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Abstract—We have recently communicated that DNA oligonucleotide d(G;T,G4) forms a dimeric G-quadruplex in the presence of
K™ ions [J. Am. Chem. Soc. 2003, 125, 7866-7871]. The high-resolution NMR structure of d(G3T4+G4),» G-quadruplex exhibits G-
quadruplex core consisting of three stacked G-quartets. The two overhanging G3 and G11 residues are located at the opposite sides
of the end G-quartets and are not involved in G-quartet formation. d(G;T4Gy4)> G-quadruplex represents the first bimolecular G-
quadruplex where end G-quartets are spanned by diagonal (T4-T7) as well as edge-type loops (T15-T18). Three of the G-rich
strands are parallel while one is anti-parallel. The G12-G22 strand demonstrates a sharp reversal in strand direction between res-
idues G19 and G20 that is accommodated with the leap over the middle G-quartet. The reversal in strand direction is achieved with-
out any extra intervening residues. Here we furthermore examined the influence of different monovalent cations on the folding of
d(G3T4Gy). The resolved imino and aromatic proton resonances as well as (sequential) NOE connectivity patterns showed only
minor differences in key intra- and interquartet NOE intensities in the presence of K*, Na* and NHI ions, which were consistent

with subtle structural differences while retaining the same folding topology of d(G3T4Gy), G-quadruplex.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

It is well established that G-rich sequences can adopt
multistranded DNA secondary structures called G-
quadruplexes that are build of stacked G-quartets.>>
G-quadruplex DNA structures are a subject of great
interest since their formation has been suggested to play
an important role in variety of important biological
processes as well as due to their potential therapeutic
applications.*® Recent studies have provided evidence
of the G-quadruplex formation in vivo.>!° One of the
most abundant sites with DNA sequences capable of
forming G-quadruplex structures are telomeres, pro-
tein-DNA complexes located at the ends of chromo-
somes.!!'"!13 Telomeric DNA consists of multiple copies
of repeating units of G-rich DNA (e.g., the repeating se-
quence is TTAGGG in mammals and TTTTGGGG in
the protozoa Oxytricha nova), which are typically hun-
dreds to thousands of residues long. Almost all of the
telomeric DNA is double helical with a single stranded
G-rich overhang protruding at the extreme 3’ terminus
and having the propensity to form G-quadruplex struc-
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tures.'*!> In majority of normal cells telomeric DNA
shortens upon each cell division. The critical shortening
of telomeric DNA is thought to trigger the onset of cel-
lular senescence in most normal cells. Cancer cells, how-
ever, exhibit an unlimited growth due to a mechanism
that maintains telomere length, usually by the action
of the enzyme telomerase.!®!” Telomerase’s optimal sub-
strate is a nonfolded single stranded DNA, whereas
folded G-quadruplex structures inhibit telomerase. The
possibility to control cell ageing and senescence by selec-
tive inhibition through structural changes has made

G-quadruplexes interesting targets for anti-cancer drug
design 18-22,7,23,8,24-27

The folding topologies of G-quadruplex structures crit-
ically depend on the number of G-rich repeats, sequence
details and the nature as well as concentration of metal
ions present in solution.?®3% For example, d(G4T4G,)
(Fig. 1c) forms a symmetric G-quadruplex containing
four stacked G-quartets with two T4 segments looped
diagonally across the two outer faces of stacked G-quar-
tets.3!3* On the other hand, d(G,T4Gs) (Fig. 1b), a
sequence with 3’ terminal dG residue missing from
d(G4T4Gy), forms G-quadruplex that consists of three
G-quartets and two additional dG residues, which are
not involved in G-quartet formation.>> Here we describe
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Figure 1. Folding topology of d(G3T4Gy), (2), d(G4T4G3), (b) and d(G4T4Gy), (¢) G-quadruplex. Strand directions are indicated by arrows. The

guanine bases are shown as rectangles, where shaded rectangles represent syn nucleobases. Thymine residues are omitted for clarity.

our studies on the folding of d(G3T4Gy), a sequence with
5" terminal dG residue missing from a well-studied
d(G4T4Gy) sequence. d(G3T4Gy) forms G-quadruplex
with unprecedented topology consisting of three G-
quartet planes, overhanging G3 and GI11 residues and
diagonal as well as an edge-type loops (Fig. 1a).! In this
work we extend our recent study' and describe the high-
resolution NMR structure of the d(G3T4G4), G-quadru-
plex in detail as well as scrutinize structural changes in
the presence of K*, Na™ and NH ions.

The presence and the nature of metal ions play a deter-
mining role in the folding and stability of G-quadruplex
structures.3642:35:1343.44 For example, recent X-ray crys-
tallographic study has shown that DNA oligonucleotide
consisting of four repeats of human telomere sequence,
d(AG5(TTAG:3;)3), forms in the presence of K* ions a
G-quadruplex structure with all parallel strands and
double-chain reversal loops.!? In contrast the same se-
quence has been shown by NMR spectroscopy to fold
into fundamentally different G-quadruplex topology
with anti-parallel strands in the presence of Na* ions.*’
On the other hand, d(G4T4G4) and d(G3T4G3) se-
quences form analogous diagonally looped G-quadru-
plex structures, which exhibit only minor structural
differences in the presence of Na®, K* and NH;
ions.?*37 The interaction of monovalent cations with
G-quadruplexes is linked to their ionic radii and dehy-
dration energies. The smaller Na™ ion can fit in the cen-
tre of G-quartet plane whereas the larger K* and NH;
ions reside between the two G-quartet planes.*® The size
of ions, their charge densities and coordination proper-
ties have been also shown to have a dramatic effect on
ion exchange rates.*” Our recent study®> showed that
d(G4T4G3) sequence adopts a single G-quadruplex
structure only in the presence of Na™ ions, while multi-

ple structures form in the presence of K* or NH; ions.*

In the present study we examined the influence of three
monovalent cations with different ionic radii and coordi-
nation geometries on the folding of d(G3T4G4). Na™, K*
or NHj ions take up and preferentially reside at dif-
ferent binding sites within the architecture of G-quad-
ruplex, which is manifested, in distinctive chemical
(de)shielding of the nearby imino and aromatic reso-
nances while the topology of d(G3T4Gy), structure is
equivalent in the presence of all three counterions.

2. Results and discussion

2.1. NMR study of d(G3T4Gy4), G-quadruplex in the
presence of K* ions

The formation of the d(G3;T4G4), G-quadruplex was ini-
tially followed by monitoring 'H NMR resonances as a
function of increasing potassium ion concentration.
Twelve narrow and well-resolved imino resonances were
observed in the range from 11.18 to 11.96 ppm, which is
characteristic of guanine residues involved in Hoogsteen
base pairing and substantiated the formation of three
G-quartets (Fig. 2a).

The formation of a single asymmetric bimolecular G-
quadruplex in the presence of 15mM KCI was proposed
on the basis of 12 imino and 22 aromatic resonances
(Fig. 2a). Well-resolved resonances facilitated assign-
ment and subsequent NMR restrained structural
characterization. The NMR resonance assignments of
G-quadruplex structure adopted by d(G3;T4G4) oligo-
nucleotide were performed using a combination of
NOESY, COSY and TOCSY NMR experiments.
Aromatic—anomeric region of 2D NOESY spectra of
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Figure 2. Imino and aromatic regions of the '"H NMR spectra of
d(G3T4Gy)» at 25°C in 10% 2H,0 in the presence of 15mM KClI (a),
10mM NH4CI (b) and 15mM NaCl (c). The sample concentration was
4.0mM in strand for (a), 3.8mM for (b) and 3.6mM for (c).

d(G3T4Gy), revealed four strong intraresidual H8-H1’
cross-peaks that clearly identified four guanine bases
(G1, G8, G12 and G19) in syn conformation and offered
initial evidence for the formation of a fold-back struc-
ture.!1:#8-50:35 An attempt has been made to perform
a sequential assignment of the two strands of
d(G3T4Gy)>, G-quadruplex. The interruption of 5-3’
sequential NOE connectivities at 5'anti-3'syn steps>
and a small number of sequential connectivities amongst
thymine residues in the loops prevented spectral assign-
ment on the basis of NMR spectra of the original se-
quence alone. We then prepared six inosine and four
uridine analogues with the single residue substitutions
in the original sequence. NMR spectra of the uridine
derivatives were essentially identical to those observed
for the original sequence, which indicated the formation
of the structure with the same topology. The uridine
substitution was unambiguously identified through
strong NOE correlation of H5 and H6 protons. In addi-
tion, uridine for thymine substitution resulted in disap-
pearance of methyl resonance. On the other hand,
replacement of inosine for guanine resulted in poorly
resolved spectra in comparison to the original sequence.
Nevertheless the same characteristic NOE connectivities
confirmed the formation of G-quadruplex structure with
the same topology. Large downfield shift of the inosine
imino proton and a smaller shift of H8 proton assisted
their assignment to the guanine base that has been sub-
stituted. Unique NOE contacts between H2 of inosine
and HS protons of the neighbouring guanine bases were
used to establish the bases within individual G-quartets.
While the above systematic substitutions enabled us to
assign all thymine residues there were still some ambigu-
ities in the assignment of guanines due to the chemical
shift changes observed in inosine analogues. In order
to complete the assignment we resorted to the residue
specific "N labelled (15%) samples of d(G3T4Gy),. Par-
tial >N ISOtOpIC labelhng enabled us to unequlvocally
assign specific imino resonance to a partlcular guanine
in a sequence with the use of one-bond '*’N-'H correla-
tion established by HSQC experiment. Furthermore,

partially '°N labelled guamne helped us to establish cor-
relations via two bonds in '’N-'"H HMBC experiments,
which gave the residue specific assignment of HS8 reso-
nances.’! Using this approach we were finally able to
identify the following 53’ sequential connectivities:
Glsyn—-G2anti-G3anti-T4anti, TSanti-T6anti-T7anti,
G8syn—G9anti, Gl10anti-Gllanti, GI12syn-Gl3anti-
Gl4anti and G2lanti-G22anti.

NOE cross-peaks between imino and H8 protons of
the neighbouring guanine residues shown in Figure 3
were consistent with the following G-quartets:
G19—-G22—-G10—-G14, G1-G21—-G9—G13 and
G12—-G8—G20—G2 (arrows indicate sequential
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Figure 3. Details of the NOESY spectrum (t,, =300ms) of
d(G5T4Gy), in 10% *H,0 at 5°C and 15mM KCI. NOE cross-peaks
originating from imino protons of dG residues are labelled. The cross-
peaks are assigned as follows: a, G19(NH)-G22(H8); b, G22(NH)—
G10(H8); ¢, GI0(NH)-G14(H8); d, G14(NH)-G19(HS); e, G1(NH)-
G21(H8); f, G21(NH)-G9(HB); g, GO(NH)-G13(H8); h, G13(NH)-
GI(HS8); i, G2(NH)-GI12(HS8); j, GI12(NH)-G8(HS8); k, G8(NH)-
G20(H8); 1, G20(NH)-G2(H8); m, GI9(NH)-G21(H8); n,
GI19(NH)-T18(H6); o, GIO(NH)-G13(HS); p, G22(NH)-G9(H8); q,
G8(NH)-T7(H6); r, GI2(NH)-T7(H6); s, G19 (NH)-G22(NH); t,
G10(NH)-G22(NH); u, G14(NH)-G10(NH); v, G14(NH)-G19(NH);
w, GI(NH)-G21(NH); x, G20(NH)-G2(NH); y, G12(NH)-G2(NH);
z, G20(NH)-G8(NH); al, GI9(NH)-G21(NH); bl, GI19(NH)-
GI(NH); cl, GIO(NH)-G9(NH); dl, G22(NH)}-G21(NH); el,
G20(NH)-GI(NH); f1, G14(NH)-G13(NH); g1, G14(NH)-G1(NH);
hl, GI2(NH)-G9(NH); il, G12(NH)-T7(Me); jl, G2(NH)-T7(Me);
k1, G8(NH)-T7(Me); 11, G20(NH)-T7(Me); m1, G14(NH)-T18(Me);
nl, G22(NH)-T18(Me); ol, GIO(NH)-T18(Me); pl, GI9(NH)-
T18(Me).
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imino-H8 cross-peaks around each G-quartet, cross-
peaks between the last and first residue of all three
G-quartets are implied). The following intraquartet imi-
no—imino NOE contacts (Fig. 3) were all consistent with
the resonance assignment and topology model presented
in Figure 1: G10-G14, G10-G22, G14-G19 and G19-
G22 for the first G-quartet, G1-G21 and G9-G13 for
the second G-quartet and G2-G12, G2-G20, G8-G20
for the third G-quartet. Interquartet imino-imino
NOE cross-peaks between G1-G19, G1-Gl14, GIl-
G20, G9-G10, G9-Gl12, G13-Gl4, G19-G21 and
G21-G22 supported the formation of three G-quartets
and defined their relative positions within the structure
(Fig. 3). Key NOE contacts of T18(Me)-G22(HS),
G19(NH)-G22(HS), G19(NH)-G21(H8) and
G19(NH)-G21(NH) (Fig. 3) were unexpected within
the 3D fold of d(G3T4Gy), G-quadruplex assuming top-
ologies of related sequences and stipulated a search for a
novel structural features within a dimeric G-quadruplex.

The solution structure of the d(G3T4G4), G-quadruplex
in the presence of K* ions was calculated using 414
NOE restraints together with 66 sugar torsion angle re-
straints and 24 hydrogen-bond restraints (Table 1). Fifty
simulated annealing calculations of 60ps were per-
formed with NMR restraints using a generalized Born
implicit solvation model.>>>* All 50 final structures
showed similar structural features (root mean square
deviation, rmsd below 1.3 A) and comparable agreement
with experimental NMR restraints (no violation of NOE
distance restraints >0.5A). The eight lowest energy
structures with small NMR restraints violation were se-
lected and subsequently analyzed. The superposition of
eight final NMR structures of d(G3T4Gy), is shown in

Table 1. NMR restraints and structural statistics for d(G3T4Gy)»

A. NMR restraints
Distance restraints

Nonexchangeable protons 335
Intraresidual 245
Sequential (i,i + 1) 81
Long range (i,i +j; j> 1) 9

Exchangeable protons 79
Sequential (7,i + 1) 15
Long range (i,i +j;j> 1) 64

Hydrogen-bond restraints 24
Sugar torsion angle restraints 66

B. Structure statistics
NOE violations

Number >0.3A 15405

Maximum violations (A) 0.31 £0.01
Deviations from ideal covalent geometry

Bond lengths (A) 0.01 +0.00

Bond angles (deg) 2.95+0.03

C. Pairwise all atom rmsd ( A ) (eight structures from SA)

All residues 0.76 + 0.42
Without T4-T7 loop residues 0.50 £ 0.20
Without G3-T7 loop residues 0.45+0.11
Without T15-T18 loop residues 0.76 £ 0.47

Figure 4a. The pairwise all atom rmsd between these
eight structures was 0.76 £ 0.42 A (Table 1).

2.2. G-quadruplex core of d(G5T4G,), fold

The solution structure of d(G;T4Gy4), G-quadruplex
consists of three G-quartets, which are stacked in a
right-handed quadruple helix (Fig. 4). Sugar rings of
all residues adopt predominantly South-type conforma-
tion with puckering between C2'-endo and C2’-endol/
C3’-exo canonical forms. The succession of the glycosi-
dic torsion angles of guanine residues is 5'-syn—anti—
anti-(T4 loop)-syn—anti—anti-anti-3' along both strands
of d(G3T4Gy),. The details of 3D structures of both
strands are however different. The first three guanine
residues of G1-G11 strand follow 5'-syn—anti-anti pat-
tern. G3 residue, which is part of the diagonal loop, is
not involved in G-quartet formation and is oriented al-
most perpendicularly with respect to the neighbouring
G-quartet and exhibits substantial degree of conforma-
tional freedom (Table 1). G8-G10 residues, which are
involved in G-quartets, also follow syn—anti-anti pat-
tern, whereas G11 is stacked on the end G-quartet. On
the other hand, guanine residues of G12-G22 strand
are all involved in the formation of G-quartets. In sum-
mary, we note that five out of twelve guanine residues
involved in the G-quartet formation originate from
G1-Gl11 strand, whereas seven originate from the sec-
ond strand (i.e., G12-G22). The two G-tracts in G1-
G11 strand are anti-parallel. The G12-G22 strand
exhibits a sharp reversal in the strand direction between
residues G19 and G20 that places its G-tracts in parallel
orientation. As a consequence, there are three parallel
and one anti-parallel G-runs in the overall fold of
d(G3T4Gy)> G-quadruplex. It is noteworthy that residue
G20, which is involved in a reversal of strand direction,
exhibits unusual conformation across the glycosi-
dic bond, which is close to high-anti region
(y =~ —41° £ 1°). The alternation of the glycosidic
torsion angles within the individual G-quartet is syn—
anti-anti-anti for G19-G22-G10-G14 and GI1-G21-
G9-G13 G-quartets and syn—syn—anti-anti for G12-
G8-G20-G2 G-quartet. The hydrogen bonds in both
adjacent G-quartets with syn—anti—anti-anti glycosidic
torsion angle orientations follow anti-clockwise
donor—acceptor directionality. On the other hand,
G12-G8-G20-G2 G-quartet exhibits clockwise orienta-
tion of donors and acceptors in its hydrogen bonds. The
stacking patterns between G-quartets of G19-G22-
G10-G14 and G1-G21-G9-G13 are shown in Figure
5a. Five-membered rings of G19-G22-G10-Gl14 G-
quartet are stacked through the overlap of six-mem-
bered rings of G1-G21-G9-G13 G-quartet (Fig. 5a).
There is only a partial overlap between five-membered
rings of G1-G21-G9-G13 and G2-G20-G8-G12 G-
quartets that is indicative of overwinding of this part
of the G-quadruplex structure (Fig. 5b).

2.3. Sharp reversal in the direction of G12—G22 strand
Perusal of NMR structures presented in Figure 4 shows

three parallel and one anti-parallel G-rich runs in the
d(G3T4Gy)> G-quadruplex. The unprecedented orienta-
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Figure 4. NMR solution structure of the K*-form of d(G5T4G,)> G-quadruplex. (a) Superposition of eight structures with the lowest energies and the
lowest NMR restraints violations. (b) Ribbon presentation of the lowest energy structure of d(G3T4G4), G-quadruplex. End residues of each strand

are labelled.

Figure 5. Base—base stacking patterns within the 3D structure of K*-form of d(G;T4G4), G-quadruplex. (a) Stacking of G19-G22-G10-G14 quartet
(in grey) over G1-G21-G9-G13 quartet (in black). (b) Stacking of G1-G21-G9-G13 quartet (in black) over G2-G20-G8-G12 quartet (in grey).

tion of the strands is accommodated by the sharp rever-
sal in strand direction between residues G19 and G20
that results in both G-tracts of G12-G22 strand being
parallel. Interestingly reversal in strand direction is
accompanied by the leap over the middle G-quartet
(Fig. 6) and is achieved without any extra intervening
residues, which is a feature that has not been observed

before in G-quadruplex structures. No unusual torsion
angle conformations have been observed due to the
sharp reversal in strand direction except for the confor-
mation across the glycosidic bond for G20 residue,
which is close to high-anti region (y =~ —41° + 1°). The
subsequent G21 residue adopts normal anti
(x = —138° £ 0.5°) glycosidic bond conformation.

Figure 6. A view of the sharp reversal in strand direction between residues G19 and G20 and a leap over the middle G-quartet in the structure of
d(G3T4Gy), G-quadruplex. Ribbon (a) and ball and stick (b) views are shown. Residues G19-G22 are marked.
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Figure 7. Bird’s-eye view of the G3-T7 diagonal loop (a) and T15-T18 edge-type loop (b) with the neighbouring G-quartets.

2.4. Thymine loops

The examination of eight final structures obtained
through NMR restrained simulated annealing calcula-
tions shows that d(G;T4Gy), G-quadruplex contains
two thymine loops that reside on the opposite sides of
the G-quadruplex core. Thymines T4-T7 together with
G3 residue form a loop that spans the diagonal of
G12-G8-G20-G2 end G-quartet (Fig. 7a). The perusal
of Figure 7a shows that T7 is stacked on G20 whereas
T6 is stacked on G12. T4 and T5 are stacked onto each
other. Residues T15-T18 constitute edge-type loop (Fig.
7b). T15 and T18 are stacked on G14 and G19 residues
of the end G-quartet, respectively, while T16 and T17
stack onto each other. It is noteworthy that T4-T7 loop
exhibits smaller number of NOE contacts compared to
T15-T18 loop, which might correspond to a larger de-
gree of conformational flexibility of the T4-T7 loop.
Structural details of both loops influence ion exchange
through the specific steric hindrance imposed on the
nearby G-quartets. The comparison of Figure 7a and
b suggests that the diagonal loop represents a larger ster-
ic barrier than the edge-type loop for bulk ions (or sol-
vent molecules) to enter G-quadruplex core.

The comparison of NMR structure of d(G3;T4Gy), with
NMR and X-ray structures of d(G4T4G4)>» G-quadru-
plex?!34 shows that T4-T7 diagonal loop in the former
adopts significantly different conformation compared to
the diagonal loops of the latter. The first two thymines
in d(G4T4Gy)> G-quadruplex structure form a continu-
ous stack on their neighbouring G-quartet. T4 and TS5
in d(G3T4Gy),, on the other hand, are stacked onto each
other but not on the neighbouring G-quartet. The
remaining two thymine residues also show different
stacking pattern in  d(G3T4Gy), compared to
d(G4T4Gy)> G-quadruplex. It is noteworthy that G3 res-
idue in d(G;T4Gy), also participates in the diagonal
loop and is likely to be one of the reasons for aforemen-
tioned conformational differences between the diagonal
loops of d(G3T4Gy4), and d(G4T4Gy), quadruplex
structures. The second loop of d(G;T4;Gy), spans the
edge of the outer G-quartet, which is not found in the

related d(G4T4Gy), high-resolution NMR and X-ray
structures.

2.5. Influence of different monovalent cations on the
folding of the d(G;T4G,),

As the folding of G-rich oligonucleotides into G-quad-
ruplex structures is extremely sensitive to the nature of
cation species present in solution and their concentra-
tion*8-42:36-40.35 we then examined the influence of differ-
ent monovalent cations on the folding of d(G3T4Gy)
oligonucleotide. Aqueous solutions of KCI, NaCl and
NH,4CI were titrated into the samples of unfolded oligo-
nucleotide. Twelve well-resolved imino resonances were
observed in the region characteristic of G-quartet for-
mation, which indicated the formation of three G-quar-
tets in the presence of any of the three monovalent
cations (Fig. 2). The assignment of imino resonances,
however, revealed significant chemical shift differences
as a function of cation species in solution. It is notewor-
thy that shielding effects for particular nuclei are not
identical for all imino resonances. For example,
GI1(NH) is found most downfield in the presence of
Na" ions and 0.35ppm upfield in NH; ion containing
solution. In contrast, G2(NH) is most downfield in the
presence of NH; ions while it is shielded by 0.08 ppm
in the presence of K* ions (Fig. 2). The comparative
analysis of chemical shift changes for imino protons in
the presence of K*, NH; or Na" ions showed no corre-
lation with syn or anti orientations of individual guanine
residue or its position within a particular G-quartet and
in a 3D fold of d(G3;T4Gy), G-quadruplex. Similarly,
specific (de)shielding of aromatic protons for individual
guanine and thymine residues in the presence of K™,
NH; or Na" ions could not be correlated with structural
details of d(G3T4G4)>» G-quadruplex. The chemical shift
changes observed for H6 protons of thymines are of
comparable magnitude to the changes for H8 of gua-
nines. The comparison of NOESY spectra of
d(G3T4Gy)> G-quadruplexes folded in the presence of
K" or Na" ions also reveals substantial chemical shift
differences as evident from NOE cross-peaks in the aro-
matic-anomeric region (Fig. 8a and c¢). Distinctive
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Figure 8. Aromatic-anomeric region of NOESY spectra of d(G3T4Gy), at 25°C and mixing time of 400 ms in the presence of 15mM KCl (a), I5mM
'SNH,CI (b) and 15mM NaCl (c). Sequential aromatic-H1’ connectivities are labelled. The sample concentration was 4.0mM (a), 3.8mM (b) and

3.6mM (c) in strand.

(de)shielding effects were attributed to different positions
of cations along the central ion cavity of the G-quadru-
plex structure. It has been suggested that smaller Na*
ions bind inside the G-quartet plane, while larger K*
ions coordinate in the central position between two
G-quartets.*®37-3* In full support, there are almost neg-
ligible chemical shift differences between d(G3T4G4)2
G- quadruplexes formed in the presence of K* ions com-
pared to NH; ions. The identical connectivities were
observed in the aromatic-anomeric regions of respective
NOESY spectra (Fig. 8a and b). This is consistent with
similar ionic radii of K™ and NH; ions, which conse-
quently lead to their preferential binding to similar sites
between the neighbouring G-quartets. In this way, the
relative positions of stacked guanine rings and therefore
their (de)shielding through ring currents is reflected in
similar chemical shifts of nearby aromatic and sugar
resonances.

The 51gn1ﬁcant differences in chemical shifts of imino
and aromatic 'H resonances could possibly suggest dif-
ferent topologies of d(G3T4Gy4), G-quadruplexes formed
in the presence of different monovalent cations. The
thorough examination of NOE contacts in aromatic—
anomeric region of NOESY spectra shown in Figure
8, however, revealed identical NOE sequential connec-
tivity patterns and relative cross-peak volume intensities
in the presence of K*, Na™ and NH; ions, which led us
to the conclusion that d(G;T4Gy4) adopted the G-quad-
ruplex structure with the same general fold in the pres-

ence of any of these three cations (compare Fig. 8a—c).
This was additionally confirmed through detailed exam-
ination of other regions of NOESY spectra. In particu-
lar, NOE contacts in imino—-aromatic region proved that
each individual G-quartet consists of the same guanine
bases regardless of ions present in solution (see Figs. 3
and S1). In the case of the NH; ions the assignment
of hydrogen-bonding connectivities within the individ-
ual G-quartets was hampered due to the absence of
some imino-H8 correlations. We then compared
distances derived from several key interquartet and
intraquartet H8-H8, NH-H8 and NH-NH NOE
cross-peaks in the presence of K*, Na™ and NH; ions.
The thorough comparative examination of NOEs
clearly ascertained only minor differences in their
intensities within the error limits of the experiment for
K*, Na* and NH; forms of G-quadruplex, which
suggests that the three monovalent cations cause only
subtle structural differences.

3. Conclusion

Guanine-rich regions of DNA display an extraordinary
structural polymorphism. We have shown recently?’
that even a minor change at the 3’-end of the sequence
strongly affects 3D structure, which in the case of
d(G4T4G3), G-quadruplex exhibited a slipped strand
in comparison to the related d(G4T4Gy)>. To our sur-
prise, the formal removal of 5’ terminal dG residue from
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d(G4T4Gy) sequence caused even more drastic structural
perturbations that were found in d(G;T4Gy), G-quadru-
plex. NMR study showed that d(G;T4Gy), forms an
asymmetric, dimeric G-quadruplex structure in the pres-
ence of K, Na™ and NH; ions. The structure exhibits a
number of unusual structural features. First, it consists
of diagonal as well as edge-type loops. Second, G19-
G22-G10-G14 and G1-G21-G9-G13 G-quartets exhi-
bit G(syn)-G(anti)-G(anti)-G(anti) alternation of the
glycosidic torsion angles and the same hydrogen-bond-
ing donor—acceptor directionalities. Such exceptional
synlanti arrangement around G-quartet plane is
rare.>>>® Third, d(G;T4G4), G-quadruplex exhibits
three parallel and one anti-parallel G-rich run. Fourth,
the sharp reversal in strand direction between residues
G19 and G20 accompanied with the leap over the mid-
dle G-quartet is another unique characteristic of the
d(G3T4Gy), G-quadruplex structure. It widens the pal-
ette of motifs that enable reversal of the strand direction
within G-quadruplex structures. In the previously
known double-chain reversal loops observed in
d(G3AG,T5G3AT) and d(TAG3TTAG;T), G-quadru-
plexes strand direction was reversed by the means of
TTA residues and resulted in the propeller-like struc-
tures with all four parallel G-strands.’%!3 In
d(G3T4Gy)> G-quadruplex, however, reversal in strand
direction is achieved without any intervening residues.
It most closely resembles the so-called V-shaped loop
in d(G3AG,T3G3;AT) G-quadruplex structure.>® Fifth,
d(G3T4Gy) folds into a single G-quadruplex in the pres-
ence of K, Na* as well as NH ions. The detailed
examination of NOESY spectra revealed the same con-
nectivity patterns in the presence of any of the three
counterions, which is in agreement with the same folding
topology. The comparison of distances derived from
several key inter- and intraquartet H8—HE8, NH-HS8
and NH-NH NOE cross-peaks in K*, Na* and NH;
ion forms of G-quadruplex structures showed only min-
or differences. The significant differences in proton
chemical shifts were interpreted in terms of distinct cat-
ion localization in binding sites along ion channel of G-
quadruplex core. The stabilization of the same folding
topology in the presence of potassium and sodium ions,
that are omnipresent in our cells, contributes to our
knowledge on the role of ions in the folding of G-rich
sequences including telomere DNA repeats and biologi-
cal roles of G-quadruplex structures.

Our study represents a nice example where single nucle-
otide substitution/deletion leads to unexpected folding
into a novel 3D structure that would be difficult to pre-
dict if one was to correlate substitution/deletion with
chemical and enzymatic probing experiments.

4. Experimental
4.1. Sample preparation
Oligonucleotides were synthesised on an Expedite 8909
synthesizer using phosphoramidite chemistry following

the manufacturer’s protocol and deprotected with
concentrated aqueous ammonia. DNA was purified on

1.0m Sephadex G25 column. Fractions containing only
full-length oligonucleotide were pooled, lyophilized,
redissolved in ImL H,O and extensively dialyzed
against 10mM LiCl. The DNA was then lyophilized
and subsequently redissolved in 0.3mL of 90% H,O/
10% *H,0 or 99.996% *H,O. LiOH or HCI were added
to adjust pH of the sample to around 5.5 for optimal
observation of imino cross-peaks in G-quadruplexes.
Sample concentrations were between 1 and 4mM in
strand (0.5-2.0mM in G-quadruplex). For structure
determination higher concentrations were used in order
to achieve higher signal to noise ratios. KCl, NaCl or
SNH,CI were titrated into the samples up to 20mM
concentrations.

4.2. NMR spectroscopy and data processing

NMR data were collected on a Varian Unity Inova
600MHz NMR spectrometer. We recorded NOESY
spectra in H,O at 5°C, and NOESY spectra, double-
quantum filtered COSY (DQF-COSY), P.E.COSY and
TOCSY spectra in HZO at 5 and 25°C. NOESY spectra
in H,O (collected at mixing times of 80 and 300 ms) were
acquired with solvent suppression using the WATER-
GATE pulse sequence, with 4096 complex points in
the 7, dimension, 400 increments in the ¢; dimension
and a spectral Wldth of 9.9kHz. Recovery delay between
experiments was 3s. NOESY spectra in H,O were ac-
quired at mixing times of 80, 150, 250 and 400 ms with
4096 complex points in the 7, dimension and 400 incre-
ments in the #; dimension with a spectral width of
6.7kHz. The phase-sensitive DQF-COSY spectra were
collected with 8192 complex points in the 7, dimension
and 256 increments in the #; dimension. Homonuclear
TOCSY spectra in 2H,O were collected with 4096 com-
plex points in the ¢, dimension and 256 increments in the
t, dimension with a spin lock time of 100ms. P. E COSY
spectra, which were used to obtain 3 avm and 2Ty 1o
coupling constants, were collected with 8192 complex
points in the ¢, dimension and 256 increments in the ¢
dimension with a spectral width of 6.3kHz. Spectra were
processed and analyzed using FELIX 2000 program
(Accelrys) and VNMR 6.1B software (Varian).

4.3. NMR restraints derivation

Distance restraints for nonexchangeable protons were
derived from NOESY spectra acquired at mixing times
of 80, 150 and 250 ms. NOE cross-peaks were integrated
using FELIX 2000 program (Accelrys). The H2'-H2 NOE
Cross- peaks were equated with a distance of 1. 9A and all
the remaining 1ntens1t1es were converted to distances
using the / ~r;;~ ® relation. The upper and lower bounds
were assigned to £30%. NOE cross-peaks involving
exchangeable protons were derived from NOESY spec-
tra in H,O. These were classified as strong (strong inten-
sity at 80ms), medium (weak intensity at 80ms) and
weak (peak observed only at 300ms) and were restrained
to distances of 2.7 (£0.9), 3.8 (£1.2) and 5.0 (£1.5)A,
respectively. A total of 414 distance restraints, of which
79 involved exchangeable protons, were derived from
NOESY spectra. In each of the three G-quartets an
additional eight hydrogen-bond restraints were applied
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to account for hydrogen bonding within individual
G-quartet.

Homonuclear >Jy4o and >Jipmor coupling constants
were derived from the P.E.COSY spectra and were inter-
preted in terms of a two-state North—South pseudo-
rotational equilibrium with the use of the computer
program PSEUROT.>’ The PSEUROT program finds
the best fit between experimental and calculated 3 Tan
coupling constants. During the iteration procedure
we have systematically varied pseudorotation phase
angles of North (0° < P <30°) and South conformers
(140° < P < 180°), as well as both puckering amplitudes
(35°< ¥, <40°), while optimizing populations of
North- and South-type conformers. The sugar moieties
of all guanine residues showed a strong bias of over
80% towards South-type conformations. The sugar moi-
eties of thymine residues, which constitute the two
loops, exhibited >70% preference for South-type con-
formers. The torsion angle restraints for vy, v, and v;
were used in structure calculations in order to constrain
the puckering of individual sugar moieties within
d(G3T4Gy), into the South region of conformational
space.

4.4. Structure calculations

All calculations were performed using the AMBER 7°°
program with a Cornell et al. (1999) force field>*-* using
the described protocol.!

Coordinates of the eight structures of d(G3T4Gy),,
which best satisfied NMR restraints and exhibited the
lowest total energy, have been deposited in the RCSB
Protein Data Bank (accession number 1U64).
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