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Conserved Structure for 

Single-Stranded Telomeric DNA 

Recognition 
Rachel M. Mitton-Fry,1 Emily M. Anderson,1 

Timothy R. Hughes,2* Victoria Lundblad,2'3 Deborah S. Wuttke't 

The essential Cdcl3 protein in the yeast Saccharomyces cerevisiae is a single- 
stranded telomeric DNA binding protein required for chromosome end pro- 
tection and telomere replication. Here we report the solution structure of the 
Cdcl3 DNA binding domain in complex with telomeric DNA. The structure 
reveals the use of a single OB (oligonucleotide/oligosaccharide binding) fold 
augmented by an unusually large loop for DNA recognition. This OB fold is 
structurally similar to OB folds found in the ciliated protozoan telomere end- 
binding protein, although no sequence similarity is apparent between them. The 
common usage of an OB fold for telomeric DNA interaction demonstrates 
conservation of end-protection mechanisms among eukaryotes. 
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Telomeres are the specialized nucleoprotein 
complexes that cap eukaryotic chromosomes, 
protecting chromosome ends from unregulat- 
ed degradation and end-to-end fusion. Telo- 
meric DNA is typically composed of repeti- 
tive, noncoding sequence terminating in a 
single-stranded TG-rich overhang. Several 
mechanisms have been identified for capping 
this overhang, ranging from sequestration 
through protein binding in ciliates and yeasts 
to t-loop formation in mammals (1-3). Pro- 
teins that specifically bind to this single- 
stranded overhang, such as the Oxytricha 
nova telomere end-binding protein (TEBP) 
(4, 5), the Schizosaccharomyces pombe pro- 
tection oftelomeres 1 (Potl) and human Potl 
(6), and the Saccharomyces cerevisiae Cdcl3 
(7, 8), are involved in telomeric end protec- 
tion. For example, depletion of Cdcl3 activ- 
ity causes extensive resection of the 5' strand 
of the yeast telomere and DNA damage- 
dependent cell cycle arrest (9-12), whereas 
deletion of the potl gene leads to complete 
telomere loss and cell death (6). Cdcl3 is 
also required for telomere elongation as a 
positive regulator of telomerase (7, 13). 
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Cdcl3 is believed to fulfill both of these 
important, yet disparate, roles through local- 
ization to the 3' single-stranded telomeric 
end, followed by recruitment of relevant 
complexes to the telomere through protein- 
protein interactions (14-16 ). 
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Fig. 1. The solution structure of the Cdcl3 
DBD in complex with the ssDNA 11-nt o[i- 
gomer dGTGTGGGTGTG. (A) Stereoview of 
the backbone overlay of the family of 10 
low-energy structures. The protein only is 
shown (residues 5 to 191), with the mean 
structure in red, sheets in cyan, and helices in 
dark blue. This family has a backbone rmsd of 
1.21 A over residues 7 to 191 (1.74 A rmsd 
for all heavy atoms) and a backbone rmsd of 
0.43 A over the secondary structure of the 
OB fold (0.90 A for heavy atoms) (21, 26). 
The fit shown was performed over all resi- 
dues involved in secondary structural ele- 
ments (0.69 A backbone rmsd). (B) Ribbon 
representation of the lowest energy struc- 
ture, residues 7 to 191. Figures were pre- 
pared with MOLMOL (33) and RIBBONS (34). 
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Evidence for conservation of telomeric 
end-protection proteins among distantly relat- 
ed eukaryotes has been elusive. Although the 
Pot proteins were originally identified on the 
basis of weak sequence similarity to the NH2- 
terminal portion of the a( subunit of the het- 
erodimeric 0. nova TEBP (6), no similarity 
was apparent between any of these proteins 
and Cdcl3. To investigate the requirements 
for telomeric end protection and sequence- 
specific interaction with single-stranded 
DNA (ssDNA), we determined the solution 
structure of the Cdcl3 DNA binding domain 
(DBD) in complex with telomeric ssDNA. 
This 23.5-kD domain retains DNA binding 
activity and specificity (17-19), and fusions 
of the DBD with other components of the 
end-protection or telomerase machinery elim- 
inate the need for full-length protein in vivo 
(14, 15). The ssDNA 11-nucleotide (nt) oli- 
gomer dGTGTGGGTGTG in the complex is 
the minimal Cdcl3 binding site (17) and the 
complement to the center of the coding re- 
gion of the telomerase RNA template (20). 

The high-resolution Cdcl3 DBD structure 
in complex with ssDNA (Fig. 1) was calcu- 
lated from a total of 2865 nuclear magnetic 
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resonance (NMR) restraints (21). Compar- 
ison of the Cdcl3 DBD to the structural 
database unequivocally places Cdcl3 in the 
oligonucleotide-binding superfamily of OB 
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fold proteins (22, 23). The OB fold is a 
small structural motif used for oligonucle- 
otide, oligosaccharide, and oligopeptide 
binding (24). This fold, exemplified by 
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Fig. 2. Interaction of the Cdcl3 DBD with single-stranded telomeric DNA determined by chemical 
shift perturbation. (A) Comparison of DBD chemical shifts in the presence and absence of DNA. 
Overlay of a region of the 15N-1H HSQC (heteronuclear single-quantum coherence) spectra of 
protein-ssDNA complex (red) and of protein alone (black). Crosspeaks from the protein/DNA 
complex have been labeled on the spectrum (sc, side chain) (26, 35). Because the complex binds in 
the slow-exchange time regime, assignments for protein alone cannot be determined by titration. 
(B) Minimal chemical shift perturbation upon DNA binding and secondary structural elements 
mapped on the protein sequence. Substantial chemical shift changes occur throughout the OB fold 
portion of the DBD, concentrating in the 1-barrel and loop regions. Perturbation values have been 
calculated according to the equation: perturbation = /(AppmHmin)2+(0.17XAppmNmin)2, where 
AppmH m,n and AppmNmin are the minimal chemical shift differences (in parts per million) for 
proton and nitrogen, respectively (36). Gray shading indicates residues for which no backbone 
information is available (predominantly prolines). This method assumes that the crosspeak in the 
spectrum of protein alone with the least chemical shift change from any given peak in the complex 
spectrum corresponds to the same residue. Thus, this analysis is an underestimation of the true 
perturbation upon DNA binding. (C) Minimal chemical shift perturbation upon DNA binding 
mapped on the DBD structure, residues 7 to 191. Yellow to red shading indicates residues with 
increasing chemical shift perturbation upon DNA binding. Gray shading indicates residues for which 
no backbone information is available (predominantly prolines). 

verotoxin-1, staphylococcal nuclease, and 
the anticodon-binding domain of asp-tRNA 
synthetase, cannot yet be predicted on the 
basis of sequence comparisons. The canon- 
ical OB fold, also seen in the Cdcl3 DBD, 
consists of a P barrel formed by two or- 
thogonally packed three-stranded antiparal- 
lel P sheets. Sheet 1 is composed of 13, 32, 
and p3, and sheet 2 comprises p5, 34, and 
31. In the Cdcl3 DBD, numerous NOEs 
(nuclear Overhauser effects) between p3 and 
p5 close the barrel, and an a helix between 
p3 and 34 caps the bottom of the barrel. The 
Cdcl3 DBD has an unusually long, 30-resi- 
due loop between 32 and p3 that packs tight- 
ly over the 32 and p3 strands. This loop is 
structurally well-defined, as indicated by het- 
eronuclear NOE measurements, although it 
has no regular secondary structure. An a-he- 
lical region extends the domain COOH-ter- 
minally beyond the OB fold. 

The DNA binding site on the protein sur- 
face was identified by comparison of NMR 
chemical shifts in the presence and absence 
of DNA and analysis of intermolecular NOEs 
between the protein and DNA. DNA binding 
induced extensive chemical shift changes 
throughout the OB fold region of the domain 
and were most pronounced in 33, 134, and 35, 
and across the loop between (32-133 (Fig. 2). 
The COOH-terminal helical region showed 
no evidence of involvement in DNA binding. 
We next directly localized the protein-DNA 
interface on the basis of more than 50 inter- 
molecular NOEs observed between the pro- 
tein and DNA (Fig. 3) (25). These protein- 
DNA contacts unambiguously define an ex- 
tensive intermolecular interface that coin- 
cides with the binding surface indicated by 
the chemical shift changes. This interaction 
surface extends across sheet 2, through the 
cleft defined by the loops between 13-aol and 
p4-p5, over strand 33, and across the length 
of the long loop between p2-p3. Interesting- 
ly, 9 of the 11 nucleotides in the DNA mol- 
ecule showed NOE contacts to at least one 
amino acid in the protein. Thirteen residues 

Fig. 3. Interaction of the Cdcl3 
DBD with single-stranded telo- 
meric DNA as seen by direct 
NOE contacts. (A) Amino acids 
residues involved in intermolec- 
ular NOE contacts with the DNA 
are mapped on the protein 
structure (26). Tyrosine residues 
are highlighted in yellow, basic 
residues in blue, and hydropho- 
bic residues in magenta. (B) The 
above contact residues mapped 
on the protein surface, shaded 
as in (A). 
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Fig. 4. Structural comparison of 
the Cdc13 DBD OB fold with the 
NH2-terminal O. nova x OB fold. 
(A) Overlay of the two OB folds. 
The Cdc13 DBD (residues 10 to 
148) is shown in cyan (26), and 
the 0. nova a OB fold (residues 
37 to 150) is shown in gold. Fits 
were performed with LSQMAN 
(37). (B) Comparison of the DNA 
binding interfaces of the two OB 
folds. Colors are as described in 
(A), with contact residues of the 
Cdc13 DBD OB fold (left) high- 
lighted in red and those of the 
NH2-terminal O. nova ac OB fold 
(right) in green. This figure was 
rotated 40? from (A) (the same 
orientation as seen in Fig. 3) to 
illustrate the size difference be- 
tween the two interfaces. 0. 
nova co contact residues are tak- 
en from (28). 

A 

were unambiguously identified at the protein- 
DNA interface, including five aromatic 

(Y27, Y61, Y63, Y70, and Y131), three hy- 
drophobic (A43, 183, and 1138), and five 
basic amino acids (K41, K73, K81, K134, 
and R140) (26). The predominance of aro- 

matic, hydrophobic, and basic residues in the 
Cdc13 DBD interface suggests that the aro- 
matic stacking, hydrophobic interactions, and 

phosphate contacts typically seen in OB 

fold-ligand structures are also critical for 
ssDNA binding in the Cdc13 DBD. 

OB folds typically interact with a small 

ligand (e.g., 2 to 5 nucleotides for OB folds 
that recognize nucleic acids) through interac- 
tions with the loops between [l1-P2, p3-a, 
and 34-35 (24). This mode of recognition is 
also observed in the Cdc13 DBD-ssDNA in- 
teraction. However, the Cdc13 DBD marked- 

ly expands its interaction surface by using a 

large loop between 32-B3 for DNA binding 
(27). The extended interface can accommo- 
date the entire DNA molecule, explaining the 

requirement for at least an 11-nt oligomer of 

cognate ssDNA for full binding affinity (17). 
This exploitation of the Cdc13 DBD loop for 

ligand recognition illustrates the substantial 

malleability and adaptability of the OB fold. 

Although the Pot proteins have not yet been 

structurally characterized, the structure of the 

ternary complex of the related O. nova TEBP 
bound to a 12-nt oligomer of cognate single- 
stranded telomeric DNA (G4T4G4) has been 
solved at high resolution (28, 29). The protein 
complex contains four OB folds, three of which 
are integral to DNA binding. The Cdc13 DBD 
exhibits a high degree of structural similarity to 
each of these OB folds with superpositions of 

less than 3 A root mean square deviation (rmsd) 
over the secondary structural elements of the 
OB fold (30). Notably, the Cdc13 DBD super- 
imposes with a 2.2 A rmsd to the NH2-terminal 
OB fold of the ot subunit, the region of TEBP 
that was used to identify the Pot proteins (Fig. 
4). Structure-based sequence alignments re- 
vealed no appreciable sequence similarity be- 
tween the Cdc13 DBD and the 0. nova OB 
folds over the region of structural superposition 
or over the amino acids that make direct DNA 
contacts. This lack of sequence similarity dem- 
onstrates the critical need for structure-based 
comparisons for assessment of homology 
among divergent proteins. The close structural 
relationship observed here suggests that despite 
its sequence divergence, Cdc13 shares a com- 
mon ancestor with the 0. nova TEBP, and 
therefore with the Pot proteins as well. 

The structural similarity between the 
Cdc13 DBD and other proteins involved in 
telomere end protection shows that the OB 
fold is a broadly conserved structural element 
for binding single-stranded telomeric termini. 
Functional similarities are also seen in the 
cellular responses to Cdc13 and Potl deple- 
tion with regard to chromosome end protec- 
tion. This combination of structural and func- 
tional similarity between Cdc13 and telomere 
end-binding proteins from other distantly re- 
lated eukaryotes indicates that mechanisms of 
telomeric end protection are widely con- 
served throughout evolution. 
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