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Abstract G-quartets are square planar arrangements of

four guanine bases, which can form extraordinarily stable

stacks when present in nucleic acid sequences. Such

G-quadruplex structures were long regarded as an in vitro

phenomenon, but the widespread presence of suitable

sequences in genomes and the identification of proteins that

stabilize, modify or resolve these nucleic acid structures

have provided circumstantial evidence for their physio-

logical relevance. The therapeutic potential of small mol-

ecules that can stabilize or disrupt G-quadruplex structures

has invigorated the field in recent years. Here we review

some of the key observations that support biological

functions for G-quadruplex DNA as well as the techniques

and tools that have enabled researchers to probe these

structures and their interactions with proteins and small

molecules.
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Introduction

More than four decades before Watson and Crick proposed

their structure for DNA, the German chemist Ivar Bang

noted that guanylic acid forms gels at high millimolar con-

centrations [1]. This unusual physical property puzzled

researchers for the next 50 years until Gellert and colleagues

collected fiber X-ray diffraction data on guanylic acid [2],

revealing the assembly of tetrameric units into large helical

structures that account for the gel-like properties of the

aqueous solution. Four molecules of guanylic acid form a

square planar arrangement in which each of the four bases is

the donor and acceptor of two hydrogen bonds, now referred

to as a G-quartet (Fig. 1). As interest in nucleic acids

intensified over the following decades, it became clear that

guanosine homo-oligomers can adopt the same structure,

both in the ribose and deoxyribose forms [3, 4]. For years,

little consideration was given to possible roles for G-quartets

in biological systems until Henderson and colleagues made

the observation that oligonucleotides corresponding to the

G-rich strand of telomeric DNA display unexpectedly high

electrophoretic mobility on nondenaturing polyacrylamide

gels [5]. Structural probing later showed that G-rich

sequences found at telomeres and in the immunoglobulin

switch region can indeed adopt stable four-stranded struc-

tures now known as G-quadruplexes [5–8].

Among the five nucleosides commonly found in DNA

and RNA, the property to form stable and extensive self-

associations is limited to guanosine due to its unique

hydrogen bonding donor and acceptor sites. Cations play

a critical role in stabilizing G-quadruplex structures by

occupying the central cavity and neutralizing the electro-

static repulsion of inwardly pointing guanine O6 oxygens. It

was recognized early on that the ability to stabilize gua-

nosine gels differed greatly between cations [9], suggesting
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that the ionic radius is important for complex stability. In

the alkali series K? promotes the most stable G-quadru-

plexes, followed by Rb?, Na?, Cs?, and Li?. Electrostatic

effects are also likely to affect the relative ability of cations

to stabilize G-quadruplexes [10]. The hydration energy of

monovalent cations is inversely proportional to their ionic

radii; hence the larger the cation the less hydrophilic it is,

making it more likely to preferentially partition itself at the

interior of the G-quartet. The same effect of different

monovalent cations was also observed for the stability of

structures formed by telomeric oligonucleotides, demon-

strating that single-stranded telomeric DNA can fold into

G-quadruplex structures under conditions within the phys-

iological range [8].

Structural Diversity

From the earliest days of studying G-quadruplexes in vitro,

extensive structural polymorphism was noted. G-quadru-

plexes can be classified based on the participation of one

(intramolecular) or two or more (intermolecular) DNA

strands. DNA strands may be oriented in anti-parallel

(Fig. 2a), parallel (Fig. 2b), or hybrid (Fig. 2c) configura-

tion. Correspondingly, the nucleotide linkers between

G-quartet stacks can adopt a multitude of loop structures

(Fig. 2). G-quadruplex conformation is influenced by both

the DNA sequence and the conditions used in the folding

reaction such as the nature of the stabilizing cation.

Although some general trends are apparent (e.g., potassium

can favor parallel conformations [11]), there are always

exceptions to these rules (e.g., both antiparallel potassium-

stabilized and parallel sodium-stabilized G-quadruplexes

exist and can be quite stable [12–15]). Thus it is difficult to

predict the propensity of a sequence to fold into a particular

structure, and each sequence needs to be characterized

empirically under different folding conditions. The exis-

tence of multiple G-quadruplex conformations in equilib-

rium in the same solution [12, 16, 17] emphasizes the

(often-overlooked) need to purify individual isomers prior

to analysis [13, 18].

The stability of G-quadruplexes also varies widely; it

depends not only on the identity of the stabilizing cation,

but also on the DNA length and sequence, the length of

intervening loops, and the strand stoichiometry and align-

ment [19–21]. There has been some recent progress in

developing computational methods for predicting G-quad-

ruplex stability, which will likely improve further as

increasing amounts of empirical data are incorporated [22].

As a G-quartet contains eight hydrogen bonds in compar-

ison to the two or three present in Watson–Crick base pairs,

it might be expected that G-quadruplexes have equal or

higher stability than duplex DNA. This is indeed often the

case: many G-quadruplexes have melting temperatures

well in excess of 60 or 70�C under otherwise physiological

conditions [19]. This suggests that G-quadruplex DNA can

potentially compete with duplex formation in vivo. In

agreement, the molecular crowding agent polyethylene

glycol, typically used to simulate the molecularly crowded
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Fig. 1 The G-quartet is a square planar arrangement of four guanine

bases that each serve as the donor and acceptor of two hydrogen

bonds. The monovalent metal ion shown in the center is critical for

stability when stacks of G-quartets form a G-quadruplex
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Fig. 2 Human telomeric intramolecular G-quadruplexes. a Topology

(i) and NMR structure (ii) of oligonucleotide AGGG(TTAGGG)3 in

sodium containing solution, demonstrating an antiparallel conforma-

tion [134]. b Topology (i) and crystal structure (ii, iii) of oligonu-

cleotide AGGG(TTAGGG)3 in potassium containing solution,

showing a parallel ‘‘propeller’’ structure [27]. The crystal structure

is shown as a side view (ii) and a top view (iii). c Hybrid

conformations in potassium solution. Hybrid 1 (i) and hybrid 2 (ii)
topologies illustrate differences in loop structures [32, 33]. The NMR

structure of hybrid 2 is shown in (iii) [32]. Reproduced by permission

of The Royal Society of Chemistry [138]
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intracellular environment, was demonstrated to favor for-

mation of G-quadruplexes over duplex DNA [23, 24].

A good example of the heterogeneity of G-quadruplex

structures is the intramolecular quadruplex formed from

human telomeric sequence, which is of intense interest due

to its ability to block telomere elongation by the cancer-

associated enzyme telomerase in vitro [25]. The structures

of no fewer than five different conformations of a human

telomeric oligonucleotide containing four clusters of GGG

have been solved to date. The NMR solution structure of

the oligonucleotide AGGG(TTAGGG)3 in the presence of

sodium is an anti-parallel basket-type quadruplex [26]

(Fig. 2a), while the crystal structure of this oligonucleotide

in the presence of potassium represents a parallel propeller-

type intramolecular G-quadruplex [27] (Fig. 2b). Two

different but related conformations have been detected in

potassium solution, known as ‘‘hybrid’’ forms since they

have both some parallel and antiparallel strands [28–31].

The solution structures of the two forms (‘‘hybrid 1’’,

Fig. 2c(i) and ‘‘hybrid 2’’, Fig. 2c(ii,iii)) reveal an identical

G-quadruplex core structure with differences in the con-

necting loops [32, 33]. Recently, an antiparallel, basket-

type human intramolecular G-quadruplex has also been

demonstrated in potassium solution; this conformation is

more stable than the ‘‘hybrid’’ forms despite the presence

of only two G-quartet layers in the core [34]. The equi-

librium between at least some of these potassium-stabilized

conformations is influenced by the flanking sequences of

the oligonucleotide, outside the GGG(TTAGGG)3 core.

The presence of additional nucleotides at the 50 end favors

the hybrid over antiparallel conformations [35], while

additional nucleotides at the 30 end favor formation of

hybrid 2 [32, 33].

Which of these structures is the physiologically relevant

conformation has been the subject of much debate. The

presence of 40% polyethylene glycol induced a shift from

hybrid conformations to apparently parallel structures

[36, 37]; however, the same effect was observed using

acetonitrile, and is likely to be a result of dehydration

rather than molecular crowding [38]. It is possible that all

conformations are present in vivo under different condi-

tions. In support of this, antiparallel, hybrid, and parallel

conformations have all been observed to form from the

same oligonucleotide in vitro at different concentrations of

DNA [35]. The in vivo equilibrium may also be affected by

temperature, ionic conditions, and the binding of particular

proteins.

Recent studies have attempted to mimic the in vivo

situation more closely by using longer telomeric oligonu-

cleotides, since human telomeres end in a single-stranded

30 G-rich overhang of 150–250 nucleotides [39–42].

Thermodynamic measurements support the existence of

interconnecting intramolecular G-quadruplexes along a

72 nt telomeric oligonucleotide [43], and such ‘‘bead-on-a-

string’’ conformations have been observed by atomic force

microscopy [44]. Computer modeling combined with bio-

physical measurements suggests that an 8-repeat telomeric

oligonucleotide forms into linked hybrid 1 and hybrid 2

G-quadruplex conformations [45]. Validation of these

G-quadruplex conformations in vivo will require the

development of conformation-specific probes suitable for

use in human cells.

Biological Roles for G-Quadruplexes

As many nucleic acid sequences rich in guanosines are

capable of forming G-quadruplexes, one wonders how

prevalent these structures truly are within cells. Telomeric

DNA has received much attention in this regard, in part

because chromosomes end in single-stranded overhangs of

the G-rich strand which may fold into G-quadruplex

structures. But extended single-strandedness is not a pre-

requisite for G-quadruplex formation. Transient destabili-

zation of duplex DNA during transcription, replication or

DNA repair may well be sufficient to allow G-quadruplex

DNA formation at many sites in the genome. Bioinformatic

analysis has identified 375,000 candidate sequences within

the human genome that could form G-quadruplex structures

[46, 47]. It is possible that not all of these sequences

form stable quadruplexes under physiological conditions

[48]. However, the non-random distribution of potentially

G-quadruplex forming sequences across the genome as well

as the non-random length and sequence of loop regions

argues that natural selection may be at work. Coding

sequences are underrepresented for the transcribed strand

suggesting that G-quartet formation in mRNA may be

detrimental [46]. Despite the underrepresentation of coding

sequences, the frequency at which potentially G-quadruplex

forming sequences are found within transcribed regions

displays an intriguing correlation with gene function. They

are frequently found in protooncogenes including c-MYC,

VEGF, c-kit, HIF-1a, and BCL2, but are significantly

underrepresented in tumor suppressor genes [49].

A role for G-quadruplexes in gene regulation seems

likely as putative G-quadruplex forming sequences are also

concentrated in promoter regions. Nearly half of all known

genes in the human genome harbor such sequences within

1000 nucleotides upstream of the transcription start site

[50]. Regions of the human genome that are both within

promoters and hypersensitive to nuclease cleavage show

the greatest enrichment of potential quadruplex elements.

The nuclease sensitivity of these sites indicates that the

DNA is not bound by nucleosomes or other proteins and

therefore may be more prone to G-quadruplex formation.

This bias may at least in part reflect the G-richness of many
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transcription factor binding sites, such as Sp1 [51]. Careful

examination of individual promoter sequences will be

required to dissect the contributions of the different path-

ways and structures in gene regulation. For several genes, it

has been experimentally confirmed that the G-quadruplex

forming region plays a critical role in regulating expression

of the gene. A single point mutation which destabilizes the

G-quadruplex found in the c-MYC promoter resulted in a

threefold increase in basal transcriptional activity of this

gene [52]. Conversely, a cationic porphyrin known to sta-

bilize a G-quadruplex structure was able to suppress

c-MYC activation. These results strongly argue for a reg-

ulatory role of this particular G-quadruplex as a repressor

of c-MYC transcription. This role may be mediated by the

protein nucleolin, which has been shown to bind to this

G-quadruplex both in vitro and in HeLa cells. Overex-

pression of nucleolin reduced expression from a c-MYC

promoter reporter plasmid [53]. Nucleolin has also been

implicated in binding to a G-quadruplex in the promoter of

the VEGF gene; existence of this G-quadruplex was

demonstrated by footprinting both in vitro and in vivo [54].

ReqQ helicase family members, such as budding yeast

Sgs1 and human WRN and BLM, display potent quadru-

plex unwinding activity [55–57]. Consistent with a role for

G-quadruplex structures in gene regulation, loci that are

upregulated in cells harboring defects in one of these

helicases correlate well with those that have high proba-

bility of forming G-quadruplex structures [58, 59]. Several

groups have reported the potential formation of multiple

G-quadruplexes in the promoter of the catalytic subunit of

telomerase, hTERT [60–62], but a link between these

G-quadruplexes and modulation of hTERT transcription

has not yet been demonstrated.

Despite much circumstantial evidence in favor of the

existence of telomeric G-quadruplex structures in human

cells as well as tantalizing hints at potential functions, the

actual role(s) of these structures in vivo have remained

enigmatic. Intermolecular G-quadruplexes could facilitate

telomere–telomere associations; such interactions have

been observed in the telomere-rich environment of the

macronuclei of ciliated protozoa and there is evidence that

they are mediated by G-quadruplexes [63, 64]. It was pos-

tulated over 20 years ago that intermolecular parallel

G-quadruplexes may be involved in the alignment of sister

chromatids during meiosis [6], but direct evidence for this

intriguing possibility is lacking. The clustering of telomeres

in a meiotic bouquet arrangement has been observed in

almost all organisms [65] and the demonstration that

G-quadruplexes are involved in bouquet formation would

represent a major advance in understanding this ubiquitous

structure. Intriguingly a component of the meiosis-specific

synaptonemal complex in S. cerevisiae, Hop1, was reported

to promote pairing of double-stranded DNA helices via

G-quartet formation, implicating intermolecular G-quad-

ruplexes as the vehicles of chromosomal synapsis during

meiotic prophase [66]. Furthermore, deletion of a G-quad-

ruplex specific nuclease, KEM1, blocks meiosis in yeast,

consistent with the hypothesis that G-quadruplex DNA may

be involved in homologous chromosome pairing [67].

G-quadruplexes may cap telomeres by sequestering the

single-stranded overhangs and preventing inappropriate

elongation by telomerase, nucleolytic degradation, and

end-to-end fusion. Intramolecular antiparallel G-quadru-

plexes have indeed been shown to be resistant to telome-

rase elongation in vivo [13, 25, 68], although parallel

intermolecular structures are extended by telomerase [13].

There is some evidence in support of a protective role for

G-quadruplexes; incubation of duplex DNA with human

cell extract elicited a DNA damage response which was

alleviated by addition of a 30 tail capable of forming a

G-quadruplex [69]. However, the possibility that the pro-

tective function was mediated by a telomere-binding pro-

tein in the extract was not ruled out in this study.

There are several reasons to believe that G-quadruplexes

have regulatory functions at the level of RNA that may be

more prevalent than of those in DNA. Firstly, RNA is single-

stranded, at least when first synthesized, and although

extensive Watson–Crick base-pairing occurs in some RNAs,

a substantial portion of most RNAs lacks extensive

regions of complementary sequences able to form continu-

ous double-stranded helices. Secondly, G-quadruplexes are

even more stable in RNA than in DNA and once formed they

are highly refractory to unfolding [70]. Roles for G-quad-

ruplexes in RNA regulation, splicing, and processing are

further supported by the enrichment of candidate sequences

in 50 UTRs [71], first introns [51], and near polyadenylation

signals [72]. The presence of a G-quadruplex was first

experimentally verified in the 50 UTR of NRAS and a

repressive effect on translation was documented [71]. Since

then, G-quadruplexes in the 50 UTRs of more than 10 genes,

including BCL-2, TRF2, and the gene for estrogen receptor

a, have been demonstrated to downregulate translation

[73–78]. Interestingly, a G-quadruplex in an IRES element

of the VEGF gene has been shown to positively regulate

translation [79]. As nearly 3000 mRNAs have poten-

tially G-quadruplex forming sequences in their 50 UTR it is

tempting to speculate that G-quadruplex structures may be

widely used to control gene expression at the translational

level.

The fragile X mental retardation protein (FMRP) asso-

ciates with polysomes and is thought to regulate mRNA

translation. In vitro selection for RNAs that are preferen-

tially bound by FMRP identified RNA ligands which form

intramolecular G-quartets indicating that G-quadruplex

containing mRNAs may be the target of FMRP regulation

[80]. Indeed, when FMRP-containing ribonucleoprotein
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complexes were immunoprecipitated from mouse brain,

nearly 70% of the associated mRNAs contained sequences

predicted to form G-quartet structures [81]. Such strong

correlation argues for a role of this structure in identifying

the class of RNAs regulated by FMRP.

Alternative splicing of a number of genes is affected by

G-rich sequences in the pre-mRNA and regulatory roles in

vivo have been proposed. One of the most interesting

examples was discovered in the context of studying the

effects of G-quadruplex stabilizing drugs on telomerase

activity in cancer cells. Early in vitro experiments had

shown that stabilizing G-quartet structures in single-stran-

ded telomeric DNA could inhibit elongation by telomerase

[68]. It was therefore believed that the G-quartet stabilizing

compound 12459 caused telomere shortening and apoptosis

in a lung adenocarcinoma cell line by binding to the ends of

chromosomes and inhibiting telomerase. However, closer

examination revealed that the effect was largely mediated

by stabilization of G-quartets in the pre-mRNA of the cat-

alytic subunit of telomerase causing a shift in splicing

pattern such that an inactive form of TERT is produced

[82]. A G-quadruplex forming sequence in an intron of the

tumor suppressor gene p53 has also been shown to modulate

a shift to a splice variant of p53 that lacks the main trans-

activation domain [83]. To what extent G-quartet structures

are involved in regulating alternative splicing of TERT and

other genes in the absence of stabilizing compounds is

presently unclear, but the potential for modulating the

expression of many genes at this level is attractive.

Another potentially G-quadruplex forming RNA is telo-

meric repeat-containing RNA (TERRA) [84]. It appears that

the C-rich strand of telomeric DNA is actively transcribed

from several promoters within subtelomeric DNA and the

G-rich RNA product remains associated with telomeric

chromatin. As the complementary RNA was not detected,

one would expect TERRA to form quadruplex structures

unless prevented from doing so by interactions with proteins

or telomeric DNA. Telomeric RNA oligonucleotides have

been observed to form G-quadruplexes in vitro, but structural

studies using both NMR and crystallography have so far

revealed only parallel conformations in both sodium and

potassium, showing that such G-quadruplexes display con-

siderably less structural heterogeneity than their DNA

counterparts [85–87]. TERRA G-quadruplexes are also

considerably more stable than their DNA counterparts, at

least in potassium, due to the propensity of the 20 hydroxyl

groups to engage in an increased number of hydrogen bonds

[85, 88, 89]. There is some evidence that TERRA molecules

can form into G-quadruplexes in vivo; introduction of a

telomeric RNA oligonucleotide into HeLa cells enabled

detection of a compact structure at telomeres by fluorescence

resonance energy transfer (FRET) [90]. The role of this

structure in TERRA function remains to be determined.

Given the abundance of nucleic acid sequences that can

form G-quadruplex structures and the evidence supporting

their formation under physiological conditions, there is little

doubt that such structures form in vivo. There is also

accumulating evidence that numerous proteins interact with

G-quadruplex DNA and in some cases promote their

unfolding. An issue that has been far more difficult to

resolve is whether there is a positive regulatory role for

G-quadruplex DNA in biology. The presence of a specific

nucleic acid structure is inherently difficult to verify in vivo.

Intracellular transcription of G-rich DNA in E. coli has

been shown to produce loops of the non-template strand

containing G-quadruplex structures that are detectable by

electron microscopy [91]. Arguably the most direct evi-

dence for G-quadruplex DNA existing in cells is that

antibodies raised against G-quadruplex DNA label the

macronuclei of a ciliate [64, 92]. A concern often raised

about such experiments is that the reagent used for detection

may drive the equilibrium towards the folded form, thus

creating the very structure it is designed to detect. Never-

theless, Lipps and colleagues have used such antibodies in

an intriguing series of experiments aimed at dissecting

telomere structure throughout the cell cycle. Their work has

led to a model in which telomere end binding proteins

TEBP a and b actively stabilize G-quadruplexes for most of

the cell cycle. During S-phase, TEBP b is phosphorylated

and dissociates from the telomere. At the same time

telomerase is recruited and G-quadruplex structures are

resolved making the chromosome ends available for

extension by telomerase [93, 94].

Applications for G-Quadruplex Stabilizing

or Disrupting Compounds

In 1991, Zahler and colleagues demonstrated for the first

time that an intramolecular telomeric G-quadruplex could

not be extended by Oxytricha telomerase in vitro [68]. Based

on this finding, a substantial effort has been made to identify

synthetic and natural compounds that lock telomeric DNA in

a G-quadruplex conformation and thus impede telomere

elongation in vivo. Given the requirement for telomere

maintenance in the indefinite proliferation of cancer cells,

such molecules are promising candidates as anti-cancer

drugs. A large number of G-quadruplex-interacting ligands

from many chemical classes have been described [95, 96].

Those ligands which have been conclusively demonstrated

to inhibit telomerase in vitro include the 2,6-diamidoanthr-

aquinone BSU-1051 [97], the perylene diimide PIPER [98],

the porphyrin TMPyP4 [99], the trisubstituted acridine

BRACO19 [100, 101], bisquinolinium compounds such as

360A, 307A and the PhenDC series [100, 102, 103], and the

natural product telomestatin [100, 104].
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Telomestatin is one of the most well-studied G-quad-

ruplex ligands due to its ability to greatly stabilize

G-quadruplexes and its high specificity for these structures.

Telomestatin induces and specifically recognizes the

human intramolecular [105] antiparallel [106] G-quadru-

plex conformation. Telomestatin initially appeared to be a

very potent telomerase inhibitor in vitro with an EC50 value

of 5 nM [104], although this is now known to be at least an

order of magnitude greater [100]. Nevertheless, at rela-

tively low doses (B2 lM), telomestatin causes gradual

telomere shortening and growth arrest or apoptosis in a

large number of cancer cell lines [107–112], supporting its

use as a telomerase inhibitor in vivo. It has recently

become clear, however, that classical telomerase inhibition

is only part of the telomeric mechanism of action of telo-

mestatin and related drugs. Higher doses of telomestatin

(C5 lM) lead to proliferation defects within a time frame

that is too short for the effects to be explained by telomere

shortening [107, 110]. This effect is independent of the

telomerase status of the cells, and is likely due to direct

uncapping of the chromosome termini in tumor cells. There

are now several lines of evidence to support the uncapping

mechanism; namely, treatment with telomestatin has been

shown to cause degradation of the telomeric 30 G-overhang

[107, 110, 113], rapid dissociation of the telomere capping

proteins TRF2 and POT1 from telomeric termini [110, 113,

114], and an increase in DNA damage signaling at the

telomeres [113]. Other G-quadruplex stabilizing ligands

such as BRACO19 and the pentacyclic acridine RHPS4

also cause disruption of the protective telomere cap struc-

ture [115–118].

It was initially envisaged that telomerase inhibition by

G-quadruplex stabilizers would be a very specific cancer

therapy, due to the absence of active telomerase in most

normal tissues. A general effect on telomere structure rai-

ses the worrying possibility of toxic effects on normal cells.

Nevertheless, several of the aforementioned drugs show

good selectivity for cancer cell lines over normal cells, for

unknown reasons [110–112, 118]. This may be due to a

different telomere cap structure in normal versus cancer

cells, or the existence of intact checkpoint pathways; these

possibilities remain to be explored. This raises the exciting

possibility that G-quadruplex stabilizers will constitute a

specific cancer therapy that has the capability of over-

coming the time-lag required for telomere shortening to

occur.

Other considerations when evaluating potential telo-

mere-targeted drugs include their specificity for particular

G-quadruplex conformations, given the large number of

potential G-quadruplex forming sequences in the human

genome. For example, the porphyrin TMPyP4 interacts

with telomeric G-quadruplexes with a minimal degree of

specificity over its interaction with a G-quadruplex in the

promoter of the c-Myc oncogene [119, 120]. The cellular

effects of other ligands, however, are clearly mediated

primarily through the telomeres; for example, overexpres-

sion of telomere proteins TRF2 and POT1 rendered

xenograft tumors resistant to the effects of RHPS4 [118].

Furthermore, the implications of the extension of some

types of G-quadruplexes by telomerase are also unknown

[13]. While telomere-targeted G-quadruplex stabilizing

molecules are showing great promise as anti-cancer drugs,

their mechanisms of cellular action and the likelihood of

adverse effects on healthy, proliferating cells must be

further investigated prior to clinical use.

Methodologies Used to Study G-Quadruplex Structures

There are many simple techniques that can be used to probe

aspects of the structure of a G-quadruplex. Native gel

electrophoresis revealed early on that G-rich oligonucleo-

tides have an unusual structure that results in aberrant

migration on a non-denaturing acrylamide gel [5, 6], and

this remains an accessible and straightforward technique

to reveal the presence of a G-quadruplex. Intramolecular

G-quadruplexes have a compact structure and thus migrate

faster through a cation-containing gel than their linear

counterparts [8], while intermolecular G-quadruplexes

migrate slower due to increased molecular weight [6, 7].

Native gel electrophoresis is also invaluable in enabling

purification of G-quadruplexes, an important consideration

given the heterogeneity of structures that can form from a

single oligonucleotide [121].

Other techniques are required to verify that the aber-

rantly migrating structures contain G-quartets. Circular

dichroism (CD) spectroscopy is a convenient diagnostic

tool in this regard, and has the additional advantage of

being able to discriminate between G-quadruplex confor-

mations. In this technique, the sample is exposed to cir-

cularly polarized light; if there is a chiral species in the

solution, it will generally interact asymmetrically with the

light, with the asymmetry varying with wavelength.

Although it is difficult to predict a CD spectrum from a

structure, characteristic spectra corresponding to different

G-quadruplex conformations have been determined

empirically. Parallel-stranded G-quadruplexes show a peak

at 260 nm and a trough at 240 nm, while a peak at 295 nm

and a trough at 260 nm are diagnostic of anti-parallel

structures [122, 123]. The recently described ‘‘hybrid’’

structures formed from human telomeric oligonucleotides

(Fig. 2c) show a strong peak at 290 nm with a shoulder out

to about 270 nm, and troughs at 235 and 255 nm [28, 31].

Caution should be exercised when interpreting CD spectra,

however; not only will unpurified mixtures of G-quadruplexes

display spectra that may not be representative of their
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constituent conformations [18], but there are also exceptions

to the above generalizations for characteristic spectra. The

antiparallel human telomeric G-quadruplex in potassium

solution has a CD spectrum very similar to that of a hybrid

form, for example [34, 35], and a peak at 260 nm with a

trough at 240 nm can also be displayed by non-quadruplex

conformations such as duplexes, hairpins and single-stran-

ded DNA [124]. Another type of spectrum that can provide

a signature for nucleic acid structure is the UV thermal

difference spectrum (TDS), i.e., the difference in UV

spectra between the folded and unfolded states of a

nucleic acid [125]. G-quadruplexes have a distinctive

TDS [125], so combining data from a CD spectrum with a

TDS increases the likelihood of correctly identifying a

G-quadruplex.

If carried out over a range of temperatures, CD spec-

troscopy can also be used to observe melting of a

G-quadruplex and hence determine thermodynamic

parameters such as Tm, DH, and DG0, vital information

for comparing stabilities of structures [12, 122, 126].

G-quadruplexes also show changes in UV absorbance at

295 nm relative to their linear counterparts, so UV spec-

troscopy may also be used to derive thermodynamic

parameters that are reflective of G-quadruplex stability

[126].

One of the earliest techniques used to verify G-quartet

models of telomeric structure was dimethylsulfate (DMS)

footprinting [6–8, 127]. DMS methylates the N7 position of

guanine; subsequent treatment with piperidine breaks the

DNA backbone at methylated sites. Gel electrophoresis

allows visualization of the length of the cleaved fragments.

In a G-quadruplex the N7 is hydrogen bonded and protected

from methylation (see Fig. 1), resulting in little or no

cleavage at the guanines involved in G-quartets [128].

A powerful recent method for probing G-quadruplex

conformation and dynamics is single-molecule FRET

[129]. In FRET, the oligonucleotide to be folded into a

G-quadruplex is labeled with a donor and an acceptor

fluorophore. Upon folding of the DNA, the donor fluoro-

phore transfers its energy to the acceptor, with an effi-

ciency that depends on their distance apart and relative

orientation. By performing FRET on a dilute solution or a

surface-immobilized sample, and capturing the resulting

energy emission with a confocal fluorescence microscope,

the dynamics of folding of a single-molecule can be

observed; this removes the need to average the signal from

a population of non-synchronously folding molecules,

allowing sensitive dynamic analysis [130]. Application of

this technique to the human intramolecular telomeric

G-quadruplex has revealed that two conformations coexist

in solution in both sodium and potassium buffers, and each

conformation can be further divided into long-lived

(minutes) and short-lived (seconds) species [16, 17].

The above methods provide a wealth of information

about G-quadruplex behavior and conformation, but in

order to determine precise molecular structures high-reso-

lution techniques such as nuclear magnetic resonance

(NMR) and X-ray crystallography are required. NMR first

revealed the strand orientations and loop configurations of

several telomeric G-quadruplexes and led to high-resolu-

tion structures [26, 131–135]. X-ray crystallography was

also successful in generating high-resolution structures

[136, 137]; there are now more than 30 reported structures

of G-quadruplexes, some with resolutions less than 1 Å. In

some cases, structures of the same molecule solved using

both techniques differ either subtly [132, 136] or quite

dramatically [27, 134]. It is likely that this is a result of the

molecular crowding conditions introduced by crystalliza-

tion. Which technique better represents the in vivo situa-

tion is equivocal, and further advances in technology will

be needed to determine the true structure of G-quadru-

plexes within living cells.
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