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ABSTRACT: We report below on proton NMR studies of the G-quadruplex structure formed by the human
telomere sequence d(T>AG3;) and the tetrahymena telomere sequence d(T2G4) in K cation containing solution.
We observe well-resolved proton NMR spectra corresponding to a G-quadruplex monomer conformation
predominant at 50 mM K cation concentration and a G-quadruplex dimer conformation predominant at
300 mM K cation concentration. By contrast, d(T,AG;T) and d(T,G4T) form only the G-quadruplex
monomer structures independent of K cation concentration as reported previously [Sen, D., & Gilbert, W,
(1992) Biochemistry 31, 65-70]. We detect well-resolved resonances for the exchangeable guanine imino
and amino protons involved in G-tetrad formation with the hydrogen-bonded and exposed amino protons
separated by up to 3.5 ppm. The observed NOEs between the amino and H8 protons on adjacent guanines
within individual G-tetrads support the Hoogsteen pairing alignment around the tetrad. The imino protons
of the internal G-tetrads exchange very slowly with solvent H,O in the d(T2AG3) and d(T,G,) quadruplexes.
The nature and intensity of the observed NOE patterns establish formation of parallel-stranded right-
handed G-quadruplexes with all anti guanine glycosidic torsion angles. A model for the parallel-stranded
G-quadruplex is proposed which is consistent with the experimental NOE data on the d(T:AG;) and
d(T,Ga4) quadruplexes in solution. These results are in contrast to earlier studies on d(G,T»G,) sequences
where the structures of the monovalent cation stabilized G-quadruplex exhibit alternating G(syn)-G(anti)
glycosidic torsion angles along individual strands in solution [Wang, Y., de los Santos, C., Gao, X., Greene,
K., Live, D., & Patel, D. J. (1991) J. Mol. Biol. 222, 819-832] and in the crystalline state [Kang, C. H.,

Zhang, X., Ratliff, R., Moyzis, R., & Rich, A. (1992) Nature 356, 126-131].

Guanine bases in DNA are unique in that they can align
in a planar G-tetrad arrangement (structure 1) stabilized
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through Hoogsteen pairing in the presence of monovalent
cations [reviewed in Guschlbauer et al. (1990), Sundquist
(1991), and Sen and Gilbert (1991)]. Such G-tetrad pairing
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alignments have been observed and characterized in systems
ranging from guanine monophosphates (Pinnavaia et al., 1975;
Borzoetal., 1980) to poly(guanylicacid) (Gellert et al., 1962).
Further, the role of monovalent cations in stabilizing G-quad-
ruplexes has been systematically investigated (Howard &
Miles, 1982; Lee et al., 1990). X-ray diffraction data on
oriented, partially crystalline fibers of poly(guanylic acid)
have been analyzed and interpreted in terms of a four-stranded
right-handed helix with guanine bases paired in a G-tetrad
alignment (Arnott et al., 1974; Zimmerman et al., 1975).

These early observations were not followed up until interest
turned to the higher order structures adopted by single-
stranded telomeric overhangs at the ends of chromosomes
[reviewed in Blackburn and Szostak (1984) and Blackburn
(1991)]. These include the d(T2G4),d(T4G4), and d(T2AG;)
repeats observed in tetrahymena, oxytrichia, and human te-
lomeres, respectively. The G-quadruplexes formed by such
guanine-rich motifs could either adopt parallel-stranded
structures will all anti guanine glycosidic torsion angles around
the G-tetrad (Sen & Gilbert, 1988) or adopt antiparallel-
stranded structures with alternating syn and anti guanine gly-
cosidic torsion angles around the G-tetrad (Williamson et al.,
1989; Sundquist & Klug, 1989; Panyutin et al., 1990). It was
also established from footprinting and cross-linking studies
on d(G,N,G,) segments that G-quadruplexes could form
through pairing of four separate strands (Sen & Gilbert, 1988)
or through dimerization of hairpins (Williamson et al., 1989;
Sundquist & Klug, 1989; Panyutin et al., 1990). Further, it
was proposed that these two families of structures could in-
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FIGURE 1: Proton NMR spectra (6.5-13.0 ppm) of (A) the d(T--
AG;T) quadruplex in 50 mM K cation in H,O at 5§ °C, (B) the
d(T,AG3;) quadruplex in 200 mM K cation in H,O at 8 °C, (C) the
d(T;AG3;) quadruplexin 200mM K cationat 5 °Cafter being allowed
to sit in D,O for 2 days, and (D) the d(T,AL;G) quadruplex in 35
mM K cation in HyO at 7 °C. All spectra were recorded at
approximately neutral pH. The guanine imino proton assignments
are recorded above the spectra. The narrow minor nonexchangeable
resonances (7.0-8.5 ppm) correspond to protons from single-stranded
structures in equilibrium with the quadruplex at this temperature.

terconvert, depending on the nature of the monovalent cation
(Na or K) stabilizing the G-quadruplex structure (Sen &
Gilbert, 1990; Hardin et al., 1992).

The conformations and thermodynamics of monovalent
cation stabilized structures formed by d(G,T,,G,) and d(G,-
TmG,TmG,T»G,) segments have been investigated by foot-
printing (Williamson et al., 1989), NMR (Henderson et al.,
1987; Wang et al., 1991a,b; Smith & Feigon, 1992),
calorimetric (Jin et al., 1990), spectroscopic (Hardin et al.,
1991) and base analog substitution (Henderson et al., 1990)
studies in solution and X-ray studies (Kang et al., 1992) in
thecrystallinestate. The early NMR studies established that
some guanines adopt syn glycosidic torsion angles (Hender-
son et al., 1987) and, more recently, that adjacent guanines
alternate between syn and anti glycosidic torsion angles along
individual strands (Wang et al., 1991a,b; Smith & Feigon,
1992) in solution. The directionality of individual strands
and the differentiation between four-stranded and hairpin
dimer structures for the d(G,N,,G,) quadruplexes could not
be differentiated from the available NMR data (Wang et al.,
1991a,b) but could be defined on the basis of the X-ray
structure of the d(G4T4G4) structure at atomic resolution
(Kang et al., 1992). The crystallographic study established
a G(syn)-G(anti)-G(syn)-G(anti) alignment around the G-
tetrad. Adjacent guanines along individual strands alternate
between syn and anti glycosidic torsion angles with overlaps
differing between G(syn)-G(anti) and G(anti)-G(syn) steps.
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FIGURE 2: Expanded NOESY contour plot (mixing time 170 ms)
of the d(T2AG3) quadruplex in 200 mM K cation in H,O, neutral
pH, at 5 °C. (A) Expanded symmetrical 10.2-11.6 ppm region.
Cross peaks A and B are assigned as follows: A, G4(NH1)-GS5-
(NH1); B, G5(NH1)-G6(NH1). (B)Expanded 10.2-11.6and 7.0~
8.6 ppm regions. Cross peaks C-I are assigned as follows: C,
G4(NH1)-G4(H8); D, G5(NH1)-G5(H8); E, G6(NH1)-G6(H8);
F, G4(NH1)-A3(H8); G, G5(NH1)-G4(H8); H, G6(NH1)-G5-
(H8); 1, G4(NH1)-A3(H2).

Further, adjacent strands in the G-quadruplex are aligned in
an antiparallel manner with the T4 segments of d(G4T4G4)
forming hairpin loops at either end. The X-ray structure
identified a K cation sandwiched between the central G-tetrads
accounting for the observed monovalent cation requirement
for G-quadruplex formation. This X-ray structure (Kang et
al,, 1992) has provided an atomic resolution view of a G-
quadruplex with antiparallel alignment of strands for G4 motifs
separated by a T4 linker.

By contrast, structural information (either solution NMR
or single-crystal X-ray) is lacking for parallel-stranded G-
quadruplexes. Considerable experimental data including foot-
printing, strand mixing, and cross-linking studies have es-
tablished that single multi-guanine motifs do form parallel-
stranded G-quadruplexes for both dG, (Sen & Gilbert, 1988,
1992; Lu et al., 1992) and rG, (Kim et al., 1991) segments.
We report below on NMR studies on the single repeat of the
human telomere d(T;AGs3) and the tetrahymena telomere
d(T2G4) in K cation containing solution that address the issue
of the structure of the metal cation stabilized parallel-stranded
G-quadruplexes in solution. We have also monitored the K
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FIGURE 3: Expanded NOESY contour plot (mixing time 170 ms)
of the d(T>AG3;) quadruplex in 200 mM K cation in H;O, neutral
pH, at 5 °C correlating the 8.6-11.6 ppm region with the 5.2-9.4
ppm region. Cross peaks A—F and G5* are assigned as follows: A,
G5(NH1)-G5(NH2e); B, G5(NH1)-G5(NH2b); C, G4(NH1)-
G4(NH2e); D, G4(NH1)-G4(NH2b); E, G6(NH1)-G6(NH2e);
F, G6(NH1)-G6(NH2b); G5*, G5(NH,b)-G5(NHz¢e). Symbolsb
and e designate hydrogen-bonded and exposed guanine amino protons,
respectively.

cation concentration-dependent transition between G-quad-
ruplex monomer and dimer structures reported previously (Sen
& Gilbert, 1992).

MATERIALS AND METHODS

Oligonucleotide Synthesis. The deoxyoligonucleotides were
synthesized on an Applied Biosystems 391 DNA synthesizer
using the solid-phase cyanoethyl phosphoramidite method.
The crude 5'-dimethoxytritylated oligonucleotides were iso-
lated by treatment of the support with concentrated ammonia
for 15 h at 55 °C. The products were purified by reverse-
phase HPLC. The 5’-dimethoxytrityl group was removed by
treating the product with 80% acetic acid for 30 min followed
by a second HPLC. The oligonucleotide products were de-
salted on a Sephadex G-25 column. The final sodium form
of the oligonucleotides was obtained by using a Dowex 50X8
cation-exchange column.

NMR Experiments. DNA samples of 200400 Ao units
were dissolved in 0.4 mL of 90% H,0/10% D;0, and
appropriate buffer and salt (i.e., KH,PO4and KCl) were added
to the desired concentrations. Two-dimensional phase-
sensitive NOESY experiments (mixing time 170 ms) in H,O
were recorded on Bruker AM 500 and Bruker AM 400
spectrometers with the H>O signal suppressed by a jump-
and-return pulse sequence as the reading pulse. The carrier
frequency was placed on the H,O resonance with the maximum
excitation centered at 11.4 ppm. Proton exchange was
monitored by dissolving in D,O the samples that had been
lyophilized from H,O. One-dimensionalspectra were recorded
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immediately and over a matter of days thereafter. NOESY
experiments in DO (mixing times 250 and 50 ms) were
recorded with a sweep width of 9.6 ppm and a repetition delay
of 1.5 5. The residual HDO signal was saturated using the
decoupling channel. All data sets were transferred toa VAX
11-780 computer and processed with the FTNMR program
provided by Dr. Dennis Hare (Hare Research). The spectra
were collected with 1024 complex points in the ¢, dimension
and 256 complex free induction decays in the ¢; dimension.
The free induction decays were multiplied by a 90°-shifted
sine-bell function zeroed to the 1024th point in the ¢, dimension
and to the 256th point in the ¢; dimension.

Molecular Modeling. The model building was carried out
ona Silicon Graphics IRIS-4D graphics workstation. A single
B-form deoxynucleotide, dG, was first generated using the
INSIGHT II program, version 2.1.0 (Biosym Technologies,
Inc.). Four dG residues with anti glycosidic torsion angles
and C2’-endo sugar pucker were aligned in a plane to form
a G-tetrad. Four such G-tetrad planes were aligned on top
of each other with a standard B-DNA rise (3.4 A) and twist
(36°). The bonds between P and O3’ atoms of the backbones
were then linked. This four-stranded d(G,) quadruplex
containing parallel strands and anti guanine glycosidic torsion
angles was minimized without restraints for 500 iterations
using the steepest descents method in the DISCOVER
program, version 2.8.0 (Biosym Technologies, Inc.).

RESULTS

Exchangeable Protons in the d(T:AG3) Quadruplex. The
proton NMR spectrum (6.5-12.5 ppm) of d(T2AG3) in 200
mM K cation in H,O, neutral pH, at 8 °C is plotted in Figure
1B. Three exchangeable imino protons are detected between
10.4 and 11.3 ppm and exchangeable amino protons are
detected at 9.0 and 7.0 ppm while the nonexchangeable base
protons resonate between 7.0 and 8.5 ppm. The correspond-
ing NMR spectrum taken 2 days after the sample was dissolved
inD,O is plotted in Figure 1C and shows that the imino proton
at 10.85 ppm exchanges very slowly with solvent water. The
imino protons observed between 10.4 and 11.3 ppm (Figure
1B) are characteristic of quadruplex formation (Wang et al,,
1991a,b) for d(T2AG;) in K cation containing solution.
Consistent with this conclusion is the absence of imino protons
in the same spectral region for d(T;AI:G) in K cation
containing solution (Figure 1D). The inosines in d(T,AL,G)
destabilize quadruplex formation as shown previously in
another sequence context (Wang et al., 1981a).

Minor narrow resonances are detected between 7.0 and 8.0
ppm in the d(T,AG3) NMR spectrum at low temperature
(Figure 1B) and correspond to nonexchangeable protons of
the single-stranded component in slow equilibrium with the
quadruplex structure. The equilibrium shifts toward the
single-stranded component when the temperature is increased.

Expanded NOESY contour plots of d(T,AGs3) in 200 mM
K cation containing H,O solution, neutral pH, at 5 °C recorded
at a mixing time of 170 ms are plotted in Figure 2, panels A
(symmetrical 10.0-11.6 ppm) and B (10.0-11.6 and 7.2-8.8
ppm). We detect NOEs between adjacent imino protons in
the G4-G5-G6 segment of the d(T1-T2-A3-G4-G5-G6) quad-
ruplex (cross peaks A and B, Figure 2A). Further, the guanine
imino protons also exhibit NOEs to their own (cross peaks
C-E, Figure 2B) and to their 5’-flanking (cross peaks F-H,
Figure 2B) base H8 protons in the A3-G4-G5-G6 segment of
the d(T,AG3) quadruplex.

A different expanded region (8.6-11.6 and 5.2-9.4 ppm)
of the same NOESY contour plot of d(T,AG3) in 200 mM
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Table I: Proton Chemical Shifts (ppm) of d(T-T-A-G-G-G) at pH 6.7¢

NH1 H2/NH>-2 H8/H6 CH; HY H2, H2" HY H4
T1 7.35 1.62 5.93 2.03,2.28 4.59 3.94
T2 7.25 1.70 6.15 1.98, 2.27 4.67 4,01
A3 8.00 8.33 6.20 2.77,2.86 5.02 4.39
G4 11.26 7.72 5.97 2.53,2.84 4.93 4.46
G5 10.85 8.96, 5.45 7.44 6.04 2.65,2.82 4.99 442
G6 10.48 8.64,6.26 7.29 6.07 2.78,2.56 4.81 4.26

2 Exchangeable protons at 5 °C and nonexchangeable protons at 25 °C.

K cation in H,O at 5 °C is plotted in Figure 3. The 10.85
ppm imino proton of G5 exhibits NOEs to its own amino
protons at 8.96 and 5.45 ppm (cross peaks A and B, Figure
3). Further, the amino protons exhibit an NOE to each other
(cross peak G5*, Figure 3). This unusually large 3.5 ppm
separation between guanine amino protons is consistent with
one of them forming a hydrogen bond while the other is exposed
to solvent. The amino protons of G4 (cross peaks C and D,
Figure 3) and G6 (cross peaks E and F, Figure 3) are broad,
and the assignments in Figure 3 must be considered tentative
at this time.

The exchangeable imino and amino proton chemical shifts
for the d(T2AG3) quadruplex in 200 mM K cation at 5 °C
are tabulated in Table 1.

Nonexchangeable Protons in the d(T>AG3) Quadruplex.
Expanded NOESY contour plots (mixing time 250 ms) are
shown for the symmetrical base proton (7.0-8.6 ppm) region
(Figure 4A), as well as between the base protons and the
sugar H1’ protons (Figure 4B), the sugar H3’ protons (Figure
4C), and the sugar H2",2”” protons (Figure 4D) of the d(T,-
AG3;) quadruplex in 200 mM K cation containing D,O solution,
neutral pH, at 25 °C. Wedetect weak NOEs between adjacent
H8 protons in the A3-G4-G5-G6 segment of the d(T2AG3)
quadruplex (cross peaks A—C, Figure 4A).

We can trace the chain from T1 to G6 by monitoring the
distance connectivities between the base protons and their
own and 5’-flanking sugar H1’ protons in the d(T,AG3) quad-
ruplex as shown in Figure 4B. The NOEs between the base
and their own sugar H1’ protons for the guanine residues
(cross peaks labeled G4, G5, and G6, Figure 4B) exhibit
intensities which are similar to those observed for the same
connectivity for the other base residues (cross peaks T1, T2,
and A3, Figure 4B). The NOE cross peaks labeled G4, G5,
and G6 (Figure 4B) exhibit weaker intensities than the NOEs
between the H6 and CHj protons of T1 and T2 (cross peaks
labeled T1* and T2*, Figure 4D; fixed interproton separation
of 2.9 A) in NOESY contour plots recorded at a short mixing
time of 50 ms (data not shown). This observation establishes
that guanines G4, G5, and G6 adopt anti glycosidic bond
alignments (the separation between the H8 to its own H1’
protonis 3.7 A for anti and 2.5 A for syn glycosidic orientations)
in the d(T>AG3) quadruplex in 200 mM K cation containing
aqueous solution.

We can also trace the distance connectivities between the
base protons and their own and 5’-flanking sugar H3’ protons
in the d(T,AG;) quadruplex (Figure 4C). The base to their
own sugar H3’ NOEs (labeled cross peaks in Figure 4C) are
weak in the 50-ms mixing time NOESY data set (data not
shown) and rule out a C3’-endo pucker for the sugars in the
d(T2AG;) quadruplex (the separation between the base to its
own H3’ proton is approximately 2.5 A for a C3’-endo sugar
pucker).

Finally, the base protons also exhibit NOEs to their own
and 5’-flanking sugar H2’,2” protons in the d(T,AG;) quad-
ruplex (Figure 4D). The observed directionality of the NOEs

from the base to the 5’-flanking sugar but not the 3’-flanking
sugar H1’, H2',2”, and H3' protons establishes that the
individual strands of the quadruplex adopt a right-handed
helical alignment.

The nonexchangeable base and sugar proton chemical shifts
for the d(T2AG3) quadruplex in 200 mM K cation at 25 °C
are tabulated in Table I.

d(T;AG;3T) Quadruplex. The proton spectrum (6.5-12.5
ppm) of d(T>AG;T) in 50 mM K cation in H,O, neutral pH,
at 5 °C is plotted in Figure 1A. This sequence also forms a
quadruplex based on the guanine imino protons detected
between 10.9 and 11.8 ppm. The exchangeable and nonex-
changeable protons of the d(T;AG3) quadruplex have been
assigned from an analysis of NOESY data sets in H,0 and
D,0 (data not shown), and their chemical shifts are listed in
Table II. We note that the guanine imino protons shift up-
field on proceeding from the d(T2AG3T) quadruplex (Figure
1A) to the d(T>AG3) quadruplex (Figure 1B).

d(T,G4) and d(T,G4T) Quadruplexes. The proton NMR
spectra (6.5-12.5 ppm) of d(T»G4) in 50 mM K cation and
300 mM K cation containing H,O, neutral pH, solution at
low temperature are plotted in Figure 5, panels B and C,
respectively. Four narrow imino proton resonances are
detected between 10.2 and 11.7 ppm and have been assigned
to specific guanines on the basis of an analysis of NOESY
data sets. The guanine imino protons are assigned over the
resonances and establish a predominant conformation for
d(T2G4) in 50 mM K cation (Figure 5B) and another
predominant conformation for d(T2G,) in 300 mM K cation
(Figure 5C) solution. All four guanine imino protons of
d(T,Gy) shift upfield to different extents on proceeding from
50 mM K cation (Figure 5B) to 300 mM K cation (Figure
5C) containing solutions. The G4 and G5 imino protons of
the d(T»G4) quadruplex at low and high K cation concen-
trations exchange very slowly since they are still observed 2
days after the sample was dissolved in D,O solution. An
example of this is shown for the 300 mM K cation containing
sample of d(T2G,) in Figure 5D.

Wealsonote that the guanine imino proton spectrum (10.8~
11.6 ppm) of d(T>G,) in 50 mM K cation (Figure 5B) is very
similar to that of d(T,G4T) (Figure 5A), with the latter
spectrum being independent of K cation between 50 and 300
mM concentration.

An expanded NOESY contour plot (mixing time 170 ms)
of d(T2G4) in 300 mM K cation containing H;O solution,
neutral pH, at 5 °C correlating NOEs between the 8.4-11.6
ppm region and the 5.5-10.0 ppm region is plotted in Figure
6. Each guanine imino proton exhibits NOE cross peaks to
resolved hydrogen-bonded and exposed guanine amino protons
in the d(T»G4) quadruplex (cross peaks A and B are assigned
to G3, cross peaks C and D are assigned to G4, cross peaks
E and F are assigned to GS, and cross peaks G and H are
assigned to G6; Figure 6). The resolved hydrogen-bonded
and exposed amino protons of each guanine are linked by a
distinct NOE cross peak in the contour plot (cross peaks labeled
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FIGURE 4: Expanded NOESY contour plots (mixing time 250 ms)
of the d(T»AG3;) quadruplex in 200 mM K cation in D;,0, neutral
pH,at25°C. (A) Expanded symmetrical 7.0-8.5 ppmregion. Cross
peaks A-C are assigned as follows: A, A3(H8)-G4(H8); B, G4-
(H8)-GS(H8); C, G5(H8)-G6(H8). (B) Expanded 7.0-8.5 and
5.8-6.4 ppm regions. The lines trace the NOEs between the base
protons and their own and 5’-flanking sugar H1’ protons. The base
to their own sugar H1’ NOEs are marked by residue position. (C)
Expanded 7.0-8.5 and 4.4-5.1 ppm regions. The base to their own
sugar H3’ NOEs are marked by residue position. (D) Expanded
7.0-8.5and 1.4-3.0 ppmregions. The base to theirownsugar H2/,2”
NOEsare marked by residue position. Crosspeaks D-Fand T1*and
T2* are assigned as follows: D, A3(H2)-T1(CH:-5); E, A3(H2)-
T2(CH:-5); F, G4(H8)-T2(CH,-5); T1*, T1(H6)-T1(CHa); T2*,
T2(H6)-T2(CHj3).
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G3*, G4*, G5*, and G6*, Figure 6). Further, for d(T2G4)
wealso observe a directionality to the NOEs between adjacent
residues in the G3-G4-G5-G6 segment in that the guanine
imino protons exhibit NOEs to their own H8 protons (cross
peaks J, L, N, and P, Figure 6) and the H8 protons of the
5’-flanking residues (cross peaks I, K, M, and O, Figure 6).

DISCUSSION

Parallel-Stranded G-Quadruplexes. The proton NMR
spectra of both d(T2AG;T) (Figure 1A) and d(T.G4T) (Figure
5A) in K cation containing aqueous solution at low temper-
atureare characteristic of a single predominant conformation
in solution. This result establishes that the guanines from
each strand in the quadruplex must align in register, forming
three G-tetrads in the d(T;AG;T) quadruplex and forming
four G-tetrads in the d(T,G,4T) quadruplex. Further, we only
observe NOEs between protons on adjacent guanines, which
is consistent with a parallel alignment of strands in both G-
quadruplexes (structure 2). For instance, an antiparallel

—
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I
\
A
el
[[S]

alignment of strands in the d(T-T-G3-G4-G5-G6-T) quad-
ruplex would predict NOEs between the H8 and NH; protons
on G3 and G6 which were not observed experimentally.

The observed NOEs between guanine H8 protons and their
own and 5’-flanking sugar H1’, H2",2””, and H3’ protons in
the d(T;AG;) quadruplex (Figure 4, panels B~D) establish
that each strand adopts a right-handed alignment.

The magnitude of the NOEs between the guanine H8 and
their own sugar H1’ protons at short mixing times requires
that all guanines adopt an anti glycosidic bond alignment for
the d(T,AG3;) and d(T,G4) quadruplexes in K cation con-
taining solution. Thus, the guanines must be anti along
individual strands in these paralilel-stranded G-quadruplexes.
This contrasts strikingly with earlier observations of alternate
G(syn)-G¢(anti) alignments along individual strands for d(G,)
sequences separated by non-guanine linkers in d(G,N:Gy)
quadruplexes (Wang et al., 1991a,b) and d(G4T+G4) quad-
ruplexes (Kang et al., 1992; Smith & Feigon, 1992). These
quadruplexes are most likely generated by antiparallel align-
ment of hairpin dimers as rigorously established for d(G,T4G4)
in the crystalline state (Kang et al., 1992).

G-Tetrad Alignment. A parallel-stranded G-quadruplex
alignment requires that the same guanines from each of the
four strands must alignin a plane to form individual G-tetrads.
An NOE is predicted between the amino protons and the H8
proton on adjacent Hoogsteen-paired guanines around indi-
vidual G-tetrads (see 1). These NOEs are observed exper-
imentally (cross peaks Q, S, T, and U, Figure 6) as are the
corresponding ones as a result of spin diffusion between the
imino and the H8 protons around the G-tetrad (cross peaks
J, L, N, and P, Figure 6) in the d(T,G4) quadruplex.
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Table II: Proton Chemical Shifts (ppm) of d(T-T-A-G-G-G-T) at pH 6.7¢

NHI1 H2/NH;-2 H8/H6 CH, HY H2', H2” H¥ H4
T1 7.39 1.65 5.98 2.09,2.32 4.63 3.98
T2 7.31 1.76 6.25 2.05,2.33 4.72 4.04
A3 8.07 8.41 6.27 2.84,2.90 5.08 4,43
G4 11.66 7.93 6.00 2.65,2.90 5.03 4.48
G5 11.23 9.32,6.11 1.77 6.02 2.64,2.70 5.03 4.49
G6 11.02 7.69 6.25 2.55,2.67 4.90 4.49
T7 7.34 1.60 6.05 217,217 4.47 4.06

@ Exchangeable protons at 5 °C and nonexchangeable protons at 25 °C,

d(T2G4T)
50mM K

d(T2G4)
50mM K

B
G4
G5
d(TG4) G6
300 mM K ’1
C
G4 G5 ‘
2 Days, D20 A—JU Il
|
D \
13 12 11 10 9 8 7

FIGURE 5: Proton NMR spectra (6.5-13.0 ppm) of (A) the d(T2G4T)
quadruplex in 50 mM K cation in H,O at 4 °C, (B) the d(T:G4)
quadruplex in 50 mM K cation in H,O at 3 °C, (C) the d(T2G4)
quadruplex in 300 mM K cation in HyO at 6 °C, and (D) the d(T»Gy)
quadruplex in 300 mM K cation at 5 °C after being allowed to sit
inD,Ofor2days. Allspectra wererecorded atapproximately neutral
pH. The guanine imino proton assignments are recorded above the

spectra.

The guanine N! imino protons are hydrogen-bonded to O°
carbonyl groups in the Hoogsteen-pairing alignment of G-
tetrads (see 1). These guanine imino protons are centered
about 11.0 ppm in the d(TAG3) and d(T:G4) quadruplexes
(Figures 1 and 5) with this chemical shift range similar to the
chemical shift observed for guanine imino protons hydrogen-
bonded to carbonyl groups in Wobble G-T pairs (Patel et al.,
1982). Further, the internal G5 imino proton in the d(T,-
AG:3;) quadruplex (Figure 1C) and the internal G4 and G5
imino protonsin the d(T,G4) quadruplex (Figure 5D) exchange
very slowly. The guanine imino protons are both hydrogen-
bonded and in the interior of the G-tetrad (see 1) so that those
located on the nonterminal stacked G-tetrads should be
shielded from solvent, accounting for their very slow exchange
in K cation stabilized G-quadruplexes. A similar slow
exchange was observed for nonterminal guanine imino protons
in the quadruplex structures formed by d(G4T4G4) and
d(G4T4G4T4G4T4G4) in Na cation containing solution (Smith
& Feigon, 1992).
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FiGURE 6: Expanded NOESY contour plot (mixing time 170 ms)
of the d(T>G4) quadruplex in 300 mM K cation in H,O, neutral pH,
at 5 °C correlating the 8.4-11.6 ppm region with the 5.5-10.0 ppm
region. Cross peaks A-H are assigned as follows: A, G3(NH1)-
G3(NH2e); B, G3(NH1)-G3(NH2b); C, G4(NH1)-G4(NH2e);
D,G4(NH1)-G4(NH2b); E, G5(NH1)~-G5(NH2e); F, GS(NH1)-
G5(NH2b); G, G6(NH1)-G6(NH2e); H, G6(NH1)-G6(NH2b).
Cross peaks designated by asterisks are assigned as follows: G3*,
G3(NH2b)-G3(NH2e); G4*, G4(NH2b)-G4(NH2e); G5*, G5-
(NH2b)-G5(NH2e); G6*, G6(NH2b)-G6(NH2e). Cross peaks
I-P are assigned as follows: I, G3(NH1)-T2(H6); J, G3(NH1)-
G3(H8); K, G4(NH1)-G3(HB); L, G4(NH1)-G4(H8); M, GS5-
(NH1)-G4(H8); N, G5(NH1)-G5(HS8); O, G6(NH1)-G5(H8); P,
G6{(NH1)-G6(H8). Cross peaks Q-U are assigned as follows: Q,
G3(NH2b)-G3(H8); R, G4(NH2b)-G3(H8); S, G4(NH2b)-G4-
(H8); T, G5(NH2b)-G5(H8); U, G6(NH2b)-G6(HB). Symbols b
and e designate hydrogen-bonded and exposed guanine amino protons,
respectively.
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We also observe well-resolved guanine amino protons
separated by chemical shifts ranging between 2.5 and 3.5
ppm (Figures 3 and 6). The downfield-shifted amino protons
which resonate about 9 ppm must be hydrogen-bonded while
the upfield-shifted amino proton must be exposed to solvent.
Indeed, the Hoogsteen-paired alignment has one of the two
amino protons hydrogen-bonded to the N7 of an adjacent
guanine around the G-tetrad (see 1).

The observation of only anti guanine glycosidic torsion angles
in the d(T>AG3) and d(T2G4) quadruplexes requires G(anti)-G-
(anti)-G(anti)-G(anti) alignments around individual G-tetrads
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in parallel-stranded G-quadruplexes. This contrasts with an
alternating G(syn)-G(anti)-G(syn)-G(anti) alignment around
individual G-tetradsin the antiparallel-stranded G-quadruplex
formed by dimerization of a pair of d(G4T4G4) hairpins in the
crystalline state (Kang et al., 1992).

We do not observe strong NOEs between the guanine HS
and their own sugar H3’ protons at short mixing times in the
d(T;AG:) and d(T,G4) quadruplexes. This rules out C3’-
endo sugar puckers at guanine residues with anti glycosidic
torsion angles in parallel-stranded G-quadruplexes.

K Cation Dependent Dimerization of G-Quadruplexes. Our
NMR studies establish that d(T»G,) adopts one conformation
in 50 mM K cation solution (Figure 5B) and another
conformation defined by upfield chemical shifts of the guanine
imino protons in 300 mM K cation solution (Figure 5C).
Further, d(T>G4T) adopts only a single conformation inde-
pendent of K cation concentration (Figure SA) whichis similar
tothat observed by d(T2G,) inlow K cation containing solution
(Figure 5SB).

These results are most readily rationalized by identifying
the d(T,G4) conformation in 50 mM K cation solution (guanine
imino and H8 proton line widths of 10.5 and 6.5 Hz,
respectively) as a G-quadruplex monomer while the d(T>G4)
conformation in 300 mM K cation solution (guanine imino
and HS proton line widths of 16.5 and 9.5 Hz, respectively)
as a dimer of G-quadruplexes. It is unlikely that the d(T--
AGs;) and d(T»G4) quadruplexes form simple back-to-back
dimers since all the guanine imino protons shift upfield on
proceeding from the monomer to the dimer.

Indeed, this phenomenon of K cation dependent formation
of higher order alignments of G-quadruplexes containing a
single multi-guanine motif at the 3’-end has been reported
previously (Sen & Gilbert, 1992). This group proposed
formation of front-to-back alignments of two G-quadruplexes
containing G-tetrads formed by out-of-register guanines on
the basis of methylation protection experiments.

Model of the Parallel-Stranded G-Quadruplex. We have
generated a model of the G-quadruplex (see Materials and
Methods) which satisfies the following constraints deduced
from the structural NMR studies on the d(T2AG3) and the
d(T,G,4) family of quadruplexes: (1) The strands are parallel
in the G-quadruplex and adopt a right-handed helical twist.
(2) All guanines adopt an anti glycosidic torsion angle and
the guanine sugars do not adopt a C3’-endo pucker. (e) The
guanine imino proton and one amino proton are hydrogen-
bonded around the G-tetrad and the pairing alignment is as
shown in 1.

A model of this right-handed parallel-stranded G-quadru-
plex containing four stacked G-tetrads is shown in Figure 7A.
This view is slightly tilted from the normal to the helix axis
and looks into one of the four equivalent grooves of the
G-quadruplex. A view down the helix aixs identifying the
guanine base overlaps between adjacent G-tetrads is shown
in Figure 7B. There is partial overlap between the five- and
six-membered rings of adjacent guanines on the same strand.
The helix twist between adjacent G-tetrads is 30°, and there
exists a hole down the helix axis. The model qualitatively
explains the observed NOEs between base protons such as
between adjacent guanine imino protons (distance 3.64 A in
the model) and adjacent guanine H8 protons (distance 5.0 A
in the model) on the same strand as well as between adjacent
hydrogen-bonded guanine amino and guanine H8 protons
(distance 3.36 A in the model) around a G-tetrad. The model
also explains the trend in the observed NOEs between the
base protons and their own and 5’-flanking sugar protons on
individual strands on the parallel-stranded G-quadruplex.
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FIGURE7: (A)Modelof theright-handed parallel-stranded G-quad-
ruplex containing four stacked G-tetrads (see Materials and Methods).
This view is slightly tilted from the normal to the helix axis and looks
into one of the four equivalent grooves of the G-quadruplex. The 5'-
ends of individual strands are at the top and the 3’-ends at the bottom
of the figure. (B) View down the helix axis of the model identifying
the guanine base overlaps between adjacent G-tetrads. The helical
twist between adjacent G-tetrads is 30°, and there exists a hole down
the helix axis.

A more quantitative effort is underway to input the NMR-
based experimental distance constraints deduced from NOE
buildup curves in a molecular dynamics computation to define
features of the solution structure of a parallel-stranded G-
quadruplex. Suchan analysis will include the back-calculation
approach which minimizes the difference between experi-
mental and calculated NOESY spectra.

Summary. Previous investigations (Sen & Gilbert, 1988,
1992) and the current NMR study establish that single multi-
guanine motifs align through parallel orientations to form
G-quadruplexes containing stacked G-tetrads with all anti
guanine glycosidic torsion angles. The proton spectrum of
the d(T2G4T) in K cation containing solution (Figure 5A)
demonstrates formation of a single conformation of the G-
quadruplex monomer with well-resolved guanine imino (10.8-
11.6 ppm), hydrogen-bonded amino (9.0-10.3 ppm), and
HS8 (7.3-8.3 ppm) protons. These assigned markers should
be especially useful for monitoring the interaction of ligands
with the four equivalent grooves of the parallel-stranded G-
quadruplex structure in solution. We observe formation of
monomer and dimer conformations of the d(T,G4) quadru-
plex with this equilibrium modulated by the K cation
concentration of the solution. This structural information on
parallel-stranded G-quadruplexes in solution complements the
recent X-ray structural characterization of an antiparallel-
stranded G-quadruplex (Kang et al., 1992).
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