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Site-Directed Mutagenesis Reveals the Thermodynamic Requirements for
Single-Stranded DNA Recognition by the Telomere-Binding Protein Cdc13
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ABSTRACT. The essentiaBaccharomyces cearsiae protein Cdcl3 binds the conserved single-stranded
overhang at the end of telomeres and mediates 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 (Kq of 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 (ssDNA). The recent structure of the Cdc13 DNA-binding domain revealed that ssSDNA is recognized
by a large protein surface containing an oligonucleotide/oligosaccharide-binding fold (OB-fold) augmented
by an extended 30-amino acid loop. Contacts to ssDNA 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 side chain to binding affinity. Substitution of any aromatic
or hydrophobic residue at the interface was deleterious to binding (200@®-fold decrease in binding
affinity), 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 of the individual alanine substitutions that abolish binding cluster to one region of the protein
surface. This region is vital for recognition of four bases at therdl of the DNA and constitutes a
“hotspot” of binding affinity.

The recognition of single-stranded nucleic acids plays an  The Saccharomyces cerisiae telomere-binding protein
important role in many essential cellular processes, including Cdc13 is used in this study as a model for high affinity,
telomere regulation1), DNA replication and repairZ, 3), sequence-specific recognition of ssDNA).( Telomeres
transcription 4, 5), translation €), and RNA processing/j. contain repetitive tracts of noncoding DNA containing a GT-
Single-stranded DNA (ssDNAJs often bound by proteins  rich strand with 53" polarity, terminating in a 3single-
in a sequence-independent manner, as in the case oftranded overhang®, 23). Cdc13 specifically recognizes
Escherichia colsingle-stranded DNA-binding protein (SSB)  this single-stranded overhang and has at least two genetically
(8) or replication protein A (RepA)9). However, for some distinct roles in the cell. The essential role of Cdcl3 is a
processes, such as transcriptional regulati@ ¢r telomere ~ telomere capping function. Cdcl3 is a component of a
replication and end protectior,(11—14), ssDNA recogni- telomere gndprotection complex the}t prevents chromospmal
tion is sequence specific. Single-stranded DNA-binding degradation and end-to-end fusio@4). Loss of this
proteins often recognize an extended nucleic acid conforma-Capping activity results in severe resection of the C-rich
tion involving numerous contacts to the accessible bases Strand of the chromosome end, resulting in cell-cycle arrest

Comparatively little is known about the thermodynamic basis (2 26). In addition to capping the telomere, Cdc13 also
for this mode of recognition relative to our understanding mediates the recruitment/activation of the replicative enzyme,

of the protein recognition of double-stranded DNZG¢ telomerase, at the telomere in viva7(-29). Loss of this

17) and structured RNA18—21) activity results in gradual shortening of the telomere, and
' leads to a delayed lethal phenotype known as replicative
senescence.
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a _ amino acid, structurally well-defined loop betwegn—33

_-r Kﬁtﬁf 'gp (32). The extended interface accommodates the entire DNA
' 31% molecule, explaining the requirement for at least an 11-mer
of cognate ssDNA for full binding affinity. Recently, we have
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‘\% determined all of the contacts between the protein and DNA

(2-p3 loop and solved the structure of the protein/DNA compl&8)(
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_ (Figure 1). While extensive contacts are made to the bases,
Al } extended, continuous aromatic stacking interactions as seen
i in the structure o©. nowva TEBP are not observed between
N Cdc13 ssDBD and ssDNA3Y, 39).

To better understand the molecular determinants of binding
in this system and the role of the unuspa;33 loop, we
have used site-directed alanine mutagenesis to investigate
the thermodynamic contributions to ssDNA binding by each
of the side chains 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
complete thermodynamic characterization of the binding
interface reveals a large contribution to binding from all of
the hydrophobic and aromatic residues at the interface. Four
amino acids that recognize thé &GTGT of the minimal
11-mer (dGTGTGGGTGTG) required for high affinity
binding contribute disproportionately to the total binding
energy.

Ficure 1: A ribbon diagram of the Cdc13 ssDBD with the amino MATERIALS AND METHODS
acids that define the DNA-binding interface displayed. (a) The side
chains of the residues chosen for alanine mutagenesis are indicated Materials. Primers for site-directed mutagenesis were

with aromatic groups in green, hydrophobic groups in yellow, and i i i
positively charged residues in blue. The loops betweni2, 52— purchased from Invitrogert. coli cell stocks were obtained

B3, B3—0, andp4—p5 are marked. (b) Space-filing model with from Novagen. All solutions and media were prepareq with
the same color scheme and protein orientation as in panel a. Thechemicals purchased from Fisher Scientific and Sigma-
DNA backbone is in gold. Aldrich Company.

Site-Directed Mutagenesis of the Cdc13 DBDbe Cdcl13
ssDNAs and RNAs transiently present in the nucleus. We single-stranded telomeric DNA-binding domain (correspond-
are investigating the thermodynamic strategy for achieving ing to amino acids 497694) was expressed using the vector
this specificity. pET21a (Novagen) and constructed as described previously

The single-stranded DNA-binding domain (ssDBD) of (32). Site-directed mutagenesis was carried out using suitable
Cdc13 exhibits the same specificity for telomeric DNA as primers and the QuickChange mutagenesis kit (Stratagene).
the full-length protein (unpublished data). This domain binds The presence of the desired mutation was verified by DNA
with 100-fold greater affinity Kq of 3 pM) than the full- sequencing of the gene construct.
length protein K4 of 310 pM) 32). The Cdc13 ssDBD uses Expression and Purification of Recombinant Wild-Type
an OB-fold topology for DNA recognition3@). The oligo- and Mutant ProteinsProteins were expressed and purified
nucleotide/oligosaccharide-binding fold (OB-fold) super- as descibed previousl3?). All mutant proteins expressed
family includes several other single-stranded nucleic acid- in soluble form and were purified in yields comparable to
binding proteins such ds. coli SSB, Rho, CspA, CspB, and  the wild-type protein (512 mg/L) except for the R140A
RepA @, 9, 34—36). Notably, the structure of the Cdcl3 mutant, which produced lower yields (0.7 mg/L), due to a
ssDBD is similar to the OB-folds found in the telomere end- reduction in solubility that resulted in protein inclusion
binding protein (TEBP) from the ciliat®. nava (37). While bodies.
there is no obvious sequence relationship between Cdcl3 Nitrocellulose Filter-Binding Assay of Apparent Equilib-
andO. nova TEBP, theO. nava protein exhibits sequence  riym Dissociation Constant&quilibrium binding reactions
similarity to the telomere associated Potl proteins found in were performed witf?P-dGTGTGGGTGTG (TEL-11) at
several species, including humarisl), implying that the  concentrations at least 20-fold below the apparent dissocia-
OB-fold is widely used for recognition of ssDNA at tjon constant (50 or 200 pM) using serial dilutions of protein
telomeres. over a broad concentration range. Protein dilutions were

In the context of nucleic-acid binding proteins, the OB- prepared in 5 mM HEPES, pH 7.8, 750 mM KCI, 2.5 mM
fold domain typically interacts with a small ligand 3 MgCl,, 0.1 mM NgEDTA, 2 mM DTT, and 0.1 mg/mL
nucleotides) through interactions with the loops betwgken BSA (bovine serum albumin). The reactions were incubated
£2, f3—a, and f4—;5 (38). This mode of recognition is  on ice for 60 min to equilibrate. Filter binding assays were
also observed in the Cdc13 DBD-ssDNA interaction (Figure performed using 96-well MultiScreen MAHA N4550 filter
1la). However, this canonical OB-fold interaction surface is plates with a MultiScreen Resist Vacuum manifold (Milli-
expanded significantly in Cdcl13 by the addition of a 30 pore). The wells were prewet for 1 min with 8Q of binding
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buffer without BSA or DTT. Samples (80L) were loaded a
and incubated for 1 min before filtering. While still under
vacuum, the wells were washed twice with 2000f binding
buffer lacking BSA and DTT. The filter was air-dried before 200090 SOS
being exposed to a Phosphorlmager screen. Filter-bound 13 14 15 16 17 18 18 20 21 22 23 24
counts were quantified (Imagequant) and plots were fit to a
standard two-state binding modey. = C1(X/(x + Kg)) + b
C2, wherey is the number of counts of bound DNA,is 1410°
the concentration of protein, C1 is the maximum plateau of ' ! .,'
binding, C2 is the baseline or background counts, l&nis 1.210° LLEE |
the apparent equilibrium dissociation constatj. values 110° ‘.
were determined on different days and/or with different i
protein preparations and are reported as the average value 810* - i
plus or minus the standard deviation of three separate 610° . 4
measurements. The large standard deviations observed for .
the weak binders reflect the upper limit in sensitivity of the 410" . oo
assay due to protein saturation of the filter. 210' = ge®* T _

Determination of Salt (KCI) Dependence of Wild-Type T °
Cdc13 DBD BindingThe salt dependence of DNA-binding %-s 10% 10° 102 107 10° 10' 152 153
by the Cdc13 DBD to TEL-11 was determined by nitrocel- nM protein
lulose filter binding using a range of KCI concentrations.
Kq values were obtained in 5 mM HEPES, pH 7.8, 2.5 mM
MgCl,, 0.1 mM NgEDTA, 2 mM DTT, 0.1 mg/mL BSA,
and salt concentrations of 0.6 M KCI, 0.75 M KCI, 0.8 M
KCI, 1.0 M KCI, and 1.2 M KCI. 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 followed by staining the filter
with Ponceau S. By visual inspection, the filter binding
capacity was not affected by salt in the concentration range
used in this study.

Gel-Shift Assay of Equilibrium Bindinghe 11-mer TEL-
11 was 5-end-labeled using 10 U of T4 DNA kinase with 5
uM DNA and 150 mCi/mLy32P-ATP. A 25uL reaction 01 - I I
was incubated at 37C for 30 min, and unincorporated?P- -0.25 -0.2 0.15 -0.1 -005 0 005 0.1
ATP was removed using a microspin G25 column (Phar- 0.560630.710.70 089 1 1.12 129
macia). Equilibrium binding reactions were performed with log_ ([KCI], M) and [KCI], M
P 11-mer at 200 pM and proteins at 200 nM in 5 mM FIGURE2: Are resentat}:/e nitrocellulose filter-binding experiment
HEPES, pH 7.8, 75 mM KCl, 2.5 mM Mggil0.1 mM Né)%- for WiId-fype C%clS ssDBD. (a) Raw filter-binding dgta. Q'he first
were incubated o ioe for 60 min o equibrate. Ten \oatonaned F abeled DA probe dlonc (¢0 o whie the

. remaining wells (labele In oraer or Increasin rotein

microliters of each reaction with a small amount of bromo- concentrgtion) contained serial dilutions of Cdc13 SSDBgDF?rom 100
phenol blue racking dye was loaded on a20wra0cm 10 5,00 () At counts haune o e e bouroNey
x 1.5 mm, 5% acrylam'.de’ nondenaturing gel prerun at, & a standard two-state binding model aps described in Materials and
constant 200 V for 45 min. The samples were loaded while \ethods. The calculately is 1 nM. (c) A plot of log Kq, M)
running, and the gel was run for another 20 min to separateversus log ([KCI], M) for wild-type Cdc13 ssDBD. The data were
the free and bound species. The gel was dried and visualizedit to the liney = 0.62 + 5.2, R = 0.97. For convenience, the
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logarithmic scale markers have been converted back to a linear
by Phosphorimager. scale, shown in req Eac_h p_oint represeriy eneasurement derived
RESULTS from a separate filter binding experiment.

Single-Stranded DNA Binding by the Cdc13 Exhibits+og

Linear Salt Dependencahe ssDBD of Cdcl3 has previ- is therefore plagued by low signal-to-noise. We used the ionic

ously been shown to have a very high affinity for single- strength dependence of binding affinity to identify conditions
stranded telomeric DNA, with K of 3 pM at 75 mM KCl under which screening a large number of mutants would be
pH 7.8, and 2C (32). Binding was characterized to the TEL- e_xperimeptally tractablg:. Figure 2a displays represeptative
11 oligonucleotide, a sequence of DNA that is complemen- filter-binding data obtained at 750 mM KCl, along with a
tary to the yeast telomerase RNA template and is represen-Plot of these data fit to a standard two-state binding model
tative of yeast telomeric sequence®)( Natural sequence N F|gure 29. Under these conditions, serial dilutions of
variants 80) bind with comparable affinity (Supporting Protein ranging from 100 fM to 2.%M can be used to
Information, Table 1). Measurement of a low picomadtar determine differences in binding affinity that are stronger
requires extremely low concentrations of DNA probe and (Kqof subnanomolar) or substantially weaker than wild-type
extended exposure times for Phosphorlmager analysis, angrotein Kq4 of up to low micromolar).
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K73A, 5.2 nM K81A, 3.7 nM

110° 1108 A Table 1: Apparent Equilibrium Dissociation Constants and
‘ ‘ ‘ : Differences in Binding Energy for Point Mutants of Cdc13 ssDBD
R ST Binding to TEL-11
9 610° averageKq std. AAG
§ mutant (nM) deviation (kcal/mol}
9410 WT 1.0 0.2
st Y27A 650 210 3.6
S Do F44A 170 68 2.8
20'%3‘“18‘%[&'%3“ 110U 1‘01 1‘02 10° %‘510“‘10‘311‘1‘211‘1“ 1‘0" 1&)‘ 11)2 11)3 Yel1A 170 40 28
nM protein nM protein Y61F 14 S 15
Y63A 110 36 2.6
. Y63A, 94 nM 1138A, 422 nM Y66A 240 140 3.0
L e A A 3810 Y70A 23 4.7 1.7
oo 310° b Y85A 680 180 3.6
N | 25908 i » | Y131A 150 63 2.8
‘g L . 3 L 5408 : - 183A 67 11 2.3
3 I A ST C 1138A 710 260 3.6
S T T O L GUSIO i ] N136A 5.4 2.3 1.0
P ’/.3 j 110° - K41A 7.9 4.4 1.1
AR s10tl : Lo K73A 8.0 25 12
L et o T K81A 2.8 1.2 0.6
40707 107 10° 10" 107 10° 0* 010,3 102 107 10° 10" 102 10° 10° K134A 5.7 2.7 1.0
nM protein nM protein R140A 540 400 35
R140K 1.0 0.2 0

Ficure 3: Representative binding curves of site-specific alanine
mutants of Cdc13 ssDBD with TEL-11. Mutations tested and their 2 Calculated usingAAG = RT In(Kq/Kgo) whereKg; is the Ky of
calculatedKy values are listed above each graph. The experiments the mutant andg;, is the Ky of wild-type protein, T = 277.15 K.
were performed and curves fit as described in Materials and
Methods.

ranging from a 23-fold reduction (Y70A) to severe loss of

The binding of Cdc13 ssDBD and TEL-11 decreased as binding (Y85A, 680-fold). Mutation at positions F44, Y61,
the concentration of KCI was increased, as reflected by anY63, Y66, and Y131 had an intermediate effect on binding
increase in the apparent equilibrium dissociation constant. (110-240-fold). Thus, the elongated binding surface contains
The log—log plot of the apparent equilibrium dissociation many side chains thermodynamically important for binding,
constant versus the KCI concentration is linear with a slope containing elements located both in the classical OB-fold
of approximately 5 (Figure 2c). Thus, the recognition of region and the elongatgtl—(3 loop.
DNA in this system contains an electrostatic component that Two hydrophobic residues are located at the pretEBINA
can be attenuated by salt to reduce binding affinity to a interface, isoleucine 83 and isoleucine 138. Point mutation
conveniently measurable range (nM). The linearity of the of these hydrophobic residues, which are relatively close in
plot suggests that salt does not perturb the binding interactionspace on the protein surface (Figure 1), results in differential
in deleterious ways such as denaturation of the protein or effects on DNA binding. The binding affinity of 183A is
formation of alternate structures. Binding conditions were reduced about 70-fold, while binding affinity is effectively
chosen (750 nM KCI) such that the affinity of wild-type completely lost in 1138A % 700-fold reduction).
Cdc13 DBD for TEL-11 was 1 nM. All subsequent measure-  As would be expected from the salt dependence of binding,
ments were conducted under the same binding conditionsthe DNA-binding surface of Cdc13 contains multiple posi-
so that extrapolation to different salt concentrations was not tively charged residues, including K41, K73, K81, R140, and
necessary for comparison Kf values. a single polar residue, N136. With the prominent exception

Site-Directed Alanine Mutagenesi$he DNA-binding of R140, mutation of these residues had relatively modest
interface defined by amino acids that directly contact DNA effects on DNA-binding affinity £10-fold). The higher salt
(33) was probed by a panel of single-site alanine mutants conditions used in this study might be expected to attenuate
(Figure 1). The mutants exhibited a range of affinities to the effect of a charge to alanine substitution. However,
TEL-11 spanning 3 orders of magnitude, and notably none binding of these mutant proteins under low-salt conditions
of the alanine point mutants had higher affinity for DNA as measured by gel-shift assay ([K&]75 mM, Supporting
than wild-type protein. Representative binding curves for Information, Figure 1) qualitatively supported the high-salt
both tightly and weakly binding mutants are presented in data. The charge-to-alanine mutants had wild-type or near
Figure 3. The binding affinities of the various mutations are wild-type affinity in sharp contrast to the aromatic substitu-
presented by amino acid type in Table 1. tions described above which bound weakly or not at all. One

Eight aromatic to alanine mutations (amino acid side basic residue (K134) is in the vicinity of the DNA-binding
chains displayed in green on the structure in Figure 1) spaninterface (6 A) but does not directly contact the DNA.
the 44 A long interface, containing Y27A, F44A, Y61A, Mutation of lysine 134 to alanine had a similar effect on
Y63A, Y66A, Y70A, Y85A, and Y131A. All of these side  binding affinity as the other lysine mutations (affinity reduced
chains were identified as contacting DNA by intermolecular 3—8-fold), supporting the role of nearby charged residues
NOEs @3) except Y85, whose side chain could not be in providing a positively charged surface that generally favors
assigned but was predicted to contact DNA on the basis of DNA binding without providing specific strong contacts.
its location in the proteinDNA interface (unpublished Secondary Substitutionhe role of one of the tyrosines
experiments). These aromatic to alanine substitutions had(Y61) and the arginine (R140) at the interface were probed
dramatic effects on DNA binding (Table 1 and Figure 4), in more detail by two conservative mutations. First, a
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pB-strands 2 and 33Q) (Figure 1a). The binding surface
identified by direct contacts to the DNA (Figure 1b) is
composed primarily of aromatic, hydrophobic, and positively
charged residues. These aromatic and hydrophobic residues,
as well as arginine 140, are well conserved in Cdcl3
homologues from closely related species of yeast (R.
Cervantes and V. Lundblad, personal communication).
Lysine residues at the interface are less well conserved,
although the overall basic character of the interface is
preserved. While the structural and phylogenetic data provide
insight into the nature of the Cdc13 ssDBD/ssDNA interface,
mutagenesis data are necessary to determine which interac-
tions significantly contribute to ssDNA-binding affinity.

To deconvolute the thermodynamic components underly-
ing ssDNA binding, we first determined the ionic strength
dependence of Cdc13 ssDBD binding to the minimal oligo-
nucleotide TEL-11. The dependence of binding on concen-
tration of KCl is log-linear with a slope of approximately
five (Figure 2c). The attenuation of binding with increasing
ionic strength is consistent with the presence of several
positively charged protein residues at the protddiNA
interface that contribute to the positive electrostatic surface
potential of the Cdc13 ssDBD in the region of the sSDNA-
binding interface (Figure 5). A loglinear salt dependence
of DNA binding is typical of proteir-DNA interactions and
has been well characterized with double-stranded DNA-
binding proteins 41—44).

Point mutants of the Cdc13 ssDBD across this interface
exhibited a wide range (3 orders of magnitude) of binding

FIGURE 4 Relative binding effects of point mutants mapped on affinities for TEL-11 (Table 1 and Figure 4). These com-

the Cdcl3 ssDBD structure. The structures are in the same ; P
orientation as Figure 1. (a) The side chains of the residues choserroaratlve binding assays were conducted at 750 mM KCl,

for alanine mutagenesis and their relatig values for binding  Where the wild-type interaction was experimentally tractable
TEL-11 are indicated. Dark red represents extreme effeck®Q- (Kq of 1 nM, AG = 11.5 kcal/mol at £C). In general, the
fold), orange represents large effects {2%0-fold), and yellow charge-to-alanine substitutions had uniformly small effects
represents modest effects{(30-fold). (b) Surface representation  on pinding, with one exception discussed below. These small
D e et of P mutant sclec accord gfects are ot unigque to our high salt conditons, as the
relative binding affinities of the mutants at low salt (75 mM
substitution of tyrosine to phenylalanine at position 61 was KCI) revealed similar trends in binding affinity (Figure 1,
constructed, which resulted in a 15-fold decrease in affinity. Supporting Information). It remains to be determined if the
By contrast, the Y61A mutation reduced the apparent binding charged residues at the interface contribute more to specific-
affinity by close to 200-fold. This significant rescue of ity of binding than affinity. The energetic effects of the
binding activity by conservative substitution of one aromatic charge substitutions are most likely additive and contributing
by another aromatic side chain indicates that an aromaticto an overall electrostatic surface, as the slope of the salt
amino acid is required for DNA binding at this position. dependence of the K81A mutant protein was attenuated by
In sharp contrast to the other charged residues, replacemena value close to one (data not shown).
of arginine 140 with alanine had a dramatic effect on binding. A significant exception to the generally small energetic
An R140K mutant was used to test whether the guanido effects of charge-to-alanine mutations was observed at the
group of arginine was mediating a specific interaction with conserved arginine 140. Replacement of the arginine with
DNA. Surprisingly, binding was completely restored in the alanine at this position caused a decrease in binding of over
R140K mutant, thus indicating that at this position only a 500-fold, which was completely restored by reversion to
charged residue is necessary, possibly for a very specificanother charged residue, lysine. Therefore, a positively
network of hydrogen bonds or as a determinant of protein charged residue is essential at this position, possibly to

structural integrity. nucleate an essential recognition element by hydrogen
bonding either to protein itself or to the DNA. In the structure

DISCUSSION of the complex, R140 interacts with the base of T2 and may
To investigate the individual thermodynamic contributions contribute both to specificity and affinity at this position.

of amino acids located throughout the protelDNA inter- Arginine is often present at the positively charged surfaces

face, a complete alanine scan of the DNA contact residuesof proteins that bind nucleic acids and is critical for the base-
of the Cdcl3 ssDBD was performed. Extended, single- specific recognition of nucleic acids, for example in the Tat/
stranded GT-rich DNA is recognized by the protein across Tar complex 45), the U1A protein 46), and in zinc-finger
an elongated cleft formed by one side of the OB-fold barrel protein/DNA complexes47, 48). It is unusual, however, for
and an unusually long (30 amino acid) loop between a critical arginine residue to tolerate replacement by lysine.
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The large contribution of aromatic residues to DNA binding
observed in Cdc13 is similar to other ssDNA- and RNA-
binding proteins. Mutation of several conserved aromatics
to alanine in the OB-fold domains of RepA protein was
deleterious to binding4@). Mutation of a conserved tryp-
tophan (W54S) irk. coli SSB reduced both ssDNA binding
and inter-tetramer cooperativitg@). In both RepA and SSB
the conserved critical aromatic residues stack with DNA
bases. Additionally, an alanine point mutant of the phenyl-
alanine providing the bulk of the recognition energy of
aspartyl tRNA synthetase N-terminal domain reduced binding
by 35-fold for the anticodon loop5Q). This mode of
interaction is present in RRM (RNA recognition motif)
domains as wettrmutation of F56 in U1A protein destabi-
lized its interaction with RNA by 5.5 kcal/mobg).

The effects of the aromatic and hydrophobic point muta-
tions are not additive. ThAAG for each mutant summed
for all sites at the interface greatly exceeds the total wild-
type binding energy (Table 1), suggesting that these interac-
tions are not governed by simple shape complementarity or
lock-and-key type interactions. In contrast, separable interac-
tions are more typically features of the recognition of a
scaffold such as B-form helical DNA4{, 53—56) and
ordered RNA §7). The significant cooperativity observed
between protein side chains in the Cdc13 ssDBD is indicative
of their strong physical linkage58). Upon binding, the
flexible, ssDNA could adopt a more ordered state to be
recognized by Cdc13, similar to a folding event. This implies
that aromatic amino acid/base stacking could 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 interfade’); and
is similar to proteins which recognize ssRNA, such as RRM
domains 59—61).

The point mutants that have large effects on binding are
spread throughout the DNA-binding interface (Figure 4),
confirming that this unusually large interface is required for
high-affinity binding of the minimal DNA 11-mer, including
the largef2—[3 loop. However, from comparison of the
FiGURE5: An electrostatic surface representation of Cdc13 ssDBD. relative effects of the aromatic and hydrophobic alanine
The top orientation of the domain is the same as for Figures 1 and mutants (Figure 4b), the effects on binding can be grouped
3. Positively charged residues are in blue, and negatively chargedin+q nwvo subtypes. One group exhibits large effects, with four
residues are in red. This figure was generated using the program . I - S
GRASP 69). mutants essentially ellmlnatlng binding. I'nterestlng_ly, these

mutants cluster on the side of the protein/ssDNA interface

In contrast to the mostly modest effects observed in the that interacts with Bmost 4 nucleotides (GTGT) of the DNA
mutation of charged residues, every individual aromatic and (Figure 4b). This region can be considered a “hotspot” of
hydrophobic substitution had a pronounced effect on binding binding energy §2) and suggests a mechanism via which
affinity. Our structural data clearly revealed intimate interac- Cdc13 recognizes the heterogeneous sequences present at
tions directly with DNA nucleotides for every aliphatic and yeast telomeres. This hotspot contains recognition regions
aromatic amino acid chosen for mutational analysg3)((  (strandsfl, 33, andf35, along with loopss1—(2, 53—a,
and Supporting Information, Table 2). The DNA-binding site  andf34—/5) that are classical for OB-fold recognition of a
is bounded by Y27 and Y70, which recognize bases at the small stretch of nucleic acid. Thus, Cdc13 primarily recog-
5 and 3 end, respectively. The remaining structurally defined nizes the GTGT sequence at theeld of its target. This
aromatics, F44, Y131, Y63, and Y61, contact the bases of region also exhibits the greatest specificity for SSDNA, as it
T4, G5, and multiple 3nucleotides, respectively. On the is the least tolerant to base substitution (unpublished data).
basis of the rescue of binding activity by Y61F, aromatic This interaction is augmented by inclusion of the 30 amino
character is required for appropriate recognition at this site, acid52—3 loop containing numerous tyrosines (Y61, Y63,
consistent with a stacking interaction. Most of the aromatic Y66, Y70) that add to the total binding energy in recognizing
contact sites are strictly conserved with Y or F when the 3 end, which is also an alternating GT sequence (TGTG).
compared to Cdc13 sequences from closely related yeast$-rom this model, an inexact number of intervening G bases
(R. Cervantes and V. Lundblad, personal communication). might be tolerated as long as the total length of the oligomer
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is 10-11 nucleotides, consistent with sequences observed
at yeast telomeres (Supporting Information, Table 30).(
Experiments are in progress to further elucidate the exquisite
specificity of Cdc13 for yeast telomeric DNA.

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-fold family, including 7.

AspRS 62), LysRS 63), CspB @36, 64, 65), and RepA 9,

49, 66). While it is common to observe some aromatic g
residues involved in recognition, a total of eight in Cdc13 is
quite unusual, considering that they are all contributing
thermodynamically to binding. In contrasd. nowa TEBP
uses three OB-fold domains containing a total of 10 aromatic
residues to specifically recognize a ssSDNA 12-n33).(This

is consistent with the observation that the minimal ssDNA
requirement for Cdc13 is 11 nucleotid&g), while for most
other single OB-folds it is 25. The aromatic and hydro-
phobic 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 UB8)(
and TRAP 68), or to protein/peptide interface$?). In the
case of Cdc13, expansion of the classical OB-fold binding
motif with a larges2—3 loop has been suitably adapted
for specific interaction with a relatively long, extended
ssDNA. This study suggests how Cdcl3 can specifically

recognize the heterogeneous G-rich single-stranded sequenced4:

found in yeast telomeric DNA.
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SUPPORTING INFORMATION AVAILABLE

Figure 1 is a Phosphorimage of a gel-shift assay conducted 21-

in low salt (75 mM KCI, see Materials and Methods) of WT
Cdc13 ssDBD and point mutants performed with 200 pM
DNA and 200 nM proteins. Table 1 preserg values
measured for Cdcl3 ssDBD binding to common yeast
telomere sequence varian89). Table 2 lists assigned protein
side chain/DNA nucleotide contacts (unpublished experi-
ments). This material is available free of charge via the
Internet at http://pubs.acs.org.
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