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ABSTRACT

We have determined the 1.50 Å crystal structure
of the DNA decamer, d(CCACNVKGCGTGG) (CNVK, 3-
cyanovinylcarbazole), which forms a G-quadruplex
structure in the presence of Ba2+. The structure con-
tains several unique features including a bulged nu-
cleotide and the first crystal structure observation of
a C-tetrad. The structure reveals that water molecules
mediate contacts between the divalent cations and
the C-tetrad, allowing Ba2+ ions to occupy adjacent
steps in the central ion channel. One ordered Mg2+

facilitates 3′-3′ stacking of two quadruplexes in the
asymmetric unit, while the bulged nucleotide me-
diates crystal contacts. Despite the high diffraction
limit, the first four nucleotides including the CNVK nu-
cleoside are disordered though they are still involved
in crystal packing. This work suggests that the bulky
hydrophobic groups may locally influence the forma-
tion of non-Watson–Crick structures from otherwise
complementary sequences. These observations lead
to the intriguing possibility that certain types of DNA
damage may act as modulators of G-quadruplex for-
mation.

INTRODUCTION

A significant proportion of our understanding of DNA
structure derives from directed studies of Watson–Crick du-
plexes due to their importance in genetic inheritance and
gene expression. However, there has been a growing ap-
preciation for the structural polymorphism of DNA, and
the role of alternate DNA structures in cellular function
(1). The most well-studied of these DNA structures are G-
quadruplexes (2). G-quadruplexes are columnar structures
formed from core G-tetrad motifs (3). This planar motif is
composed of four guanines associated by hydrogen bond-
ing interactions; the motif is stabilized by base stacking be-

tween multiple G-tetrad planes and by electrostatic interac-
tions with cations positioned in a central channel of the G-
tetrad core (4,5). G-quadruplexes have been found in vivo at
chromosomal telomeres (6–10) and at many gene promot-
ers (11), which has led to significant interest in finding ways
to control or modulate their formation (12).

Structural and biophysical studies of G-rich DNA and
RNA sequences initially led to a common motif for in-
tramolecular G-quadruplexes being composed of four runs
of three or more guanosine residues, separated by loops of
varying lengths. The G3+L1G3+L2G3+L3G3+ sequence mo-
tif is commonly used for identifying potential G-quadruplex
structures in bioinformatic studies (11); however, structural
studies of G-quadruplexes have revealed that non-G-tetrads
and different structural organization of unpaired residues
can lead to greater complexity in G-quadruplex-forming se-
quences. Non-G-tetrads have been observed within (or as-
sociated with) both DNA and RNA G-quadruplexes. Uri-
dine was the first nucleoside to be reported in a non-G-
tetrad (13), and has subsequently been found in a variety of
quadruplex solution and crystal structures, suggesting it is
well accommodated at the ends of RNA quadruplexes (14–
17). Both symmetric (18) and non-symmetric T-tetrads (19)
have been reported, though the symmetric form appears to
be less well accommodated within DNA structures due to
steric clashes between O2 and adjacent methyls (19). Sev-
eral forms of A-tetrads in DNA quadruplexes have been ob-
served in solution for truncated sequences of human telom-
eres (20), while the crystal structure of an A-tetrad con-
taining RNA has also been determined (16). Unlike the
other non-G-tetrads, C-tetrads have only been observed
in DNA solution studies (21,22). These studies demon-
strated that a C-tetrad could be accommodated between G-
tetrad planes, through the formation of N4-O2 hydrogen
bonds between neighbors. This C-tetrad contained an en-
larged central channel space and it was unclear if or how
the C-tetrad interacted with any central cations. One ini-
tial suggestion was protonation of the cytosine N3 position
could result in a delocalized positive charge in the C-tetrad
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(22). This is consistent with the ability for cytosine to form
other alternate base pairs dependent on N3 protonation, in-
clude the i-motif which is dependent on hemiprotonation in
the C-C(+) parallel base pair (23,24). A variety of hetero-
quadruplex base pairs have also been observed (25–28).

In quadruplexes, loops connect the corners of an in-
tramolecular quadruplex column, while bulges connect ad-
jacent guanines within the column. G-quadruplexes often
contain unpaired nucleotides in loop regions, though re-
cent evidence suggests that bulged nucleotides can be ac-
commodated at various positions in G-quadruplex struc-
tures. Bulges have been observed in the crystal structure
of several related intermolecular RNA quadruplexes (29),
and a recent solution study has shown that bulges with dif-
ferent identities can be well tolerated at multiple positions
(30). The fact that any of the standard nucleotides can form
non-G-tetrads and the fact that profoundly different struc-
tural organization of bulged residues has been observed,
lead us to conclude that there is significant diversity in G-
quadruplex-forming sequences and structures.

Here we add to the sequence and structural diversity of
DNA quadruplexes by describing a high-resolution crys-
tal structure of a DNA quadruplex that contains both in-
ternal non-G-tetrads and a bulged nucleotide. The mo-
tivation of our study was to explore how a cyanovinyl-
carbazole (CNVK) nucleoside substitution could be incor-
porated into an otherwise self-complementary decameric
DNA sequence. The CNVK nucleoside is an effective general
photoreversible crosslinker of complementary DNA and
RNA strands (when placed opposite to a pyrimidine and
with certain sequence preferences adjacent to the CNVK),
(31,32) which has found diverse uses (33–36). Surprisingly,
the crystals we obtained prior to photocrosslinking formed
a tetrameric quadruplex instead of a DNA duplex structure.

This DNA quadruplex has a number of unique features.
This is the first crystal structure of a DNA G-quadruplex
structure with Ba2+ in the central ion channel. Significantly,
it is also the first crystal structure containing a C-tetrad.
The structure reveals that water molecules mediate con-
tacts between the divalent cations and the C-tetrad. One or-
dered Mg2+ facilitates 3′-3′ stacking of two quadruplexes,
while a single bulged nucleotide in each strand mediates
crystal contacts. Surprisingly, despite the high diffraction
limit, the first four nucleotides are fully or partially disor-
dered, including the CNVK monomer. This study highlights
the structural plasticity of DNA and its ability to undertake
non-canonical structures, even in the context of a highly
self-complementary sequence. The demonstration of a C-
tetrad under these environmental conditions may further
expand the sequence repertoire of G-quadruplex-forming
structures. Though it remains unclear how significant the
CNVK nucleoside is to the formation of the quadruplex, this
structure raises the possibility that non-standard or nucle-
obase lesions may promote quadruplex formation in other-
wise non-traditional G-quadruplex-forming sequences.

MATERIALS AND METHODS

Synthesis and purification

The DNA decamer was synthesized trityl-on on a solid-
phase DNA synthesizer (ABI 394) using ultramild phos-

phoramidites, columns and reagents (Glen Research, Ster-
ling, VA USA). Standard phosphoramidite protocols for
the 1 �mol scale were used, except the coupling time per
monomer was extended to 180 s. The sample was cleaved
from the column using ∼3 ml 33% aqueous ammonia at
room temperature and deprotected overnight in the same
solution. The sample solution was then evaporated to ∼1/4
of the volume under reduced pressure.

The crude sample was desalted using a G-10 column,
evaporated and resuspended in water prior to loading on
a preparative XBridge C18 column (Waters, 2.5 �m parti-
cle size, 4.6 mm ID, 75 mm length––equipped with a pre-
column) controlled by an HPLC system (Agilent 1100) with
in-line ultraviolet detection. Elution was performed with a
mixed solvent system run at 72◦C with an integrated column
heater. Solvents used in gradient elution were 0.1 M triethy-
lamine acetate (Solvent A) and HPLC-grade Acetonitrile
(Solvent B). Typically, gradients running from A:B 95:5 to
70:30 over 45′ were used, with a wash of 5:95 for 5′ at the end
of each run to remove hydrophobic impurities from the col-
umn. The fractions containing decamer as determined by
HPLC were pooled, detritylated at room temperature for 1
h in 80% acetic acid and desalted using a G-10 column, and
characterized by MALDI-MS (Supplementary Figure S1).

Crystallization

Crystals were grown by sitting drop vapor diffusion. DNA
decamer oligonucleotide (650 �M in water) was mixed in
a 1:1 ratio with the crystallization solution (0.01 M mag-
nesium chloride hexahydrate, 0.002 M barium chloride di-
hydrate, 0.05 M MOPS pH 7.0, 30% v/v 1,4-dioxane). No
other divalent cations were included in the sample or crys-
tallization conditions. Crystals grew as thin square plates
to a maximum size of 100 �m within 2–3 weeks at 22◦C.
Crystals were flash cooled directly in liquid nitrogen, with
dioxane from the crystallization solution serving as a cry-
oprotectant.

Data collection and structure determination

Data were collected at Advanced Photon Source, Argonne
National Labs Sector 22-BM at a X-ray energy of 12398.4
eV (1.0 Å). Data were processed with HKL2000 (37).
Barium atoms substructure detection was performed with
HySS followed by density modification by RESOLVE as
part of the Phenix macromolecular crystallography pack-
age (38). Model building was performed in Coot (39). Re-
finement was performed with Refmac5 using Babinet bulk
solvent correction without non-crystallographic symmetry
restraints (40). Data collection and refinement statistics are
given in Supplementary Table S1.

RESULTS AND DISCUSSION

Crystal organization

The decameric oligonucleotide crystallized with two
molecules in the asymmetric unit. Both molecules reside
on the 4-fold symmetry axis to create two nearly identical
tetrameric parallel-stranded quadruplexes (RMSD 0.47
Å for all DNA atoms). Each quadruplex is composed of
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Figure 1. A G-quadruplex crystal structure formed from d(CCACNVKGCGTGG). (A) Schematic representation of the two molecules in the asymmetric
unit. The two DNA molecules (green, light blue) are stacked in a tail-to-tail arrangement and are stabilized by Mg2+ (orange sphere) interactions with
two phosphates from each monomer. Dashes represent disordered residues; black lines indicate coordination interactions between nucleobases and solvent
molecules (water, red; Ba2+, cyan). The CNVK nucleoside is shown in the inset box. (B) Cartoon representation seen perpendicular to the 4-fold symmetry
axis. Bulged T8 residues are offset by 3.5 Å. (C) A view down the 4-fold symmetry axis that is coincident with the central ion channel of the quadruplex.
The 45◦ offset between T8 residues allows stacking interactions between translated quadruplexes.

Figure 2. Mg2+ coordination between DNA strands. One Mg2+ (orange
sphere) is coordinated between G9 and G10 phosphates of both monomers
in the asymmetric unit (black dashes). Two water molecules (not shown)
complete the octahedral coordination. Phosphate-phosphate distances are
shown.

four identical symmetry-related chains that are co-axially
stacked in a 3′-to-3′ arrangement (Figure 1A). Similar
to other crystal structures (14,29), non-core nucleotide
residues stabilize adjacent quadruplexes through stacking
interactions perpendicular to the central ion channel
axis. T8 bulges out of the quadruplex core and is the
only unpaired ordered nucleotide in this structure. The
T8 nucleobases are co-planar with their respective G10
quadruple pairs, and are offset by 45◦ with respect to its
quadruplex stacking partner (Figure 1C). This results in T8
nucleobases sticking out every 45◦ from the central 3′-to-3′
stack junction, with an alternating 3.5 Å offset. This
allows adjacent quadruplex stacks to interleave through T8

stacking interactions to form a planar 2D array of stacked
quadruplex sheets (Supplementary Figure S2).

Monomer interactions

The two monomers in the asymmetric unit interact through
nucleobase stacking and ion-mediated contacts. G10 from
each strand stacks with the equivalent residue in the other
monomer through 6-ring stacking interactions, consistent
with previously described 3′-to-3′ stacking interactions and
predicted geometric and molecular dynamic simulations
(41). The intrachain phosphate distances between G9 and
G10 are relatively short (P-P distance 5.0 and 4.7 Å for
chains A and B, respectively), as are the interchain distances
between these same phosphates (P-P distances: 4.5 Å be-
tween G9 of chain A and G10 of chain B, and 4.9 Å G9 of
chain B and G10 of chain A). One Mg2+ ion coordinates
these four phosphates and facilitates 3′-3′ stacking (Figure
2). The octahedral coordination around this Mg2+ ion is
completed by two water molecules, with one water proximal
and one distal to the G-quadruplex core. The proximal wa-
ter is positioned to make additional contacts between O1P
of the G9 phosphates, while also being within the van Der
Waal radii (2.3 Å) with H8 from a symmetry-related G10
nucleobase. The O3′ of the two G10 monomers are within
hydrogen bonding distance (2.65 Å) and may further stabi-
lize the stacked monomer interactions.

Tetrad pairings

The quadruplexes in the structure consist of five parallel
quadruple base pairs. G5, G7, G9 and G10 form parallel
G-tetrad structures with all of the nucleobases in the anti
conformation. Intercalated between the G5 and G7 tetrads
is a tetrad formed from C6. The C6 nucleobases in the tetrad
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Figure 3. A C-tetrad coordinated to the central ion channel. (A) The
C-tetrad forms around the central ion channel through direct hydrogen
bonding and water-mediated interactions. Water molecules are shown as
red spheres. Hydrogen bonds and coordination interactions are shown as
dashes. The central water molecule mediates hydrogen bonding between
nucleobases in the tetrad, while simultaneously coordinating interactions
with two Ba2+ ions in the central channel. (B) The exterior water molecule
forms bridging hydrogen bonds between N4 of each C6 and O4′ of G7
from a partner strand. (C) Superposition of the G9-G10 dinucleotide (yel-
low carbons) on the C6-G7 dinucleotide (green carbons). The central water
molecule associated with C6 is positionally equivalent to the O6 of G9.

interact both directly and through solvent-mediated inter-
actions (Figure 3A). Direct interaction between C6 residues
is through a long (3.11 Å) N4-O2 H-bond, as has been de-
scribed previously for C-tetrads (21,22). One central water
molecule is associated between each C6 residue. This water
forms hydrogen bonds between N3 of one C6 and O2 of an
adjacent C6 partner, while also being coordinated between
two divalent cations in the central ion channel (Figure 3B;
see below). Additionally, each N4 donates a proton in a hy-
drogen bond with a second water molecule that in turn do-
nates a proton to G7 O4′ of a partner strand (Figure 3B).

The water molecules associated with this C-tetrad are in
the same position as the O6 of the guanosine nucleobases in
a typical G-tetrad. The distances between the water and two
metal ions are 2.77 and 2.81 Å, almost identical to the dis-
tance between G(O6) and central divalent cations observed
in this and other structures (average distance in this struc-
ture, 2.72 Å). The positional equivalence is clear from the
least-squares superposition of the G10 tetrad plane on G7.
This equivalence effectively places G9 over the C6 tetrad
(Figure 3C). In this overlap, the G9 O6 is only 0.9 Å away
from the C-tetrad-associated water. Interestingly, despite
this positional equivalence, divalent cations are generally
only found between every other tetrad step, while in this
case the cations occupy adjacent steps. This suggests that
these water molecules may not be functionally equivalent
to guanosine O6 with respect to their interaction with the
divalent cations in the central ion channel.

Central ion channel

The central ion channel contains three barium ions per
molecule in the asymmetric unit. For reference, they are
numbered with respect to the 5′ ends of the quadruplexes
(Ba-1, Ba-2, Ba-3). The position and identity of these bar-
ium ions were confirmed by anomalous X-ray diffraction.
Despite a relatively modest anomalous signal for barium at
the data collection energy, it was sufficient to generate ex-
ceptional SAD-phased experimental electron density maps
(Supplementary Figure S3) and to confirm the positions
of the divalent cation in the central ion channel through
anomalous difference electron density maps (Figure 3A).

Each G-tetrad plane is associated with one Ba2+ ion. The
G-tetrad planes from G9 and G10 are coordinated by Ba-3,
while the G5 and G7 tetrads are associated with Ba-1 and
Ba-2, respectively. Similar to other G-tetrad structures with
central divalent cations, the ions are positioned between
tetrad planes, leading to a slight buckling of the G-tetrad
planes toward the cations. This is most apparent between
the G7 and G9 tetrads, and it may be further influenced
by several factors, including the bulged T8 residue between
them and the presence of a water molecule in the central
ion channel that is coordinated to Ba-2 (Figure 4A). As de-
scribed above, the water-mediated C6-tetrad is coordinated
between Ba-1 and Ba-2, placing these two divalent cations
in adjacent steps only 3.86 Å apart.

The adjacent Ba-1 and Ba-2 metal pair in the central
channel shows distinct coordination geometries. Coordina-
tion for Ba-1 between the G5 O6 and the C6-bound wa-
ters shows bipyramidal antiprismatic geometry, while the
C6-directed waters and the G7 O6 show a nearly square
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Figure 4. Barium in the central ion channel. (A) Stick model of one quadruplex forming strand shown with anomalous difference density (cyan) con-
toured at 5�. A water molecule coordinated to Ba-2 is shown as a red sphere. G7 and G9 show buckling toward Ba-2 and Ba-3, respectively. (B) Oxygen
coordination around the adjacent barium ions (green) in the structure described here. (C) Oxygen coordination around adjacent barium ions in an RNA
quadruplex structure (PDBID: 1J6S). All oxygen atoms (depth-cued) are in red and their source, either nucleobase (guanosine O6, or uracil O4) or water
is indicated.

prismatic coordination geometry around Ba-2 with an ad-
ditional capping solvent molecule (Figure 4B). A similar ar-
rangement of barium ions was observed in an RNA quadru-
plex (16), though in that case the distance between adjacent
Ba ions is larger (4.42 Å) and the Ba-2 equivalent is directly
coordinated by the O4 atoms of a highly buckled U-tetrad,
resulting in a collapsed prismatic geometry (Figure 4C).

To our knowledge, these are only two examples of
quadruplex structures determined with divalent cations in
adjacent positions within the central ion channel, and both
examples are associated with pyrimidine tetrads. This struc-
ture suggests that the water-mediated C-tetrad interactions
may be favorable for stabilizing adjacent divalent cations.
Waters associated with the C-tetrad donate both of their
protons to different cytosines. Donating both protons in-
creases the electron density at the water oxygen’s lone pairs,
making this oxygen suitable for shielding charge between
the adjacent barium ions. Cytosine is unique in that it can
accept both water protons between N3 and O2 in this ar-
rangement, and the positioning of these more electroneg-
ative waters is likely better than the keto oxygen of G at
coordinating adjacent divalent cations. Further, the geom-
etry of this C-tetrad is more planar than the highly buckled
U-tetrads. This suggests that C-tetrads could be more eas-
ily accommodated within a standard G-quadruplex, as the
stacking interactions with adjacent tetrad planes could be
maintained.

Comparison to solution structure C-tetrads

This crystal structure is consistent with the overall struc-
tures described in solution studies of C-tetrad-containing
quadruplexes (21,22), but clarifies several critical features.
The most striking difference is the water-mediated interac-
tion that bridges direct contacts between the nucleobases
and between the nucleobases and the central ion channel.
Previous solution studies indicated that C-tetrad structures
could be sandwiched between flanking G-tetrads; however,
no analysis was provided for how the C-tetrad might inter-

act with the central ion channel. For d(TGGCGGC), mod-
est pH-dependent changes in NMR chemical shifts for the
N3 of the tetrad cytosines suggested these cytosines were
protonated in the quadruplex, despite lacking the typical
resonances of protonated N3 (22). This led to the suggestion
of a delocalized proton present in the central ion channel
that remained associated with the C-tetrad. Though there
may be differences between how a C-tetrad interacts in the
context of a monovalent central ion channel, this structure
clearly shows how water molecules can be positioned in the
larger C-tetrad hole and how they can mediate interactions
between the nucleobases and ions. The observation of a C-
tetrad in solution and now a crystal structure suggests that
this may be a predictable motif, and adds to the growing list
of homocytidine nucleobase interactions (23,42,43).

Disordered residues

Despite the high diffraction limit of these crystals, the four
5′-most nucleotides of both monomers in the asymmetric
unit were disordered. There was strong difference density
for the CNVK4 nucleotide (Figure 5A) and additional planes
of difference density separated by approximately 3.2 Å,
along the 4-fold symmetry axis between the quadruplex lay-
ers (Figure 5B). We attempted to build the CNVK4 residue,
but there was substantial overlap of the CNVK groups (Fig-
ure 5A). We explored the possibility that the bulkiness of
the CNVK group precluded stacking of all four CNVK4 nucle-
obases along the 4-fold symmetry axis, and that only two of
these residues were responsible for symmetry-averaged den-
sity. However, our attempts to build the CNVK4 nucleotides
with partial occupancy did not improve the refinement and
they were omitted from the final model. Though the first
four residues could not be built, presumably the ∼3.2 Å
separation of difference density along the 4-fold axis cor-
responds to nucleobases of the missing nucleotides. Thus,
it appears that these nucleotides are still involved in crys-
tal packing. The tail-to-tail stacked quadruplexes are verti-
cally stacked, with the missing residue providing the head-
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Figure 5. Disordered nucleotides. (A) Difference density (mFo-dFc) contoured at 2.7 � (pink) adjacent to G5 after completed refinement of residues 5–10.
The CNVK4 monomer is shown fit in this density. The 4-fold symmetry resulted in significant clashes between CNVK4 residues as fit, suggesting that the
observed difference density may be the result of partial occupancy. (B) Complete difference density (3.0 � contour) between layers of vertically stacked
quadruplexes. The planar density is spaced ∼3.2 Å apart and extends between the quadruplex layers. Presumed CNVK4 density regions corresponding to
(A) are indicated.

to-head interactions to keep the different layers of quadru-
plexes in the crystal aligned. This is reminiscent of order-
disorder transitions observed in some protein crystals (44),
though in this case the disorder appears to occur within a
segment of each DNA strand, as opposed to arising from
discrete layers of macromolecules. We reprocessed and re-
determined the structure in spacegroup P1, and observed
identical regions of disorder and partial difference density.
This suggests that the residues that mediate crystal contacts
are likely to be in multiple conformations; however, we can-
not rule out that the difference density belongs to additional
oligonucleotide strands.

Biological implications for non-standard nucleobases in
quadruplex formation

One of the remarkable features of this structure is the abil-
ity for a nearly self-complementary DNA oligonucleotide
to form a multi-strand G-quadruplex. Though the crys-
tal structure does not directly answer how this might oc-
cur, there are clearly several factors that can be considered.
One intriguing possibility is that the CNVK monomer fa-
vors formation of quadruplex structure. The base pairing
in this decamer sequence is only disrupted by the CNVK and
this could lead to duplex instability. Further, because CNVK
is significantly more hydrophobic than a standard nucle-
obase, it is conceivable that hydrophobic interactions be-
tween CNVK nucleosides from different strands prime this
particular sequence to take on a conformation and orien-
tation that is conducive to forming a quadruplex. Though
it remains to be directly determined how much of an im-
pact the CNVK monomer has on quadruplex formation,
this raises the interesting possibility that nucleobase mod-
ifications, particularly adducts that result in the addition

of bulky hydrophobic groups (benzo(a)pyrene, aflatoxin B1,
aristolactam, N-hydroxyl-aminofluorene) may locally favor
non-duplex DNA structures, such as quadruplexes, through
stacking interactions. This is consistent with the prevail-
ing mechanism for how G-quadruplex-stabilizing ligands
interact with terminal tetrads (12). Genomic G-quadruplex
structures have been implicated as a signal for DNA dam-
age (45–47), but to our knowledge the possibility that DNA
damage may be responsible in some cases for inducing G-
quadruplex formation has yet to explored.

Expanding the DNA quadruplex sequence space

DNA has proved to be an extraordinary material for the ra-
tional design and assembly of nanostructures (48). Though
most designs have relied on the predictability of Watson–
Crick base pairing, there has been a growing apprecia-
tion for the structural diversity afforded by non-canonical
DNA motifs (43,49). The predictability and thermal sta-
bility of inter and intramolecular G-quadruplexes have al-
lowed them to be used in the construction of DNA struc-
tures and devices (50–55). Unfortunately, the predictabil-
ity of G-quadruplex formation also highlights the major
drawback: a lack of sequence diversity (54). Unlike Watson–
Crick duplex DNA which guides assembly through com-
plementary base pairing, assembling multiple different G-
quadruplex-forming sequences simultaneously may be chal-
lenging due to their inherent sequence requirements. The
characterization of the C-tetrad described here, as well
as other non-G forming tetrads may open the door for
improved control over formation of multiple quadruplex-
forming structures for biomaterial and nanotechnological
applications.



13428 Nucleic Acids Research, 2014, Vol. 42, No. 21

ACCESSION NUMBERS

Structure factors and coordinates have been deposited in
the Protein Data Bank (PDBID 4U92).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online

ACKNOWLEDGMENTS

P.S.L. thanks Professor Ned Seeman for use of his DNA
synthesizer, Dr Clare Waggoner at CSU Long Beach for
MALDI-MS and Professors Niles Pierce and Kenzo Fuji-
moto for generous gifts of CNVK phosphoramidite.

FUNDING

California State Polytechnic University; CSUPERB;
Research Corporation [Cottrell College Science Award
#10484]; St. John’s University; Army Research Office
[Award #W911NF1110371 to P.S.L.]; NSF CAREER
Award [DMR1149665 to P.J.P.]. Funding for open access
charge: University of Maryland startup funds.
Conflict of interest statement. None declared.

REFERENCES
1. Murat,P. and Balasubramanian,S. (2014) Existence and consequences

of G-quadruplex structures in DNA. Curr. Opin. Genet. Dev., 25,
22–29.

2. Davis,J.T. (2004) G-quartets 40 years later: from 5′-GMP to
molecular biology and supramolecular chemistry. Angew. Chem. Int.
Ed. Engl., 43, 668–698.

3. Neidle,S. (1999) Oxford Handbook of Nucleic Acid Structure. 1 edn .
Oxford University Press, Oxford.

4. Burge,S., Parkinson,G.N., Hazel,P., Todd,A.K. and Neidle,S. (2006)
Quadruplex DNA: sequence, topology and structure. Nucleic Acids
Res., 34, 5402–5415.

5. Phan,A.T. (2010) Human telomeric G-quadruplex: structures of
DNA and RNA sequences. FEBS J., 277, 1107–1117.

6. Blackburn,E.H. (2001) Switching and signaling at the telomere. Cell,
106, 661–673.

7. Schaffitzel,C., Berger,I., Postberg,J., Hanes,J., Lipps,H.J. and
Plückthun,A. (2001) In vitro generated antibodies specific for
telomeric guanine-quadruplex DNA react with Stylonychia lemnae
macronuclei. Proc. Natl Acad. Sci. U.S.A., 98, 8572–8577.

8. Parkinson,G.N., Lee,M.P.H. and Neidle,S. (2002) Crystal structure of
parallel quadruplexes from human telomeric DNA. Nature, 417,
876–880.

9. Biffi,G., Tannahill,D., McCafferty,J. and Balasubramanian,S. (2013)
Quantitative visualization of DNA G-quadruplex structures in
human cells. Nat. Chem., 5, 182–186.

10. Henderson,A., Wu,Y., Huang,Y.C., Chavez,E.A., Platt,J.,
Johnson,F.B., Brosh,R.M., Sen,D. and Lansdorp,P.M. (2014)
Detection of G-quadruplex DNA in mammalian cells. Nucleic Acids
Res., 42, 860–869.

11. Huppert,J.L. and Balasubramanian,S. (2007) G-quadruplexes in
promoters throughout the human genome. Nucleic Acids Res., 35,
406–413.

12. Balasubramanian,S. and Neidle,S. (2009) G-quadruplex nucleic acids
as therapeutic targets. Curr. Opin. Chem. Biol., 13, 345–353.

13. Cheong,C. and Moore,P.B. (1992) Solution structure of an unusually
stable RNA tetraplex containing G- and U-quartet structures.
Biochemistry, 31, 8406–8414.

14. Pan,B., Xiong,Y., Shi,K. and Sundaralingam,M. (2003) Crystal
structure of a bulged RNA tetraplex at 1.1 a resolution: implications
for a novel binding site in RNA tetraplex. Struct. Lond. Engl. 1993,
11, 1423–1430.

15. Pan,B., Xiong,Y., Shi,K. and Sundaralingam,M. (2003) An
eight-stranded helical fragment in RNA crystal structure:
implications for tetraplex interaction. Struct. Lond. Engl. 1993, 11,
825–831.

16. Pan,B., Xiong,Y., Shi,K., Deng,J. and Sundaralingam,M. (2003)
Crystal structure of an RNA purine-rich tetraplex containing adenine
tetrads: implications for specific binding in RNA tetraplexes. Struct.
Lond. Engl. 1993, 11, 815–823.

17. Xu,Y., Ishizuka,T., Kimura,T. and Komiyama,M. (2010) A U-tetrad
stabilizes human telomeric RNA G-quadruplex structure. J. Am.
Chem. Soc., 132, 7231–7233.

18. Patel,P.K. and Hosur,R.V. (1999) NMR observation of T-tetrads in a
parallel stranded DNA quadruplex formed by Saccharomyces
cerevisiae telomere repeats. Nucleic Acids Res., 27, 2457–2464.
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Mergny,J.L. (2006) DNA nanomachines and nanostructures
involving quadruplexes. Org. Biomol. Chem., 4, 3383–3391.

52. Ghodke,H., Krishnan,R., Vignesh,K., Kumar,G. V., Narayana,C.
and Krishnan,Y. (2007) The I-tetraplex building block: rational
design and controlled fabrication of robust 1D DNA scaffolds
through non-Watson-Crick Interactions. Angew. Chem. Int. Ed. Engl.,
119, 2700–2703.

53. Modi,S., Nizak,C., Surana,S., Halder,S. and Krishnan,Y. (2013) Two
DNA nanomachines map pH changes along intersecting endocytic
pathways inside the same cell. Nat. Nanotechnol., 8, 459–467.
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