited a 12 kJ mol ™
lower free energy of formation than RNA library L111. This
represents an ~1.6-fold average increase in AGyy for RNA library
members with three mononucleotide loops as compared to their
DNA counterpart. For libraries 1222 and L333, the values of
AGyy increase by ~15- and ~43-fold when compared to those of
DNA libraries dL222 and dL333, respectively.

CD Spectroscopy. G-Quadruplex structures possess an
overall chirality and therefore exhibit circular dichroism (CD).
Interpretations of CD spectra of G-quadruplexes are typically
achieved empirically. When the polarity of all the strands is
oriented in one direction, the G-quadruplex is said to be parallel
and will generally give a characteristic maximum near 265 nm
and a minimum near 240 nm.**** Antiparallel G-quadruplexes
with alternating strand polarity give a distinctly different
spectrum with a maximum near 295 nm accompanied by a
minimum near 260 nm.*****’ Unstructured single-stranded
nucleic acids or minimally structured states do not exhibit
either of these characteristic signals. The composite case is also
possible where maxima near both 295 and 265 nm are present,
and this is indicative of the presence of both parallel and
antiparallel folds in solution, or a mixed-hybrid-type G-
quadruplex of three parallel strands and one antiparallel
strand.**7%° This latter case is exemplified well by the
quaduplex-forming human telomeric DNA sequence, which
has shown a high propensity for polymorphism under
different conditions.>' %>

Opverlays of the CD spectra recorded in 100 mM potassium
showed that all of the 21 RNA oligonucleotide libraries
generated CD positive peaks at ~265 nm and negative peaks at
~240 nm (Figure S). Similar qualitative data were also obtained
in S mM KCl [the same monovalent ion concentration used
for UV melting experiments (Figure S4 of the Supporting
Information)]. These data are consistent with the formation of
G-quadruplexes with a parallel topology, which is in agreement
with all biophysical analyses of individual RNA G-quadruplexes
to date. However, we cannot exclude the possibility that some

Table 2. Naturally Occurring RNA G-Quadruplex-Forming Sequences Used in This Study

origin sequence
TREF2 GGGAGGGCGGGGAGGG
MT3 GGGAGGGAGGGAGAGGG
NRAS GGGAGGGGCGGGUCUGGG
TERRA GGGUUAGGGUUAGGGUUAGGG
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loop arrangement total loop length ref
112/121 4 20
113 S 21
213/123 6 17
333 9 43
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Figure 5. Overlays of CD spectra generated from RNA oligonucleo-
tide libraries with total loop lengths of (A) 3—5 and (B) 6-9.

of the sequences may adopt alternative folds that cannot be
detected in the CD spectra of the mix- tures. Our systematic
study also revealed a subtle difference in CD maxima and
minima as a function of total loop length. While the majority of
libraries exhibit identical peak wavelengths [242 nm (maximum)
and 263 nm (minimum)], we observed a small but observable
shift of the maxima and minima toward shorter wavelengths for
libraries with three mononucleotide loops [L111; 240 nm
(minimum) and 261 nm (maximum)] or two mononucleotide
loops and one dinucleotide loop [L112 et al; 241 nm
(maximum) and 262 nm (minimum)].

B DISCUSSION

This study explores the thermodynamic stability and folding
topology of RNA G-quadruplexes as a function of systemati-
cally varied loop lengths. Twenty-one G-quadruplex-forming
RNA oligonucleotide libraries were examined by UV melting
and CD spectroscopy. The libraries were designed to contain
four tracts of G separated by different combinations of mono-,
di-, or trinucleotide loops.

The Thermodynamic Stability of RNA G-Quadruplex
Libraries Decreases with Increasing Loop Length and Is
Generally Greater Than That of Their DNA Counter-
part. The melting temperatures and thermodynamic values
obtained for the 21 RNA oligonucleotide libraries show a clear
trend toward less stable folded structures as the length of the
loops increases. The apparent van’t Hoff free energies of G-
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quadruplex formation ranged from —33.8 kJ mol™" for the most
stable RNA library (L111) to —4.6 k] mol™" for the least stable
RNA library (LS5S5). When melting analysis was performed
with DNA libraries dL111, dL222, and dL333 under the same
experimental conditions, each of these DNA libraries had a
markedly lower thermodynamic stability compared to those of
their RNA equivalents. The decrease in thermodynamic
stability was ~1.6-fold (L111 — dL111), ~15-fold (L222 —
dL222), and ~43-fold (L333 — dL333). This disparity
between RNA and DNA G-quadruplex stability has already
been reported in several cases'****7 and has in part been
attributed to the participation of the ribose 2’-OH groups in an
extended network of intramolecular hydrogen bonds, including
interactions with phosphate and sugar oxygen atoms (ribose 2"
OH--03), ---0O4), and --0OS’) and H-bond acceptors in bases
(ribose 2-OH--N2 of guanine).'®*® These interactions are
believed to enhance the favorable enthalpic contribution to the
free energy of RNA G-quadruplex formation. In good
agreement, our study reveals consistently larger AHvyy values
for RNA libraries L111 (=249 kJ mol™!), 1222 (—236 kJ
mol™), and L333 (—232 k] mol™') versus those of their
corresponding DNA counterparts dL111 (=191 kJ mol™),
dL222 (=116 kJ mol™!'), and dL333 (—132 kJ mol™!),
respectively.

In contrast to our complementary study of DNA G-
quadruplexes,®> we did not observe any difference in
thermodynamic stability among RNA oligonucleotide libraries
that differed in their loop length arrangements but possessed
the same total lengths of loops. For example, DNA libraries
with two mononucleotide loops and one trinucleotide loop
were all more stable than the libraries with one mononucleotide
loop and two dinucleotide loops. Here, the stabilities of all
RNA oligonucleotide libraries with a total loop length of five
nucleotides overlap with each other regardless of whether the
loop arrangement belongs to the one-trinucleotide and two-
mononucleotide loop family (L113 et al.) or the two-
dinucleotide and one-mononucleotide loop family (L122 et al.).
The same is also true for libraries with a total loop length of
seven nucleotides (L133 et al. and L223 et al.). The differential
trends between RNA and DNA G-quadruplex stability, when
considered as a function of loop length arrangement, may
reflect a stronger propensity of mononucleotide loops to affect
the thermal stability of DNA G-quadruplexes as compared to
more stable and less polymorphic RNA G-quadruplexes.
The overall shape of the trends generated from AGyy versus
total loop length also differs between RNA and DNA G-
quadruplex libraries. While the equivalent DNA libraries
reached a plateau in stability near a total loop length of six
nucleotides, the stability of the RNA libraries was still
decreasing at this total loop length (Figure SS of the
Supporting Information).

The Averaged Thermodynamic Stabilities of the RNA
G-Quadruplex Libraries Fairly Reflect the Stabilities of
Naturally Occurring Individual Quadruplex-Forming Seg-
uences. The T,, and van’t Hoff Gibbs free energies of forma-
tion of three naturally occurring RNA G-quadruplexes, TRF2
(TLL 4), MT3 (TLL 5), and NRAS (TLL 6), slotted well into
the overall trend in stability of the RNA G-quadruplex libraries
according to the total loop length (Figure 4 and Tables 1 and 2).
This indicates that the thermodynamic trends and boundaries
derived from this study may serve as indicators of the

thermodynamic stability of individual RNA G-quadruplex-forming

dx.doi.org/10.1021/bi200805j | Biochemistry 2011, 50, 7251-7258



Biochemistry

sequences. However, we also found that the AGyy determined for
TERRA (TLL 9, —16.3 + 0.6 kJ mol™") was higher than that of
RNA library 1333 (—129 + 0.3 kJ mol™), suggesting that in
some cases the stability of an individual RNA G-quadruplex-
forming sequence can significantly differ from the stability
determined from the RNA G-quadruplex mixtures. In the case
of mixtures of two G-quadruplex sequences with similar melting
temperatures, it has been demonstrated that the slope of the
apparent single transition in the melting curve is typically lower
than that of the component G-quadruplexes, thereby leading to
an overall lower AH value.”® The heterogeneity of sequences in
the RNA G-quadruplex libraries studied here may therefore lead to
thermodynamic values lower than those of the component
sequences, where the effects of heterogeneity may become more
relevant with increasing loop length.

RNA G-Quadruplex Topology Is Predominantly Par-
allel and Independent of Loop Length. Under our experi-
mental conditions, we consistently observed CD signals that can
be attributed to G-quadruplexes with a parallel conformation for
all of the RNA oligonucleotide libraries. However, we cannot
rule out the possibility that a minor population of sequences
within a library may adopt another G-quadruplex conformation
or an alternative structure, and this may be more applicable in
the case of libraries with longer loop lengths, which are more
complex. The general adherence of all of the RNA oligo-
nucleotide libraries to parallel G-quadruplex formation is in
agreement with all published circular dichroism analyses of
individual RNA G-quadruplexes to date,'” 2%20*13657.50 g
study is in contrast to our previous study of DNA* in which a
total loop length of more than five nucleotides served as a
minimum threshold for the formation of an antiparallel or mixed-
type hybrid population. This topological difference between
DNA and RNA G-quadruplex structures is also exemplified by
the G-quadruplexes formed from human telomeric repeats of
d(GGGTTA), and r(GGGUUA),. While the structural
polymorphism of the human telomeric DNA G-quadruplex
has been exhaustively demonstrated to be influenced by the
monovalent ion identity (K™ or Na™), the flanking sequences,
and whether the G-quadruplex is in crystal or in
solution,**' ™% the NMR solution and crystal structures
of TERRA RNA G-quadruplexes have consistently shown a
parallel folding topology whether in a K* solution,"” a Na*
solution,"* or a K* crystal in the absence'® and presence®® of
ligand.

Our systematic study also revealed other features that appear
to be dependent on loop length. We observed a shift in the
maximal and minimal peaks toward shorter wavelengths for
RNA oligonucleotide libraries L111 and L112 et al in
comparison to the RNA libraries with longer loops. This is
suggestive of subtle differences in the overall G-quadruplex
structure that could be due to differences in tetrad stacking, for
example, the degree of twist of tetrads about the helical axis or
the tilt of tetrads relative to each other. It is conceivable that the
restricted dynamics of shorter loops exert a greater influence in
dictating the nature of these structural features compared to
longer loops.

Biological Significance. With the recent emergence of
RNA G-quadruplex structures as potential active players in the
regulation of gene expression, the physical properties of RNA
G-quadruplexes stimulate questions about how their high
thermodynamic stability and undeviating overall structures are
compatible with functional roles in the transcriptome. We and
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others previously noticed that most of the intramolecular DNA
quadruplex-forming sequences with assigned putative biological
functions to date contained at least one mononucleotide loop,
for example, c—myc,62 VEGE,*® Bcl-2,*® and HIF-1a.%* These
sequences, however, represent the upper end of stability among
DNA G-quadruplexes, and these studies altogether suggest that
stability could be an indicator of biological function(s) for DNA
G-quadruplexes. In the case of RNA, published reports of
naturally occurring RNA G-quadruplex sequences cover a larger
diversity of loop lengths and arrangements; however, all
possess remarkably thermodynamically stable structures irre-
spective of loop length, and this appears to facilitate their role
as robust, but mechanically challenging, regulatory elements for
translation. There are some examples of enzymes with a
preference for G-quadruplex RNA substrates such as the
RHAU helicase®® and the mXRNIp exoribonuclease,
which could represent mechanisms that evolved so that the
cell could cope with the thermodynamic properties of RNA
G-quadruplexes.

The combined evidence so far indicates that the parallel
folding topology of RNA G-quadruplexes is preserved
irrespective of the exact loop sequence, loop length,
molecularity, stabilizing cation, number of tetrads, or physical
state (dilute solution, molecularly crowded, or crystal). The
topological control exerted by G-quadruplex-forming RNA
sequences may confer a potential biological advantage. Indeed,
some G-quadruplex-binding proteins have been shown to select
between folding topologies, including the nucleolin® and
insulin® proteins that preferentially bind parallel folded DNA
G-quadruplexes. Small molecule binding discrimination be-
tween G-quadruplexes formed from human telomeric DNA and
RNA sequences has also been demonstrated for naphthalene
diimides,” while the ability of G-quadruplex-binding small
molecules to modulate gene expression in in vitro reporter
assays has been shown for the NRAS’® and TRE2*° RNA G-
quadruplexes. Although it is generally thought that loop regions
are not stabilized, it is significant that hydrogen bonding
involving the 2-OH group has been shown to actively
participate in stabilizing ligand-induced loop conformations in
RNA G-quadruplexes.®®

By employing libraries designed to report on systematic,
averaged, and sequence-independent variations in loop lengths
of RNA G-quadruplex-forming sequences, we have established
trends in stability and structural topology that can be exploited
for their predictive value. Our framework of thermodynamic
stabilities could potentially be used to aid the development of
RNA folding algorithms that integrate RNA G-quadruplex
formation.
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