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Here, we developed a reverse transcriptase based method (RTase stop assay) to characterize quadruplex
formations in guanine-rich RNAs with high sensitivity and specificity. By using the RTase stop assay, we
also revealed a plausible structural polymorphism in biologically important RNAs. The RTase stop assay
would provide helpful insight into RNA quadruplex structures and functions, together with other analyt-
ical methods, including various footprinting techniques.

© 2010 Elsevier Ltd. All rights reserved.

A wide variety of RNA plays an important role in the regulation
of biological function within cells. The function of RNA largely de-
pends on tertiary structures, in which RNA molecules use specific
hydrogen bonds, including Watson-Crick and Hoogsteen bonds,
to form active structures. Among a variety of RNA ternary folded
structures, quadruplexes are one of the unique structures, in which
guanine tetrads make Hoogsteen hydrogen bonds with each other
in plane with incorporating metal ion, such as potassium and so-
dium, inside the tetrads.'~3 Recent reports have demonstrated that
quadruplex structures in untranslated regions (UTRs) in mRNAs
are involved in the translational regulation in vitro and vivo.*®

Computational predictions’ together with various analytical
methods, including spectroscopic methods®® and footprinting
techniques,'®'2 are commonly used to deduce secondary and ter-
tiary structures of RNAs. Each technique has inherent advantages
and disadvantages with regard to the quadruplex formations in
RNAs, although spectroscopic analyses by using model oligonucle-
otides suggested that guanine-rich RNAs are easy to form quadru-
plex structures.* 513 Simple and sensitive methods addressing RNA
quadruplexes would provide deeper understandings of RNA quad-
ruplex structures and functions.

Reverse transcriptases have been used to predict stable second-
ary structures in RNAs, involving quadruplex structures, however,
the sensitivities of these assays are sometimes too low to fully ad-
dress the sequence-structure relationships of quadruplex forma-
tion.'*1> Here, we reported a reverse transcription based method
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to precisely evaluate the stability and the structural diversity of
quadruplexes in RNAs.

In order to gain insight into local quadruplex structures on an
RNA template, we studied an RNA-dependent DNA polymerase
stop assay, named a reverse transcriptase stop assay (RTase stop
assay) (Fig. 1A). In the RTase stop assay, reverse transcriptases,
such as those originated from Moloney murine leukemia virus
(M-MuLV), proceeded along RNA templates until the enzyme
encountered stable RNA quadruplex structures. Interference of
RTase reaction by quadruplex structures on the templates would
result in the production of truncated complement DNA products,
which can be detected by PAGE analyses.'5!”

First, a human telomeric sequence 5-r(UUAGGG),UUA-3' (R-
telo27) was chosen as a model of RNA quadruplexes.'>!8 R-telo27
showed UV-melting curves with an inverse transition at 295 nm.*°
The melting temperature showed a significant KCl concentration-
dependency ( Fig. 1B) with T, values of 61.7+0.2°C and
76.5+0.3°C in 10 and 100 mM KCl, respectively. CD spectra of
R-telo27 in the both KCI solutions suggested a parallel stranded
quadruplex conformer, exhibiting a strong positive peak at
263 nm and a relatively weak peak near 240 nm (Fig. 1C). These
data suggested that R-telo27 having a four-telomeric-repeat affor-
ded quadruplex structures with a different stability, depending on
the KCI concentrations.

With the biophysical information of quadruplex stabilities in
hand, we next investigated quadruplex formations by the RTase
stop assay on RNA templates that contained the R-telo27 sequence
at the center of the template. In 100 mM KCl, the RTase reaction
was exclusively interrupted at the first GGG site from 3’-end of
the templates, where a plausible quadruplex was formed, regard-
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Figure 1. (A) Schematic illustration of a reverse transcriptase stop assay on a four-telomeric-repeat containing RNA. (B, C) Biophysical properties of a four-telomeric-repeat
RNA (R-telo27). (B) T, melting curves of R-telo27 and (C) CD spectra of R-telo27. All experiments were carried out at 5 1M R-telo27 in the 10 mM sodium cacodylate buffer
(pH 7.0) containing 10 mM (blue) and 100 mM (red) KCI at 25 °C. (D) Interruption of RTase-mediated DNA synthesis with different reaction temperatures on RNA templates in
the presence of KCI. The lane markers U, G, C, and A indicate the bases on the template strand. Guanines in the telomeric-repeat regions were emphasized in bold.

less of increasing temperatures from 37 to 55 °C (Fig. 1D). While, in
10 mM KCl, the paused products gradually decreased concomitant
with increasing reaction temperature. These observations are well
correlated with the decreased stability of quadruplex structure ob-
served in the melting analysis. In contrast, no apparent paused
bands were detected for RTase reaction on the RNA template con-
taining a hairpin-loop structure (see Fig. S1 in Supplementary
data), suggesting that the quadruplex structures serve as an effec-
tive inhibitor of RTase possibly due to their aberrant structures.

To certify the quadruplex formations in the four-telomeric-re-
peat RNA, a series of RNA variants (Table 1) was tested by the RTase
stop assay. These variants had a deletion of a GGG sequence (DIV),
single guanine mutations to adenine in each GGG sequence (mut I,
II, I1I, and IV), or an insertion of the GGG upstream of the guanine-
rich region of DIV (mut V) with an entire RNA length kept
unchanged.

As shown in Figure 2, (1) the RTase reaction was not at all inter-
fered on the RNA template containing a three-telomeric-repeat

(DIV), (2) the variants containing even the single guanine-to-ade-
nine mutations inside each GGG sequence did not show any
paused products (mut I, II, I, and IV), and (3) the paused bands
were clearly observed by the insertion of the GGG at the nine-base
upstream of the position IV. The remarkable differences with re-
gard to the number of repeats would attribute to capabilities of
the quadruplex formations in the RNA templates. Considering that
stable quadruplex formations generally require an association of
four strands having at least three-guanine-repeat, the RTase stop
assay would correctly provide information of an intrastranded
RNA quadruplex formation. Also, these results suggested that
RNA quadruplex structures were tolerant to the linker-length be-
tween GGG units, possibly due to a flexible feature of single-
stranded RNAs. Taken together, the RTase stop assay revealed an
intrinsic propensity for RNA quadruplex formations.

Next, we investigated the formation of quadruplex in UTRs by
the RTase stop assay. Bioinformatic analysis suggested genetically
conserved potential quadruplex structure sequences (PQSSs) both

Table 1

Telomeric RNA mutants used in this study
3- I II 11 1\% \% -5’
AUU GGG AUU GGG AUU GGG AUU GGG AUU Wild-type
AUU GGG AUU GGG AUU GGG AUU AAA AUU AV
AUU GGG AUU GGG AUU GGG AUU GAG AUU mut [V
AUU GGG AUU GGG AUU GAG AUU GGG AUU mut I1I
AUU GGG AUU GAG AUU GGG AUU GGG AUU mut II
AUU GAG AUU GGG AUU GGG AUU GGG AUU mut I
AUU GGG AUU GGG AUU GGG AUU AAA AUU UCGCAU GGG mut V
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Figure 2. Quadruplex formations in the various telomeric-repeat mutants. The RTase reaction was performed at 42 °C in 100 mM KCl buffer. The lane markers U, G, C, and A
indicate the bases on the template strand of the wild-type RNA. Guanines in the telomeric-repeat regions were emphasized in a bold case.
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Figure 3. Quadruplex formations in the PQSS in 5'- and 3’-UTRs. Probing quadruplex formation (A) in the wild-type GLI 3'-UTR and its mutant and (B) in the INHA 5'-UTR. Bar
indicated the PQSSs in the UTRs. The lane markers U, G, C, and A indicate the bases on the template strand of the wild-type UTRs.

in 5- and 3’-UTRs. We focused on the two PQSSs in the human
transcription factor Glil (GLI) 3'-UTR and in the inhibin-A (INHA)
5'-UTR. The GLI encoded a zinc finger protein that mediates Hedge-
hog signaling at the end of the pathway, and activation of Glil
protein has been shown to be responsible for tumorigenesis.?°
The INHA encodes peptide hormone that inhibits the production
of follicle-stimulating hormone (FSH) by the pituitary gland. The
inhibins play roles in the control of gametogenesis, and embryonic
and fetal development.?!

The GLI 3'-UTR exclusively gave paused bands at the 3’-side of
the PQSS (5-GGGAUGGGAGGUAUGGGCUGGGGG-3') ( Fig. 3A). A
GGGGG-to-AAAAA mutation (5-GGGAUGGGAGGUAUGGGCUAA
AAA-3') in the PQSS completely disrupted the formation of quadru-
plex as observed in the wild-type GLI 3’-UTR. This observation sug-
gested the stable quadruplex formation in the guanine-rich GLI
PQSS.

While, the INHA 5-UTR gave two major paused bands in
the PQSS (5-GGGUAGAAGAGGGUGGGUGUGGGAUGGGGAGGGG-3')
(Fig. 3B, lane 5). Sequential mutations of guanine-repeat units from
the 3’-side of the PQSS moved the formation of paused products to
5’-side of the templates (Fig. 3B, lanes 6 and 7). Furthermore, all the
paused products were assigned to be at the 3’-side of the guanine-
repeat in the PQSS, implying that guanine-repeat regions can afford
a variety of quadruplex formations in UTRs.

The RTase stop assay described here provided direct evidence
for quadruplex formation in these UTRs, as well as information
regarding the structural diversity of quadruplexes in the PQSS.
The resolution of the RTase stop assay is high enough to address
the structural diversity of quadruplexes, which would be feasible
in many other guanine-rich regions in UTRs.
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