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The Holliday junction [1] is a key intermediate in a number
of cellular processes, including genetic exchange by
homologous recombination, DNA repair and resetting of stalled
replication forks at sites of DNA damage. The junction consists
of four DNA double helical arms that are linked by the covalent
continuity of individual strands shared between adjacent arms.
It has long been known that the availability of metal ions has a
strong effect on the overall conformation of the Holliday
junction [2]. In the absence of significant concentrations of metal
ions, the double helical arms of the junction radiate from the
centre with approximately square planar geometry. However, in
the presence of 100 µM Mg2+, Ca2+, Sr2+ or Ba2+, the junction
folds into the stacked-X conformation, in which pairs of arms
stack with each other to form two pseudo-continuous double
helices with strand exchange between them. The presence of the
monovalent cations Na+ or K+ alone is insufficient to stabilise
this stacked conformation. Several X-ray crystal structures of
Holliday junctions in the stacked-X conformation have recently
been determined, including one in which covalent modification
by two intercalating psoralen drug molecules is required for
junction formation [3]. We are designing and synthesising new
bis-intercalating compounds and using competitive dialysis to
study the binding of these and other molecules to DNA, to
investigate the possibility that they stabilise the stacked-X
conformation of the Holliday junction. We also report here the
X-ray crystal structures of the Holliday junction forming DNA
molecules (CCGGTACCGG)4 and (TCGGTACCGA)4

[4], in
the presence of different divalent metal ions. In all cases the ions
are located in the minor grooves, but are not coordinated
directly by the DNA. Instead, they form interactions through
their primary hydration shells, as well as other longer range
contacts through more extensive networks of ordered water
molecules. These results suggest that stabilisation of the
stacked-X conformation by divalent metal cations involves
specific hydrogen bond formation and ordering of the solvent
cavities between the junction arms, rather than direct
compensation of the phosphate negative charges alone. At the
crossover point of each structure there are several largely
conserved intramolecular and water mediated hydrogen bond
contacts, but the conformational parameters of the double
helical arms vary according to the DNA sequence and the type
of metal ions present. The conformation adopted by the
Holliday junction has important implications for the binding of
the many proteins that specifically associate with this structure
in vivo, including the p53 tumour suppressor and other proteins
involved in the onset of cancer.
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Severe heart and muscle diseases, like dilated
cardiomyopathy, result from mutations in components of
multi-protein complexes, such as the N-terminus of titin,

�-actinin and telethonin. These are localised at the Z-disk of
skeletal and cardiac striated muscle sarcomeres and are essential
for myofibril assembly and maintenance. To unravel the
molecular basis of the titin/telethonin interactions in the Z-disk,
we have determined the crystal structures of the titin N-terminus
in the absence and presence of telethonin. The complex structure
reveals a titin-telethonin-titin antiparallel arrangement,
suggesting an unexpected telethonin-mediated linkage of the
N-termini of two titin filaments.

The complex is formed by four independent binding sites,

involving two �-hairpin wing motifs of telethonin, where each
wing binds two IG-like domains from two different titin
molecules in opposite orientations. The titin/telethonin complex

is formed exclusively by intermolecular �-sheet interactions
and is insensitive to single residue mutations, as shown by
in-vitro binding data and colocalisation data of several
titin/telethonin in neonatal rat cardiomyocytes. The
titin/telethonin complex may serve as a hub to bind several other
protein ligands inside and outside the Z-disk. For one of these
components, MLP, a structural model is provided suggesting a
telethonin-mediated functional linkage of MLP and titin. The
availability of a second titin-filament cross-linking system by

telethonin, in addition to that formed by �-actinin, allows to
approach a structural model of the Z-disk providing rationales
for anchoring and precise alignment of major sarcomeric
filaments such as actin and titin.
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