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Abstract

The single-strand overhang present at all known telomeres plays a critical role in mediating both
the capping and telomerase regulation functions of telomeres. The telomere end-binding proteins,
Cdcl13in S. cerevisiae, Potl in higher eukaryotes, and TEBP in the ciliated protozoa O. nova,
exhibit sequence-specific binding to their respective single-strand overhangs. S. cerevisiae
telomeres are composed of a heterogeneous mixture of GT-rich telomeric sequence, unlike in
higher eukaryotes which have a simple repeat that is maintained with high fidelity. In yeast, the
telomeric overhang is recognized by the essential protein Cdc13, which coordinates end-capping
and telomerase activities at the telomere. The Cdc13-DNA-binding domain (Cdc13-DBD) binds
these telomere sequences with high affinity (3 pM) and sequence specificity. To better understand
the basis for this remarkable recognition, we have investigated the binding of the Cdc13-DBD to a
series of altered DNA substrates. Although an 11-mer of GT-rich sequence is required for full
binding affinity, only 3 of these 11 bases are recognized with high specificity. This specificity
differs from that observed in the other known telomere end-binding proteins, but is well suited to
the specific role of Cdc13 at yeast telomeres. These studies expand our understanding of telomere
recognition by the Cdc13-DBD and of the unique molecular recognition properties of sSSDNA
binding.

Recognition of single-strand DNA (ssDNA\) is essential for many fundamental cellular
activities, including recombination, repair, replication, transcription, translation, and
telomere maintenance. Structural and biochemical studies of the proteins that mediate
ssDNA-binding activity have provided key insights into the mechanism of recognition.
Generally, small domains containing mixed a./p topologies, such as the OB-fold and KH
domain, are used for ssSDNA recognition, and binding is achieved through base and
backbone interactions that are completely distinct from those used in double-strand DNA
recognition (1-5). In many biological contexts DNA needs to be uniformly recognized, thus
it is appropriate for this recognition to be non-sequence specific. However, in a few cases,
including telomere maintenance, transcription, and viral packaging, it is imperative that
recognition be exquisitely sequence specific (3, 6-8).

Telomeres, the DNA, RNA and protein complexes at the ends of chromosomes, play
important roles in many essential cellular functions. They regulate the proliferative lifetime
of the cell and protect chromosomes from degradation or end-to-end fusion, as well as
participate in meiotic segregation and chromatic silencing (reviewed in (9-13)). Telomeres
are critical to the maintenance of the genome and normal development. Thus, telomere
malfunction can have dramatic adverse impacts on human health, leading to cancer, aging
disorders and increased human mortality (14-19). Therefore, it is essential to understand the
mechanisms through which telomeres are properly maintained.
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In all organisms studied thus far, telomeres terminate in a highly regulated single-strand
overhang comprised of the GT-rich strand. This end must be sequestered from cellular
factors to prevent chromosomal degradation, as well as to discriminate the end structure
from damaged DNA (20-22). A family of single-strand DNA-binding proteins with binding
specificity for the GT sequences at telomeres has been identified whose functions include
protection of the overhang from degradation and regulation of telomerase activity (8, 23—
26). Members of this family include the Pot1 (protection of telomeres) proteins from S.
pombe to human (24), the TEBPs (telomere end-binding proteins) from ciliates (27, 28), and
the Cdc13 proteins from budding yeasts (8).

Cdc13 is strictly required for proper S. cerevisiae telomere function (8, 29, 30) and mediates
the activity of two primary telomere functions: end protection and telomerase regulation.
Deletion of Cdc13 is lethal due to loss of the essential end protection function. Loss of
Cdc13 activity leads to dramatic resection of the C-rich strand of the chromosome (up to
10,000 bases) (31). This DNA damage activates the Rad9 DNA damage pathway, resulting
in cell-cycle arrest at Go/M (31, 32). In addition to end protection, Cdc13 is both a positive
and negative regulator of telomere length (23, 33). Loss of the ability of Cdc13 to interact
with telomerase leads to progressive erosion of telomeres, resulting in a delayed lethal
phenotype (34, 35). Negative regulation of telomere length is less well understood, but is
believed to involve the interplay of additional end capping proteins (33). Extensive
biochemical and genetic data indicate that Cdc13 serves as the primary anchor point for
assembly of the functional complexes at the telomere through its specific interaction with
the G-rich tail of telomeres. This sSDNA-binding activity is performed by a centrally located
domain within the full-length protein that spans residues 497-694 (Cdc13-DBD) (36).

High fidelity recognition of S. cerevisiae telomeres presents a biochemical challenge due to
the intrinsic heterogeneity of the sequence. Rather than consisting of a simple repeat that is
maintained with high integrity, yeast telomeres are a mixture of sequential guanines
interspersed within runs of GTs. Sequence patterns can be summarized with the consensus
sequence {(TG)g_s TGGGTGTG(G),}(39). This heterogeneity can be understood by
examining the features of the unusually large telomerase RNA templating sequence, (here
3'-5") ACACACACCCACACCAC (41). The variability observed of yeast telomeres can be
completely explained by a combination of abortive reverse transcription of this template and
the ability of the template to bind substrate in more than one register (39). The Cdc13-DBD
must recognize these variable sequences and also remain specific for telomeric DNA to
ensure proper telomere maintenance and to prevent aberrant telomerase activity at other
sites, such as double-strand breaks.

Cdc13-DBD binds single-strand telomeric DNA with unusually high affinity, with a
dissociation constant of 3 pM at low ionic strength (36). The NMR structure of the Cdc13-
DBD/DNA complex revealed that the Cdc13-DBD adopts an oligosaccharide/
oligonucleotide binding motif (OB-fold), the topology present in both the Potl (42, 43) and
TEBP (44) proteins. An extensive binding interface is formed between Cdc13-DBD and the
minimal telomeric DNA (GTGTGGGTGTG, Tel-11) (45-47). Specific sites in the protein
that contribute to affinity for DNA were identified by a complete alanine scan of the protein/
DNA interface (48). Analysis of the mutations that abolish DNA binding /7 vivo revealed
that most are lethal, highlighting the requirement for appropriate Cdc13 DNA-binding
activity for cellular viability (R. B. Cervantes, L. Ricks, J. N. Roberts, DSW, and V.
Lundblad unpublished data). Here, we report the in vitro binding affinity of Cdc13-DBD to
a series of DNA ligands containing several natural and unnatural base substitutions to probe
the molecular requirements for the unusual specificity necessary for biological function. Our
results indicate that while a surprisingly small set of bases confers sequence-specific
binding, this minimal set is enough to ensure the biologically required telomere localization.
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The specificity exhibited by the Cdc13-DBD is distinct from that observed in other telomere
end-binding proteins, illustrating the diversity exhibited by the OB-fold in performing this
specialized function.

EXPERIMENTAL PROCEDURES (MATERIALS AND METHODS)

Cdc13-DBD protein

The minimal DNA-binding domain of the telomere end-binding protein from S. cerevisiae,
Cdc13 spans residues 497-694 of the full-length protein (36). The C-terminally His-tagged
Cdc13-DBD was expressed in £. coliand purified using a nickel-charged HiTrap Chelating
HP column (GE Healthcare/Amersham Biosciences) as previously described (36). This His-
tagged protein binds to the single-strand DNA ligand Tel-11 (IGTGTGGGTGTG) with
affinity indistinguishable from the non-His-tagged version. Protein concentrations were
determined by absorbance at 280 nm (e=14320 M~1cm™).

DNA ligands

DNA ligands were purchased at pg scale (Operon) and purified by reversed-phase HPLC
(36). DNA concentrations were determined by absorbance at 260 nm using standard
extinction coefficients calculated from the sequence. Binding reactions contained 32p-
labeled single-strand DNA ligands (Tables 1 and 2) at concentrations (30 to 50 pM) at least
100-fold below the measured dissociation constants.

Nitrocellulose filter binding studies

Equilibrium binding reactions were performed with a fixed concentration of DNA ligand by
varying the concentration of protein over a broad range in binding buffer (5 mM HEPES pH
7.8, 600 mM LiCl, 2.5 mM MgCl,, 0.1 mM Na,;EDTA, 2 mM DTT, and 0.1 mg/ml BSA)
(36, 48). This buffer is identical to one used in our previous studies with the exception of the
monovalent salt (36, 48). In this study, we substituted 600 mM LiCl for 750 mM KClI
because LiCl has been shown to reduce the propensity of G-quadruplex formation (49, 50).
Although these structures have not been observed in our gel electrophoresis assays with the
canonical ligand, Tel-11 GTGTGGGTGTG, we wanted to minimize the possibility of G-
quadruplex formation for some of the G-rich mutant ligands in this study. The binding
constant for Cdc13-DBD with Tel-11 in 600 mM LiCl (2.7 nM) was comparable to the
binding constant in 750 mM KCI (1 nM). While the possibility exists that substitutions in
the Tel-11 DNA cause structural changes in the Cdc13-DBD, preliminary NMR data shows
that global structure of Cdc13-DBD is not significantly altered when several different DNA
variants are bound (M. P. Latham and DSW unpublished data).

The 96-well MultiScreen MAHA N4550 nitrocellulose filter plates (Millipore) were
prepared for binding by pre-wetting for 1 minute with 80 ul of the binding buffer lacking
DTT and BSA. Samples containing protein and DNA were incubated an hour on ice and
were then loaded onto the filter paper in the wells and incubated for 1 minute before filtering
with a MultiScreen Resist Vacuum manifold. The wells were washed twice with 200 pl of
buffer without DTT and BSA, air dried and then exposed to a Phosphorimager screen.
ImageQuant (Molecular Dynamics) was used to quantify radioactivity on the filters. Data
was fit to a standard two-state binding model, y = C1(x/(x+Kg)) + C2, where y is the
magnitude of radioactivity bound to the protein, X is the protein concentration, C2 is the
baseline or background counts, C1 is the total change in counts (value at the plateau minus
the background counts) and Ky is the apparent equilibrium constant. The reported AAG
values of the ensemble in the degenerate experiment and in the single substitution
experiment are an average of experiments repeated under the same conditions. AAG values
for the single substitution 9 experiment were determined using an average value for the
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wild-type Kgy. In the case of the degenerate library experiment, the AAG values were
calculated using a value for the wild-type Ky determined for each plate to correct for a
systematic difference in sample binding from plate to plate.

RESULTS

Identification of “hot spots” for Cdc13 specificity within telomere sequence

In order to efficiently identify the bases in Tel-11 critical for recognition, we substituted an
approximately equimolar mixture of the 3 other non-canonical natural bases for the wild-
type base at a given position in the 11-mer (Table 1). Specificity was assessed by comparing
of the apparent binding affinities for the cognate and randomized sequences. Surprisingly,
the effects of substitution varied dramatically throughout Tel-11. The relative binding
affinities spanned a wide range, from slight changes to a 450-fold reduction in affinity. The
effects partitioned into three classes: large (>100-fold), small (4-100-fold), and negligible
(<2-fold) (Table 1). Figure 1 shows representative binding data from these binding
experiments using one example from each class compared to the wild-type Tel-11. Large
reductions in affinity were observed for substitutions to bases in positions 1, 3 and 4 at
~100-fold, ~450-fold, and ~400-fold, respectively. Replacing bases at positions 2, 7, and 9
has a small effect (~4-6-fold) on affinity while substitution of any of the remaining
positions (5, 6, 8, 10, and 11) results in minor effects on measured binding. Figure 2
highlights the distinction between the bases at 5* end of Tel-11 required for specificity and
the bases at the 3’ end that are not individually required for specificity (although they are
required for high affinity binding, vide infra).

Role of the 3’ end of Tel-11

None of the bases at the 3’ end of Tel-11 are individually required for binding specificity
since substitution at each position with the pool of natural bases has only small effects on
affinity. However, the 3’ bases are known to be important for maintaining affinity since
binding to shorter ligands results in decreased binding (data not shown and (45)). Loss of the
terminal base results in a 20-fold reduction in binding and no binding is observed for an 8-
mer ligand as assessed by analogous filter binding experiments (data not shown). In
addition, changing every site that is not strongly specifically recognized to its
complementary base (creating the GAGTCCCACAC substrate) results in a complete loss of
binding. This indicates that, while a wholesale substitution of the 3’ region is not tolerated
by Cdc13-DBD, this region maintains a preference for GT-rich sequences. The striking
difference in the magnitude of affinity effects depending on position in Tel-11 led to further
study of atomic determinants for specificity at the 5’ end of the DNA ligand.

Single-substitution experiments delineate the chemical moieties required for specific
recognition at the 5’ end

The chemical moieties required for specific binding at the 5 end of the DNA were identified
using a series of singly substituted ligands (see Materials and Methods, Table 2). Bases with
the largest affinity reductions in the library experiment (positions 1, 3, and 4) were
individually substituted with the three alternative natural bases and several non-natural
variants. The natural base substitutions test for the importance of base size and hydrogen
bond donor/acceptor patterns while the non-natural variants test specific chemical moieties.
For example, inosine is identical to guanine but lacks the extra-cyclic amine at the 2 carbon.
Inosine was substituted at positions 1 and 3 to test the thermodynamic importance of the
extra-cyclic amine on binding by guanine. The variant thio-G, in which the 6-carbonyl
oxygen is replaced with sulfur, was tested to determine the importance of the oxygen as a
hydrogen-bonding acceptor. Thio-G reports on hydrogen bonding because the hydrogen
bond accepting potential of the sp2 hybridized sulfur is much weaker than that of oxygen
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(51). Deoxy-uracil was substituted at position 4 to test the importance of the ring methyl of
thymine on binding. Qualitatively, the aggregate binding data from this single-substitution
experiment mirrored the results from the library experiment. Substitution of any other
natural base at positions 1, 3, and 4 resulted in a marked decrease in binding affinity. The
differences in the relative affinities between the substituted ligands and for the base variants
provide insights into the base features required for specific recognition by Cdc13-DBD.

G1 substitutions—Guanine has several possible specificity determinants, including the
size of the purine base and specific interactions with hydrogen bond acceptors/donors.
Recognition of the base could occur through the Watson-Crick (WC) interaction face, which
includes the extra cyclic amine, the 1-imino and the 6-carbonyl oxygen, or the Hoogstein
face, which includes the N7 and the 6-carbonyl oxygen. Figure 3 illustrates the large range
of binding affinities observed when G1 is substituted with natural and non-natural ligands.
Replacing G1 with inosine results in a small reduction in affinity (~3-fold) indicating that
the extra cyclic amine is not required for recognition or affinity. In contrast, the 6-oxygen is
very important for recognition, since substitution of G1 with thio-G results in ~150-fold
reduction in affinity. Substitution with adenine represents a complete change in the WC
acceptors and donors and leads to a ~200-fold decrease in affinity. This loss of binding is
approximately equal to swapping the 6-carbonyl oxygen for sulfur (thio-G), indicating that
the 1-imino donor contributes minimally to binding. Also, this result suggests that the
Hoogstein hydrogen bond acceptor (N7) cannot compensate for the loss of the 6-oxygen.
We substituted thymine for G1 to test the importance of the size and/or shape of the purine
base on binding, while preserving a WC-face carbonyl oxygen hydrogen bond acceptor. A
decrease in affinity of 160-fold indicates that size/shape of the purine base is important for
binding. This conclusion is supported by the cytosine substitution, which causes a reduction
in affinity (~370-fold) that is more than twice the effect of the thymine or thio-G
substitutions and nearly double the adenine substitution. These data indicate that both the
purine base geometry and the 6-oxygen are critical for recognition and binding of the
guanine at position 1.

G3 substitutions—Guanine at position 3 is absolutely essential for recognition of Tel-11
by Cdc13-DBD as no other natural base is tolerated at this position. The trends in affinity
changes upon substitution closely parallel those observed for substitution at position 1.
Substitution with adenine, thymine, and thio-G have large effects on affinity (410-, 540-,
and 340-fold decreases, respectively), while substitution with inosine results in essentially
no change in affinity (~1.3-fold decrease). Also, replacing G3 with a cytosine leads to the
greatest reduction in apparent Ky of any substitution in the study (>2000-fold decrease).
Therefore, both the purine base geometry and the 6-oxygen are critical for recognition and
affinity. Interestingly, thymine is less well tolerated here compared to position 1, suggesting
that the geometry of the purine base is more important for specificity and affinity at position
3. Nucleotide G3 is the most important base for recognition and specificity, since position 3
has a much lower tolerance for altering any of these determinants than any other site in
Tel-11.

T4 substitutions—The thymine at position 4 is highly specifically recognized by the
Cdc13-DBD. The thermodynamic effects of substitution at position 4 are second in
magnitude only to those at G3 (Table 2), revealing that the GT pair at position 3 is a
stringent specificity determinant for Cdc13. Substitution of T4 with cytosine results in a
>830-fold reduction in binding affinity, suggesting that this pyrimidine ligand cannot be
accommodated in the binding pocket to satisfy either steric or hydrogen-bonding
requirements. Substitution of T4 with deoxy-uracil produces a very small change (~2.2-fold
decrease), indicating that the ring methyl is not important for specificity. Purine bases are
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not well tolerated at this position, with binding by adenine decreased by >1100 fold and
guanine somewhat better tolerated, exhibiting a 170-fold decrease in affinity. Thus, base size
is clearly an important discriminant at this position. The pronounced lack of tolerance for
substitution at this site suggests that the alternate bases cannot reorient to find favorable
steric or hydrogen-bonding interactions, consistent with limited conformational malleability
at this site. In contrast to the pronounced effects of substitution at T4, modification from T at
position 2 to any other base is well tolerated and results in modest (< 30-fold) decreases in
affinity (data not shown), consistent with the data from the pooled oligonucleotide
experiment.

DISCUSSION
A Cdc13-DBD specificity motif within Tel-11

A subset of bases at the 5" end of Tel-11, G1, G3 and T4, are specifically recognized by the
Cdc13-DBD. Substitution of these bases to either a mixture of alternate bases or to each of
the other natural bases results in sizable decreases in binding free energy (see Figures 1-4).
In contrast, individual substitution of any of the bases at the 3’ end (5-11) to a library of the
other natural bases results in only modest changes in binding (Table 1, Figure 2). Thus, the
G1XoG3T4 motif is the specificity element for Cdc13. Recognition of the two guanines
requires a hydrogen bond acceptor, the 6-carbonyl oxygen, and favors the purine base
geometry. The hydrogen-bonding pattern on T4 is also required for recognition with base
size or shape being less important. In contrast, all of the bases in Tel-11 are required for high
affinity binding as Cdc13-DBD binds weakly to shorter ligands, suggesting that non-specific
backbone and/or stacking interactions are dominant in the 3’ end of the Tel-11 ligand.

Coincidence of the protein and DNA determinants of binding

The specificity determining region of Tel-11, the 5* G1X,G3T, interaction site, overlaps
precisely with the ‘hotspot’ of affinity on the protein surface identified by the complete
alanine-scanning mutagenesis of the residues at the interface (48). The spatial coincidence of
the thermodynamically important bases in Tel-11 and residues in Cdc13-DBD is striking
when the average A AG value resulting from mutation of both the DNA and protein are
simultaneously mapped on the structure of the complex (Figure 5). Therefore, the direct
contacts between the important protein residues and the critical DNA bases confer
specificity as well as affinity.

Analysis of protein determinants of specificity

The structure of the Cdc13-DBD/Tel-11 complex identified the contact partners but not the
precise geometry of the protein/DNA contacts. With the knowledge of the specificity-
determining features of the DNA, the structure can be re-examined to predict the protein
elements that confer DNA-binding specificity. The two features of the G1 base that confer
specificity are the shape of the purine base and the oxygen at the 6-carbon. The orientation
of this base with respect to the protein surface is not well defined in the structure due to
fraying near the end, therefore we cannot unambiguously identify the protein residues
involved in recognition. There are, however, several candidates that may participate in a
hydrogen bond interaction with G1. A nearby residue, Y27, has one of the largest decreases
in binding affinity (650-fold) when mutated to alanine and this mutation is lethal to the cell
(R. B. Cervantes, L. Ricks, J. N. Roberts, DSW, and V. Lundblad unpublished data) (48).
The side-chain hydroxyl of Y27 is close to the phosphate backbone of G1 and does not
appear to participate in a direct H-bonding interaction with the base. One possibility is a
conformational rearrangement of Y27 to place the aromatic ring in line to form a hydrogen
bond (H-bond) contact with G1. Alternate H-bonding partners for G1 include lysine 5,
which would require the side-chain to rotate toward G1, or lysine 26, where G1 would have
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to flip the solvent-exposed 6-oxygen inward toward the protein. There are no obvious
structural constraints on the size or shape of the base, but perhaps the requirement for a
purine at this position is due to proper alignment of the 6-oxygen for hydrogen bonding
interactions or for stacking interactions with Y27.

The important recognition elements of G3 are the 6-oxygen and the geometry of the purine
base. The requirement for an oxygen atom at position 6 suggests that a hydrogen bonding
interaction between the protein and the DNA is important for the specific recognition of this
critical base. The side chain of R140 likely provides the hydrogen bond donor. In the
structure, R140 is poised to interact directly with the base of G3. Mutation of this conserved
residue to alanine decreases affinity by 540-fold and is lethal /7 vivo (R. B. Cervantes, L.
Ricks, J. N. Roberts, DSW, and V. Lundblad unpublished data) (48). Similarly, a
substitution of adenine for G3, which results in a loss of a hydrogen bond acceptor at
position 6, decreases affinity by 380-fold. Furthermore, mutating R140 to lysine restores
binding and cellular viability, implying a requirement for a hydrogen bond donor at this
position. Another candidate hydrogen bonding residue is K127 since mutation to alanine is
lethal to cells and reduces binding affinity (R. B. Cervantes, L. Ricks, J. N. Roberts, DSW,
and V. Lundblad unpublished data). However, K127 is closer to T2 in the structure. Since
T2 is not strongly recognized by Cdc13, the role of K127 may be to form a hydrogen
bonding interaction with oxygen 4 in order to correctly orient T2 for a stacking interaction
with G3.

The specific recognition of T4 appears to be achieved by a combination of space
complementarity and hydrogen-bonding interactions. Examination of the structure reveals a
hydrophobic pocket at this site formed by Y85, F44 and 183. Tyrosine 85, one of the most
important residues for binding DNA (a 700-fold reduction in binding is observed in Y85A)
is involved in a stacking interaction with T4 and forms one side of a buried pocket that
accommodates T4. Additionally, the side-chain hydroxyl of Y85 is in position to hydrogen
bond to the oxygen on the 4 carbon, which may direct specificity for a T at this position.
1138 and F44 also play a role in maintaining affinity (replacement to alanine results in 710-
fold and 170-fold reduction in affinity, respectively) perhaps by sterically constraining the
pocket to accommodate the smaller pyrimidine base.

Recognition trends in the telomere end-binding protein family

Specific recognition of telomeric ssSDNA by the telomere end-binding proteins from
different organisms, Cdc13 from budding yeast, TEBP from ciliated protozoa, and Pot1
from fission yeast and humans, follow similar but not identical trends (42-44, 46, 47). All
members of this family specifically recognize a subset of the bases in their canonical ligand.
The cognate sequence for the SpPotl N-terminal DBD is GGTTAC. Substitution of any of
the first five bases with the complementary base results in large decreases in affinity,
ranging from 200-fold (G1) to greater than 1000-fold (G2-A5) (7). This specificity has been
attributed to the unusual non-sequential G-T hydrogen bonding interactions that occur
within the compact DNA ligand (42). The full-length S. pornbe Pot1 protein binds a larger
substrate containing at least two GGTTAC repeats, with relaxed specificity for the second
repeat relative to the first (52). Similarly, hPot1, which binds the sequence
TTAGGGTTAG, is most sensitive to substitutions to the five underlined bases (43). The 5’
end of the ligand is specifically recognized and the final 3’ end guanine is sequestered
within the protein. Thus, the Cdc13-DBD specificity requirements mirror those observed for
the Potl proteins, whereby only a subset of the canonical ligand, G1X,G3Ty, is specifically
recognized by Cdc13-DBD. In contrast, TEBPa is distinct from the other end-binding
proteins in that only two bases in the minimal 12-mer (GGGGTTTTGGGG) produce large
affinity changes upon substitution (44, 53, 54). These affinity changes range from 10 to 80-
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fold, several orders of magnitude smaller than the changes observed in Potl or Cdc13-DBD
binding to non-cognate sequences.

Structures of the TEBPap complex with non-cognate sequences reveal the basis for the
observed tolerance for base substitution. When additional bases are either deleted or inserted
into the sequence, the ligand reorients such that the sequence register retains some cognate
character. The result of this “nucleotide shuffling” is a relatively small change in binding
energy, despite large structural rearrangements (54). This type of structural malleability may
explain the relatively small effects of individual substitutions in the 3’ end of the Tel-11
ligand but the apparent requirement for GT-rich sequence in Cdc13 binding. When all of the
3’ bases are substituted with their complement, however, no binding by Cdc13-DBD is
observed. However, at any given position in the 3’ end, substitution with a pool of alternate
bases produces little change in binding, in contrast to the strict sequence requirements at the
5’ end of the ligand. The biochemical implication that the binding site at the 5’ end is fixed,
while the binding site at the 3’ end is more malleable, can be understood in the context of
the structure. The 5’ end of the cognate DNA interacts with the -barrel and B1-p2 and p4-
B5 loops, the canonical ligand binding site used by almost all OB-fold proteins (1).
However, the 3’ end of the DNA interacts with the unusually large ordered loop (between
[B2—p3), a feature present only in Cdc13-DBD and, interestingly, the second OB-fold of
hPot1(43, 46). This loop serves to provide a higher affinity binding site and may be
important for the recognition of heterogeneous sequences.

While Cdc13, hPotl, SpPotl, and TEBPap all employ OB-folds to recognize ssSDNA, the
chemical nature of the protein/DNA interface is surprisingly diverse among the members of
this family. Cdc13 and SpPotl each possess a single OB-fold that alone exhibits high
affinity and specific binding to DNA, while hPotl and TEBPap require two or more of
these protein modules for interaction with telomeric DNA /n vitro. Interestingly, only hPotl
and TEBPap are currently known to recognize the extreme 3’ terminus by sequestering the
final base within the protein structure. Cdc13 and SpPotl may also have a role in end
recognition as both proteins have been proposed to contain at least one more OB-fold (52,
55, 56). Similar to Cdc13-DBD, the DNA recognition interface of TEBPaf contains a large
number of aromatic and hydrophaobic residues; 19 aromatic and hydrophobic residues cluster
at the protein/DNA interface in TEBPap and 12 for Cdc13-DBD (44, 46, 53, 57). In
TEBPap, the aromatic residues participate in a contiguous extended stacking structure with
guanine bases, which is further stabilized by extensive hydrophobic packing. For Cdc13,
nearly all, nine out of ten tested, of the interfacial aromatic or hydrophobic residues are
crucial for high affinity binding, however the stacking interactions are localized (47, 48).
The ten aromatic and hydrophobic interfacial residues in the hPotl complex flank the base
stacking pairs and also do not form an extended stacked system (43). In contrast to the other
end-binding proteins, there are only five aromatic and hydrophobic residues at the SpPotl
interface. These residues form stabilizing stacking interactions similar to those observed in
hPot that flank the highly compact DNA structure (42).

One unusual feature in Cdc13 is a dearth of charged or polar residues at the protein/DNA
interface that can participate in specific hydrogen bonding interactions. In contrast, SpPot1
and hPotl are rich in these types of residues which form specific hydrogen bonding
interactions between the DNA and protein. In SpPotl, there are thirteen sequence specific
hydrogen bonding interactions that form a network arising from positively charged and polar
side chains in the protein to the Watson-Crick donor/acceptors of the first four bases, GGTT
(42). Similarly, hPot1 has 22 sequence specific hydrogen bonding interactions over two OB-
folds to nine of the ten bases recognized (43). TEBPap is less hydrophilic with nine
hydrogen bonding interactions from charged and polar residues to specific moieties on the
W(C face of the bases within the 12-mer DNA ligand (44). There are only seven charged
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residues at the interface between Cdc13-DBD and the Tel-11 DNA and only one polar
amino acid. Two of these residues, R140, which is predicted to hydrogen bond to G3, and
K127, are the only charged or polar residues that greatly reduce binding when mutated to
alanine. Several other lysines along the interface have only modest reductions (< 8 fold) in
affinity when altered to alanine suggesting that they are not important for hydrogen bonding
interactions. Tyrosine is well represented across the interface between Cdc13-DBD and
Tel-11 and can contribute a hydrogen bonding-donor through the side chain hydroxyl. G1
may be specifically recognized by Y27 through a hydrogen bonding interaction to the 6-
carbonyl oxygen. The absence of traditional hydrogen-bonding partners may assist in the
recognition of heterogeneous yeast telomeres.

of heterogeneous yeast telomere sequences

Cdc13 binds specifically to heterogeneous yeast telomeric sequence with high affinity.
While an 11-mer of DNA sequence is necessary for high affinity binding, we have shown
that the determinants of specificity reside in the first four bases with the ideal binding site
G1X,G3T4. Examination of the consensus sequence representing yeast telomeres,

[(TG)o_s TGGGTGTG(G)], reveals that despite the heterogeneity, yeast telomeres always
contain a consensus Cdc13 recognition site (that is, a G1X,G3T4 sequence followed by GT-
rich sequence). Inspection of several typical yeast telomere sequences (40), shown in Figure
6, reveals that there are many potential binding sites for the Cdc13-DBD contained within
the telomere sequence. Thus, the specificity exhibited by the Cdc13-DBD is therefore
ideally suited for Cdc13 to fulfill its essential role at the yeast telomere, as a consensus
binding sequence is invariably present. The unusual specificity exhibited by Cdc13 also
provides an alternate explanation for the intolerance of budding yeast to changes in the
templating region of telomerase RNA (58, 59). Complete mutation of a region of the TLC1
template indicates that yeast tolerate only conservative A/C rich sequence in the telomerase
RNA even though the reverse transcriptase is still enzymatically active. While some of this
tolerance could be attributed to loss of the double-strand binding protein Rap1 at telomeres,
the patterns of viability are also consistent with the binding preferences exhibited by Cdc13
(58, 59). In addition, the Cdc13-DBD binding specificity reported here explains why a short
stretch of GT repeats is sufficient for the Cdc13-dependent recruitment of telomerase to
double-strand breaks (60-62), leading to telomere-mediated healing of the DNA break.
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TEBP telomere end-binding protein
thio-G 6-thioguanosine
wcC Watson-Crick
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Figurel.

Binding curves from the degenerate library experiment illustrating the range of measured
binding affinities. Data are fit to a two-state model as described in Materials and Methods.
Wild-type binding data is shown in filled circles. Data obtained from replacement of the
canonical base with a library of alternate natural bases for positions 4, 7 and 11 are shown
by diamonds, squares, and triangles, respectively.
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Graphical representation of the ensemble average AAG (kcal/mol) values for substitution of
individual bases with a library of other natural bases. The inset graph shows the relative
binding constants at each position.
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Figure 3.

Binding curves for site-specific substitutions at G1. Replacement of G1 with other natural
bases has a large effect on binding affinity, while inosine has a modest effect. Data are fit to
a two-state model as described in Materials and Methods. Wild-type data is shown in circles,
inosine with diamonds, A, C and T are shown in squares, traditional triangles, and upside
down triangles, respectively.
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Figure 4.

Graphical representation of the energetic impact of single substitutions on binding to Cdc13-
DBD. The alternative bases substituted for each of the first four bases in Tel-11 are shown
color coded by base type, adenine in red, cytosine in yellow, thymine in blue, and guanine in

green. Analogs of guanine are in alternate shades of green, thio-G (S) in light green and dark
green for inosine (1). The analog of thymine, uracil (U), is shown in light blue.
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Figureb5.

The energetic contributions of each DNA base and individual protein residues on binding
mapped onto Cdc13-DBD/Tel-11 structure. The magnitude of the change in binding free
energy is illustrated using color ramp from white to red, for —0.5 — 4.0 kcal/mol. Values for
AAG are from the ensemble average values obtained in the degenerate library experiment
and from the alanine mutagenesis study by Anderson et al. 2003 (48). Figure prepared using
MOLSCRIPT (63).
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TGEBEGTCAGGGTGTGGTGT
TGBIGTGGGTGTGGTBIGTGGGTGTGGT
TGTGGTBIGTGGGTGTGGTGTBIGTGGGTGTGGT

Figure6.
Potential Cdc13 binding sites mapped on representative yeast telomere sequences (40).
Multiple Cdc13 binding sites are in every heterogeneous telomere sequence.
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Thermodynamic and affinity changes for Cdc13-DBD binding to Tel-11 containing a degenerate library

substitution at each site in the DNA.

Table 1

AAG (kcal/mal) Average
Sample Sequence ensemble relativeKg
WT GTGTGGGTGTG 1.0
1 A 25+0.3 95
CTGTGGGTGTG
T
2 A 1.0+0.1 5.9
GCGTGGGTGTG
G
3 A 3401 450
GTCTGGGTGTG
T
4 A 3.2+£03 360
GTGCGGGTGTG
G
5 A 06401 0.4
GTGTCGGTGTG
T
6 A 0.1+£01 11
GTGTGCGTGTG
T
7 A 09+0.1 5.0
GTGTGGCTGTG
T
8 A -05+0.2 0.4
GTGTGGGCGTG
G
9 A 0.8+£0.2 4.1
GTGTGGGTCTG
T
10 A 0.2+£0.2 14
GTGTGGGTGCG
G
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AAG (kcal/mol) Average
Sample Sequence ensemble relative Ky
11 A -0.1+0.02 0.9
GTGTGGGTGTC
T
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Thermodynamic and affinity changes for Cdc13-DBD binding to Tel-11 containing single substitutions.

Table 2

Average AAG | Average
Sample Sequence (kcal/mol) relative Ky

WT GTGTGGGTGTG 0 1

Al ATGTGGGTGTG 29101 200
C1 CTGTGGGTGTG 3.3+£0.1 370
T1 TTGTGGGTGTG 28+0.1 170
S1 STGTGGGTGTG 28+0.2 160

11 ITGTGGGTGTG 0.7+0.1 3.8
A3 GTATGGGTGTG 33+0.1 410
C3 GTCTGGGTGTG 43+0.1 >2300
T3 GTTTGGGTGTG 35+04 >540
S3 GTSTGGGTGTG 3204 340

13 GTITGGGTGTG 02+01 14
A4 GTGAGGGTGTG 39+£01 >1100
C4 GTGCGGGTGTG 3.7+£01 >830
G4 GTGGGGGTGTG 28+0.1 170
U4 GTGUGGGTGTG 04+0.1 2.2

Biochemistry. Author manuscript; available in PMC 2012 December 05.

Page 21



