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INTRODUCTION

Telomeres are the nucleoprotein complexes that protect the ends of linear
eukaryotic chromosomes. Telomere replication and length regulation are controlled by
the enzyme telomerase and a suite of telomere binding proteins. Anomalous telomeric
replication is implicated in most forms of human cancer. Telomere metabolism is thus an
active field in basic research for the eventual goal of developing inhibitors or modulators
of telomere replication for cancer therapy. Cdc13p is an essential protein from the
- budding yeast Saccharomyces cerevisiae whose role is to protect the end of the
chromosome from degradation and to load telomerase in concert with the protein Est1p.
Biochemically, Cdc13p binds to single-stranded yeast telomeric DNA with high affinity
and specificity. We are investigating the structural basis for high affinity binding and
sequence specificity of the DNA binding domain. One aspect of this research involves
solving the high resolution solution structure of the domain complexed to DNA using
heteronuclear, multidimensional NMR. Biochemical techniques are also being
employed, including mapping regions of the domain in proximity to the DNA by
photocrosslinking, investigating sequence specificity using libraries of DNA with varying
sequences, and determining the thermodynamic contributions of amino acids that contact
DNA.. The advantage of studying this protein using yeast as a model organism is the
power of combining structure, biochemistry, and genetics all in one system.

BODY

All of the technical goals have been completed in the last year. Technical
objective 1, outlined below, was completed in full as of the report submitted two years
ago.

Technical Objective 1:
Express and purify DNA binding constructs 2 Months
Conduct binding assays with site-randomized DNA 4 Months
Conduct CD experiments of protein folding and DNA binding 1 Month

An optimized DNA-binding domain construct had been delineated using proteolysis and
MALDI mass spectrometry. This construct had been subcloned, expressed and purified
in high yield, suitable for high resolution structural characterization. The construct binds
DNA with much higher affinity comparable to that reported for the full-length protein as
measured by both gel-shift binding assays and nitrocellulose filter-binding assays. This
work, as well as the work form the first subtask in technical objective 2, have been
accepted for publication in Nucleic Acids Research. This manuscript is located in the
report as Appendix 1.

Technical objective 2 is also complete, as outlined below.




Technical objective 2:

Conduct photocrosslinking/identify contacts - 3 Months
Design mutants/test in vitro and in vivo 6 Months

Photocrosslinking experiments with the chromophore iodouracil substituted for thymine
have been performed. As specific amino-acids were not identified using this technique,
mutagenesis to analyze the DNA-binding interface was designed in conjunction with the
data collected in technical objective 3, and is described below.

Technical objective 3 involves determining the high resolution NMR solution
structure of the domain and has also been completed. As stated in the annual progress
report from two years ago, the focus of the research until now has been on the
protein/DNA complex with the collaboration of another student in the laboratory, Rachel
Mitton-Fry. This work has been published in the journal Science and is located in this
report as Appendix 2. The original Technical Objective 3 is listed as follows:

Technical Objective 3:
Optimize solution conditions of sample for NMR spectroscopy 1 Month

Protein alone —

Collect heteronuclear NMR data for resonance assignment 6 Months

Assign resonances in the protein domain 6 Months

Collect heteronuclear NMR data for distance restraints 1 Month

Determine family of structures that satisfy restraints 6-12 Months
Protein/DNA complex — _

Titrate DNA into protein and conduct NMR experiments 6-18 Months

In our preparations of the complex the DNA is unlabeled and is not observed in
the isotope-selected experiments conducted to complete the structure of the protein. Last
year I performed isotope-filtered NMR experiments to examine the unlabeled single-
stranded DNA in the complex and it appears to be in a unique, extended conformation
with 11 identifiable spin systems. To aid in assignment of the spin systems and
determine the conformation of the single-stranded DNA, this year I have conducted
experiments with various thymine bases substituted with uracil as well as site-specific
BC-labeled samples. This work will be presented in a manuscript intended for Nature
Structural Biology. 1 have also conducted isotope select-filter experiments to measure
NOE contacts between the protein and DNA, which are shown in Figure 3 in the paper in
Appendix 2. We mapped a DNA-binding interface or cleft on the protein structure which
is consistent with other measurements on the complex such as chemical shift changes that
occur upon binding, protection from hydrogen exchange, and a net positively-charged
groove located on the surface of the protein. Mutations have been made based on this
interface and we have tested the thermodynamic contributions of these interface residues




to binding. This work has been submitted to PNAS and the paper is Appendix 3 of this
report.

. It should be noted that some of the subtasks in technical objective 3 have been
completed in parallel by myself, while some have been completed by Rachel Mitton-Fry.
In this respect completion of the entire project, with a total time frame of 5 years, has
been accomplished within the scope of the granting period.




KEY RESEARCH ACCOMPLISHMENTS (THIS YEAR)

e Double-filtered isotope experiments with substitutions of thymine by uracil, along
with site-specific 13C labeling of nucleotides and 13C HSQC experiments have
allowed for assignment and calculation of the DNA conformation in the complex.

e Complete structures of the protein/DNA complex have been calculated.

e Point mutations have been made and tested for the thermodynamic effect on DNA
recognition of residues at the DNA-binding interface.

REPORTABLE OUTCOMES

Abstracts: The work in progress has been presented as a poster at one meeting: IBC's
Drug Discovery Technology 2002 Meeting in Boston, MA .

Presentations: This work has been presented as a talk at the University of Colorado RNA
Club in May, 2002.

Manuscripts:

Anderson, E. M., Halsey, W. A., Wuttke, D. S. (2002) Delineation of the high-affinity
single-stranded telomeric DNA-binding domain of S. cerevisiae Cdc13. Nucleic Acids
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147.
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binding protein Cdc13. Proc. Natl. Acad. Sci. USA, submitted.
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ABSTRACT

Cdc13 is an essential protein from Saccharomyces cerevisiae that caps telomeres
by protecting the C-rich telomeric DNA strand from degradation and facilitates telomeric
DNA replication by telomerase. In vitro, Cdcl3 binds TG-rich single-stranded telomeric
DNA with high affinity and speciﬁcity; A previously identified domain of Cdc13
encompassing amino acids 451-694 (the 451-694 DBD) retains the single-stranded DNA-
binding properties of the full-length protein; however, this domain contains a large
unfolded region identified in heteronuclear NMR experiments. Trypsin digestion and
MALDI mass spectrometry were used to identify the minimal DNA-binding domain (the
497-694 DBD) necessary and sufficient for full DNA-binding activity. This domain was
completely folded, and the N-terminal unfolded region removed was shown to be
dispensable for function. Using dffinity photocrosslinking to site-specifically modified
telomeric single-stranded DNA, the 497-694 DBD was shown to contact the entire 11-
mer required for high-affinity binding. Intriguingly, both domains bound single-stranded
telomeric DNA with much greater affinity than the full-length protein. The full-length

protein exhibited the same rate of dissociation as both domains, however, indicating that




the full-length protein contains a region that inhibits association with single-stranded
telomeric DNA.
INTRODUCTION

Telomeres are nucleoprotein complexes that form the ends of eukaryotic
chromosomes. They are composed of repetitive tracts of DNA and a suite of proteins that
specifically recognize both the double-stranded region and the G-rich single-stranded 3’
overhang of telomeric DNA (1). Telomeres perform various functions in the cell,
including capping the end of the chromosome, protecting it from degradation and end-to-
end fusion, and serving as a substrate for telomerase, the specialized reverse transcriptase
that replicates telomeres (2).

Several strategies have been identified for telomere capping by telomere end-
binding proteins (3). For example, in the hypotrichous ciliate Oxytricha nova, the
heterodimeric telomere end-binding protein (TEBP) specifically recognizes and buries
the single-stranded overhang (4,5). An end-binding protein with limited sequence
similarity to O. nova TEBP has been identified both in the fission yeast
Schizosaccharomyces pombe and in humans (6). Deletion of this protein (Potl) in fission
yeast results in loss of telomeric DNA, chromosomal missegregation, and reduced growth
that could be bypassed by circularization of the chromosome. In mammalian cells, a
TRF2-mediated duplex lariat struéture at the terminus of the chromosome called a t-loop
has been proposed to sequester the end of the chromosome (7).

Cdc13 is an essential telomere-capping protein from the budding yeast
Saccharomyces cerevisiae that protects the C-rich telomeric strand from degradation (8-

11). Invivo, the temperature sensitive mutant allele cdc]3-1 causes resection of the C-




rich strand at the non-permissive temperature, along with cell-cycle arrest and lethality
(12). In independent genetic studies, CDC/3 has also been shown to be a positive and
negative regulator of telomere length (13). Mutation of residue 252 of Cdc13 causes a
failure in telomere replication, even though the catalytic function of telomerase is not
impaired in such mutant strains (14-16). These mutant alleles of CDC13 can be
reciprocally suppressed by certain mutations of the EST/ subunit of telomerase (16),
suggesting that the positive regulatory role of Cdc13 in vivo is recruitment of the enzyme
to telomeric chromatin. Consistent with these activities, Cdc13 is believed to be
localized to the 3’ single-stranded overhang at the telomere as it binds single-stranded
yeast telomeric DNA with bot‘h high affinity and specificity (14,17). Cdc13 does not
bind double-stranded telomeric DNA or single- or double-stranded DNA of random
sequence, and it does not require a free 3’ end for binding. Cdc13 has the same affinity
for binding a free single-stranded 3' end, however, such that it could bind and localize to
the very end of the 3' overhang in vivo. In fact, the DNA-binding function of Cdc13 in
isolation has been shown to be active in vivo. Tethering of the telomerase components
Estlp or Est3p to the telomere by fusion with the Cdc13 DNA-binding domain (DBD)
restores immortality to senescing mutants of Cdc13 and results in longer telomeres,
respectively (18,19). In addition, fusion of the DBD to the end-protection factor Stnlp
restores cell viability in the absenCe of full-length, functional Cdc13, although these cells
still undergo senescence since they are unable to recruit telomerase components (16).
These experiments indicate that Cdc13 functions to localize key proteins to the telomere

that are involved in telomere end protection and replication.




A DNA-binding domain of Cdc13 (451-694 DBD) was previously identified
within the 924-residue full-length protein by deletion mapping and limited proteolysis,
facilitating biochemical studies of Cdc13 bound to single-stranded telomeric DNA
(20,21). The DNA-binding domain has no similarity to any sequence in the database.
Notably, no sequence similarity can be detected between the 451-694 DBD and the other
telomeric DNA end-binding proteins S. pombe and human Potl1 (6) or the heterodimeric
O. nova telomere end-binding protein (TEBP) (22-24). Even in the complete absence of
sequence similarity, the recent solution structure of the Cdc13 DBD characterized here
revealed that this domain adopts the same fold as both TEBP and the predicted fold of
Potl (25). This result suggests that these telomere-binding proteins are evolutionarily
related and that structure-function studies of Cdc13 are directly relevant to telomere
maintenance in other organisms. |

Although the 451-694 DBD retains DNA-binding properties comparable to that of
the full-length protein, as assessed by both biochemical (20,21) and genetic (16,18)
studies, it does not represent the minimal, independently folded structural domain. To
better understand structure-function relationships governing single-stranded DNA
binding at telomeres, we have further characterized the biochemical and structural
properties of the minimal DNA-binding domain.

MATERIALS AND METHODS
Production of recombinant DBDs

DNA encoding the Cdc13 single-stranded telomeric DNA-binding domains

(amino acids 451-694 and 497-694) was PCR-amplified from a genomic clone

(generously provided by the Lundblad lab, Baylor College of Medicine) and subcloned




into the T7 expression vector pET21a (Novagen) between the Ndel and Xhol restriction
sites. Electrotransformed (1.8 V, 400 Q, 25 uF) BL21(DE3) E. coli were grown in LB
medium with 50 pg/L ampicillin at 37°C to an ODggq of 0.6 and induced with 1 mM
IPTG at 22°C for 4-5 hours. Cells were harvested by centrifugation, resuspended in
buffer A (50 mM potassium phosphate, pH 7.0, 50 mM NaCl, 0.5 mM Na,EDTA, 0.02%
NaNj3, and 2 mM DTT), and lysed by two passes through a French press (Aminco). Cell
extract was cleared of DNA by precipitation with 0.1% polyethylenimine at 4°C for 30
minutes with stirring and then centrifugation. The addition of a PEI precipitation step in
the purification protocol, which is included in the purification of every protein studied
here, was necessary in order to remove endogenous E. coli nucleic acids that were non-
specifically bound to the recombinant protein. The amount of non-specifically bound
nucleic acid could be readily followed by monitoring the A260/A280 ratio in the UV/Vis
absorption spectrum. Failure to remove the bound nucleic acids results in spurious
binding features. The cleared supernatant was purified by ion exchange chromatography
over a S mL HiTrap SP-Sepharose column (Pharmacia) by gradient elution with buffer B
(buffer A with IM NaCl). The protein eluted at approximately 60% B and is over 95%
pure as estimated by Coomassie-stained SDS-PAGE. Yield of protein was typically 15-
20 mg per liter cells.
Production of recombinant his-bgagged 497-694 DBD

DNA encoding the 497-694 DBD was PCR-amplified and subcloned into the
expression vector pET21a (Novagen), between the Ndel and Xhol restriction sites, in-
frame with the C-terminal His-tag. BL21(DE3) E. coli were transformed, grown, and

induced as described above. Cells were pelleted by centrifugation, resuspended in lysis




buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 10% glycerol, 0.5% Tween 20,
10 mM imidazole, 5 mM B-mercaptoethanol, 1 mM PMSF, 5 UM pepstatin A, 10 uM
leupeptin, 100 uM antipain, and 200 M chymostatin), and lysed by French press.
Cellular debris was removed by centrifugation, and the supernatant was cleared of DNA
" by precipitation with 0.1% polyethylenimine at 4°C for 30-45 minutes with stirring,
followed by centrifugation. The supernatant was purified by affinity chromatography
chromatography using a 5 mL HiTrap Chelating HP column (Pharmacia) charged With
nickel chloride. Equilibration/wash buffer is the same as lysis buffer but without protease
inhibitors. Bound protein was eluted with a linear gradient of imidazole from 10 mM to
500 mM. Protein was estimated to be 95% pure as measured by Coomassie-stained SDS-
PAGE.
Production of recombinant full-length Cdc13

Frozen SF9 cells infected with baculovirus expressing full-length Hiss-Cdc13
(amino acids 1-924) were provided by the Lundblad laboratory. The protein was purified
using nickel-NTA chromatography as described previously (14).
Limited trypsin cleavage of the 451-694 DBD

The 451-694 DBD (30 uM in 200 uL), alone or with 1 molar equivalent telomeric
11-mer (dAGTGTGGGTGTG), was incubated with 0.4% w/w trypsin (Sigma) at room
temperature in 50 mM potassium v{)hosphate, pH 7.0, 350 mM NaCl, 0.25 mM Na,EDTA,
0.02% NaNs, and 2 mM DTT. Atlvarious time points, 8 pL aliquots of the reaction were

withdrawn, diluted with 12 uL water and 5 uL SDS loading dye, and run on 15% SDS-

PAGE visualized with Coomassie Brilliant Blue.




MALDI mass spectrometry of the limited trypsin cleavage products

For MALDI mass spectrometric analysis, the 451-694 DBD (30 uM in 200 pL)
was incubated with 0.4% w/w trypsin in 10 mM Tris, 2 mM DTT at room temperature.
Aliquots were withdrawn as described above for SDS-PAGE analysis. At the 10 minute
time point, 2 L of the reaction mixture was mixed with 2 uL of CHCA (ct-cyano-4-
hydroxycinnamic acid) matrix. Samples were analyzed in positive ion mode on a
Voyager-DE STR mass spectrometer (Perseptive Biosystems). Internal sample
calibration was achieved with a mixture of insulin, thioredoxin, and myoglobin standards.
Preparation of NMR samples

Uniformly "N isotopically-labeled DBD (451-694 and 497-694 DBD without a
His-tag) was produced by expression in minimal media containing 6.7 g/L Na,HPO, 3
g/L KH,POy, 1.5 g/L NaCl, 2 g/L glucose, 10 mL/L Basal Medium Eagle Vitamin
solution (GibcoBRL), 162.2 pg/L FeCls, 2.86 mg/L H3BO4, 15 mg/L CaCly2H,0, 40
pg/L CoCly6H,0, 200 ug/L CuSO45H;0, 208 mg/L MgCly6H,0, 2 pg/L. MoOs, 208
png/L ZnCly, and 1.5 g/L (""NH,);SO4. Growth and purification was as described above
except for a 7 hour induction time with IPTG, yielding typically 10-15 mg protein per
liter medium. The 451-694 DBD was concentrated to 400 uM in 50 mM potassium
phosphate, pH 7.0, 50 mM NaCl, 0.02% NaNj3, 2 mM DTT-d,o, and 10% D,O.
Concentrations of this domain abéve 400 uM proved to be insoluble. The 497-694 DBD
was concentrated to 700 uM in 50 mM imidazole-ds, pH 7.0, 150 mM NaCl, 100 mM

Na,;S0s, 0.02% NaN3, 2 mM DTT-d,o, and 10% D,0.




NMR methods

NMR data were collected at 20°C or 25°C on a Varian Unity Inova 600 MHz
spectrometer. 'H-">’N HSQC spectra were obtained with 2048 points and 128 t,
increments using a gradient sensitivity-enhanced pulse sequence (26). Spectra were
processed with the NMRPipe/NMRDraw programs using a cosine apodization function
and one round of zero filling (27).
Modified photoactive DNA oligonucleotides

The 5-i0odo-2’deoxyuridine-containing single-stranded DNA oligonucleotides
(Operon, see table 1) were resuspended in 10 mM triethylammonium acetate buffer, pH
6.0, and purified by acetonitrile gradient on a semipreparative C4 reversed-phase column
at 4 mL/min (Vydac). Solutions of the purified oligonucleotides were prepared in
deionized water and stored at —20°C. Purity of the DNA was determined to be >99% by
MALDI mass spectrometry obtained in negative ion mode using HPA (hydroxypicolinic
acid) as the crystallization matrix.
Protein-DNA photocrosslinking

Crosslinking reactions (500 uL of 100 uM protein and DNA) were performed in
50 mM potassium phosphate buffer, pH 7.0, 50 mM NaCl, and 1 mM DTT. The
reactions were transferred to a 1 mL polymethylmethacrylate cuvette with a 1 cm path
length and irradiated at 325 nm with stirring for 3 hours by an Omnichrome Series 74 He-
Cd laser operating at 25-27 mW. Reactions were analyzed by SDS-PAGE.
Equilibrium binding assays by gel shift and filter-binding

The 11mer dGTGTGGGTGTG was 5’-end labeled using T4 DNA kinase

according to the Gibco/BRL protocol, with 5 uM DNA and 150 mCi/ml y*°P-ATP. A 25




uL labeling reaction was incubated at 37°C for 30 minutes. Unincorporated **P was
removed using microspin G25 columns (Pharmacia). All assays were conducted in S mM
HEPES, pH 7.8, 75 mM KCl, 2.5 mM MgCl,, 0.1 mM Na;EDTA, 1 mM DTT, and 0.1
mg/mL BSA. Equilibrium binding reactions were performed with 2p_11mer at
concentrations 10-fold below the dissociation constant and serial dilutions of protein.
The reactions were incubated on ice for 30 to 60 minutes to equilibrate. For gel shift
assays, 5 uL of each reaction with a small amount of bromophenol blue tracking dye
were loaded on a 20 ¢cm x 20 cm x 1.5 mm, 5% acrylamide, nondenaturing gel. Gels
were equilibrated at a constant 200 V for 30 to 45 minutes before the samples were
loaded. Gels were dried and visualized by Phosphoimager (Molecular Dynamics). For
filter binding, 80 uL of each binding reaction was filtered through a 96-well MultiScreen
MAHA N4550 filter plate using a MultiScreen Resist Vacuum Manifold (Millipore).
The wells were prewashed with 80 uL of binding buffer without BSA, washed 2 x 200
uL after the samples had been filtered, and the filter allowed to dry before being exposed
to a Phosphoimager screen. For both assays, spots were quantified (Imagequant) and
plots were normalized and fit with a standard two-state binding model:
y=(ymax)/(1+(K4/X)) where x is the concentration of protein and y is the fraction of DNA
bound. Equilibrium dissociation constants (Kgs) are reported as an average value plus or
minus standard deviation of at lest three measurements determined on different days or
with different protein preparations.
Off rates measured by native PAGE

Protein (5.55 nM) was incubated for 60 minutes on ice with 555 pM **P-labeled

DNA in 200 pL binding buffer containing bromophenol blue dye. 18 uL aliquots were




removed over a time course; 2 UL of 1 uM unlabeled DNA was added to each aliquot
(final concentrations of 5 nM pfotein, 500 pM *?P-labeled DNA, and 100 nM unlabeled
DNA). Time points were analyzed by 5% native acrylamide gel run at 200 V. Plots of
protein-bound **P-labeled DNA versus time were fit to single exponential decay curves: y
= Cl(exp(-kofr * X)) + C2 where x is time in hours, y is the fraction of DNA bound, C1 is
the span (Ymax - C2), and C2 is the asymptote or plateau of non-specific binding.
Binding titrations to determine the fraction of acti?e protein

2P_labeled DNA (1 nM) and unlabeled DNA (100 nM) were mixed and heated to
90°C for ten minutes and cooled quickly on ice. This mixture was incubated on ice for
1.5 hours with varying amounts of protein (full-length Cdc13, the 451-694 DBD, or the
497-694 DBD) ranging from 0 to 3 molar equivalents. The samples were analyzed by
5% native acrylamide gel.
RESULTS
Limited proteolysis reveals the minimal Cdc13 DNA-binding domain (DBD)

Deletion mapping and limited proteolysis were used previously to map a DNA-
binding domain (451-694 DBD) within the 924 amino-acid full-length Cdc13 protein
(20,21). This domain has a strong tendency to precipitate at high concentration which is
somewhat alleviated at reduced temperatures (15-20°C). The 'H-'"N HSQC spectrum of
the 451-694 DBD (Figure 1a) reveals that while a folded species is present with well-
dispersed chemical shifts in both proton and nitrogen dimensions, the spectrum is
dominated by crosspeaks with chemical shifts clustering between 8 and 9 ppm in the
proton dimension. The lack of chemical shift dispersion and the presence of sharp

linewidths in these peaks indicate the presence of an unfolded species. The features of

10




this spectrum could be due to an unfolded region of polypeptide in an otherwise folded
domain or the presence of both folded and unfolded proteins at equilibrium.

To test the possibility of an unfolded region in an otherwise folded domain, the
451-694 DBD was subjected to limited trypsin digestion at room temperature. Figure 2
illustrates the timecourse of the reaction analyzed by SDS-PAGE. Upon exposure to
trypsin, the 28 kD 451-694 DBD almost immediately formed a Smal]er, 22 kD stable
fragment which was remarkably resistant to further cleavage. This reaction pattern did
not change in the presence of 1 molar equivalent of the single-stranded DNA ligand
dGTGTGGGTGTG, indicating that the unfolded region did not become structured upon
binding DNA (data not shown).

MALDI mass spectrometry was used to specifically determine the boundaries of
the smaller, stable domain. An identical trypsin digest product was obtained in low salt
conditions (10 mM Tris-HCI), which facilitated direct analysis of the reaction. The major
product by MALDI (Figure 3) is shown to be a MH(+1) of 21,985 + 72 Daltons.
Examination of the map of predicted trypsin cut sites reveals that this fragment
corresponds to one of two predicted fragments: amino acids 504-692 (MH(+1) 21,971) or
amino acids 496-685 (MH(+1) 21,979). This result indicates that approximately 50
amino acids at the N-terminus of the 451-694 DBD are particularly susceptible to trypsin
cleavage, presumably because this region is unfolded.

The 497-694 DBD forms a stable structural domain

Several shorter candidates of the domain were subcloned for recombinant

expression in E. coli. A construct of the domain comprising amino acids 497-694

expressed in high yield as a soluble protein. This domain exhibited several favorable

11




features relative to the 451-694 DBD. It was considerably more soluble than the longer
domain and remained soluble at higher temperatures (25-30°C). A comparison of the 'H-
N HSQC spectrum of the parent domain (451-694 DBD) and of the minimal domain
(497-694 DBD) is shown in Figure 1. The NMR spectrum was dramatically improved by
the removal of the unfolded region. The dispersed resonances of the folded species are
almost identical between the two domains. However, the random-coil resonances (Figure
la) have completely disappeared (Figure 1b), consistent with removal of a large region of
unfolded polypeptide that does not affect the structure of the folded domain.
The 497-694 DBD contacts the entire minimal 11-nucleotide DNA

The minimal DNA required for high-affinity binding by full-length Cdc13 is an
11-mer, dGTGTGGGTGTG. This sequence of DNA is complementary to the yeast
telomerase RNA template and is representative of yeast telomeric sequence (20,28). Four
variants of this minimal DNA were used for photocrosslinking, with the chromophore 5-
iodouracil substituted for each of the four thymine bases of the molecule (Table 1). The
iodine atom of 5-iodouracil is approximately the same size as the methyl group of
thymine; therefore, this substitution is not likely to perturb binding of the protein/DNA
complex. Indeed, the K4 of each of the substituted DNAs for binding to the 497-694
DBD was identical to the unsubstituted DNA (data not shown). The long wavelength of
5-1odouracil's absorption and phoi{ocrosslinking chemistry (325 nm) disfavors nonspecific
excitation of the DNA and protein chromophores (29). As expected, no covalent
products were formed and protein degradation was not observed upon irradiation of the
497-694 DBD complexed with unsubstituted DNA (Figure 4a). Study of the timecourse

of photocrosslinking revealed that each substituted DNA formed a specific covalent
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adduct consistent with 1:1 stoichiometry of the protein and DNA (Figures 4b-4e). The
yields of crosslinked species determined by densitometry ranged from 20-40% (Table 1),
which are typical for systems using this chromophore (29-31). Preliminary proteolytic
digestion of the crosslinked species indicated that the first substituted thymine in the
DNA sequence crosslinked to multiple peptides in the protein, whereas the other
substituted DNAs crosslinked to a single peptide corresponding to a fragment near the N-
terminus of the domain. Identification of the exact site of crosslinking on thé protein was
precluded by the inability to generate complete proteolytic digests of the protein-DNA
adduct. However, we have recently obtained more detailed information on the binding
interface of the protein by NMR structural analysis using experiments that measure
intermolecular contacts (25). Several aromatic amino acids are located along the
interface that would be expected to form crosslinks to S5-iodouracil. These data indicate
that the 497-694 DBD contains all the contacts needed for binding the minimal DNA 11-
mer.
The 451-694 DBD and the 497-694 DBD bind telomeric DNA more tightly than the
full-length protein

To test whether the smaller 497-694 DBD was both necessary and sufficient for
function, gel shift and filter binding assays were used to determine the equilibrium
binding dissociation constant (Kdﬁ of this domain with the single-stranded telomeric DNA
substrate dGTGTGGGTGTG. Figure 5 compares the binding curves determined by
filter-binding assays of full-length Cdc13, the 451-694 DBD, and the 497-694 DBD.
Dissociation constants (K4s) measured by gel-shift assay yielded the same results (data

not shown). The measured K4 of 310 £ 50 pM for full-length Cdc13 confirms the result
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of previous studies (14,20). However, we observed that the K4 for 451-694 DBD was 5 +
1 pM, which is substantially lower than previously reported - 370 pM (20) and ranging
from 72-240 nM for similar substrates (32). The K4 for the 497-694 DBD (both with and
without the His-tag) was 3 + 1 pM, or approximately 100-fold tighter than for full-length
Cdc13 and similar to that of the 451-694 DBD. Binding titrations well above the K4
indicated that protein preparations were over 75% active under these conditions with a
binding stoichiometry of 1:1 (data not shown). Therefore the differences that we
observed in binding were not due to a difference in the fraction of active protein.
The dissociation rates of the three proteins are similar

Dissociation rates were measured by competition assay for the three proteins and
are presented in Figure 6. These dissociation rates are quite similar, with rate constants
of 2.8 x 10" min™' for full-length Cdc13, 3.3 x 10 min™' for 451-694 DBD, and 4.3 x 10"
* min™! for 497-694 DBD. This gives a half-life for the complex of approximately 41
hours for full-length Cdc13, 27 hours for the 497-694 DBD, and 35 hours for the 451-694
DBD. Based on the similarity of the dissociation rates, the large difference in K4
between full-length protein and the two domains must be due to an association rate effect.
Association rates were too fast to measure accurately by gel shift assay directly. From
the measured Kgs and dissociation rates, the calculated association rates are as follows:
9.0 x 10° M"'min" for full-length'Cdc13, 6.6 x 107 M™'min"' for the 451-694 DBD, and
1.4 x 10° M'min" for the 497-694 DBD.
DISCUSSION

Single-stranded nucleic acids are involved in a wide array of fundamental

biological functions, including telomere regulation, DNA replication, repair and
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recombination, transcriptional mechanisms, translation, and RNA splicing (33-35).
Recognition of single-stranded nucleic acids has been implicated in many pathological
processes in humans, ranging from cancer and aging to various infectious diseases.
Therefore the sequence-specific and non-specific recognition of single-stranded nucleic
acids by proteins is crucial for maintaining, manipulating, and utilizing the genetic
material contained in cells. Relatively little is known concerning the requirements, either
structural or functional, for sequence recognition in a single-stranded context. Cdc13 is
an essential protein in S. cerevisiae that regulates telomere capping and telomeric
replication (36). The single-stranded telomeric DNA-binding domain is central to these
functions and can substitute for full-length protein when fused to appropriate binding
partners (16,18). The high affinity and sequence specificity of single-stranded DNA
recognition exhibited by Cdc13 (14,20) make this an ideal system to further our
understanding of sequence-specific single-stranded DNA binding.

Previous identification of an independent DNA-binding domain of Cdc13 (451-
694 DBD) has facilitated biochemical studies of its single-stranded DNA-binding activity
(20,32). Although the DBD defined by amino acids 451-694 is competent for single-
stranded telomeric DNA binding in vitro and can function in vivo, the NMR data
presented here clearly show that it is not a completely folded domain. The 'H-"N HSQC
fingerprint spectrum of this domain (Figure 1a) contains several intense, poorly dispersed
resonances indicative of an unstructured state superpositioned on the well-dispersed
resonances indicative of a folded protein. Protein domains involved in a diverse array of
cellular processes have been found to be intrinsically unstructured and only fold upon

binding to their protein or nucleic acid pértners (37). Thus, we considered the possibility
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that the unfolded region is directly involved in contacting DNA. However, in this case
the unfolded region does not fold upon binding and does not affect single-stranded
telomeric DNA binding by Cdc13 directly. The 451-694 domain also exhibits poor
solubility and is therefore unsuitable for in vitro characterization. Presumably, a
construct of this domain expressed in yeast may have unexpected, variable effects as
well.

In this work, the Cdc13 DBD was refined by limited trypsin digestion and
MALDI mass spectrometry (Figures 2 and 3), producing a domain (497-694 DBD) that is
both structurally and functionally independent. This represents the true, minimal DNA-
binding domain. In contrast to the 451-694 DBD, the 'H-""N HSQC spectrum of the 497-
694 DBD reveals the presence of a completely folded species (Figure 1b). Careful
examination of the spectrum obtained on the 451-694 DBD reveals that the well-
dispersed resonances of the 497-694 DBD are present within the spectrum of the 451-694
DBD, clearly demonstrating that the folded region is also present in the longer domain.
Further biochemical characterization using affinity photocrosslinking revealed that the
smaller, folded domain contacts the entire 11-mer of single-stranded DNA required for
high affinity and specificity binding (20). Affinity photocrosslinking has previously been
used successfully as a probe of contacts between protein and single-stranded DNA (38).
In particular, crosslinks found befween chromophore-containing DNA and the Oxytricha
nova telomere end binding protein corresponded to sites of protein/DNA contacts in the
high resolution structure (22,29,39). Similarly high-yielding protein-DNA crosslinks
were obtained in this system with use of the 5-iodouracil chromophore. We have shown

that sites throughout the DNA 11-mer crosslink and therefore interact with the 198 amino
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acid minimal binding domain defined here. This result has been subsequently confirmed
by mapping the protein/DNA interface using NMR spectroscopy, which revealed that
several amino acids capable of crosslinking do contact DNA (25).

Interestingly, both DBDs bind DNA with tighter affinity (K4 = 3-5 pM) than the
full-length proteiﬁ (Kq =310 pM) (Figure 5). Thus the smaller, 497-694 DBD contains
the essential region for contacting single-stranded telomeric DNA. The difference in
affinity between the isolated domains and full-length protein could simply be an artifact
of extracting the domain from the full-length protein. However, enhanced binding of
functional domains relative to full-length protein has been observed in the other telomere
end-binding proteins O. nova TEBP o subunit (40) and S. pombe Potlp (6), perhaps
indicating that this is a general feature of this family of telomere end-binding proteins.
The full-length protein may contain a region inhibitory to binding which could play a
regulatory role in vivo by attenuating the extremely tight binding of the DBD. In the case
of Pot1 protein, deletion of a large COOH-terminal segment increased binding affinity by
approximately 10-fold, while in O. nova TEBP o subunit several different truncations at
the COOH-termihus increased binding. Additionally, several splice variants of human
Potl protein (hPotl) have been identified and appear to interact differentially with single-
stranded human telomeric DNA (P. Baumann, E. Podell, and T. R. Cech, personal
communication). 4

Our characterization of the 451-694 DBD has generated results that are in contrast
to previous studies of the same domain (20,32). In our study we have used highly
purified, soluble preparations of the DBDs, taking care to ensure that over 75% of the

protein was active. We have observed that it is critical to include a small amount of BSA
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(or Nonidet P-40 detergent) in the binding reactions to prevent loss of the protein to
surfaces and aggregation or precipitation of the protein. When this protocol was not
followed we obtained low and irreproducible binding, presumably due to non-specific
loss of protein and/or protein inactivation (data not shown). Previous studies intended to
determine the binding affinity of the 451-694 DBD were not performed in the presence of
BSA or detergent (20; 32; V. Lundblad, personal communication). This may explain the
discrepancy between previous results and the binding affinities reported here.

The rates of dissociation of the DNA ligand for full-length Cdc13, 451-694 DBD,
and 497-694 DBD are uniformly slow, yet similar. The calculated rate of association of
the 451-694 DBD and the 497-694 DBD with DNA is 2-3 orders of magnitude faster than
for full-length protein. Thus, the differences in binding affinity are primarily due to
differences in the rates of association. We have not determined in vitro if the attenuation
of binding in the full-length protein is due to regions NH,- or COOH-terminal to the
DBD. Further study of this phenomenon is underway to determine what effect this
attenuation has on yeast telomeres in vivo.

Cdc13 performs critical functions with partner protein complexes both in capping
the telomere, protecting it from degradation and fusion, and in regulating telomeric
replication and length. The single-stranded telomeric DNA-binding domain of Cdc13 is
central to its function and exhibits’unusually high affinity and specificity for its DNA
target. We have delineated the true minimal folded domain that is both necessary and
sufficient for high-affinity binding to 'single-stranded telomeric DNA. The present work
provides insights into this important mode of DNA recognition.
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FIGURE LEGENDS

Figure 1. Comparison of Cdc13 DBD 'H-"N HSQC spectra. a. 'H-""N HSQC spectrum
of 400vuM 451-694 DBD at 600 MHz, 20°C. Sample was prepared in 50 mM potassium
phosphate, pH 7.0, 50 mM NaCl, 0.02% NaN3, 2 mM DTT-dyo, and 10% D,O. b. 'H-SN
HSQC spectrum of 700 uM 497-694 DBD at 600 MHz, 25°C. Sample was prepared in
50 mM imidazole-d4, pH 7.0, 150 mM NaCl, 100 mM Na;S0Oy, 0.02% NaN3, 2 mM

DTT-d;0, and 10% D-O.

Figure 2. Timecourse of limited trypsin digestion of the 451-694 DBD. Reactions were
performed as described in Materials and Methods. Lane m, protein markers; other lanes

in minutes of time of the reaction.

Figure 3. MALDI-TOF mass spectrum of trypsin digest products. a, minor digestion
product; b-e, protein internal calibration standards as follows: b, insulin +1; ¢, myoglobin

+2; d, thioredoxin +1; e, myoglobin +1; f, major digestion product; g, trypsin.

Figure 4. 15% SDS gel of photocrosslinked 497-694 DBD/DNA at 100 uM each.

Shown are time courses for irradiation at 325 nm, with lanes labeled in minutes.

4

Conditions are stated in Materials and Methods. a. WT DNA of sequence

dGTGTGGGTGTG, b. DNA1, c. DNA2, d. DNA3, e. DNA4.

Figure 5. Fraction of DNA bound as a function of protein concentration used to

determine the equilibrium dissociation binding constant. 4, full-length Cdc13, B, 451-
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694 DBD, and ®, 497-694 DBD bound to dGTGTGGGTGTG. Each curve is an average

of at least three separate experiments conducted by filter binding. Plots were fit with a
standard two-state binding model. Equilibrium dissociation constants (Kgs) are 310 + 50
PM, 5+ 1 pM, and 3 + 1 pM, respectively. Full-length protein is His-tagged, 451-694
DBD is not His-tagged, and 497-694 DBD was measured with and without a His-tag (no

difference in binding).

Figure 6. Fraction of labeled DNA bound as a function of time as measured by native

PAGE, used to determine the dissociation rate constant. ¢ , full-length Cdc13, W, 451-694

DBD, and ®, 497-694 DBD. Experiments were conducted as stated in Materials and

Methods. Full-length protein is COOH-terminally His-tagged, while both domains are

not His-tagged.
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Table 1. Yields of crosslinked photoactive

DNAs

Name  Sequence % yield
WT dGTGTGGGTGTG 0
DNAl dG'UGTGGGTGTG 19
DNA2 dGTG'UGGGTGTG 22
DNA3 dGTGTGGG'UGTG 40
DNA4 dGTGTGGGTG'UG 19

'U represents 5-iodouracil substituted for the
base thymine
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Conserved Structure for
Single-Stranded Telomeric DNA

Recognition

Rachel M. Mitton-Fry," Emily M. Anderson,’
Timothy R. Hughes,?* Victoria Lundblad,?? Deborah S. Wuttke't

The essential Cdc13 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
Cdc13 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.

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 (/-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 of telomeres 1 (Pot1) and human Potl
(6), and the Saccharomyces cerevisiae Cdc13
(7, 8), are involved in telomeric end protec-
tion. For example, depletion of Cdc13 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 pot! 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 (/4-16 ).
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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 NH,-
terminal portion of the o subunit of the het-
erodimeric O. nova TEBP (6), no similarity
was apparent between any of these proteins
and Cdc13. To investigate the requirements
for telomeric end protection and sequence-
specific interaction with single-stranded
DNA (ssDNA), we determined the solution
structure of the Cdc13 DNA binding domain
(DBD) in complex with telomeric ssDNA.
This 23.5-kD domain retains DNA binding
activity and specificity (/7-19), 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 Cdc13 binding site (/7) and the
complement to the center of the coding re-
gion of the telomerase RNA template (20).

The high-resolution Cdc13 DBD structure
in complex with ssDNA (Fig. 1) was calcu-
lated from a total of 2865 nuclear magnetic

Fig. 1. The solution structure of the Cdc13
DBD in complex with the ssDNA 11-nt oli-
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) (27, 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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resonance (NMR) restraints (2/). Compar-
ison of the Cdcl3 DBD to the structural
database unequivocally places Cdc13 in the
oligonucleotide-binding superfamily of OB

REPORTS

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

A
Cdc13 DBD/ssDNA complex 15
Cdc13 DBD alone Vs
S 12
s148 @ 6;; < 9
¢, F80 & ;22
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Fig. 2. Interaction of the Cdc13 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 '>N-"H 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 B-barrel and loop regions. Perturbation values have been
calculated according to the equation: perturbation = V(Appm,, . }¥+(0.177XAppmy, . )°, where
Appm,, i, and Appm,, . 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 (predominantty protines).

Fig. 3. Interaction of the Cdc13
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).

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 Cdc13 DBD,
consists of a B barrel formed by two or-
thogonally packed three-stranded antiparal-
let B sheets. Sheet 1 is composed of B1, B2,
and B3, and sheet 2 comprises B5, B4, and
B1. In the Cdc13 DBD, numerous NOEs
(nuclear Overhauser effects) between B3 and
B5 close the barrel, and an o helix between
3 and B4 caps the bottom of the barrel. The
Cdc13 DBD has an unusually long, 30-resi-
due loop between 32 and B3 that packs tight-
ly over the B2 and B3 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 B3, B4, and B5,
and across the loop between B2-B3 (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 $3-a1 and
[B4-B5, over strand B3, and across the length
of the long loop between 32-B3. 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

S APRIL 2002 VOL 296 SCIENCE www.sciencemag.org




Fig. 4. Structural comparison of A
the Cdc13 DBD OB fold with the
NH,-terminal O. nova a OB fold.
(A) Overlay of the two OB folds.
The Cdc13 DBD (residues 10 to
148) is shown in cyan (26), and
the O. nova o 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
NH,-terminal O. nova a 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- B
tween the two interfaces. O.
nova a contact residues are tak-
en from (28).

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 B1-82, B3-a,
and B4-B5 (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 B2-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 (G,T,G,) 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

REPORTS

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 NH,-terminal
OB fold of the a 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 O. 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 O. 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 Cdcl3 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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Methods. Cdc13 DBD was produced and NMR samples prepared as described in (/). In brief, recombinant
Cdc13 DBD (residues 497-694, with an NH ,-terminal methionine) was expressed in E. coli BL21(DE3) cells.
Cell pellets were lysed by French press and protein was purified by ion exchange chromatography over SP-
sepharose resin, following incubation of the cell supernatant with 0.1% polyethylenimine to precipitate cellular
DNA. Uniformly N- or 13N, 13C-isotopically labeled protein was prepared by growth in minimal media
containing (°"NH 4,50, with or without 13C glucose as the sole nitrogen or carbon sources, respectively.

ssDNA (dGTGTGGGTGTG) was purchased from Operon and purified by reversed-phase HPLC. NMR

samples contained 0.8-1.5 mM unlabeled, 5N-labeled or 13C, I5N-labeled protein, 0.9-1.7 mM ssDNA, 50
mM imidazole-d,;, pH or pD* 7.0, 150 mM NaCl, 100 mM Na,SO,, 0.02% NaN,, and 2 mM DTT-d,, in

10% D,0/90% H,0 or 100% D,0. All data were acquired on a 500 or 600 MHz Varian Unity™OVA or 800

MHz Bruker DRX spectrometer at 30 or 35°C. Data were processed using NMRPipe (2) and analyzed and
assigned using Ansig v3.3 (3). Sequential backbone and non-exchangeable aliphatic assignments were obtained
from standard heteronuclear NMR experiments and aromatic side chain assignments were obtained from
CBHD, CBHE, and NOESY experiments (4). Interproton restraints were acquired from a 2D homonuclear

NOESY, a 3D N-separated NOESY, 3D 3C-separated NOESYs, a 4D N, 3C-separated NOESY, and

a 4D 13C, BC-separated NOESY. Mixing times ranged from 100-150 ms. NOE restraints were divided into
three distance classes: strong (1.8 to 3.0 i) medium (1.8 to 3.8 A), and weak (1.8 to 5.0 A). The 135 dihedral
angle restraints added were derived from TALOS (5). 78 hydrogen bond restraints were included on the basis
of protection from hydrogen exchange and availability of a potential hydrogen-bonding partner. Intermolecular

NOEs were acquired using a 3D BC-edited Chirp-based select/filter NOESY with a 150 ms mixing time (6).
Structures were calculated using XPLOR 3.851 (7).
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Supplemental Table 1. Experimental restraints and structural statistics.

Structural statistics

Family of ten structures

Total restraints (residues 5-191)

2865

NOEs

2654

Intraresidue

1210

Sequential

558

Medium range (25 i 54)

286

Long range (2 5)

600

Dihedral restraints

135

Hydrogen bonds

38x2

RMSDs (A)

All heavy atoms Backbone atoms

Residues 7-191

1.74

1.21

OB fold (residues 25-144)

1.62

0.99

OB fold secondary structure*

0.92 0.43

283 loopt

2.02

1.18

XPLOR energies (kcal/mol)

| Total energy

735+£10

NOE energy#

257+ 12

| [ Ramachandran analysis (residues 7-191)3
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Residues in most favorable regions 67 %

Residues in favorable regions 23 %

Residues in allowed regions 7%

Residues in disallowed regions 3%
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then calculated for the P2-83 loop (residues 50-79).
$ No NOEs were violated by more than 0.5 A in the final ensemble of structures.
§ Ramachandran analysis performed using Procheck (8).

* OB fold secondary structure defined as residues 26-38, 44-49, 80-84, 86-99, 122-129, 136-144.
1 The family of structures was superimposed over the backbone atoms of residues 25-144 and the RMSDs
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ABSTRACT

The essential Saccharomyces cerevisiae protein Cdc13 functions by binding the
conserved single-stranded overhang at the end of telomeres and mediating access of
protein complexes involved in both end capping and telomerase activity. The single-
stranded DNA-binding domain (ssDBD) of Cdc13 exhibits both high affinity (3 pM) and
sequence specificity for the GT-rich sequences present at yeast telomeres. We have used
the ssDBD of Cdc13 to understand the sequence-specific recognition of extended single-
stranded DNA. The recent structure of the Cdc13 DNA-binding domain revealed that
DNA is recognized by a large protein surface containing an OB
(oligonucleotide/oligosaccharide-binding) fold augmented by an extended 30-amino acid
loop. Contacts to single-stranded DNA occur via a contiguous surface of aromatic,
hydrophobic and basic residues. A complete alanine scan of the binding interface has
been used to determine the contribution of each contacting sidechain to binding affinity.
Substitution of any aromatic or hydrophobic residue at the interface was deleterious to
binding (20 to > 700 fold), while tolerance for replacement of basic residues was
observed. The important aromatic and hydrophobic contacts are spread throughout the
extended interface, indicating that the entire surface is both structurally and
thermodynamically required for binding. While all of these contacts are important,
several individual substitutions to,alénine that abolish binding cluster to one region of the
protein surface. This region is vital for recognition of four bases at the 5' end of the DNA
and constitutes a "hotspot" of binding affinity suitable for the recognition of the

heterogeneous sequences at yeast telomeres.




The recognition of single-stranded nucleic acids plays an important role in many
essential cellular procesées, including telomere regulation (1), DNA replication and repair
(2, 3), transcription (4), translation (5), and RNA processing (6). Single-stranded DNA
(ssDNA) is often bound by proteins in a sequence-independent manner, as in the case of
E. coli single-stranded DNA-binding protein (SSB) (7) or replication protein A (RepA)
(8). However, for some processes, such as transcriptional regulation (9) or telomere
replication and end protection (1, 10-12), single-stranded DNA recognition is sequence
specific. In contrast to proteins that recognize double-stranded DNA or structured RNA,
single-stranded DNA-binding proteins recognize an extended nucleic acid conformation
that typically involves numerous protein contacts with the accessible bases.
Comparatively little is known about the thermodynamic basis for this mode of
recognition relative to our understanding of the protein recognition of double-stranded
DNA (13-15) and structured RNA (16-18).

The S. cerevisiae telomere-binding protein Cdc13 is used in this study to probe
the sequence-specific recognition of ssDNA (1). Telomeres contain repetitive tracts of
noncoding DNA containing a GT-rich strand with 5'-3' polarity, terminating in a 3'
single-stranded overhang (19, 20). Cdcl13 specifically recognizes this single-stranded
overhang and has at least two genetically distinct roles in the cell. The essential role of
Cdc13 is a telomere-capping funétion. Cdcl3isa component of a telomere end-
protection complex that prévents chromosomal degradation and end-to-end fusion (21).
Loss of this capping activity results in resection of the C-rich strand of the chromosome
end, leading to cell-cycle arrest (22, 23). In addition to capping the telomere, Cdc13 also

mediates the recruitment of the replicative enzyme telomerase to the telomere in vivo (24,
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25). Loss of this activity results in gradual shortening of the telomere and leads to a
delayed lethal phenotype. In contrast to both vertebrates and ciliates, budding yeast
telomeres are heterogeneous in sequence and can be described with the consensus
sequence G2.3(TG)y.¢ (26, 27). Cdcl3 binds yeast single-stranded telomeric DNA with
high affinity but does not bind closely related telomeric sequences such as 7. thermophila
(T2G4) and human (T>AGs3) (1). Functionally, Cdc13 must discriminate between other
single-stranded DNAs and RNAs transiently present in the nucleus. We are investigating
the thermodynamic strétegy for achieving this specificity.

The minimal single-stranded DNA-binding domain (ssDBD) of Cdc13 exhibits
the same specificity for telomeric DNA as the full-length protein (E.M.A., W. Halsey,
and D.S.W., unpublished data). The Cdc13 ssDBD uses an OB-fold topology for DNA
recognition (28). The oligonucleotide/oligosaccharide-binding (OB) fold superfamily
includes several other single-stranded nucleic acid binding proteins such as E. coli SSB,
Rho, CspA, CspB, and RepA (7, 8, 29-31). Notably, the structure of Cdc13 is similar to
OB folds found in the telomere end-binding protein (TEBP) from the ciliate O. nova (32).
While there is no sequence relationship between Cdc13 and O. nova TEBP, the O. nova
protein exhibits sequence similarity to the telomere-associated Potl proteins found in
several species, including humans (12), implying that the OB fold is widely used for
recognition of single-stranded DNA at telomeres.

In the context of nucleic-acid binding proteins, the OB fold domain typically
interacts with a small ligand (2-5 nucleotides) through interactions with the loops on one
face of the B—barrel. Extended, single-stranded GT-rich DNA is recognized by Cdcl13

across an elongated cleft formed by this face of the OB-fold barrel and an unusually long




loop between strands 2 and 3 (Fig. 1a). Recently, we have assigned all of the contacts
between the protein and DNA (28) (Fig. 1). While it is clear that extensive contacts are
made to the bases, at this point it is unclear whether extended aromatic stacking
interactions occur as was observed in the structure of O. nova TEBP, or how much the
extended 32-B3 loop contributes to binding (32, 33).

To better understand the molecular determinants of binding in this system and the
role of the unusual 32-83 loop, we have used site-directed alanine mutagenesis té
investigate the thermodynamic contributions to ssDNA binding by each of the sidechains
identified at the Cdc13/DNA interface. Using this method, contacts that contribute
energetically to binding can be distinguished from amino acids that are simply proximal
to bound DNA in the structure. This thermodynamic characterization of sequence-
specific recognition of extended ssDNA reveals a large contribution to binding from all
of the hydrophobic and aromatic residues at the interface. Unexpectedly, even though the
substrate dGTGTGGGTGTG (TEL-11) is symmetric in sequence, the 5’ end of the
binding site contributes disproportionately to the total binding energy.

MATERIALS AND METHODS

Site-directed mutagenesis of the Cdc13 DBD. Site-directed mutagenesis of the Cdc13
ssDBD (aa497-694) was carried out using suitable primers and the QuickCh.ange
mutagenesis kit (Stratagene) and was verified by DNA seQuencing of the full gene
construct.

Expression and purification of recombinant WT and mutant proteins. Proteins were

expressed and purified as descibed previously (34). All mutant proteins expressed in




soluble form and were purified in yields comparable to the WT protein (5-12 mg/liter)
except the R140A mutant, which was lower-yielding (0.7 mg/liter).

Filter binding assay of equilibrium dissociation constants. Equilibrium binding
reactions were performed with **P-dGTGTGGGTGTG (TEL-11) at concentrations (50 or
200 pM) 20-fold or more below the dissociation constant using serial dilutions of protein
in 5 mM HEPES, pH 7.8, 750 mM KCl, 2.5 mM MgCl,, 0.1 mM NaEDTA, 2 mM DTT,
and 0.1 mg/mL BSA (bovine serum albumin). The reactions were equilibrated on ice for
60 minutes. Filter binding assays were performed using 96-well MultiScreen MAHA
N4550 filter plates (mixed cellulose ester membrane). After prewetting the membrane,
samples (80 uL) were loaded and incubated for 1 minute before filtering and the wells
washed twice with 200 uL of binding buffer lacking BSA and DTT. Filter-bound counts
were scanned by Phosphoimager, quantified (Imagequant), and plots were fitto a
standard two-state binding model: y = C1*(x/(x+Ky))+C2, where y is number of counts
of bound DNA, C1 is the maximum plateau of binding, x is the concentration of protein,
K4 is the equilibrium dissociation constant, and C2 is the baseline or background counts.
Dissociation constants were determined on different days and/or with different protein
preparations in triplicate. Kgs determined from three curve fits are reported as average
values with standard deviations. The large standard deviations observed for the weak
binders reflect the upper limit in ';ensitivity of the assay due to protein saturation of the
filter.

| Determination of salt-dependence (KCI) of WT Cdc13 DBD binding. The salt-

dependence of DNA-binding by the Cdc13 DBD to dGTGTGGGTGTG was determined

by filter binding using a range of KCl concentrations. As a control to determine that




protein binding by the filter was not salt dependent, samples of a range of BSA
concentrations were loaded onto filters at each salt concentration stained with Ponceau S.
By visual inspection, the filter binding capacity was not affected by salt under the
conditions used. The buffer for each K4 measurement was constant as described above
except for variation in KCl concentration. Dissociation constants were obtained at 0.6 M
KCl1, 0.75 M KCI, 0.8 M KCl, 1.0 M KCl, and 1.2 M KCI.

Gel-shift assay of equilibrium binding. The 11mer TEL-11 was 5’-end labeled using
10U of T4 DNA kinase with 5 uM DNA and 150 mCi/ml y*’P-ATP. A 25 uL reaction
was incubated at 37°C for 30 minutes, and unincorporated y°2P-ATP was removed using
a microspin G25 column (Pharmacia). Equilibrium binding reactions were performed
with 32P-11mer at 200 pM and proteins at 200 nM in 5 mM HEPES, pH 7.8, 75 mM KCl,
2.5 mM MgCly, 0.1 mM Na;EDTA, 2 mM DTT, and 0.1 mg/mL BSA. The reactions
were equilibrated on ice for 60 minutes. 10 uL of each reaction with a small amount of
bromophenol blue tracking dye was loaded on a 20 cm x 20 cm x 1.5 mm, 5%
acrylamide, nondenaturing gel prerun at a constant 200 V for 45 minutes. The samples
were loaded while running, and the gel was run for another 45 minutes to separate the
free and bound species. The gel was dried and visualized by Phosphoimager.
RESULTS

Single-Stranded DNA Binding l,)y Cdc13 Exhibits Log-Linear Salt Dependence. The
ssDBD of Cd§13 binds single-stranded telomeric DNA, with a K4 of 3 pM at 75 mM KCl
(34). The study of affinities in this regime requires extremely low concentrations of
DNA probe and extended exposure times for Phosphimager analysis, and is plagued by

low signal-to-noise. We investigated conditions under which screening a large number of




mutants would be experimentally tractable. Binding was characterized to the TEL-11
oligonucleotide, a sequence of DNA that is complementary to the yeast telomerase RNA
template and is representative of yeast telomeric sequences (35).

Binding conditions were chosen such that the affinity of WT Cdc13 DBD for
TEL-11 was 1 nM. Fig. 2a displays representative filter binding data obtained at 750
mM KCl, along with a plot of this data fit to a standard two-state binding model in Fig.
2b. All measurements were conducted under the same binding conditions such that
extrapolation to different salt concentrations was not necessary for comparison.

The DNA-binding affinity of the Cdc13 DBD decreased as the concentration of
KClI was increased. The logarithmic plot of the binding dissociation constaint versus the
KCI concentration is linear with a slope of approximately 5 (inset in Fig. 2b). The
linearity of the plot suggests that salt does not perturb the binding interaction in
deleterious ways such as denaturation of the protein or formation of alternate structures.
Site-directed Alanine Mutagenesis. The DNA-binding interface defined by amino
acids that directly contact DNA (28) (E.M.A,, R. Mitton-Fry, and D.S.W., unpublished
data) was probed by a panel of alanine mutants (Fig. 1). The mutants exhibited a range
of affinities to TEL-11 spanning 3 orders of magnitude, and notably none of the alanine
point mutants had higher affinity for DNA than WT protein (Table 1).

Eight aromatic to alanine-mutations (shown in green in Fig. 1) were made. All of
these sidechains were identified as contacting DNA by intermolecular NOEs (28) except
Y66 and Y85, which were predicted to contact DNA on the basis of their location in the
protein-DNA interface. These mutations had a dramatic effect on DNA binding (Table

1), ranging from a 20-fold reduction (Y70A) to severe loss of binding (> 650-fold).




Mutation at positions F44, Y61, Y63, Y66, and Y131 had an intermediate effect on
binding (100-250 fold). These residues, which are thermodynamically important for
binding, are spread across the full length (44 A) of the DNA-binding interface.

Two hydrophobic residues are located at the protein-DNA interface - 183 and
I138. Point mutation of these residues (yellow in Fig. 1), results in differential effects on
DNA binding. Binding of the 183 A mutant is reduced 70-fold, while binding activity is
effectively completely lost in the [138A mutant (>700-fold reduction).

As would be expected from the salt dependence of binding, the DNA-binding
surface 6f Cdc13 contains multiplé positively charged residues, including K41, K73,
K81, and R140. With the prominent exception of R140, mutation of these residues had
relatively vmodest effects on DNA-binding affinity (< 10-fold). The higher salt conditions
used in this study might be expected to attenuate the effect of a charge to alanine
substitution. However, a gel-shift of these mutants under low-salt conditions ([KC1]=75
mM, Supplemental Fig. 1) qualitatively supports the high-salt data; the charge-to-alanine
mutants have WT or near WT affinity in sharp contrast to the aromatic substitutions |
described above which bind weakly or not at all. Another basic residue, K134, is in the
vicinity of the DNA-binding interface but exhibits no direct physical contact with DNA.
As a control, we mutated this lysine to alanine. The K134A mutation had a similar effect
on binding as the other lysine mtif[ations, supporting the role of the charged residues in
providing a positively charged surface that generally favors DNA binding.

Secondary substitutions. The role of the one of the tyrosines (Y61) and the arginine
(R140) at the interface were probed in more detail by two conservative mutations. The

substitution of Y61 to phenylalanine resulted in a 15-fold decrease in affinity compared




to a 200-fold reduction in Y61A. This significant rescue of binding activity by
conservative substitution indicates that an aromatic amino acid is required for DNA
binding at this position.

In sharp contrast to the other charged residues, replacement of arginine 140 with
alanine had a dramatic effect on binding. An R140K mutant was used to test whether the
guanido group of arginine was mediating a specific interaction with DNA. Surprisingly,
binding was completely restored in the R140K mutant, thus indipating that at this position
only a charged residue is necessary, possibly for a very specific network of hydrogen
bonds.

DISCUSSION

To investigate the individual thermodynamic contributions of amino acids located
throughout the protein-DNA interface, a complete alanine scan of the DNA-contact
residues of the Cdc13 ssDBD was performed. The binding surface identified by direct
contacts to the DNA (28) is composed of aromatic, hydrophobic and positively charged
residues (Fig. 1). These contact residues are well conserved in Cdc13 homologues from
closely related species of yeast (R. Cervantes and V. Lundblad, personal
communication). The amino acids at positions 27, 63, 66, 85, and 131 are always
tyrosine or phenylalanine. 183 and I138 are isoleucine or valine, and R140 is strictly
conserved. The lysines are less well conserved, although the basic character of the
interface is preserved. However, from structural and phylogenetic knowledge alone, it is
impossible to determine which interactions are critical for single-stranded DNA binding

affinity or specificity.
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To deconvolute the thermodynamic components underlying ssDNA binding, we
first determined the ionic strength dependence of Cdc13 ssDBD binding to the minimal
oligonucleotide TEL-11 (inset in Fig. 2b). The attenuation of binding with increasing
ionic strength is consistent with the presence of several positively charged protein
residues at the protein-DNA interface that interact with the negatively charged phosphate
backbone of DNA (28). The electrostatic surface potential of the Cdc13 ssDBD (Fig. 4)
exhibits a strong positive potential on the surface of the protein containing the protein-
DNA interface. The observed log-linear salt dependence is typical of protein-DNA
interactions and has been well characterized with double-stranded DNA-binding proteins
(36-39).

Point mutants of the Cdc13 ssDBD across this interface exhibited a vast range (3
orders of magnitude) of binding affinities for TEL-11 (Table 1 and Fig. 3). In general,
the charge-to-alanine substitutions had uniformly small effects on binding, with one
exception discussed below. These effects are not unique to our high salt conditions, as
the relative binding affinities of the mutants at low salt (75 mM KCI) revealed similar
t_rendé in binding affinity (Supplementary Fig. 1). The high salt conditions used for
binding reduce the magnitude of the charge-charge interactions, which will contribute
more free energy to the tighter binding observed at physiological conditions. The
charged residues may direct interaction with the phosphate backbone of DNA, as is seen
in the OB-fold protein Trbp111, which recognizes structural elements of tRNA using
charged residues and some hydrophobic interactions for binding (40). The energetic
effects of the charge substitutions may be additive and contributing to an overall

electrostatic surface, as the salt-dependence of the K81A mutant protein was attenuated

11




by close to 1 in the slope of the log-linear plot (data not shown). It remains to be
determined if the charged residues at the interface contribute to the specificity of binding.

A significant exception to the generally small energetic effects of charge-to-
alanine mutations was observed at arginine 140. Replacement of the arginine with
alanine at this position caused a decrease in binding of over 500-fold, which was
completely restored by reversion to lysine. Therefore, a positively charged residue is
essential at this position, possibly to nucleate an essential recognition element by
hydrogen bonding either to protein itself or to the DNA. In the structure of the complex,
R140 interacts with the base of T2 and may contribute both to specificity and affinity at
this position. Arginine is often present at the positively charged surfaces of proteins that
bind nucleic acids. Although there are cases where arginine is critical for the base-
specific recognition of nucleic acids, for example in the Tat/Tar complex (41), the ULA
protein (42), and in zinc-finger proteins (43), it is unusual for a critical arginine residue to
tolerate replacement by lysine.

In contrast to the modest effects observed in the mutation of charged residues,
every individual aromatic and hydrophobic substitution had a pronounced effect on
binding affinity. This is similar to the deleterious effects seen on ssDNA binding by
mutation of conserved aromatics to alanine in the OB domains of RepA (44) and E coli
SSB (45) where the conserved critical aromatic residues stack with DNA bases. This
theme is also observed in RRM (RNA recognition motif) domains, where mutation of a
critical phenylalanine involved in recognition by U1A protein destabilizes its interaction
with RNA by 5.5 kcal/mol (46). In comparison, an alanine point mutant of the

phenylalanine providing the bulk of the recognition energy of AspRS N-terminal domain
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is reduced by 2.1 kcal/mol for binding the tRNA anticodon loop (47). Our structural data
clearly reveal intimate interactions directly with DNA bases for every aliphatic and
aromatic amino acid mutated here (28) (Fig. 1b). The DNA-binding site is bounded by
Y27 and Y70, which recognize bases at the 5' and 3' end, respectively. The remaining
structurally defined aromatics, F44, Y131, Y63 and Y61, contact the bases of T4, G5, G7
and G8. Based on the rescue of binding activity by Y61F, aromatic character is required
for appropriate recognition at this site, consistent with a possible stacking interaction with
thymine 8. The two critical and conserved isoleucine residues at the interface interact
with neighboring bases; G3 contacts 1138 (removal costs 4.0 kcal/mol), while I83 is part
of an ensemble of contacts to T4 (removal costs 2.6 kcal/mol).

The effects of these point mutations are not additive. The AAG for each mutant
summed for all sites at the interface greatly exceeds the total WT binding energy (Table
1), suggesting that these interactions are not governed by simple shape complementarity
or lock-and-key type interactions. In contrast, separable interactions are more typically
features of the recognition of a scaffold such as B-form helical DNA (48) and ordered
RNA (49). The strong cooperativity observed between protein sidechains in the Cdc13
ssDBD is indicative of their strong physical linkage (50). Upon binding, the flexible,
single-stranded DNA adopts a more ordered state to recognize Cdc13, similar to a folding
event. This implies that aromatic amino acid/base interactions may provide the large
enthalpic contribution required for a loss of DNA conformational entropy. The
hydrophobic nature of the Cdc13/ssDNA interface is more characteristic of a
protein/protein interface than a protein/dsDNA interface (15), and is similar to proteins

which recognize ssSRNA, such as RRM domains (51).
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The point mutants that have large effects on binding are spread throughout the
DNA-binding interface (Fig. 1), confirming that this large interface is required for high-
affinity binding of the minimal DNA 11-mer, including the large $2-B3 loop. From
comparison of the relative effects of the aromatic and hydrophobic alanine mutants (Fig.
3) they can be grouped into two subtypes. One group exhibits large effects, with four
mutants essentially eliminating binding. Interestingly, the mutants with the largest
effects cluster on the side of the protein/ssDNA interface that interacts with 5' end of the
DNA (Fig. 3b). This region can be considered a "hotspot" of binding energy (52) and
suggest a mechanism via which Cdc13 recognizes the heterogeneous sequences present at
yeast telomeres. This hotspot contains recognition regions (stands B1, 3, and B5) that
are classical for OB fold recognition of a small stretch of nucleic acid (4 nucleotides).
Thus, Cdc13 primarily recognizes the GTGT sequence at the 5' end of its target. This
region also exhibits the greatest speciﬁcity for ssDNA, as it is the least tolerant to base
substitution (E.M.A. and D.S.W., unpublished data). This interaction is augmented by
the inclusion of the 30 amino acid loop which contains numerous tyrosines (Y61, Y63,
Y66, Y70) that add to the total binding energy in recognizing the 3' end, which is also a
TGTG sequence. From this model, an inexact number of intervening G bases would be
tolerated, consistent with the sequences observed at yeast telomeres (26). It is interesting
to note that the target DNA sequé;nce, dGTGTGGGTGTG, is palindromic, so that
recognition of the phosphate backbone must contribute to the corréct orientation of the
ssDNA in the binding site.

Many of the principles of recognition determined here for the binding of Cdc13 to

ssDNA are similar to those used by other single-stranded nucleic acid binding proteins.
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The structural and thermodynamic importance of direct aromatic interaction supplanted
by hydrophobic contacts with exposed bases has been observed in some of the other
nucleic-acid-binding members of the OB family, including AspRS (47), LysRS (53),
CspB (31, 54, 55), and RepA (8, 44, 56). While it is common to observe some aromatic
residues involved in recognition, a total of 7 in Cdc13 is quite unusual, considering that
they are all contributing to binding. In contrast, O. nova TEBP uses 10 aromatic residues
distributed over 3 OB domains to specifically recognize a single-stranded DNA 12-mer
(32). The aromatic and hydrophobic nature of the Cdc13 interface differs from what is
used by classical dsDNA binding proteins but it is more similar to extended RNA-
binding proteins, such as UTA (51) and TRAP (57). In this case, expansion of the
classical OB binding motif with a large $2-f3 loop has been suitably adapted for specific
interaction with a relatively long, extended ssDNA. This study highlights the importance
of aromatic and hydrophobic amino acids for this type of interaction and clarifies how
Cdc13 can specifically recognize the heterogeneous G-rich single-stranded sequences

found in yeast telomeric DNA.
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Table 1. Equilibrium dissociation constants (K¢s) of WTCdc13 ssDBD and point
mutants. Ky values are reported in nM and are given as the average of three separate
determinations and their standard deviation. Changes in the free energy of binding
(AAG) relative to WT are calculated. Note that, because WT Cdc13 ssDBD birids with

an affinity of 1 (nM), all subsequent values are relative as well as absolute.
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FIGURE LEGENDS

Fig. 1. The Cdc13 ssDBD with amino acids that define the DNA-binding interface. a.
The sidechains of the residues chosen for alanine mutagenesis are indicated with aromatic
groups are in green, hydrophobic groups are in yellow, and positively charged residues
are in blue. b. Schematic of TEL11 (dGTGTGGGTGTG)-protein contacts defined by
NMR (28) (E.M.A., R. Mitton-Fry, and D.S.W., unpublished data) in the same

orientation and color scheme as a, with phosphate groups shown as gray circles.

Fig. 2. Filter binding experiments with WT Cdc13 ssDBD. a. Raw filter binding data.
The first well contained **P-labeled DNA probe alone (50 pM), while the remaining wells
contained serial dilutions of Cdc13 ssDBD from 100 fM to 2.5 uM. b. A plot of counts
bound to the filter (bound DNA) as a function of the concentration of protein. The data
were fit to a standard two-state binding model as described in Materials and Methods.
The calculated K4 is 1 nM. Inset. A plot of log(Kq, nM) versus log({KCl], M) for WT
Cdc13 ssDBD. The data were fit to the line y=0.62 + 5.2x, R=0.97. Each point

represents a K4 measurement derived from a separate equilibrium binding experiment.

Fig. 3. Relative binding effects of point mutants. Protein is in the same orientation as
Fig. 1. a. The sidechains of the r'ésidues mutated to alanine and their relative K4 values
for binding dGTGTGGGTGTG are indicated. b. Surface representation of the Cdc13
ssDBD with effects of point mutants scaled according to color. Red represents extreme
effects (>500-fold), orange represents large effects (70- to 250-fold), and yellow

represents modest effects (3- to 20-fold). The DNA backbone is shown in blue
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Fig. 4. a. An electrostatic surface representation of Cdc13 ssDBD. The orientation of
the domain is the same as for Figures 1 and 3. Positively charged residues are in blue,
and negatively charged residues are in red. The figure was generated using the program

GRASP with potential values from -7 to +7 (58).
Supplemental Fig. 1. A gel-shift assay in low salt (75 mM KCI, see Materials and

Methods) of WT Cdc13 ssDBD and point mutants at concentrations of 50 pM DNA and

200 nM proteins.
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mutant Average Kd (nM)  Std. Deviation AAG (kcal/mol)
WT 1.0 0.2 -
Y27A 650 210 4.0
F44A 170 68 3.2
Y61A 170 40 3.2
Y61F 14 5 1.6
Y63A 110 36 2.9
Y66A 240 140 3.4
Y70A 23 4.7 1.9
Y85A 680 180 4.0
Y131A 150 63 3.1
I83A 67 11 2.6
138A 710 260 4.0
K41A 7.9 4.4 1.3
K73A 8.0 2.5 1.3
K81A 2.8 1.2 0.6
K134A 5.7 27 1.1
R140A 540 400 3.0
R140K 1.0 0.2 0
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