


Proc. Nati Acad ScL USA 92 (1995) 3875

F222, yielded cell dimensions of a = 59.05, b = 81.21, and c =
26.75 , thus showing a deviation of up to 1.5% in cell axis
length. Consequently, the Harker sections of the difference
Patterson map of d(TAACBrCC) were noisy and difficult to
interpret because of the lack of isomorphicity. Recently, we
solved the crystal structure of d(C3T) at 1.4-A resolution (11).
In an attempt to solve the structure of d(TAACCC) by
molecular replacement, we used the four-stranded C3 part of
d(C3T) as a starting model and added bromine to the central
cytidine base at position 5. Rotation and translation search
with this model at various resolution ranges of the d(TA-
ACBrCC) diffraction data always led to the same orientation
of the molecule in the lattice, clearly indicating that the
asymmetric unit contained two strands of d(C3) arranged as a
parallel duplex involving C-C+ base pairs stacked at -6.4-A
intervals. The position of the molecule showed an orientation
of the helical axis parallel to the diagonal of the crystallo-
graphic a/c-plane in accordance with the predominant Patter-
son pattern. After several cycles of rigid-body refinement of
two strands of d(CBrCC) using 12- to 2.7-A data, the difference
map allowed us to identify most of the missing parts of the
molecule. After we fit in the remaining residues, we carried out
simulated annealing refinement, leading to an R factor of 24%

with data between 12 and 1.85 A above the lto level (based on
F.). At this stage, we switched to the native data and per-
formed rigid-body refinement followed by positional and
individual temperature-factor refinement. During the entire
process of refinement, no constraints were applied. The R
factor of the current model is 19% for 2122 reflections above
the lo, level (based on FO) between 12- and 1.85-A resolution.
The free R factor (17) value based on a random 10% subset of
the reflections is 24%. The rms deviation is 0.03 A for bonds
and 4.0° for angles based on the nucleic acid dictionary of
XPLOR (18). Thirty-six water molecules were included in the
structure.

RESULTS
The oligonucleotide d(TAACCC) crystallizes in the ortho-
rhombic space group F222, and the crystals diffract to 1.9-A
resolution. There are two strands in the asymmetric unit, and
in Fig. 1 symmetry-related strands are numbered identically
except for the asterisks. The center of the molecule (Fig. 2
Upper) shows that the three cytosines in each of the four chains
are organized into an intercalation motif (8). At the top and
bottom, the 5' TAA sequences have two different conforma-

FIG. 2. Views of d(TAACCC).
(Upper) A stereo diagram showing the
entire. molecule. The two pairs of
strands in the asymmetric unit have
different color. The upper pair has a
white backbone, and the lower one has
a green backbone. The center of the
molecule is composed of intercalating
cytosine residues held together by
hemiprotonated C C+ base pairs. Near
the top the 5' thymine (labeled 05')
can be seen to form a Hoogsteen base
pair with adenine A3. Adenine A2 is
stacked above it. The other 5' end
(upper right) has the two adenine res-
idues A12 and A13 projecting away
from the molecule in a stacked con-
formation. Those are used in building
the lattice. The terminal 5' thymine
Tll of that strand loops back to form
a reverse Watson-Crick base pair with
A2. It should be noted that the 05' of
thymine Ti is close to the 03' that is
labeled for cytosine C6*. Oxygen is
red, nitrogen blue, and phosphorous
yellow. (Lower) A van der Waals
model showing two base pairs viewed
perpendicular by the helix axis. Cy-
tosine C6* is hydrogen-bonded to cy-
tosine C16*. The base pair C5*.C15* is
behind it. The phosphate groups of
C5* and C6 on the top are rotated so
that they are pointing almost vertically,
while the phosphate groups from C15*
and C16 at the bottom are pointing
away from the helix axis. A bridging
water molecule (not shown) is found
between the amino group of C6 on the
left to the phosphate group of C5* at
the upper right.
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tions. The strand at the upper left curls about and ends with
its 5' end very close to the 3' end of another molecule. Adenine
residue A3 and thymidine residue Ti form a Hoogsteen base
pair, which is stacked upon the cytosine C-C+ base pair
C4C14. Adenine A2 caps the loop and stacks upon the
Hoogsteen base pair. In the other strand, A13 and A12 project
away from the molecule where they stack on each other. These
two bases provide the interactions used for building up the
lattice as they are stacked on molecules above and laterally to
build a three-dimensional system. Thymine T 1 curves back to
the molecule where it forms a reverse Watson-Crick base pair
with adenine A2.

Careful inspection of the center of the molecule with the
intercalated cytosine residues reveals that there are two broad
grooves and two narrow grooves in the molecule. Unlike the
NMR structure (8-10), the broad grooves differ from each
other in a significant way. The groove at the right rear (Fig. 2
Upper) has the phosphate groups extending away from the
center of the molecule. The broad groove at the left front has
the phosphate groups bent over toward each other. This is
shown more clearly in Fig. 2 Lower, which is a van der Waals
view down the center of the molecule in which cytosine C16 on
the lower right is paired to cytosine C16 at the upper left.
Immediately behind it, cytosine C5* is paired to cytosine C15*.
When looking down the axis of the molecule, it is clear that the
phosphate groups at the top are rotated upwards toward the
broad groove, while on the bottom they are oriented away from
the center. The upper groove of the molecule in Fig. 2 Lower
is heavily hydrated. The N4 amino group on cytosine C6 is
hydrogen bonded to a water molecule (not shown), which
bridges over and hydrogen-bonds to the rotated phosphate
oxygen on C5 from an opposite strand. This occurs systemat-
ically in the upper groove in Fig. 2 Lower. Bridging water mole-
cules of this type are not found in the bottom broad groove (Fig.
2 Lower). A similar system of bridging water molecules is found
in the crystal structure of d(C3T) (11), but not in d(C4) (12). The
C3 segment of d(TAACCC) is virtually superimposable on that
segment of d(C3T).
As seen in Fig. 2 Upper, the four-stranded intercalated

cytosine segment has a small right-handed twist. The angular
twist between covalently linked cytosines is not uniform, but
the average rotation is 19.70. The cytosine rings do not stack
upon each other; stacking is confined to the exocyclic amino
and carbonyl groups. The stacking distance is found to be 3.13
A, somewhat reduced from the 3.4 A found when rings stack
over each other. However, the stacking interval of the T1 A3
base pair on the paired cytosine rings immediately below it is
3.4 A.

FIG. 3. 2F0-,F,, electron density map shows the position of the

Hoogsteen base pair between Ti and A3. The electron density map is
contoured at icr. The position of the cappingA2 behind the Hoogsteen
base pair is shown in dashed lines. Hydrogen bond lengths are shown
in A.

The effect of rotating the phosphate groups in the upper
broad groove in Fig. 2 Lower leads to a phosphate-phosphate
distance across the upper groove of 12.6 A, compared with this
distance across the lower groove of 16.9 A. The phosphate
rotation stabilized by bridging water molecules has the effect
of separating the phosphate groups in the two antiparallel
chains that are in van der Waals contact in the narrow grooves.
The average phosphate-phosphate separation across the nar-
row grooves (on the sides of Fig. 2 Lower) is 6.7 A. All of the
glycosyl bonds are in the anti conformation in this structure.
The most common pucker found in the sugar rings is a C3' endo
pucker, although some residues also have C2' endo configu-
ration. Full details of the conformation will be described
elsewhere.

DISCUSSION
It is interesting to note that isomorphous crystals of d(TAACCC)
were grown over a wide range of pH, ranging from pH 5.5 to pH
7.5. The C C+ base pairs depend upon hemiprotonation of the
cytosine. This hemiprotonation was first observed in small-
molecule crystals (19) but laterwas established in polymers ofboth
ribo- and deoxycytidylic acid (20-22). For deoxycytidylic acid
polymers, the protonated cytosine structure was stable up to pH
7. The stability of the crystal lattice may have raised the pK for
hemiprotonation even higher than pH 7.
The loop at the end of the C quartet is stabilized by three

interactions. (i) Ti is hydrogen-bonded to A3 (Fig. 3). (ii)
The loop is stabilized by stacking interactions. Fig. 3 shows
in dotted outline the position of A2, which is stacked upon
the T1*A3 Hoogsteen base pair. (iii) In addition, the phos-
phate group found between A2 and A3 is stabilized by a
hydrogen-bonded interaction with the N4 amino group of
cytosine C4 (Fig. 4); likewise, the phosphate group between
A12 and A13 is hydrogen-bonded to the N4 amino group of
C14. All of these interactions combine to form a very tight
loop involving the TAA sequence at the 5' end of the
molecule. Fig. 4 also has a jagged arrow showing that the
5'-OH of Ti is very close to the 3'-OH of C6* (also see Fig.
2 Upper). These two residues are so close to each other that
a small rotation of the dihedral angle around the C4'-C5'

A2

FIG. 4. Skeletal diagram showing the manner in which A2 stacks
upon the Hoogsteen base pair involving Ti and A3. These, in turn, are
stacked upon the C14-C4 hemiprotonated base pair. It can be seen that
the amino group of C4 is hydrogen-bonded to the phosphate group
between A2 and A3 in a manner that stabilizes the conformation. The
jagged arrow shows the close proximity of the 5'-OH of Ti and the
3'-OH of C6*.
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FIG. 5. Diagram of telomere C-strand interac-
C tions. (Left) Schematic diagram showing the confor-

mation illustrated in Fig. 4. Tapering bonds that are
stippled and bounded by solid lines represent the
C-C+ hemiprotonated base pairs; those that are open

c and bounded by dashed lines represent hydrogen
bonding between adenine and thymine residues.
(Center) The 5' TAA that is not involved in the loop
interaction is removed, and a jagged arrow indicates
that the 5'-OH of T and the 3'-OH of C are close

c enough to form a phosphodiester bond. This bond is
formed in Fig. 5 Right. (Right) Diagram illustrating
the manner in which two loops of the metazoan
telomere can interact to form a stable intercalated
four-stranded motif capped by the TAA loops at5? either end.

bond of Ti puts its 05' close enough to the C6* 03' so that
a phosphate group could be found in that position. The total
movement of 05' is less than 2 A. This structure with a close
proximity between 5 '-OH and 3'-OH of two different strands
is similar in some ways to the structure of a DNA duplex built
out of a dodecamer paired to two different DNA hexamers
(23). In that case, the 5'-OH and the 3'-OH were close
enough so that a continuous chain could be formed if a
phosphate group were present to fill the gap.
The C-strand telomere structure strongly suggests that the

loop may provide a mechanism for stabilizing the interaction
of two pairs of C-strand repeats, as shown schematically in
Fig. 5. Fig. 5 Left illustrates the close proximity of the 5'-OH
of Ti and the 3'-OH of C6*. In Fig. 5 Center the TAA
segment of the molecule in the rear is removed, and the
jagged arrow shows that a phosphate group could be intro-
duced there, making a loop with A at the apex on top of the
Hoogsteen A-T base pair. If a similar loop were formed at the
bottom (Fig. 5 Right), this would suggest that the telomeres
have the potential to stably interact and thus to recognize
other C-strand telomere sequences.
The crystal structures of the Oxytricha G-rich telomere (2)

show that two looping strands can interact to make a stable
four-stranded structure with four guanines hydrogen-bonded
in a plane. This is topologically similar to the four-stranded
intercalated structure shown in Fig. 5 Right, yet there is an

important distinction. Where it has been studied, the telomere
end has a single-strand extension of two repeats of the G-rich
segment (1). Two of these ends could pair together to make a

four-stranded structure (2). However, the C-rich strands are all
paired in duplexes with G-rich strands. For the C-rich strands
to loop out, negative supercoiling would be required to extrude
two cruciform loops, one containing cytosines and the other
guanines (12). If these cruciforms each involved two repeats,
then they would form four-stranded structures by interacting
with similar cruciforms on other molecules. Alternatively, if
they involved four repeats, each could form its own four-
stranded structure.
At present there is no conclusive evidence demonstrating

that either four-stranded guanine or four-stranded cytosine
structures are found in biological systems. However, it is likely
that the DNA duplex in the telomere may differ from standard
B-DNA. In yeast, the transcriptional regulator repressor/
activator protein (RAP1) is found to bind to the telomeric
repeats, where it induces a distortion of the double-helical

structure (24). Further, intrachromosomal telomeric repeats in
the Chinese hamster ovary cell line are found to have increased
sensitivity to irradiation compared with the rest of the genome
(25). These findings suggest that the structure may be altered.
Finally, since several proteins have been identified that interact
specifically with G-quartet structures (4-7), it may be reason-

able to anticipate that other proteins binding specifically to
four-stranded cytosine structures will also be discovered.
The presence of a stable loop associated with the four-

stranded cytosine structure reinforces the possibility that
conformations of this type may be found in the telomere. We
also wonder if the stability of the loop is why the TAA
sequence found in the multicellular animal C-rich-strand
telomere repeats has been preserved for such a long evolu-
tionary period.
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