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Atomic-scale structures and interactions between the
guanine quartet and potassium
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The atomic-scale identification of the G4K1 structural motif is achieved

using an interplay of STM imaging and DFT calculations. Its high

stability is found to be caused by the delicate balance between hydro-

gen bonding and metal–ligand interaction, which is of utmost relevance

to model interactions of the G-quadruplex with cations in vivo.

Guanine-rich nucleic acid sequences can form a non-canonical four-
stranded topology called the G-quadruplex. It is formed by stacked
G-quartets stabilized by centrally positioned monovalent Na+ and K+

cations.1 Such an architecture has evolved in nature where it plays
several key biological roles in the maintenance of cellular life. A well-
studied particular example is the G-quadruplex formed by telomeric
sequences at the end of linear chromosomes where they control
genomic integrity, chromosomal recombination as well as nuclea-
tion points for chromosomal segregation during cell division. Of
special interest is that the formation of the G-quadruplex structure
can inhibit the activity of telomerase, the cellular enzyme responsible
for extending the termini of replicating chromosomes, and hence
play a role in maintaining the integrity of the telomere and
immortalization of cell.2 In accordance with this notion cancer cells
usually express increased levels of telomerase to maintain the
stablility of chromosomes, and the activity of telomerase constitutes
an important drug target for current cancer therapy.3–7 Hence,
ligands that can facilitate the formation or stabilize the G-quadruplex
structure have been considered as potential anticancer drugs.8–14

To rationally design ligands that can effectively bind G-quad-
ruplexes, a fundamental understanding of the interactions between
ligands and G-quadruplexes is required. As important cations in

cellular environments, potassium ions (K+) can stabilize the
G-quadruplex structure in vivo and inhibit the activity of telomerase.2

In biological systems the G-quadruplexes are found to be mainly
stabilized by a combination of hydrogen bonding (HB) and metal–
ligand (M–L) interaction. However, the different contributions from
the fundamental interactions (e.g. HB and M–L interaction) are still
under debate. In this communication we employ G-quartet–K as a
model system to study the fundamental interactions between the
G-quartet and K in vitro on a clean and well controlled template,
Au(111) surface. Using the interplay of high-resolution Scanning
Tunneling Microscopy (STM) imaging and Density Functional Theory
(DFT) calculations we reveal the atomic-scale structures of
G-quartet–K motifs and quantify the balance between HB and M–L
interaction in this model system. We find that G4K1 is a very stable
structure resulting from the cooperative effect of HB and M–L
interaction. Such information is of the utmost significance (i) in
the improved modeling of the interactions of G-quadruplexes with
K+ in solution in vivo, and (ii) for our basic understanding of the
delicate balance of the fundamental forces responsible for keeping
the G-quadruplex–K structures stable.

The experiments were performed in an ultra high vacuum (UHV)
chamber equipped with a variable-temperature ‘‘Aarhus-type’’ STM
from SPECS.15 After thorough degassing, the G molecules were initially
deposited by thermal sublimation at 420 K onto a clean Au(111)
substrate held at room temperature (RT), and subsequently the
K atoms were deposited onto the G covered surface at RT. The sample
was thereafter transferred within the UHV chamber to the STM, where
measurements were carried out in a temperature range of 120–150 K.
All DFT calculations are performed using the GPAW program.16,17 In
order to accurately describe the hydrogen bonded complexes, optB88-
vdw was used to describe the exchange–correlation effects.17

Fig. 1a shows the STM topography image of the metallosupra-
molecular G-quartet network motif corresponding to a low K dose.
As previously demonstrated, the formation of G-quartet networks is
predominately steered by inter- and intra-quartet hydrogen bonds,
and the G molecules, which are lying flat on the surface, are imaged
as triangular protrusions.18–22 As directly revealed in Fig. 1a, the
K deposition results in the appearance of a central protrusion within
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each G-quartet motif, which is suggestive of only one K atom being
bound in each G-quartet (i.e. G4K1). Since the G-quartet network is
still maintained after the K deposition the hydrogen-bonded
G-quartet motifs are assumed not to be much affected by the
incorporation of K atoms. In Fig. 1b the theoretical model from
the DFT calculations is superimposed on the enlarged STM image
cut out from the region highlighted in Fig. 1a. The K atom is found
from the STM images to be located in the center of the G-quartet
and the distances between the K atom and the four O atoms of the
G molecules are all 2.60 Å, and the K atom is 1.04 Å higher than the
G-quartet plane. As can be identified from the resulting model there
are two kinds of interactions (i) hydrogen bonding (N–H� � �O,
N–H� � �N) and (ii) metal–ligand bonding (K–O) to stabilize the
G4K1 network. Note that the G4K1 network can withstand higher
temperatures of 470–490 K than the G-quartet network (ca. 410 K).

The fundamental G4K1 motif is very relevant to the reported
G-quadruplex structures found in biology.23,24 Numerous studies
have dealt with the structure, conformational diversity and dynamics
of human telomeric G-quadruplexes using various techniques such
as NMR spectroscopy, single-molecule fluorescence resonance
energy transfer, electrospray mass spectrometry, single-crystal X-ray
diffraction.25–29 Our combined STM and DFT study may help to gain
further real-space atomic-scale insights into the biologically relevant
G–K motif by reducing the complexity of the system from 3D to 2D.

To further unravel the nature of the G4K1 motif, Bader charge
analysis is performed, which shows that in the G4K1 motif the
K atom donates 0.87 electrons to G molecules, thus the K atom
exhibits cationic characteristics after interacting with G molecules.
So we identify that the interaction between the K atom and the
G molecules should be mainly attributed to ionic interaction.30,31

Moreover, an analysis of charge density difference maps and
integrated charge density differences over the x and y dimensions
was performed for the G4 and G4K1 motifs in order to explore the
role of K in the stabilization of G-quartet as demonstrated in Fig. 2.
In the absence of K atoms (cf. Fig. 2a), the charge transfer between
the donor and acceptor groups is responsible for the strong HB, and
the charges are mainly accumulated on the O atoms of G molecules
(cf. Fig. 2c and d left panels). However, when the K atom is bound
to the center of the G-quartet (cf. Fig. 2b), it not only induces
more charge accumulation on the O atoms but also screens the
electrostatic repulsion between these negatively charged O atoms
(cf. Fig. 2c, middle and right panels). The induced charge density

plots (Fig. 2d) illustrate the distribution of electron density between
the K atoms and the four O atoms in G4 and G4K1. The plots show
the induced charge density integrated over the lateral dimensions
and since the K atoms reside at higher position than the
G molecules the downward electron charge rearrangement
evidences charge transfer from K to G. This electron charge
rearrangement is enhanced with the K atom (Fig. 2d middle and
right panels, respectively), which indicates an electrostatic origin of
the enhanced G-quartet stability with the embedded K atoms.

The DFT calculated formation energies of the G-quartet network,
the isolated G quartets and their constituent dimers and trimers with
and without one K atom are plotted in Fig. 3, upper panel. As
discussed in our previous study,18 the formation energy of the
G dimer, trimer and quartet structures scales superlinearly with
the number of hydrogen bonds between the guanine molecules
(cf. Fig. 3 upper panel, blue triangles are above the blue dashed line)
due to the resonance-assisted hydrogen bonding (RAHB). The addi-
tion of the K atom further enhances the RAHB of these structures as
evidenced by the larger differential formation energy of guanine in
GnK1 than that in Gn. The formation energy difference between GnK1

and Gn (n = 2–4) depends strongly on the number of G in the
structures, increasing from 1.07 eV, 1.48 eV, 1.73 eV to 1.85 eV from
the isolated dimer, trimer, and quartet to the quartet in the net-
works. We can thus conclude that the stability of G structures by the
addition of K increases with increasing the number of metal–ligand
bonds. The induced charge density plots for the Gn, GnK1

(n = 2–4) clusters and the networks with and without K are depicted
in Fig. 3, lower panel. Comparing GnK1 with Gn (n = 2–4) it is seen
that the intramolecular charge perturbation ascribed to hydrogen

Fig. 1 STM topography image of the metallosupramolecular G-quartet network
resulting from the low K dose. (a) High-resolution STM image of the G4K1

network. (b) The DFT proposed model of the G4K1 network is superimposed on
the close-up STM image.

Fig. 2 Charge density difference maps of the G4 and G4K1 clusters. (a) The
enlarged G4 motif. (b) The enlarged G4K1 motif. (c) The top and side views of
charge density difference maps of G4 (left panel) and G4K1 motifs (middle panel:
the four G molecules and the K atom are considered to be five individual species;
right panel: the four G molecules are considered to be a whole and the K atom is
considered to be another individual species). (d) The integrated charge density
differences over the x and y dimensions.
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bonding becomes more pronounced by increasing the number of
G molecules, thus nicely illustrating the enhancement of the RAHB
effect (cf. Fig. 3 upper panel: red stars are above the red dashed line).
Compared with and without K, Bader charge analysis reveals that the
oxygen atoms gain more electron charge (about 0.05 electrons per
O atom) in the presence of K. This is particularly clear for G2K1 and
G3K1 but carries through to the G-quartet cluster as discussed above.
From the G-quartet cluster to the network, although the charge of
the oxygen atom does not change much, the nitrogen atom involved
in the inter-quartet hydrogen bonds (N–H� � �N) gains more electron
charge (about 0.10 and 0.15 electrons per N atom) in G4 and G4K1

networks than that in G4 and G4K1 clusters, respectively. Taken
together, the plots suggest that the extraordinary stability of the
K-promoted G-quartet motif is caused not only by the hydrogen
bonding (with RAHB effect) but also by the M–L interaction.

In conclusion, using the interplay between high-resolution STM
imaging and DFT calculations we have revealed the real-space
atomic-scale structure of the G4K1 motif, and quantitatively demon-
strated that the stability of the G4K1 structure is due to the delicate
balance between hydrogen bonding and metal–ligand inter-
action, which is of utmost relevance to model interactions of the
G-quadruplex with cations in vivo. The present results provide
fundamental insights into the structural aspects of the interaction
of the G-quartet motif with K, and further studies on the investiga-
tion of interactions between other biologically relevant metallic

atoms or small-molecule ligands and G-quartets will be carried
out to get a deeper understanding of the structural and energetic
aspects of how the G-quadruplex could be stabilized by the ligands.
Since the G-quadruplex structure inhibits the telomerase enzyme
which controls the replications of chromosomes, the results may be
of relevance for the further development of anti-cancer drug design.
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Fig. 3 The calculated formation energies of the G-quartet network, the isolated
G quartet and their constituent dimer and trimer with and without one K atom
are plotted (upper panel). The induced charge density plots for the Gn and GnK1

(n = 2–4) clusters and the networks with and without one K atom are shown
(lower panel). The blue dashed line is defined as the straight line from the origin
through the G2 data point. The red dashed line is parallel to the blue dashed line,
but starts at the G1K1 data point.
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