Stn1-Tenl is an Rpa2-Rpa3-like complex
at telomeres

Jia Sun,"** Eun Young Yu,>* Yuting Yang,'? Laura A. Confer,"* Steven H. Sun,” Ke Wan,'?
Neal F. Lue,>® and Ming Lei'?*®

'Howard Hughes Medical Institute, University of Michigan Medical School, Ann Arbor, Michigan 48109, USA; ?Department of
Biological Chemistry, University of Michigan Medical School, Ann Arbor, Michigan 48109, USA; ®Department of Microbiology
and Immunology, W.R. Hearst Microbiology Research Center, Weill Medical College of Cornell University, New York, New York
10065, USA

In budding yeast, Cdc13, Stnl, and Tenl form a heterotrimeric complex (CST) that is essential for telomere
protection and maintenance. Previous bioinformatics analysis revealed a putative oligonucleotide/oligosaccha-
ride-binding (OB) fold at the N terminus of Stn1 (Stn1N) that shows limited sequence similarity to the OB fold of
Rpa2, a subunit of the eukaryotic ssDNA-binding protein complex replication protein A (RPA). Here we present
functional and structural analyses of Stnl and Ten1 from multiple budding and fission yeast. The crystal structure
of the Candida tropicalis Stn1N complexed with Tenl demonstrates an Rpa2N-Rpa3-like complex. In both
structures, the OB folds of the two components pack against each other through interactions between two
C-terminal helices. The structure of the C-terminal domain of Saccharomyces cerevisiae Stnl (Stn1C) was found
to comprise two related winged helix-turn-helix (WH) motifs, one of which is most similar to the WH motif at the
C terminus of Rpa2, again supporting the notion that Stnl resembles Rpa2. The crystal structure of the fission
yeast Schizosaccharomyces pombe Stn1N-Tenl complex exhibits a virtually identical architecture as the

C. tropicalis Stn1N-Tenl. Functional analyses of the Candida albicans Stnl and Tenl proteins revealed critical
roles for these proteins in suppressing aberrant telomerase and recombination activities at telomeres. Mutations
that disrupt the Stn1-Tenl interaction induce telomere uncapping and abolish the telomere localization of Tenl.

Collectively, our structural and functional studies illustrate that, instead of being confined to budding yeast
telomeres, the CST complex may represent an evolutionarily conserved RPA-like telomeric complex at the 3’
overhangs that works in parallel with or instead of the well-characterized POT1-TPP1/TEBPa—B complex.
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Telomeres, the specialized nucleoprotein structures lo-
cated at linear eukaryotic chromosomal termini, are
essential for chromosome stability and are maintained
by the special reverse transcriptase named telomerase
(Ferreira et al. 2004; Bianchi and Shore 2008; Palm and
de Lange 2008). Telomeric DN As are typically repetitive in
nature and terminate in 3’ overhangs (G tails) that are
bound by distinct protein complexes in different organ-
isms. In ciliated protozoa, a dimeric protein complex
(TEBPa and TEBPR) is responsible for G-tail recognition
and protection (Gottschling and Zakian 1986). In fission
yeast and humans, the TEBPa homolog POT 1 provides the
major G-tail-binding activity and associates with the re-
spective TEBPB homolog (Tpzl in Schizosaccharomyces
pombe, and TPP1 in humans) (Baumann and Cech 2001;
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Wang et al. 2007; Xin et al. 2007; Miyoshi et al. 2008).
Interestingly, the G tails of budding yeast telomeres are
apparently protected by an altogether distinct, nonhomol-
ogous complex named CST (Cdcl3-Stnl-Tenl) (Garvik
et al. 1995; Grandin et al. 2001; Petreaca et al. 2006; Gao
et al. 2007). Nevertheless, all of these proteins appear to
contain one or more OB (oligosaccharide/oligonucleotides-
binding) folds, testifying to the versatility of this domain in
single-strand nucleic acid recognition (Bochkarev and
Bochkareva 2004). Many of the G-tail-interacting proteins
are essential for cell viability, and hypomorphic alleles of
genes encoding these proteins have been shown to induce
a variety of telomere aberrations—including catastrophic
telomere loss, uncontrolled telomere elongation, telomere
C-strand degradation, and telomere fusions—thus under-
scoring their fundamental importance in telomere pro-
tection (Bertuch and Lundblad 2006; Cooper and Hiraoka
2006; Palm and de Lange 2008).

Initially, components of the CST complex were thought
to be unique to budding yeast, and in particular to
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organisms without POT1 homologs. In other words, the
POT1-TPP1 and CST complex are postulated to represent
two mutually exclusive means of G-tail protection. How-
ever, recent studies have uncovered Stnl and Tenl homo-
logs in a multitude of POT1-containing organisms, and
have implicated the S. pombe Stnl and Tenl as well as
Arabidopsis thaliana Stnl in telomere capping (Martin
et al. 2007; Song et al. 2008). Moreover, the S. pombe Stnl
and Tenl proteins exhibit no evident interaction with
Potl, suggesting that they can function independently of
the major G-tail-binding activity (Martin et al. 2007).
Indeed, the Saccharomyces cerevisiae Stnl and Tenl,
when overexpressed, are capable of mediating Cdcl13-
independent protection of telomeres (Petreaca et al. 2006).
Even though Stnl or Tenl alone apparently recognizes
telomere G tails with low affinity, available evidence sug-
gests that they can be recruited to telomeres through an
interaction with the B subunit of the DNA polymerase
a-primase complex Poll2 (Grossi et al. 2004; Petreaca
et al. 2006). Altogether, these observations hint at a more
prevalent role for Stnl and Tenl, possibly as components
of an alternative telomere end protective complex that
functions in parallel to the POT1-containing complex.

Recent bioinformatic analysis points to potential struc-
tural similarities between Stnl and Rpa2 (Gao et al. 2007).
The validity of the Stn1-Rpa2 analogy was supported by
a domain-swapping experiment in which the N-terminal
OB fold-like domain of Stn1 was shown to function in place
of the Rpa2 OB fold. In addition, similar to Rpa2 and Rpa3,
the N terminus of Stnl interacts with Tenl in vitro and in
vivo (Petreaca et al. 2006; Gao et al. 2007). Both Rpa2 and
Rpa3 are subunits of a trimeric, nonspecific ssDNA-binding
complex (replication protein A [RPA]) that mediates critical
and diverse DNA transactions throughout the genome
(Wold 1997; Bochkarev and Bochkareva 2004). Their poten-
tial similarities to Stnl and Ten1 thus raise the intriguing
possibility that the CST complex represents a chromosome
locus-specific RPA complex. While highly provocative, this
hypothesis awaits experimental confirmation. In addition,
many questions with regard to the structure, function, and
conservation of the CST complex remain unresolved. In
this study, we provide structural and functional analyses of
the Stnl and Tenl protein from multiple budding and
fission yeast. Our atomic resolution structures of several
complexes and a protein domain provide direct confirma-
tion of structural similarity between components of the
CST and the RPA complexes, and reveal a detailed molec-
ular view of the Stnl-Tenl interaction interface. Our
functional studies underscore the importance of Stnl-
Tenl interaction in telomere protection, and reveal critical
functions for these proteins in suppressing aberrant telo-
merase and recombination activities at telomeres.

Results

Identification of the CST complex genes in budding
yeast Candida and Saccharomyces genomes

The branches of budding yeast exemplified by Candida
albicans have apparently undergone rapid evolutionary
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divergence with respect to its telomere sequence and
telomere-related proteins (McEachern and Blackburn
1994; Teixeira and Gilson 2005). For instance, unlike S.
cerevisiae, many Candida spp. have long (up to 25-base-pair
[bp]), distinct and regular telomere repeat units. Moreover,
the putative telomere maintenance proteins of Candida
spp. (e.g., Rapl) have been observed to exhibit significant
structural divergence from their Saccharomyces counter-
parts (Biswas et al. 2003). Indeed, until recently, homologs
of the CST complex were difficult to identify in these ge-
nomes, raising interesting questions concerning their telo-
mere protection mechanisms (Teixeira and Gilson 2005).

To initiate a comparative analysis of telomere end
protection mechanisms in this unusual group of budding
yeast, we systemically searched the NCBI and Broad Insti-
tute databases for homologs of Cdc13, Stnl, and Ten1 using
available sequences as queries. This exercise resulted in
the identification of plausible homologs of each CST com-
ponent in all completely sequenced Candida and Sac-
charomyces genomes (Supplemental Fig. S1). In keeping
with the theme of rapid evolutionary divergence, we found
that many Cdc13 homologs in Candida spps. are consid-
erably smaller and evidently lack the N-terminal half of
their S. cerevisiae counterpart, thus partly accounting for
the prior difficulties in their detection. To ascertain the
functions of these homologs in telomere regulation, we
attempted to generate C. albicans strains that are null for
CDC13, STN1, or TEN1 by sequential deletion of the two
alleles (Fonzi and Irwin 1993; Enloe et al. 2000). Perhaps,
not surprisingly, we were unable to generate a cdc13-null
strain, suggesting that this gene, like its S. cerevisiae
homolog, is essential for cell viability (Garvik et al. 1995).
In contrast, we were able to obtain multiple isolates of
stnl- and tenl-null strains, indicating that these genes are
not essential in C. albicans. The availability of the null
strains allowed us to investigate in detail the functions
and mechanisms of Stnl and Tenl in C. albicans.

C. albicans Stnl and Tenl are important for telomere
maintenance

Both the stnl- and tenl-null mutants grow more slowly
than the parental BWP17 strain (Fig. 1A). Microscopic
examination revealed an abundance of filamentous cells
in liquid cultures; quantitation indicated an ~20-fold
increase in the percentage of such cells (data not shown).
Although the reasons for this aberrant growth morphol-
ogy are not understood, similar aberrations have been
described for other C. albicans DNA repair mutants,
suggesting a shared underlying mechanism (Andaluz et al.
2006; Legrand et al. 2007). Consistent with a role for Stnl
and Tenl in telomere regulation, we observed extremely
long and heterogeneous telomeres in multiple isolates of
both null mutants (Fig. 1B; data not shown). Long and
heterogeneous telomeres were detected at the earliest
time point following the derivation of the mutants (~100
generations), and were stably maintained for at least 150
generations thereafter (Supplemental Fig. S2). In contrast
to the parental BWP17, whose telomeres range in size
from ~1 to 5 kb, the stnl and tenl mutants possess

GENES & DEVELOPMENT 2901



Sun et al.

BWP17 tent-/- stni-/-
[~ /s »
10 kb 10 kb 10 kb
) A

BWP17

tert-/
tent-/-
stn1-/

(Kb)

10.0 =
6.0 -
4.0 -
3.0~
2.0 -
1.6 -

G-tails

05—

N
]
Total Telomeres

Figure 1. Phenotypes of the C. albicans stn1~'~ and ten1/~ mutants. (A) The slow-growing and filamentous morphology of the stn1~/~
and ten1~/~ mutants are displayed. (B) Chromosomal DNAs isolated from the parental BWP17, the stn1~/~, and the ten1~/~ mutants
were subjected to Southern analysis of the telomere terminal restriction fragments. The mutant samples were from two independently
constructed null strains that have undergone ~100 cell divisions following construction. (C, top) Chromosomal DNAs isolated from
the parental BWP17, the stn1~/~, and the ten1 ™/~ mutant were subjected to in-gel hybridization analysis of the level of G tails. (Bottom)
Subsequently, the DN'As were denatured in the gel and reanalyzed using the same probe. As a positive control, the DNA from a terl /'~
strain, which was demonstrated previously to exhibit an increase in G-tail signal, was analyzed in parallel. (D) Chromosomal DNAs
isolated from the parental BWP17, the stnl~/~, and the tenl/~ mutants were subjected to two-dimensional gel electrophoresis in order
to resolve linear and circular telomeric DNA (marked by arrowheads).

extremely long (>20-kb) and short (<1-kb) telomeres,
consistent with loss of the homeostatic mechanism that
normally regulates telomere length.

The extremely long and heterogeneous telomeres sug-
gest that telomeres in stnl and ten1 are deprotected. Two
other frequent consequences of deprotection are the ac-
cumulation of G tails and extrachromosomal telomeric
circles (t-circles), which can be detected by in-gel hybrid-
ization and two-dimensional gel electrophoresis, respec-
tively. Interestingly, we found no evidence of G-tail ac-
cumulation, but rather high levels of t-circles in the
mutants (Fig. 1C,D). Quantitative analysis indicates that
~10% of telomeric hybridization signals in the mutants
reside in circular DNAs. In comparison, much less than
1% of the telomeric DNA in the parental BWP17 strain is
in circular form. Notably, all of the growth and telomere
abnormalities in the stnl and tenl mutants are sup-
pressed by the reintegration of a wild-type copy of the
respective genes, confirming that these phenotypes are
due to loss of Stnl and Tenl (Supplemental Fig. S3; data
not shown). We conclude that both the STN1 and TEN1
genes in C. albicans are necessary for the maintenance of
proper telomere length and structure.

While the accumulation of t-circles in the mutants
suggests that some recombination pathway is abnormally
active at telomeres, the extremely long telomeres of the
mutants could also arise from uncontrolled telomerase
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activity. To assess the contributions of these two path-
ways, we attempted to obtain mutants that combine
deletion of TEN1 with that of TERT and/or a recombina-
tion gene. Notably, we were unable to delete RAD52 in
the tenl /= background, suggesting that knocking out
both genes might result in synthetic lethality (data not
shown). Thus, we used deletion of RAD50 to gauge the
contribution of recombination to telomere aberrations in
the tenl mutant. As expected, deletion of either TERT or
RAD50 in the wild-type strain background had little
effect on telomere length during early passages (Supple-
mental Fig. S4). On the other hand, loss of TERT or
RADS50 in the tenl mutant each reduced significantly
the extreme telomere elongation, while the tenl tert
rad50 triple mutant exhibited the mildest telomere
lengthening (Fig. 2A). The average telomere lengths of
the various mutants correlated with their overall telo-
meric DNA content (Fig. 2B). Thus, both recombination
and telomerase are partly responsible for the telomere
length deregulation observed in the tenl mutant. The
residual telomere lengthening of the triple mutant may
be accounted for by the existence of Rad50-independent
recombination pathways, which have been well described
in other budding yeast (McEachern and Haber 2006).
Consistent with this notion, we found that the level of
t-circles in the ten1 mutant were reduced (by approximately
fourfold) but not abolished by RADS50 deletion (Fig. 2C).
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Figure 2. The role of telomerase and recombination in gener-
ating the aberrant telomere structures of the C. albicans tenl ™/~
mutant. (A) Chromosomal DNAs isolated from various combi-
nation mutants (as indicated at the top) were subjected to
Southern analysis of the telomere restriction fragments. For
each genotype, two or three independently derived clones were
analyzed. (B) Telomere hybridization signals from experiments
such as those shown in A were normalized against the RAD52
hybridization signals from the same samples and were plotted;
shown are means + SD from two to three independent exper-
iments. (C) Chromosomal DNAs from the tenl ™/~ and the
ten1™'~ rad50~~ mutants were subjected to two-dimensional
gel electrophoresis to assess the levels of t-circles.

We conclude that the Stnl-Tenl complex mediates
important functions in the suppression of aberrant telo-
merase and recombination activities at C. albicans
telomeres. Chromatin immunoprecipitation (ChIP) analy-
sis confirmed the association of Tenl with telomeric
DNA in vivo, indicating that the complex is likely to
be acting directly at telomeres (Supplemental Fig. S5). On
the other hand, we were unable to detect significant
binding of a Stnl-Tenl complex from Candida to telo-
meric DNA in vitro, suggesting that the complex may
require additional protein—protein interactions in order
to associate with telomeres in vivo (data not shown).
Overall, our observations with regard to the function of
the Stnl-Tenl complex in C. albicans echo earlier find-
ings in other budding yeast. Specifically, hypomorphic
CST mutations have been shown to result in abnormal
telomerase and recombination activities at telomeres in
both S. cerevisiae and Kluyveromyces lactis (Grandin et al.
2001; Iyer et al. 2005; Petreaca et al. 2006; Puglisi et al.
2008). A point mutant allele of STNI in K. lactis, in
particular, exhibits extremely long and heterogeneous
telomeres that are (at least partly) telomerase-independent
(Iyer et al. 2005). The close phenotypic resemblance of this
K. lactis mutant to the C. albicans stnl and tenl mutants
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argues for a substantial degree of mechanistic conservation
in budding yeast. On the other hand, some features of the
C. albicans systems are clearly unique. For example, both
STN1 and TENT are dispensable for cell viability, allowing
the consequences of complete gene deletions to be ana-
lyzed in the absence of other genetic changes. Also un-
usual was our failure to observe G-tail accumulation,
which is a frequent consequence of hypomorphic CST
mutations in budding yeast. Yet these differences do not
necessarily imply fundamentally different mechanisms of
telomere protection by the CST in Candida. Most prior
studies of the CST complex were conducted in haploid
yeast, which differs physiologically from the obligate
diploid C. albicans used in our analysis. Moreover, failure
to observe G tails may be due to their transience rather
than absence. One can imagine, for instance, that G tails
were generated by C-strand degradation in the C. albicans
stnl and ten1 mutants, but were more efficiently repaired
by recombination or fill-in synthesis. Further studies will
be necessary to determine whether the apparent differ-
ences between C. albicans and other budding yeast reflect
some fundamental mechanistic divergence.

In many respects, the phenotypes of the C. albicans
stnl and tenl mutants mimic those of ALT (alternative
lengthening of telomeres) cancer cells, which are also
characterized by telomere length heterogeneity, elevation
of t-circles, and telomere maintenance through recom-
bination (Neumann and Reddel 2006; Nabetani and
Ishikawa 2009). Thus, our findings suggest that one pos-
sible pathway for attaining the ALT status was through
deprotection of G tails. Interestingly, a recent study in K.
lactis argues that deficiency of Rapl (the major double-
strand telomere-binding protein in budding yeast) can lead
to similar phenotypes (Bechard et al. 2009). It is tempting
to speculate that aberrations in some telomere protein
component may be a necessary condition for the activa-
tion of the ALT pathway.

Structure determination of the Candida tropicalis
Stn1-Tenl complex

Sequence alignment and secondary structure predictions
of Stnl proteins have revealed previously in members of
this conserved family a putative N-terminal OB fold do-
main that is most similar to the OB fold of Rpa2 (Gao et al.
2007). Notably, an Rpa2 chimera that carries the predicted
OB fold of Stnl in place of its own OB fold can rescue the
lethal phenotype of an rpa2-A yeast strain (Gao et al. 2007).
Stnl interacts with Tenl both in vivo and in vitro (Gao
et al. 2007), and sequence analysis supports the existence
of an OB fold in Ten1 (data not shown). These results led to
the hypothesis that Stnl binds to Tenl to form an Rpa2-
Rpa3-like complex at telomeres (Gao et al. 2007). How-
ever, there is no detectable sequence similarity between
Tenl and Rpa3 protein families (Gao et al. 2007). Further-
more, it is unknown how Stnl interacts with Tenl and
whether this interaction resembles that between Rpa2 and
Rpa3. Thus, validation of the hypothesis that Stn1-Tenl
represents a telomere-specific Rpa2-Rpa3 complex requires
structural characterization of the Stn1-Tenl complex.
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Complexes consisting of Tenl and the N-terminal
domain of Stnl (Stn1N) from several different budding
yeast species including S. cerevisiae, C. albicans, and C.
tropicalis were prepared and used in crystallization trials
(Fig. 3A). After extensive screening, the C. tropicalis
Stn1N-Tenl complex was found to generate crystals
suitable for structural determination. The complex was
crystallized in space group P4,2,2 with two complexes
per asymmetric unit (Supplemental Table S1). The struc-
ture was solved by single-wavelength anomalous disper-
sion (SAD) with mercury (MeHgAc) derivative crystals,
and refined to 2.4 A resolution. The high-quality exper-
imental electron density map enabled us to fit and refine
most of the complex except several N- and C-terminal
residues of Stn1N.

stn1 N StniN (OB c

Ten1 N c

cistn1 — - —— -

crstn1
CaStn1

M-KDNRLLYPKTKIDWGPGENHICLKTPFKNFYVIELFHQAPTF--DKTIPLFISDINNSPN-LYGIYNY IADHLRHVVLVNNY PVNQINIFGKIVYEQYKEKE
MDRSNRLLYPRTKIDWGPGENHICLKTPFKNFYVIELFHQSPTL-~DKLIPLFINDINSSPN-LFQIYYQIAENLTQIVLINNYPVNKVRIVGKI INEKYKSND

The Stn1N-Tenl complex structure

The Stn1N-Tenl complex structure reveals a 1:1 stoichi-
ometry between StnlN and Tenl, consistent with the
observed molecular weight of the complex as determined
by gel filtration chromatography(~37.5 kDa) (Supplemen-
tal Fig. S6). The crystal structure shows that each protein
indeed comprises a single OB fold, consisting of a highly
curved five-stranded B barrel, as expected from previous
primary sequence analysis (Fig. 3B). In addition to the
central B barrel, there are several structural features
common to the OB folds of Stn1N and Tenl. First, both
proteins contain a C-terminal helix aC, which contrib-
utes most of the contact interface between Stn1N and
Tenl (Fig. 3B). Second, short « helices (aB in StnlN, and
aB’ and aB in Ten1) that cover the bottom of the @ barrels
of the OB folds are found between strands 3 and B4 (Fig.

Figure 3. Overview of the C. tropicalis
Stn1N-Tenl complex structure. (A) Do-
main organization of the Stnl and Tenl
polypeptide chains. In Stnl, the N-terminal
OB fold is colored in yellow, the middle
linker region is shown in gray, and the
two C-terminal WH motifs are shown in
green and blue, respectively. Tenl is col-
ored in cyan. The shaded area between
Stnl and Tenl indicates that the Stnl-
Tenl interaction is mediated by the two
OB folds of the proteins. (B) Ribbon diagram
of two orthogonal views of the Stn1N-
Tenl complex. StnlN and Tenl are col-
ored in yellow and cyan, respectively. The
secondary structure elements are labeled.
The Stn1N-Tenl complex at right is ro-
tated by 90° about a horizontal axis rela-
tive to the complex at left. (C) Amino acid
sequence alignment of Stn1N and Tenl.
(Top panel) Sequence alignment of the
N-terminal OB fold regions of the budding
yeast Stnl family members together with
the OB folds of S. pombe Stnl and human
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Rpa2N-Rpa3 complex (Bochkarev et al.
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1999). Secondary structure assignments
from our Stn1N-tenl crystal structure are
shown as colored cylinders (« helices) and
arrows (B strands) above the aligned se-
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3B). Third, an N-terminal helix, aA, closes the other end
of the B barrel, and the position of this helix is stabilized
by a short-strand B0, which interacts with strand g1 in an
anti-parallel orientation (Fig. 3B).

Besides helix aA and strand B0, StnlN contains a
unique segment N-terminal to the core of the OB fold
(Fig. 3B; Supplemental Fig. S7). This segment, which
consists of residues 1-45 (located N-terminal to 80), folds
into a B hairpin (BA and BB) and a short helix («1) (Fig. 3B;
Supplemental Fig. S7). Another unique feature of Stn1N
is the connection between helix aA and the B barrel,
which contains a 27-residue insertion (residues 57-83)
that comprises two short helices (a2 and «3) and another
short B hairpin (8D and BE). These two extra elements
fold together into a unique motif to cap the top of the OB
fold of Stnl (henceforth referred to as the “cap” motif
of Stnl) (Fig. 3B; Supplemental Fig. S7). Notably, the
C-terminal tails following helix «C (residues 204-213)
of both Stn1N molecules in the asymmetric unit are well
ordered and make hydrophobic contacts with the cap
region (Supplemental Fig. S7). In particular, the aromatic
side chain of W208 is nested in a hydrophobic pocket
formed by Y32, L36, F37, and Y80 (Supplemental Fig. S7).
All of these residues are highly conserved in the Stnl
family members (Fig. 3C). Consistent with this observa-
tion, efforts to prepare an StnlN fragment without the
C-terminal tail (residues 2-205) yielded little soluble pro-
tein, suggesting that this tail is important for the correct
folding of Stnl (data not shown).

The structural conservation between Stn1N-Tenl
and Rpa2N-Rpa3

The crystal structure of Stn1N-Tenl closely resembles
that of the Rpa2N-Rpa3 complex (Fig. 4A; Bochkarev
et al. 1999). An unbiased search for structurally homol-
ogous proteins using the Dali server (Holm and Sander
1991) revealed that the structure of the Stnl OB fold is
most similar to that of the OB fold of Rpa2 (Bochkarev
et al. 1999), consistent with previous sequence alignment
predictions (Fig. 3C; Gao et al. 2007). The two OB folds
can be superimposed with a root-mean-square deviation
(RMSD] of 2.4 A for 119 equivalent C, pairs (Fig. 4A).
Notably, the structurally highly conserved region in-
cludes not only the central B barrel of the OB fold, but
also peripheral « helices (@A and «C) and B strands (8D,
BE, and BO) in the N- and C-terminal extension regions,
suggesting that Stnl and Rpa2 are structurally homolo-
gous proteins (Fig. 4A). Unlike Stnl and Rpa2, bioinfor-
matics analysis failed to detect any substantial sequence
similarity between Ten1 and Rpa3 (Gao et al. 2007). How-
ever, comparison of the structures of Tenl and Rpa3
clearly reveals a high degree of structural similarity (Fig.
4B). In fact, Rpa3 is one of the top solutions revealed by
Dali that are structurally most similar to Tenl, with an
RMSD of 2.8 A for 96 equivalent C, atoms. This close
structural similarity is rather unexpected, given that the
sequences of the OB folds of Tenl and Rpa3 share only 7%
identity (Fig. 3C). In addition to similarities between the
individual components, the StnIN-Tenl and the Rpa2—
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A Stn1/Rpa2
™\

! “ " Fa3
Ten1/Rpa3 Stn1/Rpa2

Figure 4. The C. tropicalis Stn1N-Tenl complex is structur-
ally similar to Rpa2N-Rpa3. (A) Superposition of the Stn1N-
Tenl complex on the crystal structure of the human Rpa2N-
Rpa3 complex (Bochkarev et al. 1999). StnlN and Tenl are
colored in yellow and cyan and Rpa2N and Rpa3 are shown in
blue and magenta. The superposition is based on the structures
of Stn1N and Rpa2N. Tenl and Rpa3 are not aligned well, and
Tenl rotates ~15° relative to the orientation of Rpa3. (B)
Overlay of Tenl and Rpa3 based on the OB fold B barrels of
the proteins. (C) Superposition of Stn1N and Rpa2N based on
the OB fold B barrels shows collisions between the cap motif of
StnlN and the N-terminal g hairpin (BD-BE) of Rpa2N. Resi-
dues in StnIN are drawn as a stick model with dotted surface.
Residues in Rpa2N are shown as a space-filling model. Stn1N
and Rpa2N are colored as in A. Labels for residues in Rpa2 are in
italics, to differentiate them from residues in Stnl.

Rpa3 complexes exhibit another common feature; in both
cases, the two subunits heterodimerize mainly through
hydrophobic contacts mediated by the two C-terminal
aC helices (Fig. 4A). Taken together, we concluded that
Stnl-Tenl is structurally similar to and evolutionarily
related to the Rpa2-Rpa3 complex.

Notwithstanding the high degree of overall structural
conservation, there are substantial differences between
the Stnl-Tenl and the Rpa2-Rpa3 complexes. Most
notably, the relative orientations between the two com-
ponents are different in the two complexes. When both
complex structures are overlaid based on the OB folds of
Stnl and Rpa2, Tenl exhibits an ~15° rotation relative to
the position of Rpa3 (Fig. 4A). Second, compared with
Rpa2, Stnl contains an extra N-terminal extension (BA,
BB, and «1) and a 12-residue insertion before strand D
(a2 and «3) (Fig. 4C). Additionally, significant sequence
and structural disparities are evident in most of the
connecting loop regions. For example, Stnl has a long
loop (12 residues), Lys, between strands B4 and 5 that
packs against helix a2 in the N-terminal cap motif. In
contrast, strands B4 and B5 of Rpa2 are connected by
a short two-residue turn.
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These structural differences provide a plausible expla-
nation for the published findings on domain exchange
between Stnl and Rpa2 (Gao et al. 2007). As noted before,
the specific interactions between Stnl and Tenl and
between Rpa2 and Rpa3 primarily involve the hydropho-
bic contacts between the two aC helices C-terminal to
the OB folds (Figs. 3B, 4A; Bochkarev et al. 1999). Thus,
the chimeric Rpa2-OBS*™! protein, which carries the OB
fold of Stn1 in place of the Rpa2 OB fold and still contains
helix aC of Rpa2, retains the ability to bind Rpa3 and
rescues the inviability of an rpa2-A yeast strain (Gao et al.
2007). In contrast, due to the incompatibility between the
two oC helices of Stnl and Rpa3, the rpa2-A strain could
not be rescued by high-level expression of Stnl (Gao et al.
2007). For the same reason, the chimeric Rpa2-OBS™!
protein could not interact with Tenl to rescue an stnl-A
strain (Gao et al. 2007). Furthermore, the N-terminal cap
motif of Stnl (BA, BB, and aA) is expected to collide with
strands BD and BE of Rpa2 if the OB fold of Stnl is
replaced with that of Rpa2 (Fig. 4C). Hence, the chimeric
Stn1-OB®P?? js unlikely to fold into a stable and func-
tional protein, explaining the failure of Stnl-OB®3? to
rescue the stn1-A mutant (Gao et al. 2007).

The Stn1N-Tenl interaction

The interface between StnlN and Tenl in the crystal
structure is relatively flat and hydrophobic (Fig. 5A). The
interactions are mediated primarily by the amphipathic
aC helices of both proteins and one side of the Tenl B
barrel (Fig. 5A), burying 1060 and 1128 A2 of solvent-
accessible surface on StnlN and Tenl, respectively. The
angle between the axes of the two «C helices of Stnl and
Tenl is ~60°. As a consequence, only the crossover
regions of the helices make extensive contacts with each
other; hydrophobic residues from Stnl (F190, W193, and
M197) and Tenl (L111 and M115) interdigitate with one
another to form the core of the hydrophobic interface (Fig.
5B). At the N-terminal end of the «C helix of Stnl, the
side chain of Stnl L186 is positioned into a hydrophobic
pocket of Tenl formed by residues from helix «C, loop
Lsc (between B5 and aC), and strands B0, 1, and B4 (Fig.
5C). The B barrel of Stnl makes much less direct contact
with Tenl and contributes only one hydrogen-bonding
interaction between Stnl K90 and Tenl Y97 (Fig. 5A,D).

In addition to hydrophobic contacts, hydrogen-bonding
interactions appear also to strengthen the interface and
contribute to the specificity of the Stn1-Tenl complex.
There are six intermolecular hydrogen bonds at the Stnl-
Tenl1 interface, all located at the periphery. Specifically, at
the N-terminal end of the Stnl aC helix, the carboxylate
side chain of E189 makes two salt bridge interactions
with the amino group of R27 in the Tenl B1 strand (Fig.
5D). The R27 side chain also accepts two intramolecular
hydrogen bonds from D83 and Y97 of Tenl (Fig. 5D).
Moreover, the side chain amino group of K90 of Stnl
donates another hydrogen bond to Y97 of Tenl (Fig. 5D).
Together, this elaborate electrostatic interaction network
extends the contact interface area and helps to stabilize
the relative orientation of Stnl and Tenl in the complex.
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Figure 5. The C. tropicalis Stn1N-Tenl interface. (A) The
hydrophobic interface between StnlN and Tenl. (Left) StnlN
is in surface representation and colored according to its electro-
static potential (positive potential, blue; negative potential, red).
Tenl is in ribbon representation. (Right) Tenl is in electrostatic
surface representation, while StnlN is in ribbon. The orienta-
tion of the complex is rotated by 180° about a vertical axis
relative to the complex in the Ileft panel. (B-D) Hydrophobic
interactions (B,C) and electrostatic interactions (D) between
StnlN and Tenl. Side chains of residues important for interac-
tion are shown as stick models and are colored as in A. The
intermolecular hydrogen bonds are shown as dashed magenta
lines. (E) Effects of the Stnl and Tenl mutations on the Stnl-
Tenl interaction in a yeast two-hybrid assay. Interaction of
LexA-Stnl with GAD-Tenl was measured as B-galactosidase
activity. Data are the average of three independent B-galacto-
sidase measurements normalized to the wild-type Stnl-Tenl
interaction, arbitrarily set to 100.

Notably, both E189 of Stnl and R27 of Tenl are highly
conserved in both families of proteins (Fig. 3C), consis-
tent with their important roles in Stnl-Tenl complex
formation, as revealed by the crystal structure.

To corroborate our structural analysis, we examined
whether missense mutations of residues at the interface of
Stnl and Tenl could weaken or disrupt the Stnl-Tenl
interaction using yeast two-hybrid assay. Consistent with
the crystal structure, we found that substitution of a hy-
drophobic residue (L186, F190, or W193) of Stnl on the
interface with alanine was sufficient to abolish its in-
teraction with Tenl (Fig. 5E). Similarly, Tenl mutation
M115A on the other side of the interface also impaired the
interaction (Fig. 5E). In contrast, alanine substitutions of
M197 of Stnl and L111 of Tenl at the interface still



maintained the interaction (~30%-40% of the wild-type
level), suggesting that the side chains of these two residues
are not crucial for the Stn1-Tenl complex formation (Fig.
5E). Notably, disruption of the electrostatic interactions
between E189 of Stnl and R27 of Ten1 by alanine mutation
of either residue was sufficient to abolish the Stn1-Tenl
interaction (Fig. 5E). Collectively, we conclude that both
the hydrophobic and the electrostatic contacts observed in
the crystal structure are important for the interaction
between Stnl and Tenl.

Functional analysis of the Stn1N-Tenl interaction

To assess the in vivo roles of the Stn1-Ten1 interaction in
telomere regulation, we introduced several site-specific
mutations in C. albicans STN1 and TEN1 designed to
disrupt their contact interface based on the C. tropicalis
Stn1N-Tenl complex structure, and analyzed the pheno-
types of the resulting mutants. To facilitate biochemical
and genetic studies, each mutant allele was fused at its
C terminus to a GSCP (Glys—SBP-CBP-protein A) tag,
which had little effect on the function of the wild-type
gene in telomere regulation (Fig. 6A [cf. lanes 4-6 and
7-9], B [cf. lanes 4-6 and 7-12]). All three tenl mutant
proteins (R27A, 1115A, and L119A [equivalent to C.
tropicalis Tenl R27A, L111A, and M115A]) as well as
two of the stnl mutant proteins (F208A and M212A
[equivalent to C. tropicalis Stnl L186A and F190A]) were
expressed at near wild-type levels, suggesting that, in
general, residues at the Stnl-Tenl interface are not
required for protein stability (Fig. 6C,D). The only excep-
tion was Stnl E211A (equivalent to C. tropicalis Stnl
E189A), which was detected at ~20% of the wild-type
level (Fig. 6D, bottom panel). On the other hand, most
mutants except Stnl M212A exhibited significant loss of
function with regard to telomere length regulation (Fig.
6A,B). Indeed, three of these mutants (Tenl R27A, Tenl
L119A, and Stnl E211A) manifested phenotypes that
were as severe as the respective null mutant (Fig. 6A
[lanes 10-15,22-27], B [lanes 19-24]). Thus, the interac-
tion between Stnl and Tenl is evidently critical for
telomere length regulation.

Next, the effects of mutations on the telomere associ-
ation of Ten1-GSCP were assessed using ChIP. As shown
in Figure 6, E and F, telomere DNA is precipitated from
cell extracts in a GSCP tag-dependent and cross-linker-
dependent manner, supporting the association of Tenl
with telomeres in vivo. This association was abolished in
the stnl~/~ background, suggesting that Tenl is recruited
to telomeres through its interaction with Stn1 (Fig. 6E, cf.
lanes 2 and 6,). Moreover, all three point mutants of Tenl
exhibited partial to complete loss of telomere association
in a manner that is entirely consistent with the severity
of the telomere length defects (Fig. 6E,F, lanes 2-5). In
particular, the L115A mutant, which retained partial
function in suppressing telomere elongation, also ex-
hibited the mildest telomere association defect (Fig.
6A,F). Notably, the equivalent mutation in C. tropicalis
Tenl, L111A, also retained partial Stnl-binding ability in
yeast two-hybrid assay (Fig. 5E). These findings reinforce

Telomeric Stn1-Tenl complex

the notion that the interaction between Stnl and Tenl is
necessary for both Tenl recruitment and telomere regu-
lation. Unfortunately, while Stn1-GSCP also appears to
be telomere-associated, the relatively low signal-to-noise
ratios of the Stnl ChIP results prevented us from obtain-
ing reliable data on the telomere association of the stnl
mutants (data not shown). Further studies will be neces-
sary to determine how the interactions between Stnl and
Tenl influence the localization of Stnl.

Structural conservation between the C-terminal
domains of Stnl and Rpa2

Besides the N-terminal OB fold, sequence alignment
revealed another conserved domain at the C terminus
of Stnl (henceforth referred to as StnlC) (Fig. 3A; Sup-
plemental Fig. S1). Stn1C interacts with both Cdc13 and
Pol12 (Grossi et al. 2004; Puglisi et al. 2008). Notably, the
C-terminal region of Rpa2 is also known to be a globular
domain that contains a winged helix-turn-helix (WH)
motif (Mer et al. 2000). This motif is composed of three o
helices flanked by three B strands (Mer et al. 2000).
Rpalwy interacts with a myriad of protein factors essen-
tial for DNA replication, recombination, and repair
(Fanning et al. 2006). Based on the observation that both
Stn1C and Rpa2wyg are located at the C termini and both
mediate protein—protein interactions, we hypothesized
that Stn1C might adopt an Rpa2wy-like WH fold confor-
mation. However, no obvious sequence similarity could
be detected between Stn1C and Rpa2wy. In addition, the
size of Stnl1C (~200 amino acids) is almost three times
that of Rpa2wy (~70 amino acids) (Mer et al. 2000). Thus,
it is unclear whether the structural similarity between
Stnl and Rpa2 could be extended to their C-terminal
regions. To address this question, various StnlC con-
structs from S. cerevisiae, C. albicans, and C. tropicalis
were expressed and purified for structural characteriza-
tion. After optimization by limited proteolysis and mass
spectrometry analysis (data not shown), we succeeded in
crystallizing S. cerevisiae StnlC (residues 311-494) and
determining its structure by SAD method using MeHgAc
derivative crystals at a resolution of 2.1 A (Fig. 7A;
Supplemental Table S2). The calculated electron density
map allowed unambiguous tracing of most of StnlC
except a disordered loop (residues 472-479).
Unexpectedly, Stn1C is composed of two topologically
similar WH motifs that are related to each other by
a noncrystallographic dyad, although no such similarity
was expected from its primary sequence (Fig. 7A). Nota-
bly, the folding of the first WH motif, Stnlwyy, is indeed
structurally similar to RPA32wy (Fig. 7B). The RMSD
between the two WH motifs is 1.8 A for 58 C,, atom pairs
(Fig. 7B). One unique feature of Stnlwy is a large in-
sertion (a 17-residue a2’ helix and an eight-residue L, 3
loop) between helices a2 and o3 (Fig. 7B,E). In contrast, a2
and a3 of Rpa2wy are connected by a short five-residue
loop (Fig. 7B,E). This marked local variance explains the
failure to detect similarity between the WH motifs of
Stnl and Rpa2 by bioinformatics analysis. Nevertheless,
the striking structural resemblance between Stn 1wy and
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Figure 6. The effects of point mutations designed to disrupt the C. albicans Stnl-Tenl interaction on protein levels, telomere
length regulation, and protein-telomere association. (A) Chromosomal DNAs were isolated from the tenI™~ mutant and various
reconstituted strains after two to four streaks (~50-100 generations) on plates and were subjected to telomere restriction fragment
analysis.(Bottom) As loading controls, the telomere probe was stripped and the blot was rehybridized with a RAD52 fragment . (B)
Chromosomal DNAs were isolated from the stnl /- mutant and various reconstituted strains after two to four streaks (~50-100
generations) on plates and were subjected to telomere restriction fragment analysis. (Bottom) As loading controls, the telomere probe
was stripped and the blot was rehybridized with a RAD52 fragment. (C) Extracts were prepared from strains containing different GSCP-
tagged Tenl mutant proteins and were subjected directly to Western analysis using antibodies against protein A. (D, top) Extracts from
strains bearing different GSCP-tagged Stnl mutant proteins were subjected to affinity pull-down with IgG-Sepharose, followed by
Western analysis using antibodies against protein A. (Bottom) To compare the levels of GSCP-tagged Stnl and Stnl-E211A, we
subjected the wild-type extract to serial dilutions prior to the assays. (E) ChIP analysis was performed using strains containing tagged
wild-type or mutant Tenl with (top) or without (bottom) formaldehyde cross-linking. Following immunoprecipitation, the levels of
telomeric DNA in the immunoprecipitation and input samples were assessed by hybridization with a telomere-specific probe. (F) The
relative enrichment of telomere DNA in the immunoprecipitation samples were quantified by dividing the immunoprecipitation
signals against the input signals and were plotted; data are means + SD of two independent experiments.

Rpa2wy further supports the notion that Stnl is an Rpa2-
like telomeric protein.

Other than sharing a similar topology, the structure of
Stnlwyp is rather different from that of Stnlwyy; (Fig. 7A).
Instead, Stnlwyy is most similar to the DNA-binding WH
motifs of the pur operon repressor (Bera et al. 2003) and
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RepE replication initiator (Komori et al. 1999). However,
comparison of the crystal structures of StnlC and the
RepE-DNA complex indicates that Stnlwg, would be
unlikely to bind DNA due to the occlusion of its putative
target site by Stnlwey (cf. Fig. 7A,C). This was further
confirmed by an electrophoretic mobility shift assay in
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Figure 7. Crystal structure of the C-ter-
minal domain of S. cerevisiae Stnl. (A)
Ribbon diagram of ScStn1C. The WHI1 and
WH2 motifs of ScStnlN are colored as in
Figure 3A. The secondary structure ele-
ments are labeled. The dotted line repre-
sents the disordered loop (472-479) between
strands B2 and B3 of WH2. Although
sharing the same topology, the two WH
motifs are quite different in structure. (B)
Superposition of the WH1 motif of ScStnl
(in green) on the NMR (nuclear magnetic
resonance) structure of the WH motif of
Rpa2 (in orange) (Mer et al. 2000). Except
for a large insertion between a2 and «3,
the rest of Stnlw closely resembles the
WH motif of Rpa2. (C) Ribbon diagram of
the RepE-DNA complex (Komori et al.
1999). The orientation of the WH motif
of RepE is the same as the WH2 of
ScStnlC in A. (D) The hydrophobic in-
teractions between the WHI1 and WH2
motifs of ScStn1C. There are no linker
residues between WHI1 and WH2, so that

ScStnC folds into a globular and compact
structure. WH1 is shown in surface repre-
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Side chains of residues in WH2 important
for the WH1-WH2 interaction are shown
in stick representations. (E) Amino acid
sequence alignment of the C-terminal

WHI1 and WH2 motifs of budding yeast Stnl family members together with the WH motifs of S. pombe Stnl and human Rpa2.
The alignment with Rpa2 is based on the NMR structure of the Rpa2C-UNG2 complex (Mer et al. 2000). Secondary structure
assignments from our ScStnlC crystal structure are shown. Conserved hydrophobic residues in WH1 and WH2 are highlighted in green
and blue blocks, respectively. In contrast to the WH motifs in budding yeasts, both WH1 and WH2 of SpStn1 are similar to Rpa2wg.

which StnlC failed to exhibit binding to double-stranded
telomeric DNAs even at a very high protein concentra-
tion (100 pM) (data not shown).

Several features of Stnl appear to fix the relative
orientation between the WH1 and WH2 motif and allow
StnlC to adopt a compact and globular structure re-
sembling a single folded unit. First, the N terminus of
Stnlwp is immediately adjacent to the end of Stnlwyy;
there is no linker residue between B3 of WH1 and a1 of
WH2 (Fig. 7A,E). In addition, L401, L404, and F405 in
WH2 make contact with a hydrophobic surface formed by
the WHI helix «al (Fig. 7D). Finally, the side chain of
Leu398 in WH2 inserts into a deep hydrophobic pocket of
WHI, further stabilizing the relative disposition of the
two motifs (Fig. 7D). The twisted architecture of Stn1C
gives rise to a large surface area for potential interactions
with other proteins such as Cdc13 and Pol12, as suggested
by earlier genetic studies (Grossi et al. 2004; Puglisi et al.
2008).

Crystal structure of fission yeast S. pombe
Stn1N-Tenl complex

The budding yeast CST complex has long been considered
an evolutionary exception, as most other eukaryotic

organisms use the POT1-TPP1 or a POT1-TPPI1-like
complex to bind G tails and protect telomeres (Gray
et al. 1991; Horvath et al. 1998; Baumann and Cech
2001; Lei et al. 2003, 2004; Wang et al. 2007; Miyoshi
et al. 2008). Recent studies have challenged this view.
Putative Stnl and Tenl orthologs have been identified in
a plethora of organisms ranging from fission yeast and
plants to humans (Martin et al. 2007; Song et al. 2008;
Miyake et al. 2009; Surovtseva et al. 2009; Wan et al.
2009). This suggests that the CST complex may be
another conserved complex at the telomere G tails
besides the well-characterized POT1-TPP1 complex.
However, the sequences of the S. pombe Stnl and Tenl
proteins are only weakly similar to those of the budding
yeast proteins (Martin et al. 2007). Thus, whether SpStn1
and SpTenl represent true homologs of the budding yeast
proteins is unclear. To resolve this question, we recon-
stituted and crystallized the complex between full-length
SpTenl and the N-terminal putative OB fold of SpStnl
(SpStnlN, residues 2-186) and determined its structure at
1.65 A resolution by SAD method using Se-Met-
substituted proteins (Supplemental Table S3).

The crystal structure of the SpStn1N-SpTenl complex
reveals that both SpStn1N and SpTenl are indeed made of
an OB fold, and the complex adopts a three-dimensional
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architecture similar to the C. tropicalis Stnl1N-Tenl
complex (Fig. 8A). The OB folds are closely conserved,
with a C, RMSD values of 2.2 A between the OB folds of
SpStn1N and CtStn1N and 2.0 A between the OB folds of
SpTenl and CtTenl. Given C. tropicalis Stnl-Tenl is an
Rpa2-Rpa3d-like complex, it is not unexpected that the
structure of the SpStnl-SpTenl complex also closely
resembles that of Rpa2N-Rpa3. In fact, SpStnlN is
structurally more similar to Rpa2N than to CtStnl; the
C, RMSD is only 1.6 A between SpStn1N and Rpa2N.
The interface between SpStnlN and SpTenl involves
both hydrophobic and electrostatic interactions (Fig. 8B).
Compared with the C. tropicalis Stn1N-Tenl complex,
the most conserved feature is the hydrophobic packing
between the two aC helices of SpTenlN and SpTenl,
which appears to be the major driving force for complex
formation (Fig. 8B). Unlike the C. tropicalis Stn1N-Ten1,
electrostatic interactions contribute more to the SpStn1N-
SpTenl interface. There are a total of nine intermolecular
electrostatic interactions between SpStn1N and SpTenl
(Fig. 8B). Except for the one between the side chains of
SpStnlN E132 and SpTenl R22, most of these electro-
static interactions are not present in the C. tropicalis
Stn1N-Tenl complex (Figs. 3C, 4D, 8B). Thus, the weak
similarities between the Stnl and Tenl protein of fission

Figure 8. Crystal structure of the S. pombe StnlN-Tenl
complex. (A) Ribbon diagram of the SpStn1N-SpTenl complex.
SpStnlN and SpTenl are colored in pale yellow and sky blue,
respectively. The orientation of the complex is the same as that
of the left C. tropicalis Stn1N-Tenl complex in Figure 3B. (B)
Stereo view of the SpStn1N-SpTenl interface. SpStnIN- and
SpTenl-interacting residues are presented as stick models.
SpStnlN and SpTenl are colored as in A. The intermolecular
hydrogen bonds are shown as dashed magenta lines.
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yeast and budding yeast at the primary sequence level can
be explained in part by the evolution of distinct interact-
ing residues at the subunit interface.

Similar to budding yeast Stnl, SpStnl also contains
a C-terminal domain (SpStn1C). We performed a second-
ary structure prediction for SpStn1C using the program
PredictProtein (Rost et al. 2004), which accurately pre-
dicted the positions of the « helices and B strands in the
two WH motifs of ScStn1C (data not shown). The puta-
tive secondary structural elements in SpStn1C were then
aligned with those present in ScStnl and Rpa2 (Fig. 7E).
This analysis identified two presumed WH motifs in
SpStn1C (Fig. 7E). However, unlike budding yeast Stnl,
both WH motifs in SpStnl show a similar distribution of «
helices and B strands that coincides well with CtStn1w
and Rpa2wpy, suggesting that SpStnl has two similar
Rpa2-like WH motifs (Fig. 7E). Nonetheless, the detection
of Rpa2-like WH motifs in SpStnl, together with the
overall structural similarity between the fission yeast and
budding yeast Stn1N-Tenl complexes, strongly supports
the notion that an Rpa2-Rpa3-like complex is also
conserved at fission yeast telomeres.

Discussion

Our structural analyses demonstrate that both the budding
yeast and the fission yeast Stn1-Tenl complexes share the
same three-dimensional architecture as the Rpa2-Rpa3
complex despite minimal sequence similarity, thus pro-
viding the first direct confirmation of structural similarity
between components of the CST and the RPA complexes.
The reliability of our structures was further corroborated
by mutational analyses of Stnl and Tenl, which under-
scored the importance of functional heterodimerization
between Stnl and Tenl for telomere localization of Tenl
and telomere length regulation. Thus, our findings provide
a foundation for leveraging insights from the analysis of
RPA to the study of the CST complex.

Budding yeast was believed to have evolved a very
different set of telomeric proteins to protect and maintain
chromosome ends. Hence, the budding yeast CST com-
plex has been considered to serve as the functional
equivalent of the POT1-TPP1 complex in fission yeast
and other POT1-containing organisms. However, puta-
tive homologs of the CST proteins have been identified
recently in both plants and humans (Casteel et al. 2009;
Miyake et al. 2009; Surovtseva et al. 2009), suggesting
that this telomere regulatory complex is probably more
widespread in nature than previously believed, even in
organisms that use POT1 for telomere protection. On the
other hand, the almost complete lack of sequence simi-
larity between the CST components from budding yeast
and POT1-containing organisms raised serious doubts
concerning the structural and functional conservation
of these proteins in these two groups of organisms. These
doubts are now substantially alleviated by our structural
data showing that the budding and fission yeast Stnl-
Tenl complexes share similar three-dimensional struc-
tures. As a consequence, insights from our structural
studies are expected to provide a platform for functional



studies of at least two components of the CST complexes
in a wide range of organisms, including humans. In support
of this notion, multiple sequence alignment indicates that
the critical Glu-Arg interactions that we uncovered in the
budding and fission yeast Stnl-Tenl complexes (Stnl
E189-Tenl R27 in C. tropicalis and Stnl E132-Tenl R22
in S. pombe) are likely to be conserved in both plants and
mammals (data not shown). Nevertheless, it would be
premature to extrapolate from the current findings to other
features of the CST complexes. In particular, whether the
remaining components of the CST complexes in different
organisms (i.e., Cdc13 in yeast and Ctcl in plants and
humans) (Miyake et al. 2009; Surovtseva et al. 2009)
resemble one another and whether they exhibit similar-
ities to Rpal are largely unresolved. Clarifying these and
other key issues in CST structure, assembly, and mech-
anisms will require detailed structural and functional
analyses of the entire complex.

Materials and methods

Strains and plasmids

The C. albicans strain BWP17 (ura34 : :Aimmd434/ura3A ::Aimm434
his1::hisG/his1::hisG argd::hisG/argd::hisG) was used as the
parental strain (Wilson et al. 1999). The derivations of mutant
strains are described below.

Construction of mutant Candida strains

The deletion strain stnl ™/~ was generated by subjecting BWP17
to two rounds of transformation and 5-FOA selection using
a stnl::hisG-URAS3-hisG cassette (containing ~700 bp of STN1
upstream and ~700 bp of downstream sequence). Similarly, the
deletion strain ten1~/~ was generated by subjecting BWP17 to two
rounds of transformation and 5-FOA selection using a ten1 ::hisG-
URAS3-hisG cassette (containing ~900 bp of TEN1 upstream and
~900 bp of downstream sequence). The reconstituted strains
stn1~/~::STN1and ten1~/~ ::TEN1 were obtained by transforming
the deletion strains with the pGEM-URA3-STN1 and pGEM-
URABS3-TENI integrating plasmid linearized by Hpal and HindIIl
digestion, respectively. The pGEM-URA3-STN1 plasmid contains
a 3.1-kb fragment spanning the STN1 gene, while the pGEM-
URA3-TEN1 plasmid contains a 2.1-kb fragment spanning the
TENT1 gene, each cloned into the Sall and Sacl sites of pPGEM-URA3
(Wilson et al. 1999). Derivatives of the plasmids were used to
introduce epitope-tagged STN1 and TEN1 into the deletion strains,
as follows. The C terminus of each gene was mutated by Quik-
Change to introduce an AvrIl and a BspEI restriction site, thus
allowing the introduction of the GSCP tag, which contains a Glyg
linker, a streptavidin-binding peptide, a calmodulin-binding pep-
tide, and a protein A tag (the complete sequence is available upon
request). Alanine substitution mutants of tagged STN1 and TEN1
were generated by the same mutagenesis protocol.

The tert’~ tenl™ and tert '~ tenl™’~ rad50~’~ mutants
were constructed sequentially starting with a terr/~ mutant
(Steinberg-Neifach and Lue 2006) using the aforementioned
tenl ::hisG-URA3-hisG cassette and a rad50::hisG-URA3-hisG
cassette (containing ~750 bp of RAD50 upstream and ~700 bp of
downstream sequence). C. albicans transformations and 5-FOA
selections were carried out as described previously (Fonzi and
Irwin 1993). Correct integrations of all disruption and reconsti-
tution cassettes were confirmed by Southern analysis.

Telomeric Stn1-Tenl complex

Analysis of telomeres and G-strand overhangs

Chromosomal DNAs were isolated by Smash and Grab as
described previously except that the initial aqueous phase was
subjected to one additional round of PCI (phenol/chloroform/
isoamyl alcohol [25:24:1]) extraction to minimize nuclease con-
tamination (Hoffman and Winston 1987). Standard telomere
Southern analysis and the in-gel hybridization analysis were
performed using established protocols (Hsu et al. 2007; Yu et al.
2008). The two-dimensional gel analysis was performed accord-
ing to the protocol of Brewer and Fangman (1987) as modified by
Cohen and Lavi (1996). Briefly, the first dimension (0.5% agarose)
was run at 0.5 V/cm for 16 h in the absence of ethidium bromide
(EtBr), while the second dimension (1.2% agarose) was run at
5 V/cm for 5 h in the presence of 0.3 pg/mL EtBr. The DNAs in
the gels were transferred to nylon membrane and probed with
labeled CaC2 oligonucleotides, as in the case of standard
telomere Southern blots.

ChIP

ChIP was performed using a combination of previously described
protocols with some additional modifications (Loayza and De
Lange 2003; Yu et al. 2007). Cells were fixed with 1% formalde-
hyde for 30 min at 30°C and cross-linking was quenched with
125 mM glycine for 5 min at 30°C. Formaldehyde-fixed or
untreated cells were resuspended in lysis buffer (50 mM HEPES
at pH 7.5, 1 mM EDTA, 150 mM NaCl, protease inhibitors) and
broken by glass beads. The lysates were sonicated 10 times for
5 sec each (constant duty cycle, 35%-40% output) to shear DNAs
to a mean length of ~600 bp. Extracts were adjusted to 1.6 mg/mL
protein in 600 pL of lysis buffer and then diluted with 600 pL of
immunoprecipitation dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI at pH 8.0, 450 mM
NaCl, protease inhibitors). Five percent of each cell extract was
set aside and used as the input sample. The remainder was
subjected to immunoprecipitation using 20 wL of IgG-Sepharose
beads for 2 h at 4°C. Immunoprecipitation samples were washed
for 5 min with rotation in the following buffers; one time with
Buffer A (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCI at pH 8.0, 400 mM NacCl), four times with Buffer B (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI at pH 8.0,
600 mM NaCl), one time with Buffer C (0.25 M LiCl, 1% NP-40,
1% Na-Deoxycholate, ] mM EDTA, 10 mM Tris-HCI at pH 8.0),
and one time with TE. All wash buffers contain protease in-
hibitors. Immunoprecipitation samples were eluted in 500 wL of
1% SDS and 0.1 M NaHCOj3 and cross-links were reversed for 5 h
at 65°C. Samples were treated with RNase A and proteinase K,
extracted with phenol/chloroform, precipitated with ethanol,
and resuspended in 100 pL of water. The DNA samples were
then applied to Hybond-N using a dot blot apparatus, and the
membrane was probed with 32P-labeled CaC2 (CATCCGTACA
CCAAGAAGTTAGACATCCGTACACCAAGAAGTTAGA) cor-
responding to two copies of the C. albicans telomeric repeat.
Signals were quantified using ImageQuant software (Molecular
Dynamics, Inc.).

Western and IP-Western

Western and IP-Western were performed as described previously
using antibodies directed against protein A (Yu et al. 2008).

Yeast two-hybrid assay

The yeast two-hybrid assays were performed using the L40 strain
harboring pBTM116 and pACT?2 (Clontech) fusion plasmids. The
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colonies containing both plasmids were selected on —Leu —Trp
plates. B-Galactosidase activities were measured by liquid assay
(Moretti et al. 1994).

Protein expression and purification

The N-terminal domains of C. tropicalis Stnl (residues 2-217)
and S. pombe StnlN (residues 2-186) were cloned into a GST
fusion protein expression vector, pGEX6p-1 (GE healthcare). C.
tropicalis Tenl (residues 2-123), S. pombe Tenl1 (residues 2-102),
and S. cerevisiae Stnl C-terminal domain (residues 311-493)
were cloned into a modified pET28b vector with a Sumo protein
fused at the N terminus after the Hisg tag (Wang et al. 2007).

The C. tropicalis Stn1N-Tenl complex was coexpressed in
Escherichia coli BL21(DE3). After induction for 16 h with 0.1 mM
IPTG at 25°C, the cells were harvested by centrifugation and
the pellets were resuspended in lysis buffer (50 mM Tris-HCI
at pH 8.0, 50 mM NaH,PO,, 400 mM NaCl, 3 mM imidazole,
10% glycerol, 1 mM PMSF, 0.1 mg/mL lysozyme, 2 mM
2-mercaptoethanol, 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 6 h at 4°C
before elution with 250 mM imidazole. Then, Ulp1 protease was
added to remove the Hisg-Sumo tag. The complex was then
mixed with glutathione sepharose beads (GE Healthcare) and
rocked for 8 h at 4°C before elution with 15 mM glutathione.
Protease 3C was added to remove the GST tag. Finally, the
Stn1N-Tenl complex was further purified by passage through
Mono-Q ion exchange column and by gel-filtration chromatog-
raphy on a Hiload Superdex200 equilibrated with 25 mM Tris-
HCI (pH 8.0), 150 mM NaCl, and 5 mM dithiothreitol (DTT).
The purified Stn1-Tenl complex was concentrated to 15 mg/mL
and stored at —80°C.

S. cerevisiae StnlC and the S. pombe Stn1N-tenl complex
were expressed in E. coli and purified following the same
procedure as described above except that only one affinity
chromatography step (Ni-NTA agarose) was used for ScStn1C.

Crystallization, data collection, and structure determination

C. tropicalis Stn1IN-Ten1 Crystals were grown by sitting drop va-
por diffusion method at 4°C. The precipitant/well solution
contained 1 M MgSQ,4, 0.1 M sodium citrate (pH 5.6), and
10 mM DTT. Heavy-atom derivatives were obtained by soaking
crystals in a solution containing 1.5 M MgSQO,4 and 0.3 mM of
MeHgAc for 2-3 h and backsoaking for 1 h in 1.25 M MgSO,, 1.4 M
NaHCO,, and 0.1 M sodium citrate (pH 5.6). Both native and
heavy-atom derivative crystals were gradually transferred into
a harvesting solution (0.25 M MgSQy, 5.25 M NaHCO,, 0.1 M
sodium critrate at pH 5.6) before being flash-frozen in liquid
nitrogen for storage and data collection under cryogenic condi-
tions (100 K). Native and Hg-SAD (at Hg peak wavelength) data
sets were collected at beamline 21ID-D at APS and processed
using HKL2000 (Otwinowski and Minor 1997). Crystals belong
to space group P4,2,2 and contain two Stn1N-Tenl complexes
per asymmetric unit. Native crystals diffracted to 2.4 A resolu-
tion with cell parameter a = b =92.072 A and ¢ = 200.909 A. Six
mercury sites were located and refined, and the SAD phases were
calculated using SHARP (De La Fortelle and Bricogne 1997). The
initial SAD map was significantly improved by solvent flatten-
ing. A model was automatically built into the modified experi-
mental electron density using ARP/WARP (Lamzin et al. 2001);
the model was then further refined using simulated annealing
and positional refinement in CNS (Brunger et al. 1998) with
manual rebuilding, using program O (Jones et al. 1991).
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S. cerevisiae Stn1C  Crystals were grown by the sitting drop vapor
diffusion method at 4°C. The precipitant/well solution contained
80 mM HEPES (pH 7.0), 8% PEG6K, 1.6 M NaCl, and 10 mM
DTT. Heavy-atom derivatives were obtained by soaking crystals
in a solution containing 25% PEGG6K, 0.5 M NaCl, 0.1 M HEPES
(pH7.1), and 0.3 mM MeHgAc for 2-3 h and backsoaking for 1 h
in 25% PEG6K, 10% glycerol, 0.5 M NaCl, and 0.1 M HEPES
(pH 7.1). Both native and heavy-atom derivative crystals were
transferred gradually into a harvesting solution (25% PEG6K,
25% glycerol, 0.5 M NaCl, 0.1 M HEPES at pH 7.1) 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 beamline 21ID-D at
APS and processed using HKL2000 (Otwinowski and Minor
1997). ScStn1C crystal belongs to space group P432,2 and contains
one molecule in asymmetric unit. Native crystals diffracted 2.1 A
resolution with cell parameter a = b =52.957 A, ¢ = 186.397 A and
contains one molecule in asymmetric unit. Two mercury sites
were located and refined, and the SAD phases were calculated
using SHARP (De La Fortelle and Bricogne 1997). Model building
and refinement were carried out following the same procedure as
those for the C. tropicalis Stn1N-Tenl complex.

S. pombe StnIN-Tenl The native and the Se-Met-substituted S.
pombe StnlN-Tenl complex crystals were obtained using
hanging drop vapor diffusion method at 4°C. The precipitant/
well solution contained 12% PEG4K, 12% isopropanol, 0.1 M
sodium citrate (pH 5.6), and 5 mM DTT. Crystals were trans-
ferred gradually into a harvesting solution containing 25% PEG
4K, 16% isopropanol, 0.1 M sodium citrate (pH 5.6), and 25%
glycerol before being flash-frozen in liquid nitrogen for storage
and data collection under cryogenic conditions (100 K). Native
and Se-Met-SAD (at Se peak wavelength) data sets were collected
at beam line 21ID-F at APS and were processed using HKL2000
(Otwinowski and Minor 1997). S. pombe Sten1N-tenl complex
crystals belong to space group P4;2,2 and contain one complex
per asymmetric unit. Native data set diffracted to 1.65 A resolu-
tion with unit cell parameters a = b= 93.871 A and ¢ = 56.273 A.
Seven selenium atoms were located and refined, and the SAD
phases were calculated using SHARP (De La Fortelle and
Bricogne 1997). Model building and refinement were carried
out following the same procedure as those for the C. tropicalis
Stn1N-Tenl complex.

Accession numbers

The coordinates and structure factors of the C. tropicalis Stn1N-
Tenl complex, S. cerevisiae Stn1C, and the S. pombe Stn1N-Tenl
complex have been deposited in the RCSB Protein Data Bank
under accession codes 3KF8, 3KEY, and 3KF6, respectively.
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