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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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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

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

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 differ-
ences 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).

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 co-
ordination patterns in both crystallographically independ-
ent quadruplexes suggests that these are not artefacts of
the crystal lattice but are inherent components of this par-
ticular 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

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.
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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 struc-
tural 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 co-
ordination 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 un-
resolved envelope spectrum of its counterpart in Na+

solution may signify multiple conformations or aggrega-
tion in solution. Soaking c-kit1 crystals overnight with a
solution containing 200mM Na+did not change the struc-
tures or the position of the K+ ions, indicating (i) that it is

A16 

G17 

HOH56 

HOH43 
HOH112 

G8 

Cleft

(b)

(a)

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.
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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 thermo-
dynamic 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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Table 2. List of backbone torsion angles (�) in the two crystallographically independent quadruplexes (QuadA and QuadB) and in the NMR

structures

Crystal NMR NMR_torsion angles Differences

QuadA QuadB Model 1 Smallest Largest j�NMRj j�crystj jNMR1- QuadAj jNMR1- QuadBj

A16 � �58 �69 �79 �89 �78 11 11 21 10
� 167 169 �174 �176 180 4 2 17 11
� 55 58 58 57 62 5 3 3 0
� 138 143 134 131 136 4 5 4 5
e �176 �174 �174 �180 �172 7 3 3 0
� �96 �98 �82 �88 �81 7 2 14 16
� �91 �95 �101 �107 �97 10 4 11 7

G17 � �62 �73 �63 �65 �59 6 11 1 11
� 175 168 157 155 161 13 7 18 11
� 61 70 69 67 69 2 11 8 2
� 157 145 132 131 137 6 12 26 13
e �98 �104 �178 �179 �174 5 6 80 75
� 163 165 �123 �127 �121 7 2 74 72
� �80 �99 �110 �111 �106 5 19 29 10

G18 � �64 �43 �51 �54 �50 4 21 13 7
� 134 131 150 147 154 7 3 16 19
� 53 34 67 65 68 2 19 13 32
� 153 144 123 122 124 2 9 31 21
e �112 �101 �142 �156 �66 90 11 30 41
f 62 101 174 �169 180 11 39 112 73

� �78 �86 �127 �127 �124 3 8 49 41
A19 a �151 177 64 �38 73 111 32 215 113

� �139 �177 �132 �134 �90 45 38 8 45
c 56 65 177 �177 179 4 9 121 112

� 106 94 139 139 141 2 12 32 45
e �98 �101 �159 �161 �140 22 3 62 58
f �63 �66 164 �98 166 96 3 228 230

� �74 �75 �49 �49 �47 1 1 25 26
G20 a �88 �85 97 �95 100 194 3 185 182

b 81 83 �92 �93 47 140 2 173 175

g �180 �179 179 165 179 14 1 1 1
d 115 124 129 126 144 18 9 14 5
e �152 �148 �116 �117 �116 1 4 36 31
z �90 �91 �73 �73 �72 1 1 17 19
� �95 �93 �114 �114 �108 6 2 18 21

G21 a 176 167 �65 �68 �63 5 9 241 233

b 178 180 164 161 165 4 2 15 16
c 45 46 �58 �59 �57 2 1 103 104

d 98 95 130 129 132 3 3 32 35
e �130 �139 �158 �161 �148 13 9 28 19
z �77 �74 �77 �82 �74 8 3 0 3
� 166 170 177 176 177 1 4 11 7

G22 a �72 �71 �92 �97 �83 14 1 20 21
b �166 �162 �147 �156 �142 13 4 18 15
g 47 51 50 47 51 3 4 3 2
d 152 150 143 141 145 5 2 9 7
� �104 �106 �103 �105 �100 5 2 1 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).
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