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RPA-like proteins mediate yeast telomere function

Hua Gao'2, Rachel B Cervantes!, Edward K Mandell'3, Joel H Otero® & Victoria Lundblad!

Cdc13, Stn1 and Ten1 are essential yeast proteins that both protect chromosome termini from unregulated resection and regulate
telomere length. Cdc13, which localizes to telomeres through high-affinity binding to telomeric single-stranded DNA, has been
extensively characterized, whereas the contribution(s) of the Cdc13-associated Stn1 and Ten1 proteins to telomere function have
remained unclear. We show here that Stn1 and Ten1 are DNA-binding proteins with specificity for telomeric DNA substrates.
Furthermore, Stn1 and Ten1 show similarities to Rpa2 and Rpa3, subunits of the heterotrimeric replication protein A (RPA)
complex, which is the major single-stranded DNA-binding activity in eukaryotic cells. We propose that Cdc13, Stn1 and Ten1
function as a telomere-specific RPA-like complex. Identification of an RPA-like complex that is targeted to a specific region of the
genome suggests that multiple RPA-like complexes have evolved, each making individual contributions to genomic stability.

Telomeres are essential for genomic stability and long-term cellular
proliferation. At an organismal level, telomere dysfunction contributes
to effects on longevity and age-related phenotypes as well as making
pivotal contributions to oncogenesis"?. To avoid such consequences,
two processes must function. First, in cells that depend on continuous
proliferation, there must be a mechanism to ensure that the G-rich
telomeric tract is continually replenished, as it would otherwise
gradually erode with each cell division. The primary pathway for
telomere length maintenance in most organisms relies on the telo-
merase holoenzyme, which elongates the 3" terminus of the G-rich
strand of telomeres®. In the absence of telomerase activity, a progres-
sive decline in telomere length eventually inhibits the proliferative
capacity of cells*?, a phenotype that has been referred to as replicative
senescence. In telomerase-expressing cells, a number of factors regulate
the telomerase holoenzyme, both positively and negatively, thereby
ensuring that telomere length homeostasis is carefully maintained®”.

Cells must also be able to distinguish natural chromosome termini
from newly broken DNA ends. The ends of linear chromosomes are
normally masked from the types of events that occur at double-strand
breaks, through a poorly understood mechanism often referred to as
chromosome end protection or telomere capping®®. Capping relies on
a complex set of interactions between multiple telomere-bound
proteins, which function to protect telomeres from the inappropriate
action of nucleases, from becoming substrates for end-to-end fusions
and from the activation of DNA damage checkpoints that halt cell-
cycle progression.

In budding yeast, a central player in both telomere length main-
tenance and chromosome end protection is the single-stranded
telomere-binding protein Cdc13, which localizes to chromosome
ends by binding with high affinity to the terminal G-rich single-
stranded extension'®!!. Cdc13 is crucial for telomere capping, as loss

of CDCI3 function exposes chromosome termini to catastrophic
resection of the C-strand of telomeres, with the resulting exposed
single-stranded region leading to RAD9-mediated arrest of the cell
cycle!>13, Despite the essential nature of this process, the mechanism
by which Cdc13 protects termini from resection is poorly understood,
as is the identity of the resecting nuclease(s). Cdcl3 also performs a
key role in telomere length homeostasis, by recruiting the catalytic
core of telomerase to its site of action through a direct interaction
between Cdc13 and the Estl subunit of telomerase!#1, When this
interaction fails, because of mutations introduced in either Estl or
Cdc13 that disrupt the binding interface, cells show the same
replicative senescence as strains that lack telomerase.

Cdcl3 acts at telomeres in collaboration with two less well-
characterized proteins, Stnl and Tenl. Both are novel proteins,
with no biochemical activity previously attributed to either. Thus,
how these two Cdcl3-associated proteins perform their roles at
chromosome termini has remained elusive. Like Cdcl3, both Stnl
and Tenl are essential components of the telomere ‘cap, as cells
depleted for either show the same extensive C-strand degradation
and consequent cell-cycle arrest!”~'°, Furthermore, the lethality of a
cdcl3-A null strain can be bypassed if a Stnl-containing complex is
ectopically delivered to the telomere!”. Cdc13, Stnl and Tenl proteins
physically associate with each other, as assessed by both coimmuno-
precipitation and two-hybrid assays (refs. 17,18 and R.B.C. and V.L,,
unpublished data), indicating that these three proteins function at
chromosome ends as a heterotrimeric complex. In addition to helping
to maintain the telomere cap, this complex also negatively regulates
telomere length homeostasis, as revealed by the extensive telomere
elongation that occurs in strains bearing certain mutations in each of
these three subunits!7-18:20, Collectively, these observations indicate
that the Cdcl3-Stnl-Tenl complex orchestrates a number of
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Figure 1 Stnl is an OB fold—containing protein.
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of multiple oligosaccharide/oligonucleotide-
binding (OB) folds, distributed among all
three subunits, which are used for both
DNA and protein recognition’>. Once bound to DNA, RPA
directs subsequent activities, as a consequence of the regulated
interaction between RPA and a diverse array of protein complexes
involved in DNA metabolism. Owing to the central role of RPA
in many DNA transactions, this complex is pivotal in promoting
genome stability.

We set out to investigate the potential similarities between these two
heterotrimeric single-stranded DNA-binding complexes. We show
here that Stnl and Tenl have several notable similarities to Rpa2
and Rpa3, the middle and small subunits, respectively, of the RPA
complex. In addition, both Stnl and Tenl are DNA-binding proteins
that, like Cdcl3, have a preference for telomeric substrates. We
propose that Cdcl3, Stnl and Tenl form an RPA-like complex that
contributes to maintenance of chromosome ends, through mechan-
isms that may be analogous to those by which the conventional RPA
complex functions elsewhere in the genome.

RESULTS

Stn1 and Ten1 are telomere DNA-binding proteins

To uncover possible structural motifs in Stnl that might provide
insight about the function of this protein, an alignment of the

N-terminal portion of 15 Stnl protein sequences was used as a seed
for the structure prediction program HHpred?*. HHpred creates a
hidden Markov model (HMM) profile from such an alignment and
compares this profile to a database of HMM profiles for known
structures. In a search of a database of HMM profiles for structures
found in the Protein Data Bank, the OB fold of human RPA2 (ref. 25)
was the top-ranked hit, with an E-value of 9 x 107! and a probability
score of 97.7. Furthermore, when the N-terminal region of individual
Stnl protein sequences was used as input in the structure-prediction
metaserver 3D-Jury?S, the OB fold of the human RPA2 protein was
again the highest-scoring hit. An alignment between these two protein
families was constructed, based on a consensus between the align-
ments provided by the structure prediction programs HHpred and
3D-Jury (see Methods for more details). The comparison between
Rpa2 and Stnl sequences demonstrates notable sequence conservation
that is shared between these two sets of proteins (Fig. 1), which
coincides with the previously characterized OB-fold domain of Rpa2
(ref. 25). OB folds are notorious for the absence of primary sequence
features that can be used to predict this domain®’—2°, which further
underscores the statistical significance of the sequence similarity
between the Stnl and Rpa2 proteins.
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Figure 2 The yeast Stnl protein binds with
enhanced specificity to telomeric substrates.

(a) Flag-Stn1 (lane 6) and Flag-Rpa2 (lane 7),
expressed and affinity-purified from E. coli from
pVL2848 and pVL2941, respectively, and
visualized by Coomassie blue staining after

8% (w/v) SDS-PAGE; 0.3, 0.4, 0.5 and 0.6 png
BSA (lanes 2-5) were used to estimate the
concentration of Stnl and Rpa2. Western
analysis with antibody to Flag confirmed the
identity of the Stnl and Rpa2 proteins (data not
shown). (b) Sequences of the panel of three
telomeric and three random-sequence oligomers
used throughout this study; each is 24
nucleotides long. T3 is identical to the substrate
used to initially monitor Cdc13 binding!®. (c) Gel
mobility shift assay. Flag-Stnl or Flag-Rpa2
(~550 nM) was incubated with 250 pM
radiolabeled telomeric (T1-T3) or random
sequence (R1-R3) oligomers. (d) Competition
assay. Flag-Stn1l (~300 nM) was incubated with
250 pM radiolabeled telomeric T1 oligomer and
a 20- or 200-fold excess of unlabeled competitor oligomers, as indicated. (e) A chimeric Rpa2-OBSt"! protein can function in the place of RPA2. Growth of
an rpa2-A strain (YVL2924) bearing either an empty vector (pVL399), or plasmids expressing Stnl, Rpa2 or the Rpa2-0BStn1(62-159) chimeric protein
(pVL1131, pVL3016 or pVL3017, respectively), after eviction of an RPA2 plasmid (pVL2896). Results are shown with proteins expressed by the ADH
promoter from high-copy plasmids; however, the Rpa2-0BStn1(62-159) chimeric protein was also capable of maintaining an rpa2-A strain, although at slightly
reduced efficiency, when expressed by the native RPA2 promoter from a single-copy plasmid (data not shown). A second chimera (Rpa2-OBStn1(62-163)) |50
rescued rpa2-A, in both high and low copy, also at somewhat reduced efficiency.
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This observation suggests that, like the OB fold in Rpa2, the
proposed OB fold in Stnl might be used to contact DNA. To test
this, we expressed and purified recombinant Stnl protein, bearing a
single Flag epitope on the N terminus, from Escherichia coli (Fig. 2a)
and tested this protein preparation for the ability to bind a panel of six
single-stranded 24-nucleotide oligomers. Three substrates correspond-
ing in sequence to the G-rich strand of yeast telomeres (T1, T2 and
T3) and three composed of random sequence (R1, R2 and R3)
(Fig. 2b) were tested. The Stnl protein bound all three telomeric
single-stranded DNA substrates, whereas barely detectable binding to
the three random-sequence oligomers was observed, as assessed by a
direct binding assay with each of the six substrates (Fig. 2c). The
enhanced affinity for telomeric substrates was further confirmed by a
competition assay, in which binding of Stnl to the TI telomeric
oligomer, in the presence of a 20- or 200-fold excess of random or
telomeric oligomers, was examined (Fig. 2d). Binding to the T1
substrate was substantially inhibited by a 20-fold excess of any of

the three telomeric oligomers, whereas only modest inhibition was
observed even with a 200-fold excess of the three random oligomers.
As predicted by the alignment in Figure 1, this DNA-binding activity
mapped to the proposed OB fold domain of Stnl, as Flag-Stnlgy 199
bound a single-stranded telomeric DNA substrate with an affinity that
was comparable to that of the full-length Stnl protein (Supplemen-
tary Fig. 1 online). These observations show that Stnl is a telomere-
specific DNA-binding protein, contacting DNA through an OB fold—
like domain that shows sequence similarity to the structurally char-
acterized OB fold of Rpa2.

As a further test of the potential parallels between Stnl and Rpa2,
we performed a domain swap between these two proteins, replacing
the OB-fold domain of Rpa2 with the comparable region of the Stnl
protein. Notably, two Rpa2-OBS™! chimeras rescued the inviability of
an rpa2-A yeast strain (Fig. 2e and data not shown). In contrast, the
rpa2-A strain could not be rescued by high-level expression of the full-
length Stn1 protein (Fig. 2e), and these two Rpa2-OBS™! proteins did
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Figure 3 Tenl binds telomeric DNA sequence-specifically. (a) Ten1-Flag (lane
respectively, affinity-purified from E. coli, resolved by 15% (w/v) SDS-PAGE an

6) and Rpa3-Flag (lane 7) were expressed from pVL2933 and pVL2942,
d visualized by Coomassie blue staining; 0.3, 0.4, 0.5 and 0.6 pg RNase A

(lanes 2-5) were used to estimate protein concentration of Tenl and Rpa3. (b) Gel mobility shift assay. Tenl-Flag or Rpa3-Flag (both at ~1.2 uM) was

incubated with 250 pM radiolabeled oligomers, using the same substrates and

conditions as in Figure 2. (c) Competition assay. Tenl-Flag (~600 nM) was

incubated with 250 pM radiolabeled telomeric T1 oligomer and a 20- or 200-fold excess of unlabeled competitor oligomers, as indicated.
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Figure 4 Rpa2 and Rpa3 interact weakly with telomeric substrates. (a) Gel mobility shift assay. Flag-Rpa2 or Rpa3-Flag (
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~ 730 nM) was incubated with

250 pM radiolabeled oligomers, using the same substrates and conditions as in Figure 2. Rpa2 and Rpa3 protein preparations were the same as in

Figure 2a and Figure 3a, respectively. (b) Flag-Rpa2 (lane 5), Rpa3-Flag (lane 6) and Tenl-Flag (lane 7) were affinity-purified from E. coli and visualized by
Coomassie blue staining after 15% (w/v) SDS-PAGE. Lanes 1-4 contain 0.2, 0.5, 1.0 and 1.5 ug RNase A. (c) Gel mobility shift assay. Two-fold dilution
series of Tenl, Rpa3 or Rpa2 was incubated with the telomeric substrate T3 (125 pM). Protein concentrations indicated are based on comparison with

RNase A standards in b.

not rescue a stnl-A strain (data not shown). The OB fold of Rpa2 has
previously been shown to be essential for viability>*-2, Thus, the
viability of the rpa2-A strain expressing the Rpa2-OBS™"! chimeric
protein demonstrates that the essential function(s) of RPA2 that reside
within this domain can be restored by substituting the OB fold of
Rpa2 with the comparable region of the Stnl protein. This not only
provides further support for the premise that the N-terminal domain
of Stnl contains an OB fold, it also extends the biochemical compar-
ison (and perhaps reveals an evolutionary relationship) between Stnl
and Rpa2.

In addition, we tested whether the Tenl protein also bound single-
stranded DNA substrates. Recombinant Tenl-Flag was expressed and
affinity-purified from E. coli (Fig. 3a) and tested for binding to the
same panel of DNA oligomers (Fig. 2b) that were used to test Stnl
binding. Notably, the Tenl protein also bound the panel of three
telomeric oligomers but showed greatly reduced binding to random-
sequence oligomers, as determined by both a direct binding assay
(Fig. 3b) and a competition assay (Fig. 3c). Thus, like Stnl, Tenl
showed specificity for telomeric substrates. The relative affinity of
Tenl for DNA was weaker, however, as binding of Ten1 to a telomeric
substrate was reduced, compared with the activity of Stnlgy 199 Or
the full-length Stnl protein with the same substrate (Supplementary
Fig. 1 and data not shown).

The above experiments, combined with previous observations
about the Cdcl3 protein, demonstrate that Cdcl3, Stnl and Tenl
each bind DNA, with a graded specificity for telomeric substrates.
Furthermore, both Cdc13 (ref. 33) and Stnl (Figs. 1 and 2) use OB
folds that are related to the comparable folds in Rpal and Rpa2,
respectively. Cdc13 is presumably the primary factor dictating locali-
zation of this complex to chromosome ends, as Cdcl3 binds with
exceptionally high affinity to telomeric DNA!?. However, the pre-
ference of Stnl and Tenl for telomeric substrates suggests that these
two proteins may also contribute to the association of this complex
with chromosome termini.

Rpa2 and Rpa3 weakly bind telomeric substrates

In the experiments shown in Figures 2 and 3, recombinant Flag-Rpa2
and Rpa3-Flag proteins were also affinity-purified from E. coli and
tested for DNA binding, in parallel with Stnl and Tenl. Unexpectedly,
we detected weak binding by the Rpa3 protein to the single-stranded
T1 telomeric oligomer, whereas no binding to the random-sequence
R1 oligomer was observed (Fig. 3b). Similarly, extended exposure of

the experiment shown in Figure 2c revealed a weak interaction
between Rpa2 and the T1 telomeric substrate. These observations
were somewhat surprising, as the Rpa2 and Rpa3 subunits have not
been observed to bind single-stranded DNA when tested as individual
purified proteins in similar gel-shift assays®"**. Furthermore, previous
studies have suggested that the subunits of this complex bind rela-
tively nonspecifically to single-stranded DNA, although the intact
complex shows some preference for pyrimidine-rich substrates
(reviewed in ref. 21).

To explore this in more detail, we examined the purified Rpa2 and
Rpa3 proteins for binding to the panel of three telomeric and three
random-sequence oligomers. Both proteins show the same relative
pattern of specificity of binding to these six substrates as Stnl and
Tenl. Rpa2 and Rpa3 each showed weak, but detectable, binding
to each of the G-rich telomeric DNAs, but greatly reduced binding
to the three random-sequence substrates (Fig. 4a). R1 and R3
are considerably more pyrimidine-rich than the three telomeric
oligomers; thus, the enhanced binding to T1, T2 and T3 cannot
be attributed to the previously observed preference of the intact
RPA complex for pyrimidine-containing substrates. The apparent
affinity of Rpa2 and Rpa3 for these telomeric substrates was clearly
reduced, however, as revealed by a second experiment that directly
compared binding of Tenl, Rpa2 and Rpa3 to the same telomeric
oligomer (Fig. 4b,c).

Stn1 and Ten1 form a subcomplex

Rpa2 and Rpa3 can form a soluble subcomplex in vitro, either between
the two full-length proteins or between Rpa3 and the OB fold of Rpa2
(refs. 34,35). Stnl and Tenl have also been previously reported to
interact, as assessed by coimmunoprecipitation from yeast extracts and
two-hybrid assays!”!® (see also Supplementary Fig. 2 online). As
neither of these approaches addressed the stoichiometry of this
association or whether the Stnl-Tenl interaction was direct, we
examined whether the Stnl and Tenl proteins could form a complex
in vitro. Flag-Stnl and untagged Tenl were expressed in a coupled
transcription-translation reaction in rabbit reticulocyte lysates as
3S-labeled proteins, either separately or in combination (in the latter
case, the Tenl protein was expressed in excess, relative to Stnl; lane 3
of Fig. 5a). After anti-Flag immunoprecipitation and SDS-PAGE, the
relative proportions of [**S]Flag-Stn1 and [**S]Tenl were quantified.
The untagged Tenl cofractionated with Flag-Stnl, forming a complex
with roughly 1:1 stoichiometry (Fig. 5a, lane 6).
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A subcomplex between just the OB-fold domain of Stnl
(Stnlgg_199) and the full-length Tenl protein could also be detected.
We prepared extracts from an E. coli strain that coexpressed Flag-
Stnlgy 199 and Tenl, subjected the extracts to anti-Flag immuno-
precipitation, eluted these immunoprecipitates with Flag peptide
and examined the eluates on Coomassie-stained SDS-PAGE gels.
Stnlgy_199 formed a stable complex with the Tenl protein (Fig. 5b),
mimicking the extensively analyzed subcomplex between the Rpa2 OB
fold and Rpa3 (refs. 25,34,35).

RPA2 and STNI have two additional points of similarity. In vivo
assembly of the RPA complex relies on independent interactions
between Rpa2 and Rpal and between Rpa2 and Rpa3, as Rpal and
Rpa3 interact in a two-hybrid assay only when Rpa2 is over-
expressed36. Similarly, both Cdc13 and Tenl associate with Stnl, but
not with each other, when examined in a two-hybrid test (Supple-
mentary Fig. 2). However, an interaction between Tenl and Cdc13
can be detected in this assay if the Stnl protein is simultaneously
overexpressed (Supplementary Fig. 2). Thus, like Rpa2, Stnl acts as a
bridge between the other two subunits. Finally, previous work has
shown that the essential region of RPA2 maps to the N-terminal, OB
fold—containing domain®. We found that plasmids expressing
Stnly_197 and Rpa2;_j93 rescued the lethality of stnl-A and rpa2-A
strains, respectively (Fig. 5¢). Thus, the essential function of STNI
maps to its N-terminal domain, once again in parallel with what has
been observed for RPA2 (see also Supplementary Fig. 3 online).

DISCUSSION

An emerging theme in chromosome biology has been the discovery of
protein complexes that bear striking structural similarities to com-
plexes that are required for canonical semiconservative DNA replica-
tion. For example, the Rad9, Husl and Radl proteins assemble to
form a heterotrimeric complex, often referred to as the 9-1-1 complex,
that strongly resembles a PCNA-like sliding clamp?’. Similarly, the
DNA damage response protein Rad17 (Rad24 in budding yeast) is the
large subunit of a clamp loader that functions in a manner similar to
the canonical replication factor-C (RF-C) clamp loader®. During
DNA replication, RF-C mediates loading of PCNA onto DNA,
whereas in response to genotoxic stress, the Radl7-containing
RF-C-like complex loads the 9-1-1 complex onto DNA, presumably
at the sites of DNA damage (reviewed in ref. 39). RF-C-like complexes
are not restricted only to DNA damage responses, as additional clamp-

Figure 5 Stnl and Tenl form a subcomplex analogous to the Rpa2-Rpa3
subcomplex. (a) Tenl copurifies with the full-length Stnl protein. Flag-Stnl
and Tenl were translated from pVL2848 and pVL3115, respectively, in a
coupled transcription-translation reaction with [3SImethionine as the only
source of methionine, either separately (lanes 1 and 2, respectively) or
together (lane 3, with Tenl in approximately five- to ten-fold excess).
Aliguots from these three translation reactions were immunoprecipitated (IP)
with antibody to Flag, and immunoprecipitates were resolved on a 15% (w/v)
SDS-PAGE gel (lanes 4-6). Stnl and Ten1 protein signals in lane 6 were
quantified by Phosphorimager analysis; indicated ratio is normalized for the
number of [35S]methionine residues in each protein. (b) Tenl copurifies with
the OB fold of Stnl. Flag-Stnlgs_ 199 was coexpressed with Tenl in E. coli
from pVL3066. Flag-containing complexes were bound to anti-Flag agarose
beads and then eluted with Flag peptide. Identities of the Flag-Stnlgs_199
and Tenl protein bands were confirmed by western analysis with antibodies
to Flag and Tenl, respectively (data not shown). (c) The N-terminal domains
of STNI and RPAZ are sufficient for viability. Left, growth of an stnl-A strain
(YVL2394) bearing an empty vector (YCplac111) or plasmids expressing
Stnl or Stnli_197 (pVL1492 or pVL3226, respectively), after eviction of a
STN1I plasmid (pVL1046). Right, growth of an rpa2-A strain (YVL2924)
bearing an empty vector (YCplac111) or plasmids expressing Rpa2 or Rpa2;_
193 (pVL2894 or pVL3229, respectively), after eviction of an RPA2 plasmid
(pVL2896). All proteins are expressed in single copy, by the native STNI or
RPAZ2 promoter, respectively.

loader-like complexes that contribute to several aspects of genome
stability have also been described*’.

The observations reported in this study suggest yet another exam-
ple: we propose that the Cdc13, Stnl and Tenl proteins form an RPA-
like complex that is specifically dedicated to binding chromosome
termini. This proposal is based on several points of comparison
between subunits of the RPA complex and the Cdc13 complex. Both
Cdcl13 and Rpal bind single-stranded DNA with high affinity, through
a centrally located OB-fold domain®*4!, which is positioned immedi-
ately adjacent to a less well-characterized OB fold located in the
C-terminal region of each protein*>*3. Furthermore, although these
two proteins do not show any detectable sequence similarity, they
share a remarkably similar domain architecture (discussed in more
detail in Supplementary Fig. 3).

Like Cdc13 and Rpal, Stnl and Rpa2 also use OB-fold domains to
contact single-stranded DNA. Despite the fact that OB folds are
usually characterized by the absence of a primary sequence signature,
the Stnl and Rpa2 protein families share notable protein similarity in
their N-terminal domains, with the highest degree of similarity in the
B-strands that are the core structural feature of OB-fold domains. This
sequence similarity seems to reflect functionally equivalent roles
for each protein, according to several lines of evidence. The DNA-
binding activity of Rpa2 and Stnl maps to their respective OB-fold
domains, and this domain in each protein is also responsible for
contacting Rpa3 and Tenl, respectively. Perhaps the most noteworthy
observation supporting the premise that Stnl and Rpa2 have similar
biochemical activities is the ability of the Rpa2-OBS™! chimera,
with its essential OB-fold domain substituted by the comparable
region of Stnl, to maintain viability in the absence of the RPA2
gene. We also attempted to generate a functional reverse chimera
(Stn1-OBRP22), but were unsuccessful. This failure may be the con-
sequence of the limitations of this particular experiment, as the
boundaries of these chimeric proteins seem to be crucial for
function (only 2 of 11 Rpa2-OBS"! candidate chimeras, which
differed slightly in the junction of the chimera boundaries, rescued
the lethality of an rpa2-A strain). Alternatively, the inability to
generate a functional Stn1-OBRP? chimera may reflect a functional
difference between Stnl and Rpa2, such as the enhanced affinity of
Stnl for telomeric DNA.
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The very small Tenl and Rpa3 proteins also share several biochem-
ical features. Both are DNA-binding proteins, with a weak specificity
for telomeric substrates, and both proteins can form subcomplexes
with full-length Stnl and Rpa2 proteins, respectively, or with just the
OB fold of each. Therefore, Ten1 has two key properties that would be
predicted for the smallest subunit of an RPA-like complex. However,
we were unable to detect any sequence similarity between the Rpa3
and Tenl protein families, using the bioinformatics techniques that
uncovered similarities between Stnl and Rpa2. Thus, we were unable
to conclude whether Tenl, like Cdcl3 and Stnl, contacts DNA
through an OB fold. The inability to detect an Rpa3-like OB fold in
Tenl may, however, be a consequence of the poor conservation of both
the Tenl and the Rpa3 protein families at the primary sequence level
(see Supplementary Fig. 3 for more discussion of this point). There-
fore, determination of whether Tenl has an OB fold or not will
presumably require a structural approach.

The proposal that Cdc13, Stnl and Tenl form a telomere-dedicated
RPA-like complex also leads to the prediction that these three proteins
should form a stable trimeric complex, with a stoichiometry compar-
able to that of the canonical RPA complex. Although it is clear that
Cdcl3, Stnl and Tenl physically associate in vivo, as assessed by
coimmunoprecipitation studies (refs. 17,18 and R.B.C. and V.L.,
unpublished data), the abundance of this complex in budding yeast
is extremely low. This has precluded fractionation of the complex from
yeast extracts in sufficient purity to allow an assessment of subunit
stoichiometry (an issue that has also plagued analysis of the yeast
telomerase holoenzyme complex). We have been also unsuccessful, at
least so far, in reconstituting the heterotrimeric complex with recom-
binant proteins expressed in either E. coli or coupled transcription-
translation systems (H.G., R.B.C. and V.L., unpublished observations).
Additional biochemical approaches will be necessary to address
this issue.

The proposal that an RPA-like complex mediates chromosome end
protection may further extend a model for newly replicated telomeres
that is under consideration by many laboratories. This model is
analogous, at least in part, to the initial steps in double-strand
break repair, whereby extensive 5" resection of the DNA ends creates
single-stranded ends that are bound by RPA, which subsequently
recruits checkpoint complexes and other factors that ultimately
promote repair of the break**>. At chromosome ends, a similar 5’
resection also occurs immediately after conventional DNA replication:
the C-strand of the blunt termini created by leading-strand replication
is processed by an as-yet-unidentified nuclease*®’, with the resulting
single-stranded G-strand bound by Cdc13 (ref. 11,48) and presumably
Stnl and Tenl. In a manner similar to the conventional RPA, once
bound to telomeres, the proposed telomere-dedicated RPA-like com-
plex also recruits additional factors (such as telomerase), although
subsequent steps must differ between chromosome termini and
double-strand breaks, as these two sets of processing events result in
very different outcomes. Thus, the proposal that Cdc13, Stnl and Tenl
form an RPA-like complex that functions at telomeres provides
new insights into the role of these three proteins as well as a frame-
work for a more detailed mechanistic understanding of chromosome
end protection.

Finally, in our investigation of potential biochemical similarities
between Stnl and Rpa2 and between Tenl and Rpa3, we discovered an
unexpected specificity of Rpa2 and Rpa3 for telomeric over random
sequence substrates. Although RPA has long been presumed to
interact with single-stranded DNA in a relatively nonspecific manner,
several prior observations have not been entirely consistent with this
assumption. For example, in yeast, the RPA complex does in fact
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localize to chromosome ends, where it can modulate telomere length
regulation*®%. A series of intriguing questions for future studies
concerns whether the canonical RPA complex and the proposed
telomere-dedicated RPA-like complex intersect, through a direct
interaction or by competition for binding sites to mediate single-
stranded DNA transactions at telomeres.

METHODS

Strains and plasmids. The isogenic strains YVL2924(MATa rpa2-A::-TRPI
ura3-52 lys2-801 trpl-Al his3-A200 leu2-A1/pCEN URA RPA2) and YVL2394
(MATa stnl-A:KAN ura3-52 lys2-801 trpl-Al his3-A200 leu2-Al ade2-101/
pCEN URA STNI) were used in the plasmid shuffle experiments shown in
Figure 2e and Figure 5c, respectively. A list of the plasmids used in this study,
as well as the starting vectors used for each set of plasmid constructions, is
shown in Supplementary Table 1 online. Plasmids encoding the Rpa2-OBS™!
fusions were constructed by gap repair in yeast, through cotransformation of
pVL2894, digested to create a 110-base-pair gap within the RPA2 gene, and
PCR products containing STN1-coding sequences flanked by 45 base pairs of
RPA2-coding sequences. Candidate chimeric plasmids were rescued and
sequenced before further analysis, and selected chimeras were cloned into
pVL399 for overexpression studies.

Protein alignments. The Stnl and Rpa2 sequences shown in the alignments in
Figure 1 were recovered by HMM searches of a variety of protein and genome
databases, as well as iterative position-specific iterated (PSI)-BLAST searches of
the nonredundant protein database’>2. Candidate proteins were determined
to be Rpa2 or Stnl homologs if PSI-BLAST searches assigned them an E-value
< 0.0005, using full-length Rpa2 protein sequences or the N-terminal OB-fold
region of Stnl, respectively. In addition, Rpa2 and Stnl sequences were
included in subsequent analyses only if genes encoding both the full-length
protein sequences could be recovered from a given genome. Multiple TCOF-
FEE- and PROBCONS-generated alignments were used to create full-length
alignments using the COMBINE function of the TCOFFEE web server>*->>.
Alignments of the Rpa2 and Stnl protein families were generated indepen-
dently, and the subsequent alignment between the two protein families was
based on a consensus between the alignments provided by the structure-
prediction programs HHPred and 3D-Jury. Alignment among individual
family members was not compromised to improve alignment between the
two protein families, with the exception of the third B-sheet in the OB fold of
Stnl; the alignment in this poorly conserved region of Stnl is based on
predicted alignment with Rpa2.

Protein expression and affinity purification. The E. coli strain BL21(DE3)-
pLysS, [E-, ompT hsdSB (rg mg) gal dem (DE3) pLysS (CamR)] was used for all
protein expression and affinity-purification studies. Cultures of E. coli, freshly
transformed with relevant plasmids, were grown in 150 ml liquid LB medium
containing 60 pg ml™! carbenicillin at 37 °C to Aggy = 0.6, IPTG was added to a
final concentration of 0.5 mM and cultures were incubated at 26 °C for 3.5 h.
Cells were pelleted at 5,000¢ for 10 min, resuspended in 3 ml of TBS lysis buffer
(50 mM Tris-HCI, 150 mM NaCl (pH 7.4), 1% (v/v) Triton X-100, 1 mM
EDTA) and sonicated using a Branson Sonifier 450 three times for 30 s each,
with a 1-min incubation on ice between each sonication step. Lysates were
clarified by centrifuging twice at 21,000 g for 20 min at 4 °C. Packed anti-Flag
M2 agarose beads (60 pl; Sigma) were added to the cleared lysate and rotated
for 3 h at 4 °C. Beads were washed three times for 15 min at 4 °C
in 1 ml TBS, and bound protein was eluted by incubating beads in 300 pl of
500 ng pl~! Flag peptide (Sigma). Protein concentration was measured against a
BSA serial dilution curve on a Coomassie-stained 8% (w/v) SDS-PAGE gel for
proteins larger than 50 kDa, or against an RNase A serial dilution curve on a
15% (w/v) SDS-PAGE gel for proteins smaller than 30 kDa. For analysis of
proteins expressed in rabbit reticulocyte extracts, pRSET derivatives, as indi-
cated, were added to a 50 pl TNT Quick Coupled Transcription/Translation
reaction (Promega) with [>>S]Met (Amersham Biosciences) as the sole source
of methionine and incubated for 90 min at 30 °C, according to the manu-
facturer’s instructions. TBS lysis buffer (1 ml) and 30 pl packed anti-Flag M2
agarose beads were then added, and samples were processed as described above.
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Electrophoretic mobility shift assays. Binding reactions were done in 10 mM
HEPES (pH 7.8), 75 mM KCl, 2.5 mM MgCl, 0.1 mM EDTA, 1 mM DTT, 3%
(v/v) Ficoll and 50 pg ml™! poly(dI-dC). DNA oligomers were 5" end-labeled
with [y3?P]dATP by T4 polynucleotide kinase (NEB) and separated from
unincorporated activity using a Micro Biospin column (BioRad). For the direct
binding assays, affinity-purified proteins and heat-denatured radiolabeled
oligomers were added sequentially at 10-min intervals, incubated 20 min at
25 °C, electrophoresed through a 5% (w/v) nondenaturing polyacrylamide gel
in 1x TBE at 250 V and analyzed by autoradiography. For competition assays,
proteins were incubated with a 20- or 200-fold excess of unlabeled competitor
oligomers for 10 min at 25 °C, before the addition of the radiolabeled oligomer,
followed by an additional 20-min incubation at 25 °C.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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