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Monovalent metal cations, such as K+ and Na+, are required
for the proper folding of several classes of nucleic acids. The
best documented example is the monovalent metal ion requirement
for G-quartet formation,1,2 but monovalent cations are also
essential for the in vitro activity of catalytic RNAs.3 The
identification of monovalent metal ions within RNA and DNA
has been hindered by the lack of direct methods for metal ion
observation, though15N-labeled ammonium has recently been used
as a nonmetallic substitute for monovalent cation detection.4,5 Here
we utilize the well characterized DNA G-quartet as a model
system to demonstrate that thallous ion (Tl+) can efficiently
substitute for K+ in the promotion of G-quartet formation and
that the bound Tl+ monovalent metal cations can be directly
detected by205Tl NMR.

The chemical and spectroscopic characteristics of Tl+ make it
an ideal substitute for a K+ ion.6 The two metal cations have a
similar ionic radii (Tl+ 1.40 Å; K+ 1.33 Å), form bonds of similar
distance (2.4-2.7 Å), and adopt irregular coordination geometries
and bond angles.7,8 X-ray crystallography of K+ and Tl+ macro-
molecular complexes indicated that they bind equivalently to their
ligands.7 While Tl+ has found only limited use in nucleic acid
systems, it has been used to study monovalent binding sites within
protein enzymes.9 In these systems, Tl+ usually supports enzy-
matic activity, and in all cases in which it has been measured,
the Tl+ binds to the ligand at least as well as K+ ion.10 Unlike
K+, however, Tl+ is a spin 1/2 nucleus well suited for NMR
applications. The relative receptivity (defined as the sensitivity
multiplied by the natural abundance) of205Tl compared to proton
is 0.1355, while that of39K is only 0.000473.11 Furthermore, the

chemical shift range of205Tl is extremely large (>3000 ppm) and
the resonance frequency is highly sensitive to the chemical
environment of the metal ion.11

We have selected the four-stranded DNA G-quartet structure
as a simple system to develop205Tl NMR methods for the analysis
of monovalent metal binding to nucleic acids. G-quartets are a
noncanonical base pairing motif in which four guanine bases form
a cyclic and coplanar hydrogen bonding array (Figure 1a).12 These
four-stranded structures are exceptionally stable and include both
parallel and anti-parallel alignments of the G-rich strands (Figure
1b).2 G-quartets can be formed from DNA or RNA sequences of
several different G-rich variations that are biologically relevant.2,12-14

All G-quartets are stabilized by specifically bound monovalent
metal ions.2 The cations are positioned between the planes of the
G-quartets and each is coordinated to eight different G carbonyl
groups that line the interior channel of the quartet.5,15,16 In this
arrangement, the number of metal ions is one less than the number
of G-quartets in the complex. K+ cations form the most stable
quartets, but Na+ and Rb+ also support quartet formation.17

However, to our knowledge there is no report in the literature on
the ability of Tl+ to promote G-quartets.

To explore this question, we utilized the short oligonucleotide
d(TTGGGGTT) (designated S for short), which is related to the
telomeric repeat sequence found at the end ofTetrahymena
chromosomes.18 In the presence of K+ theTetrahymenatelomeric
repeat has been reported to form a parallel stranded G-quartet
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Figure 1. (a) Chemical structure of a G-quartet. (b) Schematic depiction
of a parallel tetraplex. (c) Autoradiograph of a non-denaturing polyacryl-
amide gel demonstrating G-quartet formation in the presence of Tl+.
Samples used for the study were oligonucleotides S [5′-d(TTGGGGTT)-
3′] and L [5′-d(TGTTGGGGTTGT)-3′], which contain four contiguous
guanosines (underlined), and N [5′-d(GTGTGTG)-3′], an oligonucleotide
containing four non-contiguous guanosines. 5′-End radiolabeled samples
of each oligonucleotide were mixed with 10 nmol of the cold oligo-
nucleotide, and heated at 95°C for four minutes in the presence of 10%
glycerol, 100 mM Tris-NO3, pH 7.5, and 0.1 mM EDTA. Samples were
cooled to 37°C, TlNO3 or K(CH3COO) was added to a final concentration
of 100 mM in a total volume of 10µL, and the solutions were incubated
at 37°C overnight. The mixing experiments were performed in the same
manner using 0.5 mM of S and L with either radiolabeled S (lane 10) or
L (lane 11). The complexes were resolved by native 20% polyacrylamide
gel electrophoresis at 5-6 °C in Tris-borate-EDTA buffer. The metal
ion added to each sample is indicated at the top of the autoradiograph,
and the molecularity of individual bands are shown on each side, where
the subscript indicates the number of strands of a given oligonucleotide.

3240 J. Am. Chem. Soc.2000,122,3240-3241

10.1021/ja993614g CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/21/2000



with all the guanine bases in ananti configuration.19 In the absence
of monovalent metal ion, oligonucleotide S does not form a
G-quartet as determined by a native gel electrophoretic mobility
shift assay (Figure 1c, lane 1); however, the addition of either
100 mM K+ or 100 mM Tl+ to the hybridization buffer resulted
in a new band with substantially slower mobility, consistent with
G-quartet formation (Figure 1c, lanes 2 and 3). The formation of
a slower mobility species is specific to oligonucleotides containing
a contiguous G-rich sequence, as a longer oligonucleotide with a
G-rich sequence, d(TGTTGGGGTTGT) (designated L for long),
showed a similar mobility pattern as S, while the mixed
oligonucleotide d(GTGTGTG) (designated N for non-G quartet)
demonstrated no change in mobility upon addition of K+ or Tl+

(Figure 1c, lanes 4-9). To confirm that the Tl+ induced complex
is tetrameric, we mixed 0.5 mM each of unlabeled S and L with
either32P-labeled S or32P-labeled L (Figure 1c, lanes 10 and 11).
As visualized by autoradiography, this resulted in four bands of
mobility, consistent with a set of 4-stranded heteromeric com-
plexes containing zero to three strands of the unlabeled oligo-
nucleotide and one to four strands of the labeled oligonucleotide.

The efficiency of quartet formation by oligonucleotides S and
L appeared to be greater with Tl+ than with K+ (Figure 1c). At
1 mM d(TTGGGGTT), a Tl+ concentration of 23 mM provided
50% tetraplex formation, while about 3 times as much K+ (73
mM) and 6 times as much Na+ (132 mM) was required to yield
the same amount of complex.

The Tl+ induced tetrameric S complex was further investi-
gated by proton NMR spectroscopy. A 2.5 mM sample of
d(TTGGGGTT) containing 50 mM Tl+ in H2O was used to collect
1-D proton spectra (Figure 2a) and a NOESY spectrum with a
mixing time of 500 ms that allowed assignment of the G quartet
imino, aromatic, and many of the sugar proton resonances (data

not shown).20 As expected for a G quartet complex, the four imino
protons that belong to the guanosine residues are protected from
solvent exchange (Figure 2a), even at temperatures as high as 80
°C (data not shown). In addition, the pattern of observed nuclear
Overhauser effects (NOEs) is indicative of a 4-fold symmetric
right-handed parallel stranded complex with all the guanosine
bases in theanti conformation, as previously reported for similar
G quartets.16,19,20

We next examined the d(TTGGGGTT) sample by205Tl NMR
(Figure 2b) using a Varian Inova 800 MHz NMR spectrometer
with a broadband channel probe tunable to the205Tl frequency
(461 MHz). Unfortunately, the amplifiers provided by the
manufacturer did not cover the required midrange frequencies,
so it was necessary to add a thallium amplifier and preamp to
the console.21 A 1-D 205Tl spectrum was collected in 14 h with a
total of 200 000 transients using a simple pulse-acquire sequence
with a recycle time of 0.2 s. A cluster of three thallium peaks
were detected approximately 120 ppm downfield of the free
TlNO3 peak. The bound peaks have line widths of 1460, 660,
and 1480 Hz, respectively, suggesting that the exchange properties
of the middle peak are substantially different from those of the
other two. No bound Tl+ peaks were observed in the absence of
DNA or in the presence of 2.5 mM control oligonucleotide N
(data not shown). Because this parallel-stranded G-quartet does
not have a 2-fold symmetry axis perpendicular to its length, the
monovalent ions should not be symmetry related. Thus, the
observation of three distinct205Tl peaks of approximately equal
areas is consistent with a tetramer in which three Tl+ ions sit
between the layers of the four G-quartets, analogous to that
observed with K+, Na+, and NH4

+ stabilized quartets.4,5,15,16The
narrow middle bound peak in the205Tl spectrum likely belongs
to the middle ion of the G-quartet complex, which would be
expected to exchange with free Tl+ more slowly than the flanking
ions. The approximately 120 ppm separation of the free and bound
peaks demonstrates that the Tl+ ions have a bound lifetime limit
of at least 3µs, although measurements of other monovalent
cations binding to G quartets suggest that the lifetime may be
substantially longer.5,22

Recently, 15N-labeled ammonium ions have been used as
an 1H NMR spectroscopic probe of monovalent cation
binding to duplex DNA and to the G-quartet formed by
d(GGGGTTTTGGGG).4,5 In those 2-fold symmetric, bimolecular
G-quartets, two ammonium proton peaks were observed with
relative intensities of 2:1, corresponding to two outer and one
inner bound ammonium ion.5 The 205Tl NMR data reported here
demonstrate that, like the nonmetallic ammonium cation, Tl+ can
substitute for K+ within DNA G-quartets and that the bound Tl+

ions can be directly detected by205Tl NMR. Thallium NMR may
offer some advantage over the15N-labeled ammonium in that the
205Tl chemical shifts are very sensitive to the chemical environ-
ment of the binding site,11 and the large chemical shift dispersion
of 205Tl NMR may allow observation of ions with bound lifetimes
shorter than those observable by proton NMR.23

Previous biochemical and crystallographic experiments have
shown that Tl+ can also substitute for K+ within the tetraloop
receptor, a complex folding motif present in all three classes of
large catalytic RNAs.7,24 The present study suggests that the
spectroscopic properties of205Tl will provide a useful tool for
the analysis of monovalent metal ion binding sites within complex
RNA and DNA structures.
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Figure 2. 1H and205Tl spectra of reverse phase HPLC purified 2.5 mM
d(TTGGGGTT) at 30°C in 90% H2O/10% D2O containing 50 mM
TlNO3, 50 mM Tris-NO3, pH 7.5, and 0.1 mM EDTA. (a) Imino proton
region of 1H spectrum. (b)205Tl spectrum processed with 200 Hz line
broadening. The free and bound Tl+ resonances are labeled. Spectra were
referenced to zero using an external sample of 10 mM TlNO3 in H2O at
30 °C. 205Tl spectra were collected on a Varian Inova 800 MHz (461
MHz 205Tl) spectrometer at the Yale W. M. Keck High Field NMR facility
using a probe with a broad band channel tuned to the205Tl frequency
461 MHz and home-built205Tl frequency amplifiers.205Tl data were
collected with a spectral width of 200 kHz (10 Hz/point) with the offset
near the bond205Tl peaks. Proton spectra were collected on a Varian
Unity 500 MHz spectrometer with a spectral width of 8 kHz (1 Hz/point),
using a WATERGATE25 solvent suppression sequence, and 256 FIDs
were accumulated. NMR data were processed using NMRPipe.26
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