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A U-Tetrad Stabilizes Human Telomeric RNA G-Quadruplex Structure
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Telomeres have long been considered to be transcriptionally
silent. A recent finding demonstrated that telomere DNA is
transcribed into telomeric repeat-containing RNA in mammalian
cells* The telomeric RNA molecules were detected in different
human and rodent cell lines, containing mainly UUAGGG repeats
of heterogeneous length.* These findings raise the crucial question
of how telomeric RNA is specifically associated with chromosome
ends. The existence of telomeric RNA may reveal a new level of
regulation and protection of chromosome ends. Knowledge of the
structure and function of telomere RNA will be essential for
understanding telomere biology and telomere-related diseases.

To define the structural features of human telomere RNA
sequences, we examined the conformation of human telomere RNA
sequence r(UAGGGU) ORN-1 by CD spectroscopy. The CD
spectrum of ORN-1 showed a positive band at 265 nm and a
negative band at 240 nm in the presence of K* or Na™ at 25 °C
(Supporting Information, Figure S1) which are the characteristic
CD signature of a parallel G-quadruplex structure.® We further
investigated the structure of telomere RNA ORN-1 by NMR.2 In
the imino proton region of the 600 MHz *H NMR spectrum of
ORN-1 in the presence of Na* or K™, we surprisingly observed
four sharp peaks that are assigned to the imino protons of the
G-quadruplex structure at 10.5—12.0 ppm (Figure 1). Since the
strands of the UAGGGU parallel G-quadruplex are equivaent, three
G quartet rings respectively formed by twelve G residues should
give three imino protons. We hypothesized that a way the fourth
imino proton can appear is if the U residues at one end of the
molecule hydrogen bond with each other, (UN3—H---04(U). To
test this hypothesis, we prepared the RNA sequence r(UUAGGG)
ORN-2 that changes the 3"-end uridine to the 5’-end compared to
ORN-1 (Figure S2). ORN-2 gives three imino protons, and the
fourth imino proton from the hydrogen bonds of the U-tetrad did
not appear, suggesting that the single base mutation in the 3" and
5" ends influences the U-tetrad formation and only the 3’-end uridine
can form the U-tetrad. Another experiment was performed to
identify the U-tetrad formation by using zebularine. The zebularine
moiety lacking the oxygen at position 4 of uridine is unable to
form hydrogen bonds. As expected from *H NMR experiment, the
fourth imino proton from the hydrogen bonds of the U-tetrad
disappeared (Figure S3). These results suggested that the U residues
form hydrogen bonds to participate in the formation of the ORN-1
G-quadruplex. To further understand the molecular basis of the
telomere RNA G-quadruplex structure, we assigned the imino
proton signals on the basis of Nuclear Overhauser Effect (NOE)
connectivities (Figure 2). The sequential NOE interactions G3H1/
G4H1 and G4H1L/G5H1 correspond to imino protons of G on
adjacent G-quartets for G3-G4-G5 steps on each of the four strands
in the presence of Na' or K™ (cross peaks G3/G4 and G4/G5, Figure
23, Figure $4). Importantly, we detected NOEs between adjacent
imino protons of the G5H1 and U6H3 (cross peaks G5/U6, Figure
2a, Figure $4). The chain from U1 to U6 by monitoring the H8/
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H6—H1' sequential connectivity of ORN-1 could be traced in
NOESY spectra (Figure 2b, Figure S5). We detect the NOE
connections of the imino protons to the aromatic protons in the
G3-G4-G5-U6 segment of the G-quadruplex to further assign the
G-quadruplex (Figure S6). The imino proton of U6 that gives NOEs
to H5 and H6 resonances provides further evidence for the U—U
base pair (Figure 2c). The strong NOE from the imino proton to
H5 must be an intermolecular signal of U moieties, because the
NOE to H5 is too strong to be an intramolecular signal of U (the
fixed intramolecular distance of imino proton to H5 in U (~ 4.22
A) is unable to give such a strong NOE). Furthermore, the
intramolecular distance from the imino proton to H6 is out of NOE
range (the fixed intramolecular distance of imino proton to H6 (>5
A) is unable to give an NOE cross peak), indicates that the NOE
from the imino proton to H6 must be an intermolecular signal of
U. Thus these NOEs are indicative of the presence of N3—04
hydrogen bonds of U—U base pairs and provides unequivocal
evidence for the U-tetrad plane in the G-quadruplex structure
(Figure 2f, g). We additionaly performed *H—N HSQC experi-
ments to assign the U imino proton and identify the hydrogen bonds
of U—U base pairs in the U-tetrad.* The imino proton-**N cross
peaks of the 3'-end uridine were observed (Figure 2€),® providing
further evidence for the U—U base pair. The chemical shifts for
C4 provide insight into the identity of the hydrogen bonding of
the U—U base pair. We performed a H(C)C experiment to compare
the chemical shift of H5—C4 of U6 (U-tetrad) and H5—C4 of U1l
(no U-tetrad).® The C4 signal of U6 shifted downfield as compared
with the C4 of U1l (Figure 2d), consistent with the result that
chemical shiftsfor hydrogen-bonded carbonyls are shifted downfield
relative to those of non-hydrogen-bonded carbonyls.® The H5/
H3—C5 correlations are obtained to assign the U imino proton and
identify the hydrogen bonds of U—U base pairs in the U-tetrad
(Figure S7).” We noted that uridines from the 5-end do not
participate in the U-tetrad core formation, consistent with their imino
protons not being observed (Figures 1a and 2a) and with the fact
that no H5/6-H3 NOE cross peaks were found (Figure 2c).
Presumably, the A at the 5-end of the UA sequence may cause a
steric hindrance effect on the formation of the U-tetrad at the 5'-
end; however, the 3-end U is not interrupted in forming the U-tetrad
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Figure 1. One-dimensional 600 MHz imino proton spectra of telomeric
RNA r(UAGGGU) ORN-1 in solution containing 200 mM NaCl (10 mM
Na-phosphate, 25 °C) or 200 mM KCI (10 mM K-phosphate, 7 °C).
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Figure 2. (&) Imino region of 2D-NOESY spectrum of ORN-1 in the presence of 200 mM NaCl and 10 mM Na-phosphate, 25 °C. Cross peaks for G3/G4,
G4/G5, and G5/U6 were represented respectively. (b) The H8/6-H1" proton region of NOESY spectrum (mixing time, 200 ms) of the ORN-1 G-quadruplex
in K* solution. The sequential assignment pathway is shown (solid ling). (c) The H3—H5/H6 (U6) proton region of NOESY spectra of ORN-1 in the
presence of 200 mM NaCl and 10 mM Na-phosphate, or 200 mM KCl and 10 mM K-phosphate, 25 °C. Cross peaks for H3—H5, H3—H6, and H3—H1" were
shown. (d) Correlation of C4 to H5 using 2D HCC experiments (upper panel) in Na™ solution. The H5/H6 (U) TOCSY confirms the 2D HCC H5 assignments
(bottom panel). (€) *H—>N HSQC spectrum showing the H3—N3 (U6) correlation in K* solution. (f) A U-tetrad is formed by hydrogen bonds between
adjacent uridines at the 3’-end. The hydrogens of H3, H5, and H6 were represented by different colors. (g) Schematic parallel G-quadruplex structure of

human telomere RNA (ORN-1) 5'-U;A,G3G4GsUs-3', where red boxes represent uridine bases and blue boxes represent guanine bases.

due to direct binding with G bases. These results suggested that
uridines at the 3-end of the paralel human telomeric RNA
G-quadruplex form the U-tetrad with one hydrogen bond between
adjacent uridines (Figure 2f, g). We noted the chemical-shift
changes induced by different ions, as U6 occurs at an ~0.6 ppm
shift when sodium and potassium ions are changed in solution. The
chemical-shift change induced by different ion binding are caused
by either a deshielding effect of the ion or structural transition of
RNA .2 For example, the metal binding sites may be different in a
sodium or potassium ion-induced U-tetrad due to the different ionic
radii for the two metals. Thisis similar to the observation that the
same human telomere sequence adopts a completely different
G-quadruplex architecture in a Na™ or K™ ion solution.®

Next, we investigated the effects of the U-tetrad on the
thermodynamic stability of the RNA G-quadruplex by a CD melting
curve. Figure 3 shows the melting curves of ORN-1 and ORN-2.
Surprisingly, the U-tetrad significantly stabilizes the RNA G-
quadruplex structure in the presence of Nat, leading to an increase
in melting temperature (Tp,) of 29 °C (AT, = 29 °C). Curvefitting
yielded the free energy, enthal py, and entropy of formation as shown
in Table 1. These parameters revealed a very high free energy of
formation for the RNA G-quadruplex of ORN-1 with a U-tetrad
(AG = —26.2 kJ/moal), compared with the RNA G-quadruplex of
ORN-2 without the U-tetrad (AG = —4.2 kJmol) (Table 1).
Although the ORN-1 has an unfavorable entropic gain (AS= —638
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Figure 3. CD melting curves of ORN-1 and ORN-2 monitored at 264 nm
in the presence of 150 mM NaCl (T, = 79.0 °C for ORN-1, T,, = 49.1 °C
for ORN-2).

Table 1. Thermodynamic Parameters for RNA G-Quadruplexes

—AH —AS —~AGg <) T,

RNA (ky/imol) (eu) (kJimol K) C)
ORN-1  224+8  638+21  262+10  790+07
ORN-2  135+2  420+5 42402 49.1+03

kJ'mol K) compared with the ORN-2 (AS = —420 kJmol K), the
enthalpy value for the ORN-1 G-quadruplex results in being 89
kJmol higher (AH = —224 kJ/mol of ORN-1 vs AH = —135 kJ/
mol of ORN-2). To further investigate the effect of the U-tetrad
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on the G-quadruplex stability, we prepared a 4-thiouridine (s*U)-
containing telomeric RNA sequence (Figure S8). Substitution of
oxygen with sulfur in position 4 of U impairs molecular hydrogen
bonding to each other.’® We found that deletion of the U-tetrad
induced asignificant decreasein Ty, (Figure S8 and Table S1). These
results suggest that the U-tetrad gives an effective enthalpic
contribution to the RNA G-quadruplex stabilization. We noted that
four uridine residues located at the end of the G-quadruple are
favorable for U-tetrad formation than the previously reported RNA
dimer G-quadruplex,™* in which only two uridine residues are
positioned at the ends. The CD melting experiments showed that
the tetramer structure is significantly more stable (with Ty, being
20 °C higher) than the dimer G-quadruplex in K™ solution (Figure
S9).

To further characterize the RNA G-quadruplex structure, MALDI-
TOFM S was used to directly observe the G-quadruplex formation.*?
We observed the peaks near m/z [7927.2 + nK™] or [7658.9 +
nNa'] in correspondence to the molecular weight of ORN-1 (MW
= 1915.2, m/'z = 4MW + nK™ or 4AMW + nNa') (Figure S10),
suggesting that the RNA G-quadruplex remains stable even in the
gas phase. K™ and Na' ion adducts are clearly observed for the
G-quadruplex.*®® These MALDI-TOFMS data are in excellent
agreement with the results obtained from CD and NMR studies,
indicating a stable telomere RNA G-quadruplex structure. In severa
previous studies it has been reported that associated cations can
locate at different positions of the G-quadruplex.® Different
monovalent cations can therefore alter the electronic states of the
G-quadruplex, resulting in the differencesin the 1D NMR spectrum
in Na' versus K*. Furthermore, this remarkable AG implies that
the four extra hydrogen bonds of the U-tetrad are involved,
suggesting that the U-tetrad may be binding an extra K* or Na*
ion in the central channel of the G-quadruplex. A further indication
of its stability is the observation that imino protons can be detected
in a sample that has been exchanged into D,O severa times and
incubated for 24 h in D,O at 40 °C (Figure S11). These imino
peaks are as strong as the nonexchangeable aromatic proton peaks
at ~8 ppm. We know of no Watson—Crick duplex as stable as
this. In a native PAGE experiment, a single magjor band was
observed for ORN-1 with increasing K and Na* concentration
(0—200 mM) (Figure S12), indicating a compact G-quadruplex
formation by ORN-1 even at low salt concentration.

The finding of telomere RNA molecules opens new doors to
better understanding the essential biological role of telomere. There
is a clear need to revisit structural and functional mechanisms of
telomeres accompanying telomere RNA participation. We and two
other groups have focused effort toward the identification of folding
topologies for telomere RNA architectures.*™*2 In this study, a key
discovery is our demonstration of a novel U-tetrad that forms the
base of an RNA G-quadruplex and dramatically stabilizes a human
telomeric RNA G-quadruplex structure. The U-tetrad-stabilized
telomeric RNA G-quadruplex structure adds considerably to our
understanding of the diversity of RNA G-quadruplex architectures.
It shows that the structure of base “quartets’ is important in RNA
assembly.** The unique structural feature may provide new targets

for efforts directed toward the design and generation of potent and
selective RNA G-quadruplex-interacting molecules.
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