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1. Introduction:

The mechanism of DNA replication used by all known polymerases predicts one
problem: at the end of DNA replication, after removal of the last RNA primer, there will be a
loss of 7-12 nucleotides at one 5' end of a newly synthesized chromosome. This loss of
DNA is compensated for by telomerase, an reverse transcriptase that uses an RNA template
to extend the 3' ends. The conventional DNA polymerase can then repair the 5' ends. Since
telomerase RNA templates are C-rich, the 3' ends of chromosomes synthesized by
telomerase are G-rich and the strands are called G-strands. The other strands, repaired by a
DNA polymerase, are called C-strands. The chromosomal ends containing the repeated
sequences are called telomeres. In budding yeast, telomeres are about 300±75 bps,
consisting of repeated sequences TG 1_3/CI_3A(Wang et al., 1989; Wang and Zakian, 1990;
Zakian, 1995).

Cdcl3p is a budding yeast telomere binding protein in vivo and in vitro(Bourns et al.,
1998; Lin and Zakian, 1996; Nugent et al., 1996). It appears to play a central regulatory role
in telomere replication. cdc13-2 mutant cells have the phenotype as a mutant that lack
telomerase activity: telomeres shorten progressively until the cells senesce. However,
extracts from these cells have normal telomerase activity in vitro(Nugent et al., 1996). This
suggests that Cdcl3p might recruit telomerase activity in vivo. The cdcl3-1 mutant is a
temperature sensitive mutation. At the restrictive temperature, cells are arrested due to C-
strand specific degradation by an unknown mechanism. This degradation starts from the C-
strands of telomere ends and can go up to 20 kb into the chromosomes(Garvik et al., 1995).
Cdcl3p therefore appears to protect the telomeres from degradation. Studying Cdcl3p
interacting proteins might yield important information about telomere replication and
regulation.

2. Body:

Since joining in Dr. Virginia A. Zakian's lab in 1996, I have focused on studying Cdcl3p
and its interacting partners. Using a two-hybrid assay, I was able to identify proteins that
interact with Cdcl3p, which include: DNA polymerase (x catalytic subunit Pollp, the
essential telomere replication protein Estlp, Tao3p, Funl2p and others.

a. Cdcl3p-Estlp and Cdcl3p-Pollp interaction

The Cdcl3p-Pollp two-hybrid interaction was confirmed by a biochemical assay.
Pollp could be co-immunoprecipitated with Cdcl3p when both protein were expressed
from their own promoters. These data suggest that the two proteins are in the same
complex in vivo(Qi and Zakian, 2000).

Single-amino-acid mutations that disrupt the Cdcl3p-Pollp interaction were
generated by a random PCR mutagenesis assay. The single-amino-acid mutations
obtained in Pollp clustered together: D236N, E238K, P241T. Each amino acid change
disrupted the Cdcl3p-Pollp interaction to a different extent: D236N, 100%; E238K,
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50%; and P241, 90%. These mutations were placed back into the cells and the mutated
alleles have no general DNA replication defect or growth defect, but do have longer
telomeres. The extent of the lengthening of the telomeres is correlates with the severity
of the loss of the interaction(Qi and Zakian, 2000).

Cdcl3p residues involved in Cdcl3-Pollp interaction were also mapped by the same
PCR mediated random mutagenesis. They were throughout the protein. Two of the
mutations were placed back into the chromosome. These mutations also showed only a
long telomere phenotype(Qi and Zakian, 2000).

TPE(Telomere Position Effect on transcription) can be used as an indicator of
telomere structure. The mutations described above have no effect on TPE suggesting that
overall telomere structure is normal and the defect is restricted to termini(Qi and Zakian,
2000).

The Cdcl3p-Estlp two-hybrid interaction was confirmed by biochemical criteria.
Cdcl3p can be co pulled down by GST beads in cell extracts over-expressing both
Cdcl3p and GST tagged Estlp. Over-expression of an Estlp fragment partially
suppressed the lethality of cdc13-1. These data suggest that Cdcl3p interacts with Estlp
physically and genetically. cdc13-2 cells appear to lose the ability to recruit telomerase in
vivo. However cdcl3-2p still interacted with Estlp in a two-hybrid assay and a GST-
pull-down assay(Qi and Zakian, 2000). We propose that the Cdcl3p-Estlp interaction
results in a conformation change that is critical for recruiting telomerase activity. The
cdcl3-2 phenotype is not due to the loss of the interaction with Estip, but the inability of
the mutant proteins to undergo a conformation change.

The above results suggest: 1. DNA polymerase ox is the conventional enzyme
involved in C-strand repair during telomere replication. 2. Cdcl3p interacts with both the
telomerase component Estlp and the C-strand repairing enzyme Pollp to coordinates
telomere synthesis. Two models have been proposed: cooperation and competition, to
explain how Cdcl3p coordinates G-strand and C- strand synthesis.

b. Cdcl3p-Funl2p

Funl2p is a translation initiation factor in budding yeast(Choi et al., 1998). It was
found to interact with Cdcl3p in a two-hybrid screen. Using a PCR mediated random
mutagenesis assay, single-amino-acid mutations in Funl2p that disrupted Cdcl3p-
Funl2p interaction were isolated. They are 1634V, S628F, S566F and F843L. The first
two were placed back into the FUN12 locus on chromosome I. Mutants showed no
growth defects and no telomere length defects. The meaning of this interaction remains
unknown. Further studies are in progress.

c. Cdcl3p-Tao3p

Tao3p function is unknown. Deletion of tao3 results in cell aggregation. The C-
terminus of Tao3p was isolated from a two-hybrid library screen by interacting with
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Cdcl3p. Deletion of this C-terminus showed the same phenotype as the null: cell
aggregation. The reason for this cell aggregation is unknown. To confirm that the
aggregation is due to the loss of interaction with Cdcl3p, single-amino-acid mutations on
Cdcl3p will be screened, and protein expression will be measured. The reason of cell
aggregation will be studied.

d. two-hybrid interactions between Cdcl3p and Hdflp, Hdf2p; Pollp and Hdflp,
Hdf2p

Hdflp and Hdf2p are the two subunit of the Ku complex in yeast(Boulton and
Jackson, 1996. Null mutant of hdf 1 or hdf2 is viable at 300C, but senescence quickly at
370C; Boulton and Jackson, 1998). Telomeres are shorter than wild type, and there are
constitutive single-stranded G-tails at telomeres(Gravel et al., 1998). The constitutive G-
tails could be due to in C-strand synthesis by Pol a or due to a failure in C-strand
protection. I tested the two-hybrid interactions between Cdcl3p and Hdflp, Hdf2p,
Pol lp and Hdflp, Hdf2p. The results were all negative. I also made the double mutation
hdfl::HIS3 poll-2 3 6 , reasoning that if Hdflp is in the same pathway as Cdcl3p in terms
of recruiting Pol a activity, the double mutants would have a more severe phenotype.
They might senesce faster and have shorter telomeres. These results were also negative.
The double mutation senesced slower and had slightly longer telomeres than hdfl null.
These data suggest that Hdflp, unlike Cdcl3p, is not involved in C-strand synthesis. It is
more likely involved in C-strand protection.

e. Two-hybrid interaction between Cdcl3p and Stnlp, Pollp and Stnlp

Telomere protein Stnlp is a Cdcl3p interacting protein(Grandin et al., 1997). The
stnl-13 mutant has a similar phenotype as the cdc13-1. These two proteins might
potentially form a complex in vivo. Therefore, Stnlp might be also involved in recruiting
Pol a activity. To test this possibility, full-length STN1 was cloned into the prey vector
in the two-hybrid system. Consistence with C. Nugent's data ( Personal communication),
it interacts with Cdcl3p and Cdcl3-1p, but not with Cdcl3-2p. Stnlp also interacts with
the N-terminal fragment of Pollp in the two-hybrid assay. I will test if the interaction is
independent of Cdcl3p and if the interaction is a direct physical interaction.
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Key Research Accomplishments

-Identified an interaction between Cdcl3p and Pollp, the catalytic subunit of DNA
polymerase (x.

-Identified an interaction between Cdcl3p and Estlp, an essential protein for
telomerase activity.

-Showed that Cdcl3p and Pollp are in the same complex in vivo by
immunoprecipitation.

-Showed that yeast cells develop abnormally long telomeres with no noticeable
growth defect if they express any one of the mutant poll proteins or cdc13 mutant
proteins.

-Concluded that the Pollp subunit of DNA polymerase x is responsible for C-strand
re-synthesis during telomere replication.

-Suggested that telomere length is regulated by the interactions of Cdcl3p with Pollp
and Estlp to balance opposite directions of G-strand and C-strand synthesis.

-Proposed models for regulation: Competition or Coordination.

-Proposed model for Cdcl3p recruiting telomerase activity: Cdc13p-Estlp interaction
results a conformational change that favors the recruitment of telomerase activity.

-Discovered two-hybrid interactions between Cdcl3p and Funl2p, and Cdcl3p and
BlOp.

-Isolated single-amino-acid mutations in Funl2p that disrupted the interaction with
Cdc 13p.

-Showed that the deletion of the Cdcl3p interacting domain in Tao3p gives the same
phenotype as tao3 null cells: cell aggregation.

-Discovered that Hdflp is not involved in C-strand synthesis. Hypothesized that
Hdflp is involved in C-strand protection.

- Discovered a two-hybrid interaction between Pollp and Stnlp.

Reportable Outcomes

Publication:
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Haiyan Oi and Virginia A. Zakian. "The Saccharomyces telomere binding protein
Cdcl3p interacts with both the catalytic subunit of DNA polymerase (X and the
telomerase associated Estl protein" Gene & Develop. (2000) 14(14): 1777-1788.

Products:

Created yeast strains that express mutant forms of Pollp, Cdcl3p, Funl2p and BlOp.

Conclusions:

Cdc13p plays an important regulatory role in yeast telomere replication: limits C-strand
degradation, recruits telomerase and DNA polymerase cx activity, and regulates G-strand and C-
strand synthesis in telomere replication.

Pol cx is the C-strand synthesis enzyme.
Ku complex is not involved in C-strand re-synthesis, but might be involved in C-strand

protection.
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The Saccharomyces telomere-binding
protein Cdcl3p interacts with both the
catalytic subunit of DNA polymerase a
and the telomerase-associated Estl protein
Haiyan Qi and Virginia A. Zakian'

Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544-1014

Saccharomyces telomeres consist of -350 bp of C1.3A/TG1 .3 DNA. Most of this -350 bp is replicated by
standard, semiconservative DNA replication. After conventional replication, the C1 .3 A strand is degraded to
generate a long single strand TG1 .3 tail that can serve as a substrate for telomerase. Cdcl3p is a single strand
TG,-3 DNA-binding protein that localizes to telomeres in vivo. Genetic data suggest that the Cdcl3p has
multiple roles in telomere replication. We used two hybrid analysis to demonstrate that Cdcl3p interacted
with both the catalytic subunit of DNA polymerase ai, Pollp, and the telomerase RNA-associated protein,
Estlp. The association of these proteins was confirmed by biochemical analysis using full-length or nearly
full-length proteins. Point mutations in either CDC13 or POLl that reduced the Cdcl3p-Pollp interaction
resulted in telomerase mediated telomere lengthening. Over-expression of the carboxyl terminus of Estip
partially suppressed the temperature sensitive lethality of a cdcl3-1 strain. We propose that Cdcl3p's
interaction with Estip promotes TG,. 3 strand lengthening by telomerase and its interaction with Pollp
promotes C1 .3A strand resynthesis by DNA polymerase a.

[Key Words: Telomere replication; telomerase; DNA polymerase; CDC13; POLl; ESTI]

Received April 10, 2000; revised version accepted May 25, 2000.

In most eukaryotes, telomeres, the physical ends of chro- leaves an 8-12 base gap at the 5' end of newly replicated
mosomes, consist of simple repeated DNA sequences DNA molecules, a gap that can not be repaired by a con-
and their associated proteins. Chromosomes in Saccha- ventional DNA polymerase. In most eukaryotes, includ-
romyces cerevisiae end with -350 bp of duplex C 1 _3A/ ing yeast, the end replication problem is solved by telom-
TG1 .3 DNA. In organisms where the structure at the erase, a reverse transcriptase that is able to extend the
very end of the chromosome has been examined, the short G-tail left after RNA primer removal, using an in-
G-rich strand is extended to form a single-strand tail. tegral RNA as its template. There are at least five Sac-
Telomere-associated proteins include proteins that di- charomyces genes that are required for the telomerase
rectly bind to either duplex or single-stranded telomeric pathway in vivo, EST1, EST2, EST3, TLC1, and CDC13
DNA as well as those that are brought to the telomere by (for review, see Nugent and Lundblad 1998). Mutation of
protein-protein interactions. The major Saccharomyces any one of these genes causes a gradual loss of telomeric
telomere protein is the duplex C,. 3A/TG,_3 binding pro- DNA or est (ever shorter telomere) phenotype, consis-
tein Raplp (Conrad et al. 1990; Wright et al. 1992; tent with incomplete replication of chromosome ends.
Wright and Zakian 1995). The Cdcl3p protein, which However, the products of only two of these genes, TLC1,
binds ss TG,-3 DNA in vitro (Lin and Zakian 1996; Nu- which encodes the RNA component of telomerase, and
gent et al. 1996), is also localized to telomeres in vivo EST2, the gene for its catalytic component, are essential
(Bourns et al. 1998). Unlike Raplp, Cdcl3p does not bind for telomerase activity in vitro (for review, see Nugent
to internal tracts of C 1 -3A/TG,_3 DNA (Bourns et al. and Lundblad 1998). Estlp is associated with TLC1 RNA
1998), suggesting that its association with the telomere (Lin and Zakian 1995; Steiner et al. 1996) and also binds
is due to its ability to bind ss TG 1 3 DNA. ss TG1 .3 DNA in vitro (Virta-Pearlman et al. 1996; Zhou

Telomeres are required for the complete replication of et al. 2000). EST1 mutations that reduce Estip binding to
linear chromosomes. After replication by a conventional telomerase RNA have an est phenotype (Zhou et al.
DNA polymerase, removal of the terminal RNA primer 2000). Given that Cdcl3p, an in vivo telomere-binding

protein (Bourns et al. 1998), is not required for telomer-

'Corresponding author. ase activity in vitro (Lingner et al. 1997a), an appealing
E-MAIL vzakian@molbio.princeton.edu; FAX (609) 258-1701. model is that Cdcl3p recruits telomerase to the telo-
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mere. This model is supported by the demonstration that support for a model in which Cdcl3p promotes the
a Cdcl3p-Est2p fusion protein bypasses the requirement telomerase pathway by recruiting EstIp to the telomere.
for both EstIp and Est2p (Evans and Lundblad 1999). We propose that Cdcl3p's interaction with Pollp pro-

Analysis of telomere replication intermediates re- motes C-strand resynthesis.
vealed an unexpected step in telomere replication. Con-
ventional semiconservative replication of the telomeric
C,-3A/TG,_3 repeats occurs late in S phase (Wellinger et Results
al. 1993a). After conventional replication is complete, Cdci3p interacts with Pollp by two hybrid criteria
both ends of individual chromosomes acquire 50-100
base ss TG1_3 tails (Wellinger et al. 1993a, b). Because A two hybrid screen (Fields and Song 1989; Gyuris et al.
these G-tails are detected in cells lacking telomerase 1993) was used to identify proteins that interact with
(Dionne and Wellinger 1996; Wellinger et al. 1996), they Cdcl3p in vivo. The first 600 amino acids of the 924
must be generated by C-strand degradation. As Cdcl3p amino acid Cdcl3p were expressed as a fusion to the
binds efficiently to both 43 and 270 base TGI. 3 tails in LexA DNA binding domain and used as bait in the yeast
vitro (Lin and Zakian 1996), these long G-tails are suit- strain YEMlcr, which carries two reporter genes, LEU2
able substrates for Cdcl3p; and indeed, genetic data re- and LacZ (Fig. 1; the fusion polypeptide encoded by this
veal that Cdcl3p regulates C-strand degradation. When plasmid is called Cdcl3Np). The amino acid changes
cdcl3-1 cells are grown at restrictive temperatures, they that confer the cdcl3-1 and cdc13-2 phenotypes are both
accumulate ssDNA that extends from the telomere contained within this amino-terminal segment of
many kilobases towards the center of the chromosome Cdcl3p (Lin and Zakian 1996; Nugent et al. 1996), and
with the C-strand being preferentially degraded (Garvik this region is sufficient to target Cdcl3p to telomeres in
et al. 1995). C-strand degradation was unanticipated as it vivo (Bourns et al. 1998). A library that produces galac-
exacerbates the end problem of replication by creating a tose-inducible proteins as fusions of polypeptides en-
large gap at both ends of individual chromosomes. coded by segments of yeast chromosomal DNA and a

It is unclear when or how often telomerase acts on a transcriptional activation domain from Escherichia coli
given chromosome end. As the rate of telomerase length- (Watt et al. 1995) was introduced into YEMla cells car-
ening is inversely proportional to telomere length (Mar- rying the bait plasmid. If a library plasmid produces a
cand et al. 1999), it is possible that only short telomeres fusion protein that interacts with Cdcl3Np, it will acti-
are substrates for telomerase. Although telomerase ac- vate the LEU2 gene, allowing growth on media lacking
tivity can be detected in extracts prepared from cells leucine. A fusion protein that interacts strongly with
throughout the cell cycle, formation of new telomeres is Cdcl3Np will also activate the lacZ gene, generating
restricted to late G2/M phase (Diede and Gottschling blue color when cells are assayed for p-galactosidase ac-
1999). Regardless of whether or not a given telomere is
acted upon by telomerase, its C-strand must be resyn-
thesized as long ss TG5 .3 tails are not detected in post Bait

S/G2 phase cells (Wellinger et al. 1993a,b). Presumably, ___I___1_0_____ 24_

C-strand resynthesis is accomplished by a conventional Cdcl3Np. 1-600 aa ... .. . 924 as
DNA polymerase, although the polymerase that carries Preys:
out this step has not been identified, nor is it known how
DNA polymerase is recruited to the transient G-tail. Af- EstlCp 499-699 aa- 699 aa

ter the 8-12 base RNA that is expected to prime C-strand
resynthesis is removed, newly replicated telomeres Poll Np, 13-392 aa ........................... 1468aa

should bear an 8-12 base ss TG,-3 tail. As duplex telo-
meric DNA bearing a five or 10 base TG,-3 tail is bound Funl2Mp, 286-934 aa , . 1002
by Cdcl3p in vitro (Lin and Zakian 1996), newly repli- Est2p, 1-884 as. ............. 884 aa

cated telomeres are suitable substrates for Cdcl3p.
Cdcl3p appears to be a key regulatory protein in telo-

mere replication as it functions at two critical steps in Y1L129C-Cp, 2286-2376aa *.... 2376aa

yeast telomere metabolism, C-strand degradation and G- Figure 1. Polypeptides used in the two-hybrid assay. Dotted
strand elongation. To gain insight into how Cdcl3p regu- regions indicated the portion of Cdcl3p expressed from the bait
lates these steps, we identified proteins that interact plasmid pEG202 and the portions of proteins expressed from the
with Cdcl3p in vivo. We found that Cdcl3p interacts prey vector pJG4-5 (not to scale). The fusion of the amino-ter-
with the catalytic subunit of DNA polymerase ot, Pollp, minal region of Cdcl3p with the LexA DNA binding domain is

and Estlp, by both two hybrid and biochemical criteria, referred to as Cdcl3Np in the text. Prey proteins are similarly

Mutations in either CDC13 or POLl that disrupt the named; e.g., PollNp refers to the fusion of 379 amino acids from
near the amino-terminus of Pollp to the activation domain pep-

Cdcl3p-Pollp interaction affect telomere length. Over- tide. The amino acid numbers after the name of each protein
expression of the portion of EstIp that interacted with indicates the specific amino acids expressed from the two-hy-
Cdcl3p by two hybrid criteria partially suppressed the brid vector. The numbers to the right of the schematic for each
temperature sensitive lethality of a cdcl3-1 strain. The protein indicate the number of amino acids in the full-length
interaction of Cdcl3p with Estlp provides additional protein.

1778 GENES & DEVELOPMENT
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tivity. Colonies expressing interacting fusion proteins A
were selected by their ability to grow on galactose media Gal-Leu Glu-Leu
lacking leucine (Fig. 2A) and then screened for produc-
tion of blue color by a filter LacZ assay (Breeden and
Nasmyth 1985).

From a screening of more than 5 x 106 colonies, we Positive Cdcl3Np
obtained three positive clones. DNA sequence analysis Control /PollNp

revealed that the plasmids contained amino acids 13-392
from the 1468 amino acid Pollp, amino acids 286-934 Negative CoNetive

from the 1002 amino acid Funl2p, and amino acids oi-

2286-2376 from the 2376 amino acid YIL129C (Fig. 1; Cdcl3Np

the fusion polypeptides encoded by these prey plasmids /cRaf
were named PollNp, Funl2Mp, and YIL129C-Cp). The
essential gene FUN12 encodes a protein that is 27% Glu-His-Trp
identical to the E. coli IF2 protein and, like its bacterial
counterpart, is involved in the initiation of protein syn-
thesis (Choi et al. 1998). Virtually nothing is known B
about the function of YIL129C. Pollp is the catalytic `0
subunit of DNA polymerase a, one of three yeast poly- C CJ ,
merases required for chromosomal DNA replication
(Waga and Stillman 1998). Given its central role in DNA U > - >. = -

replication and the fact that certain POLl mutations 45
cause telomere lengthening (Carson and Hartwell 1985; Cd 2 ) M)C' C C C

Adams and Holm 1996), we decided to focus on the in-
teraction between Pollp and Cdcl3p. kDa 1 2 3 1 2 1 2 3

By the criteria of a two hybrid assay, the interaction of
PollNp with Cdcl3Np was both specific and strong (Fig. 175 4-PolIp

2A). Activation was seen only on galactose medium, not
for glucose-grown cells, and required the presence of
both the bait and prey plasmids (negative controls 1 and 83.5 - N Sc C
2; Fig. 2A). The POLl polypeptide did not activate in ÷ Non-Specific
cells expressing other baits, such as LexA::cRafp (a gift Total Sup. IP
from E. Golemis) (Fig. 2A, cRaf). Cells expressing theiracting Polm (pig 2An Cdcl3Np polypexptiessg grew a Figure 2. Cdcl3p interacted with Pollp, the catalytic subunitinteracting PollNp and Cdcl3Np polypeptides grew as of DNA polymerase ct. (A) Cells expressing prey and/or baitwell on plates lacking leucine as the strongly interacting proteins were streaked on galactose plates lacking leucine
proteins Rpb4p and Rpb7p, two subunits of RNA poly- (Gal-Leu). Galactose induces expression of prey proteins and
merase II (Khazak et al. 1995) (Fig. 2A, positive control), growth in the absence of leucine requires interaction of bait
and produced a similar amount of 3-galactosidase by a and prey polypeptides. Alternatively, cells were streaked on
LacZ filter assay (data not shown). glucose plates lacking leucine (Glu-Leu) where prey proteins are

not expressed or glucose plates lacking histidine and trypto-
phan (Glu-His-Trp), which selects for maintenance of both

Full-length Cdcl3p and Pollp interact by biochemical the prey and bait plasmids but not for interaction of their
criteria products. The positive control was cells expressing two sub-

Immunoprecipitation (IP) was used to determine if the units of RNA polymerase II, Rpb4p and Rpb7p. The nega-
interaction between Cdc13Np and PollNp detected by tive controls were cells expressing Cdcl3Np and carrying theempty prey vector pJG4-5 (Negative Control-l), cells express-
two-hybrid analysis reflected an in vivo association of ing PollNp and carrying the empty bait vector pEG202 (Nega-
full-length proteins (Fig. 2B). Extracts were prepared tive Control-2), and cells expressing Cdcl3Np and a Lex-
from cells carrying the endogenous copies of both genes A::cRafp fusion protein (gift from E. Golemis) (Cdcl3Np/cRaf).
expressed from their own promoters with the only modi- (B) Extracts from cells carrying an MYC3-tagged Cdcl3p were
fication being the introduction of three MYC epitopes at immunoprecipitated by monoclonal anti-MYC antibody immo-
the Cdcl3p carboxyl terminus. Cells with the MYC 3- bilized on protein-A and protein-G beads. The extract prior to
tagged CDC13 allele had a normal growth rate and no immunoprecipitation (Total), the supernatant from the immu-
detectable change in telomeric DNA (data not shown). noprecipitate (Sup.), and the immunoprecipitate (IP) were

Monoclonal anti-MYC antibody was used to immuno- analyzed by Western blotting using both anti-MYC and
antiPollp monoclonal antibodies. Although Cdcl3p was not

precipitate MYC 3-tagged Cdcl3p. The precipitate was visible in the total cell extract in this gel, it was detectable
analyzed by Western blotting using both a monoclonal when more protein was loaded. Extracts were prepared from
anti-Pollp (a generous gift from Dr. P. Plevani) and cells containing 3XMYC (lanes 1,2) or untagged (lane 3) Cdcl3p.
anti-MYC antibodies. MYC 3-Cdcl3p was readily de- Cells had either the wild-type POLl (lanes 1,3) or the poll-236
tected in the anti-MYC immunoprecipitate (Fig. 2B). allele (lane 2). The nonspecific band was detected by the anti-
Cdcl3p appeared as a doublet, because of its existing in MYC serum.
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different phosphorylated states in vivo (A. Taggart and essentially abolished in po11-236 (D236N), reduced
V.A. Zakian, unpubl.) (Fig. 2B, panel IP). Pollp was de- -50% inpoll-238 (E238K) and reduced-90% inpoll-241
tectable in the anti-MYC immunoprecipitate (Fig. 2B, (P241T) (Fig. 3C).
lane 1 IP) but only if the extract was prepared from a
strain with an MYCg-tagged Cdcl3p (Fig. 2B, cf. lanes 1
and 3, IP). We conclude that full-length Pollp and Mutations in Pollp that disrupt the interaction

Cdcl3p interact in vivo. with Cdcl3p result in longer telomeres

To determine the importance of the Cdcl3p-Pollp in-
identification of PollNp mutations that reduce its teraction, each of the three POLl mutations that re-
ability to interact with Cdcl3Np duced or eliminated this interaction by two-hybrid cri-

teria was introduced into the chromosomal copy of

To identify point mutations in PollNp that disrupted POLl, using the integration plasmid pCM1 (Lucchini et
the Cdcl3p-Pollp interaction, we used PCR to muta- al. 1988). In thesepoll haploid isolates, the mutant allele
genize the 379 amino acid fragment of Pollp identified in was the only copy of POLl, and Pollp was expressed
the two-hybrid screen (Leung et al. 1989; Zhou et al. from its own promoter. Strains carrying the poll-236,
1991). The mutagenized fragments were then assessed 238, or 241 alleles grew as well as wild-type cells at 230 C,
for their ability to interact with Cdcl3Np in the two- 30'C and 37 0 C (data not shown). Thus, none of the mu-
hybrid assay. Transformants that produced white colo- tant alleles eliminated an essential function of Pollp.
nies in the lacZ filter assay were chosen for further To determine if telomere length is altered in the poll
analysis. Out of _106 colonies, three mutants gave white mutant strains, DNA was prepared from wild-type and
or pale blue colored colonies in the LacZ filter assay and mutant cells, digested with XhoI, and analyzed by South-
produced full-length polypeptides by Western analysis ern blotting using a telomere probe (Fig. 4A). XhoI diges-
(Fig. 3B). As each of these mutants produced normal tion generates a -1.3-kb terminal fragment from Y'-bear-
amounts of PollNp, their failure to interact in the two ing telomeres, which make up about two-thirds of the
hybrid assay was not attributable to failure in protein telomeres in yeast, and multiple larger sized bands from
expression. DNA sequencing showed that each of the X-bearing telomeres. Each of the poll mutants caused an
three had a single amino acid substitution: aspartic acid increase in the length of X' and Y' telomeres (Fig. 4A).
to asparagine at residue 236 (D236N), glutamic acid to Cells with the poll-236 allele, the allele that essentially
lysine at residue 238 (E238K), and proline to threonine at eliminated the PollNp-Cdc13Np interaction by two-hy-
residue 241 (P241T), respectively (Fig. 3A). Mutations brid criteria (Fig. 3C), had telomeres that averaged 150-bp
were named poll-236, 238, and 241 according to the longer than wild type (Fig. 4A, lanes 2,3). The poll-238
amino acid residue that was mutated. cells had telomeres that were -40 bp longer than wild

To estimate the extent of loss of the PollNp-Cdcl3Np type (Fig. 4A, lanes 5,6) and an -50% reduction in the
two-hybrid interaction in each of the poll mutants, a PollNp-Cdcl3Np interaction (Fig. 3C). The poll-241
quantitative liquid lacZ assay was performed (Guarente cells had telomeres that were -90 bp longer than wild
1983). Using this assay, interaction with Cdc13Np was type (Fig. 4A, lanes 8,9) and an -90% reduction in the

Figure 3. Analysis of poll alleles that dis- A
rupt interaction of Pollp with Cdcl3p. (A) poll-236,

Positions of functional domains and loca- 238,241 hpr3 cdcl7-2 cdc17-1
tions of various mutations within Pollp ......... IPollp. 1468aa
are indicated. Mutations in bold disrupted interacts human interacts Catalytic domain DNA
Pollp interaction with Cdcl3p. Positions with conserved with binding

or regions containing mutations character- Cdcl3p primase

ized in other labs are also shown: hpr3
(G439E), cdcl7-2 (G637D), cdcl 7-1 (G904D) C 120.

(Pizzagalli et al. 1988; Lucchini et al. 100
1990). (B) The wild-type (lane 1) or mutant 100
(lanes 2-7) proteins were expressed from 80. 60
the pJG4-5 vector under control of a GALl B t 6o
promoter. The allele number of the ex-
pressed protein is indicated above the Wt 236 238 241 9 22
lanes. Proteins expressed from pJG4-5 are r--7- i r--1i 20

fused to a transcriptional activation do- kDa 1 2 3 4 5 6 7 0
main and an HA epitope. Cell extracts 175- " 6
were analyzed from two different isolates 1 v' Y'r "IV

for each mutation using Western blotting 83.5- wbwith an anti-HA antibody. (CQ Extracts ° " °'0• °

were produced from strains expressing
both Cdcl3Np and either the pJG4-5 vector alone or pJG4-5 with the wild-type POLl segment or one of the point mutants, as indicated

below. Data are the average of three independent 3-galactosidase measurements. Error bars, S.D.
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A W 236 wi 238 wt 241 wt B cdc13 poll

_ - wt 50 wt 236 wt
1 2 3 4 5 6 7 8 9 10 r-

Ix 4x Ix 4x restreak

kb 1 2 3 4 5 6 7

11 -kb

9-

7 17 9 !

6 877

6-

4-

3 Figure 4. The poll alleles that disrupt Pollp-Cdcl3p interaction
4 fcause telomere lengthening. (A) Genomic DNA was isolated from
3 wild type and two independent isolates for each of the three poll

alleles (allele numbers are above the lanes), digested with XhoI
2 0& "'1 and analyzed by Southern hybridization using a telomeric probe.
1.6 (Lanes 2, 3) poll-2 36 cells; (lanes 5, 6) poll-2 3 8 cells; (lanes 8, 9)

1.6- ; poll-241 cells. (Lanes 1, 4, 7, 10) DNA from an otherwise isogenicSwild-type strain. (B) Cells of the indicated genotype were streaked
on complete media right after meiosis and allowed to form colo-
nies. DNA was prepared from colonies after the first restreak (-55

I •divisions postgermination) and after four restreaks (-130 genera-

tions). DNA was analyzed as described for panel A. DNA is from
C 236 238 241 war wild type (lanes 1, 4, 7), cdcl3-50 cells (lane 2, 55 divisions; lane

(kda��) 3, 155 divisions), and poll-236 cells (lane 5, 55 divisions; lane 6,
Pollp 0- G-175 155 divisions). (C) Western analysis was carried out using DNA

from POLl or poll-236, -238, and -241 strains expressing
Cdc 3p o-8 3XMYC- Cdcl3p (mutant allele indicated above the lanes; ex-

1 2 3 4 5 6 7 tracts from two independent mutant isolates are shown for each
mutant allele). Extracts were analyzed by SDS-PAGE and West-
ern blotting using the anti-Pollp serum (top) or anti-myc serum

D FOA YC-Ura C(lower panel). The minor differences in protein levels were not
wt • reproducible. (D) To measure telomere position effect, ten-fold

poll-236 Kserial dilutions of otherwise isogenic strains that were either wild
wt type (wt) or contained the indicated mutations and having URA3

cdc3-50 next to the left telomere of chromosome VII were spotted onto

cdcl3-523 plates containing complete medium plus FOA, complete medium
lacking uracil (YC-uracil), or complete medium (YC).

PollNp-Cdcl3Np interaction (Fig. 3C). The increase in detected on yeast telomeres at the end of S phase (Well-
telomere length seen in these mutants was not progres- inger et al. 1993b) but not in DNA from log phase cul-
sive, as telomeres were equally long at -55 and -130 tures except in strains that are defective in their process-
divisions after sporulation (Fig. 4B). This telomere ing, as occurs in cdcl3-1 cells growing at high tempera-
lengthening was telomerase-mediated as lengthening tures (Gravel et al. 1998) or hdfl strains that lack the Ku
was not seen in a tlcl po11-2 3 6 double mutant strain heterodimeric complex (Gravel et al. 1998; Polotnianka
(data not shown). As Western analysis showed that each et al. 1998). Using the nondenaturing hybridization
of the mutant alleles produced essentially wild-type lev- method described in Dionne and Wellinger (1996), G-
els of both Pollp and Cdcl3p (Fig. 4C), the differences in tails were not detected at pol1-236 telomeres whereas
telomere lengths are unlikely to be attributable differ- G-tails were readily detected on cdcl3-1 and hdflA telo-
ences in the abundance of either protein. meres (data not shown). Thus, by the limits of this assay,

Telomere position effect, (TPE), refers to the fact that a mutation that disrupted Cdcl3p-Pollp interaction did
genes placed near a yeast telomere are transcriptionally not affect G-tail structure.
repressed (Gottschling et al. 1990). Certain POLl alleles The poll-236 mutation eliminated interaction of
that affect the catalytic activity of polymerase u cause PollNp with Cdcl3Np, as monitored by the two-hybrid
telomere lengthening, loss of TPE, and altered G-tail me- assay (Fig. 3C). To determine if this mutation eliminated
tabolism (Adams-Martin et al. 2000). To monitor TPE, the interaction of full-length Pollp and full-length
the URA3 gene was placed next to the left telomere of Cdcl3p, we carried out the same experiment used to
chromosome VII in the poll-236 strain and the fraction detect the interaction of these proteins in wild-type cells
of cells able to grow on FOA medium determined. As the (Fig. 2B). A protein extract was prepared from poll-236
poll-236 strain had the same fraction of FOAR cells as an cells expressing a MYC 3 -tagged Cdcl3p. The extract was
isogenic wild-type control (Fig. 4D), TPE was not af- immunoprecipitated with anti-MYC antibodies and ana-
fected by the poll-236 mutation. Long TG,-3 tails are lyzed by Western blotting using both anti-MYC and anti-
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Pollp antibodies. The amount of Poll-236p in the im- duced full-length protein, DNA sequencing revealed that

munoprecipitate was reduced substantially but not 12 contained a single amino acid mutation, and two con-

eliminated (Fig. 2B, IP panel, lane 2). The residual inter- tained multiple point mutations. The single mutations
action between Cdcl3p and Poll-236p suggests that the were spread throughout the 600 amino acids of Cdcl3Np

Pollp-Cdcl3p interaction is mediated by more than one (Fig. 5A). As with the poll mutations, these alleles were
region in Pollp and/or that other subunits of polymerase named according to the mutated amino acid residue.

a contribute to its interaction with Cdcl3p. Eight of the 12 mutant polypeptides were expressed at
wild-type levels, and six of these still interacted with
Funl2Mp in the two hybrid assay, one of three polypep-

Mutations in CDC13 that disrupt the Cdcl3Np- tides identified as interacting with wild-type Cdcl3Np
PollNp interaction cause long telomeres (summarized in Fig. 5B). Mutants cdcl3-50 (K50Q),

To identify mutations in CDC13 that disrupt the cdcl3-124 (C124R), cdcl3-129 (L129S), cdcl3-228

Cdcl3Np-PollNp interaction, the 600 amino acid frag- (S228P), cdcl3-392, (L392P) and cdcl3-523 (I523V) were
ment of Cdcl3p used in the initial two-hybrid screen defective specifically in their ability to interact with
(Fig. 1) was mutagenized by PCR. The mutagenized seg- PollNp, and these defects were not due to reduced pro-

ments were reintroduced into the yeast two hybrid tein expression.
strain, and mutants that failed to interact with PollNp To determine the phenotypes of cdcl3 alleles that re-

were identified by their generating white colonies in the duced the Cdcl3Np-PollNp interaction, we introduced

lacZ filter assay. Of the 14 candidate mutations that pro- two of the mutations, cdcl3-50 and cdcl3-523, on a cen-

A

4.4. H. 4) J4)H. 4.) 4 4..

"Cdcl3p,924aa

B

Cdcl3Np Mutation Interaction with Interaction with Protein
Proteins PollNp (LacZ Fun12Mp (LacZ Expression

activity) activity)
Cdcl3Np .. +++ +++
cdcl3-50 (K5OQ)- - +++
cdc13-72 (72T) -++

Figure 5. Alleles of CDCI3 that disrupt interac- cdc13-98 (D98F) -++

tions with POLl. (A) The portion of Cdcl3p that cdc13-124 (C124R) - +++

was used as bait in the two-hybrid screen is repre- cdc13-129 (K129R) -++ +

sented by the dotted region. Asterisks mark the sites cdcl3-149 (1149S) -
cdc13-228 ($228P) -+ .. ++.

of single amino acid substitutions that reduced the cdc13-243 (G243R) -++

interaction of Cdcl3Np with PollNp by two hybrid cdc13-382 (Y382H) - +++ Degraded
criteria. The alleles in bold are those used for phe- cdc13-392 (L392P) - +++
notypic analyses. The locations of the cdcl3-1 and cdc13-400 (V400A) + .+
cdc13-2 alleles are also indicated (+) (Lin and Zakian cdcl3-523 (I523V)* - +.+

1996; Nugent et al. 1996). (B) Alleles for cdcl3 poly- cdcl3-1 (P371S) ++ NT ...
peptides that lost interaction with PollNp are cdcl3-2 (E252K) +.. NT ...
named by the number of the mutated residue. The
amino acid change in each allele is noted in paren- C
theses. Each mutant allele was checked for its abil-
ity to interact with both PollNp and Funl2Mp in cdct3-50 cdc13-523
the two hybrid assay using the LacZ filter assay. spores spores
Western blotting was used to determine if strains 1 2 3 4 5 6 7 8
carrying the mutant allele made wild-type levels of
Cdcl3p. (NT) Not tested (+++) wild-type levels of kb
interaction or protein expression, (-) no interaction
or protein expression; (_, +, and ++) intermediate lev- 2.0 0

els of interaction or protein expression. (C) XhoI di-
gested DNA from wild-type strain or cdc13A strains
carrying a centromere plasmid with mutant cdcl3 1.6 -

alleles (cdc13-50 and cdc13-523) that disrupted in-
teraction of Cdcl3Np with PollNp was analyzed by
Southern blotting. Only the lower portion of the gels I
is shown. (+) Wild type (-) mutant cdc13 alleles. + + + +
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tromere plasmid into a cdcl3A strain such that the mu- A
tant allele was the only copy of CDC13 in the strain. Gal-Leu Glu-leu
These alleles were chosen because they produced stable
protein and had little or no interaction with PollNp by
two hybrid criteria, yet continued to interact with Potitive CdcI3Np
Funl2Mp (Fig. 5B). The growth of cdcl3-50 and cdcl3- Control /EstICp
523 cells was comparable to that of wild-type cells at
230C, 30'C, and 37 0C (data not shown), but cdcl3-50 Negative Negative

(Fig. 5C, lanes 2,4) and cdcl3-523 (Fig. 5C, lanes 5,7) cells Control-I Control-2

had telomeres that averaged 50 bp longer than wild type Cdcl3Np

(Fig. 5C, lanes 1,3,6,8). As with the poll alleles, this IEst2p
lengthening was not progressive (Fig. 4B, cdcl3-50; cf.
lanes 2 and 3). Cells carrying the cdcl3-50 and cdcl3-523 Glu-His-Trp
alleles had wild-type levels of TPE (Fig. 4D).

Cdcl3Np interacts with EstlCp by two-hybrid, B
genetic, and biochemical criteria Est ICp/CdclI3Np [1

Telomere-bound Cdcl3p has been proposed to function 2

by recruiting telomerase to the telomere (Evans and EstlCp/cdcl3-1Np[• Gal-Leu
Lundblad 1999; Zhou et al. 2000). As both Estlp (Lin and EstlCp/cdcl3.2Np[5
Zakian 1995; Steiner et al. 1996) and Est2p (Counter et 6

al. 1997; Lingner et al. 1997a,b) are associated with TLC1 EstlCp/Vector [7

telomerase RNA, we tested the ability of Cdcl3Np to
interact with both EstIp and Est2p in the two-hybrid
assay. Full-length Est2p or the carboxy-terminal region Est]Cp/CdcI3Np
of EstIp (EstlCp) were cloned into the prey vector (Fig. 2
1). These plasmids were introduced into the two hybrid Est]Cp/cdcl3-1Np[ 3

reporter strain expressing Cdcl3Np. Cells expressing the E4 YC-His-Trp

Est2p fusion protein did not interact with Cdcl3Np in 5

the two-hybrid assay (Fig. 6A), although Western analy--.Vo
sis showed that the Est2p fusion protein was expressed
(data not shown). In contrast, EstlCp, which contained
the carboxy-terminal 200 amino acids of the 699 amino Figure 6. Cdcl3Np interacts with EstlCp in a two-hybrid as-

acid Estlp, did interact with Cdcl3Np as demonstrated say. (A) Two hybrid analysis demonstrates that Cdcl3Np inter-

by the growth of cells expressing EstlCp and Cdcl3Np acted with EstlCp but not with full-length Est2p. Positive and
negative controls are the same as in Figure 2A. B) Ten-fold

on plates lacking leucine (Fig. 6A,B). However, this as- ngatv otosaetesm si Fgue2.()Tnfl
serial dilutions of each strain were plated onto media selectingsociation was weaker than the Cdcl3Np-PolINp inter- for the two-hybrid interaction (Gal - Leu) or selecting for the

action, as expressing Cdcl3Np and EstlCp did not acti- two plasmids (YC-His-Trp). The terminal 600 amino acids from
vate the LacZ reporter gene (data not shown). By the two CDC13, cdcl3-1, or cdc13-2 were tested for their ability to in-
hybrid assay, EstlCp also interacted with mutant pro- teract with EstlCp.
teins Cdcl3-INp and Cdcl3-2Np (Fig. 6B).

Using the biochemical approach that detected interac-
tion of Cdcl3p and Pollp (Fig. 2B), we were unable to (Fig. 7A). HA-Cdcl3p was bound to the beads in extracts
detect association of endogenous Cdcl3p and Estlp (data from cells expressing GST-Estlp (Fig. 7A, upper right
not shown), perhaps because both proteins are rare and/ panel, lane 1) but not from cells expressing just the GST
or because their interaction within cells occurs only in a protein (Fig. 7, upper right panel, lane 4) or no GST pro-
transient manner. To demonstrate the interaction bio- tein at all (Fig. 7, lane 6). The telomere-unrelated protein
chemically, we prepared extracts from cells that overex- HA-elF-5Ap did not interact with GST-Estlp (Fig. 7, lane
pressed both proteins. GST-Estlp was expressed from 5). HA-Cdcl3-lp (Fig. 7, lane 2) and HA-Cdcl3-2p (Fig. 7,
the centromere plasmid pKT/EST1 (Mitchell et al. 1993) lane 3) also interacted with GST-Estlp in this assay.
using the inducible GALl promoter, and HA-tagged To assess if the Cdcl3Np-EstlCp interaction has in
Cdcl3p was expressed from the PGK1 promoter on the 2 vivo significance, we asked if high-level expression of

im-based plasmid pTHA/CDC13 (Lin and Zakian 1996). EstlCp could rescue the temperature-sensitive lethality
Although the GST-Estlp lacked the first 31 amino acids of cdcl3-1 cells (Fig. 7B). The maximum permissive tem-
of Estlp, it complemented an estl strain (Y. Yamashita, perature for cells carrying the cdcl3-1 allele was 28°C
unpubl.). Extracts were incubated with glutathione seph- although the isogenic wild-type strain grew well at 37°C.
arose (GS) beads. After extensive washing, the material Ten-fold serial dilutions of wild-type or cdcl3-l cells
bound to the beads was eluted and analyzed by Western were spotted on galactose (gal) or glucose (glu) plates
blotting for the presence of GST-Estlp and HA-Cdcl3p lacking tryptophan (galactose induces expression of the
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Figure 7. The interaction of Cdcl3p and Estip can eIF-5A *
be detected biochemically and has functional sig-
nificance. (A) Extracts were prepared from cells ex-
pressing HA-tagged wild type (lanes 1,4,6) or mutant Estlp -83

Cdcl3p (lane 2, cdcl3-1; lane 3, cdc13-2) or HA- -62
tagged eiF-5Ap (lane 5). Cells also expressed GST- Anti-GST
fused Estlp (lanes 1,2,3,5), the GST polypeptide
(lane 4) or no GST protein (lane 6). The total extract -32
was analyzed by Western blotting (left panels) with GST *

an anti-HA (top) or anti-GST sera (bottom). The ex-
tracts were incubated with glutathione sepharose 2 3 4 5 o 1 2 3 4
(GS) beads, and the bound proteins eluted (right pan- Total GST-bound
els) and analyzed by Western blotting as described B
for the unfractionated extract. (B) To determine the 1. Wt /vector
effect of EstlCp overexpression on growth, ten-fold
serial dilutions of the CDC13 strain carrying pJG4-5 2. Wt/vector
vector (lines 1,2); cdcl3-1 carrying pJG4-5 vector 3. cdcl3-1/vector
(lines 3,4); cdcl3-1 expressing Fun12Mp from the 4 cdcl3-1/vector
pJG4-5 vector (lines 5,6); cdcl3-l expressing EstlCp 5 c'cn-j Funl2Mp
from the pJG4-5 vector (lines 7,8) were plated on
galactose minus tryptophan medium and grown at 6. cdcl3-I/Funl2Mp
34°C (left) or glucose minus tryptophan medium and 7. cdcl3-I/EstlCp
grown at 34°C (middle) or glucose minus tryptophan 8. cdcl3-1 EstlCp
medium and grown at 25°C (right). Expression of Gal-8d J tGlu-Trp Glu-trp
EstlCp and Funl2Mp was under control of the ga- I I
lactose inducible GALl promoter. 340C 230C

fusion proteins; no tryptophan selects for the prey plas- Discussion
mid) and the plates incubated at different temperatures
(Fig. 7B). The cdcl3-1 cells carried either prey vector Two-hybrid analysis demonstrated that the amino-ter-
alone, the prey vector expressing Funl2Mp, or the prey minal two-thirds of Cdcl3p interacts with the amino
vector expressing EstlCp. All strains grew on glucose terminus of Pollp, the catalytic subunit of DNA poly-
plates at 250 (Fig. 7B, right panel); wild-type cells grew on merase a (Fig. 2A). This interaction was confirmed by
both glucose (Fig. 7B, middle panel) and galactose (Fig. demonstrating that full-length Cdcl3p and Pollp could
7B, left panel) plates at 34'. However, cdcl3-1 cells did be coimmunoprecipitated (Fig. 2B). The interaction
not grow at 340 unless they expressed EstlCp: Cells with could be direct or indirect, mediated by one or more as
EstlCp did not grow at 340 on glucose medium where yet unidentified proteins. Whether direct or not, this in-
EstlCp was not expressed (Fig. 7B, middle panel) nor on teraction is satisfying because polymerase a, by virtue of
galactose plates when expressing Funl2Mp (Fig. 7B, left its primase association, is the only eukaryotic polymer-
panel). Thus, high-level expression specifically of EstlCp ase that can initiate DNA replication (Waga and Still-
suppressed the temperature sensitivity of cdcl3-1 cells, man 1998) and is hence the best candidate for the poly-
suggesting that the EstlCp-Cdcl3Np interaction was merase that resynthesizes C-strand DNA. POLl muta-
significant. The suppression of the cdcl3-1 growth de- tions that reduced this interaction mapped to a
fect was partial: cdcl3-1 cells expressing EstlCp did not negatively charged, five amino acid patch within the
grow to the same dilution at 34' as the same strain at amino-terminal 379 amino acid segment of Pollp, iden-
250. Also, the expression of EstlCp did not allow cdc13-1 tified by two-hybrid experiments (Fig. 3A). Although the
cells to grow at 370 (data not shown). catalytic subunit of DNA polymerase a is conserved
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among eukaryotes, its amino-terminal portion is not interaction could recruit telomerase to telomeres,
conserved and no function had been mapped previously thereby explaining the senescence phenotype of cdcl3-2
to this region (Fig. 3A). cells. That Cdcl3p functions to recruit telomerase is also

Mutations in either POLl (Fig. 4A) or CDC13 (Fig. 5C) supported strongly by the demonstration that expression
that reduced the Pollp-Cdcl3p interaction caused of a Cdcl3p-Estlp or a Cdcl3p-Est2p fusion protein sup-
telomerase-mediated telomere lengthening. For the plants the need for Estip in telomere maintenance
POLl mutations, this TLCl-dependent length increase (Evans and Lundblad 1999). However, as these fusion
was greatest in the mutant with the most severe effect proteins might bypass the normal role of Estip, these
on the Pollp-Cdcl3p interaction (Figs. 3C and 4A). data do not address whether Cdcl3p and Estip interact
These genetic results argue strongly that the Pollp- in vivo, whereas our data provide strong support for this
Cdcl3p interaction detected by both two-hybrid (Fig. 2A) possibility.
and biochemical (Fig. 2B) criteria is important for telo- If Cdcl3p recruits telomerase by virtue of its ability
mere maintenance. Others have shown that certain poll to interact with Estip, the phenotype of cdcl3-2 cells
alleles show telomerase-mediated telomere lengthening could be explained if Cdcl3-2p were unable to inter-
(Carson and Hartwell 1985; Adams and Holm 1996). act with Estip. However, Estip interacted with Cdcl3-
However, in these cases the mutations are temperature 2p as assayed by both two-hybrid (Fig. 6B) and biochemni-
sensitive, affect the catalytic activity of Pollp, and have cal (Fig. 7A) criteria. One explanation for this result is
global effects on both DNA replication and cell viability, trivial: EstIp might be able to interact with Cdc13-2p
In contrast, the poll mutations studied here occurred in when both proteins are overproduced as they were in
a region that is thought to be dispensable for catalysis, both the two-hybrid and biochemical assays, but not
and these mutations had no effect on cell growth or TPE when the proteins are expressed at physiological levels.
(Fig. 4D). Because these mutations disrupted interaction This possibility predicts that overexpression of Estlp
with Cdcl3p (Figs. 2B and 3C), an in vivo telomere bind- would suppress the telomere defects of a cdcl3-2 strain.
ing protein (Bourns et al. 1998), their effects on telomere However, overexpression of a GST-ESTlp fusion pro-
length were likely direct. Based on these data, we pro- tein that contained all but the most amino-terminal
pose that telomere-bound Cdcl3p recruits polymerase u 31 amino acids of Estlp, and which complemented an
to the telomere and that this interaction promotes C- estl strain or overexpression of the carboxy-ter-
strand resynthesis. minal portion of Estlp, did not suppress the telomere

If the Pollp-Cdcl3p interaction is essential for length defect of cdcl3-2 cells (data not shown). Alterna-
C-strand resynthesis, mutations like poll-236 that tively, interaction of Cdcl3p with Estlp might trigger
eliminated this interaction by two-hybrid criteria (Fig. a conformational change in Cdcl3p, such as phosphory-
3C) should be lethal due to loss of telomeric DNA and/or lation, that makes it better able to promote the telom-
activation of DNA damage checkpoints by long ss G- erase pathway: Cdc13-2p might be able to interact with
tails (Lee et al. 1998). However, biochemical experi- Estlp but not undergo the subsequent conformational
ments demonstrated that there is residual interaction change.
between Cdcl3p and Pollp even in the po11-236 strain In the ciliate Euplotes, aphidicolin, an inhibitor of
(Fig. 2B), suggesting that other parts of Pollp might also conventional DNA polymerases, causes changes in
interact with Cdcl3p. Alternatively or in addition, other the length of both the C- and G-strands of telomeric
telomere proteins (such as Stnlp) whose loss has a simi- DNA. This result led to the proposal that G-strand
lar effect on C-strand degradation as the cdcl3-1 muta- lengthening and C-strand synthesis are coordinately
tion (Grandin et al. 1997), or the Ku heterodimer, whose regulated (Fan and Price 1997). In Saccharomyces, addi-
loss results in G-tails throughout the cell cycle (Gravel tion of duplex telomeric DNA to a double-strand break
et al. 1998; Polotnianka et al. 1998), might be partially requires not only telomerase but also DNA primase and
redundant with Cdcl3p and help recruit Pollp to the two of the three conventional DNA polymerases, poly-
telomere. merase ax and polymerase P (Diede and Gottschling

We also report that the amino terminus of Cdcl3p 1999). These data also support a model of coordinate
interacted with the carboxyl third of EstIp by two-hybrid regulation of C- and G-strand synthesis. Cdcl3p, by vir-
analysis (Fig. 6A). Biochemical experiments confirmed tue of its ability to interact with both the conventional
this interaction, demonstrating that full-length Cdcl3p replication apparatus (Fig. 2A) and a telomerase component
interacted in vivo with a close to full-length, functional (Fig. 6A), could play a critical role in this coordination.
Estlp (Fig. 7A). Again this interaction could be direct or Alternatively, there might be competition between C-
mediated by another protein. As overexpression of the strand resynthesis by polymerase a and G-strand length-
carboxy- terminal 200 amino acid segment of Estlp par- ening by telomerase. In support of this model, when the
tially suppressed the temperature sensitive lethality of interaction between Cdcl3p and Pollp was weakened,
cdcl3-1 cells whereas overexpression of another Cdcl3p telomerase-mediated lengthening of telomeres increased
interacting polypeptide, Funl2Mp, did not (Fig. 7B), the (Fig. 4A). By two hybrid criteria, Cdcl3p interacted more
Cdcl3p-Estlp interaction is likely to be important for strongly with Pollp than it did with Estlp. Also, poly-
the essential function of Cdcl3p. merase a is much more abundant than telomerase. Based

Because Estlp is associated with telomerase RNA (Lin on these considerations, a competition model predicts
and Zakian 1995; Steiner et al. 1996), a Cdcl3p-Estlp that recruitment by Cdcl3p of polymerase a to ss TG,_3
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tails is much more likely than recruitment of telomer- Immunoprecipitation to detect Cdcl3p-Pollp interaction
ase. As short telomeres are preferentially lengthened by was done in yeast strain VPS106 containing 3XMYC-CDC13 as

telomerase (Marcand et al. 1999), telomere length may in Garrett et al. (1991), except that cells were lysed in a homog-

influence this competition. enizer (Avestin's High'Pressure Homogenizer EmulsiFlexC-5)
in 40 mm Tris (pH 8.0), 75 mm NaCl, and 20 mm KOAc, 1 mM
2-mercaptoethanol, 0.01% NP-40, 1 mm phenylmethylsulfonyl

Materials and methods fluoride (PMSF), 10 pg/ml pepstain A, 5 pg/ml leupeptin, 10
pg/ml aprotinin, 10 mm benzamidine, 250 pg/ml soybean tryp-

The yeast two-hybrid strain YEMIa (MATa his3-1l trpl-1 sin inhibitor, and 10% glycerol. Monoclonal anti-MYC 9E10
LEU2::pLexAop-LEU2 ura3-1:: URA3-pLexAop-Gall-lacZ) was (Princeton University) was used for the immunoprecipitation.
constructed by E. Monson in our lab using reagents described in Monoclonal anti-Pollp antibody (from P. Plevani), anti-MYC
Gyuris et al. (1993). The protease-deficient yeast strain BJ2168 antibody, and ECL (Amersham Life Science) were used to visu-
(Jones 1991) was used to detect Estlp-Cdcl3p interaction. alize the proteins.
YPH499, YPH500, and YPH501 (Sikorski and Hieter 1989) were The GST (glutathione S transferase) assay was conducted es-
used for analysis of poll and cdcl3 mutant phenotypes. CDC13 sentially as described in Mitchell et al. (1993). pEGKT/EST1, a
deletion in YPH501 was created by J.J. Lin (Lin and Zakian plasmid that produces a GST::Estlp fusion protein under the

1996). Cdcl3p was tagged at its carboxyl terminus with three control of a GALl promoter, was constructed and generously
MYC epitopes (Schneider et al. 1995) in strain VPS106 (V. provided by Y. Yamashita. In brief, the HincI fragment from
Schulz and V. Zakian 1994) and used for immunoprecipitation. EST1, which contains amino acids 31-699 of Estlp, was cloned
CDC13 was also tagged with nine MYC epitopes at its carboxyl into pEGKT (Mitchell et al. 1993). Expression of GST::Estlp
terminus in strain YPH499 (A. Taggart and V.A. Zakian, un- from this plasmid complements an estlA mutant (data not
publ.) as in Zachariae et al. (1996). Cells containing either shown). Full-length Cdcl3p tagged with 3 x HA at its amino
3-myc-tagged or 9-myc-tagged CDC13 had normal cell growth terminus was expressed from a PGK1 promoter on plasmid
and telomere length. pTHA/CDC13 (Lin and Zakian 1996). The two proteins were

The two-hybrid assay was done essentially as described (Gy- coexpressed in strain BJ2168. A similarly HA-tagged version of
uris et al. 1993) using components generously provided by Dr. R. the yeast protein eIF-5A (Kang and Hershey 1994) was con-
Brent and colleagues. The prey library (pJG4-5/X) (Gyuris et al. structed by J-J. Lin and used as a negative control. Raffinose-
1993; Golemis et al. 1994) was transformed into YEMlat strain grown log phase cells were transferred to 3% galactose medium
containing the CDC13N bait plasmid (pEG202/CDC13-B; con- and incubated at room temperature overnight to induce expres-
structed by J.-J. Lin) (Fig. 1). HA3 -tagged CDC13 from pTHA/ sion of GALl-regulated genes. Cells were lysed in 20 mm Tris
CDC13 (Lin and Zakian 1996) was inserted into BamHI-SalI (pH 8.0), 200 mm NaCl, 1 mm EDTA, 1 mm DTT, 0.01% NP-40,
digested pVZ1, then BglII digested, followed by self-ligation to 10% glycerol with protease inhibitors plus an equal volume of
delete the BglII fragment within CDC13. This introduces a glass beads by vortexing in mini-beadbeater-8 (Biospec Prod-
frameshift at the ligation site such that only the first 600 amino ucts). NP-40 and Triton X-100 were added to the soluble protein
acids of Cdcl3p are produced. The HA-tagged amino-terminal fractions to final concentrations of 0.5 % and 0.1%, respectively.
region of CDC13 was cloned into pEG202 generating a LexA GST-Sepharose 4B beads (Pharmacia Biotech) were then added.
DNA binding domain-Cdcl3Np fusion protein expressed from After incubation at 4°C, beads were collected by centrifugation
the ADH1 promoter. The library proteins were also HA tagged and then washed once with the lysis buffer containing 1 % NP-
and expressed from a GALl promoter. Transformants were har- 40 0.1% Triton X-100 and once with lysis buffer containing 450
vested and replated to 3% galactose YC plates minus leucine. mm NaCl. The beads were treated with 0.1 mg/ml DNase I in
Len' colonies were transferred to nitrocellulose filters (Schlei- lysis buffer plus I mm MgCl2 , then washed with lysis buffer
cher & Schuell) for the colony lacZ filter assay (Breeden and containing 450 mm NaCl and 350 mm KOAC. Proteins were
Nasmyth 1985). Liquid lacZ assays were done as in Miller (1972) visualized by ECL Western using anti-HA antibody 12CA5
and Guarente (1983). Leu' LacZ' colonies were purified and (Princeton University) and rabbit anti-GST antibodies (from Jin-
confirmed by rescuing the plasmids into E. coli and retransform- Qiu Zhou).
ing them into the two-hybrid yeast strain. Prey plasmids that PCR mutagenesis was used to generate POLl and CDC13
retested positively were sequenced with the amplitaq FS dye mutations (Grandin et al. 1997). Two DNA oligonucleotides
terminator cycle sequencing kit (ABI). that were complementary to the sequences from the prey vector

The plasmid pJG4-5/ESTlC was constructed by Y. Yamashita pJG4-5 (for POLl mutations) or to the bait vector pEG202 (for
and contained amino acids 499-699 of Estip fused in-frame CDC13) were used. A modified random PCR mutagenesis
with the B42 trans-activation domain and an HA epitope tag in (Leung et al. 1989; Zhou et al. 1991) was done in a reaction
the prey vector pJG4-5. Full-length EST2 was PCR amplified mixture containing 100 pM dNTP, 200 vM oligonucleotides,
from YPH499 genomic DNA and cloned into pJG4-5 to create lx PCR buffer with 3 mM MgCl2 , 1-10 ng/100 p1 plasmid DNA
pJG4-5/EST2 (made by S-C. Teng). This plasmid complements template, and 1 unit Taq polymerase (Roche Molecular Bio-
an est2A strain. The cdcl3-1 mutation P3718 creates an addi- chemicals). PCR products were cotransformed into the two-hy-
tional EcoRI site (Lin and Zakian 1996) and cdcl3-2 mutation brid strain containing bait or prey plasmids with XhoI linearized
E252K eliminates the first EcoRI site in CDC13 (Nugent et al. pJG4-5 or pEG202 vector. Pools of the PCR mutagenized POLl
1996). pEG202/cdcl3-lB and pTHA/cdcl3-1 were created by segments were introduced by transformation into the yeast
site-directed mutagenesis (QuikChange Site-Directed Mutagen- strain containing both the two-hybrid reporter genes and ex-
esis Kit, Stratagene) from pEG202/CDC13N and pTHA/ pressing Cdc13Np (Grandin et al. 1997). Transformants were
CDC13, respectively. pEG202/cdcl3-2B and pTHA/cdcl3-2 selected by their ability to grow on media lacking histidine and
were created from pEG202/CDC13N and pTHA/CDC13, re- tryptophan, thus selecting for both the prey and bait plasmids
spectively. The mutated plasmids were introduced into E. coli, but not for the two-hybrid interaction. Transformants were rep-
purified, and then sequenced to confirm that the correctmuta- lica plated to galactose plates then transferred to nitrocellulose
tion was made. Plasmids producing LexA::cRafp or LexA::Krevlp membranes for LacZ assays.
fusion protein were gifts from E. Golemis. The poll-236, poll-238, and poll-241 mutant alleles were in-
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troduced into the POLl integration plasmid pCMl (Lucchini et yIF2, a bacterial IF2 homolog in yeast. Science 280: 1757-
al. 1988) using the QuickChange site-directed Mutagenesis Kit 1760.
(Stratagene). Silent mutations that created an AclI site in poll- Conrad, M.N., Wright, J.H., Wolf, A.J., and Zakian, V.A. 1990.
236 (T70o-ýC and G7 1 0-lT in addition to the D236N mutation, RAPI protein interacts with yeast telomeres in vivo: Over-
G7o6--A) or an additional EcoRI site in poll-238 and 241 production alters telomere structure and decreases chromo-
(A7 13 -*G in addition to the E238K mutation, G71 1-*A or P241T, some stability. Cell 63: 739-750.
C72o•A) were also introduced to allow identification of mutant Counter, C.M., Meyerson, M., Eaton, E.N., and Weinberg, R.A.
alleles by restriction enzyme digestion. The mutagenized plas- 1997. The catalytic subunit of yeast telomerase. Proc. Natl.
mids were linearized by BstXI digestion and integrated into the Acad. Sci. 94: 9202-9207.
POLl locus of diploid strain YPH501 as in Lucchini et al. (1988). Diede, S.J. and Gottschling, D.E. 1999. Telomerase-mediated
Transformants were selected by their Ura' phenotype and veri- telomere addition in vivo requires DNA primase and DNA
fied by Southern. The diploid cells were sporulated; spores con- polymerases alpha and delta. Cell 99: 723-733.
taining the mutant POLl alleles were identified by Ura' phe- Dionne, I. and Wellinger, R.J. 1996. Cell cycle-regulated genera-
notype. Cells that excised URA3, leaving behind an intact but tion of single-stranded G-rich DNA in the absence of telom-
mutated POLl gene, were selected on plates containing 5-fluoro erase. Proc. Natl. Acad. Sci. 93: 13902-13907.
erotic acid. Evans, S.K. and Lundblad, V. 1999. Estl and Cdc13 as comedia-

Wild-type CDC13 with its own promoter and terminator se- tors of telomerase access. Science 286: 117-120.
quences was released from YEP24/CDC13 using Apal digestion Fan, X. and Price, C.M. 1997. Coordinate regulation of G- and
(Garvik et al. 1995) and cloned into the ApaI-digested CENplas- C-strand length during new telomere synthesis. Mol. Biol.
mid pRS314. The pRS314 /CDC13 was mutagenized using the Cell 8: 2145-2155.
QuickChange mutagenesis kit. To facilitate identification of Fields, S. and Song, O.-K. 1989. A novel genetic system to detect
mutations, an AvrII site was created near K50Q in pRS/cdcl3- protein-protein interactions. Nature 340: 245-246.
50 and the first HindIII site of CDC13 was eliminated at 1523V Garrett, S., Menold, M.M., and Broach, J.R. 1991. The Saccha-
in pRS314/cdcl3-523 without changing additional amino acid romyces cerevisiae YAK1 gene encodes a protein kinase that
residues. The mutated plasmids were introduced into a deriva- is induced by arrest early in the cell cycle. Mol. Cell. Biol.
tive of YPH 501 that had one copy of CDCI3 and one copy of 11: 4045-4052.
cdcl3::HIS3 (Lin and Zakian 1996). After sporulation and dis- Garvik, B., Carson, M., and Hartwell, L. 1995. Single-stranded
section, haploid cdcl3::HIS3 spores carrying the mutated cdcl3 DNA arising at telomeres in cdcl3 mutants may constitute
plasmid were selected by their His' Trp! phenotype. a specific signal for the RAD9 checkpoint. Mol. Cell. Biol.

15: 6128-6138.
Golemis, E.A., Gyuris, J., and Brent, R. 1994. Interaction trap/
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2. Point of contact for this request is Ms. Kristin Morrow at
DSN 343-7327 or by e-mail at Kristin.Morrow@d, .amedd.army.mil.
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