
MOLECULAR AND CELLULAR BIOLOGY, Sept. 2002, p. 6046–6055 Vol. 22, No. 17
0270-7306/02/$04.00�0 DOI: 10.1128/MCB.22.17.6046–6055.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Biogenesis of Yeast Telomerase Depends on the Importin Mtr10
Francisco Ferrezuelo,1 Barbara Steiner,2 Martí Aldea,3 and Bruce Futcher1*

Department of Molecular Genetics and Microbiology, State University of New York, Stony Brook, New York
11794-52221; Department of Pharmacology, University of Frankfurt, Biocenter Niederursel,

Frankfurt, Germany2; and Departament de Ciències Mèdiques Bàsiques,
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Telomerase is a ribonucleoprotein particle (RNP) involved in chromosome end replication, but its biogenesis
is poorly understood. The RNA component of yeast telomerase (Tlc1) is synthesized as a polyadenylated
precursor and then processed to a mature poly(A)� form. We report here that the karyopherin Mtr10p is
required for the normal accumulation of mature Tlc1 and its proper localization to the nucleus. Neither TLC1
transcription nor the stability of poly(A)� Tlc1 is significantly affected in mtr10� cells. Tlc1 was mostly nuclear
in a wild-type background, and this localization was not affected by mutations in other telomerase components.
Strikingly, in the absence of Mtr10p, Tlc1 was found dispersed throughout the entire cell. Our results are
compatible with two alternative models. First, Mtr10p may import a cytoplasmic complex containing Tlc1 and
perhaps other components of telomerase, and shuttling of Tlc1 from the nucleus to the cytoplasm and back may
be necessary for the biogenesis of telomerase (the “shuttling” model). Second, Mtr10p may be necessary for the
nuclear import of some enzyme needed for the nuclear processing and maturation of Tlc1, and in the absence
of this maturation, poly(A)� Tlc1 is aberrantly exported to the cytoplasm (the “processing enzyme” model).

Telomeres, the ends of linear chromosomes, cannot be fully
replicated by conventional DNA polymerases (21, 35, 53). This
end replication problem is solved in most eukaryotes by a
ribonucleoprotein complex called telomerase, which extends
the natural 3� ends of chromosomes by adding a repetitive
sequence copied from its RNA component (reviewed in refer-
ences 12 and 36). Telomerases from different organisms con-
tain a conserved reverse transcriptase subunit, an RNA subunit
that provides the template for the newly synthesized telomeric
DNA, and also a set of additional proteins (showing little or no
sequence conservation) serving a variety of accessory functions
(reviewed in reference 33). Little is known, however, about the
biogenesis of telomerase, i.e., the processing, transport, and
assembly of its different components.

In the yeast Saccharomyces cerevisiae, the reverse transcrip-
tase is called the Est2 protein (7, 22), and the template RNA
is called Tlc1 (47). In addition, yeast telomerase contains at
least two accessory proteins, named Est1 and Est3, which are
required for telomerase-dependent telomere elongation in
vivo (14, 18, 20, 49). Est1 binds Tlc1 and mediates the access of
telomerase to the telomere (9, 51, 57), whereas the function of
Est3 is still unknown. Yeast telomerase complex also contains
Sm proteins (45), which are common components of the small
nuclear ribonucleoprotein particles (snRNPs) (reviewed in ref-
erence 54). In fact, Tlc1 shares a number of structural and
biogenetic hallmarks with the uridine-rich snRNAs (UsnR-
NAs) U1, U2, U4, and U5, which are subunits of the snRNPs.
In addition to their high uridine content, snRNAs and Tlc1 are
RNA polymerase II transcripts; they have a 5�-2,2,7-trimeth-
ylguanosine (TMG) cap; and they bind the Sm proteins

through a specific sequence termed the Sm site, which is es-
sential for their accumulation (4, 45; snRNP biogenesis has
been reviewed in reference 55). In yeast, two distinct forms of
Tlc1 RNA are found: a short-lived polyadenylated transcript
[poly(A)� Tlc1] and a much more abundant and stable
poly(A)� species (mTlc1), which likely derives from the
poly(A)� form (4). Although no poly(A)� fractions of snR-
NAs are detected under physiological conditions, poly(A)�

forms of these RNAs have been reported under conditions
which interfere with the normal processing of snRNAs (8, 32,
43, 50), suggesting that the poly(A)� mature snRNAs may
derive from poly(A)� precursors. Because of these parallels, it
is possible that both snRNPs and telomerase may follow sim-
ilar biogenesis pathways.

In higher eukaryotes, UsnRNAs are exported to the cyto-
plasm where they bind the Sm core proteins. Sm binding trig-
gers the hypermethylation of the cap and the trimming of extra
nucleotides (fewer than 20) at the 3� end, and it generates a
bipartite nuclear localization signal (NLS) required for nuclear
import of the snRNP (reviewed in references 30, 31, and 55).
One part of this NLS consists of the TMG cap, specifically
recognized by the import factor Snurportin-1, which in turn
serves as an adapter between the TMG cap and the general
import factor importin-� (13, 37). Another part of the NLS
resides in the Sm core of the particle, but its exact molecular
nature and the import factor that interacts with it remain
elusive. In yeast, it is not known whether UsnRNAs transit
through the cytoplasm. In this respect, yeast orthologs of ver-
tebrate PHAX (the specific mediator of snRNA export) and
Snurportin-1 have not been identified (13, 34), which rein-
forces a model wherein snRNP biogenesis in yeast would be
exclusively nuclear.

Nucleocytoplasmic transport is mediated by soluble recep-
tors that recognize structural features (NLS or nuclear export
signal) in their substrates. In general, the transport apparatus
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is versatile, with individual receptors binding a variety of car-
goes and vice versa (reviewed in references 6, 11, and 31). Most
transport receptors belong to a large family of homologous
proteins known as karyopherins. They share limited sequence
identity (15 to 25%), contain an N-terminal Ran-GTP-binding
motif, and bind some components of the nuclear pore complex
(reviewed in reference 31). One of the members of this family
is S. cerevisiae Mtr10p (10, 38, 44). Although first identified in
a screen for mutants defective in mRNA export, mtr10 cells
also present abnormalities in different aspects of ribosome
biogenesis (15, 29, 48). The major cargo of Mtr10p is the
mRNA-binding protein Npl3 (38, 44), a nucleocytoplasmic
shuttling protein involved in mRNA export and pre-rRNA
processing (17, 40). Many of the phenotypes of mtr10 mutants
can be at least partly attributed to impairment of Npl3p func-
tion (for example, see reference 29).

Here, we have isolated mtr10 in a genetic screen for telo-
mere maintenance mutants. mtr10 (but not npl3) cells exhib-
ited a gradual telomere shortening that can be explained by the
low levels of Tlc1 in these mutants. Kinetics studies revealed a
defective intermediate step in telomerase biogenesis, whereas
the stability of mTlc1 was unaffected. By fluorescence in situ
hybridization (FISH), we detected Tlc1 mostly in the cell nu-
cleus in wild-type cells. This localization was independent of
other telomerase components. By contrast, Tlc1 was found
dispersed throughout the entire cell in an mtr10 background.
Our data fit two alternative models wherein Mtr10p would play
a role as an import receptor either of a Tlc1-containing cyto-
plasmic complex (the “shuttling” model) or of a protein in-
volved in the nuclear processing of telomerase RNP (the “pro-
cessing enzyme” model).

MATERIALS AND METHODS
Strains, plasmids, and genetic manipulations. Growth media and general

genetic manipulations were as previously described (25). Strains carrying a
MATa-inc or a MAT�-inc allele were used in the screen. These were made by
crossing GRY1078a or GRY1060� (kindly provided by J. Strathern), respec-
tively, to W303 MAT� or MATa (ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1
can1-100 ssd1-d [psi�], backcrossing twice again to W303, and selecting GRY
mating type and W303 markers. DF5 background strains, both wild type and
mtr10::HIS3, were a gift from G. Blobel and have been described elsewhere (38).
RS453 strains were from E. Hurt (44). The W303 mtr10� strain was constructed
from RS453 mtr10::HIS3 by PCR amplification of the mtr10::HIS3 cassette and
subsequent transformation of a W303 diploid strain. After sporulation, substi-
tution of the wild-type allele for the mtr10::HIS3 cassette was confirmed by PCR
and cosegregation with the slow-growth phenotype. S288C strains were pur-
chased from Research Genetics (Huntsville, Ala.) and are part of the Saccha-
romyces genome deletion project (www-sequence.stanford.edu/group/yeast
_deletion_project), wherein each open reading frame has been substituted by a
KanMX4 module. These include mtr10�, npl3�, and gbp2� strains. S288C hrb1�
was constructed from a hrb1::HIS3 strain (P. Silver) following a PCR-replace-
ment strategy. Double and triple mutants were obtained by crossing and sporu-
lation. In each case, they were confirmed by PCR. W303 yku80::KAN strain was
a gift from S. Jackson. Construction of the W303 tlc1::LEU2 strain has been
previously described (49). W303 tlc1::LEU2 mtr10::HIS3 double mutants were
obtained by crossing the corresponding single mutants. Strains est1::HIS3,
est2::URA3, est3::LYS2, cdc13est and the quadruple mutant used in the FISH
experiments were obtained by sporulation of a heterozygous diploid (kindly
provided by V. Lundblad).

Plasmid pBST3 was made as follows: oligos 5�-ATC AGC GGA TCC GTG
TGT GGG TGT GTG TGT GGG TGT GTG TGT GGG TGT GTG TGT TTC
AGC TTT CCG CAA CAG TAT AAT TTT CAA TTC AAT TCA TC-3� and
5�-ATC AGC GGA TCC GTG TGT GGG TGT GTG TGT GGG TGT GTG
TGT GGG TGT GTG TGT TTC AGC TTT CCG CAA CAG TAT AAC TTT
TTC TTT CCA ATT TT-3� were used to PCR amplify the URA3 gene from a
URA3-containing plasmid. The resulting Tel-HO-URA3-HO-Tel cassette (where

Tel is a 41-nucleotide [nt]-long TG-rich telomeric sequence and HO represents
the 24-nt HO endonuclease recognition site) was flanked by BamHI restriction
sites and inserted into the BamHI site of plasmid pRS315 (46). Plasmid pBST1
contained the HO endonuclease under the GAL10 promoter and was made by
inserting a 3.3-kb EcoRI/SalI fragment from pGAL-HO (a gift from I. Herskow-
itz) into pRS313 (46). Plasmid pRS314-MTR10 was made by PCR amplification
of MTR10 using oligos 5�-GCA CAG GAT CCG CAA TTT ATT GGT GGC
ACC-3� and 5�-AAA AGC GGC CGC ACC AGA ATG TGT GAA GAG-3�,
then cloned as a 3.5-kb BamHI/NotI fragment into pRS314. The plasmids used
in the suppression experiment (see Fig. 2B) were constructed by cutting previous
plasmids and inserting the following fragments into pRS426 (a 2�m-based plas-
mid): NotI/XhoI TLC1 fragment from pVL796, HindIII/XbaI EST1 fragment
from pVL887, SacI/XhoI EST2 fragment from pRS315-EST2, EcoRI/SalI EST3
fragment from pVL1014, and XbaI/KpnI CDC13 fragment from pVL440. The
same sites were used as cloning sites in pRS426 except for SpeI, which was used
instead of XbaI. The pVL plasmids were a generous gift from V. Lundblad.
Plasmid pRS315-EST2 was from J. Zhou and B. Futcher (unpublished data).
Plasmid pRS314 carrying the mtr10-7 allele was kindly provided by E. Hurt (44).
Plasmid pSD171 (CEN, TRP1) carrying TLC1 under the GAL1-10 promoter was
kindly given by D. Gottschling. Tlc1 from this plasmid contains 5� extra nucle-
otides and consequently runs slightly slower than the endogenous Tlc1 (4). For
the experiment shown below in Fig. 5A, the �3-kb GAL-TLC1 construct was cut
with SalI and cloned at the XhoI site of pRS316 (CEN, URA3). Plasmids
pPS1331 (2�m; LEU2 HRB1) and pPS1152 (2�m; URA3 NPL3) were used for
HRB1 and NPL3 overexpression experiments and were provided by P. Silver.

Genetic screen. MATa-inc and MAT�-inc strains carrying plasmids pBST3
and pBST1 were mutagenized with ethyl methanesulfonate as previously de-
scribed (56) and plated on medium lacking leucine and histidine. Colonies were
replica plated on 5-fluoroorotic acid (5-FOA)- and galactose-containing medium
with or without leucine. Cells unable to grow in the absence of leucine were
picked up from the leucine-containing replica. These candidates were retested
for their inability to maintain pBST3. They were crossed to W303 and sporulated,
and their chromosomal telomere length was examined by Southern blot analysis.
Those presenting a short telomere phenotype were backcrossed to wild-type
W303 at least twice.

Cloning LPM25 and sequencing of the MTR10 locus in strain lpm25. Strain
lpm25 was transformed with a genomic yeast library cloned on a 2�m-based
plasmid (YEp213) kindly given by S. Cameron and M. Wigler. This library was
screened for complementation of the temperature-sensitive (Ts) phenotype of
lpm25 cells. We carried out two independent transformations, examining about
25,000 transformants each time. Only one transformant in each case was able to
grow at 37°C. These contained, respectively, a 7- and 14-kb overlapping genomic
insert. Genes contained in both inserts were subcloned into pRS314 and tested
independently for complementation. Only an MTR10-containing plasmid sup-
pressed the phenotypes of lpm25 mutants.

Isolation of the MTR10 locus in strain lpm25 for further sequencing was
carried out by a plasmid gap-repair strategy (24). Briefly, the library plasmid
containing the 14-kb insert was cut with XhoI/PacI about 2,400 and 500 bp
upstream and downstream of MTR10, respectively. The linear fragment was
introduced into the lpm25 strain and colonies with unstable selectable marker
(nonintegrated) were selected. Plasmids isolated from these colonies were un-
able to suppress the phenotypes of lpm25 cells. The MTR10 locus was sequenced
from nt �275 to �1860. Since we found a nonsense mutation at position 1062
and PCR amplification suggested no major alterations (deletions or insertions),
we did not sequence the gene further.

Southern and Northern blotting. Genomic DNA was isolated with the Wizard
genomic purification kit from Promega (Madison, Wis.), following the manufac-
turer’s instructions. DNA was digested overnight with PstI, mixed with loading
buffer and size markers (511 and 1,436 bp), and loaded on a 1% agarose gel. The
blotting procedure was as previously described (3). Detection of telomeric bands
was accomplished by using a 28-nt TG-rich oligo probe labeled with either 32P
(Amersham Pharmacia, Piscataway, N.J.) or digoxigenin (Roche Molecular Bio-
chemicals, Indianapolis, Ind.) and exposing the membrane to a Molecular Dy-
namics PhosphorImager or X-ray film, respectively.

Total RNA was isolated by a hot acidic phenol protocol (5). RNA was quan-
titated by fluorometry or spectrophotometry, and roughly equal amounts of total
RNA (�20 �g) were loaded onto formaldehyde-agarose gels as described in
reference 27. Tlc1, U2, and ACT1 probes were labeled by random-primed DNA
labeling (Roche Molecular Biochemicals) from restriction fragments containing
the corresponding genes. Other probes to detect more abundant RNAs consisted
of end-labeled oligos. 32P or digoxigenin was used.

FISH. Cells were grown to an optical density at 600 nm (OD600) of 0.4 to 0.6,
mixed with 37% formaldehyde (120 �l/ml of cells), and incubated for 1 h at room
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temperature (RT). After fixation, they were washed in PB (0.1 M KH2PO4, pH
6.5) and resuspended in 250 �l of PB with 1.2 M sorbitol. Cells were sphero-
plasted by treatment with 2 �l of Zymolyase 100T (10 mg/ml) for 30 min at 37°C,
washed in PB plus 1.2 M sorbitol, and placed onto polylysine-treated slides. After
washing the cells with PB, they were permeabilized with 0.1% Triton X-100 and
then prehybridized with FHB solution (50% deionized formamide, 4	 SSC [1	
SSC is 0.15 M NaCl plus 0.015 M sodium citrate] [pH 8.0], 500 �g of yeast
tRNA/ml, 5 mM EDTA [pH 8.0], 100 �g of heparin/ml, 0.05% Sarkosyl) for at
least 1 h at RT in a humid chamber. Antisense RNA probes were labeled with
Alexa Fluor 488 (Molecular Probes, Eugene, Oreg.) according to the manufac-
turer’s instructions and hybridized overnight at 37°C in FHB. After hybridization,
slides were washed twice in 0.2	 SSC for 30 min at RT and once at 55°C. Cells
were then washed with ABS4 (0.1 M Tris-HCl [pH 8.0], 125 mM NaCl, 10 mM
MgCl2) and incubated with 5 �g of 4�,6�-diamidino-2-phenylindole (DAPI)/ml in
ABS4 for DNA staining. Cells were washed again with ABS4, dried 10 min at RT
in the dark, and mounted with Vectashield mounting medium (Vector Labora-
tories, Burlingame, Calif.). Signal was visualized in a fluorescence microscope.

RESULTS

Identification of mtr10 as a telomere maintenance mutant.
To identify novel mutants defective in telomere maintenance,
we have designed a genetic screen based on a previous scheme
(23). We constructed the LEU� URA� plasmid pBST3 (Fig.
1A). When pBST3 is cut with the HO endonuclease, it releases
a short, linear, LEU� ura� minichromosome whose ends are
capped with 41 bp of telomeric sequence. In a wild-type strain,
these 41-bp proto-telomeres nucleate the formation of full-
length telomeres (26) and so allow the appearance of LEU�

ura� cells. However, in mutant strains defective for various
steps in telomere addition or maintenance, these 41-bp proto-
telomeres are not sufficient for maintenance of the linear plas-
mid and so no LEU� ura� cells can be derived from such
mutants.

By selecting for the LEU2 marker and counterselecting
against the URA3 marker using 5-FOA (1), we isolated 58

candidate mutants that failed to maintain linearized pBST3.
We named these lpm mutants, for linear plasmid maintenance.
Six of the 58 mutant isolates had abnormally short chromo-
somal telomeres, as assayed by Southern blotting (data not
shown). Of these six, complementation and cosegregation
analyses showed that two mutant isolates were alleles of EST2,
the catalytic subunit of telomerase (7, 22), demonstrating that
our screen was capable of detecting genes involved in telomere
function. However, we did not detect alleles of EST1, EST3, or
TLC1, indicating that the screen was not saturated.

Mutant lpm25 had short telomeres, poor growth at 30°C, and
failed to grow at 37°C (Fig. 1B and data not shown). The
growth phenotypes and the telomere shortening phenotype
were tightly linked, suggesting they might be due to the same
mutation. We cloned the wild-type LPM25 gene by comple-
mentation of the Ts lethal phenotype. Two independent com-
plementing plasmids were analyzed; these had overlapping
genomic inserts, which included the MTR10 gene. Subcloning
of DNA in the overlapping region demonstrated that a portion
of the insert containing only the MTR10 gene was capable of
suppressing both the Ts growth defect and the telomere short-
ening in lpm25 cells (Fig. 1B and data not shown). These
effects were due to MTR10, since lpm25 mutants that had lost
the MTR10 plasmid or carried only empty vector displayed
lpm25 mutant phenotypes (Fig. 1B). Interestingly, although
lpm25 cells exhibited the full growth defect very rapidly after
losing the MTR10 plasmid, telomeres in these cells shortened
only gradually.

We next examined telomere length in four different genetic
backgrounds (DF5, RS453, S288C, and W303) deleted for
MTR10. All four mtr10� strains had shorter telomeres than
their wild-type counterparts (data not shown). Sequencing of

FIG. 1. mtr10 mutants have short telomeres. (A) Plasmid pBST3. Two cassettes, each consisting of an HO site followed by a 41-bp-long yeast
telomeric sequence (TEL), flanked a copy of the URA3 gene as shown. Induction of the HO endonuclease releases a linear plasmid containing
a LEU2 selectable marker. This plasmid can be efficiently maintained only when the exposed telomeric tracts are elongated to create a functional
telomere. (B) MTR10 suppressed both the growth defect and the short telomere phenotype of lpm25 mutants. MTR10 was subcloned into pRS314
and transformed into lpm25 cells. Mutants carrying the MTR10 gene were indistinguishable from a wild-type strain. Vector alone did not produce
any effect. Loss of MTR10 plasmid from lpm25 strains reverted both phenotypes. Plates were incubated at 30°C for 24 h. Some colonies from these
plates were inoculated in liquid medium and grown to an OD600 of 1. Genomic DNA from these cultures was used in the Southern blotting. The
arrow indicates a band corresponding to Y� subtelomeric DNA. �, plasmid present; �, plasmid absent.
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the MTR10 locus in the lpm25 strain revealed a G 3 A point
mutation at nt 1062, which should create a stop codon, leading
to a truncated protein that is 37% of the wild-type length. The
lpm25 mutant was phenotypically indistinguishable from a de-
letion strain (data not shown).

Low levels of yeast telomerase RNA in mtr10 cells. We ex-
amined telomere length in mtr10� cells that had been succes-
sively subcultured (Fig. 2A). We observed a progressive reduc-
tion in telomere length as the number of cell divisions
increased, which was similar to, but perhaps slower than, the
shortening observed in a parallel experiment for tlc1. In con-
trast, a yku80� strain displayed a sudden telomere shortening
that then remained stable throughout the course of the exper-
iment (data not shown). Thus, like the telomeres of est1, est2,
est3, and tlc1 mutants (for example, see reference 18), the
telomeres of mtr10 mutants shorten only gradually with an
increasing number of cell divisions (Fig. 2A).

However, unlike est1, est2, est3, and tlc1, the mtr10 mutants
did not display senescence, nor did telomeres shorten indefi-
nitely. Instead, mtr10 cells often displayed amplification of Y�
subtelomeric regions (Fig. 1B). The telomere maintenance de-
fect in mtr10 mutants is not complete (see below) and, conse-
quently, telomere shortening may be slower than in the case of
est1, est2, etc. This may increase the probability of Y� amplifi-
cation, as opposed to senescence.

Since mtr10 mutants behaved in many respects like est1, est2,
est3, tlc1, and cdc13, we asked whether overexpression of the
latter genes from high-copy-number plasmids could suppress
the telomere maintenance defect of mtr10 cells. Overexpres-
sion of TLC1 restored wild-type telomere length in mtr10�
cells, whereas no significant changes were observed with the
other genes assayed (Fig. 2B). (Some slight lengthening took
place with EST2, but this also occurred in the MTR10 control.)
On the other hand, neither TLC1 nor any of the other genes
had any effect on the slow growth or Ts lethality of mtr10
mutants, suggesting that telomere shortening is not an indirect
effect of the other phenotypes of mtr10 strains.

The suppression of the mtr10 telomere phenotype by TLC1
prompted us to examine the level of Tlc1 RNA in the mtr10
mutant. Northern blotting showed that levels of Tlc1 were very
low, whereas other RNAs (ACT1 mRNA, snR30, scR1, and
U14) were not significantly affected (Fig. 2C and data not
shown). Importantly, a high-copy-number TLC1 plasmid
greatly restored (although not completely) the levels of mature
Tlc1 to wild-type in an mtr10� background (Fig. 2C), providing
a sufficient explanation for the suppression of telomere short-
ening. We conclude that levels of yeast telomerase RNA are
greatly and specifically reduced in mtr10 mutants and that the
reduced levels of Tlc1 largely account for the short telomere
phenotype.

Tlc1 occurs in two forms, a precursor poly(A)� species,
which is the direct product of RNA polymerase II transcrip-
tion, and a shorter, mature form that lacks the poly(A) tail
(mTlc1) (4). In the wild-type background, the endogenous
levels of the precursor, poly(A)� Tlc1 account for only �5 to
10% of total Tlc1 (4) and are hardly affected by Mtr10p dys-
function. In fact, in some instances, this form was more readily
detectable in the mutant than in the wild-type strain (Fig. 2C).
By contrast, the level of mTlc1 was reduced about 14-fold (Fig.

3). Thus, the mtr10 mutant is particularly defective in gener-
ating the mature, processed form of Tlc1.

Normal levels of UsnRNAs in mtr10� cells. Yeast telomer-
ase contains the Sm proteins common to all other snRNPs (45,

FIG. 2. mtr10 cells are defective in the telomerase pathway.
(A) Progressive telomere shortening in mtr10� mutants. A heterozy-
gous diploid MTR10/mtr10� was sporulated and dissected. Spores ger-
minated on YEPD plates for 4 days at 30°C. Wild-type (WT) and
mutant strains were selected and then either inoculated in YEPD
liquid and grown overnight for genomic DNA isolation (time 0) or
streaked out on plates and grown for 24 h. This procedure was re-
peated for six consecutive days. The Southern blot shows only the Y�
class telomere band and size markers. Telomere length remained con-
stant in a wild-type background throughout the course of the experi-
ment but progressively diminished in the mutant. (B) Overexpression
of TLC1 restored wild-type telomere length in the mtr10� mutant.
Heterozygous diploid MTR10/mtr10� cells were transformed with the
2�m plasmid pRS426 or derivatives carrying genes TLC1, EST1, EST2,
EST3, and CDC13. After sporulation, dissection, and germination,
plasmid-bearing wild-type (WT) and mutant (m) strains were selected
and streaked out for four successive days on medium lacking uracil.
Again, only the Y� class telomere band is shown. (C) Low levels of Tlc1
in mtr10� cells. Endogenous and overexpression levels of Tlc1, both
poly(A)� and mature (mTlc1) forms, were examined by Northern
blotting. The level of endogenous mTlc1 was very low in an mtr10�
mutant, whereas the poly(A)� form was even easier to detect than in
the wild-type strain. mTlc1 levels in mtr10� cells were greatly restored
by overexpression of TLC1 from its own promoter by using a high-
copy-number plasmid (pTLC1). By contrast, when overexpressed from
the GAL promoter (pSD171), little, if any, mTlc1 accumulated in the
mutant. Exposure time was different for the three panels presented.
scR1 RNA is shown with identical exposure time. mtr10 mutations did
not appreciably influence the levels of this RNA.
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55). Association of the Sm proteins with Tlc1 and the UsnR-
NAs is required for their accumulation (39, 41, 45). In partic-
ular, disruption of the interaction between Tlc1 and the Sm
proteins leads to phenotypes similar to those described here;
that is to say, a reduction in Tlc1 levels and a concomitant
decrease in telomere length (45). Thus, Mtr10p might influ-
ence this interaction, for instance by importing the Sm proteins
to the nucleus, where the snRNPs ultimately function. If a
central step in the biogenesis of the snRNPs involving Sm
proteins is somehow affected, the levels of other snRNAs
should also be low in mtr10 cells.

We therefore compared the levels of UsnRNAs to those of
Tlc1 in mtr10� and wild-type strains. Little change was ob-
served for any UsnRNA in mtr10 cells (Fig. 3), which argues
against a global disturbance in Sm protein function. However,
since the processing, maturation, and behavior of UsnRNAs
may be quite different from that of Tlc1, we cannot rule out the
possibility that some aspects of Sm protein functionality, upon
which Tlc1 accumulation might depend to a greater extent,
could be affected in an mtr10 mutant.

Role of known cargoes of Mtr10. Mtr10 is a karyopherin-�,
and it helps import proteins into the nucleus. Its major known
cargo is the RNA-binding protein Npl3, and other suspected or
possible cargoes include the RNA-binding proteins Hrb1 and
Gbp2 (38, 44) (Gbp2 only because of its high sequence identity
to Hrb1). Furthermore, Gbp2 is a putative telomere-binding
protein (16, 19). One of these RNA-binding proteins could
mediate an interaction between Mtr10p and Tlc1. However,
high-copy overexpression of neither NPL3 nor HRB1 had any
effect on the growth rate or telomere length of mtr10 mutants
(data not shown).

The possible involvement of Npl3, Hrb1, and Gbp2 in telo-
mere metabolism was further addressed by examination of
telomere length in single, double, and triple npl3� hrb1�
gbp2� mutants (Fig. 4). NPL3 is essential in some genetic
backgrounds, but it confers only a growth defect in S288C
strains. None of the single mutants exhibited a perceptible
alteration in telomere length. A double mutant npl3� gbp2�
displayed a slight telomere shortening that was also observed

in the triple mutant hrb1� gbp2� npl3� but not in the other
double mutants (Fig. 4). Thus, the Npl3 and Gbp2 proteins
might have a role in telomere metabolism. However, this telo-
mere defect is much less severe than in mtr10 mutants.

Defective telomerase biogenesis in mtr10 cells. The reduced
levels of mTlc1 in mtr10 cells could result from defects in
transcription of the TLC1 gene or defects in posttranscrip-
tional processing to the mature form, or it could result from
abnormally high instability of Tlc1. Two observations suggest
that transcription is not defective. Firstly, we were often able to
see the poly(A)� form of Tlc1 in mtr10 cells, sometimes even
at higher levels than in a wild-type background (Fig. 2C).
Secondly, overexpression of TLC1 gave similarly high levels of
the primary poly(A)� transcript in both wild-type and mtr10
strains, but it gave much higher levels of mature Tlc1 in the
wild-type strain than in the mtr10 strain (Fig. 2C and 5B).

To examine the stability of mTlc1, we used a plasmid ex-
pressing TLC1 from the regulatable GAL promoter (pGAL-
TLC1). In addition, we used mtr10-7, a Ts allele of MTR10
(44), to allow regulatable function of Mtr10. Even at 18°C,
mtr10� cells carrying the mtr10-7 allele showed lower levels of
mTlc1 than MTR10 cells, consistent with only a partial recov-
ery of telomere length in mtr10-7 cells (data not shown). How-
ever, significant quantities of mTlc1 accumulated in the
mtr10-7 background.

MTR10 tlc1� and mtr10� tlc1� cells carrying pGAL-TLC1
and pRS314-mtr10 were grown at 18°C (permissive tempera-
ture) (44) in galactose-containing medium, where expression
of TLC1 was high. Both cultures accumulated mTlc1. The

FIG. 3. Normal levels of UsnRNAs in mtr10� mutants. Equal
amounts of total RNA from five wild-type and five mtr10� isogenic
strains were analyzed by Northern blotting, using probes specific for
U1, U2, U4, U5, scR1, and Tlc1. Quantitation was performed using a
PhosphorImager and referred to the levels of scR1. Wild-type levels
were assigned a value of 100. The means of the five measures and the
standard deviations (error bars) are shown.

FIG. 4. Telomere length in npl3, hrb1, and gbp2 mutants. Telomere
length in single, double, and triple mutants as well as wild-type (WT)
strains derived from a heterozygous diploid npl3 hrb1 gbp2/NPL3
HRB1 GBP2 was analyzed by Southern blotting. Cells were streaked
out for four successive days before DNA was isolated. For comparison,
we also included an mtr10� mutant in the same genetic background.
Only the Y�-type telomeres and size markers are shown.
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cultures were then shifted to 37°C for 2 h to inactivate Mtr10-7
(44), and then glucose was added to repress TLC1 transcrip-
tion. Levels of mTlc1 were measured over time by Northern
analysis (Fig. 5A). After normalization to the initial mTlc1
levels (Fig. 5A, 30 min) and to a loading control (Fig. 5A, scR1
RNA), there was no significant difference between the mtr10-7
and MTR10 strains in the rate of decay of mTlc1; after 90 min,
only �20% of mTlc1 remained in the MTR10 strain, compared
to �27% in mtr10� mutants (Fig. 5A, 120 min versus 30 min).
This result indicates that the mtr10 mutation does not affect
mTlc1 stability.

A similar approach was used to study mTlc1 biogenesis.
MTR10 tlc1� and mtr10� tlc1� cells carrying pGAL-TLC1
were grown overnight in raffinose medium (noninducing but
nonrepressing), then supplemented with galactose to induce
TLC1 expression, and sampled at different times. As before,
RNA levels were examined by Northern analysis. In the
MTR10 tlc1� strain both poly(A)� and poly(A)� forms of Tlc1
were readily apparent, although the appearance of the
poly(A)� form was delayed with respect to the poly(A)� spe-
cies (Fig. 5B), consistent with a product-precursor relationship
(4). On the other hand, the mtr10� tlc1� strain lacked mTlc1
and had reduced levels of the poly(A)� form compared to
those in MTR10 tlc1� cells. Importantly, failure to produce
mTlc1 in the mtr10� strains was not due to insufficient accu-
mulation of the precursor poly(A)� Tlc1, because similar
amounts of this RNA species did generate mTlc1 in the

MTR10 background. Taken together, these results suggest that
the absence of Mtr10p disrupts an intermediate step in the
biogenesis of Tlc1 and somehow prevents the processing of
poly(A)� Tlc1 into mTlc1.

Tlc1 RNA is mislocalized in mtr10 cells. Because Mtr10p
functions in nucleocytoplasmic transport, we used RNA FISH
to ask whether Tlc1 localization was abnormal in mtr10 mu-
tants. Endogenous levels of Tlc1 were undetectable, so Tlc1
was overexpressed, both from its own promoter (on a high-
copy-number plasmid) and from the GAL promoter, and both
overexpression methods gave similar results. In a wild-type
strain, Tlc1 was mostly nuclear, although some cytoplasmic
signal was also apparent (Fig. 6A and B). In mtr10� mutants,
fewer cells had a detectable signal, as expected from the lower
levels of Tlc1, but those cells that did have signal exhibited a
dramatic change in Tlc1 localization, such that Tlc1 now ap-
peared dispersed throughout the entire cell (Fig. 6A and B)
and was not concentrated in the nucleus. This result suggests
that Tlc1 may shuttle through the cytoplasm and that Mtr10p
may be involved in its reimport to the nucleus, although alter-
native explanations also exist (see Discussion).

The dispersed localization was not due to nuclear envelope
leakiness, because the nucleolar RNA U3 had normal local-
ization in mtr10 cells (Fig. 6A), further suggesting a rather
specific effect of mtr10 on Tlc1. Because pGAL-TLC1 does not
give rise to detectable amounts of mTlc1 in mtr10 cells (Fig. 2C

FIG. 5. Defective biogenesis of Tlc1 in mtr10� strains. (A) The stability of mTlc1 did not depend on Mtr10 function. tlc1� MTR10 and tlc1�
mtr10� strains carrying plasmids pmtr10-7 and pGAL-TLC1 were grown overnight at 18°C in galactose-containing medium. Cultures were shifted
to 37°C for 2 h prior to addition of glucose. Samples were taken at the specified times, total RNA was extracted, and equal amounts of RNA were
examined by Northern blot analysis. scR1 was probed as a loading reference. Signal intensities for Tlc1 were obtained with different exposures
between strains. (B) mTlc1 fails to accumulate in mtr10� cells. Strains carrying pGAL-TLC1 were grown overnight (o/n) in raffinose-containing
medium, then supplemented with galactose (2% final concentration), and sampled at the specified times. Equal amounts of total RNA from these
samples were analyzed by Northern blotting. scR1 was used as a loading control. Samples from overnight-grown cells in galactose-containing
medium are also shown (Gal).
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and 5B), we attribute the dispersed signal from pGAL-TLC1
mostly to the poly(A)� form.

In striking contrast, strains deleted for various protein com-
ponents of telomerase showed normal localization of the RNA
subunit (Fig. 6C). Even a quadruple est1� est2� est3� cdc13est

mutant exhibited a clear nuclear signal for Tlc1. Furthermore,
Tlc1 levels remained fairly constant in these mutants (14, 57;
this work [data not shown]).

DISCUSSION

We have shown that levels of Tlc1 drop drastically in the
absence of Mtr10p. This is the most likely cause of the telo-

mere shortening observed in mtr10 cells, because overexpres-
sion of TLC1 in the mutant restored both telomere length and
levels of mTlc1 without suppressing other aspects of the mtr10
phenotype. Because levels of the UsnRNAs remained un-
changed in the mtr10� strains, it seems that Mtr10p partici-
pates in a step in Tlc1 biogenesis not shared by these UsnR-
NAs.

The mtr10 mutant has particularly low levels of the mature
form of Tlc1. Indeed, even when artificially high levels of the
precursor form of Tlc1 are provided, mtr10 cells are largely
defective in the accumulation of mature Tlc1. This is not be-
cause mTlc1 is particularly unstable in mtr10 cells, and so we

FIG. 6. Tlc1 is mislocalized in mtr10� cells. (A) Localization of Tlc1 and U3 in wild-type and mtr10� strains. Overexpressed Tlc1 (pRS426-
TLC1) and endogenous U3 were visualized with antisense RNA probes labeled with Alexa Fluor 488. tlc1� cells served as control for Tlc1-specific
detection. U3 localization was nuclear in both backgrounds, whereas Tlc1 dramatically changed its localization in the absence of Mtr10p. Here and
below, DAPI-stained DNA is also shown. (B) Localization of galactose-induced Tlc1. Cells were grown in raffinose-containing medium, then split
in two, and half were supplemented with 2% galactose for 90 min. Tlc1 was visualized with the same probe as above. (C) Localization of Tlc1 in
est mutants. est1�, est2�, and the quadruple mutant were transformed with pGAL-TLC1 and grown overnight in galactose-containing medium.
est3� and cdc13est carried pRS426-TLC1 and were grown in glucose-containing medium. Tlc1 was visualized as described above. Cells carrying
pGAL-TLC1 showed no signal when grown in glucose-containing medium (data not shown).
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believe that Mtr10p is somehow important for the processing
of poly(A)� Tlc1 into mTlc1.

Since Mtr10 is a karyopherin, it might mediate the transport
of Tlc1. To address this possibility, we studied the subcellular
localization of Tlc1. In a wild-type strain, where most Tlc1 is in
the mature form, Tlc1 signal was mainly nuclear. In contrast, in
an mtr10 GAL-TLC1 strain, where almost all of the Tlc1 is in
the poly(A)� form, most of the Tlc1 was in the cytoplasm, with
no detectable nuclear concentration. Thus, the formation of
mTlc1 and its appearance in the nucleus are correlated with
the presence of functional Mtr10p.

These facts suggest two plausible models for the genesis of
mature Tlc1. In the shuttling model (Fig. 7A), the fact that
Tlc1 can be seen in the cytoplasm in both wild-type and mtr10
cells is taken to suggest that, after transcription in the nucleus,
the poly(A)� form of Tlc1 is exported to the cytoplasm. Al-
though we know nothing about this putative export, the pre-
cursor form of Tlc1 most likely acquires a 5� m7G cap cotrans-
criptionally and is polyadenylated (4), so it may follow a
general mRNA export pathway. In the cytoplasm, Tlc1 could
become associated with some components of telomerase. This
Tlc1-protein complex would then be imported into the nucleus

via Mtr10p, and the import step would be accompanied by
processing of poly(A)� Tlc1 to mTlc1. For instance, import of
the complex might allow binding of the Sm proteins to Tlc1 in
the nucleus, triggering the hypermethylation of the cap and the
trimming of the 3� end of poly(A)� Tlc1 (45, 55). It is not
known how the telomerase components Est1p, Est2p, and
Est3p are imported into the nucleus, and one appealing pos-
sibility is that they are carried in with Tlc1. Note that the
converse cannot be true, because Tlc1 localization was not
affected by the absence of these proteins. Studies on the local-
ization of Est1, -2, and -3 in tlc1� cells should help address this
issue.

Whether or not telomerase proteins accompany Tlc1 into
the nucleus, it is likely that Mtr10p would require an adapter to
interact with Tlc1, since Mtr10 amino acid sequence inspection
did not reveal an RNA recognition motif. Interestingly enough,
the two identified Mtr10p cargoes, Npl3p and Hrb1p, are
RNA-binding proteins (38, 44). The double mutant npl3�
gbp2� had slightly but consistently short telomeres. Given that
other yeast proteins also share extensive sequence similarity
with Npl3p and Gpb2p, it is plausible that a broader functional
redundancy exists.

FIG. 7. Models for the biogenesis of yeast telomerase. (A) Shuttling model. Tlc1 would travel to the cytoplasm where it would probably pick
up some proteins. Its nuclear reimport would be mediated by Mtr10p. Once in the nucleus the processing of Tlc1 would continue with the assembly
of the Sm proteins, which would trigger the cap hypermethylation and 3� end trimming. Note that the Sm proteins would follow a different transport
pathway (2). (B) Processing enzyme model. Tlc1 may or may not travel to the cytoplasm, but its reimport would not depend on Mtr10p. Instead,
Mtr10p is transporting to the nucleus an enzyme performing an essential function for proper telomerase biogenesis. A80 denotes the poly(A)� tail
of Tlc1 (�80 nt long) (4).
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The full assembly of telomerase may be a difficult process,
and it is possible that shuttling from one compartment to
another, allowing stepwise, partial assembly, may be a common
theme for orchestrating the assembly of many large complexes.
Interestingly, in human cells telomerase is able to shuttle be-
tween nucleus and cytoplasm in a way that depends on the
exportin CRM1p and members of the 14-3-3 protein family
(42). However, the in vivo significance of this nucleocytoplas-
mic shuttling is yet to be determined.

In the processing enzyme model (Fig. 7B), Mtr10p would be
involved in the nuclear import of a processing or assembly
factor essential for Tlc1 maturation. In the absence of this
factor, the overproduced and unprocessed Tlc1 would be ab-
errantly exported to the cytoplasm by the general mRNA ex-
port machinery, where it would be degraded. The putative
processing factor imported by Mtr10p might have a function
similar to that of Brr1p; brr1� cells have low levels of UsnR-
NAs because they are deficient in an early step in UsnRNA
biogenesis (32). These authors found that a truncated U2
snRNA presents a 3�-extended precursor that is rapidly pro-
cessed into the mature form. However, in the absence of
Brr1p, this process is greatly delayed. The factor is not Brr1p in
this case, however, because Tlc1 levels were normal in a brr1�
background (data not shown).

In higher eukaryotes, UsnRNAs transit the cytoplasm,
where they bind the Sm proteins. This binding triggers, among
other processes, the trimming of the 3� end of these RNAs
(55). It has been proposed that Tlc1, a UsnRNA-like RNA,
might follow a similar step in its biogenesis (45), although it is
unknown whether UsnRNAs in yeast transit the cytoplasm or
not. Our data are very suggestive that telomerase biogenesis
may involve a cytoplasmic phase for Tlc1. However, our data
are most consistent with a model in which the trimming of the
poly(A) tail of Tlc1 occurs in the nucleus, which supports the
hypothesis that in yeast the Sm proteins follow an RNA-inde-
pendent nuclear import pathway (2).

The processing, assembly, and transport of the yeast telom-
erase RNP is complex, and there are many possibilities for
defects causing problems in telomere maintenance. The same
is undoubtedly true in mammals. For example, a human ge-
netic disease, dyskeratosis congenita, appears to be the result
of a defect in telomerase. The telomerase defect can occur as
a result of mutations in the gene for the human telomerase
RNA, hTR (52), or as a result of mutations in the dyskerin
gene (28), which encodes a protein involved in the processing
of hTR and of other RNAs. The molecular processes affected
by Mtr10 in yeast, and dyskerin in humans, are quite different,
and each is potentially capable of affecting a wide range of
cellular functions. Nevertheless, it is striking that these defects
give strong telomere-related phenotypes. This speaks to the
importance of proper assembly and processing of telomerase
in widely diverged organisms.
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