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The sequence d(GGGGTTTTGGGG) from the 3’ over-
hang of the Oxytricha telomere has been crystal-
lized and its three-dimensional structure solved to
2.5 A resolution. The oligonucleotide forms hair-
pins, two of which join to make a four-stranded
helical structure with the loops containing four
thymine residues at either end. The guanine
residues are held together by cyclic hydrogen bond-
ing and an ion is located in the centre. The four
guanine residues in each segment have a glycosyl
conformation that alternates between anti and syn.
There are two four-stranded molecules in the
asymmetric unit showing that the structure has
some intrinsic flexibility.

TELOMERES are located at the ends of chromosomes and con-
tain DNA with specialized sequences. They have an essential
role in maintaining the stability and integrity of chromosomes
(reviewed in ref.1). The sequences are made up of short nucleo-
tide repeats and characteristically have a G-rich and a C-rich
strand. Sequenced telomere ends have two repeats of the G-rich
strand which overhang at the 3’ end™ and they have unusual
properties*”’. For example, in the macronucleus of the ciliated
protozoan  Oxytricha, telomere ends form cohering
structures*>%, Several models have been proposed for the three-
dimensional structure of the G-rich strand of telomers®''. These
models generally involve four guanine bases that are hydrogen-
bonded to each other in a cyclic fashion (G-quartet). The origin
of these models stems from experiments over 30 years ago in
which the structure of fibres of polyinosinic acid was studied"?.
The fibres had a diffraction pattern consistent with the formation
of three-stranded or four-stranded molecules in which the cen-
tral bases form cyclic hydrogen bonds. Polyinosinic acid was
later shown to be four-stranded'*'*. A similar system of cyclic
hydrogen-bonding of four guanine bases was used to interpret
the stable gels formed by monomeric guanylic acid"®, as well as
polyguanylic acid'*'*. When guanine is used, eight hydrogen
bonds are thought to stabilize the structure at each level of the
helix. Structures of this type have also been proposed to be
important in meiosis in regions of the chromosomes where there
are stretches of G residues with four guanine strands parallel
to each other'®.

Experiments dealing with the G-rich telomere sequences have
led to the proposals that they can form four-stranded structures
in which the two repeats of the 3'-terminal G strand are formed
into hairpin-like structures which combine to form quartets of
bases®!'. These models were based on an analysis of gel elec-
trophoretic patterns, chemical modifications and ultraviolet-
induced crosslinks. But until now there have been no single
crystal X-ray analyses of any structure containing four guanine
bases hydrogen-bonded in a cyclic fashion.

The 3'-terminal overhang of Oxytricha has the sequence

126

d(T,G,), (ref. 4). We have synthesized d(G,T,G,), crystallized
it and solved its three-dimensional structure. This telomeric
sequence forms a complex containing two d(G,T,G,) molecules
held together by cyclic hydrogen bonding of four guanines. The
two thymine tracts form loops found at opposite ends of the
motlecule, and a potassium ion is located at the centre of the
quartets of guanine bases. Unlike the proposed models, however,
the stretches containing guanine residues alternate in syn and
anti conformation in agreement with nuclear magnetic reson-
ance (NMR) experiments'’ ',

Crystallization and structure determination

Many G-rich telomeric sequences were synthesized (Applied
Biosystems Model 380B), but the most promising crystals were
obtained with d(G,T,G,) from Oxytricha. The space group was
P2,2,2,,a=2773 A, b=49.57 A,c =97.27 A. There is room for
four d(G,T,G,) strands in the asymmetric unit. The structure
was solved by molecular replacement and a Patterson correlation
refinement’® using four-guanine quartet models with alternate
chains running in various directions both right- and left-handed.
The right-handed coordinates were mostly derived from those
of Zimmerman®' with modifications in that alternate strands
had either all anti or all syn conformation of the guanine
residues. The right-handed conformation produced two sig-
nificant solutions. These two positions were related by a pseudo
2-fold axis identical to the solution of the self-rotation search.
After rigid body refinement of this partial model, difference
maps were constructed which made it possible to trace the loops
of the four thymine residues which were found on opposite ends
of the G-quadruplex. Molecular replacement and simulated
annealing refinement were done with the program X-PLOR*
and graphics with FRODO?®*. Omit maps were made to deter-
mine chain polarity and glycosyl conformation. After restrained
individual temperature factors were refined, a number of ions
or solvent molecules were located. The final structure contained,
in addition to the four strands of d(G,T,G,), 160 ions or solvent
molecules, including spermines. Crystallographic data and
refinement statistics are presented in Table 1 and full details
will be published elsewhere. The coordinates have been
deposited in the Brookhaven Protein Data Bank.

Views of the telomeres

Each strand folds back on itself forming an intramolecular
hairpin stabilized by G - G base pairs®. Two of these hairpins
associate together in an anti parallel manner to form a stack of
four guanine quartets, with thymine tract loops at each end of
the molecule. The loops join the two G tracts on the same side
of the quartet rather than across the diagonal. The structure has
two wide and two narrow grooves. The latter are formed by the
two 5’ ends of the molecule or the two 3’ ends (Fig. 1). The
numbering scheme that was used is shown in Fig. 2. In number-
ing the residues, we have taken the first guanine residue at the
5’ position to be the one closest to the pseudo 2-fold axis. There
are two molecules A and B and the numbering system is shown
in Fig. 2. Molecules A and B are joined together by a symmetric
pair of hydrogen bonds from the 3’ OH of G12 and G42 to
phosphate oxygens of G42 and G12, respectively. The proximal

NATURE - VOL 356 - 12 MARCH 1992

© 1992 Nature Publishing Group



ARTICLES

TABLE 1 Refinement summary

Resolution (A) 10.0-391 313
Possible 1,303 1,228
Measured (alit) 1177 1,163
(1o%) 1139 1,061
(20) 997 780
R-factor* (%) (1o) 26.3 21.2
(20) 230 16.5

275 2.50 2.30 Total
1,209 1,203 1379 6,322
963 905 755 4963
713 621 451 3985
332 244 118 2471
232 239 247 238
17.3 176 193 195

Owing to the pseudo 2-fold axis parallel to the y axis and the resultant pseudo centering, a large proportion of the reflections are_weak. We have not
used non-crystallographic symmetry constraints between molecules A and B in the refinement. R.m.s. deviation of bond distance: 0.016 A, bond angle: 3.99°.

* R-factor=Y |Fo—F.|/Y |Fl-
T All: above zero data.
f o:based on .

thymine loops of molecules A and B are close to each other
and several ions are found interposed near the pseudo 2-fold
axis. The helical axes of molecules A and B are oriented 125°
from each other. A and B have very similar structures and the
best molecular fitting between them gives an r.m.s. deviation of
148 A. Comparison of the G-quartets alone has an r.m.s. devi-
ation of 1.29 A. Thus the largest differences between the two
molecules was found in the organization of the thymine
loops.

The distribution of electron density and the position of
guanine residues in the first and second planes of molecule B
is shown in Fig. 3a. The cyclically bonded guanine residues do
not form a completely square array, but are slightly distorted.
This is less so for the second and third planes, which may be
associated with the presence of an ion located between them as
discussed below. Because of the distortions from a square array

FIG. 1 Stereo view of the
Oxytricha telomere struc-
ture looking down the
pseudo 2-fold axis parallel
to the y-axis. The upper
molecule is designated A
and the lower B. It can be
seen that the molecule
has grooves that are wide
and grooves that are nar-
row between the sugar
phosphate backbones.
The narrow  grooves
shown here contain the
two 3' ends of the
molecules. Crystals were
grown by vapour diffusion
using the hanging drop
technique from a solution
that contained 1mM
oligonucleotide, 10 mM
MgCl,, 6 mM  spermine,
40mM  KCI, 20mM
potassium cadodylate
buffer (pH7.0), 5% 2-
methyld-2,4-pentane-diol
(MPD) equilibrated with a
reservoir of 40% MPD.
three-dimensional  X-ray
diffraction data were col-
lected to 2.3 A resolution
using  the  muitiwire
Xuong-Hamlin area detec-
tor at the UCSD Research
Resource.
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in some planes, several hydrogen bonds are three-centred or
bifurcated.

The core of the molecule consists of four stacked G quartets
with a mean spacing of 3.5 A. Figure 3b shows a projection of
molecule A viewed in its electron density showing the four
planes of the quadruplex as well as three of the four thymine
residues in the loop. The disposition of sugar phosphate chains
in electron density are shown in Fig. 4. Rounded segments of
electron density found between the chains are solvent molecules
or ions. Inspection of the guanine residues attached to the chain
shows the manner in which they alternate in syn and anti
conformations. Figure 2 lists the conformation of the glycosyl
bonds, either anti (A) or syn (S). Glycosyl torsion angles are
also listed for the guanine residues in both chains. The mean
difference in the glycosyl angle of corresponding bases in
molecules A and B is 23°.
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FIG. 2 The numbering system of the A molecute in the Oxytricha telomere
structure. G1 is the 5" end of one strand closest to the pseudo 2-fold axis.
G1-G12 is one strand, G13-G24 is the other. Next to each guanine residue,
S indicates syn and A indicates anti conformations around the glycosyl
bond. Molecule B (not shown) is numbered G30-G42 in one strand, G43-G54
in the other. The two numbers next to the guanine symbols show the glycosyl
torsion angles for the base. The number in parenthesis refers to the B
molecule. The narrow grooves have either the 3’ ends or the 5 ends of
both strands. The asterisk next to G1 at the 5’ end indicates that its sugar
is in a high syn conformation because of hydrogen-bonding.
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FIG. 3 The organization of guanine bases in the quadruplex.
a, Four bases from the first two planes of the B molecuie
are shown in their electron density together with the system
of cyclic hydrogen-bonding with bond lengths. Some hydrogen
bonds are three centred as shown. The four guanines in the
first plane (left) are arranged in an array that is not as square
as the second plane (right). The electron density net is a 2
Fo—F.map plotted at 1.0 0. b, A cross-section of the Oxytricha
telomere stucture of molecule A at right angles to the G
quartets. The bases are shown in their electron density nets
calculated at 1.0 o. Although the quartets are largely planar,
there is some buckling of the bases. Stacking found in the
central four G quartets is continued into some thymine
residues of the loop sequence. Bases T6 and T18 are oriented
parallel to the base stacking planes but are not close enough
to give effective base stacking. ¢, Diagram of the four residues
G1-G4 viewed perpendicular to the base planes. Guanine
bases 2 and 3 are stacked on each other.
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Unlike the proposed models, the guanine conformation along
the chain alternate in syn and anti. Some of the explanation for
this may be associated with a particularly stable interaction that
is found between the bases in the two planes that have an anti
followed by syn linkage. All of the four chains are similar in
this regard and Fig. 3¢ shows a view normal to the four guanine
residues in one strand. The second and third guanine residues
overlap; the six-membered rings lie on top of each other and
the 2-amino groups lie on top of the imidazole rings. There is
considerable base stacking between planes 1 and 2 and planes
3 and 4, even though it is not as great as that found between 2
and 3. The average rotation angle between the guanine quartets
is 28°.

An axial ion in the quadruplex

In the electron density map there is a peak located in the centre
of the four guanines between levels 2 and 3 in both molecules.
An omit map was calculated in which the central peak was not
included, and the results are shown for molecules A and B in
Fig. 5. The peak is slightly off-centred, somewhat closer to level
2 rather than level 3. There is a strong likelihood that this is a
potassium ion in an axial position. An axial ion was initially
postulated from early studies with guanylic acid gels®* and
polyinosinic acid®. Note that the potassium ion is not well
defined. When lower resolution data are included, a column of
electron density is found filling the region between these two
planes. Thus the potassium ion appears to be disordered in this
central location.

Flexibility in the molecule

The guanine residues in the quartet planes generally fit in one
plane with a small amount of buckling. But a significant excep-
tion to that is found in residue G23 as well as its pseudo
symmetry-related G53, which are buckled roughly 25° from the
plane of the other three guanine residues. The buckled residues
are still in hydrogen-bonding distances of the other two guanines
in the quartet. Two factors seem to be invoived in stabilizing
the buckling. The N2 group of G53 (also 23) is hydrogen-bonded
to the imidazole N7 of G40 (also 10) in the normal quartet. But
its N2 is also in hydrogen-bonding distance of N3 of guanine
39 (also 9) immediately above it. Thus there is a three-centred
hydrogen bond from N2 of G53 (and 23) to two guanine residues
in both the third and fourth quartet level. In addition, an ion
or solvent molecule is coordinated to the phosphate oxygen of
P53 (and 23) and P39 (also 9), both of which have rotated
somewhat towards the narrow groove. That ion is also coordin-
ated to N2 of G53 (and 23) as well as to a fourth ion or solvent
molecule. The N2 amino group of G53 (and 23) is thus involved
in both three-centred hydrogen bonds as well as a coordination
interaction.

There are two places in which the molecules are in close van
der Waals contact with other molecules in the lattice. These
close contacts could be related to some of the distortion seen
in the molecule and it could also be responsible for the buckling
of the bases. Buckling is frequently found in double-stranded
nucleic acids, and in the case of the nogalamycin-DNA complex,
a G - C base pair has a 26° buckling while still hydrogen-bonded
together®®.

Figure 5b shows the side of molecule A with the 5’ end narrow
groove in front. The terminal phosphates are rotated towards
the narrow groove in a conformation different from that found
in the other phosphate groups in the groove. Thus phosphate
of G2 is hydrogen-bonded to the N2 of G15, whereas phosphates
14 and 44 are hydrogen-bonded to N2 of G3 and 33, respectively.
This accounts for the marked narrowing of the groove on the
5" side of the molecule. This type of phosphate hydrogen-
bonding to amino groups is also found in the structure of
polyadenylic acid?’.
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Loop conformation differences

The conformation of the four loops is best illustrated in Fig. 5,
which shows two different sides of the two molecules. The loop
conformations differ somewhat from each other, but there is a
general organization. The first and fourth thymine bases in the
loops are loosely stacked on the guanine quartets (3.7 A), but
are not in hydrogen-bonding distance. Instead, hydrogen-
bonding bridging water molecules are found between the first
and fourth base in three loops. The second thymine residue is
aligned largely parallel and overlapping the first thymine
residue, but at a spacing (4.1 A) which is somewhat greater than
found in normal stacking (Fig. 3b). The second thymine is
intercalated between the third and fourth thymine and one (T6)
makes a hydrogen bond with the phosphate group between the
third and fourth thymine. At the apex of the loop, the third
thymine residue is found in different orientations. The tem-
perature factors (B) are significantly larger for the thymine
residues than for the guanine residues, indicating significant
loop mobility. Of the 16 thymine residues in the four loops, one
residue, T38, appears to be in the syn conformation, whereas
all of the remaining 15 residues are in anti. One ion is observed
in all of the loops, positioned between the phosphates of the
second and third thymine residues. These phosphates are close
to each other because the chain makes a sharp turn at that point
and the ion stabilizes this close interaction.

There are small but significant differences when comparing
the conformation of molecule A and molecule B. The greatest
difference is found near the 5’ end of one strand where phosphate
3 in molecule A is rotated into the narrow groove hydrogen
bonding to the 5’ hydroxyl group of residue 13. But phosphate
33 in molecule B is rotated in the opposite direction into the
wide groove where it hydrogen bonds to N2 of G32 in the second
guanine plane. Phosphate 2 in molecule A is rotated into the
narrow groove where it hydrogen bonds with N2 of G15 as
mentioned above. But phosphate 32 in molecule B points out
and is not involved in back hydrogen-bonding to the guanine
residues. These conformational differences between molecules
A and B reinforce the impression we have about the flexibility
of the telomeric structure.

Discussion

This structure demonstrates that two Oxytricha G-rich strands
can associate to form a G-quadruplex as a structural motif. This
organization is generally consistent with models that have been
proposed for telomere four-strand structures®''. Unlike the
models, however, the sugar phosphate backbone has an alternat-
ing syn-anti conformation. Three guanine-containing molecules
with G tracts capable of forming quartet structures, including
one with the sequence studied here, have been studied by
NMR'"'°. These have all identified alternation of anti and syn
conformation and our findings in this structure are consistent
with those studies.

This is the second DNA structure found using alternating anti
and syn conformations. In left-handed Z-DNA, the residues
alternate in anti and syn conformations, with purine residues
generally in syn conformations®®. In the present structure, the
purine (G) residues adopt both syn and anti conformations.
But the reasons for adopting alternating syn and anti conforma-
tions are not the same in the two structures. A four-stranded
guanine model has been proposed in meiosis'®. In that model,
all four strands are parallel and the conformation of its backbone
remains to be determined.

The stabilization between levels 2 and 3 in both molecules
has several factors contributing to it. (1) The presence of the
potassium ion between these levels; (2) the stacking overlap
between guanine residues on the same chain (Fig. 3¢); (3) the
hydrogen-bonding between the guanine N2 groups in levels 2
and 3 (for example G3 and G15) to phosphate groups near the
5’ end of the chain (P14 and P2) which are rotated into the
groove to form hydrogen bonds; (4) an intricate system of
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FIG. 4. Stereo view of the
sugar phosphate backbone
in an electron density net
calculated at 0.90. The view
shows part of the narrow
groove of the A molecule
with phosphates 10 (upper)
and 11 on the left, phos-
phate 22 on the right.
Rounded segments of elec-
tron density not connected
to the molecule represent
ions or solvent molecuies.

FIG. 5 The structure of the two Oxy-
tricha telomere molecules in the asym-
metric unit is shown together with an
(Fo—F,) omit map in the central region
between planes 2 and 3. The contour
level of 2.5 o is red and 3.5 o is blue.
a, Molecuie A is shown with the narrow
groove containing the 3’ ends of the
molecule at the front. b, Molecule B is
shown with the narrow groove contain-
ing the 5’ ends at the front. The phos-
phate at the 5’ ends of both chains is
missing and this narrow groove
appears shorter than the groove on the
other side of the molecule. In both A
and B, the proximal end of the molecule
closest to the pseudo 2-fold axis is at
the top.
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hydrogen-bonding and solvent or ion coordination. In the
dimethylsulphate methylation protection experiments of
Williamson et al’, an Oxytricha telomere model was proposed
with only two G-quartets in potassium solutions because
only levels 2 and 3 gave complete methylation protection,
whereas levels 1 and 4 had much less. It is probable that this
result is due to the stabilization between levels 2 and 3 cited
above.

The arrangement of the thymine-loop structures is generally
similar to a four-base-loop structure deduced from NMR
studies®®. The high-temperature factor and varied conformation
of the thymines in the third position may be correlated with the
fact that Williamson et al’® found a photochemical crosslink
between two loops in a telomeric construct in which two loops
were present at the same end of the molecule. The crosslink
formed between two thymine residues in the third position. The
varied positions of these thymine residues might facilitate form-
ing this photo crosslink.

Existence of four-stranded guanine complexes has not been
established in vivo. In Oxytricha, the DNA fragments in the
macronucleus have telomere ends with two repeats of d(T,G,)
overhanging on the 3’ end®. It has long been recognized that
these ends form a cohering structure in vitro, under conditions
close to physiological®>®. This structure could be the basis for

FIG. 6 A schematic diagram illustrating the manner in which the Oxytricha
telomere structure may link together two DNA molecules or two chromo-
somes. The shaded squares represent the G quadrupliexes and the solid
dots represent the thymine residues. Small dots are also added for the four
thymine residues immediately adjacent to the DNA duplex which are not
found in the structure determined.

a linear assembly of the DNA fragments in the Oxytricha
macronucleus. Using the structure that we have found here, the
organization of different DNA fragments held together by the
cohering telomeres is shown diagrammatically in Fig. 6. This
shows that two DNA strands come together at opposite ends
of the quadruplex structure and the two telomeric repeats at the
3" end of d(T,G,) are folded as in the crystal. This model has
been drawn to illustrate the manner in which the Oxytricha
quartet could hold DNA molecules together; however, it could
be used for holding two chromosomes together in other systems
because there appears to be a common sequence organization
found in all telomeres examined.

Although we have focused on telomere organizations, the
structure visualized here could also have other biological roles.
For example, in sister chromatid exchange, a segment of the
two sister chromatid genomes containing two short G-tracts
separated by other bases could form a transient four-stranded
structure of this type. Its stability would compensate the fact
that the normal DNA duplex must undergo strand separation
for this to form. But it could be a feature of chromatid alignment.
In asimilar way, this structure could also be important in keeping
two identical polynucleotide chains together, as for example in
the two copies of the RNA genome present in all retroviruses,
including human immunodeficiency virus*". O
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