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Crystal structure of a c-kit promoter quadruplex
reveals the structural role of metal ions and water
molecules in maintaining loop conformation
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We report here the 1.62 Å crystal structure of an
intramolecular quadruplex DNA formed from a
sequence in the promoter region of the c-kit gene.
This is the first reported crystal structure of a
promoter quadruplex and the first observation of
localized magnesium ions in a quadruplex structure.
The structure reveals that potassium and magnesium ions have an unexpected yet significant structural role in stabilizing particular quadruplex loops
and grooves that is distinct from but in addition to
the role of potassium ions in the ion channel at the
centre of all quadruplex structures. The analysis
also shows how ions cluster together with structured water molecules to stabilize the quadruplex
arrangement. This particular quadruplex has been
previously studied by NMR methods, and the
present X-ray structure is in accord with the earlier
topology assignment. However, as well as the observations of potassium and magnesium ions, the
crystal structure has revealed a highly significant
difference in the dimensions of the large cleft in
the structure, which is a plausible target for small
molecules. This difference can be understood by the
stabilizing role of structured water networks.

INTRODUCTION
Quadruplex nucleic acids are higher-order structures containing tracts of short guanine-repeats (G-tracts). These
structures are formed from one, two or four strands by
the self-association of these guanines (1–3), which are
involved in stable hydrogen-bonded arrangements
(G-quartets). These have two or more G-quartets
stacking on one another to form the core platform in all
quadruplex structures. The core G-quartets in turn are

held together by the intervening sequences; for example
the most common intramolecular type of quadruplex is
formed by a sequence of type
Ga Xn Gb Xo Gc Xp Gd
where Ga–d represent the G-tracts and Xn,o,p are
intervening sequences, which form deﬁned loop arrangements. Such quadruplex sequences are found, for example,
in telomeric DNA and RNA (4), as well as in a large
number of genomic sites (5,6) especially promoter (7–9)
and 50 -untranslated RNA sequences (10–12).
Alkali metal ions (K+ > Na+ > Li+) are well-established
to play a crucial role in the stabilization of Gquadruplexes (13–26), whereas Mg2+ ions, by contrast
with duplex nucleic acids, has been reported not to do
so (27). A recent report though, provides evidence that
whereas telomeric quadruplexes are destabilized by Mg2+
ions, promoter quadruplexes are stabilized by them (28).
NMR (17,20–24) and extensive crystallographic data (29–
34) has shown that the O6 oxygen guanine substituents in
a G-quartet coordinate the metal ions so that they occupy
the centre of a channel formed by successive G-quartets, in
a linear or quasi-linear assay. The nature of the coordination is dependent on ionic radius. Thus K+ ions have
exclusively bi-pyramidal anti-prismatic arrangements
that involve the ion being at the centre of two successive
G-quartets. Smaller Na+ ions, by contrast, are able to be
coordinated in a square planar arrangement within a
single G-quartet, although in practice Na+ ions are
found at varying positions relative to G-quartet planes.
Recent K+ titration experiments have suggested that for
human telomeric quadruplexes, folding requires more
than the number of K+ ions required for the channel
alone (35).
The presence of the alkali metal ions is essential for the
folding of a quadruplex, and the nature of the ion involved
can profoundly alter the particular topology that is
formed. This has been extensively explored in particular
for intramolecular telomeric quadruplexes, but is not
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MATERIALS AND METHODS
Crystallization and data collection
A brominated uridine residue was incorporated into the
c-kit1 quadruplex sequence d(AG3AG3CGC[BrU]G3AGG
AG3), which was synthesized and puriﬁed as described
previously (29), in order to aid crystallographic phasing.
This sequence is identical to that used for the NMR
studies, apart from the BrU residue replacing a thymine.
A 2 mM DNA solution was used, containing 20 mM potassium cacodylate buffer at pH 6.5 and 50 mM potassium
chloride and heated to 358 K before annealing by slow
cooling to room temperature. Crystals were grown by

the hanging drop vapour diffusion method. An amount
of 1 ml of a premixed drop solution containing 10% MPD,
10 mM magnesium chloride, 50 mM potassium chloride,
and 50 mM sodium cacodylate at pH 6.5, was added to
1 ml of c-kit1 DNA solution at a concentration of 2 mM.
The drop solution was equilibrated against a 50% MPD
well solution at 283 K. A few crystals appeared after
2 months but required a seeding protocol in order to
obtain reproducible crystals. These had large thin ﬂat
plate morphology. Two datasets were collected at 105 K
on two single ﬂash-frozen crystals at the Diamond synchrotron facility. SAD data was collected at a wavelength
of 0.9198 Å (the theoretical SAD wavelength of bromine),
and a native dataset was collected at a wavelength of
0.9763 Å.
Structure solution and reﬁnement
The positions of two bromine atoms were determined by
Patterson methods. Phases were subsequently calculated
by the SHELX-C/D/E program (47), using the SAD
dataset. Two further peaks, with a 3.5 Å separation,
were tentatively identiﬁed as a pair of channel potassium
ions in one quadruplex structure. Some of the stacked
G-quartets could be recognized at this stage. The Gquartets extracted from the human telomeric quadruplex
crystal structure (PDB code 1K8P) were modiﬁed to
obtain an initial model for electron-density ﬁtting.
Molecular Replacement utilized the revised quadruplex
model was sufﬁcient to determine the relative conﬁguration of the two quadruplex structures completing one
asymmetric unit. Other parts of the quadruplex structures
were progressively built on the basis of the 2Fo–Fc and
Fo–Fc difference electron density maps derived from the
20–2.8 Å diffraction data. This was followed by the
location of the majority of the water molecules. Finally,
the 1.62 -Å data set collected at the native wavelength
(0.9763 Å) was used for high-resolution reﬁnement, and
the other K+ ions and Mg2+ ions were unequivocally
assigned by considerations of coordination numbers and
coordination distances. After further reﬁnement the
complete water network could be seen clearly. A total of
212 water molecules are included in the ﬁnal structure.
Final R and Rfree values are 0.166 and 0.213, respectively.
Coordinates and structure factors are available from the
PDB as entry 3QXR. Diffraction data were processed by
the SCALE program in the CCP4 package (48), and
COOT (49), PHASER (50) and REFMAC5 (51) were
used in the processes of model ﬁt, building and reﬁnement.
Programs CHIMERA (52) and PYMOL (53) (http://
www.pymol.org) were used for visualization and
analysis. Table 1 details crystallographic data.
A movie showing the details of the crystal structure can
be downloaded from http://www.bmsg.ulsop.ac.uk/
people/DengguoWei.html.
RESULTS
Overall features of the structure
The c-kit1 crystals reported here are in space group
P21212, and have two independent quadruplexes in the
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explicable by any minor changes in the ion channel on
exchanging, for example, K+ to Na+. The 22-mer
four-repeat human intramolecular telomeric quadruplex
forms a well-deﬁned anti-parallel quadruplex in Na+
solution (36) as revealed by NMR studies, having one
lateral and two diagonal loops. By contrast a variety of
forms have been observed for K+-containing four-repeat
human intramolecular telomeric quadruplex sequences,
sometimes with propeller and lateral loops or as in the
case of that found in a crystal structure, all-propeller
loops and parallel topology (37–41). The precise mechanistic role of metal ions in producing these transitions, or
indeed in overall quadruplex stabilization, has not been
apparent. It has long been known though that stabilization does require a higher concentration of ions than
would be required solely for formation of an ion
channel. Except for supporting the G-quartets in the
channel of quadruplex, are there any other roles that
ions are able to play in inducing folding or stabilizing
the ﬁnal structure?
We have approached this problem by focusing on an
intra-molecular quadruplex (c-kit1) from the c-kit
promoter, which has been previously characterized by
NMR methods (42,43), initially in order to ascertain the
extent to which crystal and NMR structures would agree,
and as a prelude to more detailed structure-based ligand
design studies. The c-kit gene and its protein product play
an important role in several human malignancies, notably
gastro-intestinal (GIST) tumours and there has been considerable interest in down-regulating c-kit expression by
directly intervening at the promoter level, by stabilizing
one or other of the quadruplexes encoded in the c-kit
promoter with small molecules (44,45). The c-kit1
quadruplex sequence has a unique occurrence in the
human genome and modelling studies have suggested
that the structure itself may also be unique (46). The
crystal-structure analysis presented here has conﬁrmed
the overall topological features as found by NMR,
although there are a number of signiﬁcant structural differences in those regions of the quadruplex that could be
of especial importance for ligand binding. In addition the
resolution of this structure, combined with the exceptional
quality of the diffraction data, have revealed a number of
novel and unexpected features about the structural role
of metal ions, which have relevance to the stability of
quadruplexes in general.
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Table 1. Crystallographic data collection and reﬁnement statistics
Sequence
Data collection
Space group
Cell dimensions
a, b, c (Å)

d(AGGGAGGGCGC[BrU]GGGAGGAGGG)

P21212
37.57, 51.35, 58.34
Crystal 1a

0.9763
38.55–1.62
0.057 (0.38)
27.4 (2.4)
93.2 (61.8)
3.6 (2.6)
50 085 (1741)
14 007 (669)
26.9–1.62
13 279
0.176/0.221
11.5
210.5
20.07
0.005
1.0
3QXR

a

For Crystal 1, values in parentheses refer to the highest resolution
shell, 2.03–1.98 Å; for Crystal 2, values in parentheses refer to the
highest resolution shell, 1.66–1.62 Å.

asymmetric unit (A and B) that are stacked on each other
in a head-to-head manner (Figure 1a). Each 22-base
DNA sequence folds into a parallel four-stranded
G-quadruplex. The isolated non-G-tract guanine (G10)
is embedded in the G-quartet core, and there are four
loops in the structure (Figure 1b). Two single-residue
linkers (A5 and C9) form two propeller (double-chain
reversal) loops that bridge three G-quartet layers. C11
and BrU12 form the third loop, which connects two
G-quartet corners (G10 and G13). The stem-loop
formed by the ﬁve-residue sequence A16–G17–G18–
A19–G20 allows the terminal G21–G22 to be inserted
back to the G-quartet core. These two quadruplex structures have a high degree of structural conservation, which
extends to the ﬁve-residue long loop, ions, the structural
water molecules and the hydrated water molecules. The
main differences between quadruplexes A and B are in
the detailed conformations of the residues at the
quadruplex dimer stacking interface (A1, C11 and
Br
U12) (Figure 2). The cytosine base of C11 adopts two
distinct conformations (syn and anti) in Quadruplex A,
and both have been included in the deposited structure,
with half-occupancy for each.
A potassium ion bridges between loop residue C11
and G-quartet residue G21 and the related water
molecular network
In addition to the expected potassium ions in the central
ion channel, the high quality of the electron density in this

Figure 1. (a) Cartoon representation of the two c-kit1 independent
quadruplexes in the asymmetric unit. Mauve and green spheres represent K+ and Mg2+ ions, respectively. Quadruplex A is coloured cyan
and B is yellow. The environment of the ions indicated by arrows is
detailed in Figure 3a. (b) Schematic representation of the topology of
the c-kit1 quadruplex.

crystal structure has revealed the existence of potassium
ions located in the loops and grooves (Figure 3). Thus,
two well-deﬁned non-channel K+ ions are associated
with each quadruplex, situated close to the exterior
surface but playing key roles in maintaining the structural
integrity of particular regions. They are involved in extensive intramolecular contacts, but play no direct role in
packing interactions between quadruplexes in the crystal
lattice. Thus they may be considered as integral to this
quadruplex structure.
One K+ ion in each independent quadruplex is sandwiched in a groove and sits symmetrically between a phosphate oxygen atom of C11 and the O40 deoxyribose sugar
ring atom of G21, with coordination to both oxygen
atoms (Figure 3a and b). This K+ ion is octahedrally
coordinated, with four water molecules in an approximately square-planar arrangement in addition to the two
direct quadruplex contacts, and two of them interact
with the phosphate group of BrU12 in quadruplex
A (Figure 3a) and one with BrU12 in quadruplex B
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Wavelength (Å)
0.9198
Resolution (Å)
58.23–1.98
0.115 (0.611)
Rmerge
I/s
13.4 (3.4)
Completeness (%)
96.8 (91.7)
Redundancy
7.8 (7.9)
Total no. of
62 737 (4236)
reﬂections
No. of unique
8049 (535)
reﬂections
Reﬁnement
Resolution (Å)
No. of reﬂections
Rwork/Rfree
No. of ions
No. of water
molecules
Overall B factor (Å2)
RMSD in:
Bond length (Å)
Bond angle ( )
PDB ID
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BrU12/QuaA

A1/QuaB

A1/QuaA
C11/QuaA

BrU12/QuaB

Figure 2. The nucleotides (A1, C11 and BrU12) at the interface between the two quadruplexes in the crystallographic asymmetric unit, with hydrogen
bonds shown as black lines. Carbon atoms in the residues of Quadruplex A are coloured white, and those of Quadruplex B are yellow. The K+ ions
are shown as magenta spheres and water molecules are represented by the red spheres.

(Figure 3b). Thus this K+ ion directly plays a role in maintaining the conformation of the C11–BrU12 loop and is in
a virtually identical position in the two quadruplexes
(Figure 3a and b).
This K+ ion is also at the nucleus of an array of
well-ordered water molecules that extends side-wards
and upwards. The network forms pentagons and hexagons
that ﬁll most the available space around the ion. One especially crucial water molecule (HOH211 in quadruplex
A: Figure 3a; HOH45 in quadruplex B: Figure 3b) in
this network bridges between the phosphate group of
G10, the exocyclic N2 group of G7 and the O40 atom of
G8, thus maintaining the particular conformation of the
single-nucleotide loop formed by C9. The K+ ion and its
associated water networks also link four G-quartet
residues (G7, G8, G10 and G21) to two loops (the C9
propeller loop and the C11/BrU12 lateral loop),
contributing to the stability of the overall quadruplex
structure. This K+ ion in Quadruplex A together with
ﬁve water molecules forms a discrete hexagonal array
and a two-pentagon array in quadruplex B. In quadruplex
A, the most distant of these water molecule (HOH65)
from the K+ ion, directly coordinated to a Mg2+ ion in
an adjacent groove, effectively linking the two metal ions
through two spines each of three water molecules (Figure
3a and b).
The second non-channel K+ ion in each quadruplex
The complete shell of water molecules around the second
non-channel K+ ion in each quadruplex is visible in the
electron-density maps and this ion is in distinct environments in the two quadruplexes (Figure 4a and b). This
suggests that whereas the role of the ﬁrst K+ ion discussed
above is an invariant feature of the structure, other K+
ions are more able to adopt several distinct positions.
This second K+ ion in Quadruplex A bridges between

the O40 atom of A5 and a phosphate oxygen atom of
G7 (Figure 4a), maintaining the conformation of the A5
single-nucleotide loop. The second K+ ion in Quadruplex
B, together with a water molecule, bridges between A16
and G15 in the stem-loop (Figure 4b), forcing the bases to
adopt a pronounced tilt.
The potassium ions in the channel
Each quadruplex has two K+ ions in its central ion
channel. These two parallel channels do not form a continuous straight line, but are separated by 1.5 Å. The K+
ions channel are all octahedrally coordinated through the
G-quartet edges to guanine O6 atoms, as expected. The
interface between the two quadruplexes comprises a
A-BrU-BrU-C quartet with 2 nt arising from each
quadruplex. This quartet is bounded by a ﬁfth channel
K+ ion with low mobility and two adjacent water molecules (Figure 2) which forms direct contacts with O6
atoms of G2, G6, G10 and G13 of Quadruplex A, and
coordinates with O4 of BrU12 in Quadruplex B as well as
two other water molecules.
The Mg2+ ions in the crystal structure
Two Mg2+ ions have been identiﬁed in the structure, each
associated with the corresponding quadruplex. They are in
closely similar environments, and are brieﬂy discussed
above in relation to an adjacent K+ ion. Both have
direct contact with an oxygen atom of the G21 phosphate
group (Figure 3a and b). In Quadruplex A, a single water
molecule bridges between the Mg2+ ion and the G22 phosphate group (Figure 3a), whereas in Quadruplex B, several
water molecules are involved in bridging (Figure 3b).
Although it appears that these two Mg2+ ions are
involved in maintaining structural integrity to the same
extent as the K+ ions, they have close electrostatic
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(a)

G22
HOH65

G8
G21
G7

G10

Br

G10

U12

C11

(b)

G17/QuaA
G22
G8

G21

G21
HOH45

G7
G10

C11

Br

U12

Figure 3. (a) Expanded view of the environment of the K+ ion (coloured mauve) in Quadruplex A, with hydrogen bonds shown as black lines. Water
molecules are coloured red. The Mg2+ ion (in green) is shown connected by a hexagon of water molecules. (b) The same view, of Quadruplex B.
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of bridging water molecules, such as are shown in
Figure 5b. Here, 3 nt (A16, G17 and A19) are held
together across the cleft by hydrogen bonding involving
several water molecules that are conserved in the two
independent molecules in the crystallographic asymmetric
unit, HOH43, 56 and 112. A number of other waters in
the grooves are also conserved, although they do not
play structural roles to the same extent.
Conformational features

interactions with phosphate groups, suggesting that their
role is secondary, helping to shield the anionic charge of
the phosphate groups.
The conserved water molecules in the two crystallographic
quadruplexes
The water molecules form extensive extended networks,
with a number of waters being highly conserved between
the two independent quadruplexes. There are
well-ordered spines of hydration in the quadruplex
grooves which are not detailed here, but are shown in
the movie. Several of the conserved water molecules are
responsible for some of the major differences between the
NMR and crystal structures (Figure 5a). The most
pronounced difference involves the large cleft between
the stem-loop and the adjacent G-quartet. This cleft is
closed up in the crystal structure, by 7 Å compared to
the NMR models (Figure 5a). This is manifest in a
number of conformational differences, which are most
pronounced for nucleotides A19 onwards, and are
most likely due to the presence of conserved networks

DISCUSSION
This is the ﬁrst report of any crystal structure for a
promoter quadruplex. It is gratifying to note that the
structure shows broad correspondence with the NMR
structure. This gives added conﬁdence to structure-based
design studies and also shows that the dichotomy between
crystal (29) and solution structures (37–41) that is
apparent for human telomeric quadruplexes (albeit with
subtly distinct sequences), is not generally applicable to
other eukaryotic quadruplexes.
The high quality of the electron density in this c-kit1
crystal structure has enabled both non-channel potassium
and magnesium ions to be unequivocally located. The fact
that some of these have closely similar positions and coordination patterns in both crystallographically independent quadruplexes suggests that these are not artefacts of
the crystal lattice but are inherent components of this particular quadruplex and play a role in maintaining its
topology and detailed pattern of loop conformations/
cleft geometry. The differences between the NMR and
crystal structure that are centred around A19 and the
cleft are real and indicative of the relative lack of nOe
signals in the NMR spectrum for this part of the structure.
The fact that a well-deﬁned and conserved water structure

Downloaded from http://nar.oxfordjournals.org/ at University College London on December 6, 2012

Figure 4. The contrasting environment of the second non-channel K+
ions (a) in Quadruplex A, and (b) in Quadruplex B. Note that the K+
ion in the former bridges between a phosphase group and a sugar O40
atoms whereas in Quadruplex B the ion effectively bridges between two
adjacent bases.

Table 2 details backbone and glycosidic torsion angles in
the crystal and NMR structures for the terminal 7 nt. It is
notable that differences between the two crystallographic
quadruplexes are insigniﬁcant for most of the angles, and
the largest deviations (32–39 ) are for three bonds at the
G18/A19 interface. These differences are still not large and
do not make a signiﬁcant difference to the conformations
of these two residues. On the other hand there are some
large differences in individual torsion angles within the
ensemble of NMR models in this general region, affecting
residues G18, A19 and G20. These differences are much
greater than those involving the crystallographic one, up
to 200 , and are mostly indicative of phosphate group
ﬂexibility. Table 2 shows that the largest differences
between crystal and NMR are also involving the same
residues G18, A19 and G20. It is striking that all the
torsion angles in the NMR ensemble that indicate the
greatest ﬂexibility are among those with the largest differences between NMR and crystal structure torsion angles.
The net effect of these differences is that the large cleft is
much narrower in the crystal structure, by 7 Å and A19
is moved in concert with this change (Figure 5a), where it
is involved in the hydrogen bonding network detailed
above (Figure 5b).
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(a)

Cleft

A16
G8

G17

HOH112
HOH43

Figure 5. (a) Cartoon representation of the NMR c-kit1 structure (grey) overlaid with the two independent molecules in the crystal structure,
Quadruplex A (yellow) and B (cyan). Nucleotide A5 is shown on the left-hand side and the stem-loop is at the top. The A19 adenine base is coloured
dark red in the NMR structure and the A19 bases in the crystal structure are coloured mauve. (b) View of the conserved water molecules in the cleft
of the crystal structure (shown for Quadruplex A). HOH43, 56 and 112 all interact with and stabilize the conformation of A19. The electron density
in the 2F0 – Fc map is also shown. It has been contoured at the 1.0s level.

has been identiﬁed, gives further credence to the crystal
structure showing the detail that the NMR analysis is less
able to fully represent. The key structural roles of a
number of water molecules are reminiscent of the
sequence-dependent spine of hydration in B-form duplex
DNA (54). The role of water in stabilizing particular structural features of quadruplexes is likely though to be more
structure-dependent.
Does the present ﬁnding of structured K+ ions provide
insight into the observations of major conformational and
topological change found for a number of quadruplexes
on changing the nature of the ion [e.g.(36–41)]? The
present crystal structure cannot indicate whether the role
of the loop potassium ions is in kinetic control (the folding
process) or in thermodynamic control (ﬁnal stabilization).
What however is clear is that the structural role for K+

ions in this structure is dependent on the ionic radius of
this ion and its ability to form coordination contacts in the
range 2.6–3.2 Å. Na+ ions, by contrast, typically form coordination contacts that are 0.3 Å shorter. This would
bring the K+-coordinated nucleotides G10 and G21
almost 0.6 Å closer (Figure 3a and b): whether such a
difference would cause large-scale structural changes in
the quadruplex remains to be established by further
experimental and computational approaches (55–57).
Compared with the well-resolved NMR spectrum of the
ckit-1 quadruplex in K+ solution (43), the broad and unresolved envelope spectrum of its counterpart in Na+
solution may signify multiple conformations or aggregation in solution. Soaking c-kit1 crystals overnight with a
solution containing 200 mM Na+ did not change the structures or the position of the K+ ions, indicating (i) that it is
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Table 2. List of backbone torsion angles ( ) in the two crystallographically independent quadruplexes (QuadA and QuadB) and in the NMR
structures
Crystal

A16

G17

A19

G20

G21

G22

NMR_torsion angles

Differences

QuadA

QuadB

Model 1

Smallest

Largest

jNMRj

jcrystj

jNMR1- QuadAj

jNMR1- QuadBj

58
167
55
138
176
96
91
62
175
61
157
98
163
80
64
134
53
153
112
62
78
151
139
56
106
98
63
74
88
81
180
115
152
90
95
176
178
45
98
130
77
166
72
166
47
152
104

69
169
58
143
174
98
95
73
168
70
145
104
165
99
43
131
34
144
101
101
86
177
177
65
94
101
66
75
85
83
179
124
148
91
93
167
180
46
95
139
74
170
71
162
51
150
106

79
174
58
134
174
82
101
63
157
69
132
178
123
110
51
150
67
123
142
174
127
64
132
177
139
159
164
49
97
92
179
129
116
73
114
65
164
58
130
158
77
177
92
147
50
143
103

89
176
57
131
180
88
107
65
155
67
131
179
127
111
54
147
65
122
156
169
127
38
134
177
139
161
98
49
95
93
165
126
117
73
114
68
161
59
129
161
82
176
97
156
47
141
105

78
180
62
136
172
81
97
59
161
69
137
174
121
106
50
154
68
124
66
180
124
73
90
179
141
140
166
47
100
47
179
144
116
72
108
63
165
57
132
148
74
177
83
142
51
145
100

11
4
5
4
7
7
10
6
13
2
6
5
7
5
4
7
2
2
90
11
3
111
45
4
2
22
96
1
194
140
14
18
1
1
6
5
4
2
3
13
8
1
14
13
3
5
5

11
2
3
5
3
2
4
11
7
11
12
6
2
19
21
3
19
9
11
39
8
32
38
9
12
3
3
1
3
2
1
9
4
1
2
9
2
1
3
9
3
4
1
4
4
2
2

21
17
3
4
3
14
11
1
18
8
26
80
74
29
13
16
13
31
30
112
49
215
8
121
32
62
228
25
185
173
1
14
36
17
18
241
15
103
32
28
0
11
20
18
3
9
1

10
11
0
5
0
16
7
11
11
2
13
75
72
10
7
19
32
21
41
73
41
113
45
112
45
58
230
26
182
175
1
5
31
19
21
233
16
104
35
19
3
7
21
15
2
7
3

Average estimated standard deviations in the crystal structure are likely to be ±1–2 . The NMR deposition in the PDB (PDB id 2KYP) comprises
an ensemble of 11 structures. The ﬁrst NMR structure in the ensemble was taken as a ‘representative’ example (Model 1: NMR1 in the table). The
differences between the smallest and largest individual torsion angles in the 11 NMR structures (NMR) are shown, as well as the differences between
the two quadruplexes A and B in the asymmetric unit (cryst) and the differences between NMR and crystal structures. The eight angles that show
the greatest differences (>100 ) between NMR and crystal structure, are highlighted in bold (deﬁned as jNMR1– QuadAj and jNMR1– QuadBj).

difﬁcult displacing bound K+ ions in the ckit-1 quadruplex
crystal structure, and (ii) that this structure is very stable.
The role of magnesium ions in stabilizing this particular
quadruplex has been previously noted (28), with the
ﬁnding that the addition of Mg2+ did not change
topology, as shown by CD spectra, but increased thermodynamic stability, as indicated by the changes in Tm
values. This is in accord with the present ﬁnding of a
discrete structural stabilizing role for Mg2+ ions.
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