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ABSTRACT Our dimethyl sulfate modification experi-
ments suggest that (dG). stretches within single-stranded DNA
fragments, which represent the simplest model for telomeric
sequences, adopt a complex intrastrand structure other than a
simple hairpin. We present a molecular model for the DNA
structure that conforms to dimethyl sulfate methylation data.
The principal element of this G-DNA structure is a quadruple
helix formed by pairwise antiparallel segments of the twice-
folded (dG). stretch. This quadruple core has two wide and two
narrow grooves connected by three loop-shaped segments. The
strong stacking interactions of the neighboring guanine tetrads
and the large number of hydrogen bonds formed can be the
primary reasons that such structures are favored over a
common hairpin for long (dG). stretches. Such compact struc-
tures may be formed from (dG). stretches of telomeric se-
quences.

A number of unusual DNA structures (cruciform, Z form, H
form) have been shown to form within a variety of specific
sequences (for reviews, see refs. 1-3) and at the present time
are being investigated for biological relevance in several
laboratories. Under normal conditions the B form is the most
favorable thermodynamically (4-6). Transitions to alterna-
tive conformations require specific external conditions, su-
percoiling being among the most physiological. Hence, it is
not surprising that most alternative DNA forms have been
investigated in closed circular DNAs under superhelical
stress. An entirely different situation is realized at the ends
of chromosomes, where a special enzyme-telomerase (7,
8)-extends the 3' end by adding (dG)"-containing sequences
repeated many times. These single-stranded ends are reputed
to be capable of forming hairpin-like structures stabilized by
hydrogen bonds between guanines (9). These structures are
believed to play the leading role in chromosome-end repli-
cation models (10).
The simplest model for DNA enriched in (dG)" regions is

simply oligo(dG). We have constructed plasmids pPG37 and
pPG27, which contain (dG),-(dC)" inserts at the Pst I site of
pUC18 with n = 37 and 27, respectively. It has been found
(11) that, after the short insert-containing restriction frag-
ments have been denatured, the (dG),- and (dC)Q-containing
strands renature much more slowly than do those of arbitrary
sequence. In addition, the (dG)n strand has an abnormally
high mobility in polyacrylamide gel electrophoresis (PAGE)
(11). These data argue in favor of the existence within
(dG),-containing single-stranded fragments of an intrastrand
structure (G structure) stabilized by formation of hydrogen
bonds between guanines. In this paper we describe the results
of methylation experiments on the oligo(dG)-containing frag-

ments, and present a computer model that explains the
unusual methylation pattern obtained for this single-stranded
DNA.

MATERIALS AND METHODS
Sample preparation and details of the experiments are de-
scribed at length elsewhere (11) and will only be summarized
here. Plasmids pPG27 and pPG37 were cleaved with EcoRI,
3'-end-labeled with the Klenow fragment of DNA polymer-
ase I, and cleaved with HindIII, yielding shorter (dG),-
containing fragments of length 52 + n base pairs, which were
isolated by preparative gel electrophoresis. The fragments
with the inserts (about 2 ng in 10 p.l) were denatured in 10 mM
Tris HCl, pH 8.0/10mM NaCl/1 mM EDTA by incubation at
100'C for 1 min. Samples were quickly chilled and loaded on
a nondenaturing polyacrylamide gel. The band corresponding
to the (dG),-containing strand was extracted from the gel and
methylated by the method of Maxam and Gilbert (12).
Samples were analyzed on an 8% polyacrylamide gel con-
taining 8.3 M urea at 60°C. Autoradiographs were scanned
with an Ultroscan densitometer (LKB) conjugated with an
IBM PC/XT via a GS software package (U.S.S.R.).

RESULTS AND DISCUSSION
Methylation Data. The simplest folded model for the

poly(dG) chain would be a hairpin stabilized by Hoogsteen-
like G-G pairs. (See ref. 13 for a review of base-pairing
schemes.) In this case, one (dG), arm of the hairpin should
be protected against dimethyl sulfate methylation at its N7
positions because of base pairing. This is exactly what was
observed in sequencing a single-stranded (dG)23 stretch from
the sea crab genome (14). However, the G-structure meth-
ylation pattern for longer stretches- (dG)27 and (dG)37-is
more complicated (Fig. 1). Clear maxima and minima of
modification are seen against the background of general
diminution of peak amplitude associated with overmodifica-
tion (more than one dimethyl sulfate modification per frag-
ment). The maxima between extremities are positioned at
one-quarter, one-half, and three-quarters ofthe way along the
insert. This suggests that the (dG), strand is bent in three
places, with three exposed and methylated loops. The fact
that all four segments flanking the loops are simultaneously
protected against methylation at their N7 positions can only
mean (15) that these loci are shielded by formation of
Hoogsteen-like hydrogen-bonded tetrads (16, 17) like that
shown in Fig. 2. But in any event, the similarity of disposition
of maxima and minima for the (dG)27 and (dG)37 oligomers
shows that these two share a common structure, whatever
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FIG. 1. Distribution of guanine methylation within the (dG)27 (A)
and the (dG)37 (B) inserts, which form a complex intramolecular G
structure within single-stranded restriction fragments. Nucleotide
numbers are shown. According to our model, the three peaks
(marked by arrows) between the extremities, corresponding to
terminal guanines, correspond to three loops in the structure. Elec-
trophoretic experiments with labeled restriction fragments carrying
the (dG),, stretches (11) clearly indicate the absence of multistranded
complex formation, since these fragments migrate in PAGE much
faster than ones carrying (dC), stretches or the native duplexes
carrying (dG),,.(dC),,.

that might be-a structure that is different than that for
(dG)23-

Molecular Model of G-DNA. One simple way of achieving
this pattern offour protected stem regions and three exposed
loops is illustrated in Fig. 3. The simple hairpin now is
doubled back on itself to build a fourfold helix, with adjacent
chains around the helix running in opposite directions. We
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FIG. 2. A G4 tetrad with Hoogsteen-like hydrogen bonding
between guanines. Dashed lines show hydrogen bonds. N7 atoms are
in black. Glycosyl bonds are shown in the alternating syn-anti
conformations that would be expected in hairpin structures (9, 18).
Hence, the fourfold symmetry of the bases is reduced to twofold
symmetry overall.
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FIG. 3. A straight deoxyoligonucleotide chain with regions of
oligo(dG) (A) can be folded back into a hairpin (B), and the hairpin
can be folded once more to build a four-chain alternating antiparallel
helix (C). We propose similar structures for a telomeric sequence. (A)
The single-stranded end after telomerase grafting [(dG),, stretches are
shaded]. (B) Folding into a hairpin with Hoogsteen-like G-G pairs. (C)
Convolution into a compact structure with formation of quadruple
helix between the (dG),, stretches.

have constructed a molecular model based on this folded
hairpin for a (dG)27 oligomer (Fig. 4). The core of the model
contains 16 guanines forming a helix of four tetrads (Fig. 2),
and each of the three loops 1-3 contains three unpaired
guanines. The base tetrad itself possesses fourfold rotational
symmetry, but this is degraded to twofold symmetry by the
sugar-phosphate backbone. The strands of that backbone
(Fig. 4A) run in opposite directions past any two adjacent
hydrogen-bonded guanines in a tetrad in accordance with the
folded-hairpin model.

This antiparallel sense of adjacent chains around the four-
fold helix requires that the glycosyl bonds of adjacent chains
have opposite conformations: syn vs. anti, in long helices. To
see this, consider in isolation only the bottom two bases ofthe
tetrad drawn in Fig. 2, and imagine that the lower left guanine
were rotated 1800 about its glycosyl bond to make a purine-
purine Watson-Crick-like base pair. The conformation then
would be anti about both strands of this double helix, as is
required in any antiparallel double helix whose backbone is
not reversed intermittently as in Z-DNA. This symmetry
argument is also corroborated by calculations (18, 20) and by
NMR evidence on real hairpins (9).
The sugar-phosphate chains adjacent to the guanine core

were constructed via computer simulation in a manner that
avoided overlap of nonbonded atoms. Since each of the four
coupled bases lies significantly off the helix axis, the con-
formation of the chains resembles A-form DNA rather than
B (21). The three loop segments were generated by small
variations in the torsional angles, starting from the confor-
mation of the rest of the chain. To improve the internal
energy, the structure thus obtained was put through the
X-PLOR molecular dynamics refinement programs (22), which
simulate heating the structure and cooling again with subse-
quent minimization. This treatment produced the final model
presented in Fig. 4, in which all van der Waals contacts and
hydrogen bond lengths are acceptable.
The alternation of syn and anti glycosyl bonds in the

quadruple core of the structure produces two narrow and two
wide grooves. The narrow grooves are capped by loops 1 and
3 at the bottom of Fig. 4 B and C, and the wide grooves are
capped by loop 2 and by the two free ends of the chain at the
top ofeach part of Fig. 4. It is possible that the unpaired bases
of loops 1 and 3 can form short-lived hydrogen-bonded
interactions, furnishing a small additional measure of meth-
ylation protection that could account for the central methyl-
ation maximum in Fig. 1 being relatively higher than the two
neighboring maxima (taking into account the overall drop in
peak intensity from left to right).

Earlier proposals for quadruple helices based on G-G-G-G
tetrads considered only parallel chains (15-17) because only
in this manner could all glycosyl bonds be kept in the
energetically favored anti form. This advantage must be
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helix core. (A) Backbone chain

Ad only, illustrating folding analo-
gous to that in Fig. 3C. (B) Full

2 G-DNA structure, with four
stacked G4 tetrads, in a view into
one of the two wide grooves.
The three external loops are
numbered. Unpaired guanine
bases in these loops are omitted
for clarity. The 16-guanine-base
core is consistent with fiber dif-
fraction data for tetrads with
parallel chains (19); these bases
were held fixed during computer
optimization. Twofold symme-
try also was maintained for the
structure with the exception of
central loop 2. One unpaired
guanosine should be added to
each end of the chain to obtain a
model for the full (dG)27. (C)
View 900 to the right, looking
into one of the two narrow

3 \g 3 grooves. The width of this
groove is quite sensitive to the
particular values of electrostatic
terms chosen for energy refine-

C ment.

abandoned if one is to build the helix from once-folded structure is favored over the common hairpin for the (dG)27
hairpins or twice-folded tetra-chain structures. This folded oligomer because of strong stacking interactions between
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neighboring G4 tetrads, and because of the increased number
of hydrogen bonds: 32 as compared with only 22 in a hairpin.
The extra stabilizing contribution of these factors will in-
crease with the length of the (dG)" stretch. One destabilizing
factor is the number of unpaired bases in the loops: nine in
three loops for the tetrad vs. about three in one loop in the
hairpin, but the significance of this decreases with longer
(dG)" stretches.

Implications for Telomeres. It should be noted that G-
structure formation in a long single-stranded (dG)n stretch in
solution does not require any extra stabilizing factors: acid
pH, high salt, etc. Apparently, under certain conditions this
structure is also typical of a series of other (dG)"-containing
sequences. Guanine-rich DNA segments are frequently
found in eukaryotic genomes. Such segments with regularly
repeated (dG), stretches have been found in all telomeres
studied so far (23, 24). Fig. 3 shows a plausible folding of a
telomere sequence like poly(Gn Nm), where N is any nucle-
oside. One can speculate about the possible biological func-
tion of such structures. For example, because of the inability
of a folded G-DNA region of oligomer to form hydrogen
bonds with another strand, G-DNA might help to control
recombination of chromosome ends. It is also possible that
studying the formation of a structure like this will be helpful
in creating the best model for the replication of telomeres.
Models such as this are valuable as stimuli to further

research. An oligomer containing (dG)" stretches has re-
cently been synthesized at the University of California, Los
Angeles for x-ray and NMR studies in collaboration with Juli
Feigon and Kazimierz Grzeskowiak.

Note Added in Proof. While this paper was in press, two additional
lines of evidence have appeared that suggest formation of a similar
antiparallel quadruple helix within telomeric sequences of Oxytricha
and Tetrahymena (25, 26). These results support our conclusion that
the G-DNA structure adopted by oligo(dG) also is typical of a series
of other (dG)"-containing sequences, including biologically signifi-
cant ones.

We thank Mary Kopka for useful discussions and Kazunori Yanagi
for consultations regarding refinement.
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