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Abstract. Symmetric DNA sequence motifs allow the
formation of palindromic protein/DNA complexes.
Although symmetric protein sequence motifs are less
common, recent structural discoveries have unraveled
a few protein/protein complexes with palindromic
symmetry. Remarkably, symmetric protein/protein

complexes can be generated either by adjacent or
remote sequence motifs, which may be repeated or
inverted. This contribution reflects and comments on
recent findings of palindromic protein/protein com-
plexes.
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Symmetry is one of the basic principles of living
systems and is found in situations ranging from the
structure of biological macromolecules to the archi-
tecture of viruses, organelles, cells and organisms [1 –
3]. In the RNA/DNA world, symmetric sequences
have important functional implications in chromo-
some organization, homologous recombination, self-
replication and protein evolution [4 – 8]. When
dysfunctional, symmetric sequences may be linked
to serious hereditary diseases and cancer [9]. Inverted
chromosomal elements were first recognized in the
early 1970 s and were subsequently referred to as
“palindromic elements” (palindromos is Greek for
“running back again”) [10, 11].
At the level of molecular three-dimensional struc-
tures, palindromic DNA recognition elements allow
the formation of symmetric protein/DNA complexes,
which are induced by the double helical structure of
DNA and a restricted set of possible base pairs (AT

and CG) that promotes the frequent occurrence of
symmetric DNA sequence elements [12] (Fig. 2A).
Palindromic response elements favor the association
of protein homodimers with important implications
for specific regulation of transcription. In contrast, the
availability of 20 different amino acids in protein
sequences substantially reduces the likelihood of
extended protein sequence motifs with palindromic
symmetry. Because of the higher variability of amino
acid composition and chiral nature of all amino acids
(except glycine) proteins, therefore, display a broad
range of three-dimensional folds that are inherently
asymmetric.
Nevertheless, recent sequence searches have identi-
fied a limited number of palindromic sequence
elements within available proteomes [13]. To date,
however, knowledge of how such elements translate
into symmetric three-dimensional structures has re-
mained scarce. This contribution focuses on single
chain protein structures with palindromic symmetry.
Structural palindromes can either be generated di-
rectly by palindromic sequence motifs or by the* Corresponding author.
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symmetric arrangement of remote sequence motifs.
However, only if these motifs are in remote positions
can they be either repeated or inverted, as illustrated
in Figure 1.
One of the longest palindromic protein sequence
motifs has been found in prion proteins: VAGAAAA-
GAV (residues 111 – 121 in the mouse analogue
MoPrP). Several studies demonstrated that this se-
quence segment is critically involved in conforma-
tional changes that may lead to amyloid fibril for-
mation, which has been reported to have a role in
prion-transmissible neurodegenerative diseases [14 –
16]. Biophysical measurements and simulation calcu-
lations of an extended peptide (residues 106 – 126)
covering the palindromic sequence motif indicated an
octameric complex in which two four-stranded, anti-
parallel b-sheets are packed against each other by
methyl-methyl interactions [17, 18]. Markers that are
sensitive to fold transitions within this sequence motif
have recently been developed as a preclinical test to
diagnose transmissible spongiform encephalopathy
[19].
An alternative way to detect sequence-imposed
structural symmetry may arise from the analysis of
symmetry elements in protein structures. Probably the
most classical example is the well established poly-
proline type II helix (PPII) conformation that has
been found in a wide range of proline-rich sequence
segments [20]. In contrast to conventional a-helices,
the carbonyl groups of PPII sequence motifs are
involved in b-sheet-like interactions with surface
residues of a protein ligand, while the main-chain
amido groups of the proline residues are N-substituted
and thus not available for specific hydrogen bonds.
Sequences in PPII conformation have almost exactly
three residues per turn, thus generating a threefold
symmetry along the principle helix axis. In the case of
palindromic sequence motifs an additional twofold
symmetry is generated vertically to the helix axis,
generating 32 point symmetry. PPII or PPII-like
conformations are also found in many other sequence
motifs that are less rich in or even void of prolines [21].
However, except for collagen, where the role of the
characteristic Gly-X-Y sequence pattern for triple
helix formation has been well established [22], there
are basically no structural data on the implications of
those sequence motifs for symmetric protein assembly
and, hence, they will not be further discussed in this
contribution.
Proline-rich sequence motifs with PPII conformation
have an extraordinary ability to form protein com-
plexes with a variety of modular protein domains, such
as SH3 domains, WW domains, GYF domains, UEV
domains and profilins [23, 24]. Due to the peculiar
local symmetry imposed by this conformation, it is not

surprising that a number of PPII peptide-mediated
symmetric protein complexes have been found. For
instance, a dimeric cortactin SH3 domain complex is
assembled by the PPII peptide motif (KRPPPPPPG)
in its ligand AMAP-1 [25] (Fig. 2B). However, in
many other protein/PPII complexes, additional flank-
ing residues, N-terminal or C-terminal to the proline-
rich sequence motif, allow the formation of side-chain
specific interactions that lead to preferential binding
of one among the two possible orientations [23]. In the
absence of a more extended structural database of
PPII-protein/ligand complexes, beyond the large
number of PPII-peptide/peptide complexes already
known, the significance of the PPII conformation-
imposed ligand self-assembly remains uncertain.

In contrast to the examples mentioned above, the
palindromic structural arrangement found in a recent
complex of the N-terminus of the giant muscle protein
titin and its assembly ligand telethonin was unexpect-
ed [26] (Fig. 2C). Although the interaction between
the two components was predicted to be binary [27],
the crystal structure unraveled an assembly complex
with 2:1 stoichiometry, in which telethonin mediates
an antiparallel arrangement of the N-termini of two
titin fibers. This symmetry is possible because of two
repeated b-hairpin “wing” motifs in telethonin which
have significant sequence and structural similarity
[26]. The two telethonin wings are separated by an
additional core b-sheet domain from the same protein,
allowing the formation of the same type of twofold
repeated titin-telethonin-titin b-sheet. Mutational
analysis of the titin-telethonin complex in vitro and
in vivo showed that the assembly, once formed, is very
stable and resistant to the abolishment of specific side-
chain interactions. However, recent analysis of patient
data revealed that deletion of the entire codon for
Glu13 in telethonin leads to rare non-isomorphous

Figure 1. Scheme for structural palindromes in protein assemblies.
Remote sequence motifs that allow the formation of structural
palindromes can be either inverted or repeated along the sequence.
Colors: structural palindrome-generating motifs are in blue and
orange; inserted domains are indicated in green.
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polymorphisms [28, 29]. Since Glu13 is located within
the first titin-binding b-hairpin of telethonin, deletion
of one residue is expected to lead to a shift of the
residue register, most likely interfering with the
structure of the same b-hairpin. Interestingly, in the
absence of titin, telethonin displays a high potential
for aggregation. Both secondary structure prediction
and circular dichroism measurements of apo-tele-
thonin indicate a different structure than that ob-
served in the titin-telethonin complex [26, 30],[Pinot-
sis & Wilmanns, unpublished].
From all the available structural data on palindromic
protein/protein complexes, it seems premature to
derive general conclusions. It is also unlikely that
palindromic sequence/structure arrangements are as
widespread in protein/protein interactions as palin-
dromic DNA response motifs are in protein/DNA
interactions. Nevertheless, it is remarkable that all
known protein/protein assemblies involve hairpin-
like structures with a high potential for disease-
causing aggregation and fibril formation [31]. The
available data indicate that these palindromes could
become important molecular parameters in protein
assembly and may lead to uncontrolled aggregation in
dysfunctional cases.
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