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The telomerase-associated protein p43 is involved in
anchoring telomerase in the nucleus
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Summary

Telomere replication of eukaryotic chromosomes is

was used for the first time in spirotrichs, this complex is no

achieved by a specialized enzyme, the telomerase. Although longer retained in the nucleus.

the biochemistry of end-replication is well understood, little
is known about the organization of the end-replication
machinery, its regulation throughout the cell cycle or the
biological function of the telomerase-associated proteins.
Here we investigate the function of the telomerase-
associated protein p43 within the macronucleus of the
ciliated protozoaEuplotes It has been shown that p43 binds
in vitro to the RNA subunit of telomerase and shares
homology with the La autoantigen family. It therefore has
been suggested that it is involved in the assembly and/or
nuclear retention of telomerase. We show that the p43-
telomerase complex is bound to a subnuclear structure in
vivo and is resistant to electroelution. Upon inhibition of
p43 or telomerase expression by RNAI, which in this study

Further analysis revealed that the p43-telomerase
complex is bound to the nuclear matrix in vivo and that
after inhibition of p43 expression, telomerase is released
from this structure, strongly suggesting that p43 is involved
in anchoring of telomerase in the nucleus. This is the first
in vivo demonstration of the biological function of this
telomerase-associated component involved in telomere
replication and allows us to propose a model for the
organization of the end-replication machinery in the
eukaryotic cell.
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Introduction telomerase consists of a 123 kDa catalytic subunit and a 238
Replication of chromosomal ends in eukaryotes is achieved B3P RNA subunit (Lingner et al., 1994; Lingner et al., 1997).
the enzyme telomerase, a ribonucleoprotein that adds telomericWe have recently shown that telomeric sequences in the
repeats to the' @nds of chromosomes (Greider and Blackburnspirotrichous ciliateStylonychia lemnaadopt the anti-parallel
1996). Failure to correctly regulate telomere replication cafs-quartet structure in vivo (Schaffitzel et al., 2001) and are
result in premature aging or can lead to immortalization obound in this structure to the nuclear matrix by a specific
untransformed cells (Cong et al., 2002; Shay and Wright, 2001iteraction of the TeBP with components of this subnuclear
Vaziri and Benchimol, 1998). While the action of telomerasestructure. In the course of replication both the G-quartet
in vitro and its biochemistry are well understood, very little isstructure as well as the interaction of the telomere-binding
known about its regulation in vivo, the organization of the endprotein with the nuclear matrix is resolved, making telomeres
replication machinery in the nucleus (Fang and Cech, 199%ccessible to telomerase action (Jonsson et al., 2002; Postberg
and the biological function of telomerase-associated proteingt al., 2001). In the related speciEsiplotes aediculatys
Owing to the high concentration of telomeres in the ciliatdelomerase is associated with the protein p43 (Aigner et al.,
macronucleus, these cells have proven to be a model system2®00). This protein copurifies with active telomerase and
which to study telomere structure and their replicationappears to be stoichiometric with both the RNA and the
Observations made in these organisms have been used to traatalytic subunit of the telomerase complex. Recombinant p43
telomere behaviour in other species, from yeast to humabhinds telomerase RNA in vitro. It shares homology with the La
Moreover, the end-replication machinery in these cells isautoantigen family (Aigner et al., 2000), which has been shown
in comparison with other organisms, relatively simple ando be involved in sequestering RNA in the nucleus (Maraia,
their components are well characterized: telomeres in th2001) and to bind to internal sequences and/or structures
macronucleus in spirotrichous ciliates are of homogenoug&hang et al., 1994; Grimm et al., 1997) in vitro. It therefore
length, consisting, in the casemxiplotes of a 28mer 5C4A4  has been suggested that p43 functions in the assembly and/or
repeat and a 14mer'-B4G4T4Gy protruding end. These nuclear retention of telomerase (Aigner et al., 2000).
telomeres are capped by a heterodimeric telomere-binding In this report we analyze the organization of the p43-
protein (TeBP) in the case @kytrichaandStylonychiaand a  telomerase complex in the macronucleuEwplotesand show
monomeric TeBP oEuplotes(Jonsson and Lipps, 2002). The that both components are bound in vivo to a subnuclear
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structure, the nuclear matrix or chromosome scaffold. But in EuCP3: 5-CGTTCCTCGAGCAAATATTCTTTCTGTAGTAA-
contrast to telomeric sequences this complex is not releas@dGGT-3

from this structure during replication. Using the powerful tool Inhibition of gene expression was achieved by feedinglotes
of RNAi technology we now can show that one of the majo?"”th E. colicells HT115 E~, mcrA, merB, IN(rrnD-rrnE)1, lambda

functions of the telomerase-associated protein p43 is tgc14-Tnl0(DE3 lysogenilacUV5 ~ promoter-T7  polymejase

. . pressing the corresponding dsRNAs using vectors as described
contribute to nuclear retention of telomerase and anchorageeg?rfeviously (Timmons and Fire, 1998). Usually a first effect could be

this enzyme complex in the replication factory of the ciliate pcarved after about three days of feeding. As conEalsloteswere

macronucleus. Furthermore, we made an attempt to analyze §ag only with bacteria or bacteria containing the vector without insert.
molecular interaction involved in this retention mechanism.

) In situ localization, electroelution and western blot analysis
Materials and Methods In situ localization of telomeres, p43 and the telomerase,
Euplotes electroelution experiments and western blot analyses were done as
Euplotes aediculatusells were cultured in Pringsheim medium (0.11 previously described foBtylonychia(Jonsson et al., 2002; Postberg
mM NaHPQ4, 0.08 mM MgSQ, 0.85 mM Ca(N@)2, 0.35 mM KCI,  etal., 2001). The probe used for FISH analysis of the RNA telomerase
pH 7.0) using either the alg&hlorogonium elongatufAmmermann  subunit was the digoxigenin-labeled oligonucleotid¢8G-C12)
et al., 1974) oE. coli[adopted after (Timmons and Fire, 1998)] as arm(GCUUGACAGAUUCUACA)dG-3.
food source.

Isolation of nuclei Results and Discussion
For isolation of macronuclei, cells were lysed withlgsis buffer (1 1he localization of telomeric sequences, p43 and telomerase in
mg/ml spermidine phosphate, 0.1% Triton X-100) and centrifuged dhe macronucleus duploteswas analyzed by FISH analysis
5009 for 7 minutes. and in situ antibody staining. As shown in Fig. 1la, similar to
telomeres, p43 and telomerase appear in clusters distributed
Halo preparation equ'ally over the whole .mac.ronucleus gnq, as expected, show
_ _ - ) _ a significant concentration in the replication band, the huge
'(\ﬁf‘g)rct’ggﬁlﬁujehgg’sir‘;‘{gg f'g‘ro:ﬁ;ergr;’:;g% tchee”;'t(gﬁﬁwg;'gﬂzsgg%’:ﬁ?epIication factory of the ciliate macronucleus (Prescott, 1994).
q ! r’;{o determine whether these components are bound to a

1988), although the light microscopical appearance is very differe b | truct S d th . v d ibed
from mammalian nucleus halo preparations owing to the small size grionuciear structure in vivo we use e préviously describe

macronuclear DNA (Jonsson et al., 2002). Furthermore because §fectroelution technique (Jackson et al., 1988; Postberg et al.,
mechanical forces during preparation the elongated macronucléQ01). Living cells are embedded into agarose, permeabilized
become fragmented in most of the cases. and the DNA is digested with restriction endonucleases. In a

subsequent electroelution step all DNA and proteins not bound

o ) ) to a subnuclear structure are removed from the nucleus,

Inhibition of gene expression by RNAI although some disturbance of total nuclear architecture can

Constructs used for the inhibition of p43 and telomerase wergyke place during this procedure (Jackson et al., 1988). Similar
obtained by polymerase chain reaction (PCR) using the foIIowingo the observation made 8tylonychia(Postberg et al., 2001),

pn‘;r;%r_ss_(Flg_.CZEGagg :Eég?'l:'ATCG ACCTTCATATATCCAATAC.  telomeric repeats oEuplotescan not be electroeluted from
) the nucleus. However, they become electroeluted from the

GATGA-3 S ) . .
p43-6: 5-CGTTCCTCGAGTTATTTCTTTAATGATCTTCTGT- feplication band, demonstrating that the interaction of
GC-3 telomeric repeats with this subnuclear structure is resolved
EuCP3: 5-CAGCCAAGCTTCAACTACTATTTAACAAAATC- during replication. In contrast telomerase and p43 cannot be
TTGTC-3 electroeluted, neither from the nucleus nor from the replication
a

Fig. 1. Distribution of telomeric sequences, p43 and
telomerase in the macronucleussaiplotesbefore and
after electroelution as described previously (Postberg
et al., 2001). Telomeric sequences and telomerase were
detected by FISH analysis, p43 by antibody staining.
Arrows point to the replication band. (a) Distribution
of telomeric sequences, p43 and telomerase in the
macronucleus dtuplotesbefore electroelution. 1,
telomeric sequences; 2, p43; 3, telomerase.

(b) Distribution of telomeric sequences, p43 and
telomerase in the macronucleuskaiplotesafter
electroelution. 1, telomeric sequences; 2, p43; 3,
telomerase. Bar, 10m.
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band (Fig. 1b), demonstrating that this complex is stablyhis molecule undergoes a structural modification, and it is only
retained in the replication machinery of the ciliateafter this modification that p43 can bind to the nuclear matrix.
macronucleus. This could be explained by either p43 andhis would ensure that it is only the p43 in the p43-telomerase
telomerase forming an insoluble complex or a complex witltomplex that can bind, although these binding sites cannot
no net charge or by them being bound to a subnuclear structure occupied by free p43. This view is supported by the
such as the matrix or scaffold. We then inhibited the expressiabservation that p43 is stoichiometric with telomerase in the
of p43 or the catalytic subunit of telomerase by RNAinucleus, that it always seems to be complexed with p43 in the
using the technology described f@aenorhabditis elegans macronucleus (Aigner et al., 2000) and in situ localization
(Timmons and Fire, 1998). The effect of inhibition wasexperiments never revealed a p43 signal without an
analyzed after various time intervals by in situ antibodyoverlapping signal for telomerase.

staining and western blot analysis in the case of

p43 and FISH analyses in case of telomeras
shown in Fig. 2, expression of p43 can

e cI . a
efficiently inhibited by this technology La motif RRM motif ﬂ
demonstrated by in situ antibody staining (Fig. RNP2 RNP1 p43-5 p43-6
and western blot analysis (Fig. 2c). In a follow 0 v o > <

electroelution experiment the behaviour
telomerase after inhibition of p43 expression
analyzed. In this case telomerase is no Ic —
retained in the macronucleus and can be effici 200 bp
electroeluted from the replication band (Fig.

demonstrating that p43 is required for nuc

retention of telomerase in the nucleus anc

anchoring it in the replication band. This coulc ‘
explained by p43 neutralizing the charge on -
telomerase holoenzyme, so that in the abser

p43, telomerase can be electroeluted or tha

anchors telomerase by a specific interaction

components of the nuclear matrix. In the co  —

of inhibition of p43 expression by RN/
macronuclei undergo typical morphologi
changes that include deformation of nuclei, lo¢
DNA as revealed by DAPI-staining and eventu
fragmentation of macronuclei (data not sho
which finally results in the death of the cells al
2 weeks after inhibition. This strongly sugg:
that DNA replication is defective after alteratior
telomerase location by the loss of p43.
Subsequently, expression of the cata

subunit of telomerase (p123) (Lingner et al., 1! d

was inhibited using RNAi directed agains ‘
sequence encoding 191 amino acids located

C-terminus of telomerase (Fig. 3a), and the de

of inhibition was indirectly demonstrated by Fl

analysis using a probe directed against a ‘

template region of the RNA subunit (Fig. & ,

Upon inhibition of telomerase, p43 distributior —_—

the macronucleus is strongly disturbed anc

longer organized in foci-like structures and ca  Fig. 2. Inhibition of p43 expression by RNAI. (a) Construct used for the inhibition
completely electroeluted from the nucleus (  of p43. A map of p43 shows the 238 bp construct cloned into p4440. Bacteria were
3c). In common with p43 inhibition, telomer:  transfected with this construct and the expression of dsRNA was induced as
inhibition leads to loss of DNA from the nucle described previously (Timmons and Fire, 198)ploteswere fed daily with
fragmentation of nuclei and eventually to the d ~ bacteria. The position of the La motif, the RNA-binding motif (RRM with the
of the cells. Although the overall morphology ?K_bmc’“fs RINPZ%) gg)d é))"’l‘”d _p”mefs_useo]'c for PCR almplif_i%ation are izgicateg g

e ofill viei it igner et al., . n situ staining of macronuclei with an anti-p43 antibody
(r;qrat(e::gnmueil:;ésf;tllo"v\yelzltg)e/ ealfet(ca::r(l)rgl]ﬁ:g?lno(\)lfliﬁ before (left) and after (right) RNA inhibition. (c) Western blot analysis of cells

. ’ before (left) and after inhibition (right) of p43 expression. Filters were incubated

the loss .Of a high amoun_t of DNA no adeq simultaneously with an anti-p43 antibody and as a control with am&ntiulin
DAPI staining can be obtained and, unfortuna  gntinody (Sigma). (d) FISH analysis of telomerase RNA subunit after inhibition of
in these organisms no antibodies against m 43 pefore (left) and after (right) electroelution. Control macronuclei (left),
proteins are available. At this point it could  macronuclei after inhibition of p43 expression (right). Arrows point to the
speculated that upon binding of telomerase tc  replication band. Bar, 10m.
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Fig. 3.Inhibition of the catalytic subunit of telomerase by
RNAI. (a) Construct used for the inhibition of telomerase. A
map of the gene encoding the catalytic subunit of telomerase
(p123) is shown. The 573 bp construct cloned into p4440
and the primers used are indicated. Motifs CP, T, 1, 2/ A, B
C, D and E are shown (Bryan et al., 1998). (b) Before (left)

e —
500 bp

and after (right) inhibition. (c) Distribution of p43 in the

macronucleus after inhibition of telomerase expression
(left), electroeluted macronuclei after inhibition of telomerase
expression stained with an anti-p43 antibody (right). Bapri0

DNA the light microscopical appearance diuplotes
macronuclear halos is very different from mammalian nuclear
halo preparations. In this structure we tested by in situ antibody
staining and FISH analysis whether the p43-telomerase
complex copurifies with this structure. As shown in Fig. 4a,b,
both components are bound to the nuclear matrix strongly
suggesting that nuclear retention is due to an interaction of this
complex with components of this structure. Upon inhibition
of p43 by RNAI, telomerase is no longer retained in the
macronucleus. Similarly, upon inhibition of the telomerase
catalytic subunit p43 distribution in the macronucleus is also
disturbed and can be electroeluted (Fig. 3a,b). To test the
hypothesis that binding of the telomerase RNA subunit to p43
is required for binding of p43 to the nuclear matrix we treated
macronuclei with RNAse and studied the behaviour of p43
after this treatment. As shown in Fig. 4c,d under these
conditions p43 is efficiently electroeluted from the nucleus.

To distinguish between all the possibilities discussed abov&lthough the overall morphology of macronuclei after RNAse
and to analyze the nature of interactions involved in telomerageeatment did not change at the light microscopical level, some
retention, we first prepared macronuclear halos, which aras yet unknown modifications of nuclear structure cannot be
relaxed lengths of looped DNA with attachment to the nucleagxcluded. However, these experiments strongly indicate that it
matrix. However, because of the small size of macronucleas indeed the p43-RNA complex that binds to the nuclear

S 4

matrix. To further strengthen this assumption we inhibited
expression of p43 by RNAIi and tested in halo preparations
whether telomerase is still attached to the nuclear matrix. Fig.
4e,f shows that this is no longer the case, demonstrating that
telomerase itself does not bind to the nuclear matrix, but that
p43 acts as an adaptor protein, which only after binding to the
RNA subunit of the telomerase, adopts a modification in which
it can bind to this subnuclear structure.

Taking all these data together, it is evident that only the p43-
telomerase complex binds to a subnuclear structure, and any
disturbance of one of these components leads to the release of
the other. Furthermore, our data allow us to propose a model
for the organization of the end-replication machinery during
the replication process (Fig. 5). In the course of replication, the
G-quartet structure of telomeric sequences as well as the
interaction of the telomere-binding protein with the nuclear
matrix is resolved, releasing the DNA (Jonsson et al., 2002;
Postberg et al.,, 2001). It might well be that the telomere-
binding protein is replaced by a replication-specific binding

Fig. 4.Binding of the p43-telomerase complex to the nuclear matrix.
(a) In situ staining of macronuclear halos with DAPI (left) and an
anti-p43 antibody (right). (b) Macronuclear halos stained with DAPI
(left) and FISH analysis of the telomerase RNA subunit (right). p43
staining after electroelution (c) and after RNAse treatment followed
by electroelution (d). Macronuclear halos before (e) and after
inhibition of p43 expression by RNAI (f) stained with DAPI (left)

and FISH analysis of the telomerase RNA subunit (right). Banil0
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