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Abstract

Members of the Ku superfamily are DNA-end-binding proteins involved in hon-homologous end-
joining (NHEJ) DNA repair. The published crystal structure of human Ku-DNA complex reveals a
heterodimer that forms a ring around dsDNA by means of the Ku core modules. These modules
contain a highly conserved seven-stranded B-barrel, which in turn contains an insertion, termed the
bridge-region, between its second and third g-strands. The bridge-region adopts an unusual B-strand-
rich structure critical for dsSDNA-binding and Ku function, but its provenance remains unclear. Here,
we demonstrate that the bridge-region of Ku is a novel member of the diverse Zn-ribbon fold group.
Sequence analysis reveals that Ku from several Gram-positive bacteria and bacteriophages retain
metal-chelating motifs, whereas they have been lost in the versions from most other organisms.
Structural comparisons suggest that the Zn-ribbon from Ku bridge-region is the first example of a
circularly permuted, segment-swapped Zn-ribbon. This finding helps explain how Ku is likely to
bind DNA as an obligate dimer. Further, we hypothesize that retention of the unusual conformation
of the turns of the Zn-ribbons, despite loss of the Zn-binding sites, provides clues regarding the
mechanism by which the Ku bridge-regions sense the DNA state.
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Introduction

Ku proteins are double stranded DNA-binding proteins that are primarily involved in end
recognition in a variety of repair, recombination and end protection processes (Brissett and
Doherty, 2009; Lieber, 2008; Mahaney et al., 2009; Pitcher et al., 2007; Weterings and Chen,
2008). In eukaryotes Ku is critical in non-homologous end-joining (NHEJ) repair of double-
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stranded breaks in DNA, V(D)J recombination in vertebrate lymphoid cells and telomere end
protection (Downs and Jackson, 2004; Featherstone and Jackson, 1999; Fisher and Zakian,
2005; Kotnis et al., 2008; Lieber et al., 2004; Melnikova et al., 2005; Sandor et al., 2004).
Eukaryotic Ku is a heterodimer comprised of two homologous polypeptides, Ku70 and Ku80.
Ku70 and Ku80 share an N-terminal von Willebrand factor A (vWA) domain, a central dSDNA-
binding core module and a C-terminal helical domain (CT) (Jones et al., 2001; Walker et al.,
2001). Ku70 additionally contains a fourth domain, the C-terminal DNA-binding SAP domain
(Aravind and Koonin, 2000a), whereas Ku80 possesses an extension involved in DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) recruitment (Fig. 1a). With a few
exceptions, like the Streptomyces version, prokaryotic and bacteriophage Ku proteins are much
smaller and contain only the dSDNA binding core module (Aravind and Koonin, 2001; d’Adda
di Fagagna et al., 2003; Doherty et al., 2001; Hudson et al., 2005; Pitcher et al., 2007). The
prokaryotic versions of Ku are typically found in conserved mobile operons that additionally
encode an eukaryote-type primase, an ATP-dependent DNA ligase and, in certain cases, a
predicted nuclease, which together constitute a NHEJ DNA repair system (Aravind and
Koonin, 2001; Della et al., 2004).

The crystal structures of the human Ku70/80 heterodimer determined in the presence and
absence of dsDNA (PDB 1jeq, 1jey), reveals a toroidal dsDNA-binding region, formed via the
dimerization of the core modules Ku70 and Ku80 (Jones et al., 2001; Walker et al., 2001). The
encirclement of DNA by the Ku heterodimer covers two turns of dsSDNA and the protein-DNA
interactions are mostly confined to the sugar-phosphate backbone of dsSDNA (Walker et al.,
2001). Consistent with this mode of binding, Ku’s recognition of dsDNA is neither sequence
nor structure-specific, and it can bind a variety of different dSDNA conformations including
blunt ends, 5’- and 3'-overhangs and DNA hairpins (Featherstone and Jackson, 1999; Jones et
al., 2001). The dsDNA-binding core module of each subunit is composed of a seven-stranded
B-barrel domain that contains a long insertion between its second and third p-strands, referred
to as the bridge-region (Fig. 1b). These modules pack against each other making extensive
contacts via their respective bridge-regions with each adopting a similar extended conformation
that resembles the handle of a basket (Jones et al., 2001) (Fig. 1c). This obligate dimeric state
of Ku, together with the presence of only a single Ku representative in several prokaryotic
lineages, suggests that the prokaryotic Ku proteins are likely to form homodimers (Aravind
and Koonin, 2001).

Currently, sequence and structure classification schemes such as SMART (Letunic et al.,
2004), Interpro (Mulder et al., 2002), Pfam (Bateman et al., 2004), SCOP (Andreeva et al.,
2004; Murzin et al., 1995) and CATH, (Orengo et al., 1997; Pearl et al., 2005) either consider
the bridge-region as an extension of the p-barrel core or classify it as a novel domain with no
known affinities. Given that this bridge-region is critical for the toroidal DNA-binding by Ku,
and its obligate dimerization, we were interested in determining the origins of this module.
Here, we demonstrate using comparative sequence and structural analysis that the Ku bridge-
region is a segment-swapped Zn-ribbon that has lost its ability to chelate metal in most
organisms, and suggest its inclusion as a new family in the ubiquitous Zn-ribbon fold group
(Krishna et al., 2003). This finding also helps interpret the distinct DNA-binding mode of Ku
and understand the sequence conservation patterns of certain prokaryotic versions.

Material and Methods

The PSI-BLAST program (Altschul and Koonin, 1998; Altschul et al., 1997) was used to detect
homologs of human Ku70 and Ku80 proteins in the NCBI non-redundant (NR; Nov 10, 2009;
10,031,959 sequences; 3,421,245,699 total letters) protein sequence database. Independent,
iterative PSI-BLAST searches (inclusion threshold of 0.01) using as query the sequences of
the bridge-regions of the human Ku70 and Ku80 proteins (gi: 119580852, range 226-301, gi:

J Struct Biol. Author manuscript; available in PMC 2011 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krishna and Aravind

Page 3

10863945, range 257-337) were carried out, until convergence. The retrieved sequences of
homologous proteins were clustered using the BLASTCLUST program of the BLAST suite
(25% sequence identity), and a representative sequence from each cluster was used to seed
new PSI-BLAST searches. Similar searches were performed with the sequences of the
complete Ku70/80 B-barrel core domains containing the inserted bridge domain in order to
identify remote homologs of the bridge domain that have diverged beyond recognition at the
bridge-region but display reasonable sequence similarity at other regions of the core domain.
For short proteins such as zinc fingers and disulfide-rich domains, sequence and structure
similarity statistics for remote homologs tend to be unreliable due to the short length of their
polypeptide chains and biased amino acid composition (Grishin, 2001). Thus, using the
complete core domain sequences of Ku70/80 for PSI-BLAST searches helped in reliably
identifying very distant homologs of the bridge-region.

Multiple sequence alignments of Ku homologs was constructed using PROMALS3D (Pei et
al., 2008) program with default parameters and the resulting alignment was manually refined
using the available three-dimensional structure of Ku and the presence of specific conserved
zinc-chelating motifs.

The structures of Ku and other Zn-ribbon proteins were retrieved from the PDB (Berman et
al., 2000) and structural similarity searches were performed using the DALI (Holm and Sander,
1995) and FATCAT servers (Ye and Godzik, 2004a; Ye and Godzik, 2004b). The structures
of the individual bridge regions of Ku (PDB accession code 1jey and 1jeq), as well as segment-
swapped versions of Ku that were composed of parts of the Ku70 and Ku80 proteins were used
as queries in these structural similarity searches. The structures of the Ku bridge region were
superposed on other members of the Zn-ribbon fold group using the Pair Fitting wizard of the
molecular visualization program PyMOL (DeLano Scientific) by manually defining equivalent
regions.

Results and Discussion

Sequence analysis and identification of a potential Zn-ribbon in the Ku bridge region

Sequences of Ku proteins were retrieved from the NCBI non-redundant (NR) protein sequence
database by running iterative PSI-BLAST (Altschul and Koonin, 1998; Altschul et al., 1997)
searches until convergence, as described in the Materials and Methods section.

Multiple sequence alignments of Ku proteins reveal that the bridge-region is overall well
conserved with very few insertions and deletions seen between domains from different
organisms (Fig. 2). Furthermore, this region is present in all known homologs of Ku and we
failed to identify even a single version of the Ku B-barrel domain that lacks the bridge region.
This suggests that the bridge region is likely to represent a universal interaction surface of these
proteins. Interestingly, we observed that Ku proteins of several Gram-positive bacteria, for
example Moorella thermoacetica (gi: 83590332; Fig. 2), contained cysteine and histidine
residues in pairs (HxxC and CxxC, where x is any residue) in the bridge-region, which showed
a perfect match to the Zn-chelating sites of Zn-ribbon domains. When superimposed on the
secondary structure these putative Zn-chelating residues are associated with many conserved
hydrophobic and polar residues that define the long B-strands of the bridge region (Fig. 2), and
recapitulate the location of the cation-chelating residues observed in Zn-ribbon domains.
Several other Ku homologs of bacterial origin display partial conservation of the
aforementioned Zn-chelating residue pairs, whereas all eukaryotic versions entirely lack the
Zn-chelating residues. This suggests that the bridge region originated as a Zn-chelating domain
that in course of evolution lost its cation-binding ability.
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We could detect Ku proteins with intact ligand-binding site only from firmicutes, actinobacteria
(the Gram-positive bacteria) and their viruses such as the mycobacteriophage Corndog (Fig.
2). These proteins either contain a conventional Zn-ribbon pattern with a HxxC and CxxC motif
or aslightly modified version where one or more of the cysteines have been replaced by acidic
residues. These acidic residues could still potentially chelate zinc along with the rest of the
intact Zn-contacting ligands. The sole archaeon with a Ku homolog, Archaeoglobus
fulgidus, which incidentally also retains Zn-chelating ligands appears to have acquired its Ku
via arelatively late lateral gene transfer from Gram-positive bacteria. Within the actinobacteria
group, certain organisms (e.g. Frankia; Fig. 2) already display deterioration of the Zn-binding
sites. Outside of the firmicutes and actinobacteria the Zn-binding sites have been completely
lost. Especially, in proteobacteria, several of which might have multiple Ku homologs, the Zn-
ligands have been completely lost (Fig. 2). Several alphaproteobacteria have a Ku operon with
two distinct Ku homologs often occurring as tandem genes. Both proteins display deterioration
of the Zn-binding sites similar to the eukaryotic Ku70 and Ku80 orthologs. Thus, eukaryotes
not only share the presence of a heterodimeric version of the Ku protein with the
alphaproteobacteria, but also similarly lack the Zn-ligands. Given these observations and the
evidence that the alphaproteobacteria are the precursors of the mitochondria (Andersson et al.,
2003), we posit that eukaryotic heterodimeric Ku is a functional equivalent of the
corresponding heterodimeric version originally acquired from the mitochondrial precursor.

Structural evidence for the origin of the Ku bridge region from a Zn-ribbon

The overall three-dimensional structure of protein domains remain conserved even after their
sequences have diverged substantially during the course of evolution. Hence, it is possible to
infer remote evolutionary relationship between protein domains even after their definitive
sequence motifs have eroded. The bridge-region in Ku70/Ku80 structure contains two
distinctive B-hairpins with peculiar turns. The only cognates of these structures of the Ku70/
Ku80 proteins are the knuckles, which are distinctive turns found in Zn-binding domains having
a consensus sequence of CPXCG and chelate zinc via the side-chains of cysteine residues
(Grishin, 2001; Krishnaetal., 2003) (Fig. 3; knuckles colored red). In the Ku70/Ku80 structure,
the first knuckle-like region in Ku70 is followed by a long B-strand that forms hydrogen bonds
with the corresponding region from the Ku80 bridge-region. This region is then followed by
the second zinc knuckle-like region, a short a-helix, two antiparallel B-strands and another
short a-helix that is linked to the third -strand of the B-barrel core by a long loop region (Fig.
1b). Visual examination of the heterodimeric bridge-region of human Ku shows a striking
resemblance to members of the Zn-ribbon fold, which however is not apparent from the
monomeric bridge structures. Thus, this similarity to the Zn-ribbon fold only emerges in the
dimer and can be rationalized only upon assuming a segment-swap between the Ku70 and
Ku80 bridge-regions (Fig. 3a). Consistent with this, a structural similarity search of the
individual bridge-regions of Ku70 and Ku80 using the DALI (Holm and Sander, 1995) and
FATCAT (Ye and Godzik, 2004a; Ye and Godzik, 2004b) servers failed to find reasonable
structural similarity with any other protein. However, a search with a segment-swapped domain
composed of parts of the Ku70 and Ku80 proteins, could find links to the YfgJ protein from
Escherichia coli (PDB: 2jne), transcriptional elongation factor TFIIS (PDB: 1tfi), eukaryotic
RNA polymerase 11 subunit 9 (RPB9; PDB 1qyp) as top hits, in addition to several other Zn-
ribbon domains.

These observations suggest that indeed the bridge region of the Ku domain is derived from a
regular Zn-ribbon via assembly of the cation-chelating sites between the knuckles from two
independent monomers, instead of between the N- and C-terminal knuckles of the same
polypeptide (Fig. 3a, b). The regions encompassing the Zn-chelating knuckles have an unusual
backbone and side-chain geometry that are probably not among the most favorable
conformations associated with regular turns in globular proteins. This observation, together
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with the detection of several bacterial versions containing functional Zn-chelating residues

typical of Zn-ribbons (Fig. 2), suggest that these structures indeed arose from an ancestral zinc-
chelating site, with secondary losses, including in the common ancestor of the eukaryotic Ku70
and Ku80. Strengthening of the hydrogen bonding between the extended regions in the bridge-
region appears to have allowed stabilization of the structure even upon loss of metal chelation.

Evolutionary and functional considerations

Despite being a very simple structural scaffold, Zn-ribbons have been utilized in a wide range
of biochemical functions, such as nucleic acid binding, protein interaction (including
dimerization), and as a cofactor providing a metal in redox reactions (Aravind and Koonin,
1999; Krishna et al., 2003). To better understand how the Zn-ribbon scaffold has been utilized
in the Ku bridge-region we compared it to different Zn-ribbons such as those from the
transcription factor TF1IS (DNA-binding; 1tfi), primase DNAG (DNA-binding; 1d0q) and Sir2
(dimerization; PDB:1ici) (Min et al., 2001; Pan and Wigley, 2000; Qian et al., 1993). The
structures were superimposed using the program PyMOL by defining structurally equivalent
residues based on visual inspection. These comparisons reveal that both the segment-swapped
units from Ku are structurally similar to Zn-ribbons such as the nucleic-acid-binding TFIIS
and the protein-interacting Zn-ribbon of Sir2 (Fig. 3a). The dimerization mode of the Sir2 and
segment-swapped units of the Ku bridge domain are very distinct; however, both share a long
strand that sweeps across the hairpin dyad (the principal extended segment of the bridge
region). In each of the Zn-ribbons used in the comparison the long B-strands trailing off from
the knuckles play a critical role in their interactions, just as what is observed in the DNA-
protein interactions mediated by the two Zn-ribbon units of the Ku dimer (Fig. 3a) (Min etal.,
2001; Qian et al., 1993; Walker et al., 2001). This suggests that the segment swapping
notwithstanding the ancestral mode of substrate interaction of the Zn-ribbon fold has been
retained in the Ku-bridge region.

Interestingly, the structural alignment generated from our structural superposition, as well as
visual examination, suggest a circular permutation with respect to the Zn-ribbon of Sir2 (Fig.
3a, b). Circular permutations are not unprecedented among protein- or nucleic-acid-interacting
Zn-ribbons, as well as rubredoxins. For instance, previous analysis has shown that homologous
Zn-ribbons, such as those found in the lle-tRNA synthetase (PDB 1f4l), are related by circular
permutation (Krishna et al., 2003). The identification of the Ku bridge-region as a segment-
swapped, permuted Zn-ribbon has considerable evolutionary as well as functional implications.
In terms of an evolutionary scenario, these observations suggest that in the ancestral state the
B-barrel and Zn-ribbon domains probably collaborated as separate polypeptides, which
interacted with dsSDNA by binding it on opposite sides of the double helix. This was followed
by the insertion of the Zn-ribbon into the N-terminus of the B-barrel. The closest relative of
the Ku B-barrel domain is the SPOC domain (Andreeva et al., 2004; Ariyoshi and Schwabe,
2003), which, lacks the bridge module and provides a model for the structural prototype of the
Ku barrel prior to the Zn-ribbon insertion. However, SPOC is restricted to eukaryotes and is
thus unlikely to be the precursor of the Ku -barrel domain. All extant Ku proteins possess the
bridge region suggesting that Zn-ribbon insertion occurred prior to their common ancestor. It
is unclear if the permutation of the Zn-ribbon preceded or occurred after the insertion into the
B-barrel domain. However, given that all Ku homologs are collinear in their alignment in the
region corresponding to the bridge (Fig. 2), it is clear that their common ancestor already
possessed the permuted form. A likely development from this permutation was ability of the
Zn-ribbons to be reconstituted from the swapped segments of the individual subunits, thereby
favoring the emergence of obligate dimerization in Ku proteins.

In functional terms, our findings provide a structural basis for exploring previous proposals
about the possible role of the bridge-region in Ku function (Jones et al., 2001; Walker et al.,
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2001). The identification of the Zn-ribbon in the bridge-region suggests that the reconstitution
of a pair of complete Zn-ribbons from two separate Ku polypeptides is central to the mechanism
by which Ku dimerizes to form a clamp around DNA ends — the complete DNA binding site
is available only when the segment-swapped elements are combined. Further, we predict that
the unusual conformations typical of the knuckles of Zn-ribbons is likely to allow the bridge
to function as a sensor that allows the Ku dimer to dissociate from both linear and circular
dsDNA after NHEJ has been achieved. It is possible that these functions favored the loss of
Zn-binding (to eliminate zinc dependence) while retaining the unusual knuckle conformations
intact (for sensor function). In light of this, we propose that the Ku domains of Gram-positive
bacteria with intact metal chelating residues are indeed likely to retain zinc dependence for
their assembly.

Conclusions

Zn-ribbons are amongst the most widespread of small, zinc-stabilized, protein domains
(Krishna et al., 2003). Like other small protein domains, which are predominantly supported
by metal-chelation or disulfide bonds (cysteine rich domains) and typically lack extensive
secondary structure elements, Zn-ribbons are hard to detect, delineate and classify by entirely
automatic methods. Further, on number of occasions the metal-binding sites of such proteins
have deteriorated during evolution. This divergence, with further structural modifications like
circular permutations and insertion into larger domains makes uncovering their evolutionary
connection to their classical Zn-binding homologs non-trivial. So far almost all identified cases
of deteriorated zinc fingers have been by experts who use a combination of sequence, structural
and functional information to identify, delineate and classify such domains (Aravind and
Koonin, 1999; Aravind and Koonin, 2000b; Grishin, 2000; Grishin, 2001; Krishna and Grishin,
2004; Krishna et al., 2003; Makarova et al., 2001; Mulder et al., 2002; Murzin et al., 1995;
Orengo etal., 1997). Nevertheless, identification of these domains not only helps in elucidating
evolutionary puzzles of particular protein families, but also provides key functional insights
regarding these proteins.

The bridge-region of the Ku superfamily represents the first example of a segment-swapped
version of the Zn-ribbon. Our findings illustrate the remarkable adaptability of this simple
protein scaffold and extend the range of functional features associated with the Zn-ribbon
domain. Based on the preservation of the Zn-ribbon structure even after loss of the zinc-
chelating sites, we propose that it is key for the action of Ku in its conserved role in NHEJ.
Our prediction that this atypical Zn-ribbon structure is likely to be the primary sensor for the
DNA state during NHEJ lends itself to direct testing and might further illuminate the molecular
details of Ku function.
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Figure 1.

Domain architecture of Ku.

(A) Eukaryotic Ku is a heterodimer of two similar polypeptides Ku70 and Ku80. Both proteins
share a conserved core region (yellow) in addition to an N-terminal von Willebrand factor
(VWA; red) domain and a C-terminal helical (CT; cyan) domain. Ku80 contains a C-terminal
protein kinase recruitment domain (PK; green) while Ku70 has a SAP domain (green)
implicated in DNA binding. Most prokaryotic and bacteriophage versions of Ku contain only
the core domain.

(B) Ribbon representation of the human Ku70 core domain (PDB: 1jeq chain A). The Ku core
domain is a seven-stranded B-barrel that contains a long insertion, between its second and third
B-strands, termed the bridge-region. The B-strands of the B-barrel domain are colored yellow
and the bridge region is colored blue.

(C) Stereo ribbon diagram of the dsDNA-encircling bridge-region of human Ku heterodimer
(PDB: 1jey). The bridge-regions of Ku70 and Ku80 are colored blue and green respectively,
with dsDNA colored red. Arrows indicate the locations of the deteriorated Zn-binding sites.
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Figure 2.

Multiple sequence alignment for representative proteins of the Ku superfamily. The first and
last residue numbers are indicated before and after each sequence in the alignment. Excluded
residues are specified as numbers. The secondary structure diagram based on the crystal
structure of the human Ku70/Ku80 (PDB: 1ljeq) dimer is indicated above the alignment and
the constituents of the Zn-binding site are indicated as green circles. The alignment has been
colored as per the 85% consensus, with *h’ being hydrophobic, ‘I’ the aliphatic subset thereof,
‘p’ being polar, ‘s’ being small, ‘—* being negatively charged, ‘+’ being positively charged, b
being bulky, u being tiny and ‘a’ being aromatic residues. The Zn-binding positions are shaded
differently in the proteins in which the Zn-chelating residues are retained. The organism
abbreviations are -- Aful : Archaeoglobus fulgidus; Aman : Aurantimonas manganoxydans;
Atha: Arabidopsis thaliana; BPCorndog : Mycobacterium phage Corndog; Bbre : Brevibacillus
brevis; Bhal : Bacillus halodurans; Bjap : Bradyrhizobium japonicum; Bsub : Bacillus subtilis;
Drer : Danio rerio; Fsp. : Frankia sp.; Hmod : Heliobacterium modesticaldum; Hsap : Homo
sapiens; Lsph : Lysinibacillus sphaericus; Mlot : Mesorhizobium loti; Moth : Moorella
thermoacetica; Mtub : Mycobacterium tuberculosis; Ncra : Neurospora crassa; Nsp. :
Nocardioides sp.; Nwin : Nitrobacter winogradskyi; Paer : Pseudomonas aeruginosa; Scel :
Sorangium cellulosum; Sery : Saccharopolyspora erythraea; Spom : Schizosaccharomyces
pombe; Swol : Syntrophomonas wolfei; Tcru : Trypanosoma cruzi
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Figure 3.

Structural comparison of Ku bridge-region to Zn-ribbons.

(A) Structural diagrams of Zn-ribbons from Sir2 (left; Lici: chain B, 119-156), TFSII (middle;
1tfi: chain A, 8-50) and bridge-region of the human Ku heterodimer (right; 1jey: chain A,
287-313; chain B, 277-307) are shown. The structures were superimposed using the program
PyMOL by manually defining equivalent residue pairs from regions comprising the zinc
knuckles (red, purple) and the B-strands (yellow, blue) and translated for clarity. In some of
the alignments, circular permutation needs to be assumed in order to obtain best structural
superimposition. Structurally equivalent regions are colored similarly. The zinc chelating
residues of Sir2 and TFSII and the equivalent residues from Ku are shown as ball-and-sticks.
The zincion is indicated as an orange sphere. The primary B-hairpin of the Zn-ribbon is colored
purple, the extended region of Ku-bridge in blue, the zinc knuckle in red and the other B-strands
in yellow.

(B) A permutation scheme for arriving at the Ku bridge-region structure from a Sir2-like
precursor. In its ancestral state, Ku Zn-ribbons, resembling Sir2, likely dimerized via their C-
terminal extended regions. A circular permutation resulted in placing the extended region of
Ku-bridge between the primary and secondary zinc knuckles (colored purple and yellow) and
extensive hydrogen-bonding interactions likely locked this atypical conformation in place. This
is then likely to have been followed by the loss of Zn-binding sites, to abolish zinc dependence
of NHEJ.
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