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ABSTRACT

The recent discovery of the bona-fide telomerase
RNA (TR) from plants reveals conserved and unique
secondary structure elements and the opportunity
for new insight into the telomerase RNP. Here we ex-
amine how two highly conserved proteins previously
implicated in Arabidopsis telomere maintenance, At-
POT1a and AtNAP57 (dyskerin), engage plant telom-
erase. We report that AtPOT1a associates with Ara-
bidopsis telomerase via interaction with TERT. While
loss of AtPOT1a does not impact AtTR stability, the
templating domain is more accessible in pot1a mu-
tants, supporting the conclusion that AtPOT1a stimu-
lates telomerase activity but does not facilitate telom-
erase RNP assembly. We also show, that despite the
absence of a canonical H/ACA binding motif within
AtTR, dyskerin binds AtTR with high affinity and
specificity in vitro via a plant specific three-way junc-
tion (TWJ). A core element of the TWJ is the P1a
stem, which unites the 5’ and 3’ ends of AtTR. Plais
required for dyskerin-mediated stimulation of telom-
erase repeat addition processivity in vitro, and for
AtTR accumulation and telomerase activity in vivo.
The deployment of vertebrate-like accessory pro-
teins and unique RNA structural elements by Ara-
bidopsis telomerase provides a new platform for ex-
ploring telomerase biogenesis and evolution.

INTRODUCTION

The telomerase ribonucleoprotein (RNP) complex main-
tains telomere integrity and thus is a key invention enabling
the transition from circular prokaryotic chromosomes to
the linear chromosomes of eukaryotes (1). The essential
core of telomerase consists of the catalytic telomerase re-
verse transcriptase (TERT) and a long noncoding RNA
(TR/TER) (2). Telomerase RNA (TR) serves as a template
for synthesis of telomere repeats by TERT. TR also provides

a structural scaffold for accessory proteins that facilitate TR
biogenesis, RNP assembly, engagement with the chromo-
some terminus and regulation of telomerase enzymatic ac-
tivity (3).

Studies of TR secondary structure have revealed two do-
mains essential for telomerase catalysis (4-6). The first is
a template-pseudoknot domain bearing a single-stranded
template, a double-stranded template boundary element
and a pseudoknot (PK) motif (7-9). The second is a ‘stem-
terminus’ element (STE) near the TR 3’ end termed helix IV
in ciliates or CR4/5 in vertebrates (10-12). The template-
PK and STE domains are sufficient to reconstitute telom-
erase activity in trans (4,6,12,13). The remainder of TR
consists of diverse structural motifs that connect species-
specific accessory proteins (14).

The composition of telomerase accessory factors is also
highly divergent and reflects distinct modes of RNP bio-
genesis. In Tetrahymena thermophila, for example, the La-
related protein P65 recognizes the 3’ poly-U tail of RNA
Polymerase II1 (Pol III) transcribed TtTR and bends the
RNA to promote telomerase RNP assembly (15-17). Re-
cent cryo-EM analysis demonstrates the Tetrahymena en-
zyme also engages P75-P45-P19, a large RPA-like het-
erotrimer analogous to the telomere replication complex,
CTC1/STN1/TENI1 (CST) (18). Unlike ciliate TR, fungal
and vertebrate TR molecules are transcribed by RNA poly-
merase II (Pol II). The yeast TR (ScTER1 and SpTER1)
require components of the snRNA biogenesis pathway
for 3’ end maturation, resulting in RNP assembly with
Sm and Lsm proteins (19,20). Interestingly, fission yeast
telomerase associates with an additional La-related pro-
tein, Pof8, via a noncanonical interaction with the PK mo-
tif of SpTER 1 (21-23). Vertebrate telomerase RNP biogen-
esis proceeds by yet another maturation pathway devised
for small Cajal body RNAs (scaRNA) and small nucleo-
lar RNAs (snoRNA) (24). Vertebrate TR associates with
H/ACA snoRNP factors (dyskerin, NOP10, GAR1 and
NHP2) as well as the Cajal body box (CAB box) bind-
ing protein TCAB (25-27). The dyskerin complex recog-
nizes a conserved H/ACA motif that protects the 3’ end
of the mature mammalian TR from exonuclease degra-
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dation (25,28). Cryo-EM studies of substrate-loaded hu-
man telomerase holoenzyme show a bilobed architecture
consisting of the catalytic core (TERT and hTR) on one
side, and a H/ACA RNP containing two sets of dyskerin-
NOP10-GAR1-NHP2 tetramer on the other side (29,30).
These observations highlight the remarkable diversity of
telomerase accessory proteins and the co-evolution of the
TR scaffold (31).

Analysis of telomerase in plants has lagged relative to
other organisms. However, the bona-fide TR from Ara-
bidopsis thaliana (AtTR) was recently identified using an
unbiased approach for active telomerase purification (13)
and independently, by a bioinformatics strategy (32). The
two studies uncovered a total of approximately 100 AtTR
orthologs spanning three major clades within the plant
kingdom. Plant TR contains a 14-nt template region, in-
cluding 7 nts dedicated to proper alignment of the telom-
eric 3’ terminus in the enzyme active site. Construction of
a secondary structure model for plant TR revealed a con-
served PK domain with a ciliate-like unstable stem and a
vertebrate-like extensive single-stranded loop (13). Thus,
the chimeric plant PK can be viewed as an ‘evolution-
ary bridge’ for the structural transition in highly divergent
TR. Additional plant-specific RNA elements were distin-
guished, including the Pla stem, formed from a long-range
interaction between the 5 and 3’ ends of the RNA, and
a flexible linker connecting P1b to Plc (13). These unique
RNA clements have the potential to bind accessory pro-
teins. Consistent with this notion, gel filtration chromatog-
raphy of A. thaliana telomerase demonstrated that the core
RNP is approximately 300 kDa in size (13), significantly
larger than the 130 kDa TERT and 85 kDa AtTR. Uncov-
ering the accessory factors of plant telomerase may be par-
ticularly informative as plant TR is transcribed by Pol 111
transcript, unlike its counterparts in yeast and vertebrates
(32,33).

POTI1 (Protection of Telomeres) is a leading candidate
for a telomerase accessory factor in Arabidopsis. One of
the most conserved constituents of the telomere com-
plex (34), POT1 harbors oligosaccharide/oligonucleotide-
binding folds (OB-fold) that facilitate interaction with
single-stranded telomeric DNA (35). Human POT1 is a
stable component of telomeres and a core component
of the shelterin complex (36,37). Bridging by its bind-
ing partner TPP1, hPOT1 engages telomerase through the
highly conserved TEN domain within TERT (38). hPOT1-
TPP1 dynamically regulates telomere length homeostasis
with diverse roles in protecting the telomere ssDNA from
degradation and repair (39,40), inhibiting telomerase ac-
tivity (41,42), and reducing the primer dissociation rate
to promote telomerase repeat addition processivity (RAP)
(43,44).

Arabidopsis thaliana encodes two POT1 paralogs, POT1a
and POT1b (45-47). AtPOT1a exhibits both conserved and
unique functions relative to hPOT1. Unlike hPOT1, At-
POT1a is not a stable component of telomeric chromatin
and it is not required to recruit TERT to telomeres in vivo
(48,49). However, similar to hPOT1-TPP1 complex, At-
POT1a can bind telomeric DNA, stimulate telomerase RAP
in vitro (50) and is required for telomere maintenance in vivo
(45,48). Considering that AtPOT1a also associates with en-
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zymatically active telomerase (48), the data argue that At-
POT1a functions as a telomerase accessory factor rather
than a shelterin component. How AtPOT1a engages telom-
erase and stimulates its activity is unknown.

Another potential subunit of plant telomerase is dyskerin
(NAP57). Dyskerin is reported to associate with enzymati-
cally active telomerase in both eudicots (A. thaliana) and
monocots (Allium cepa) (32,51). Although a homozygous
null mutation in AtNAP57 is lethal (51,52), transgenic Ara-
bidopsis carrying a single wild type AtNAPS57 allele with
a second allele bearing a T66A mutation are viable. Such
plants exhibit decreased telomerase activity and defective
telomere maintenance (51), indicating that dyskerin is crit-
ical for telomerase function. Strikingly, plant TR does not
harbor the canonical H/ACA motif essential for anchor-
ing dyskerin to vertebrate TR (13). Thus, it is unclear how
dyskerin associates with plant telomerase.

Here, we examine the interactions of AtPOTla and
dyskerin with the Arabidopsis telomerase RNP. We show
that AtPOT1a physically interacts with TERT in an AtTR-
independent manner. However, loss of AtPOT1a increases
accessibility of the AtTR templating domain in vivo, sup-
porting the conclusion that AtPOT1a stimulates telomerase
activity, but does not facilitate telomerase RNP assembly.
In contrast to AtPOT 1a, we report a direct interaction be-
tween dyskerin and AtTR via a plant-specific three-way
junction within AtTR, which includes a novel Pla stem.
Disruption of Pla prevents dyskerin-mediated stimulation
of telomerase RAP in vitro, and blocks AtTR accumulation
and telomerase activity in vivo. These findings indicate that
the plant telomerase represents a chimeric RNP, harboring
a ciliate-like Pol III transcribed TR with unique structural
elements that assembles with vertebrate-like accessory pro-
teins.

MATERIALS AND METHODS
Plant material, growth conditions and transformation

Arabidopsis  thaliana  accession  Col-0, WS, artr
(Flag 410H04) (13), attert (SALK_041265C) (53) and
atpotla (48) were used in this study. Seeds were sterilized
in 50% bleach with 0.1% Triton X-100 and then plated on
half Murashige and Skoog (half MS) medium with 0.8%
agar. Plants were grown at 22°C under long day light con-
ditions. For genetic complementation, pHSN6AO1-AtTR,
pHSN6AOI-m16, pHSN6AO1-m17 and pHSN6AOI-
ml8 were transformed into second generation AtTR-/-
(Flag_410H04) plants using Agrobacterium-mediated (A.
tumefasciens GV3101) transformation as described (54).
Transformants were selected on hygromycin in T1 and
analyzed for telomerase phenotypes. In parallel, untrans-
formed AtTR+/+ and AtTR-/- plants were analyzed.

Plasmids

DNA sequences that encode full-length dyskerin (At-
NAPS57) (residues 1-565) or dyskerinac (residues 1-439)
were cloned into a kanamycin-resistant pET28a plas-
mid to achieve a N-terminal 6xHis tag using the NEB-
uilder HiFi DNA assembly cloning kit. For co-expression
of dyskerinac-NOP10-GALIls3.145, coding sequences of
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dyskerinac and full-length NOP10 (residues 1-64) were
cloned into an ampicillin-resistant pETDuet-1 plasmid to
occupy independent expression cassettes using the NEB-
uilder HiFi DNA assembly cloning kit. Dyskerinac, but not
NOP10, was fused with a N-terminal 6xHis tag. GAL15s3.145
(AT3G03920) (residues 53-145) was cloned separately into
a kanamycin-resistant pET28a plasmid without any tag
fused to its N- or C-terminus. For genetic complementation,
AtTR was cloned into a binary vector pHSN6AO1 under
the control of the U6 promoter using the NEBuilder HiFi
DNA assembly cloning kit. Mutagenesis was applied to
pHSNOAO1-AtTR to produce 18 AtTR variants using the
Q5 site-directed mutagenesis kit (NEB). For in vitro co-1P
and telomerase reconstitution assays, full-length AtPOTla
coding sequence was cloned into a pET28a plasmid to al-
low attachment with an N-terminal T7 tag. The pCITE-
3xFLAG-AtTERT plasmid was a generous gift from Dr.
Julian J.-L. Chen (Arizona State University).

Protein expression and purification

All proteins were expressed in Escherichia coli Rosetta
(DE3) strains that provide additional tRNAs. For purifica-
tion of individual full-length dyskerin or dyskerinac pro-
tein, cells were resuspended in 50 mM Tris-Cl pH 7.3, 400
mM NaCl, 5% glycerol, and 2 mM DTT and lysed by
a microfluidizer. Proteins were purified through HisTrap-
HP column (GE Healthcare) and Superdex 200 increase
10/300 gel filtration chromatography (GE Healthcare).
For reassembly and purification of dyskerinac-NOP10-
GALlss45, the heterotrimer was co-expressed from a
pETDuet-1 plasmid expressing dyskerinac and Nopl10 and
a pET28a plasmid expressing GAL15s3.145. The complex was
purified through a HisTrap-HP column (GE Healthcare)
and Superdex 200 Increase 10/300 gel filtration chromatog-
raphy (GE Healthcare) in buffer (50 mM Tris-Cl pH 7.3,
350 mM KCl and 2 mM DTT). An additional 5 mM DTT
was provided before storage at -80°C.

RIP and co-IP

Anti-AtTERT antibody was affinity-purified as previously
described (13). Briefly, antibody was preincubated with pro-
tein A magnetic beads (Dynabeads) at 4°C for 2 h before
IP. About 1.5 g of WT (Col-0) Arabidopsis seedlings were
ground in liquid nitrogen and homogenized in RIP buffer
(100 mM Tris-OAC pH 7.5, 150 mM KGlu, I mM MgCl,,
0.5% Triton X-100, 0.1% Tween 20, 20 pl/ml Plant pro-
tease inhibitor mixture [Sigma-Aldrich], 1 wl/ml RNase-
OUT [Thermo Fisher Scientific] and 2.5 mM DTT). Af-
ter clearing by centrifugation, protein complexes were im-
munoprecipitated using preincubated anti-AtTERT mag-
netic beads at 4°C for 3 h. After incubation, beads were
washed seven times with RIP buffer and then resuspended
with 1 ml of TRIzol reagent (Invitrogen) to extract RNA.
For the TRAP measurement of IP samples, prior to resus-
pending in TRIzol, 5% beads were transferred into TRAP
extension reaction (50 mM Tris-Cl pH 8.0, 50 mM KCl, 2
mM DTT, 3 mM MgCl,, | mM spermidine, | uM TRAP-F
primer, and 0.5 mM each ddNTPs) and incubated at 30°C
for 45 min. Extended products were ethanol precipitated
and used for direct TRAP assay as described (13).

For in vitro  co-immunoprecipitation  experi-
ments, co-expression of T7-AtPOTla and 3xFLAG-
AtTERT was conducted using a TNT Quick Coupled
transcription/translation kit (Promega) following the
manufacturer’s instructions with 3°S-methionine labeling.
In vitro folded AtTR, non-specific RNA (yeast tRNA)
or mock (water) was provided independently into the
respective reactions. In vitro reconstituted complexes were
immunopurified with anti-FLAG M2 magnetic beads
(Sigma-Aldrich) at room temperature for 1.5 h to enrich
AtTERT and copurified proteins. The products were
resolved on a 10% SDS-PAGE gel, dried, exposed and
detected by a Typhoon FLA 9500 phosphorimager (GE
Healthcare).

For in vivo co-IP, 1.5 g of wild-type (WT) (WS accession)
or attr seedlings were ground in liquid nitrogen and homog-
enized in co-IP buffer (100 mM Tris-OAC pH 7.5, 150 mM
KGlu, 1 mM MgCl,, 0.5% Triton X-100, 0.1% Tween 20,
20 wl/ml Plant protease inhibitor mixture [Sigma-Aldrich],
1 pl/ml RNaseOUT [Thermo Fisher Scientific] and 2.5 mM
DTT). After clearing by centrifugation, protein complexes
were immunoprecipitated using preincubated anti-AtTERT
magnetic beads at 4°C for 3 h. After incubation, beads were
washed seven times with co-IP buffer and then resuspended
in SDS-loading buffer. Copurified proteins were resolved on
an 8% SDS-PAGE gel and analyzed by western blot.

Antisense LNA oligo pull down

An antisense LNA oligo pull-down assay was adapted from
(55,56) with modifications. Two antisense LNA oligos were
designed to target the accessible regions within AtTR and
labeled with Biotin at the 3’ end. About 2 g of formaldehyde-
crosslinked four-day-old WT (WS) or attr seedlings were
homogenized in lysis buffer (50 mM Tris-OAC pH 7.5, 10
mM EDTA, 1% SDS, 20 wl/ml Plant protease inhibitor
mixture [Sigma-Aldrich], 1 wl/ml RNaseOUT [Thermo
Fisher Scientific] and 6 mM DTT). The pre-warmed 2x
hybridization buffer (50 mM Tris-OAC pH 7.5, 750 mM
NaCl, 15% formamide, 1 mM EDTA, 20 wl/ml Plant pro-
tease inhibitor mixture [Sigma-Aldrich], 1 wl/ml RNase-
OUT [Thermo Fisher Scientific] and 6 mM DTT) and 100
pmol antisense LNA oligos were incubated at 42°C for 2 h
to achieve oligo annealing. About 100 pnl Dynabeads My-
One Streptavidin C1 beads (Thermo Fisher Scientific) was
added and incubated for additional 45 min at 42°C. Beads
were washed five times with wash buffer (2x SSC, 0.5%
SDS, | mM PMSF, 5 mM DTT) before resuspending 90%
of beads in SDS-loading buffer for protein analysis by west-
ern blot. The remaining 10% of beads was subjected to pro-
tease K digestion (10 mM Tris-Cl pH 7, 100 mM NacCl, 1
mM EDTA, 0.5% SDS and 5% 20 mg/ml protease K) at
50°C for 45 min prior to the RNA extraction by TRIzol
reagent. The extracted RNA was analyzed by RT-qPCR for
RNA abundance.

Target-specific DMS-MaPseq

The DMS-MaPseq assay was adapted from (57) and per-
formed as described (13). Briefly, 4-day-old WT (Col-0)
or atpotla seedlings were treated with 1% DMS or water



(mock samples) in DMS reaction buffer (40 mM HEPES
pH 7.5, 100 mM KCI and 0.5 mM MgCl,) with two times
of 7.5 min vacuum. Total RNA was extracted from respec-
tive samples using RNA Clean & Concentrator-5 (Zymo
Research) including in-column DNase digestion. About
5 pg of high-quality RNA combined with gene-specific
primers (AtTR or ACT2 mRNA) (5 pmol each) was heated
and annealed for primer binding. TGIRT (Ingex) reaction
was assembled following manufacturer’s instructions. After
RT, 1 pl of cDNA solution was directly added into a 50-
pl PCR reaction using Phusion High-Fidelity DNA Poly-
merase (New England BioLabs) to amply AtTR or ACT2
mRNA. PCR products were gel-purified, quantified and di-
rectly assembled into Illumina sequencing libraries using
the NEBNext Ultra II DNA Library Prep Kit (NEB) with
25 ng input. One mock library and two DMS libraries were
built for each sample. Sequencing was performed on an
150 x 2 Illumina NextSeq 500 platform at Texas A&M Uni-
versity.

EMSA

EMSA was adapted from (50) with modifications. WT
AtTR and AtTR variants were prepared with an AmpliS-
cribe T7-Flash transcription kit and purified by 6% dena-
turing PAGE. Purified RNAs were 5’ end labeled with 3*P-
ATP (Perkin Elmer) using T4 Polynucleotide kinase (NEB)
and PAGE purified again to remove free ATP. Radiola-
beled RNAs or non-radiolabeled competitors were folded
by heating at 98°C for 2 min and slow cooling to room tem-
perature. Full-length dyskerin or dyskerinAC protein was
diluted and mixed with RNA in EMSA reaction (25 mM
Tris-Cl pH 7.5, 50 mM KCI, 2 mM MgCl,, 10% glycerol,
I mM DTT, 50 wg/ml BSA, 50 wg/ml yeast tRNA and 1
pl/ 20 pl RNaseOUT [Thermo Fisher Scientific]) at 30°C
for 30 min. EMSA products were separated on 5% native
PAGE in glycine buffer pH 9.0 at 4°C. Gels were dried un-
der vacuum at 80°C for 1 h prior to exposure to a phos-
phor imager screen. Data were collected on Typhoon FLA
9500 phosphorimager (GE Healthcare) and quantified us-
ing Quantity One software (Bio-Rad).

In vitro telomerase reconstitution and TRAP

In vitro telomerase reconstitution was performed as de-
scribed (13,58) with modifications. Briefly, 3xFLAG-
AtTERT was expressed in rabbit reticulocyte lysate
(RRL) (TNT Quick Coupled transcription/translation kit;
Promega) following the manufacturer’s instructions. WT
AtTR or AtTR variants were in vitro transcribed, folded,
and assembled with AtTERT in RRL for 20 min at 30°C
at a final concentration of 1.5 wM (13,58). Serial dilutions
of full-length dyskerin or Dyskerinac-NOP10-GALIls3.145
heterotrimer were added to the TERT-AtTR RRL mix-
ture and incubated for an additional 20 min. Reconstituted
telomerase was immunopurified with anti-FLAG M2 mag-
netic beads (Sigma-Aldrich) at room temperature for 1 h.
On-beads telomerase was measured for telomerase activ-
ity via direct primer extension assay as described (13,58).
Briefly, beads were resuspended in a reaction containing
telomerase reaction buffer (50 mM Tris-Cl pH 8.0, 50 mM
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NaCl, 0.5 mM MgCl,, 2 mM DTT and 1 mM spermidine),
1 wM extension primer, ddNTPs and 0.18 wM of ¥*P-dGTP
(PerkinElmer). Reactions were incubated at 30°C for 90 min
and terminated by phenol/chloroform extraction, followed
by ethanol precipitation. A radiolabeled recovery control
was mixed with each reaction before phenol/chloroform ex-
traction. DNA products were resolved by 10% denaturing
PAGE gel, dried, exposed and imaged on a Typhoon FLA
9500 phosphorimager (GE Healthcare). Signal intensities
were quantified using Quantity One software (Bio-Rad).

The TRAP assay was conducted as described (50) with
modifications. Unopened Arabidopsis flower bundles were
collected for partial purification of telomerase. Purified
telomerase was mixed in Go Taq Master Mix (Promega)
containing a TRAP forward primer and incubated for 30
min at room temperature. After extension, 0.4 wM reverse
primer was added to the reaction followed by 20 PCR cycles.
Products were resolved by 6% denaturing PAGE, dried, ex-
posed and imaged on Typhoon FLA 9500 phosphorimager
(GE Healthcare).

gRT-PCR

gRT-PCR was performed as described (59) with modifi-
cations. Briefly, Arabidopsis flower bundles or 6-day old
seedlings were collected for RNA extraction using the
Direct-zol RNA kit (Zymo Research). cDNA synthesis was
conducted using SuperScript IV reverse transcriptase (In-
vitrogen) and random primer mix (NEB). cDNA was di-
luted and added into PowerUp SyBr Green for qPCR reac-
tions with the corresponding primers provided in the Sup-
plementary Table S1.

RESULTS

AtPOT1a engages telomerase via an AtTR-independent
mechanism

To test whether AtPOT1a assembles into the same RNP
complex with AtTR, we employed RNA immunoprecip-
itation (RIP) with polyclonal anti-AtPOTla and anti-
AtTERT antibodies (Figure 1A, left). As expected, telom-
erase activity was enriched in both the AtPOT1a and TERT
IP samples but not with the GFP IP control (Figure 1A,
right). Moreover, qPCR showed that the TERT and At-
POT1a IP significantly enriched AtTR but not GAPDH
mRNA. Next, we asked if AtPOTla played a role in pro-
moting AtTR stability by measuring the steady state level
of AtTR in a potla homozygous T-DNA insertion mutant
(48) (Figure 1B). There was no difference in AtTR abun-
dance in potla mutants versus wild-type plants, indicating
that AtPOT1a is not required for AtTR biogenesis. Interest-
ingly, the abundance of AtTR was also not changed in zert
knockout mutants (53) (Figure 1B), suggesting that other
factors besides TERT and AtPOT1a are necessary for AtTR
biogenesis and/or stability.

While TR acts as a framework for many telomerase acces-
sory factors (60), some proteins directly interact with TERT,
including the human POT1-TPP1 heterodimer and the P75-
P45-P19 complex in Tetrahymena (18,43). We employed co-
IP experiments with recombinant FLAG-tagged TERT and
T7-tagged AtPOT1a to test if these proteins interact with
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Figure 1. AtPOT1a does not engage Arabidopsis telomerase via interaction with AtTR. (A), qPCR (left) and TRAP (right) results from immunoprecipi-
tated samples to measure the copurification of AtTR (left), GAPDH mRNA (left) and active telomerase (right). Anti-AtTERT and Anti-GFP IPs served
as positive and negative controls, respectively. Error bars indicate standard deviation. **P value < 0.01 and ns (not significant) were calculated based on
Student’s #-test. (B) qPCR results for AtTR in wild-type (WT), tert and potla mutants. A single data point represents an individual biological repeat. Error
bars indicate standard deviation. ns was calculated based on Student’s ¢-test. (C) In vitro co-1P experiments performed in a coupled transcription/translation
system in the presence or absence of different RNA molecules. Co-purification of AtPOT1a was measured after Anti-FLAG IP. (D) In vivo chemical prob-
ing of RNA secondary structure by targeting specific DMS-MaPseq from WT Arabidopsis and pot/a mutants. Average mutation frequencies from two
biological replicants are plotted along AtTR and ACT2 mRNA sequences separately. Asterisk (*) denotes the template region of AtTR with increased
flexibility in the pot/a mutant.



each other in vitro, and if this interaction is dependent on
AtTR. TERT and AtPOT1a constructs were expressed in
rabbit reticulocyte (RRL) extract, and pull-down was per-
formed using FLAG antibody followed by western blotting
with T7 antibody. Detection of AtPOT1a indicated that At-
POT 1a directly interacts with TERT (Figure 1C). Notably,
the equivalent amount of AtPOT1a copurified in the pres-
ence of AtTR, in the presence of non-specific RNA, or in
the absence of any RNA. We conclude that AtPOT1a phys-
ically associates with TERT and this interaction is not de-
pendent on AtTR. This result is consistent with previous
yeast two-hybrid and bimolecular fluorescence complemen-
tation data showing an interaction between AtPOTla and
the N-terminus of TERT (46,61).

To further explore the interaction of AtPOTla with
telomerase, we asked if AtPOT1a impacts AtTR structure
and nucleotide accessibility in vivo using a DMS-MaPseq
assay in wild-type and plants lacking AtPOTla (Figure
1D and Supplementary Figure S1). The DMS-induced mis-
match rate correlates with the respective flexibility and ac-
cessibility of individual A and C residues (62). Results of
DMS-MaPseq were validated by plotting average mutation
frequencies on the AtTR secondary structure (Supplemen-
tary Figure S1B and C). We observed no significant dif-
ference in nucleotide accessibility between wild-type and
potla mutants for most of AtTR. However, there was a dra-
matic difference in accessibility of nucleotides C48 and C49,
which are embedded in the alignment region of the TR tem-
plate (Figure 1D). In the absence of AtPOT 1a these residues
were much more accessible in AtTR. The increase in TR
template accessibility is consistent with inefficient interac-
tion of telomerase with telomeric DNA in plants lacking
AtPOT1a. Altogether, these findings indicate that AtPOT1a
is not required for telomerase RNP assembly, but rather
functions to stimulate telomerase interaction with telomeric
DNA.

Dyskerin tightly binds AtTR and promotes telomerase RAP
in vitro

Since prior biochemical and genetic experiments indicated
that dyskerin (NAP57) associates with enzymatically ac-
tive telomerase (32,51), we asked if this association is medi-
ated by AtTR using two independent approaches. First, an
in vivo co-IP experiment was conducted using anti-TERT
antibody in wild-type and az¢r null mutants (Figure 2A).
Dyskerin, the positive control TERT, and the negative con-
trol PEPC were detected by western blotting. Dyskerin cop-
urified with TERT in extracts from wild-type plants, but
not from mutants lacking AtTR. As a parallel strategy, we
performed a pull-down using two antisense locked nucleic
acid (LNA) oligonucleotides to capture proteins that di-
rectly bind AtTR (Figure 2B and C). The oligonucleotides
were designed to target accessible regions within AtTR (13)
(Supplementary Figure S2A). qPCR analysis of the pull-
down samples showed a strong enrichment of AtTR, but
not the ACT2 mRNA and GAPDH mRNA controls (Fig-
ure 2C and Supplementary Figure S2B), confirming the
specificity of antisense LNA oligonucleotides. Western blot-
ting revealed a background signal for dyskerin in the artr
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control reaction (Figure 2B). However, both dyskerin and
TERT were highly enriched from the pull-down in wild-
type plants. These results argue that ATR associates with
dyskerin in vivo and this interaction facilitates dyskerin as-
sociation with the telomerase enzyme.

We next examined the dyskerin-AtTR interaction in vitro
using recombinant dyskerin protein. When expressed in Es-
cherichia coli, full-length dyskerin formed aggregates, but
this can be mitigated in a low concentration (Supplemen-
tary Figure S3A). To increase soluble protein yield, we
removed the C-terminal disordered region (residues 440-
565), which is predicted to contain a nuclear location sig-
nal (NLS) (Supplementary Figure S3C). Dyskerinac vastly
enhanced protein solubility (Supplementary Figure S3B).
Electrophoretic mobility shift assay (EMSA) was then used
to monitor dyskerinc-AtTR interaction (Figure 2D). A re-
liable signal from dyskerinac-AtTR complex was observed
after titration of 12.5 nM dyskerinac protein with radi-
olabeled AtTR, consistent with a stable dyskerin-AtTR
complex. A 100-fold excess of specific, non-radiolabeled
competitor, but not non-specific yeast tRNA, resolved the
dyskerinpc-AtTR complex into free AtTR (Figure 2D,
lanes 9-10). Quantification of EMSA with plots fit to the
Hill equation revealed a dissociation constant (K;) of 56
(£5) nM (Figure 2E), indicating a specific, high-affinity in-
teraction between Dyskerinac and AtTR.

We next asked whether dyskerin could influence telom-
erase enzyme activity or repeat addition processivity (RAP)
in an in vitro telomerase reconstitution assay (13). We were
reluctant to use Dyskerinac in these experiments because of
the potential loss of function with this truncated isoform.
Therefore, different concentrations of Dyskeringy were
added to reactions containing RRL-expressed 3XFLAG-
AtTERT and in vitro folded AtTR. Using a direct telom-
erase extension assay, we saw a substantial increase in sig-
nal intensity for high molecular weight products (+20, +27
and + 34) relative to shorter products (+6), suggesting that
telomerase RAP is stimulated by the addition of dyskerin
(Figure 2F). While the overall activity of the reaction con-
taining 200 nM dyskeringp, was diminished, perhaps as a
consequence of dyskerin aggregation, the length of telom-
erase products was proportional to the amount of dyskerin
in the reaction (Figure 2F, lane 7). These findings verify
that dyskerin physically interacts with AtTR and demon-
strate that this interaction stimulates telomerase RAP
in vitro.

The plant-specific P1a stem is required for dyskerin interac-
tion with AtTR

Using competitive EMSA with recombinant Dyskerinac
protein, we screened 15 AtTR truncation constructs to
define RNA element(s) necessary for dyskerin association
(Figure 3). Truncation constructs were designed by delet-
ing different RNA motifs defined in the AtTR secondary
structure model (Figure 3A). Strikingly, removing the Pla
stem abolished Dyskerinac binding (construct 1). In con-
trast, truncation of the non-conserved distal stem-loop of
STE (construct 2), the single-stranded linker connecting
P1b to Plc (construct 3), the template region and stem P2.1
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(construct 4), and two conserved single-stranded loops
within P4 and P5 (constructs 10 and 11) did not impede the
interaction (Figure 3B).

Connecting Pla to P1b and P4-P5-P6 generates a unique
three-way junction (TWJ) structure (Figure 3A). To as-
sess the importance of the TWJ, we removed Pla together
with P4-P5-P6 (construct 5). Consistent with construct 1,
construct 5 did not compete with full-length AtTR for
Dyskerinac binding. We also found little competition in re-
actions with constructs 13, 14 and 15, indicating the impor-
tance of maintaining a complete PK structure for dyskerin
association. One caveat with these experiments is that the
constructs contained multiple modifications, which could
impact the overall structure of AtTR. Nonetheless, our re-
sults imply that the plant-specific TWJ, including the unique
Pla stem, is essential for dyskerin interaction with AtTR in
vitro.

The P1la stem is essential for dyskerin-mediated stimulation
of telomerase RAP in vitro and AtTR accumulation in vivo

In vertebrates and yeast, dyskerin associates with NOP10,
GALI1, NHP2 and a target RNA subunit to assemble into
a H/ACA RNP complex (63,64). Since our initial experi-
ments employed only the dyskerin subunit, the absence of
interaction partners could explain the low solubility of re-
combinant dyskerin protein. To obtain a more stable com-
plex, we co-expressed three protein subunits of the plant
H/ACA complex including Dyskerinyc, NOP10 and a
truncation of GALI (residues 53—-145; GALls3.145) in E. coli
(Supplementary Figure S4). A similar complex is sufficient
to reconstitute the functional yeast H/ACA complex (64).
Notably, co-expression of NOP10 and GALls3. 45 with
dyskerinac significantly enhanced complex stability and
solubility, allowing us to purify the dyskerinyc-NOP10-
GALls3.145 heterotrimer (Supplementary Figure S4C).
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We used the recombinant heterotrimer complex to assess
the impact on telomerase RAP reconstituted in vitro (Figure
4A and B). Consistent with the Dyskeringy results, longer
extension products (+20, +27, and + 34) were more abun-
dant in the presence of the Dyskerinac complex (Figure
4B, lanes 2-4). We next asked if the Pla element, necessary
for dyskerin association with AtTR, is required for telom-
erase stimulation in vitro. Telomerase reconstitution con-
ducted with AtTR truncation construct 1 did not dramat-
ically decrease enzyme activity and RAP relative to wild-
type AtTR (Figure 4B, lanes 2 and 5). Strikingly, however,
the Dyskerinac complex was unable to stimulate RAP with
this AtTR variant (Figure 4B, lanes 5-7), indicating that
Plais required for dyskerin-mediated stimulation of telom-
erase RAP in vitro.

We used genetic complementation to examine the func-
tion of the Pla stem in vivo. attr null mutants were trans-
formed with constructs containing U6 promoter-driven
AtTR composed of either wild-type sequence (U6::AtTR)
or one of three Pla variants: a non-complementary strand
on the 5 side of Pla (U6::m16), a non-complementary
strand on the 3’ side of Pla (U6::m17) or a Pla stem with
compensatory mutations, but similar structure to wild-type
AtTR (U6:m18) (Figure 4C). Notably, the same canon-
ical Pol III polyU terminator was applied to all of the

constructs. Although expression of all four constructs was
driven by the same U6 promoter and terminator, perturba-
tion of Pla dramatically decreased the steady state level of
U6:m16 and U6::m17 RNAs relative to U6::AtTR (Figure
4D). In marked contrast, U6::m18 reached the same level
as U6::AtTR, implying that the architecture of the Pla stem
was of paramount importance for AtTR biogenesis. Telom-
ere repeat amplification protocol (TR AP) was performed to
measure telomerase activity in these transgenic lines. Con-
sistent with AtTR abundance, plants expressing U6::m16
and U6::17, but not U6::m18, displayed a significant reduc-
tion in telomerase activity compared to wild-type (Figure
4E). Hence, preserving the plant-specific Pla is not only
critical for dyskerin-AtTR interaction in vitro, but disrup-
tion of Pla severely compromises AtTR and telomerase ac-
tivity in vivo.

DISCUSSION

Telomere maintenance by telomerase is a near universal
mechanism in eukaryotes, and yet TR and many accessory
proteins exhibit dramatic divergence across different lin-
eages (3,14). The recent discovery of TR from plants (13,32)
fills an important gap in the evolutionary history of TR and
provides a new opportunity for exploring different modes
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of telomerase RNP biogenesis and regulation. In this study,
we investigated how two proteins implicated in vertebrate
telomerase regulation and biogenesis engage the Arabidop-
sis telomerase RNP.

AtPOT1a is one of two A. thaliana orthologs of the
human shelterin component, hPOT1 (45,46). We discov-
ered that AtPOTl1a physically binds TERT in an AtTR-
independent manner, consistent with previous yeast two-
hybrid and bimolecular fluorescence complementation data
showing an interaction between AtPOT1a and residues 1—
271 of TERT (46,61). Interestingly, this region of AtTERT
is predicted to contain the TEN domain, the binding site
for TPPI to bridge the association of human POT1 and

TERT (38,65). Since a TPP1 homolog has not been iden-
tified in Arabidopsis, these observations raise the possi-
bility of a plant-specific TPP1-independent POT1a assem-
bly on telomerase. Like hPOTI1, AtPOTla is not essen-
tial for TR accumulation in vivo, and its absence does not
significantly impact AtTR structure. Intriguingly, however,
residues within the alignment region of the telomere tem-
plate are significantly more accessible in the absence of
POT1a. These findings argue that the primary role of At-
POTla, like the hPOT1-TPPI heterodimer (43), is not to
promote telomerase assembly, but rather to stimulate telom-
erase interaction with and extension of telomeric DNA
(48,50).



Like POT1, dyskerin is highly conserved (66). Dyskerin
has a strong binding preference for the H/ACA motif em-
bedded within a subset of RNA Pol II transcribed snoRNAs
found in yeast, vertebrates and plants, including Arabidop-
sis (67-69). The vertebrate dyskerin complex also associates
with the H/ACA box within TR and is a stable component
of the active telomerase RNP (25,28). Genetic (51) and bio-
chemical data in 4. thaliana and A. cepa (32,51) indicate
that dyskerin contributes to telomerase function in plants.
However, since AtTR and other plant TR molecules are ex-
pressed by RNA Pol IIT (13,32,33) and lack a canonical
H/ACA motif, it has been unclear how dyskerin engages
plant telomerase.

We addressed this conundrum by first confirming the
dyskerin interaction with Arabidopsis telomerase and then
demonstrating the interaction is dependent on AtTR. We
report that dyskerin binds AtTR with high specificity and
affinity and stimulates RAP of reconstituted telomerase in
vitro. Unexpectedly, we found that dyskerin recognizes a
plant-specific TWIJ in vitro that is retained in all known
plant TRs. This structure exhibits multiple base-pair covari-
ations across different plant lineages, supporting its biolog-
ical significance. Mammalian and yeast TR also maintain a
TW]J, but it is constructed from local hairpins entirely em-
bedded within the STE (also known as CR4/5). In contrast,
the plant-specific TWJ is assembled by three independent
RNA elements: the P4 stem from the STE, the P1b stem
from the core-enclosing template boundary element, and
the Pla stem. The mammalian TWJ interacts with TERT
to promote telomerase RNP assembly (70). We hypothe-
size Arabidopsis TERT binds the corresponding region P5-
P6 in AtTR, while the plant-specific TWJ is employed as
a binding site for the dyskerin complex. The Pla stem is a
critical element within the Arabidopsis TWJ, and we show
it is important not only for dyskerin-mediated stimulation
of telomerase RAP in vitro but also for AtTR stability and
telomerase activity in vivo.

How Arabidopsis dyskerin came to bind a Pol III RNA
that lacks an H/ACA motif is unclear, but a clue may be
found in the history of TR regulation. The polymerase re-
sponsible for TR transcription has switched more than once
during evolution (3). Since Arabidopsis harbors a variety of
H/ACA snoRNA species (69), it is possible that dyskerin
developed an alternative binding modality as it co-evolved
with AtTR. In this view, AtTR may have originated as a Pol
IT transcript which then acquired an internal stretch of U-
rich sequence downstream of the dyskerin binding site. This
change, coupled with modification to the promoter, would
be sufficient to enable Pol I1I-mediated transcription and
termination, yet allow dyskerin binding to be retained.

There are several instances of telomerase-associated pro-
teins that do not comply with canonical binding mecha-
nisms. LaRP7 and other La family proteins are best known
for their interaction with Pol III transcripts (71), and such
factors include the telomerase subunits P43 in Euplotes and
P65 in Tetrahymena (72-75). Intriguingly, the La-related
protein family 7 (LaRP7) protein Pof8 is a constitutive sub-
unit of Schizosaccharomyces pombe telomerase that directly
binds the Pol II-transcribed SpTER1 (22,23). Although
structural homology has been noted between Pof8 and P65
(21,76), Pof8 is reported to associate with PK of SpTER1
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and play a key role in telomerase RNA folding quality con-
trol (76). Determining whether dyskerin serves as core com-
ponent of A. thaliana telomerase or an accessory factor
akin to Pof8 in fission yeast awaits a comprehensive under-
standing of plant telomerase RNP composition. Results of
such studies may hold more surprises as AtTR was origi-
nally identified as a IncRNA responsive to hypoxia and sal-
icylic acid (33), and has been implicated in the pathogen re-
sponse (77). Thus, as suggested for vertebrate TR (78-81),
Arabidopsis TR may assemble with different protein bind-
ing partners in different physiological contexts beyond the
telomere realm.
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