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Telomerase is a ribonucleoprotein complex that adds telomeric DNA repeats to the ends of most eukaryotic
chromosomes. The reverse transcriptase subunit of telomerase (TERT) differs from retroviral reverse
transcriptases in having a long basic amino-terminal extension. We made a large library containing random
mutations in the amino terminus of the EST2 gene, which encodes the Saccharomyces cerevisiae TERT, and
selected functional alleles by their ability to rescue senescence of telomerase-negative cells. Through analysis
of 265 mutations, the amino terminus of Est2p was found to contain at least four essential regions. This
domain structure was verified by a combination of deletion and alanine-block mutations. Mutations within
two essential domains of the protein reduced RNA binding, suggesting that the amino terminus of Est2p
makes important contacts with the intrinsic RNA component of telomerase. A mutant close to the amino
terminus retained RNA binding and in vitro enzymatic activity but was defective in vivo, suggesting a role in
interaction with other macromolecular components of telomerase.

[Key Words: Telomerase; reverse transcriptase; unigenic evolution; mutagenesis; telomerase RNA,;

Saccharomyces cerevisiae]

Received July 26, 1999; revised version accepted September 10, 1999.

The ends of most eukaryotic chromosomes are main-
tained by telomerase, a ribonucleoprotein complex that
adds telomeric sequence to the 3’ end of the G-rich
strand of the telomere (Greider and Blackburn 1985). The
catalytic protein subunit of telomerase has been identi-
fied from a number of organisms including human,
mouse, Saccharomyces cerevisiae, Schizosaccharomy-
ces pombe, and the ciliates Euplotes aediculatus, Tetra-
hymena thermophila, and Oxytricha trifallax (Lendvay
et al. 1996; Lingner and Cech 1996; Harrington et al.
1997; Kilian et al. 1997; Lingner et al. 1997b; Meyerson
et al. 1997; Nakamura et al. 1997; Bryan et al. 1998,
Collins and Gandhi 1998; Greenberg et al. 1998). These
related proteins are collectively known as TERTS (telom-
erase reverse transcriptases) because they show sequence
homology to the reverse transcriptase (RT) family of
DNA polymerases (Lingner et al. 1997b), including a
triad of essential aspartates that participate in metal
binding and are absolutely required for RT catalytic ac-
tivity (Joyce and Steitz 1994). S. cerevisiae TERT (Est2p)
was originally identified genetically as a mutation caus-
ing telomere shortening and senescence, a delayed lethal
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phenotype in which cells cease to grow after 50-75 gen-
erations (Lendvay et al. 1996). As predicted, mutations of
the conserved aspartates of Est2p eliminate telomerase
activity in vivo and in vitro (Lingner et al. 1997b). Unlike
viral RTs, telomerase contains an intrinsic RNA mol-
ecule that serves as the template for addition of telomere
sequences (Greider and Blackburn 1989). The S. cerevi-
siae telomerase RNA is encoded by the gene TLCI
(Singer and Gottschling 1994).

Although TERT and telomerase RNA comprise the
catalytic center of the telomerase ribonucleoprotein par-
ticle, other proteins are constitutively or transiently as-
sociated with the enzyme (for review, see Nugent and
Lundblad 1998; Bryan and Cech 1999). In S. cerevisiae, a
genetic approach has been fruitful in identifying proteins
that affect telomerase activity. The same genetic screen
that revealed EST2 led to additional mutations with
telomerase-negative phenotypes in the genes ESTI,
EST3, and EST4 (Lundblad and Szostak 1989; Lendvay et
al. 1996). The est4 allele recovered in this screen was
renamed cdc13-2°°* with the discovery that the mutant
was an allele of the cell-division-cycle gene CDC13 (Gar-
vik et al. 1995; Nugent et al. 1996).

Epistasis tests suggest that EST1, EST2, EST3, cdc13-
2t and TLC1 are all involved in a single pathway of
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telomere maintenance (Lendvay et al. 1996; Lingner et
al. 1997a). Although elimination of the template RNA or
catalytic subunit of telomerase results in a loss of in
vitro telomerase activity, extracts from strains deleted
for EST1 or EST3, or strains carrying the cdc13-2°°" mu-
tation, have normal levels of telomerase activity in vitro
(Lingner et al. 1997a). Estlp coimmunoprecipitates
TLC1 RNA, suggesting that the protein is either consti-
tutively or transiently associated with telomerase (Nu-
gent and Lundblad 1998). Estlp binds in vitro to G-rich
single-stranded telomere sequences in a 3’ end-depen-
dent manner (Virta-Pearlman et al. 1996), suggesting that
it may recruit or anchor telomerase to the 3’ end of the
chromosome. Such an activity may be dispensable at the
high DNA primer concentrations of the in vitro assay.
The function of Est3p is unknown, though it shows
EST2-dependent association with TLCI RNA (Nugent
and Lundblad 1998). Finally, recent experiments have
indicated that telomerase may be processed and as-
sembled in an analogous manner to the small nuclear
ribonucleoprotein particles (snRNPs) involved in mRNA
splicing. Two Sm proteins (involved in snRNA matura-
tion) are associated with the majority of active telomer-
ase, suggesting (by analogy with the snRNPs) that as
many as seven Sm proteins may be integral components
of the mature telomerase enzyme (Seto et al. 1999).

Previous work has focused on the similarities between
TERT and other reverse transcriptases such as HIV-1 RT.
However, the TERTS are larger than HIV-1 RT, primarily
because of a substantial amino-terminal basic region
that has no obvious homology to other proteins. The
amino terminus does contain at least one sequence block
that is conserved among TERT homologs—the T motif
(Nakamura et al. 1997). Mutations within this motif in
human TERT confirmed its important role in telomerase
function, perhaps facilitating interaction with telomer-
ase RNA (Weinrich et al. 1997). In this study, we made a
combinatorial library of mutations and used an approach
called unigenic evolution to explore the domain struc-
ture of the amino terminus of EST2. The domains iden-
tified by this approach contribute to the ability of Est2p
to interact with TLCI RNA and to maintain telomeres
in vivo.

Results

System for unigenic evolution of EST2

To identify essential domains of Est2p, we applied a
technique called unigenic evolution (Deminoff et al.
1995). Previous work indicated that statistical analysis
of the distribution of mutations within complementing
alleles of a gene could accurately distinguish essential
and dispensable regions of the encoded protein. The plas-
mid-borne gene of interest is mutagenized, functional
variants are selected by complementation in S. cerevi-
siae, and the resulting artificial phylogeny of mutant al-
leles is analyzed. Dispensable protein regions are as-
sumed to tolerate mutations well, whereas essential re-
gions are predicted to contain few or no amino acid
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substitutions. Hypomutability could arise either by se-
lection against mutations within essential regions or
through intrinsic differences in mutation rate. To distin-
guish these possibilities, the occurrence of missense mu-
tations is normalized to that of silent mutations, because
the latter should not be selected against during an assay
for protein function.

An est2::HIS3 disruption strain was constructed to al-
low rapid identification of complementing EST2 vari-
ants. This strain also carried a disruption of RAD52, be-
cause senescence of an est2 strain can be suppressed by a
RADS52-dependent amplification of telomeric and sub-
telomeric sequences (Lundblad and Blackburn 1993;
Lendvay et al. 1996). Cell growth was maintained by
wild-type EST2 carried on a LYS2 plasmid. Loss of this
complementing plasmid was selected by growth on
a-aminoadipate, which is toxic in the presence of the
LYS2 gene product (Fig. 1A; Winston and Bhattacharjee
1982). The resulting est2::HIS3 rad52::LEU2 strain un-
derwent senescence after [b0-75 generations, with no
visible colonies after the third restreak (Fig. 1B). Senesc-
ing est2::HIS3 rad52::LEU2 cells were rescued from se-
nescence by transformation with wild-type EST2,
whereas transformation with a deleted version of EST2
lacking most of the open reading frame (est2 AHindIII-
Xbal) gave few or no transformants (Fig. 1C). Small pa-
pillae that did arise could not be restreaked. This selec-
tion allowed the isolation of functional EST2 alleles
from plasmid-borne libraries containing a large number
of EST2 variants.

Identification of essential domains in Est2p

Analysis concentrated on the amino-terminal half of
EST2 because this region lacks homology with other RTs
and may therefore contain functional domains specific
to telomerase. Several libraries of multiply mutated est2
alleles, created by mutagenic PCR amplification of 1350
bp in the amino terminus, were transformed into senesc-
ing est2::HIS3 rad52::LEU2 cells. Plasmids were isolated
from successful transformants and retransformed into
senescing cells to confirm rescue. Telomere length was
assayed in a sample (11) of the mutants. Telomere length
was wild type in five clones, slightly reduced (50 bp) in
five others, and more severely reduced (1100 bp) in one
clone (data not shown). Although short telomere length
is indicative of some reduction in telomerase activity,
the remaining activity was sufficient to allow cell
growth, confirming that the mutant proteins were ca-
pable of performing essential Est2p functions. Alleles
that support cell growth are referred to as functional in
this study. Because the selection did not require wild-
type telomere length, Est2p domains with sublethal ef-
fects on telomerase activity were not identified.

The distribution of mutation number in 33 functional
clones is shown in Figure 2. Among these alleles were
265 bp changes, representing 99 silent and 166 missense
mutations. The largest number of missense mutations
recovered in a single allele was 11. Transversions (pu-
rine-to-pyrimidine changes) and transitions (purine-to-
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purine or pyrimidine-to-pyrimidine changes) were recov-
ered nearly equally, with 47% transversions and 53 %
transitions. However, among transversions, T-A and A-T
changes predominated.

Mutations from all 33 clones were pooled for statisti-
cal analysis. For each codon within the 450-amino-acid
region, an expected ratio of silent to missense mutation
was calculated based on the sequence of the codon and
the transition/transversion ratio in the mutation data
set. The actual ratio of silent to missense mutations ob-
served was compared to this expected ratio in a 25-codon
sliding window moved downstream one codon at a time
(Fig. 3A). Regions with negative mutability values had
decreased numbers of missense mutations and were can-
didates for essential protein domains.

As shown in Figure 3A, the amino terminus of EST2
contains several candidates for essential domains (la-
beled I-1V) that are separated by regions that appear to be
dispensable for cell viability. All four hypomutable do-
mains contained significantly fewer missense mutations
than expected in the absence of selection as determined
by x? analysis (Fig. 3A). Region IV overlaps two previ-
ously defined domains of the protein. Motif T is a telom-
erase-specific motif identified through sequence com-
parison among TERT proteins from diverse species (Na-
kamura et al. 1997). Several amino acids within this
motif have been shown to be essential or important for
human telomerase function (Weinrich et al. 1997). Re-
gion IV also overlaps with motif 1 of the reverse tran-
scriptase domain. However, unigenic evolution did not
cleanly define either motif. This result is not unexpected
as motifs T and 1 contain only a small subset of residues
that are conserved absolutely. Indeed, our results indi-
cated that a large number of nonconserved residues
within these motifs could be mutated in functional
Est2p (Fig. 3B).

Three putative nonessential regions were evident from

Qesﬂ AHindIII-Xbal
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Figure 1. (A) Selection scheme for functional
EST2 alleles. An est2::HIS3 rad52::LEU2 strain is
maintained by EST2 on a LYS2 plasmid. Cells are
plated on a-aminoadipate to select for loss of the
complementing plasmid. (B) A single lys2 colony
is picked from a-aminoadipate and streaked to
YPD (streak 1). During successive streaks
(streaks 2 and 3), cells undergo senescence. (C) A
colony is picked from streak 1 and grown in YPD
for transformation. Transformation with wild-
type EST2 results in a large number of transfor-
mants, whereas transformation with a deleted
version of the gene is unable to rescue senes-
cence.

the unigenic evolution map (a, B, and v; Fig. 3A). Al-
though regions a and § actually contain more missense
mutations than expected by chance, when subjected to a
x? calculation, these regions do not show significant de-
viation from the expected ratio of silent to missense mu-
tations. The boundary between regions III and IV was not
well defined.

Verification of nonessential domains

Because unigenic evolution is statistically based, the
proposed domains were tested by a more direct approach.
Deletions were created by site-directed mutagenesis
within putative nonessential regions  and vy on a cen-
tromere plasmid bearing EST2 under the control of its
endogenous promoter. As shown in Figure 4, plasmid-
borne EST2 containing a 10-amino-acid deletion (dele-
tion b) in region B rescued senescing est2::HIS3

Number of Clones
L
1

12 3 4 5 6 7 8 9101112131415 16 17
Number of Mutations

Figure 2. Mutation number among 33 functional est2 alleles.
Mutations were created by random PCR mutagenesis across a
1350-nucleotide region comprising the amino terminus of
EST2. The distribution of mutation number in 33 clones is
shown.
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Figure 3. Domain structure of EST2 amino terminus as deter-
mined by unigenic evolution. Motif T is telomerase specific,
whereas the sequence motifs 1, 2, and A-E are closely related to
those of other RTs (Lingner et al. 1997b). Mutations between
the HindIIl and EcoRI sites were used to derive the mutability
map shown below. Amino acids are numbered on the x-axis
from the amino terminus. The average observed ratio of mis-
sense to silent mutation is compared with the expected ratio
(based on the amino acid sequence) over successive 25 amino
acid windows (Deminoff et al. 1995). Maximal hypomutability
(no missense mutations) is normalized to a value of -1, and
maximal hypermutability (all missense mutations) is assigned a
value of +1. A value of 0 occurs when the observed and expected
values are identical. The normalized mutability value is
graphed at the center of the 25-amino-acid window. Regions
showing hypomutability (negative values) may be essential for
Est2p function. Four hypomutable regions are indicated (Region
I, amino acids 31-163; Region II, 214-265; Region III, 285-374;
Region IV, 378-432). P values for x* analysis of each region are
indicated. The x* values are: Region I, 14.97; Region II, 4.00;
Region III, 6.60; Region IV, 5.58. P values were determined for
one degree of freedom (see Deminoff et al. 1995). Three nones-
sential regions (positive values) are labeled («, B, v). (B) Amino
acid changes in the 33 functional clones. The 450 amino acids
following the HindIII site near the amino terminus of Est2p are
shown in standard single amino acid code. Amino acid changes
are indicated below each position. Mutations indicated (star)
produced a TAA stop codon; suppression of the nonsense mu-
tation by SUP11 carried on a minichromosome in this strain
background results in insertion of tyrosine (Y). Regions I-IV as
described above are underlined. The boxes indicate (in order
from amino to carboxyl terminus): the T motif, RT domain 1,
and a portion of RT domain 2. The consensus sequence of each
motif is shown above the Est2p amino acid sequence. Residues
in bold-face type are invariant. Gray residues are conserved in at
least 5 of 7 TERT sequences (Bryan et al. 1998).

rad52::LEU2 cells. However, additional deletions ex-
tending either upstream or downstream of deletion b
were unable to transform, suggesting that these proteins
provided insufficient telomerase function to rescue se-
nescence. As a further test of the contribution of region
B to Est2p function, the amino acid sequences in two
blocks (g and h, Fig. 4) were inverted. The intention was
to disrupt local sequence but maintain any spacing that
may be critical for protein folding. Both inversion mu-
tants complemented est2 in the senescence assay. Simi-
larly, deletion e in region v (Fig. 4) complemented est2,
whereas the overlapping deletion f did not. The ability to
create functional deletion or inversion mutations in re-
gions B and vy is consistent with the existence of the
nonessential domains defined by unigenic evolution.
To assess the importance of sequences located at the
amino and carboxyl termini of EST2, two libraries were
constructed to generate deletions at or near the ends of
the protein. As described in Materials and Methods, the
amino-terminal deletions were slightly internal to the
protein, extending inward from a HindIII site located at
amino acid position 12. Transformation of these libraries
into senescing est2::HIS3 rad52::LEU2 cells resulted in a
small number of colonies that contained functional de-
letion derivatives of EST2. The largest deletions recov-
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ered are shown in Figure 4 (deletions a and i). Amino-
terminal deletion a extended 19 amino acids from the
HindIII site, a position that corresponds closely to the
boundary of nonessential region « as defined by unigenic
evolution. Restriction analysis of the original library in-
dicated that larger deletions were present but not recov-
ered in yeast, presumably because of their inability to
complement the est2 mutation (data not shown).

The EST2 carboxyl terminus appears to be dispensable
for survival. As shown in Figure 4, deletion i removes all
153 amino acids carboxy-terminal to the RT domain.
Because this deletion removes the endogenous stop
codon, four new amino acids are encoded by sequences
in the EST2 3’ flanking region before termination occurs
(Fig. 4). Surprisingly, approximately half of the region
believed to correspond to RT motif E according to se-
quence alignment (Nakamura et al. 1997) is missing in
this mutant. Although growth rate is slow, telomeres
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reach a stable, short length and senescence does not oc-
cur even in the absence of RAD52 (data not shown).
Therefore, although the carboxyl terminus contributes
to Est2p function, it is not required for cell survival.

Alanine-block mutations
in putative essential domains

To further characterize the domains defined by unigenic
evolution, 10 alanine-block mutations in which groups
of adjacent amino acids were changed to alanine were
made in the amino terminus of EST2 (Fig. 5A). An epit-
ope-tagged version of EST2 was created to monitor mu-
tant protein expression. The protein A (ProA) sequence
was inserted at a HindIII site near the amino terminus of
the protein and the tagged construct was integrated into
the yeast genome at the endogenous EST2 locus. Cells
containing ProA-Est2p as their sole source of Est2p ap-
peared to grow normally (Fig. 5B) with a barely detect-
able decrease in telomere size in liquid culture (Fig. 5C,
WT lanes), suggesting that the tagged protein retains
nearly wild-type function. Although ProA-Est2p cannot
be detected in extracts, a clear signal is visible when the
protein is immunoprecipitated with IgG Sepharose beads
(see Fig. 6A; ProA-Est2p).

Mutations of 10 consecutive amino acids to alanine
were created throughout hypomutable regions I, II, and
III (Alal-Ala8; Fig. 5A). Ala2 is slightly smaller and con-
sists of a seven-amino-acid block. An additional mutant
was created in which aspartic acid 670 was changed to
alanine. This residue is located in RT motif C and is
required for catalytic activity and cell viability (Lingner
et al. 1997b). For comparison, two additional alanine-
block mutations (Ala-9 and Ala-10) were created in

nonessential region B (Fig. 5A). All mutations were inte-
grated into the chromosome in a strain bearing ProA-
Est2p, and cell viability was maintained by complemen-
tation with a URA3-marked centromere plasmid bearing
wild-type EST2.

The ability of the alanine-block mutants to maintain
cell growth was assayed by plating the mutants on
5-fluoroorotic acid (5-FOA) to select for loss of the EST2
plasmid. Single colonies containing either wild-type
ProA-Est2p or tagged mutant versions of the protein
were successively streaked on complete medium. Cells
bearing wild-type ProA-Est2p or alanine-block mutant
Ala-10 (located in nonessential region B) regrew after
multiple restreaks (Fig. 5B). However, alanine-block mu-
tants Ala-1-Ala-9 senesced in a manner indistinguish-
able from that of the catalytic-site mutant (Fig. 5B; sum-
marized in Table 1). The Ala-9 mutant protein was not
detectable by Western blot (data not shown), indicating
that lack of complementation was due to destabilization
of the protein.

Telomere length in the mutant strains provided a sec-
ond measure of telomerase function. In contrast to wild-
type ProA-Est2p (WT; Fig. 5C), alanine-block mutants
Ala-1-Ala-9 underwent dramatic telomere loss during
growth on 5-FOA and in the first liquid culture (Fig. 5C).
Telomere length in these mutants continued to decrease
with successive generations. By the fourth serial dilu-
tion, these mutants also showed a shift in the Xhol band-
ing pattern that is indicative of recombination between
Y' elements, a survival mechanism that can occur in
senescing cells containing functional RAD52 (Lundblad
and Blackburn 1993; Lendvay et al. 1996). In contrast,
the Ala-10 mutant, which did not undergo senescence,
also did not undergo Y’ recombination. Telomere length
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was slightly decreased in this mutant after loss of the
complementing plasmid but remained stable and was
sufficient to maintain essentially normal cell growth.

Protein expression and RNA subunit
binding by alanine-block mutants

To analyze expression levels of the mutant proteins,
ProA-tagged proteins were precipitated using IgG Seph-
arose beads from extracts prepared from cells expressing
alanine-block mutants 1-10 or wild-type ProA-Est2p.
Immunoprecipitated material was Western blotted and
probed with rabbit IgG antibody. Expression of mutant
proteins Ala-2, Ala-3, Ala-6, and Ala-9 was undetectable
(data not shown) and these mutants were not further
characterized. The remaining mutants reproducibly
showed protein levels reduced 2-to 10-fold from wild-
type Est2p (Fig. 6A; data not shown for Ala-10). Immu-
noprecipitation of Ala-5 protein was inefficient in the
experiment shown in Figure 6A; additional immunopre-
cipitation experiments showed that Ala-5 protein levels
were equivalent to those in the Ala-4 mutant (summa-
rized in Table 1). Note that the Ala-10 mutant retained
telomerase function even though protein level was de-
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Figure 5. In vivo phenotypes of EST2 alanine-block mutations.
(A) The region between the HindIIl and EcoRI sites of EST? is
shown along with hypomutable regions I-IV and nonessential
regions «, B, and . Locations of alanine-block mutations are
shown below the map. The following amino acids were substi-
tuted with alanine in each mutant: Ala-1, Thr-40-Lys-49; Ala-2,
Leu-55-His-61; Ala-3, Leu-73-Leu-82; Ala-4, Leu-110-His-119;
Ala-5, Thr-145-Glu-154; Ala-6, Lys-243-Asn-252; Ala-7, Lys-
303-Asn-312; Ala-8, Leu-330-Phe-339; Ala-9, Thr-179-Leu-188;
Ala-10, His-189-Phe-198. Amino acid numbers refer to un-
tagged Est2p. All mutants are ProA tagged and chromosomally
integrated. (B) Senescence phenotype of representative alanine-
block mutants. Cells containing the indicated allele in the chro-
mosome and wild-type EST2 on a plasmid were plated on 5-FOA
to select for loss of the complementing plasmid. Two single
colonies were picked and successively streaked on complete
medium to assay senescence. (WT) Wild-type ProA-Est2p.
(D - A) Aspartate 670-to-alanine mutation in RT motif C. Ala-
nine-block mutants Ala-1, Ala-4, Ala-5, Ala-6, and Ala-7 had
identical senescence phenotypes in this assay (data not shown).
(C) Telomere lengths of representative alanine-block mutants.
Cells containing the indicated allele in the chromosome and
wild-type EST2 on a plasmid were grown to saturation in com-
plete media. DNA was prepared, cleaved with Xhol, and South-
ern blotted. (C) DNA of these complemented strain. Cells were
subsequently plated on 5-FOA to select for loss of the comple-
menting plasmid and a resulting single colony was picked into
liquid culture. As each culture reached saturation, it was di-
luted 1000-fold for four successive serial dilutions. DNA from
these cultures was run in the four lanes following lane C. South-
ern blots were probed for telomere sequences and for a 1.6-kb
fragment of chromosome IV that served as an internal loading
and size control. Chromosomes containing a Y’ element yield a
heterogeneous telomere band as indicated (Y’ tel). Alanine-
block mutants Ala-2, Ala-3, Ala-6, Ala-7, and Ala-8 gave telo-
mere loss results similar to mutants Ala-1, Ala-4, Ala-5, and
Ala-9 (data not shown).

creased 5- to 10-fold from wild type. Therefore, decreased
protein levels per se are not responsible for the defects
of these alanine-block mutants.

To begin to define the function of the amino-terminal
domains of Est2p, the ability of the alanine-block mu-
tant proteins to coimmunoprecipitate TLC1 RNA was
assayed. Immunoprecipitated material was phenol ex-
tracted and the RNA was precipitated, Northern blotted,
and probed for TLC1 RNA and Ul RNA. As a control,
whole-cell RNA was prepared from wild-type cells
grown to the same density as that used for extract prepa-
ration. As shown in the last lane of Figure 6A, TLC1
RNA runs as a doublet. The upper band consists of a
polyadenylated form of the RNA, which is thought to be
a precursor of the faster migrating, deadenylated form
(Chapon et al. 1997; Seto et al. 1999).

TLC1 RNA coimmunoprecipitated with ProA-Est2p
but was not detected in immunoprecipitates from an un-
tagged strain (Fig. 6A). The deadenylated form of TLC1
RNA was significantly enriched following immunopre-
cipitation, suggesting that only the deadenylated RNA is
contained in the active telomerase complex. This result
supports the proposal that the deadenylated form is the
mature form of TLC1 RNA (Chapon et al. 1997). TLC1
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Figure 6. In vitro phenotypes of alanine-block mutants. (A,
Top) Northern analysis showing coimmunoprecipitation of
TLC1 RNA with Est2p. Whole-cell RNA (10 pg) from wild-type
ProA-EST2 cells is run in the right lane. Locations of the poly-
adenylated (A*) and deadenylated (A~) forms of the TLC1 RNA
are indicated. (Bottom) Western analysis of protein levels in
strains carrying ProA-tagged wild-type Est2p or alanine-block
mutants. Protein was immunoprecipitated from extracts using
IgG Sepharose beads and protein from the indicated volume of
beads was loaded on the gel. Coomassie staining of the starting
extract indicated that protein concentration was approximate-
ly equivalent in all cases. (B) In vitro telomerase activity was
measured by assaying the ability of immunoprecipitated ProA—
Est2p to extend a telomeric primer. The same batch of immu-
noprecipitation beads was used in this assay and the experi-
ments shown in A. The indicated amount of immunoprecipita-
tion beads was pretreated with water or RNase A and
telomerase was allowed to extend a 14-mer telomeric primer in
the presence of [a->?P]JdGTP. +1 marker is a 15-mer created by
end-labeling the 14-mer telomeric oligonucleotide with termi-
nal transferase in the presence of [>*P]ddTTP.

RNA coimmunoprecipitated with the Ala-1 mutant at
levels (Vio of wild type (cf. 1 pl of ProA-Est2p beads and
10 ul of Ala-1 beads). Because protein levels in this mu-
tant were similarly decreased, the RNA binding ability
of the Ala-1 mutant appears to be largely unaffected. The
Ala-4 mutant, despite having a protein level similar to
that of the Ala-1 mutant, showed decreased RNA bind-
ing. RNA binding in the Ala-5 mutant was decreased to
the same extent as that of Ala-4 in experiments in which
protein levels of the two mutants were similar (data not
shown). Most strikingly, mutants Ala-7 and Ala-8 did
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not detectably bind TLC1 RNA, despite having protein
levels comparable to or greater than those of the Ala-1
mutant. Whole-cell RNA was prepared from cells carry-
ing wild-type ProA-Est2p, untagged Est2p, or alanine
mutants 1, 4, 5, 7, and 8. The ratio of TLC1 RNA to Ul
RNA in all strains was similar (data not shown), indicat-
ing that the lack of coimmunoprecipitation was not due
to instability of TLC1 RNA in the mutant strains. Fur-
thermore, TLC1 RNA was detected in the starting ex-
tract of all strains (data not shown). Interestingly, North-
ern analysis of RNA present in the supernatant following
immunoprecipitation showed that TLC1 RNA is de-
pleted from all of the mutant extracts but not from ex-
tract containing untagged Est2p (data not shown). This
result suggests that TLC1 RNA is initially bound to the
Ala-7 and Ala-8 mutant proteins but that binding is too
weak to withstand the subsequent washes.

In vitro telomerase activity

Some mutants that undergo senescence and telomere
shortening (est1, est3, and cdc13-2°*') nevertheless dis-
play apparently normal levels of in vitro telomerase ac-
tivity (Cohn and Blackburn 1995; Lingner et al. 1997a).
We were interested in the in vitro telomerase activity of
the alanine-block mutants, as they do not directly affect
the RT domain and therefore may leave Est2p catalytic
activity intact. Immunoprecipitated Est2p (the same ma-
terial analyzed in Fig. 6A) was subjected to an in vitro
telomerase assay that monitored the extension of a telo-
meric DNA primer. As shown in Figure 6B, the ladder of

Table 1. Summary of in vivo and in vitro phenotypes
of alanine-block mutants

RNA In vitro
Location® Viability® Protein® binding® activity?

Ala-1 I n + + +

Ala-2 I n - n/a n/a
Ala-3 I n - n/a n/a
Ala-4 I n + +/- +/-
Ala-5 I n + +/- +/-
Ala-6 I n - n/a n/a
Ala-7 I n + - -

Ala-8 I n + - -

Ala-9 B n - n/a n/a
Ala-10 B y + ND ND

2Regions shown in Fig. 3.

PAbility of alanine-block mutant to support cell growth when
integrated at the endogenous locus. (n) Cells undergo senes-
cence; (y) cells grow through multiple restreaks.

“Expression levels determined by Western blot. (+) Protein level
10-50% of wild type. (-) Protein undetectable (<5% of wild
type).

dCoimmunoprecipitation of TLCI RNA with alanine-block mu-
tant proteins and in vitro telomerase activity as assayed by abil-
ity of immunoprecipitated proteins to extend a telomeric oligo.
(+) Comparable to wild type after adjustment for decreased mu-
tant protein levels. (+/-) Decreased from wild type, but detect-
able. (-) Not detectable. (n/a) Not applicable. (ND) Not done.
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addition products characteristic of yeast telomerase
(Cohn and Blackburn 1995; Lingner et al. 1997b; Prescott
and Blackburn 1997) was visible when beads containing
wild-type ProA-Est2p were used in the assay. As ex-
pected, activity was destroyed by pretreatment with
RNase A. Furthermore, no activity was detectable on
beads prepared from cells containing untagged Est2p.
Ala-1 had in vitro telomerase activity that was reduced
(10-fold from wild type (cf. 1 ul of wild-type ProA-Est2p
beads with 10 ul of Ala-1 beads). This decrease in activity
is roughly comparable to the reduction in protein levels
seen by Western blot and suggests that the enzyme’s
specific activity is minimally affected by this mutation.
Activity in the remaining mutants was reduced or absent
as predicted by the ability of the mutants to bind TLC1
RNA (Fig. 6B and Table 1).

Because the Ala-1 mutant was not detectably defective
in vitro, the lack of viability in vivo might have been due
to low protein expression. Therefore, Ala-1 was ex-
pressed on a high-copy 2p1 plasmid. Although the protein
was expressed at levels approximately equal to wild-type
ProA-Est2p (data not shown), the cells continued to se-
nesce. This result suggests that the Ala-1 mutant uncov-
ers a specific defect in Est2p function.

Discussion

A major feature that distinguishes the TERT proteins
from many other RTs is the large, basic amino terminus.
Sequence analysis of this region revealed no known se-
quence motifs. Although alignment of TERT family
members in this region is problematic because of low
primary sequence conservation, two regions of homol-
ogy are evident. The first is the T motif, a region just
amino-terminal to the RT domain that is contained in all
TERT homologs (Nakamura et al. 1997). TERT proteins
from the ciliated protozoa have an additional region of
homology of unknown function (CP motif; Bryan et al.
1998). Although TERT proteins from other organisms
seem to have a conserved cysteine and leucine present in
the CP motif, lack of additional homology makes align-
ment of this region unconvincing in nonciliates. Our
work suggests that the amino-terminal half of Est2p con-
tains several additional domains that are essential for
Est2p function. Certain mutations in regions I and III
affect binding to TLC1 RNA. The Ala-1 mutation in re-
gion I shows discordance between in vivo and in vitro
telomerase activity that resembles the est1 or est3 phe-
notype, suggesting that the amino-terminal portion of
region I may contribute to binding of accessory proteins.

Unigenic evolution reveals domain
structure of amino-terminal region

We explored the domain structure of Est2p through a
powerful mutational approach termed unigenic evolu-
tion (Deminoff et al. 1995). Several libraries of est2 alle-
les were created that contained multiple point muta-
tions within the amino-terminal half of the protein.
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Functional alleles were selected by their ability to rescue
the senescence of cells lacking Est2p. The cells also
lacked Rad52p, because it would have enabled survival
through an alternative telomere recombination pathway
(Lundblad and Blackburn 1993; Lendvay et al. 1996).
This screen was specifically intended to find essential
regions of the protein. Therefore, mutants identified in
the screen were not required to have normal telomere
length, and many clones showed reductions in telomere
size. Statistical analysis of the distribution of 265 base
pair changes in these functional alleles of Est2p indi-
cated the existence of at least four regions (I-IV) that are
essential for Est2p function (hypomutable regions), sepa-
rated by several nonessential regions that are highly ac-
cepting of missense mutations (a, B, and vy). Hypo-
mutable regions I and II were well defined by their bor-
ders with these nonessential domains, whereas the
boundary between regions III and IV was not as clear.
Regions «, B, and v all tolerated large deletions or inver-
sions, in agreement with the classification of these re-
gions as nonessential.

The next step in verification of the unigenic evolution
map was to test mutations within the putative essential
regions of the amino terminus. Alanine-block mutations
were created in the context of Est2p tagged with ProA,
which allowed measurement of mutant protein expres-
sion and facilitated biochemical analysis of the mutant
enzymes. Most importantly, this epitope tag allowed de-
tection of Est2p at endogenous levels following immu-
noprecipitation. Because some mutations in Est2p have
been shown to have dominant negative effects (Lingner
et al. 1997b), it was advantageous to avoid overexpres-
sion of the mutant proteins. Therefore, all of the mu-
tants were integrated in the chromosome at the endog-
enous locus to maintain normal transcription levels.

As summarized in Table 1, several mutant alleles had
drastically reduced protein levels. Unfortunately, the
only mutation in region II, Ala-6, had undetectable levels
of Est2p. Unigenic evolution identifies domains that
contribute to protein structure as well as those that con-
tribute in essential ways to protein function. More
subtle mutations in region Il will be required to elucidate
whether this domain is primarily structural or whether
it contributes in a specific way to Est2p function.

Amino-terminal domains
implicated in binding TLC1 RNA

Five alanine-block mutations were created within region
I because its large size suggested that it might contain
several separable functions. Although all of the mutants
are incapable of maintaining telomere length and cell
growth, they have differential abilities to bind TLC1
RNA (Table 1). The most amino-terminal mutant, Ala-1,
appears to have virtually normal RNA binding levels,
after adjustment for the reduction in Est2p expression.
However, mutants Ala-4 and Ala-5, which are located at
the carboxy-terminal end of region I, show reduced levels
of RNA binding. Because Ala-2 and Ala-3 produced un-
detectable amounts of Est2p, it is impossible to draw



conclusions about the effect of these mutations on TLC1
RNA binding.

Region III was targeted by alanine-block mutations
Ala-7 and Ala-8. Despite expression of these mutant pro-
teins at levels comparable to or greater than that of Ala-
1, no detectable TLC1 RNA coimmunoprecipitates with
these mutant enzymes (Table 1). However, binding is not
completely abolished in vivo, as TLC1 RNA is depleted
from the starting extract during immunoprecipitation.
This instability of RNA binding may indicate that bind-
ing of Est2p to TLCI RNA is directly weakened by the
Ala-7 and Ala-8 mutations. Alternatively, loss of TLC1
RNA on the beads may result from a general loss of in-
tegrity of the higher-order structure of the telomerase
complex.

The T motif has been hypothesized to be involved in
interactions with telomerase RNA (Weinrich et al.
1997). In our study, there is a positive correlation be-
tween the proximity of the alanine-block mutations to
the T motif and their effect on TLC1 RNA binding. Ala-
1, the most distal mutation (327 amino acids from the T
motif), has no effect on binding, whereas mutants Ala-7
and Ala-8, which are proximal to the T motif (64 and 37
residues, respectively), severely weaken binding. Ala-4
and Ala-5, which are located at an intermediate position,
have an intermediate effect on TLC1 coimmunoprecipi-
tation. It is tempting to speculate that the T motif and
the neighboring region III may be primarily involved in
interactions with TLCI RNA, whereas a portion of re-
gion I contributes to that binding.

Ala-1 mutant phenocopies estl, est3, and cdcl3-2°"

In vitro telomerase activity of most of the mutants di-
rectly mirrored the integrity of the telomerase complex
as assayed by coimmunoprecipitation of TLCI RNA
with ProA-Est2p (Fig. 6C). The Ala-1 mutation in region
Iis intriguing because the defect appears to be something
other than Est2p-TLCI RNA complex formation. Pro-
tein levels were reduced, but RNA binding and in vitro
telomerase activity appeared to be largely intact. Expres-
sion of the mutant protein at levels comparable to wild-
type Est2p did not support cell survival. Furthermore,
the survival of the Ala-10 mutant suggested that protein
levels reduced 5- to 10-fold below wild type still provide
sufficient telomerase activity for cell growth. Therefore,
the reduction in Ala-1 protein level does not appear to be
primarily responsible for the in vivo, telomerase-nega-
tive phenotype of the mutant. The residues mutated in
Ala-1 may affect a region of Est2p that is important for in
vivo regulation of telomerase activity. The estl, est3,
and cdc13-2°" mutants have been shown to have a simi-
lar phenotype: The cells undergo telomere loss and se-
nescence in vivo (Lendvay et al. 1996) but have appar-
ently normal levels of in vitro telomerase activity (Ling-
ner et al. 1997a). Estlp and Cdcl3p both bind to the
single-stranded region of the telomere (Lin and Zakian
1996; Nugent et al. 1996; Virta-Pearlman et al. 1996).
Estlp has been shown to coimmunoprecipitate with
TLC1 RNA and therefore is presumed to interact with
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the telomerase complex either transiently or as a com-
ponent of the holoenzyme. Estlp may facilitate interac-
tions between the DNA primer and telomerase, a func-
tion which would presumably be dispensable in vitro
where primer concentrations are high (Nugent and Lund-
blad 1998). One intriguing possibility, therefore, is that
the Ala-1 mutant is defective in an interaction of Est2p
with Estlp or another component of telomerase. Addi-
tional biochemical and genetic approaches will help elu-
cidate the defect in this mutant.

The unigenic evolution approach

The results presented here highlight the strength of the
unigenic evolution approach in giving an overview of
protein structure in a region for which sequence analysis
is not helpful. A strong selection for functional alleles,
such as the senescence phenotype of cells lacking Est2p
and Rad52p, allows efficient isolation of functional vari-
ants containing multiple point mutations. Because the
est2 alleles isolated in this study contained an average of
more than eight mutations per gene, only 33 clones were
required to obtain a large sample of tolerated amino acid
changes. Furthermore, automated sequencing technol-
ogy allowed rapid data collection, because only three
primers were required to sequence the 1350-nucleotide
region subjected to mutagenesis in its entirety.

A version of the unigenic evolution technique may
also prove useful for analysis of smaller, defined regions
such as the RT domain and T motif. Indeed, important
residues in the RT domain of HIV-1 RT were identified
by selecting alleles that complemented the temperature-
sensitive phenotype of a DNA polymerase I mutant in
Escherichia coli from a library containing mutations
over a 36-amino-acid region (Kim et al. 1996). Although
our study did not specifically target the RT domain or T
motif, a number of interesting mutations were isolated
that can be interpreted in the context of known con-
served residues. For example, several functional alleles
were isolated that contained mutations of conserved
residues in the T motif (Fig. 3C). Threonine 384 was
mutated either to alanine or isoleucine and glutamic
acid 385 was changed to valine. Intriguingly, when the
corresponding threonine was mutated to alanine in hu-
man TERT, in vitro activity was diminished but the en-
zyme maintained [10%-40% wild-type activity (Wein-
rich et al. 1997). Mutation of the homologous glutamic
acid to alanine in human TERT had a negligible effect on
in vitro telomerase activity (Weinrich et al. 1997). Our
results suggest that these residues are not essential for S.
cerevisiae TERT and that telomerase activity in the mu-
tant strains is sufficient to maintain cell growth.

Through the unigenic evolution approach, we have
identified several essential domains in the amino termi-
nus of Est2p. At least two of these domains contribute to
binding of the RNA component of telomerase, whereas a
mutation near the amino terminus suggests that this re-
gion may interact with other components of the enzyme.
These results indicate that regions outside of the cata-
Iytic RT domain in TERT proteins are necessary to pro-
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vide functions not required for retroviral RTs, such as
stable association with the RNA template and formation
of a multisubunit holoenzyme.

Materials and methods

Senescence assay

A complete replacement of the EST2 open reading frame in
strain TVL268 (MATa ura3-52 ade2-101 lys2-801 leu2-Al trpl-
Al his3-A200/CF+ [TRP1 SUP11]; Vicki Lundblad, Baylor Col-
lege of Medicine, Houston, TX) was accomplished as described
(Baudin et al. 1993). The HIS3 gene from plasmid pRS313 (Si-
korski and Hieter 1989) was amplified using primers oligopro
est2  (5-ATGACACAAGTGAAATAGAAAAGTGAAAAAT-
TAAAAAAAAAAAAAAAAAAAAAAAAACTGATTTATA-
CTCCTCTTGGCCTCCTCTAG) and oligoterm est2 (5'-CCT-
TATCAGCATCATAAGCTGTCAGTATTTCATGTATTAT-
TAGTATCGTTCAGAATGACACG) and transformed into
TVL268. After minimal growth, the est2 strain was transformed
with plasmid pKF400 [LYS2 plasmid pRS317 containing the
BamHI EST2 fragment (from plasmid pVL291; Vicki Lundblad)].
Strain YKF102 (est2 rad52) was created by transformation with
a rad52::LEU2 fragment obtained from plasmid pSM20 (gift of
C. Chapon). For selection of functional est2 alleles, YKF102 was
plated on a-aminoadipate plates to select for loss of pKF400, and
the resulting est2::HIS3 rad52::LEU2 cells were restreaked
once. A 100-ml culture of these senescing cells was grown and
transformed with a library of est2 alleles. Transformants were
restreaked to verify rescue of senescence, DNA was isolated
using the DNA-Pure Yeast Genomic Kit (CPG Inc.), and
complementing plasmids were rescued by transformation into
electrocompetent XL1 Blue E. coli.

Plasmid construction

Plasmid pKF404 served as the basis for mutant libraries used in
this study. pKF404 contains the chromosomal BamHI-Sacl
fragment of EST2 cloned into YCplac33 (Gietz and Sugino
1988). Site-directed mutagenesis (Deng and Nickoloff 1987) was
used to destroy the carboxy-terminal HindIII site and to create
an Xbal site immediately following the stop codon. HindIII and
Xbal sites in the polylinker were destroyed.

Unigenic evolution

Several libraries of multiply mutated est2 alleles were created
by PCR mutagenesis. Primers Hprimer (5'-GAGTTCATTCA-
AGACAAGCTTG) and RIprimerB | 5'-CTGCTTAAATTCTT-
TGATACGG) were used in mutagenic PCR using pKF404 tem-
plate. PCR was as described (Fromant et al. 1995) with 0.056 mm
dATP, 0.090 mm dCTP, 0.020 mm dGTP, and 0.140 mm dTTP
and without Triton X. Annealing was at 52°C for 30 sec, exten-
sion at 72°C for 10 min over a total of 30 cycles. The PCR
product was purified using the QIAquick gel extraction kit (Qia-
gen). A portion of the mutagenized DNA was cut with HindIIl
and EcoRI and cloned into pHRadaptor, a plasmid derived from
pKF404 in which the HindIll-to-EcoRI fragment of EST2 was
replaced by a small linker fragment. Each PCR product was used
as the template for the next round of PCR mutagenesis, thereby
generating three libraries with increasing extents of mutagen-
esis. Functional est2 clones were identified by transforma-
tion into senescing est2::HIS3 rad52::LEU2 cells as described
above. After plasmid rescue, the mutagenized region between
the HindIIl and EcoRI sites was amplified from each individual
plasmid and the PCR product was sequenced at the DNA Se-
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quencing Facility, University of Colorado at Boulder. Statistical
analysis of mutation distribution has been described (Deminoff
et al. 1995).

Construction of deletion and inversion mutants

Deletions and inversions were created in EST2 on plasmid
pKF404 by site-directed mutagenesis (Deng and Nickoloff
1987). Following mutagenesis, the HindIII-EcoRI fragment was
sequenced and recloned into pHRadaptor (described above)
to eliminate extraneous mutations. Function of the clones
was assessed by transformation into senescing est2::HIS3
rad52::LEU2 cells as described above.

Terminal deletion libraries were created by cutting pKF404
with HindIIl or Xbal and treating with exonuclease III, S1, and
Klenow polymerase as described (Sambrook et al. 1989). Result-
ing DNA was cleaved with EcoRI to create a collection of frag-
ments with constant EcoRI ends and variable amino or carboxyl
termini. These fragments were isolated by QIAquick gel extrac-
tion (Qiagen) and cloned into HRadaptor or RXadaptor, plas-
mids derived from pKF404 and containing a small DNA frag-
ment replacing the HindIll-to-EcoRI or EcoRI-to-Xbal frag-
ments, respectively. Plasmids containing functional deletion
derivatives of EST2 were selected as described above.

Construction of ProA-EST2

The ProA sequence tag was amplified from plasmid pRIT2T
(Nilsson et al. 1985) using primers containing terminal Pvull
sites (5'-CAGGTAAGCCCCAGCTGGGGTGAAGCTCAAA-
AACTTAATG and 5'-ACGGTAAGCCCCAGCTGTATTTGT-
TATCTGCAGGTCGACG). The PCR product was cleaved
with Pvull and cloned into the HindIII site (filled with Klenow
polymerase) of pKF408. pKF408 contains the Sacl-BamHI frag-
ment of pKF404 in the URAS3 integrating vector pRS306 (Sikor-
ski and Hieter 1989). The resulting plasmid bearing ProA-Est2p
(pPKF409) was cleaved with Clal and integrated in strain TVL268
by two-step gene replacement (Scherer and David 1979) to cre-
ate strain YKF103.

Alanine-block mutations

Site-directed mutagenesis (Deng and Nickoloff 1987) was used
to change blocks of 10 amino acids to alanine in pKF409 (the
Ala-2 mutant changes seven amino acids). To create 10-amino-
acid substitutions, the endogenous gene sequence (see legend to
Fig. 4 for locations) was replaced by 5'-GCTGCAGCTGCTG-
CAGCGGCCGCAGCAGCT-3'. Nucleotides encoding the
seven-amino-acid block of Ala-2 were replaced by 5'-GCTG-
CAGCTGCGGCCGCTGCT-3'. Following mutagenesis, the
HindIII-to-EcoRI fragment was sequenced and recloned into the
original pKF409 plasmid to verify that no other mutations were
present. The resulting plasmids were cleaved with Clal and
placed in strain YKF103 by two-step gene replacement (Scherer
and David 1979). A mutation (D670A) in RT motif C was cre-
ated by an identical approach. Overexpression of Ala-1 was ac-
complished by cloning the insert from pKF409 into the URA3
2u vector, pRS426 (Christianson et al.1992).

After minimal growth, strains were transformed with the
complementing plasmid pKF404. Strains were plated on 5-FOA
to select for loss of pKF404, and resulting single colonies were
successively restreaked to YPD plates to assay senescence phe-
notype. Telomere length was assayed by picking a single colony
from 5-FOA into liquid YPD. Saturated cultures were diluted
1000-fold and allowed to regrow. DNA was isolated using the
DNA-Pure Yeast Genomic Kit (CPG Inc.), cleaved with Xhol,



run in a 1% agarose gel, blotted, and probed with a random-
primed yeast telomere sequence probe. A randomly selected
probe to a 1621-bp fragment of chromosome IV was included as
a loading control. The chromosome IV probe was amplified by
PCR from genomic DNA using primers 5'-GTACCTCGGTT-
TAGTTAAGCG and 5'-CTCATTCGAATCCATACGACC.

Extract preparation and Western and Northern analyses

Strains were grown at 30°C in YPD to ODg, 1. Extracts were
prepared by glass bead lysis in TMG (10 mm Tris-Cl at pH 8, 1
mMm MgCl,, 10% glycerol, 0.1 mm DTT) with 300 mm NaCl.
One Complete, Mini protease tablet (Boehringer) was added for
each 50 ml of TMG. RNasin (Promega) (1 nl) was added to 500
pl of extract. Protein concentration was shown to vary less than
twofold between samples by Coomassie stain. Extract was ad-
justed to 0.5% Tween-20 and incubated overnight with IgG
Sepharose beads (Pharmacia) equilibrated with TMG (plus 200
mM NaCl, 0.5% Tween-20). Beads were washed three times
with TMG (plus 200 mm NaCl, 0.5% Tween-20), once with
TMG (plus 50 mm NaCl) and resuspended in 20 ul of TMG (plus
50 mm NaCl, 0.5 mm DTT).

Immunoprecipitation beads were mixed with 2x Laemmli
loading buffer (125 mm Tris-HCl at pH 6.8, 4% SDS, 0.05%
bromophenol blue, 20% glycerol, 5% B-mercaptoethanol),
heated to 98°C for 5 min, and the supernatant was run on a 6%
Tris-glycine gel (Novex). Protein was semi-dry transferred to
Zetabind membrane (CUNO Laboratory Products). Primary an-
tibody was rabbit IgG (Sigma). Secondary was peroxidase-con-
jugated goat anti-rabbit antibody (Boehringer Mannheim).

For Northern analysis of RNA coimmunoprecipitation, 10 ul
of bound beads was mixed with 90 pl of 0.4 mg/ml proteinase K,
150 mMm NaCl, 10 mm Tris-HCI at pH 7.5, 12.5 mm EDTA, 1%
SDS and incubated at 37°C for 30 min. RNA was phenol/chlo-
roform extracted, precipitated, and run in a 4% acrylamide/7 m
urea gel. Following transfer to Hybond N+ membrane (Amer-
sham), blots were probed with random-primed TLC1 fragment
and end-labeled Ul oligonucleotide. Whole cell RNA was pre-
pared as described (Chapon et al. 1997) from 50 ml cultures
grown to ODgq [l. Gel conditions were as described above.

Telomerase assay

Packed beads (5 pl) from immunoprecipitation described above
were mixed with 0.5 pl of water or 0.5 ul of 1 mg/ml RNase A
and incubated 10 min at 30°C. Following addition of 5.5 pl of 2x
reaction mixture consisting of 80 mm Tris-Cl at pH 8, 100 mm
NaCl, 10% glycerol, 5 mm MgCl,, 1 mM spermidine, 1 mm
DTT, 5 uMm substrate oligonucleotide [5'-GTGTGGTGTGTG-
GG-3'], 200 pv TTP, 1.5 ul [o2PJdGTP (800 Ci/mm; 10 pCi/nl)
per reaction, the reaction proceeded for 20 min at 30°C and was
stopped by the addition of 1.5 ul of stop buffer (250 mm Tris at
pH 8, 250 mm EDTA at pH 8, 2% SDS) and 1.75 pl of proteinase
K (20 mg/ml) for 30 min at 60°C. Reaction products were pre-
cipitated and run in a 12% acrylamide/8 m urea sequencing gel.
Oligonucleotide +1 marker was made by treating the telomeric
14-mer (see above) with terminal transferase (United States Bio-
chemical) in the presence of [**P]ddTTP.
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