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Budding yeast Cdc13-Stn1-Tenl (CST) complex plays an essential role in telomere protection and maintenance,
and has been proposed to be a telomere-specific replication protein A (RPA)-like complex. Previous genetic and struc-
tural studies revealed a close resemblance between Stnl-Tenl and RPA32-RPA14. However, the relationship between
Cdc13 and RPA70, the largest subunit of RPA, has remained unclear. Here, we report the crystal structure of the
N-terminal OB (oligonucleotide/oligosaccharide binding) fold of Cdc13. Although Cdc13 has an RPA70-like domain
organization, the structures of Cdc13 OB folds are significantly different from their counterparts in RPA70, suggest-
ing that they have distinct evolutionary origins. Furthermore, our structural and biochemical analyses revealed un-
expected dimerization by the N-terminal OB fold and showed that homodimerization is probably a conserved feature
of all Cdc13 proteins. We also uncovered the structural basis of the interaction between the Cdc13 N-terminal OB
fold and the catalytic subunit of DNA polymerase o (Poll), and demonstrated a role for Cdc13 dimerization in Poll
binding. Analysis of the phenotypes of mutants defective in Cdc13 dimerization and Cdc13-Poll interaction revealed
multiple mechanisms by which dimerization regulates telomere lengths in vivo. Collectively, our findings provide
novel insights into the mechanisms and evolution of Cdc13.
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Introduction because of incomplete end replication, telomeric DNA

has to be periodically replenished following rounds of

Telomeres are specialized nucleoprotein structures that
maintain the integrity of eukaryotic chromosomal termini
by protecting them from fusion and recombination, and
promoting their replication [1, 2]. In most organisms,
telomeric DNA consists of short repetitive sequences
that terminates in 3’ overhangs. Both the double stranded
repeats and the 3’ overhangs are bound by a multitude of
proteins that are crucial for telomere stability. Moreover,
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cell division. This task is primarily performed by a ribo-
nucleoprotein (RNP) known as telomerase, which acts as
an unusual reverse transcriptase (RT) [3-5]. Both telom-
ere-binding proteins and telomerase are critical for the
maintenance of telomere integrity through multiple cell
divisions, which in turn is pivotal in supporting genome
stability and promoting cellular life span.

A key element of the telomere nucleoprotein assembly
is the protein complex that binds and protects terminal
3" overhangs (G-tails). One of the best-studied G-tail-
binding complex, known as the Cdc13-Stnl-Tenl (CST)
complex, was initially identified and characterized in
the budding yeast S. cerevisiae [6]. The genes encoding



all three components of the complex are essential for
cell viability, and hypomorphic alleles of each gene can
cause extensive telomere degradation, as well as aberrant
telomerase and recombination activities at telomeres.
Insights on the mechanisms of this complex have come
from analysis of their nucleic acid-binding properties
and their interaction partners. Cdc13, the largest subunit,
recognizes G-tails with high affinity and sequence speci-
ficity through a central OB (oligonucleotide/oligosaccha-
ride binding)-fold domain [7]. This activity is evidently
essential for its capping function [8]. Cdc13 also inter-
acts with the telomerase subunit Estl, thereby promoting
the recruitment of the entire telomerase RNP to telomere
ends [9, 10]. Another binding partner for Cdc13 is Poll,
the catalytic subunit of pol a-primase complex [10, 11].
Loss of Cdc13-Poll interaction is correlated with telom-
ere elongation. The DNA-binding activity of Stnl and
Tenl are less well characterized [12]. Stnl also interacts
with Poll12, another subunit of the pol a-primase com-
plex, which has likewise been implicated in telomere
protection and length regulation [13-15].

Although CST was initially believed to be confined to
budding yeast, more recent analyses have revealed broad
distribution of the Stnl and Tenl components across
eukaryotic phyla [12, 16-19]. The discovery of these ho-
mologs provided added motivations for ascertaining their
mechanisms and the extent of their evolutionary conser-
vation. A particularly provocative notion that emerged
was the proposal that CST represents a telomere-specific
replication protein A (RPA)-like complex [12]. RPA is a
nonspecific single-stranded DNA-binding complex that
contains three subunits (RPA70, RPA32, and RPA14) and
mediates critical and diverse DNA transactions through-
out the genome [20, 21]. Structural studies provided
compelling support for the resemblance between Stnl
and RPA32, and that between Tenl and RPA14 [22, 23].
The two protein pairs share many structural features and
utilize similar motifs for mutual interactions. Stnl and
RPA32, each consists of an N-terminal OB fold and one
or two C-terminal WH motifs, whereas Tenl and RPA14
each consists of a single OB fold. Complex formation in
each case is mediated predominantly through a-helices
located at the C-termini of OB folds. Thus, the Stnl-
Tenl subcomplex can plausibly be viewed as a telomere-
specific paralog of the RPA32-RPA14 complex. That
Stnl and Tenl together act as a close-knit unit is further
underscored by their ability to function in the absence
of Cdc13. Overexpression of StnIN (the N-terminal OB
fold of Stnl) and Tenl allows the cells to bypass the es-
sential function of Cdc13 and remain viable [14]. By
contrast, even though Cdc13 and RPA70 are both large
proteins that have either been shown or proposed to con-
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tain multiple OB folds, their evolutionary kinship is less
clear [21, 24]. Sequence comparison failed to disclose
any convincing similarity between the two families, and
the DNA-binding OB fold of Cdc13 does not appear to
be closely related to the equivalent OB folds in RPA70
[25, 26].

In this report, we provide structural and biochemical
analyses of the N-terminal domain of Cdc13. The atomic
resolution structure confirmed the existence of an OB
fold at the N-terminal end of Cdc13. Both structural and
biochemical analyses revealed unexpected dimeriza-
tion by the N-terminal OB fold. We also uncovered the
structural basis of interaction between the N-terminal OB
fold and Poll, and demonstrated a role for N-terminal
dimerization in Poll binding. Analysis of the phenotypes
of mutants defective in Cdc13 dimerization and Cdc13-
Poll interaction revealed multiple mechanisms by which
dimerization regulates telomere lengths in vivo. Our find-
ings thus offer novel insights into Cdc13 mechanisms
and evolution.

Results

Prediction of four tandem OB-fold domains in Cdcli3

To initiate a comparative analysis of Cdc13 and to
uncover possible structural domains in this protein, we
systemically searched the NCBI and Broad Institute data-
bases for homologs of Cdc13 using available sequences
as queries. This resulted in the identification of many
Cdc13 homologs in the Saccharomyces and Kluyveromy-
ces branches of budding yeast (which also include Can-
dida glabrata, but not other Candida spp.; Supplemen-
tary information, Figure S1). Multiple sequence align-
ment of these Cdcl3 proteins clearly revealed a pattern
of four conserved regions, each of which spans about
150-200 residues (Supplementary information, Figure
S1). These regions in Saccharomyces cerevisiae Cdcl3
(ScCdc13) consist of residues 1-231, 323-485, 490-701,
and 712-924, respectively (Supplementary information,
Figure S1). Notably, the third conserved region coincides
with the DNA-binding domain of ScCdc13 (ScCdc13ppp)
[26]. For simplicity, hereafter, ScCdc13 is referred to as
Cdcl3.

We next performed a secondary structural analysis on
the four conserved regions of Cdc13 using the program
PredictProtein [27]. Supporting the validity of this ap-
proach, the program accurately predicted the positions of
most of the a-helices and B-strands in Cdc13 5 (Supple-
mentary information, Figure S1). This analysis also pre-
dicted that each of the three remaining regions contains
a P-strand-rich core that exhibits a secondary structure
pattern of B—B—pB—a—PB—P (Supplementary information,
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Figure S1), which is characteristic of OB folds found
in many telomere proteins including Stnl and Tenl
[23]. Sequence analyses of several Cdc13 proteins from
other yeast species also predicted the existence of four
B-strand-rich OB-fold-like domains (data not shown).
The less-conserved fragment between the first and the
second putative OB folds (~90 resides) exhibited few
detectable features of secondary structure (Supplementary
information, Figure S1). Notably, this region, called the
recruitment domain (RD), has been reported to play an
important role in telomerase recruitment through a direct
interaction with Estl (Figure 1) [9, 10].

The largest subunit of the RPA complex, RPA70, also
contains four tandem OB-fold domains (Figure 1) [25,
28-30]. Furthermore, there is also an ~60-residue un-
structured region between the first and second OB folds
in RPA70 (Figure 1). Both features match well with our
bioinformatic analysis of Cdc13 (Figure 1 and Supple-
mentary information, Figure S1). Thus, although there
is no primary sequence similarity between Cdc13 and
RPA70, the similar domain organization of the two pro-
teins supports the view that Cdc13 is a telomere-specific

Poll  Est1 ssDNA

~n| oB1 |RD| OB2? |OB3(DBD) C  Cde13

N[ _0B5 | |WHIEHC Stn1
N| OB6 |C Ten1
p53 ssD[NA
I
N |_OB-N OB-B C  RPA70
N C  RPA32
N C  RPA14

Figure 1 Domain organization of the CST and the RPA com-
plexes. Upper panel: the CST complex; lower panel: the RPA
complex. In both Cdc13 and RPA70, the four OB folds from
the N- to C-terminus, are colored in yellow, orange, light blue,
and green, respectively. The RD domain between the first and
second OB folds in Cdc13 is colored in gray. In both Stn1 and
RPA32, the OB folds are colored in cyan, the WH1 motif of Stn1
and WH motif of RAP32 in marine, and the WH2 motif of Stn1
in blue. Ten1 and RPA14 are colored in pink. The shaded areas
are used to indicate the interdomain interactions among the
components within each complex.

RPA70-like protein. However, because OB folds are
well known for the absence of reliable primary sequence
features that can be used for accurate prediction [31-33],
decisive confirmation of the existence of four tandem
OB folds in Cdc13 and the similarity between Cdc13 and
RP70 requires structural characterization of Cdc13.

Structure of a Cdcl3 5, monomer

To address whether Cdc13 contains an OB fold at the
N-terminus, recombinant Cdc13q5, (residues 13-243) ex-
pressed from Escherichia coli was crystallized, and the
structure was determined by single anomalous dispersion
(SAD) using a mercury compound (MeHgAc) at a reso-
lution of 2.5 A (Supplementary information, Table S1).
The final atomic model, refined to an R-value of 21.1%
(Rpee = 26.7%), contains residues 14-225. No electron
density is observed corresponding to three loop regions
(residues 59-67, 105-111, and 161-170), as well as the C-
terminal 18 residues, which we presume to be disordered
in solution.

The crystal structure demonstrates that the core of
Cdc13,;, is indeed made up of an OB fold, consisting of
a highly curved five-stranded antiparallel B-barrel with
three peripheral a-helices, as expected from our sequence
analysis (Figure 2A). Cdc135, contains a large insertion
between helix aB and strand 4 (residues 97-124), part of
which forms a short B-strand ($3’) that runs antiparallel
to B1 before rejoining to f4. In addition, there is a three-
helix bundle at the C-terminus, which packs against the
convex side of the B-barrel.

Compared with Cdc1345,, the N-terminal OB fold
of RPA70 (RPA70N) only contains a B-barrel core and
lacks the C-terminal helix bundle (Figure 2B); the size
of RPA70N (120 residues) is only about half of that
of Cdcl13,5, (225 residues). Although the sequences
of Cdc13,,, and RPA70N are markedly divergent and
share only 8% identity, the B-barrel core of the Cdc13y,
closely resembles that of RPA70N (Figure 2B); the two
domains can be superimposed with a root-mean-square
deviation (r.m.s.d.) of 3.7 A for 84 equivalent Co. pairs
(Figure 2B) [28, 34]. Not withstanding this similarity,
there are substantial structural differences evident in the
loop and helix regions. Most notably, the aB helix be-
tween strands 3 and B4 of Cdc13;, is much longer and
rotates about 45° away from strand B5 relative to the po-
sition of aB in RPA70N, resulting in a large hydrophobic
groove between aB and B5 (Figure 2B). This displace-
ment of helix aB is essential for the dimeric conforma-
tion of Cdc13,,, as described below (Figure 2C).

Unexpectedly, the structure of Cdc13;, closely re-
sembles that of Cdc13p;3ppp) (Supplementary informa-
tion, Figure S2A). Indeed, an unbiased search for struc-

Cell Research | Vol 21 No 2 | February 2011



Jia Sun et al. @

261

Cdc13,,,/RPA70N

081

50 15 (kDa)
1

L
N%"

30 40 50 60 70 80 90
Elution volume (ml)

! 1

Absorbance (mAU)
. 3885883

F LexA,-Cdc13
HA:  Vector  Cdc13

In IP In P

@ B
- -

“ .

Figure 2 Cdc13., forms a dimer, both in crystals and in solution. (A) Ribbon diagram of the monomeric structure of Cd-
¢130g:- The secondary structure elements are labeled. In addition to the central B-barrel, there is a helical bundle at the C-
terminus packing on one side of the OB fold. (B) Superposition of Cdc13.g, (yellow) on the crystal structure of RPA70N (orange)
[28]. The aB helix in Cdc13.g, is long and rotates ~45° relative to the orientation of aB in RAP70N. (C) Ribbon diagram of
the Cdc13.g, dimer. The two subunits are colored in yellow and salmon, respectively. (D) Gel-filtration profile revealed that
Cdc130g, behaves as an assembly with an apparent molecular weight of ~45 kDa. (E) Full-length Cdc13 was subjected to a
sucrose gradient analysis. The distribution of Cdc13 in the gradient was analyzed by western blot using polyclonal antibodies
raised against Cdc13 (upper panel). The band intensities were quantified and plotted (lower panel). Sedimentation positions
of three standard proteins are also indicated. (F) Co-IP of Cdc13 fused to different tags in whole cell lysate. Yeast cells trans-
formed with plasmids expressing LexAgy-Cdc13 and HA-Cdc13 were lysed, and IPs were performed using the anti-HA anti-
body. The levels of each protein in the input and IP samples were analyzed by immunoblotting with the indicated antibodies.
Lanes marked “In” contain 5% of the input lysate used for the IPs.
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turally homologous proteins using the Dali server [35]
revealed that the structure of Cdc13.5, is most similar to
that of Cdc13,,;, with a Z-score of 10.3; the two domains
can be superimposed with an r.m.s.d. of 3.0 A for 144
equivalent Ca pairs (Supplementary information, Figure
S2A) [26]. However, Cdc13.5, has a very long loop (28
residues), L,;, between strands 2 and 3, which packs
on one side of the B-barrel and constitutes almost half of
the DNA-binding surface (Supplementary information,
Figure S2A) [26, 36]. In contrast, strands f2 and B3 of
Cdc13,;, are connected by a much shorter loop (12 resi-
dues) that is partially disordered in the current structure
(Figure 2A).

Cdcl3 is a dimer

In the Cdc13,y, crystals, only one Cdc13,;, molecule
is present in each asymmetric unit. However, careful ex-
amination of the crystal packing of one protomer against
its neighbors revealed that Cdc13,5, makes extensive
interactions with one of the crystallographic symmetry-
related molecule. The two aB helices from both mol-
ecules form a tightly packed parallel coiled-coil, whose
axis coincides with a crystallographic symmetry dyad
(Figure 2C). The Cdc13,, dimer interface buries a total
of ~2 560 A’solvent-accessible surface area, which is
substantially larger than other crystal-packing contacts.
This strongly implies that the dimeric conformation ob-
served in the crystals is unlikely to be the result of lattice
packing.

We next asked whether Cdc13 forms a homodimer in
solution. Experiments using calibrated gel-filtration chro-
matography showed that the elution peak of Cdcl3y,
corresponded to a molecular weight of about 45 kDa
(Figure 2D), as expected if the crystallographic dimer
interaction is present in solution. In addition, chemi-
cal cross-linking assays with both the OBl domain and
full-length Cdc13 demonstrated that, in both cases, only
one higher-molecular-weight band appeared in the pres-
ence of cross-linking reagent and the size of this band
matched well with a dimer of Cdc13,5, or full-length
Cdc13, respectively (Supplementary information, Figure
S2B, S2C and S2D). These results corroborated our crys-
tallographic finding, showing that Cdc13 indeed exists
as a dimer in solution. The molecular weight of purified
full-length Cdc13 was also estimated by sucrose gradi-
ents. Cdc13 expressed and purified from insect cells be-
haves as an assembly with an apparent molecular weight
of ~160-170 kDa (Figure 2E). Even though this is less
than the expected value of a Cdc13 dimer (210 kDa), it
is consistent with our prediction that Cdc13 has a mul-
tidomain elongated architecture, which should result in
a smaller sedimentation coefficient and thus a reduced

apparent molecular mass. To further study the in vivo
oligomeric state of Cdc13, we tested the dimeric interac-
tion of Cdc13 in yeast cells. Co-immunoprecipitation
(Co-IP) experiments with two differently tagged full-
length Cdc13 proteins demonstrated that Cdc13 indeed
forms a complex with itself in cells (Figure 2F). Finally,
we examined the potential role of other Cdc13 domains
in dimerization by yeast two-hybrid assays (Supplemen-
tary information, Figure S2E). Self-association was not
observed for any other domains, indicating that Cdc13
probably forms a homodimer solely through its N-termi-
nal OB fold.

The dimer interface of Cdcl3 g,

The core of the symmetric dimer interface is mediated
primarily by helix aB and strand B5 from both Cdc13y,
subunits (Figure 2C). Together, aB and 5 from one
subunit form a hydrophobic groove that accommodates
the aB helix from the other (Figure 3A). At one side of
the groove, the coiled-coil hydrophobic packing contact
between the two aB helices is extensive, consisting of
four layers of two-fold symmetry-related interdigitating
residues at positions a and d of the heptad repeats from
both helices (Ser81, Leu84, Leu91, and Tyr95) (Figure
3B). These residues stack closely against each other both
within and between adjacent layers. In addition, several
hydrophobic residues (Phel42, Leul43, Ile146, and
Pro148) of B5 from one monomer make close contacts
with helix aB from the opposing monomer so that, ex-
cept for the two termini, helix aB is almost completely
buried into the central core of the dimer (Figure 3B and
Supplementary information, Figure S3).

Although the dimeric interface is predominantly hy-
drophobic, intermolecular electrostatic interactions pro-
vide additional specificity and stability to the dimer. In
the loop regions before the aB helices in both monomers,
two symmetry-related Lys77-Asp78 pairs contribute four
salt bridges, sealing one end of the interface (Figure 3B).
In the center of the coiled-coil, two Thr88 residues form
an intermolecular hydrogen bond instead of hydrophobic
contacts at position a of the heptad (Figure 3B). At the
side of helix aB, away from the coiled-coil interface,
the hydroxyl group of Ser90 mediates an electrostatic
interaction with Asp145 from strand B5 of the opposing
Cdc13,5, monomer, helping anchor the aB helix into the
hydrophobic groove (Figure 3B). Besides the helix aB-
binding groove, we also observed a second smaller inter-
face between the two monomers (Figure 3C). Two acidic
residues Asp102 and Asp104 in the loop region between
aB and B3’ from one monomer form an extensive elec-
trostatic network containing a total of six salt bridges
with the side chains of Argl5 and Lys129 from the other
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Figure 3 The Cdc13.g, dimer interface. (A) The hydrophobic dimer interface. One Cdc1345, molecule is in surface represen-
tation and colored according to its electrostatic potential (positive potential, blue; negative potential, red). The other molecule
is in ribbon representation and colored in yellow. (B) Helix aB of one Cdc134g, molecule (in yellow) binds into a hydrophobic
groove formed by helix aB and strand 5 of the other (in salmon) in the dimer. Residues important for dimerization are shown
as stick models. (C) The second interface between the two subunits involves two acidic residues (Asp102 and Asp104) from
one Cdc134g,, and two basic residues (Arg15 and Lys129) from the other. (D) Superposed chromatographs of wild-type Cd-
¢130s1 and four mutants from gel-filtration columns. (E) Effects of four mutations on dimer formation of Cdc13.g, in yeast two-
hybrid assays. The color scheme is the same as in D. Dimeric interaction between LexA-Cdc13q5; and GAD-Cdc13.5, was
determined by measuring the B-galactosidase activity produced by the reporter gene. Data are averages of three independent
B-galactosidase measurements normalized to the wild-type dimeric interaction, arbitrarily set to 100. (F) Co-IP of the same
sets of Cdc13 mutants as in panels D and E in whole cell lysate. Conditions are the same as in Figure 2F.
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monomer (Figure 3C).

To confirm the significance of the dimeric contacts
observed in the crystal structure, we generated four
missense mutations in Cdc13,;,. All mutant proteins
were purified to homogeneity, and the oligomeric states
of these proteins were individually analyzed by gel-
filtration chromatography (Figure 3D). Consistent with
the structure, substitution of 11e87, Leu91, or Tyr95 of
Cdcl13,;, at the hydrophobic interface with a positively
charged and bulky arginine residue completely disrupted
the dimeric state of the wild-type protein; the elution
profiles of these three mutants shifted toward the mono-
mer species on gel filtration (Figure 3D). Notably, the
L84R mutant had an elution peak between those of the
wild-type Cdcl3,;, and the monomer mutants, suggest-
ing that this mutant only weakened but did not disrupt
the dimeric interface (Figure 3D). The effects of these
mutants were also confirmed by yeast two-hybrid and
Co-IP analyses in yeast cells (Figure 3E and 3F). Taken
together, we therefore conclude that hydrophobic contact
is the major driving force for dimer formation of Cdc13,
both in vitro and in vivo.

Cdcl3 dimerization affects cell growth and telomere
length regulation

To determine if dimerization affects the function of
Cdcl13 in vivo, we used a plasmid shuffling system de-
veloped previously to study the in vivo consequences of
Cdc13 mutations [10, 11]. We generated yeast strains that
carried nondimeric alleles of CDC13. These alleles con-
tained either a single (L91R) or quadruple (4R: L84R/
I87R/L91R/Y95R) mutations shown earlier to disrupt the
OB1 dimer interface. Gel-filtration profile showed that
the quadruple mutant protein was well folded and adopt-
ed a monomeric conformation in solution (Supplementary
information, Figure S4A). Both proteins were expressed
at near wild-type levels in yeast cells (Supplementary
information, Figure S4B), suggesting that residues at the
Cdc13 dimeric interface are not required for protein sta-
bility. Interestingly, these strains exhibited no apparent
growth defects in comparison to the wild-type control at
30 °C, but manifested a moderate reduction in growth at
37 °C (Figure 4A). Cdc13 dimerization is thus not essen-
tial for cell viability, but appears to promote its function
at higher temperatures. Analysis of telomere lengths in
both mutant clones revealed a consistent and moderate
reduction in average telomere lengths (by ~150 bp) (Fig-
ure 4B). This reduction was observed about 40 genera-
tions following the eviction of plasmids carrying wild-
type CDC13, and was stable thereafter (data not shown).
We also analyzed the level of G-tails in the Cdc13 mu-
tants and observed no detectable increase over that of the

A pTHA  SD-leu + 5-FOA B
vector Cdc13
wr N N WT 4R L91R

10 @ © (Kb)
Skl e © @ 6.0
Loirl I 3K B 3.0 TR
L91R N
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15—
pTHA  SD-leu + 5-FOA
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WT 0,75—...
Cdc13] 4R

4R: LB4R/NBTR/LITR/YISR
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Figure 4 Analysis of Cdc13 dimerization mutants in vivo. (A)
Serial dilutions (10-fold) of strains bearing empty vector or wild-
type or mutant CDC13 were spotted on the SD-leu+5-fluorooro-
tic acid (5-FOA) plates, grown at 30 °C or 37 °C for 2 days, and
then photographed. (B) Chromosomal DNAs were prepared
from strains bearing wild-type or the Cdc13 mutants that are de-
ficient in homodimerization, digested with Pstl, and subjected to
Southern blot analysis using labeled poly(dG-dT) ¢ poly(dC-dA)
as the probe.

wild-type control (Supplementary information, Figure
S4C). Collectively, we conclude that Cdc13 dimerization
is not essential for cell viability, but is critical for telom-
ere length regulation.

Characterization of the Cdcl3-Poll interaction
Although Cdcl3y, is structurally most similar to Cd-
c13,g; and also contains a basic cleft that corresponds to
the canonical nucleic acid-binding pocket of OB folds,
Cdc13q5, does not possess DNA-binding activity (data
not shown). Instead, it has been reported to mediate
protein-protein interactions at telomeres [10, 11]. One of
the Cdc13;,-binding protein is Poll, the catalytic sub-
unit of DNA polymerase a-primase complex. Disruption
of the Cdc13-Poll interaction causes cell growth defect
and telomere lengthening [10, 11]. An N-terminal re-
gion of Poll (residues 13-392 reported in one study and
residues 47-560 in another) interacts with Cdc13;, [10,
11]. To determine the mechanism of Poll recognition by
Cdc13, we characterized the Cdc13-Poll interaction by
isothermal titration calorimetry (ITC) (Figure 5A). Our
data revealed that a short fragment of Poll consisting
only of residues 215-250 was necessary and sufficient
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for binding with Cdc13;, (Figure 5A). Cdc13,5, binds
to Poll,,5,5, with an equilibrium dissociation constant (K,)
of 3.8 uM (Figure 5B). Hereafter, we will refer to Poll,s.
250 a8 Poll gy (Cdc13-binding motif).

Structural basis for the Cdcl3 ,5,-Poll o, interaction

To characterize the structural basis of Poll recogni-
tion by Cdcl13, we crystallized the Cdc13,5,-Poll gy
complex and solved its structure by molecular replace-
ment at a resolution of 2.4 A (Supplementary informa-
tion, Table S1). Except for one residue at the N-terminus
and five residues at the C-terminus, Poll g, is well
ordered, as evidenced by good electron density in the
crystals and low temperature factors in the final atomic
model. The complex structure has been refined to an R-
value of 22.4% (R;.. = 26.4%) with good geometry. The
Cdc135,-Pollpy complex structure exhibits a 2:2 stoi-
chiometry between Cdcl13g5, and Poll gy, (Figure 5C).
Each Poll ), peptide is folded into a single amphipathic
a-helix that binds into the deep basic groove mostly
formed by one Cdcl3,;, monomer (Figure 5C). The
Cdc1345,-Poll ), interaction does not interfere with the
dimeric interface of Cdcl3;, (Figure 5C). The forma-
tion of the binary complex causes the burial of ~1 997 A’
of surface area at the interface.

Strikingly, the binding mode of Pollcgy, to Cdcl3y,
resembles the interaction between RPA70N and p53 (Fig-
ure 5D) [28]. In both complexes, a short fragment of one
protein (Pollpy and p53.45,) adopts a helical conforma-
tion and binds into the basic groove of the OB fold of the
other component in the complex (Cdc13,5, or RPA70N).
Notably, canonical ssDNA-binding OB folds employ
exactly the same basic groove for DNA association, as
illustrated by the structure of the Cdc13g;-ssDNA com-
plex (Figure 5E) [36]. In these structures, both basic and
aromatic residues on the ssDNA-binding grooves are
required for the interaction; basic residues stabilize the
negative phosphate groups of the DNA backbone, where-
as aromatic residues are involved in stacking with the
bases of the DNA [25, 36-39]. In comparison, although
the Pollpy-binding surface of Cdc13.;, contains many
basic residues, there are very few aromatic residues at the
expected positions for optimal ssDNA interaction. This is
consistent with our data that even at a high protein con-
centration (~0.5 mM), no Cdc1345,-ssDNA complex was
observed in an Electrophoretic Mobility Shift Assay (data
not shown). Thus, we conclude that the N-terminal OB
fold of Cdc13 is a protein-protein interaction module.

The Cdcl3,,-Poll op, interface

In the Cdc13;,-Pollpy complex structure, the two
Pollsy peptides adopt symmetric conformations and
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each Pollgy, interacts with both Cdc135, molecules in
the dimer (Figure 5C). The C-terminal half of Pollcgy
contacts with one Cdc13,;, monomer and this interac-
tion is primarily mediated by a highly positively charged
cleft of Cdcl13,;, dimer and a negatively charged con-
vex surface of the Poll gy, helix (Figure 6A). The acidic
surface of Poll g, at the interface contains five nega-
tively charged residues, Asp229, Asp232, Asp236, and
Glu238 (Figure 6A). The more extensive basic groove
of Cdcl3gg, consists of six lysine residues at positions
30, 50, 73, 75, 77, and 135 (Figure 6A). These two sur-
faces are not only opposite in charge distribution but also
complementary in shape. While electrostatic interactions
should favor the initial apposition of the two proteins,
the interaction specificity between Cdc13,5, and Poll gy
is mainly provided by van der Waals contacts (Figure
6B). The hydrophobic portion of the amphipathic helix
of Poll.py packs against the hydrophobic floor of the
groove formed by strands B1, B4, and B5 of Cdcl3.g,,
accounting for about half of the total buried surface area
(Figure 6B). The core of this hydrophobic interface con-
sists of the side chains of eight residues, Val230, Leu233,
Leu234, and Val237 in Poll gy, and 1le32, Tyr133,
Thr140, and Phe143 in Cdc13,;, (Figure 6B). In addition
to the helix, the C-terminal tail of Poll.gy also contrib-
utes to the binding to Cdc13y,; it makes a turn at Pro241
and lines the rest of Poll g, in an antiparallel direction
to strand B5 of Cdcl3.y, (Figure 6B). The side chains
of Val242 and Val243 pack against a hydrophobic patch
of Cdc13;, formed by residues from strands B3 and B5
(Figure 6B). This conformation is further stabilized by
four hydrogen-bonding interactions between Poll g, and
Cdc13,;, (Figure 6B).

The N-terminal half of the Poll gy helix (Pro216-
Asp229) protrudes outside the major Cdc13,g,-Poll gy
interface to make direct contacts with the other Cdc135,
molecule in the dimer (Figure 6B and 6C). In this region
of the complex, the Cdc13,,-Poll gy, interface is also
dominated by electrostatic interactions; there are a total
of seven salt-bridge and hydrogen-bonding interactions
between Poll gy and Cdc13,;, (Figure 6B and 6C).
Based on the structure, disruption of the dimeric state of
Cdc13,5, would result in a loss of ~596 A* of the buried
interface area between Cdcl3,;, and Poll gy, suggest-
ing that dimerization of Cdc13,,;, might be important for
Poll .y interaction.

Both the Cdcl3-Poll interface and Cdcl3 dimerization
are required for the Cdcl3-Poll interaction

Our structural analysis provides plausible explanations
for previous mutagenesis data of the Cdc13-Poll interac-
tion. Two point mutations of Poll, D236N and P241T,
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Figure 5 The Cdc13qg-Pol1g, complex structure. (A) Summary of ITC analysis of the interaction between Cdc13.g, and
various Pol1 fragments (nd: not detectable by ITC). A short peptide of Pol1 (residues 215-250) was found to be necessary
and sufficient for binding to Cdc134g,. (B) ITC measurement of the interaction of Cdc1345; with the Pol1.g, peptide. Insert
represents the ITC titration data. The binding curve was fit to a one binding site per Cdc1345; monomer model. (C) Overall
structure of the dimeric Cdc135,-Pol1.y complex. The two Cdc135,; molecules are colored as in Figure 2C. The two Pol1 gy
peptides are colored in cyan and blue, respectively. 30 amino acids of the Pol1.s, peptide (residues 216-245) are visible in
the electron density map. (D) The crystal structure of the RPA70N-p53 complex (PDB ID: 2B3G) [28]. (E) The NMR structure
of the Cdc13qg;-ssDNA complex (PDB ID: 1S40) [36]. In C, D, and E, the OB fold of Cdc13.s,, RPA70N, and Cdc13.g; are
shown in the same orientation. The interacting partners (Pol1gy, p53, and ssDNA) bind to the same basic grooves of the OB

folds.

were reported to abolish the interaction [10]. In the crys-
tal structure, the side chain of Poll Asp236 points toward
the interface and makes two salt bridges with the amino
group of Cdc13 Lys73, whereas the unusual backbone
dihedral angles of Poll Pro241 allows the C-terminus
of Poll .y to align with Cdc13 strand B5 for optimal in-
teraction (Figure 6B). A third mutation of Poll, E238K,

weakened but did not abolish the interaction [10]. This
is also consistent with the structure: the side chain of
Glu238, exposed to the solvent, contributes only one
hydrogen-bonding interaction (Figure 6B).

To further examine the significance of the Cdc13y,-
Poll gy interface, we assessed the effects of an addi-
tional panel of mutations in either Cdc13.;, or Pollcgy,

Cell Research | Vol 21 No 2 | February 2011



Jia Sun et al. @

267

D
Cdc13 Pol1 M
WT WT 3.8+05
WT D229R nd
WT L233R nd
WT D236R nd
WT V237A nd
WT P241A nd
WT V242R nd
R79E WT nd
R83E WT nd
3K-3E (K73E/K75E/K77E) WT nd
132E WT nd
V133E WT nd
T140E WT nd
F142A WT nd
E Cdc13 Pol1 M
WT WT 3.8+05
L84R WT 120+ 35
187R WT nd
L91R WT nd
Y95R WT nd

www.cell-research.com | Cell Research

(kb)
8.0 =

6.0
5.0 =

40 =
35 =

3.0=

20

10=-




@ Crystal structures of Cdc13 and the Cdc13-Pol1 complex

268

using ITC. In support of the crystal structure, Cdc13y,
mutations of either the hydrophobic residues (Ile32,
Val133, Thr140, or Phel142) at the bottom of the groove
or the basic residues (K73E/K75E/K77E, R79E, and
R83E) at the periphery were sufficient to eliminate the
interaction (Figure 6D). Similarly, mutations of the hy-
drophobic or acidic residues of Pollg,, on the other side
of the interface also completely abolished the interaction
(Figure 6D). Taken together, we conclude that both the
electrostatic and hydrophobic interactions observed in
the crystal structure are important for the interaction be-
tween Cdc13, and Poll gy,

Notably, mutations of residues in both Cdc13 and
Poll (Poll ¢y, D229R, and Cdc13,;, R79E and R83E) at
the interface between Poll g, and the second Cdc13y,
molecule in the dimer were also able to completely dis-
rupt the Cdc13;,-Poll gy interaction (Figure 6D). This
observation promoted us to examine the role of Cdc13
dimerization in Poll binding in solution. As shown in
Figure 6E, all four monomeric mutants of Cdcl13.5, ex-
hibited complete or partial loss of Poll association in a
manner that is entirely consistent with the severity of the
dimerization defects (Figure 2D, 2E and 2F). In particu-
lar, the L84R mutant, which retained partial function in
dimerization, also exhibited the mildest Poll association
defect (Figure 6E). Therefore, we conclude that Cdc13
dimerization is a prerequisite for the stable association
between Cdc13 and Poll.

Loss of the Cdcl3-Poll interaction, but not Cdcl3 di-
merization, results in telomere lengthening

Previous investigations demonstrated that loss of the
Cdc13-Poll interaction by substitution of wild-type Poll
with Cdc13-binding-deficient mutants was often cor-
related with telomere lengthening [10, 11]. The telom-
ere shortening phenotype of the dimerization-deficient

CDC13 mutants was thus somewhat surprising, given the
mutant’s lack of Poll binding (Figure 4B). One explana-
tion for this apparent discrepancy is that the dimerization
of Cdc13 not only disrupts the Cdc13-Poll interaction
but may also affect the binding of Cdc13 to other part-
ners such as Imp4 and Sir4. We predicted that Cdc13
mutations that only disrupt the Cdc13-Poll interface
but not the dimerization of Cdc13 would cause telomere
lengthening, similar to the phenotype caused by the Poll
mutants [10, 11]. To test this idea, we introduced sev-
eral mutations in Cdc13 to reduce Poll binding (I32E,
V133E, and K73E/K75E/K77E (3K-3E)) and analyzed
the telomere length phenotypes of the resulting mutants.
Strains carrying these CDC/3 mutants grew as well as
wild-type cells at 25 °C, 30 °C, and 37 °C (Supplemen-
tary information, Figure S5A). Thus, none of the mutant
alleles eliminated an essential function of Cdc13. No-
tably, as we predicted, all three mutants yielded longer
telomeres, similar to those caused by the Cdc13-binding-
deficient mutants of Poll (Figure 6F) [10, 11]. The dif-
ferences in telomere lengths are unlikely to be caused by
differences in the abundance of Cdcl13 in cells, as west-
ern analysis showed that each of the mutant alleles pro-
duced nearly wild-type levels of Cdc13 (Supplementary
information, Figure S5B). Clearly, disruption of Cdc13
dimerization caused defects that are distinct from the
disruption of Cdc13-Poll interface. We therefore sug-
gest that dimerization is likely to affect at least one other
function or interaction mediated by Cdc13. Indeed, many
other interaction partners for Cdc13 have been identified,
and knowing the effect of dimerization on each interac-
tion will be necessary to fully understand the role of di-
merization on Cdc13 function.

Dimerization is a conserved feature of Cdcl13 proteins
Multiple sequence alignment revealed a high degree

Figure 6 The Cdc135,-Pol1.gy interface. (A) Electrostatic interaction at the Cdc135,-Pol1cgy interface. The interaction
surfaces are complementary in charge distribution and in their van der Waals contours. The Cdc134g, dimer is in surface
representation and colored according to its electrostatic potential. The two Pol1.gy, peptides are in ribbon representation and
colored in cyan. Acidic (in red) and polar (in pink) residues are shown as stick models in one Pol1.g, peptide at left in the
complex. The basic residues of Cdc13g, at the interface are labeled in white (residues of Cdc134g, at right in the complex)
and in yellow (residues of Cdc13qg, at left in the complex). (B) Stereo view of the Cdc13qg-Pol1¢gy, interface. Cdc13qg.- and
Pol1.gy-interacting residues are presented as stick models. The Cdc135,-Pol1.sy intermolecular hydrogen bonds are shown
as dashed magenta lines. (C) Pol1gy, interacts with both Cdc134z; subunits in the dimer. The C-terminal half of the Pol1.gy
helix (residues 216-229) binds into a depression from the opposing Cdc13.5; molecule in the dimer. Pol1gg, is colored in
cyan and residues 216-229 are shown as stick models. The two Cdc13.g, subunits are in surface representation and colored
in yellow and salmon, respectively. (D) In vitro ITC binding of seven Cdc1305; mutants and six Pol1cgy, mutants with wild-type
Pol1.gy and Cdc13qg4, respectively. (E) In vitro ITC binding of four Cdc13,5; mutants that have defects in Cdc13.5, homodi-
merization with wild-type Pol1.gy. (F) Chromosomal DNAs were prepared from strains bearing wild-type or CDC13 mutants
that are deficient in Pol1 interaction, digested with Xhol, and subjected to Southern blot analysis using a labeled fragment
from the subtelomeric Y’ element as the probe. The differences in the telomere patterns of these assays and those shown in
Figure 4B are due to differences in the restriction enzymes and probes used.
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of conservation in most of the residues important for ho-
modimerization of ScCdc13y,, suggesting that dimeriza-
tion through the first OB fold is probably conserved for
Saccharomyces and Kluyveromyces Cdc13 proteins (Sup-
plementary information, Figure S1). To test this idea, we
examined the oligomeric state of different OB fold do-
mains of Kluyveromyces lactis Cdc13 (KICdc13). Even
though the putative dimerization interface of K/Cdcl3
only shares modest sequence similarity with ScCdc13,
yeast two-hybrid experiments clearly revealed self-inter-
action by the N-terminal OB1 domain of K/Cdc13 (Figure
7A), strongly supporting the notion that dimerization is a
conserved feature of Saccharomyces and Kluyveromyces
Cdc13 proteins.

A notable standout in our sequence alignment was
Candida glabrata Cdc13 (CgCdc13), whose OB1 do-
main has a shorter aB helix and does not contain the
conserved residues for dimerization (Supplementary in-
formation, Figure S1). (It should be noted that Candida
glabrata, despite its name, is evolutionarily closer to
Saccharomyces and Kluyveromyces than other Candida
spp.) In keeping with the alignment, CgCdc13, failed
to self-associate in the yeast two-hybrid assay (Figure
7B). Strikingly, the predicted C-terminal OB fold of
CgCdc13, CgCdcl3gg,, exhibited a strong self-associa-
tion activity (Figure 7B). By contrast, both ScCdc135,
and KI/Cdc13,,, behaved as monomers in yeast cells
(Supplementary information, Figure S2E and Figure 7A).
To further assess the dimerization of the OB folds in dif-
ferent Cdc13 proteins in vitro, recombinant K/Cdc13q,,
CgCdcl3g5,, and CgCdcly, proteins were purified and
individually subjected to gel-filtration chromatography.
As shown in Figure 7C, the apparent molecular weights
of these domains, based on the gel-filtration profiles, are
entirely consistent with the yeast two-hybrid results.

Our previous studies showed that Cdc13 homologs in
many Candida spp. are considerably smaller and lack the
N-terminal half of their S. cerevisiae counterpart [23].
These Candida spp. cluster evolutionarily and form a
well-defined clade (Supplementary information, Figure
S6). Sequence alignments suggest that these Cdc13 ho-
mologs only contain two OB folds, which correspond
to OB3 and OB4 in Saccharomyces spp. Cdc13 proteins
[23, 40]. Therefore, in keeping with the nomenclature of
Cdc13, we refer to the two OB folds of Candida Cdcl13
proteins as OB3 and OB4, respectively. Given that these
smaller Cdc13 proteins lack OB1, we hypothesized
that like CgCdcl13, they might form dimeric structures
through their OB4 domains. Hence, we examined the oli-
gomeric states of the two OB folds of Candida albicans
Cdc13 (CaCdcl3). As predicted, CaCdcl13g,, but not
the putative DNA-binding domain CaCdc13,;, associ-

ated with itself (Figure 7D). Taken together, we propose
that homodimerization is likely to be a conserved feature
of Cdc13 proteins in all yeast species in the Saccharo-
mycotina linage; except for CgCdc13, Saccharomyces-
like large Cdc13 proteins form dimers through their
N-terminal OB1 domains, whereas Candida-like small
Cdc13 proteins and CgCdc13 form dimers through their
C-terminal OB4 domains.

Discussion

It has been proposed that CST is a telomere-specific
RPA-like complex [12]. Recent structural studies by us
and other groups demonstrated a close structural resem-
blance between Stnl-Tenl and RPA32-RPA14 [22, 23].
Although the solution structure of the DNA-binding
OB fold of Cdcl13 is available, the relationship between
Cdc13 and RPA70 remains unclear due to the lack of
structural information on other regions of Cdc13 and the
lack of sequence similarity between Cdc13 and RPA. In
this work, our bioinformatic and structural analyses pro-
vide the first direct evidence for the existence of multiple
OB folds in Cdc13, which is characteristic of RPA70.
The similarity between the Cdc135,-Poll g, and the
RPA70N-p53 complexes further extends the parallel be-
tween Cdc13 and RPA70 (Figure 4C and 4D). However,
despite these similarities, there are substantial differences
between Cdc13 and RPA70. First, unlike Stnl-Tenl,
none of the two structurally defined OB folds of Cdc13
show similarity to their counterparts in RPA70 outside
the central B-barrel cores (Figure 2B) [25, 26]. Second,
the two central OB folds of RPA70 are required for effi-
cient DNA binding, whereas Cdc13 uses just its OB3 for
binding [41]. These marked differences suggest that the
resemblance between Cdcl3 and RPA70 may be the re-
sult of convergent evolution. In other words, Cdc13 may
not have evolved from the ancestral RPA70, but were in-
stead recruited by the Stnl-Tenl complex to provide sin-
gle-stranded DNA-binding activity. In keeping with this
idea, we found that Candida spp. Cdc13 proteins contain
only two OB folds that correspond to the C-terminal half
of Saccharomyces spp. proteins. In addition, the recently
identified CTC1 proteins, the largest components in the
human and plant CST complexes, are much larger pro-
teins and show no sequence similarity to either Cdc13
or RPA70, supporting the disparate origins of these pro-
teins [17, 18]. While we cannot rule out the possibility
that a common origin for these proteins is obscured by
extremely rapid evolutionary divergence, it seems clear
that the structural and functional relationships between
Cdc13/CTCI and Stnl-Tenl are quite distinct from those
between RPA70 and RPA32-14.

Cell Research | Vol 21 No 2 | February 2011



One striking result of this study is that homodimeriza-
tion appears to be a conserved feature of Cdc13. Except
for CgCdcl13, most Saccharomyces and Kluyveromyces
Cdc13 proteins form dimers through their N-terminal
OB1 domains. In contrast, homodimerization of Can-
dida Cdc13 proteins and CgCdcl3 is mediated by the
C-terminal OB fold. The use of OB4 for dimerization
by CgCdcl3 is somewhat surprising, given the closer
kinship of this yeast to Saccharomyces than to Candida
spp. Perhaps this represents another case of convergent
evolution. For example, an accidental loss of OBI1 di-
merization by CgCdc13 may have provided the selection
pressure for the evolution of other dimerization mecha-
nisms, resulting eventually in the utilization of OB4.
The prevalence of Cdcl3 dimerization suggests that
this property may facilitate interaction of Cdc13 with
multiple targets. For example, one established function
of OB1 dimerization is to facilitate the interaction with
Poll; our mutagenesis data clearly showed that dimeriza-
tion of ScCdc13 OB1 domain is required for Poll bind-
ing. The significance of OB4 dimerization is less clear.
A possible function for the dimerization of this domain
is suggested by the homodimerization of many telomere-
binding proteins such as fission yeast Tazl and human
TRF1 and TRF2 [42-46]. Because of the low intrinsic af-
finity of individual DNA-binding domains, these proteins
require dimerization for stable telomere DNA interaction
[42, 44, 46]. Thus, even though the S. cerevisiae Cdc13
can clearly bind DNA as a monomer, it is possible that
dimerization of the smaller Cdc13 proteins in Candida
spp. may enhance their DNA-binding activity. Indeed,
we found recently that the OBy, of CtCdcl3 interacts
weakly with the cognate telomere repeat and requires
the OB4 domain for high-affinity DNA binding (EYY
and NL, manuscript in preparation). Yet another poten-
tial function for Cdc13 dimerization is suggested by the
reported multimerization of the telomerase complex.
Although the data are somewhat inconclusive, both yeast
and human telomerase have been proposed to function
as dimmers [47, 48]. Because Cdc13 is known to interact
with the Estl component of yeast telomerase, dimeriza-
tion of Cdc13 could help bring two telomerase complex-
es into close vicinity for proper function. Further studies
are needed to test these possibilities and reveal the full
functional significance of Cdc13 dimerization in regulat-
ing and maintaining budding yeast telomeres.

Materials and Methods

Protein expression and purification

S. cerevisiae Cdc13y, (residues 12-243) and Poll gy, (residues
215-250) were cloned into a modified pET28b vector with a Sumo
protein fused at the N-terminus after the His, tag [49]. They were
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expressed in E. coli BL21 (DE3). After induction for 16 h with
0.1 mM IPTG at 20 °C, the cells were harvested by centrifuga-
tion and the pellets were resuspended in lysis buffer (50 mM
Tris-HCI (pH 8.0), 50 mM NaH,PO,, 400 mM NaCl, 3 mM imi-
dazole, 10% glycerol, I mM PMSF, 0.1 mg/ml lysozyme, 2 mM
2-mercaptoethanol, and homemade protease inhibitor cocktail).
The cells were then lysed by sonication and the cell debris was
removed by ultracentrifugation. The supernatant was mixed with
Ni-NTA agarose beads (Qiagen) and rocked for 2 h at 4 °C before
elution with 250 mM imidazole. Then, Ulpl protease was added
to remove the Hiss-Sumo tag for 12 h at 4 °C. Cdc13,5, was then
further purified by passage through Mono-Q ion exchange column
and by gel-filtration chromatography on a Hiload Superdex75 (GE
Healthcare) equilibrated with 25 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 5 mM dithiothreitol (DTT). Poll g\ was further purified
by gel-filtration chromatography on Hiload Superdex75 column
equilibrated with 100 mM ammonium bicarbonate. The purified
Cdc13,5, was concentrated to 20 mg/ml and stored at —80 °C. The
purified Pollcgy, peptide was concentrated by SpeedVac and then
lyophilized. The lyophilization products were then resuspended in
water at a concentration of 50 mg/ml and stored at —80 °C.

Crystallization, data collection, and structure determination
8. cerevisiae Cdcl3,p, Crystals were grown at 4 °C by the sit-
ting drop vapor diffusion method. The precipitant/well solution
contained 21% PEG3350, 0.2 M NaCl, 0.1 M HEPES (pH 7.0),
and 10 mM DTT. Heavy-atom derivatives were obtained by soak-
ing crystals in a solution containing 30% PEG3350, 0.2 M NacCl,
0.1 M HEPES (pH 7.0) and 0.1 mM MeHgAc for 3 h and back-
soaking for 2 h in 30% PEG3350, 0.2 M NaCl, and 0.1 M HEPES
(pH 7.0). Both native and heavy-atom-derivative crystals were
gradually transferred into a harvesting solution (30% PEG3350,
0.2 M NaCl, 0.1 M HEPES (pH 7.00), and 20% glycerol) before
being flash frozen in liquid nitrogen for storage and data collection
under cryogenic conditions (100 K). Native and Hg-SAD (at Hg
peak wavelength) data sets were collected at APS beamline 211D-
D and processed using HKL2000 [50]. Crystals belong to space
group P2,2,2 and contain one Cdc13,;, molecule per asymmetric
unit. Native crystals diffracted to 2.5 A resolution with cell param-
etera = 62.515 A, b=68.641 A and ¢ = 52.815 A. Three mercury
sites were located and refined, and the SAD phases calculated us-
ing SHARP [51]. The initial SAD map was significantly improved
by solvent flattening. A model was automatically built into the
modified experimental electron density using ARP/WARP [52].
The model was then transferred into the native unit cell by rigid-
body refinement and further refined using simulated annealing and
positional refinement in CNS [53], with manual rebuilding using
program O [54].

8. cerevisiae Cdcl3,5,-Poll gy Cdcl3.;, (20 mg/ml) and
Poll gy (50 mg/ml) were mixed together in a molecular ratio of
1:1. Crystals were grown at 4 °C by sitting drop vapor diffusion
method. The precipitant/well solution contained 23% PEG3350
and 0.2 M magnesium formate, 0.1 M Tris-HCI (pH 8.0), and 5
mM DTT. Crystals were gradually transferred into a harvesting so-
lution (25% PEG3350, 0.2 M magnesium formate, 0.1 M Tris-HCl
(pH 8.0), 5 mM DTT, and 25% glycerol) before being flash frozen
in liquid nitrogen for storage and data collection under cryogenic
conditions. Native data set with a resolution of 2.4 A was collected
at APS beamline 21ID-D and processed using HKL2000 [50]. The
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crystal belongs to space group P2,2,2,, with unit cell parameters
a=60.393 A, b=285.090 A, and ¢ = 60.376 A. The structure was
determined with the molecular replacement method using Phaser
program [55]. Two Poll peptides could be identified and modeled
unambiguously in the complex. Model building and refinement
were carried out following the same procedure as those for Cd-
c13,, as described for Cdc13y,.

Cross-linking assay

Chemical cross-linking experiment was performed with puri-
fied Cdc13, and full-length Cdc13 in PBS buffer. Cross-linking
reagent stock solution was prepared by dissolving 35 mg EDC
(3-dimethylaminopropyl carbodiimide hydrochloride, Thermo Sci-
entific) into 532 ul distilled water. Serial two-fold dilutions were
made by mixing EDC stock solution with distilled water. A mea-
sure of 3 pg of Cdc13g, or full-length Cdc13 was mixed with 1 pl
EDC solution and incubated at room temperature for 30 min. The
reaction was quenched by adding 1 M Tris-HCI (pH 8.0) to a final
concentration of 50 mM and incubated at room temperature for
15 min. The reaction mixture was then subjected to SDS-PAGE
analysis.

Yeast two-hybrid assay

The yeast two-hybrid assays were performed using L40 strain
harboring pPBTM 116 and PACT2 (Clontech) fusion plasmids. Col-
onies containing both plasmids were selected on —Leu —Trp plates.
B-Galactosidase activities were measured by a liquid assay [56].

Sucrose gradient sedimentation

Sucrose gradient ultracentrifugation of Cdc13 was performed
with a 10%-35% (v/v) discontinuous sucrose density gradient.
Cdc13 was loaded onto the gradient and then centrifuged at 182
000 x g for 16 h at 4 °C in a SW 41Ti swinging bucket rotor and
Optima XL-90 ultracentrifuge (Beckman Instruments). In all, 300
ul each of the fractions were collected from the top. Calibration
was done with aldolase, catalase, and ferritin (Amersham).

Co-immunoprecipitation

Yeast cells harboring both HA-tagged and LexAy,-tagged
Cdc13 proteins were used to analyze the homodimerization of
Cdc13. Anti-HA antibody was added to the total yeast extract (~500
pg) in buffer A (50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 50 mM
NaOAc, 1 mM DTT, 1x protease inhibitor cocktail (Calbiochem),
0.1% Tween 20, and 20% glycerol) and mixed at 4 °C for 1 h. A
50 pl aliquot of protein A-Sepharose 4B beads was added to the
mixture, followed by continued incubation for another 1 h. The
beads were then washed three times with buffer A. The immuno-
precipitates were eluted with 0.1 M citric acid (pH 3.0) and then
subjected to SDS-PAGE analysis. Anti-LexA antibody was used in
western blotting analysis to detect the presence of LexAy,-Cdcl3
in the IP samples.

Complementation of cdc13A by CDC13 OBI mutants
Plasmid loss experiments were carried out to test whether
CDC13 OBI1 mutants are sufficient to complement the essential
functions of a cdcl3A mutation. Briefly, the mutations were intro-
duced into the pTHA-NLS-CDC13 plasmid using a QuikChange
protocol. The plasmids bearing either the wild-type or mutant
CDC13 genes were transformed into the YJL501 (cdc13A::HIS3/

YEP24-CDC13) strain, which contains a plasmid carrying CDC13
(YEP24-CDC13) for viability. The resulting transformants were
spotted on plates containing 0.5 mg/ml 5-fluoroorotic acid and in-
cubated at different temperatures until colonies formed (~48 h).

Telomere length determination

To determine telomere length, yeast DNA was prepared, digest-
ed with either Pstl or X#hol, and separated on 1% agarose gels. The
DNA fragments were transferred to a Hybond N+ filter (Amersham)
for hybridization using either a fragment from the Y’ element or
poly(dG-dT) ¢ poly(dC-dA) as the probe.
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