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ABSTRACT: We investigate the structure formed by the first 18-nt of the

S’-terminal region of the human telomerase RNA (hTERC or hTR) using
gel electrophoresis and UV, CD, and NMR spectroscopy. Our data suggest

Template |}
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that this 18-nt sequence, ((GGGUUGCGGAGGGUGGGC), can form a

stacked dimeric G-quadruplex in potassium solution. The two subunits,
each being a three-layer parallel-stranded G-quadruplex with a cytosine
bulge, are stacked at their 5’-end. The formation of this stacked dimeric G-
quadruplex containing bulges could be biologically relevant for the

dimerization and other interactions of the active human telomerase.

ucleic acid G-quadruplexes are four-stranded structures
formed by sequences containing stretches of guanines
through the stacking of G-G-G-G tetrads and are stabilized by
cations such as K* or Na'.'™ For example, a DNA or RNA
fragment containing four G-tracts separated by short linkers
could fold into an intramolecular G-quadruplex in physiological
ionic conditions. G-quadruplexes are polymorphic with regard
to strand orientations, loops, and glysicodic conformations of
guanine bases."™* The formation of bulges,>® snapback
motifs,”™® and other additional structural elements'®™*®
increases the complexity of possible G-quadruplex structures.
G-Quadruplexes can also form hizgher-order structures through
stacking'™>* or interlocking®* ™ of multiple G-quadruplex
units. In contrast to the DNA counterparts, which were shown
to adopt various G-quadruplex topologies with different loop
types and strand orientations as well as mixtures of syn and anti
guanines,'* only a few RNA G-quadruplex structures were
reported, and they were observed only in the parallel
conformation with anti guanines.M’zg_35 However, high
structural complexity was still observed in a recent example
of an RNA aptamer bound to a FMRP peptide.*® Increasing
evidence has recently been reported for the formation and
biolo}gical relevance of DNA and RNA G-quadruplexes in the
cells. 67
In most (80—85%) cancer cells, the enzyme telomerase*'
up-regulated for telomere maintenance.*” Telomerase, consist-
ing of a catalytic protein subunit TERT and an RNA template
subunit TERC (or TR), acts as a reverse transcriptase to add
telomeric repeats to the 3'-end telomere overhang.*>** The
recently reported structure of the Tetrahymena telomerase™
and that of the human telomerase*® revealed the organization
of different components within this holoenzyme. The active in
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vivo-assembled human telomerase was recently observed as a
dimer,*%*’ although some reports showed that human
telomerase could also function as a monomer.** The secondary
structure of TERC is conserved across many different species,*’
and the high-resolution structure of several domains of human
telomerase RNA (hTERC) has been reported.®® The §'-
terminal region (first 37 nucleotides) of hTERC contains
several G-tracts with a total of 22 guanines (Figure S,
Supporting Information). In an earlier report on the secondary
structure of hTERC, the 3’ portion of this region (residues 18—
37) containing 10 guanines was shown to participate in the
formation of a Pl helix that defined the boundary for the
reverse transcription template, while the structure of the
extreme S’ portion (residues 1—17) containing 12 guanines was
not proposed.*” More recent reports showed that G-
quadruplexes can be formed in the S'-terminal region of
hTERC, involving either only the extreme 5’ portion51 or also a
part of the P1 helix.>* G-Quadruplex formation at the extreme
S’ portion can protect hTERC from degradation during
telomerase biogenesis and maturation™ or affect its interaction
with another domain of hTERC called CR4/CRS,>' while
internal G-quadruplex formation involving a part of the P1 helix
can interfere with this helix formation and affect correct
template definition.”>**** High-affinity interaction between
potential G-quadruplexes formed in the 5'-terminal region of
hTERC with the RHAU helicase has also been reported.*>~>*

Here, we study the structure formed by the first 18-nt of the
5'-terminal region of hTERC using gel electrophoresis and UV,
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CD, and NMR spectroscopy. Our data suggest that this
sequence can form a stacked dimeric G-quadruplex with bulges.
This finding could have implications in the structure and
function of the human telomerase.

B MATERIALS AND METHODS

Sample Preparation. RNA oligonucleotides used in this
study were purchased from Research Instrument Pte Ltd.
(Singapore) with PAGE purification. The samples were
dissolved in solution containing (i) 70 mM KCl and 20 mM
potassium phosphate at pH 7; or (i) S mM potassium
phosphate at pH 7; or (iii) 0.5 mM KCl and 0.5 mM potassium
phosphate at pH 7. The samples were heated to 98 °C and left
to cool down to room temperature overnight.

Circular Dichroism. CD spectra at 25 °C were recorded on
a JASCO J-815 spectropolarimeter using a 1-mm path-length
quartz cuvette in a reaction volume of 250 pL. RNA
concentration was 50 gM. Scans from 220 to 320 nm were
performed with 200-nm/min scanning speed. For each
spectrum, an average of S scans was taken, and the spectral
contribution from the buffer was subtracted. Thermal stability
of the TERI8-2A sequence r(AAGGGUUGCGGAGGG-
UGGGC) was characterized in a CD melting experiment
measured at 260 nm. RNA concentration was 50 yM. The
temperature ranged from 20 to 95 °C; cooling and heating
experiments were performed with a ramping rate of 0.2 °C per
min. Zero was taken as the baseline for the unfolded species.

UV Melting. Thermal stability of the hTERC sequence
r(GGGUUGCGGAGGGUGGGC) termed TER18 and human
telomeric RNA (TERRA) sequence r(UAGGGUUAGGG-
UUAGGGUUAGGGUU) in K* solution, containing various
amounts of KCl, was characterized by UV melting experiments.
The absorbance at 295 nm was measured as a function of
temperature on a Jasco V-650 UV—vis spectrophotometer
using quartz cuvettes with 1-mm or 1-cm path length. The data
were zero-corrected using the baseline absorption measurement
at 320 nm. RNA concentration was 5 yM. The temperature
ranged from 15 to 98 °C; cooling and heating experiments were
performed with a ramping rate of 0.2 °C per min. The melting
point (T,,) was defined as the temperature where 50% of the
sample was unfolded.

Gel Electrophoresis. Gel electrophoresis experiments were
performed on native gel containing 20% polyacrylamide
(acrylamide/bis-acrylamide = 37.5:1) in TBE buffer (pH 8.3).
40 mM KClI was added into the buffer and the gel to maintain
the G-quadruplex structure formation. The gel was viewed by
the UV-shadowing method.

NMR Spectroscopy. NMR experiments were performed on
600 and 700 MHz Bruker spectrometers, both equipped with a
CryoProbe. Spectra were recorded at 25 °C, unless otherwise
specified. The strand concentration of NMR samples was
typically 50—400 M. For NMR experiments in H,O, JR—t}gpe
pulse sequences were used for water signal suppression.”®>’
Samples for NMR experiments contained 90% H,O and 10%
D,0.

B RESULTS AND DISCUSSION

The First 18-nt Sequence at the 5’-Terminal Region of
hTERC Forms a Stable Parallel-Stranded G-Quadruplex
in Potassium Solution. In this work, we examined the 18-nt
sequence r(GGGUUGCGGAGGGUGGGC) located at the 5'-
end of human telomerase RNA, denoted as TER18. The CD
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Figure 1. CD spectrum of the TER18 sequence r(GGGUUGCGG-
AGGGUGGGC) in solution containing 70 mM KCl and 20 mM
potassium phosphate (pH 7) showing the formation of a parallel-
stranded G-quadruplex. Experimental conditions: temperature, 25 °C;
RNA strand concentration, 50 M.

Table 1. Melting Temperature (T,,) of G-Quadruplexes
Formed by the TER18 and TERRA Sequences at Two
Different Salt Concentrations®

T,.? (°C) at high salt T,? (°C) at low salt

sequence conditions” conditions
TER18 83.5 + 0.5 68.0 £ 0.0
TERRA 80.0 = 1.0 53.5 £ 0.0

“RNA concentration was S M. The uncertainties (+values) indicate
the hysteresis between heating and cooling curves. “The solution
contained 70 mM KCl and 20 mM potassium phosphate (pH 7). “The
solution contained 0.5 mM KCI and 0.5 mM potassium phosphate

(pH 7).

Figure 2. Imino proton spectra of TER18 in different salt conditions:
70 mM KCl and 20 mM potassium phosphate at pH 7 (top
spectrum); S mM potassium phosphate at pH 7 (middle spectrum);
0.5 mM KCl and 0.5 mM potassium phosphate at pH 7 (bottom
spectrum). Peaks of the two G-quadruplex conformations are marked
by asterisks and circles, respectively. Experimental conditions:
temperature, 25 °C; RNA concentration, 100 uM.

spectrum of this sequence in K" solution shows a positive peak
at 260 nm and a negative trough at 240 nm (Figure 1), which
are the characteristics of the formation of a parallel-stranded G-
quadruplex. Melting experiments (Figure S2, Supporting
Information) indicate a higher thermal stability for the G-
quadruplex formed by this sequence as compared to that
formed by a four-repeat human TERRA sequence r-
[(UAGGGU),U] (Table 1). This behavior was observed at
both high salt (70 mM KCl and 20 mM potassium phosphate at
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Figure 3. Effect of RNA concentration on the monomer—dimer
equilibrium of TER18 G-quadruplexes at 25 °C in solution containing
5 mM potassium phosphate at pH 7. (a) Imino proton spectra of
TER18 at RNA concentrations ranging from 50 to 400 M. The peaks
marked by asterisks indicate the monomer population, while the peaks
marked by circles indicate the dimer population. (b) Plot of the
concentration of the dimer against that of the monomer as measured
by NMR spectroscopy. Both axes are in logarithmic scale. A straight

line of slope 2 is drawn across the data points.

pH 7) and low salt (0.5 mM KCI and 0.5 mM potassium
phosphate at pH 7) conditions. The higher thermal stability of
TER18 as compared with TERRA might be related to the
shorter loop lengths in the former structure.

Monomer—Dimer Equilibrium of TER18 G-Quadru-
plexes. The imino proton NMR spectrum of the TER18
sequence (RNA concentration, 100 zM) in solution containing
~100 mM K" (70 mM KCl and 20 mM potassium phosphate
at pH 7) shows 12 peaks at 10—12 ppm (marked with circles;
top spectrum, Figure 2) indicating the formation of a well-
defined G-quadruplex. The detection of 12 sharp imino protons
suggests that all 12 guanines of the TER18 sequence participate
in the G-tetrad core formation of this structure. At a lower K*
concentration (S mM potassium phosphate at pH 7), a second
set of 12 imino protons emerged along with the first set
observed at the high-salt condition (labeled with asterisks and
circles, respectively; middle spectrum, Figure 2), indicating the
equilibrium between two G-quadruplex conformations. For-
mation of only the second G-quadruplex form was observed at
a very low salt condition (0.5 mM KCI and 0.5 mM potassium
phosphate at pH 7).

We examined the effect of RNA concentration (ranging from
S0 to 400 uM) on the equilibrium between the two G-
quadruplex forms of TER18 at 25 °C and 5 mM potassium
phosphate solution at pH 7. Peaks from the two conformations

were observable across the RNA concentration range (Figure
3a). Increasing the RNA concentration shifted the equilibrium
toward the conformation observed at high salt conditions,
presumably a multimer. The plot of the equilibrium
concentrations between the two forms in logarithmic scale
shows a slope of ~2 (Figure 3b), consistent with an equilibrium
between monomer and dimer G-quadruplexes.®**”

TER18 Forms a Stacked Dimeric G-Quadruplex
Containing Bulges. On the basis of the data described
above as well as previous reports on bulge formation® and
stacking of parallel G-quadruplexes,'®~** we propose that in
~100 mM K" solution TER18 forms a stacked dimeric G-
quadruplex, in which each subunit is a three-layer parallel-
stranded G-quadruplex with a cytosine bulge in the second G-
tract column (Figure 4). The two subunits in the dimeric G-
quadruplex of TER18 are stacked at their 5’-end. Different
stacking isomers have been observed previously,zo’22 and only
one possible stacking isomer is shown in Figure 4 for
illustration purposes. Data supporting the stacking of two G-
quadruplex blocks of TER18 include (i) the NMR observation
of the RNA concentration-dependent equilibrium described
above; (ii) solvent-exchange protection of imino protons, and
(iii) gel electrophoresis experiments. These experiments were
performed with both TER18 and a modified sequence TER18-
2A, in which two adenines were added at the 5’-end to disrupt
the stacking between two G-quadruplex blocks.'”*° TER18-2A
was shown by CD and NMR spectroscopy to also form a
parallel G-quadruplex (Figures S3 and S4, Supporting
Information).

The solvent-exchange experiments on TERIS8 revealed the
protection of 8 imino proton peaks for the form observed at
high salt conditions (Figure Sa) but only 4 imino proton peaks
for the form observed at low salt conditions (Figure Sb),
consistent with the formation of a stacked dimeric G-
quadruplex by TER18 at high salt conditions. This solvent
protection behavior is in contrast to that observed for the
TERI18-2A sequence: mainly, only 4 imino protons remained
after dissolving TER18-2A in D,0O at both low and high salt
conditions (Figure S4, Supporting Information).

We performed a native gel electrophoresis experiment
(Figure 6) to probe the molecular size of the G-quadruplex
formed by the TER18 sequence in ~100 mM K" solution. The
migration of TER18 was the same as that of the structure
formed by the 10-nt human TERRA sequence r-
(GGGUUAGGGU) involving the stacking of two G-quad-
ruplex blocks,>"*> which was slower than that of the one-block
G-quadruplex formed by the 12-nt human TERRA sequence
r(UAGGGUUAGGGU).** In contrast, the TERI8-2A se-
quence was observed to migrate at the same level as the one-

Figure 4. Proposed G-quadruplex folding topology and monomer—dimer equilibrium of TER18 in potassium solution.

1597

dx.doi.org/10.1021/bi4015727 | Biochemistry 2014, 53, 1595—1600



Biochemistry

Figure S. Solvent-exchange experiments of G-quadruplexes formed by TER18 in solution containing (a) 70 mM KCl and 20 mM potassium
phosphate at pH 7 or (b) 0.5 mM KCl and 0.5 mM potassium phosphate at pH 7. The top spectra are imino proton spectra recorded in 90% H,O
and 10% D,0. The bottom spectra are imino proton spectra of the samples, immediately after dissolving them in D,O. Experimental conditions:

temperature, 25 °C; RNA concentration, 100 xM.
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Figure 6. Native polyacrylamide gel electrophoresis (PAGE). Lane 1,
12-nt human TERRA sequence, r(UAGGGUUAGGGU); lane 2, 10-
nt human TERRA sequence, r(GGGUUAGGGU); lane 3, TERI1S,
r(GGGUUGCGGAGGGUGGGC). Lane 4: TERI18-2A, r(AAGG-
GUUGCGGAGGGUGGGC). The gel was visualized by the UV
shadowing method.

block G-quadruplex. These results supported the formation of a
stacked dimeric G-quadruplex in TER1S8, which was disrupted
by the addition of the 2A flanking sequence at the 5'-end in
TERI18-2A.

In conclusion, our data suggest that the first 18-nt of the 5'-
terminal region of hTERC can form a stacked dimeric G-
quadruplex with bulges in K* solution. This structure could be
biologically relevant for the dimerization and other interactions
of the active human telomerase.**™®' The extent of the stacked
dimer formation can be modulated by $'-capping of hTERC,*
while the P1 helix formation should be compatible with and
have little effect on this G-quadruplex folding and 5'-end
stacking. Although the formation of bulges is expected to
reduce G-quadruplex stability,® the structure formed by the first
18-nt of hTERC is highly stable exhibiting greater thermal
stability than the counterpart formed by a TERRA sequence.
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Additional melting data, CD, and NMR spectra. This material is
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