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Dyskerin binds the H/ACA box of human telomerase RNA and is a core telomerase subunit required for RNP
biogenesis and enzyme function in vivo. Missense mutations in dyskerin result in dyskeratosis congenita, a
complex syndrome characterized by bone marrow failure, telomerase enzyme deficiency, and progressive
telomere shortening. Here we demonstrate that dyskerin also contributes to telomere maintenance in Arabi-
dopsis thaliana. We report that both AtNAPS7, the Arabidopsis dyskerin homolog, and AtTERT, the telomerase
catalytic subunit, accumulate in the plant nucleolus, and AtNAP57 associates with active telomerase RNP
particles in an RNA-dependent manner. Furthermore, AtNAP57 interacts in vitro with AtPOT1a, a novel
component of Arabidopsis telomerase. Although a null mutation in AtNAP57 is lethal, AtNAP57, like AtTERT,
is not haploinsufficient for telomere maintenance in Arabidopsis. However, introduction of an AtNAP57 allele
containing a T66A mutation decreased telomerase activity in vitro, disrupted telomere length regulation on
individual chromosome ends in vivo, and established a new, shorter telomere length set point. These results
imply that T66A NAP57 behaves as a dominant-negative inhibitor of telomerase. We conclude that dyskerin is
a conserved component of the telomerase RNP complex in higher eukaryotes that is required for maximal

enzyme activity in vivo.

An essential step in the maturation of rRNA is the conver-
sion of uridine to pseudouridine by H/ACA ribonucleoproteins
(RNPs) (30). Components of H/ACA RNPs include small nu-
cleolar RNAs (snoRNAs), Garl, Nhp2, NoplO, and the
pseudouridine synthase dyskerin. The dyskerin gene is an es-
sential gene, and its loss results in embryonic lethality in mice
(18). In addition to its role in rRNA maturation, dyskerin also
binds the H/ACA box of human telomerase RNA (hTR) and is
involved in hTR processing and stabilization (6, 32). Mass
spectrometry studies indicate that the core telomerase complex
is composed of a dimer of a catalytic telomerase reverse trans-
criptase (TERT), TR (which acts as a template for TERT), and
dyskerin (7). Notably, the dyskerin homolog in yeast, Cbf5p, is
not stably associated with the telomerase RNA (9), and a
different constellation of proteins is required for telomerase
RNP biogenesis and enzyme function in this organism (8).

Mutations in human dyskerin are the cause of X-linked
dyskeratosis congenita (DC), a rare disease that affects regen-
erative tissues and is characterized by abnormal skin pigmen-
tation and bone marrow failure (20). Patients suffering from
X-linked DC have shorter telomeres than age-matched con-
trols (32). Most mutations in patients with X-linked DC cluster
around the PUA (pseudouridine synthase and archeosine
transglycosylase) domain of dyskerin, which is responsible for
RNA binding (35). One of the most commonly identified dys-
kerin mutations, A353V, perturbs TRNA pseudouridylation
and also results in reduced levels of TR, decreased telomerase
activity, and shorter telomeres in mouse embryonic stem cells
(33). Similarly, hypomorphic mice that express low levels of
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dyskerin display the clinical symptoms of DC and exhibit
shorter telomeres, but only in later generations (39). While
rRNA processing is affected in some dyskerin mutants, the
T66A mutation in humans appears to exclusively affect the
telomerase-associated functions of dyskerin (32).

Recent data indicate that bone marrow disease can also arise
through reduction of other telomerase RNP constituents. Het-
erozygous mutations in hTR, which reduce its accumulation
and perturb its structure, lead to an autosomal dominant form
of DC through haploinsufficiency of the RNA subunit (5, 14,
45). Similarly, haploinsufficiency of TERT has been implicated
in DC and in aplastic anemia (1, 47, 51). Limiting abundance
of telomerase subunits may help to facilitate the fine balance of
telomerase repression and activation associated with differen-
tiated cells and their stem cell progenitors (15).

The flowering plant Arabidopsis thaliana is a useful model
for telomere biology (29). In contrast to those in mice, Arabi-
dopsis telomere tracts are relatively short (2 to 5 kb) and are
abutted by unique sequences on most chromosome arms (19),
making it possible to study the dynamics of individual telo-
meres. Moreover, Arabidopsis is exceptionally tolerant to telo-
mere dysfunction and genome instability. Disruption of
AtTERT results in a slow but progressive loss of telomeric DNA
(12). Beginning in the sixth generation (G6), tert mutants ex-
hibit a low level of end-to-end chromosome fusions and the
onset of growth and developmental defects (37). Remarkably,
plants survive for up to five more generations with worsening
phenotypes until they ultimately arrest growth in a miniature,
dedifferentiated state, unable to produce a germ line (37).

Aside from the presence of AtTERT, little is known about
telomerase RNP composition and biogenesis in plants. The TR
subunit has not yet been identified in any plant species, owing
to the rapid evolution of the TR nucleotide sequence. How-
ever, recent studies indicate that AtPOT1a, an oligonucleoti-
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de-oligosaccharide binding fold (OB-fold)-containing protein
whose counterparts in yeast and mammals associate with telo-
meres (3), functions as a telomerase RNP accessory factor in
Arabidopsis (43). This observation implies that the composition
and/or role of telomerase subunits may vary among higher
eukaryotes.

Arabidopsis encodes a dyskerin homolog, AtNAP57 (25, 28),
and here we examine its contribution to telomerase bio-
chemistry and telomere maintenance. We demonstrate that
AtNAP57 localizes to the nucleolus along with AtTERT and
associates with enzymatically active telomerase RNP particles
in an RNA-dependent fashion. Although a null mutation is
lethal, AtNAPS7 is not haploinsufficient for telomere mainte-
nance. However, transgenic plants carrying an AtNAPS57 allele
with a T66A mutation exhibit decreased telomerase activity in
vitro and in vivo, deregulated telomere tracts on individual
chromosome ends, and shorter but stable telomeres. We con-
clude that dyskerin is a conserved component of the telome-
rase RNP in multicellular organisms that is required for telo-
mere maintenance.

MATERIALS AND METHODS

Plant materials, genotyping, cDNA synthesis, site-directed mutagenesis, and
transformation. Arabidopsis seeds with T-DNA insertions in the AtNAP57
(SALK_031065) and AtKU70 (SALK_123114) genes were purchased from the
Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH),
cold treated overnight at 4°C, and then placed in an environmental growth
chamber and grown under a 16-h light/8-h dark photoperiod at 23°C. Arabidopsis
suspension culture cells were maintained as described previously (31). Siliques
from wild-type and AtNAPS57 heterozygotes were dissected 10 days after fertil-
ization and photographed using a Zeiss Axiocam digital camera coupled to a
Zeiss microscope.

For genotyping, DNA was extracted from flowers and PCR was performed
with the following sets of primers: for AtNAP57, D5 (5" GTCGACATCTCAC
ACTCGAA 3') and D8 (5° GTCTCACTTTGTTCCAGAGT 3'); and for
AtKU70, Ku 1 (5" TTACTTTGTTGTTTCGGGTGC 3’) and Ku 2 (5" CTCTT
GGCAAGTACACGCTTC 3').

Total RNA was extracted from 0.5 g of plant tissue using Tri Reagent solution
(Sigma). cDNAs were synthesized from total RNA using Superscript III reverse
transcriptase (Invitrogen). Oligo(dT) primers were incubated with 2 pg of total
RNA in the supplied buffer at 65°C for 5 min. Reverse transcription (RT) was
carried out with 100 U of Superscript III at 55°C for 60 min. RNA was degraded
with RNase H (USB). For amplification of AtNAP57, we used primers D5
(above) and D2 (5" GCCATCACAGATGTTGTCATC 3').

The genomic copy of AtNAP57 (AtNAP57 cDNA plus 1 kb promoter) was
amplified by PCR and ligated into a binary vector, pPCBKO5 (38), lacking the 35S
cauliflower mosaic virus promoter. To generate the T66A mutation, site-directed
mutagenesis was performed using Pfu turbo polymerase (Stratagene) on the
genomic version of AtNAP57 in pCBKO5 using the primers M1 (5" CCTCAA
CGTCCGTGCCGGTCAC 3') and M2 (5" GTGACCGGCACGGACGTT
GAGG 3') according to the manufacturer’s guidelines. The construct was intro-
duced into Agrobacterium tumefaciens strain GV3101. Transformation of
AtNAP57 heterozygous plants was performed by the in planta method as de-
scribed in reference 38. Transformants were selected on 0.5 Murashige and
Skoog basal medium supplemented with 20 mg/liter of phosphinothricin (Cres-
cent Chemical) and kanamycin (50 pg/ml) and then genotyped. To generate
epitope-tagged protein, AtNAP57 c¢cDNA was amplified and ligated into
pCBKOS5 with an N-terminal 3X FLAG tag. This construct was transformed into
Agrobacterium and then transformed into wild-type plants as described above.

TRF analysis, PETRA, TRAP, and quantitative TRAP assays. DNA from
individual whole plants was extracted, and terminal restriction fragment (TRF)
analysis was performed with the Trull (Fermentas) restriction enzyme and 3P 5’
end-labeled (T3;AGs;), oligonucleotide as a probe (12). The peak value for bulk
telomere length (see Fig. 5D) was determined by using ImageQuant software.
Primer extension telomere repeat amplification (PETRA) analysis was con-
ducted with DNA from whole plants as described previously (49). Telomere
repeat amplification protocol (TRAP) protein extraction and assays were per-
formed with flowers as previously described (11).
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Real-time quantitative TRAP was performed as described previously (22) but
with the following modifications. A 4.8-ng/pl protein extract dilution (10.5 wl), 1
wl of 10 pM forward primer (5' CACTATCGACTACGCGATCAG 3'), and
12.5 pl Sybr Green PCR master mix (NEB) were incubated at 37°C for 45 min.
One microliter of reverse primer (5" CCCTAAACCCTAAACCCTAAA 3') was
added, and products were amplified for 35 PCR cycles with 30 s at 95°C and 90 s
at 60°C. Threshold cycle values were calculated using an iCycler iQ thermal
cycler (Bio-Rad) and the supplied Optical System software. Samples were ana-
lyzed in triplicate, with inactivated samples and lysis buffer serving as negative
controls.

Western blotting, immunoprecipitation, and immunofluorescence. Plant ex-
tracts were made by grinding 0.3 g of flowers in buffer A (50 mM Tris-Cl, pH 7.5,
10 mM MgCl, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol,
and plant protease inhibitors [Sigma]). Western blotting was performed with a
1:1,000 dilution of anti-FLAG antibody (Sigma) and a 1:10,000 dilution of horse-
radish peroxidase-conjugated anti-mouse immunoglobulin G (Sigma). For im-
munoprecipitation, 50 pl of anti-FLAG beads (Sigma) were washed four times
with buffer A and incubated with 500 pl of extract for 2 h at 4°C. Beads were then
washed three times with buffer A and eluted using the 3X FLAG peptide for
30 min.

A peptide antibody against AtTERT was raised in rabbits and affinity purified
(Covance). The peptide used was N-CIKHKRTLSVHENKRKRDDNVQP, cor-
responding to residues 180 to 202 of AtTERT. Peptide antibodies against mouse
dyskerin (33) were a gift from Monica Bessler.

Arabidopsis suspension culture extracts were made as described above, diluted
in buffer W-100 (20 mM TrisOAc [pH 7.5], 10% glycerol, 1 mM EDTA, 5 mM
MgCl, 0.2 M NaCl, 1% NP-40, 0.5 mM sodium deoxycholate, and 100 mM
potassium glutamate), and precleared with protein-A agarose (Pierce). Extracts
were incubated with antibody and preblocked beads. Beads were washed three
times with W-300 (W-100 containing 300 mM potassium glutamate) and once
with TMG (10 mM TrisOAc [pH 7.5], 1 mM MgCl,, and 10% glycerol). The
beads were then used for either TRAP or Western blotting. Proteins were
expressed in rabbit reticulocyte lysate (RRL) (Promega) according to the man-
ufacturer’s protocol and used in immunoprecipitation experiments as described
above. The fraction of enzymatically active telomerase particles that was associ-
ated with AtNAP57 was determined by calculating the efficiency with which the
TERT antibody immunoprecipitated telomerase activity in a TRAP assay (rel-
ative to input) using ImageQuant software. This value was compared to the
amount of AtNAP57 signal obtained by Western blot analysis following immu-
noprecipitation of these same samples using QuantityOne software.

For immunofluorescence, Arabidopsis suspension culture cells and floral buds
were fixed with 3.5% formaldehyde in 1X phosphate-buffered saline (PBS) for 30
min and then washed with 1X PBS. Cells were soaked in 1X citric buffer (10 mM
sodium citrate and 10 mM EDTA) for 10 min. Citric buffer was removed, and
enzyme mix (1% pectinase, 4% cellulose, and 1% macerozyme) was added and
incubated at 37°C for 40 min. Cells were rinsed with 1X PBS and spun down onto
polylysine-coated slides in a swinging bucket rotor centrifuge for 3 min at 300 X
g. Slides were removed from the centrifuge and immediately soaked in 1X PBS
with 0.2% Triton X-100 for 30 min to make the cells permeable. Slides were
washed with 1X PBS and treated with Image-IT solution (Molecular Probes).
Primary antibodies (1:200 dilution for AtTERT and 1:400 dilution for dyskerin)
were added to the slides, covered with a plastic coverslip, and incubated over-
night at room temperature. After washes in 1X PBS and PI buffer (0.2 M
NaH,PO,, 0.2 M NaOH, and 0.1% IGEPAL CA-630), secondary antibody (goat
anti-rabbit immunoglobulin G conjugated to Texas Red 1:200 dilution) was
added and incubated for 4 h. Slides were washed, Vectashield containing 4',6'-
diamidino-2-phenylindole (DAPI) was applied, and images were captured using
a charged coupled device camera coupled to a Zeiss epifluorescence microscope.

Coimmunoprecipitation and yeast two-hybrid assays. Coimmunoprecipitation
was performed as previously described (23) using the full-length AtTERT,
AtNAP57, AtKU70, AtKUS80, and AtPOT1a proteins expressed in RRL. All com-
ponents of the yeast two-hybrid system were obtained from Clontech Laborato-
ries. AtNAP57 was subcloned from FLAG-AtNAP57-pCBKOS into pAS2-1.
KU70-pAS2-1, KU80-pAS2-1, and NAP57-pAS2-1 were transformed into the
yeast strain AH109. AtKU80 and AtPOTla were cloned into the prey vector
PACT2 and then transformed into the Y187 strain. Yeast mating assays were
performed as detailed in the Clontech yeast protocols handbook (no. PT3024-1).
Double selection (synthetic dropout medium lacking leucine and tryptophan)
was used to obtain diploids, and triple selection (synthetic dropout medium
lacking leucine, tryptophan, and histidine) was used to screen for interaction. To
confirm interactions, B-galactosidase assays (colony lift filter assay) were per-
formed on the colonies that grew on triple selection plates and development of
the blue color was followed for several hours.
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FIG. 1. Expression and localization of AtNAP57. (A) RT-PCR anal-
ysis of the AtNAP57 transcript in different plant tissues. AtTRP1H en-
codes a putative double-strand telomere binding protein (23) and was
used as a loading control. (B) Recombinant AtNAP57 and AtTERT
proteins were expressed in RRL and labeled with [**S]methionine (x).
Proteins were immunoprecipitated with an antibody (Ab) raised against
mouse dyskerin (a-dyskerin) or an antibody raised against an N-terminal
peptide in AtTERT (a-TERT). Relevant lanes are shown. (C) Immuno-
localization of AtNAPS57 and AtTERT in Arabidopsis suspension culture
cells and in floral buds. Nuclei were stained with DAPI or the antibodies
discussed above.

RESULTS

Characterization of Arabidopsis AINAP57. AtNAP57 is a sin-
gle-copy gene (At3g57150) on the third Arabidopsis chromo-
some (28) and has only a single exon and no introns. RT-PCR
experiments revealed that expression of the 1.6-kb AtNAP57
transcript is ubiquitous (Fig. 1A), as is the case for mammalian
dyskerin (16). AtNAP57 mRNA translates to a highly basic
protein with a molecular mass of 63 kDa. A heterologous
antibody directed at mouse dyskerin (33) immunoprecipitated
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FIG. 2. AtNAP57 associates with Arabidopsis telomerase RNP.
(A) Western blot analysis with FLAG antibody on plant extracts from
the wild type (WT) or transformants bearing FLAG-tagged AtNAP57
(FN). (B) Western blot analysis of input or immunoprecipitates (IP)
obtained with FLAG antibody on extracts from the WT and FLAG-
tagged AtNAPS7 transformants. Four percent of input and 30% of IP
was loaded on the gel. (C) TRAP assay results for WT and FN extracts
before (input) or after immunoprecipitation (IP) with FLAG antibody.
Immunoprecipitates were assayed in duplicate. (D) Top panel, TRAP
assay results for cell culture extracts immunoprecipitated with preim-
mune serum (PI) and anti-TERT (a-TERT) peptide antibody. The
sample shown in the far-right lane was pretreated with 100 wg/ml of
RNase A prior to immunoprecipitation. Bottom panel, a-TERT im-
munoprecipitates were subjected to Western blot analysis using the
dyskerin antibody (a-dyskerin). Fifteen percent of input and 60% of IP
was loaded on the gel.

recombinant AtNAP57 expressed in RRL (Fig. 1B) and the
endogenous plant protein (Fig. 2D). This antibody was used to
examine the subcellular localization of AtNAP57 in Arabidop-
sis suspension culture cells. Consistent with a role for plant
AtNAPS57 in rRNA processing, a bright signal for AtNAP57
was detected exclusively in the nucleolus (Fig. 1C). A similar
finding was observed by Lermontova et al. in a recent study of
Arabidopsis dyskerin (25). We next asked whether AtTERT
also localized to this compartment, using a peptide antibody
raised against AtTERT. The anti-TERT antibody recognized
recombinant AtTERT expressed in RRL (Fig. 1B) as well as
the endogenous protein from suspension culture extracts (data
not shown). Immunolocalization experiments reveal that At-
TERT, like AtNAP57, localized to the nucleolus (Fig. 1C).
Nucleolar localization of AtTERT was not detected in tert '~
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flowers, indicating that staining is specific. These findings imply
that telomerase biogenesis may occur in the plant nucleolus.

AtNAP57 is a component of Arabidopsis telomerase RNP.
We asked if AtNAPS7 physically associates with Arabidopsis
telomerase RNP. A fusion construct was generated containing
three copies of the FLAG epitope inserted at the N terminus
of the AtNAP57 coding region under the control of the robust
cauliffiower mosaic virus 35S promoter. This construct was
transformed into wild-type Arabidopsis, and transformants
were analyzed by Western blotting using a FLAG antibody.
Approximately 1 in 10 of the herbicide-resistant transformants
generated detectable levels of the FLAG-AtNAPS57 protein
(Fig. 2A; data not shown). These plants were used for further
study. Complexes containing FLAG-AtNAP57 were immuno-
precipitated from transgenic plants and eluted using 3X FLAG
peptide. As expected, AtNAP57 was immunoprecipitated from
transgenic plants but not from their wild-type counterparts
(Fig. 2B).

To monitor AtNAP57 association with telomerase, the
TRAP was performed with FLAG-AtNAP57 and wild-type
immunoprecipitates. Telomerase activity was immunoprecipi-
tated from FLAG-AtNAP57 plants but not from wild-type
plants lacking FLAG-AtNAP57 (Fig. 2C). To verify that the
AtNAPS7 interaction with telomerase was specific, we per-
formed a reciprocal immunoprecipitation experiment using the
TERT peptide antibody to pull down AtNAPS7 from suspen-
sion culture cell extract. Telomerase activity was immunopre-
cipitated, and as expected, pretreatment of the extract with
RNase A abolished telomerase activity (Fig. 2D). Notably, West-
ern blot analysis revealed a strong enrichment of AtNAP57 in the
anti-TERT immunoprecipitate but not when the extract was
pretreated with RNase A prior to immunoprecipitation (Fig.
2D, bottom panel). To determine the relative amount of tel-
omerase that was associated with AtNAP57, we compared the
efficiency of the AtTERT immunoprecipitate, which was de-
termined to be approximately 10% from the experiment in Fig.
1B, to the amount of AtNAP57 recovered. From these data, we
estimate that more than 90% of the active telomerase precip-
itated by the TERT antibody is associated with AtNAPS57.
These findings indicate that AtNAP57 is associated with cata-
lytically active telomerase RNP particles and that this interac-
tion requires RNA.

In mammals, dyskerin primarily associates with telomerase
through TR. Because TR has not yet been identified in Ara-
bidopsis, we examined whether AtNAP57 interacts with the
known telomerase-associated proteins in vitro by using coim-
munoprecipitation. As expected, in our control reactions (38),
we detected the formation of AtKU70-AtKUS80 heterodimers,
while no interaction was observed for AtKU70 alone (Fig. 3A).
We failed to observe binding of T7-tagged AtNAP57 to the
radiolabeled full-length TERT protein (Fig. 3A), and similarly,
in reciprocal coimmunoprecipitation experiments with T7-
tagged AtTERT and labeled AtNAPS7, no interaction was
detected (data not shown). Furthermore, we did not detect
binding of AtNAP57 to segments corresponding to the N ter-
minus, middle, and C terminus of TERT. Although there was
a high background level in the AtPOT1a control reaction with
beads alone, AtPOT1a abundance was reproducibly higher in
the immunoprecipitate of T7-tagged AtNAP57(Fig. 3A; also
data not shown). The AtNAP57-POT1a interaction appears to
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FIG. 3. AtNAP57 weakly associates with AtPOT1a. (A) Coimmu-
noprecipitation experiments were performed with the full-length re-
combinant AtKU70, AtTERT, and AtPOT1a proteins, labeled using
[>*S]methionine (*), and T7-tagged AtKU80, AtKU70, and AtNAP57.
Proteins were incubated with either T7 antibody (Ab) beads (control)
or T7 beads and the indicated T7-tagged unlabeled proteins. The
supernatant (S) and pellet (P) fractions were loaded in equal
amounts. (B) Results of yeast two-hybrid analysis are shown. The
indicated yeast crosses were performed and plated on medium
lacking leucine, tryptophan, and histidine. Results of a colony lift
B-galactosidase (B3-gal) assay are shown. The blue color is indicative
of protein interaction.

be specific since a closely related protein, AtPOT1b (40), was
not precipitated with T7-tagged AtNAP57 (data not shown).
We confirmed the AtNAP57-AtPOTla interaction using a
yeast two-hybrid mating assay. Yeast strains containing differ-
ent plasmids were mated, and diploids were selected by triple
selection (Fig. 3B). To monitor reporter gene activity, 3-galac-
tosidase assays were performed. Blue staining, indicative of
interaction, was observed for AtKU70-AtKUS80 within 1 h, and
after 4 h, staining was detected for AtNAP57-AtPOT1a (Fig.
3B). Thus, the interaction between AtNAP57 and AtPOTla
is weak but specific. Taken together, these data argue that
AtNAPS57 is physically associated with the Arabidopsis tel-
omerase RNP.

AtNAPS7 is not haploinsufficient for telomere maintenance
in Arabidopsis. To investigate the role of AtNAP57 in telomere
maintenance, we obtained a mutant line (SALK_031065) car-
rying a T-DNA insertion in the extreme 5’ end of the gene
corresponding to the 18th amino acid of the AtNAPS57 open
reading frame (Fig. 4A). Although we genotyped a population
of more than 50 progeny from this line, we did not recover any
homozygous mutants (data not shown). Dissection of siliques
(seed pods) from the heterozygous mutants revealed a reduced
seed set in which approximately 25% of the seeds failed to
form viable embryos (Fig. 4B). This outcome implies that
AtNAPS7 is an essential gene, a conclusion consistent with a
recent report for plants with homozygous mutation in AtNAP57
(25).

Heterozygous AtNAPS57 mutants were indistinguishable
from the wild type in their growth and development over suc-
cessive plant generations. Furthermore, TRF analysis con-
ducted on 10 first-generation (G1) nap57"/~ mutants revealed
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FIG. 4. AtNAP57 is an essential gene in Arabidopsis. (A) Schematic
diagram of the AtNAPS57 coding region showing the position of the
T-DNA insertion, pseudouridine synthase domain (TruB), pseudouri-
dine synthase, archeosine transglycosylase domain (PUA), and nuclear
localization signal (NLS). (B) Siliques (seed pods) from wild-type
(WT) or nap57*'~ plants were visualized by microscopy. A reduced
seed set was observed for nap57*/~ plants, implying that the homozy-
gous mutation is lethal. (C) TRF analysis of WT, first-generation (G1),
or second-generation (G2) nap57*/~ plants. Molecular size markers
are indicated.

some variability in bulk telomere length, but in all cases, telo-
meres were in the wild-type 2- to 5-kb size range (Fig. 4C, left
panel; also data not shown). A similar result was obtained
when telomeres from G2 nap57*/~ mutants were examined
(Fig. 4C, right panel; data not shown). These data imply that
AtNAPS57 is not haploinsufficient for telomere length mainte-
nance in Arabidopsis.

The T66A mutation in AtNAPS7 results in a new, shorter
telomere length set point. The T66A missense mutation in
dyskerin culminates in DC in humans and is associated with a
defect in telomere maintenance (32). Since threonine 66 is
conserved in AtNAP57 (Fig. 5SA), we asked whether an alanine
substitution at this site would lead to a telomere-related phe-
notype in plants. Plants heterozygous for the T-DNA insertion
in AtNAP57 were transformed with an AtNAP57 gene carrying
the T66A mutation under the control of its native promoter
(Fig. 5B). We expected to obtain plants heterozygous or ho-
mozygous with respect to the T-DNA insertion and which also
carried exogenous T66A NAPS7. Surprisingly, we failed to

MoL. CELL. BIOL.

recover plants that were homozygous for the T-DNA insertion
in AtNAP57 and also contained the T66A transgene. Thus, the
AtNAPS57 gene bearing the TO6A mutation is unable to rescue
plants homozygous for the T-DNA insertion.

To test the effect of T66A NAP57 on bulk telomere length,
TRF analysis was performed on the first generation of trans-
formants expressing T66A NAP57 (T1). Based on previous
transformation experiments (Fig. 2) (42, 49), we expected that
any detrimental consequences of the T66A mutation would be
evident in a population of 10 to 20 transformants (T1 genera-
tion). Accordingly, we examined 20 independent transgenic
lines. While for most plants bulk telomeres were in the wild-
type range (Fig. 5C, lanes 2 and 3; data not shown), a subset of
telomeres in several plants were significantly shorter than wild-
type telomeres and their shortest telomere tracts trailed down
to below 1.6 kb in length (Fig. 5C, lanes 4 and 5). To determine
whether telomeres would continue to shorten in subsequent
generations, we monitored the progeny of one T1 plant (Fig.
5C, lane 4, and D). For all of the T2 progeny, the shortest
telomere tracts migrated below 2 kb (Fig. 5C, lanes 7 to 10),
and for one plant, the range of telomere lengths was nearly
identical to that for its T1 parent, spanning ~1.2 to 3.5 kb (Fig.
5C, compare lanes 4 and 7). When this T2 plant was propa-
gated to T3, the telomere tracts of all four progeny were of
similar lengths to those of their T2 parent (Fig. 5C, lanes 12 to
15, and D). The loss of longer telomeres was more pronounced
in T3 plants (Fig. 5D). The average bulk telomere length in
wild-type plants (~4 kb) was reduced by 2 kb in T3 T66A
mutants to ~2.1 kb (Fig. 5D). We detected no additional
shortening in two T4 plants monitored (data not shown). Fur-
thermore, none of the shortest telomeres fell below 1 kb in the
four generations the transgenic plants were propagated (Fig.
5D). Thus, the T66A mutation perturbs telomere length reg-
ulation but does not result in progressive telomere shortening.
Instead, this mutation appears to promote the establishment of
a new, shorter length set point.

The T66A mutation in AtNAP57 deregulates telomere length
on individual chromosome ends. To further examine telomere
length dynamics in T66A nap57 mutants, we monitored telo-
meres on three individual chromosome arms, the right arm of
chromosome 2, the left arm of chromosome 3, and the right
arm of chromosome 4, using PETRA. As expected, PETRA
produced a single diffuse band for each telomere in wild-type
samples (Fig. 6A, lanes 1 to 3), consistent with tight regulation
of telomere tracts on homologous chromosomes (41). A sim-
ilar profile was observed with nap57*'~ mutants (Fig. 6A, lanes
4 to 6). A different result was obtained with T66A nap57
mutants. In the T1, T2, and T3 mutants that displayed shorter
bulk telomere lengths, individual telomere tracts appeared as a
cluster of several sharp bands (Fig. 6A, lanes 10 to 18; Fig. 6B).
In contrast, the siblings of these plants whose bulk telomeres
fell within the wild-type range showed a PETRA profile that
more closely resembled that of wild-type plants (Fig. 6A, lanes
7 to 9; Fig. 6B). This finding implies that telomere length
regulation on homologous chromosomes is perturbed in T66A
nap57 mutants. As discussed below, this phenotype is consis-
tent with decreased telomerase activity.

The T66A mutation in AtNAP57 decreases telomerase ac-
tivity in vitro and in vivo. To determine whether the T66A
mutation in AtNAP57 decreased telomerase enzyme activity in
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FIG. 5. The T66A mutation in AtNAPS57 results in the establishment of a shorter telomere length set point. (A) Sequence alignment of human
dyskerin and AtNAP57 proteins. Conserved residues are highlighted in gray boxes, and the threonine residue targeted for mutagenesis is denoted
by an asterisk. (B) Overview of the process for introduction of the T66A mutation in AtNAP57 into nap57*/~ plants. (C) TRF analysis of first,
second, and third (T1, T2, and T3) generations of T66A transformants. The T1 plant whose telomeres were analyzed in the left panel, lane 4, was
used as the parent for T2 progeny plants analyzed in the middle panel. The T2 plant represented in the middle panel, lane 7, was the parent for
the T3 progeny analyzed in the right panel. DNA samples were not run as far into the gel shown the right panel as in the other two gels. (D) Graphic
representation of bulk telomere length size range and peak telomere length (indicated by -) for WT and T66A transformants is shown. Arrows
indicate telomere length measurements for plants used as T1 and T2 parents.

vitro, a TRAP assay was performed. Extract titration experi-
ments revealed no detectable difference in the level of telome-
rase activity for the wild type versus that for nap57"/~ mutants
(Fig. 6C), supporting the conclusion that AtNAP57 is not hap-

loinsufficient in Arabidopsis. In contrast, TRAP conducted at
the highest dilution (1:5,000) of protein extract reproducibly
revealed decreases in vitro telomerase activity for T66A trans-
formants relative to levels for nap57*/~ siblings (Fig. 6C). To
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FIG. 6. The T66A mutation in AtNAP57 affects telomere length regulation on individual chromosome ends and decreases telomerase activity
in vitro. (A) PETRA results are shown for the WT and individual nap57+/~, T1, T2, and T3 T66A nap57 transformants with short telomeres (S) and
a T3 T66A nap57 transformant with wild-type-length telomeres (L). The telomeres monitored are indicated. 2R, right arm of chromosome 2; 3L,
left arm of chromosome 3; 4R, right arm of chromosome 4. (B) Graphic representation of PETRA products obtained in each reaction as
determined by visual inspection. (C) TRAP assay results for the WT and nap57"'~ and T66A nap57 transformants. Reactions were conducted using
1:50, 1:500, and 1:5,000 dilutions of protein extracts. (D) Results of real-time TRAP. The top panel shows raw data for three (each) of the WT
and nap57*'~ and T66A nap57 transformants. The dashed line represents the threshold cycle for TRAP product detection. The bottom panel
shows a histogram of the telomerase activity levels for nap57*/~ and T66A transformants relative to those for the WT. Extracts from 10 individual

plants from each genotype were monitored.

more precisely gauge the level of telomerase activity in these
mutants, we performed quantitative real-time TRAP following
a method developed to monitor telomerase activity levels in
human cells (22). As expected, we found no significant differ-
ence in telomerase activity in extracts prepared from nap57*/~
plants versus those from wild-type plants. In contrast, T66A
nap57 mutants showed a sevenfold decrease in enzyme activity
(Fig. 6D).

To examine the effect of the T66A nap57 mutation on
telomerase activity in vivo, we studied the consequences of
this mutation in ku70 mutants. KU70 is best known for its
role in the nonhomologous-end-joining DNA repair path-
way (36), but in Arabidopsis it also acts as a potent negative
regulator of telomerase (13, 38). Telomeres in ku70 mutants
expand to two- to threefold the size of wild-type telomeres
in a single generation, and this elongation is dependent on
telomerase (38, 49). Thus, we predicted that incorporation

of T66A nap57 into the telomerase RNP would diminish the
enzyme’s ability to elongate telomeres in a ku70 back-
ground. To test this hypothesis, we crossed the T66A nap57
transformants with ku70~/~ plants (Fig. 7A). In the first
(F1) generation, we generated plants heterozygous for
AtKU70 and AtNAPS57 and selected for the T66A mutant
transgene. In the second generation (F2), we recovered
plants that were ku70~'~ nap57*/~ and carried the mutant
T66A transgene. TRF analysis of the F2 population showed
that ku70~'~ nap57*'~ plants elongated their telomeres to 5
to 8 kb (Fig. 7B, lane 8) while telomeres remained short in
the presence of the T66A transgene (Fig. 7B, lanes 1 to 7).
We conclude that expression of the T66A nap57 allele pre-
vents telomerase from hyperelongating telomeres when its
negative regulator, KU70, is inactivated. Altogether, our
data argue that AtNAPS57 is essential for maximal activity of
the Arabidopsis telomerase RNP in vivo.
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FIG. 7. The T66A mutation in AtNAPS7 reduces telomerase activ-
ity in vivo. (A) Schematic diagram of genetic crossing scheme to gen-
erate ku70~/~ mutants carrying the T66A nap57 allele. (B) TRF anal-
ysis of seven ku70~'~ T66A nap57 plants and one ku70~'~ nap57+/~
control plant is shown.

DISCUSSION

A conserved pathway for telomerase biogenesis in higher
eukaryotes. The telomerase RNP is evolving at a rapid pace.
The TR and TERT subunits have diverged dramatically, and a
distinct set of proteins has emerged in higher and lower eu-
karyotes to promote RNP biogenesis and enzyme action at the
chromosome terminus (6, 8). The yeast TR (TLC1) bears an
Sm protein binding motif and has adopted an RNP biogenesis
scheme similar to that of snRNPs (40), while vertebrate TRs
have acquired a 3" H/ACA box domain found in snoRNAs and
are bound by the dyskerin complex. Thus, although dyskerin’s
function in catalyzing pseudouridylation of ribosomal RNAs is
conserved, in mammals it has evolved an additional, more
specialized role as an integral component of the telomerase
RNP (7, 32).

In this report, we provide several lines of evidence that
telomerase enzymes from higher eukaryotes share a require-
ment for dyskerin. First, we found that the AtNAP57 and
AtTERT proteins colocalize to the nucleolus in Arabidopsis.
Nucleolar localization of telomerase could be especially advan-
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tageous for Arabidopsis, since telomeres cluster at the nucleo-
lar periphery (2). Second, we showed that AtNAP57 physically
associates with enzymatically active telomerase particles. The
major interaction partner for AtNAP57 in the plant telomerase
RNP is likely to be TR, since association of AtNAPS57 with
telomerase is abolished following RNase A treatment. Intrigu-
ingly, we also discovered a novel but weak interaction for
AtNAP57 with AtPOTla. AtPOTla is an OB-fold-bearing
protein that physically interacts with catalytically active telo-
merase in Arabidopsis and promotes enzyme function in vitro
and in vivo (43). Recent studies indicate that human telome-
rase associates with TPP1, an hPOT1 binding partner that also
harbors an OB-fold motif (48, 50). Whether the human dys-
kerin contacts TPP1 is unknown. Third, and most importantly,
we demonstrated that AtNAPS7 is crucial for the function of
Arabidopsis telomerase. Transgenic plants bearing a mutant
AtNAPS57 allele display reduced levels of telomerase activity in
vitro and perturbed telomere length regulation in vivo (see
below).

Arabidopsis is not haploinsufficient for its known telomerase
components. Essential components of the telomerase RNP are
limiting in mammals and yeast. In both terc*’~ (TR) and
tert™~ embryonic stem mouse cells, telomere maintenance is
compromised (10, 17, 27). Indeed, haploinsufficiency of hTR is
directly linked to autosomal dominant DC, and the reduced
hTR levels along with shorter telomeres in these patients result
in disease anticipation (46). Similarly, recent studies indicate
that TLC1, the TR component in Saccharomyces cerevisiae, is
haploinsufficient for telomere maintenance (34). Moreover,
yeast heterozygous for both TLC1 and ESTI, a telomerase-
associated protein, exhibit a phenomenon referred to as addi-
tive haploinsufficiency, where telomere tracts are even shorter
than those in either single heterozygote (24, 26).

In contrast, the known telomerase-associated proteins in
Arabidopsis, AtTERT (12), AtPOT1a (43), and AtNAP57 (this
study), are not haploinsufficient for telomere maintenance.
Plants heterozygous for these components display wild-type
levels of telomerase activity in vitro and maintain telomeres in
the wild-type size range through multiple generations. While it
is possible that TR will prove to be present in limiting quan-
tities, Arabidopsis may simply require a very low level of telo-
merase to maintain genome stability. We note that the Ara-
bidopsis genome is comprised of only 10 chromosomes (20
telomeres), significantly fewer than in diploid budding yeast
(64 telomeres) or in human (92 telomeres) cells.

The T66A mutation in AtNAP57 acts as a dominant-nega-
tive allele to decrease telomerase activity in vitro and in vivo.
The T66A mutation in human dyskerin leads to DC through
reduction in the steady-state level of hTR, decreased telome-
rase activity, and progressive telomere shortening (32). To
determine if Arabidopsis would exhibit similar defects in telo-
merase, we generated transgenic plants harboring the corre-
sponding mutant allele. As for humans (32), the T66A muta-
tion in AtNAPS57 did not grossly affect rRNA processing in
Arabidopsis (K. Kannan and D. Shippen, unpublished data).
Nonetheless, this mutation is highly deleterious; expression of
this allele could not rescue the lethality associated with plants
lacking both copies of wild-type AtNAPS57. Furthermore, al-
though plants harboring one wild-type copy of AtNAP57 and
the T66A nap57 transgene were viable, they displayed de-
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creased telomerase activity both in vitro and in vivo. We sus-
pect that this outcome is a consequence of reduced stability of
telomerase RNA, but testing of this hypothesis awaits identi-
fication of this molecule. Nonetheless, in marked contrast to
the fate of human telomeres in T66A DC cells (32), telomeres
in T66A nap57 transgenic plants did not undergo progressive
shortening. Instead, telomeres were stably maintained at a
length approximately 2 kb shorter than that in the wild type.

Data from PETRA on individual chromosome ends argue
that this new length set point for telomeres is a consequence of
limiting telomerase activity. In the PETRA assay, wild-type
telomeres on homologous chromosomes typically appear as a
single heterogeneous band (Fig. 6A) (41). Because DNA from
an entire plant is analyzed, these results mean that individual
telomere tracts are subjected to extremely tight regulation
during plant growth and development (39). Strikingly, with
T66A nap57 mutants, PETRA generates a complex profile of
multiple sharp bands, indicating that telomere length is dereg-
ulated on individual chromosome ends. Previous studies with
yeast (44), mammals (21), and Arabidopsis (41) show that telo-
merase acts preferentially on the shortest telomeres in the
population. We hypothesize that substrate preference is exac-
erbated in plants with reduced levels of telomerase (e.g., T66A
nap57 mutants), resulting in elongation of only a subset of
telomeres in a fraction of cells. Bulk telomeres can then es-
tablish a new length set point when equilibrium between the
compromised telomerase and forces that shorten telomeres
(e.g., the end replication problem, nuclease action, and recom-
bination) is attained. Because the demand for telomerase ac-
tivity is significantly greater in humans, we suspect such cells
bearing the T66A nap57 mutation fail to achieve a new telo-
mere length set point and suffer progressive telomere erosion.

How does the T66A mutation in AtNAP57 inhibit telome-
rase activity in Arabidopsis? Since AtNAP57 is not haploinsuf-
ficient for telomerase function in plants but telomerase is in-
hibited when the T66A nap57 allele is introduced into this
background, the data argue that To6A NAPS57 acts as a dom-
inant-negative inhibitor. Catalytically active human telomerase
is a 670-kDa dimer comprised of two TERT, two TR, and two
dyskerin molecules (7). Arabidopsis telomerase has approximately
the same molecular mass, and like h"TERT (4), AtTERT is capa-
ble of dimerization in vitro (C. Cifuentes-Rojas, K. Kannan, and
D. Shippen, unpublished data). Thus, the plant telomerase may
also harbor two copies of AtNAP57. Accordingly, incorporation
of a mutant form of this protein into the telomerase RNP may
compromise enzyme function.
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