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Abstract The life cycle of telomerase involves dynamic and
complex interactions between proteins within multiple mac-
romolecular networks. Elucidation of these associations is a
key to understanding the regulation of telomerase under di-
verse physiological and pathological conditions from telome-
rase biogenesis, through telomere recruitment and elongation,
to its non-canonical activities outside of telomeres. We used
tandem affinity purification coupled to mass spectrometry to
build an interactome of the telomerase catalytic subunit
AtTERT, using Arabidopsis thaliana suspension cultures.
We then examined interactions occurring at the AtTERT
N-terminus, which is thought to fold into a discrete domain
connected to the rest of the molecule via a flexible linker.
Bioinformatic analyses revealed that interaction partners of
AtTERT have a range of molecular functions, a subset of which
is specific to the network around its N-terminus. A significant
number of proteins co-purifying with the N-terminal constructs

have been implicated in cell cycle and developmental process-
es, as would be expected of bona fide regulatory interactions
and we have confirmed experimentally the direct nature of
selected interactions. To examine AtTERT protein-protein in-
teractions from another perspective, we also analysed AtTERT
interdomain contacts to test potential dimerization of AtTERT.
In total, our results provide an insight into the composition and
architecture of the plant telomerase complex and this will aid in
delineating molecular mechanisms of telomerase functions.
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Introduction

Telomerase is a special reverse transcriptase that extends chro-
mosomal ends by the synthesis of telomeric repeats.
Telomerase reverse transcriptase subunit (TERT) and telome-
rase RNA subunit (TR) can reconstitute enzyme activity
in vitro, but a much larger multicomponent complex is assem-
bled in vivo (Collins 2006). Biogenesis of a functional telome-
rase complex, including the molecular assembly of subunits
and interactions with telomerase-associated proteins, requires
intensive intracellular and intranuclear shuttling (Tomlinson
et al. 2008; Tomlinson et al. 2006). Apart from its telomeric
functions in the nucleus, the presence of telomerase in other
subcellular compartments, its putative involvement in transcrip-
tional regulation, signalling pathways and stress protection
have been reported (see Majerska et al. 2011 for review).
Another link to non-telomeric processes was suggested by an
increase in telomerase activity after completion of cell division
in green algae (Sevcikova et al. 2013). However, it is not clear if
these non-canonical functions require (i) a whole telomerase
complex, (ii) a minimal holoenzyme comprising the TERT
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and the TR subunits, or (iii) an isolated TERT subunit. Current
evidence favours alternatives (ii) and (iii). For example, the
hTERTsubunit or inactive telomerase are sufficient for stem cell
mobilization and protection against cell death (Lee et al. 2008;
Okamoto et al. 2011). Similarly, yeast telomerase Est2p associ-
ates with telomeres throughout most of the cell cycle, including
phases when telomerase does not act (Taggart et al. 2002).

Telomerase-associated proteins and telomerase complex
acting at the chromosomal ends in vivo have been best char-
acterized in ciliates and yeasts (Collins 2006; Jiang et al. 2013;
Min and Collins 2009; Teixeira and Gilson 2007; Witkin et al.
2007). In comparison to single-celled eukaryotes, the endog-
enous human telomerase complexes are more heterogeneous
than those of single-celled eukaryotes and make numerous
regulatory interactions (see Egan and Collins 2012; Fu and
Collins 2007 for review). Identification of candidate
telomerase-interacting partners is still challenging because bi-
ologically active telomerase holoenzymes harbour numerous
proteins essential for telomere maintenance but dispensable
for RNP assembly in vivo, as well as proteins involved in
ostensibly unrelated cellular processes (see Collins 2011;
Egan and Collins 2012 for review). Moreover, telomerase is
not a structural component of telomeres and most of its inter-
action partners are presumably only transiently bound. Only a
few telomerase molecules are present in a cell (Yi et al. 2001);
thus, it is not surprising that telomerase has never been re-
vealed in proteomic studies aimed at telomeric proteins
(Dejardin and Kingston 2009; Giannone et al. 2010;
Grolimund et al. 2013; Nittis et al. 2010). Initially, candidate
telomerase-associated proteins co-purifying with telomerase
activity were identified from cellular extracts using several
biochemical techniques and their combinations (e.g. glycerol
gradient sedimentation, gel-filtration, anion-exchange chro-
matography, immunoprecipitation, affinity chromatography,
see Collins and Greider 1995; Harrington et al. 1997;
Lingner and Cech 1996; Ray et al. 2002). However, the output
from techniques based on biochemical properties could be
biased by the purification procedures (Petrov et al. 1998).
Affinity-tagging and enhanced proteomics methods enabled
further identification of interaction partners of Tetrahymena
and human telomerase complexes (Egan and Collins 2010;
Fu and Collins 2007; Witkin and Collins 2004; Witkin et al.
2007) and provided insight into the telomerase structural complex
(Jiang et al. 2013). More recently, tandem-affinity-purification
(TAP) has been optimized for plant systems and has proven
valuable in providing an insight into complex plant interaction
networks in vivo (Rubio et al. 2005; Van Leene et al. 2007).

The current inventory of known telomerase-associated pro-
teins can be divided into three major categories. The first
category is composed mostly of TR-binding proteins that pro-
mote the accumulation of biologically stable, mature TR and
facilitate TERT-TR assembly (see Egan and Collins 2012 for
review). These include RNA binding proteins, (e.g. dyskerin

in vertebrates, Sm proteins in yeasts, and La-motif proteins in
ciliates), and molecular chaperonins necessary for proper fold-
ing of protein subunits and RNP assembly, (e.g. the AAA+
family of ATPases pontin and reptin (Venteicher et al. 2008),
and human chaperonins p23 and hsp90 (Holt et al. 1999)). A
second class of telomerase accessory proteins acts to allow
telomerase engagement with the substrate single-stranded
DNA at chromosomal termini, e.g. S. cerevisiae telomerase
subunits Est1, Est3, and Cdc13 protein, S. pombe proteins
Pot1, Ccq1 and Tpz1, human shelterin proteins POT1, TIN2
and TPP1, Tetrahymena proteins Teb1 and components of the
telomere adaptor subcomplex p75-p45-p19 (see also Egan and
Collins 2012; Moser and Nakamura 2009; Stewart et al. 2012
for review and references herein). The Ku70/80 heterodimer
and yeast Pif1 helicase involved in the DNA repair pathway
have also been implicated in regulating access of telomerase
to telomeric ends (Eugster et al. 2006; Fisher et al. 2004; Chai
et al. 2002; Makovets and Blackburn 2009). A third class of
proteins comprise telomerase-interacting partners known
mainly for their functions in other general processes (transport,
DNA replication, RNA transcription) or their connection to tel-
omerase is not apparent, e.g. the vertebrate proteins 14–3-3 and
CRM1 (Seimiya et al. 2000), the Tetrahymena Skp1 protein
(Witkin et al. 2007), components of the yeast RNA polymerase
II transcriptional complex (Mozdy et al. 2008), and specialized
proteins structurally related to replication protein A (Gao et al.
2007; Gelinas et al. 2009; Moser and Nakamura 2009) that
interact with telomerase (Min and Collins 2009).

Compared to the model organisms, very little is known
about the interactome and the cellular life of telomerase in
plants. Even though the Arabidopsis TERT (AtTERT) gene
(Fitzgerald et al. 1999; Oguchi et al. 1999) shares major struc-
tural features with other telomerases, the introduced genomic
or cDNA AtTERT transgene is not able to fully complement
the lack of telomerase functions in tert −/− mutants (Zachova
et al. 2013). The AtTERT protein possesses several localiza-
tion signals involved in its nuclear targeting (Zachova et al.
2013). The N-terminal AtTERTsplice variant, AtTERT-V(I8),
interacts with AtPOT1a protein, suggesting its potential im-
plication in telomere maintenance (Rossignol et al. 2007).
Similarly to dyskerin, AtPOT1a was also found to associate
with enzymatically active telomerase, further supporting its
involvement in telomerase functions (Cifuentes-Rojas et al.
2011; Surovtseva et al. 2007). AtPOT1b interaction with
AtKu (Kuchar and Fajkus 2004) supports different roles for
the two AtPOT1 proteins in telomere maintenance.
Arabidopsis telomerase has two RNA subunits, each exhibiting
a distinct behaviour in assays in vitro. The TER1 RNA specif-
ically binds AtPOT1a (Surovtseva et al. 2007), whereas the
TER2 RNA binds to AtPOT1b and AtKu (Cifuentes-Rojas
et al. 2012). Recently, interactions of the AtTERT subunit with
telomere-binding proteins AtTRB1 and AtTRP1 were de-
scribed (Schrumpfova et al. 2014). A possible link to non-
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telomeric functions of plant telomerase was revealed by pro-
teins identified as putative interaction partners of the C-terminal
extension domain of AtTERT (Lee et al. 2012). Rationale
search for putative telomerase interaction partners based on
predictions in silico of plant homologues to known proteins
(e.g. Ku70/80, dyskerin, EST1) was only partially successful
(reviewed in Watson and Riha 2010); thus, it strengthened the
need for experimental approaches in vivo. Here, we present a
study focused on the identification of interaction partners of the
telomerase protein subunit AtTERT, using TAP and mass spec-
trometry (TAP-MS). We found four proteins already described
for their interactions with AtTERT or for functions in telomere
maintenance. We also confirmed new interactions of AtTERT
with co-purified interaction partners, RuvBL1, ImpA4 and
PURα1 proteins.

Materials and methods

Arabidopsis thaliana Cell Suspension Culture Growth
and Transformation

TheGateway-compatible TAP expression vectors (Table 1) were
prepared using theMultisite Gateway® system (Invitrogen). The
donor vectors encoding corresponding AtTERT fragments
TEN(1–233), RID1(1–271), Fw1C(1–1123) with/without the
stop codon were described in Zachova et al. (2013). For C-
terminal fusion, the LR reaction comprised a mixture of the
AtTERT donor vectors in combination with the Gateway do-
nor vectors pEN-L4–2-R1 (promoter), pEN-R2-GStag-L3
(GS tag ) , and the des t i na t i on vec to r pKCTAP
(http://gateway.psb.ugent.be). For N-terminal fusion, the LR
reaction comprised a mixture of the AtTERT donor vectors
with a stop codon, the vector pEN-L4-2-R3 (promoter) and
destination vector pKNGSTAP (http://gateway.psb.ugent.be).

The A. thaliana cell suspension culture (ecotype Landsberg
erecta, PSB-D) was maintained in liquid MSMO medium
(4.43 g/l Murashige and Skoog Basal salts with minimal or-
ganics (MSMO, Sigma-Aldrich), 30 g/l sucrose, 0.5 mg/l
NAA (Sigma-Aldrich), 0.5 mg/l kinetin (Duchefa), 25 μg/ml
kanamycin; pH 5.7) at 25 °C by gentle agitation (150 rpm) in
the dark. The A. thaliana culture was transformed by
Agrobacterium co-cultivation as described previously (Van
Leene et al. 2011). Briefly, the exponentially growing
A. tumefaciens (strain C58C1RifR pMP90) transformed with
one of the expression vectors listed in Table 1 was washed
three times with an equal volume of MSMO medium and
diluted with MSMO to OD600 = 1.0. 3 ml of A. thaliana sus-
pension culture were incubated with 200 μl of washed
Agrobacterium and 200 μM acetosyringone (Fluka) for 48 h
in the dark at 25 °C with gentle agitation (130 rpm). Two days
after co-cultivation, 7 ml of MSMO medium containing a
mixture of three antibiotics (25 μg/ml kanamycin, 500 μg/

ml carbenicillin, and 500 μg/ml vancomycin) was added to
the cell cultures and grown further in suspension under stan-
dard conditions (25 °C, 150 rpm, and continuous darkness).
To obtain stable transgenic cultures, selection was maintained
for 5–7 weeks using repeated weekly subculturing with anti-
biotics. Levels of transgene expression in Arabidopsis cell
cultures were analysed by immunoblotting (see Fig. 1d,
Fig. S1).

Preparation of protein extract

Protein extraction and tandem affinity purification were per-
formed as previously described with minor modifications
(Van Leene et al. 2011; Van Leene et al. 2007). Briefly, parental
Arabidopsis cells or cells expressing a GS-tagged AtTERT
fragment were harvested by vacuum filtration and washed with
distilled water. Crude protein extracts were prepared in an equal
volume (w/v) of extraction buffer (see Online Resource for
details) using an Ultra Turrax T25 mixer (IKA Works). The
samples were then treated with 9900 units Dnase I
(Applichem) for 1 h at 4 °C, with continuous gentle stirring.
The soluble protein fraction was recovered from the pellet frac-
tion by two-step centrifugation, at 48,000g at 4 °C for 20 min
and at 130,000g at 4 °C for 45 min. The resulting supernatant
was filtered through a 0.2-μm syringe filter, and the total protein
concentration was determined by Bradford assay (Bio-Rad).

Tandem affinity purification

Extracts containing 200 mg of total protein were incubated
with IgG Sepharose 6 Fast Flow beads (GE Healthcare) for
1 h at 4 °C with gentle rotation. The beads were transferred
into a 10-ml disposable polyprep chromatography column
(Bio-Rad), washed three times with 4 ml of washing buffer
and once with 5 ml of cleavage buffer (see Online Resource
for details). Elution from the IgG beads was performed by
incubation with 200 units of AcTEV protease (Invitrogen) in
400 μl of cleavage buffer at 4 °C with gentle rotation over-
night. The mixture was then transferred to a Mobicol mini-
column (ImTec) and the eluate was collected, transferred to a
tube with 100 μl Streptavidin Sepharose Resin (GE
Healthcare) and incubated for 1 h at 4 °C with gentle rotation.
The mixture was again loaded onto a 10-ml disposable
polyprep chromatography column (Bio-Rad). After washing
the column three times with 4 ml of cleavage buffer, elution
was performed using 1 ml of cleavage buffer containing
20 mM desthiobiotin (Sigma-Aldrich).

Protein digestion, LC-MS/MS analysis and MS data
processing

Protein pull-downs were processed by the filter-aided sample
preparation (FASP) method (Wisniewski et al. 2011;

Tandem affinity purification of AtTERT

http://gateway.psb.ugent.be
http://gateway.psb.ugent.be


Wisniewski et al. 2009) using trypsin digestion (see Online
Resource for details). The tryptic peptides were finally eluted
by centrifugation followed by two additional elutions with
50 μL of 50 mM NaHCO3. LC-MS/MS analyses of the pep-
tide mixture were carried out using the RSLCnano system

connected to an Orbitrap Elite hybrid spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Prior to LC separa-
tion, tryptic digests were concentrated online and desalted
using a trapping column. After washing the trapping column
with 0.1% formic acid (FA), the peptides were eluted (flow

Fig. 1 Overview of experimental design and processes (a–d) and
evaluation of TAP datasets (e–g). a Domain composition of AtTERT:
the telomerase N-terminal domain, the telomerase RNA binding domain
(TRBD), the reverse transcriptase domain (RT) and the C-terminal
extension (CTE), nuclear localization-like signal (NLS). Three AtTERT
constructs were cloned into b the plant Gateway-compatible destination
vectors for C-terminal (C-Fus) and N-terminal (N-Fus) fusions with TAP
tag. Successful transformation of cell suspension cultures and
establishment of stable cell cultures was monitored by fluorescence of
the GFP reporter gene and using antibody against TAP tag
(representative samples in (c) and (d), respectively). (e) Venn diagram
illustrating filtration by negative controls (details in Fig. S1d, Tables S3,
S4). Non-specifically purified protein groups (Table S2b, see Online

Resource for details) were filtered out from baits using control mock
purifications (NC_purif, Table S4), 1D-gel control mock purifications
(NC1) and controls published in Van Leene et al. (2007, 2010)(NC2,
NC3). f Hierarchical clustering including the phylogram of proteomic
datasets co-purified with all three baits (TEN, RID, Fw1C) and the
negative control (NC_purif) confirms close link between TEN and RID
datasets. The colour scale shows the distribution of normalized protein
expression values calculated from data in Tables S2–S4 (see Figs. S3,
S4). g Venn diagrams showing the distribution of 480 protein groups
that co-purified specifically with different AtTERT baits (upper panel,
Table S2a), and of those co-purified exclusively with the C-terminally
fused TEN and/or RID fragments (lower panel)

Table 1 Summary of TAP constructs and purifications

Bait Coding sequence (nt)a AtTERT fragment (aa)a Construct
vector::bait

TAP tag No. of purifications
per construct

No. of purifications
per bait

TEN(1–233) 1–699 1–233 pKNGSTAP::TEN N-terminal 2 4
pKCTAP::TEN C-terminal 2

RID(1–271) 1–813 1–271 pKNGSTAP::RID N-terminal 1 (2)b 3 (4)b

pKCTAP::RID C-terminal 2

Fw1C(1–1123) 1–3369 1–1123 pKNGSTAP::Fw1C N-terminal 2 2

mock 4 (5)b

a Applies to the AtTERT sequence model At5g16850.1
bOne purification was excluded from analysis
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300 nl/min) onto a Acclaim Pepmap100 C18 column (2 μm
particles, 75 μm × 500 mm; Thermo Fisher Scientific,
Waltham, MA, USA) by a non-linear gradient program (mo-
bile phase A: 0.1% FA in water; mobile phase B: 0.1% FA in
acetonitrile). Equilibration of the trapping and analytical col-
umns was done prior to sample injection to the sample loop.
The analytical column outlet was directly connected to the
Nanospray Flex Ion Source (Thermo Fisher Scientific,
Waltham, MA, USA).

Analysis of the mass spectrometric RAW data files was
carried out using the Proteome Discoverer software (Thermo
Fisher Scientific; version 1.4) with in-house Mascot
(Matrixscience, London, UK; version 2.4.1) and Sequest search
engines. Mascot MS/MS ion searches were done against the
TAIR10 protein database with additional sequences from the
cRAP database (http://www.thegpm.org/crap/). A percolator
was used for post-processing of database search results. Rank
1 peptides with q-values <0.01 and at least 6 amino acids long
were considered.

Two LC-MS/MS analyses in total were done for each sam-
ple with the same sample volume. The second LC-MS/MS
analysis was performed with exclusion of m/z masses already
assigned to peptides from the target database (FDR < 1%)
based on the first LC-MS/MS analysis. To determine the qual-
ity of the normalized proteomic data set and the correlation
between them, CLC Genomics Workbench version 7.6.1
(Qiagen, Aarhus, Denmark) was used to compute mean ex-
pression values and corresponding p-values of the log2-
transformed data. The output of this analysis was used to
assess the correlation between samples using PCA, as well
as independently using hierarchical clustering. To observe
the variance of the distribution of the mean expression levels,
scatterplots were used for pairwise comparison between
samples.

Bioinformatic analysis

The annotation of proteins in Tables S2–S5 was according to
public databases The Arabidopsis Information Resource
(TAIR10, www.arabidopsis.org) and NCBI (http://www.ncbi.
nlm.nih.gov/). Information about subcellular localizations was
retrieved from TAIR, Uniprot (http://www.uniprot.
org/locations/) and the Plant Proteome Database (http://ppdb.
tc.cornell.edu/, Sun et al. 2009). For analysis of Gene
Ontology (GO) terms, we used AmiGo v1.8 (http://amigo1.
geneontology.org/, Carbon et al. 2009, release 09-Mar-2015)
and Agrigo (http://bioinfo.cau.edu.cn/agriGO/, Du et al. 2010)
tools. The putative protein interaction networks were visualized
using STRINGv10 (http://string-db.org/, Szklarczyk et al. 2015)
using default settings. Predictions of subcellular targeting of the
AtTERT and the GS-AtTERT proteins were analysed using
TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/). The
transcriptome datasets were downloaded from the NASCArray

microarray database through the AffyWatch service (Craigon
et al. 2004; http://www.arabidopsis.info). All transcriptomic
data sets were normalized using freely available dChip 1.3
software (http://www.dchip.org). The reliability and
reproducibility of the analyses were ensured by the use of
duplicates in each experiment, the normalization of all arrays to
the median probe intensity level, and the use of normalized
intensities of all arrays for calculating of model-based gene-ex-
pression values based on the Perfect Match-only model (Li and
Wong 2001a; Li andWong 2001b). For each sample, only probes
with the detection call of ‘present’ and an expression value de-
tection level of ‘well above background’ (Boolean flag, two-
sided t-test) in both replicates were considered to be expressed.

Gateway constructs

The Gateway-compatible donor vectors carrying the AtTERT
fragments were described in Zachova et al. (2013) and Lee
et al. (2012). Note, all fragments except CTE2(958–1123)
were created using the full length complementary DNA
(cDNA) clone (At5g16850, Genbank AF135454, Oguchi
et al., 1999). The CTE2(958–1123) fragment was cloned from
cDNA to avoid mutation R1107K found in the original full
length cDNA clone. Total RNA from 7-day-old Arabidopsis
thaliana Col-0 seedlings was used for cDNA preparation
using M-MuLV Reverse Transcriptase (New England
Biolabs) or SMARTScribe™ Reverse Transcriptase
(Clontech). The cDNA sequences of AtPOT1a, AtPOT1b,
TRFL11, RuvBL1, RuvBL2 and SAD2 were amplified using
gene specific Gateway-compatible primers according manu-
facturer’s instructions (primer sequences available upon re-
quest) and the RT-PCR products were recombined into the
Gateway donor vector pDONRZeo (Invitrogen). The
Gateway-compatible clones bearing cDNA sequences of
ABCE2, PABP8, PURα1 and At1g42440 genes were obtain-
ed from the ABRC collection (www.arabidopsis.org) and
verified by sequencing (Table S1). For preparation of yeast
two hybrid (Y2H) and/or BiFC constructs, DNA fragments
were introduced into the destination Gateway vectors
pGBKT7-DEST, pGADT7-DEST (Horak et al. 2008) and/or
the pSAT5-DEST-c(175-end)EYFP-C1(B), pSAT4-DEST-
n(174)EYFP-Cl (Lee et al. 2012) using the LR recombinase
reaction (Invitrogen). All Gateway donor and expression con-
structs were sequenced to confirm the correct orientation of
inserts because several times we experienced tail-to-head in-
sertions leading to nonsense protein expression.

Analysis of protein-protein interactions by Y2H
and pull-down assays

Yeast two-hybrid experiments were performed using the
Matchmaker TM GAL4-based two-hybrid system (Clontech)
as described in Schrumpfova et al. (2014). Successful co-
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transformation of each bait/prey combination was confirmed on
SDmedium lacking Leu and Trp, and positive interactions were
selected on SDmedium lacking Leu, Trp andHis or SDmedium
lacking Leu, Trp and Ade. Co-transformation with an empty
vector and homo-dimerization of the AtTRB1 protein served
as negative and positive controls, respectively (Schrumpfova
et al. 2014). Each test was performed at least three times using
two replicates at a time. Protein expression (Table S1) was ver-
ified by immunoblotting. Equal amounts of protein extracts sep-
arated by SDS-PAGE (12%), blotted onto nitrocellulose mem-
branes, and probed with mouse anti-HA (1:3500; a kind gift
from RNDr. Bořivoj Vojtěšek, CSc., Masaryk Memorial
Cancer Institute Brno, Czech Republic) and mouse anti-myc
(1:7000; Sigma-Aldrich) primary antibodies binding to epitope
tags of AD- and BD-fusion proteins respectively, followed by
anti-mouse HRP-conjugated secondary antibody (1:10,000;
Sigma-Aldrich) for chemiluminescence detection. Additionally
the Y2H constructs were employed for verification in a pull-
down assay as described in Schrumpfova et al. (2014) using
combinations of radioactively [35S-Met] labelled RuvBL1 pro-
tein and non-radioactively labelled protein partners translated
in vitro using the TNT Quick Coupled Transcription/
Translation System (Promega) in 50 μl of each reaction accord-
ing to the manufacturer’s instructions. Input, unbound, and
bound fractions were separated by 12% SDS–PAGE and
analysed by FLA7000 imager (Fujifilm).

Analysis of protein-protein interactions by Bi-FC

Protoplasts for BiFC experiments were prepared and co-
transfected with constructs cloned into pSAT5-DEST-c(175-
end)EYFP-C1(B), pSAT4-DEST-n(174)EYFP-Cl vectors, and
the control mRFP construct as described in Lee et al. (2012).
DNA (10μg of each construct) was introduced into tobaccoBY-
2 or Arabidopsis leaf protoplasts. As a negative control, we used
the AtGaut10-cEYFP construct. To control transformation effi-
ciency and to label cell nuclei, we co-transfected a plasmid
expressing mRFP fused to the nuclear localization signal of
the VirD2 protein of A. tumefaciens (mRFP-VirD2NLS,
(Citovsky et al. 2006). Transfected protoplasts were incubated
in the light, at room temperature overnight, and then observed
for fluorescence using a Zeiss AxioImager Z1 epifluorescence
microscope equipped with filters for YFP (Alexa Fluor 488),
RFP (Texas Red) and CY5 (chloroplast autofluorescence). The
ImpA4 clone (Bhattacharjee et al. 2008), the mRFP-VirD2NLS
and AtGaut10-cEYFP constructs for bimolecular fluorescence
complementation (BiFC) experiments were kindly provided by
Prof. Stanton B. Gelvin (Purdue University, USA).

Accession numbers

AtTERT (At5g16850), AtPOT1a (At2g05210), AtPOT1b
(At5g06310), RuvBL1 (At5g22330), RuvBL2 (At5g67630),

SAD2 (At2g31660), TRFL11 (At5g58340), hypothetical pro-
te in (At1g42440), ABCE2 (At4g19210), PABP8
(At1g49760), PURα1 (At2g32080), ImpA4 (At1g09270),
G2p (At3g51800), ARM protein (At4g33945).

Results and discussion

Strategy for identification of AtTERT interactors
by TAP-MS analysis

To identify proteins that associate with AtTERT in vivo, TAP-
MS analysis was performed on transgenic A. thaliana cell
suspension cultures stably expressing the full-length AtTERT
construct Fw1C (1–1123), or one of two N-terminal fragments,
TEN(1–233) or RID1(1–271) that differ by the presence of the
bipartite nuclear localization-like signal (Fig. 1a, Sykorova et al.
2006). Since this study began in parallel with the study of
Zachova et al. (2013), we have followed the same fragment
naming convention. The complete procedure entailed three se-
quential steps: production of stable transgenic cell culture lines
expressing epitope-tagged bait proteins, protein complex purifi-
cation and MS-based analysis of the purified proteins.

We used the TAP protocol originally developed by Van
Leene et al. (2007, 2011). AtTERT constructs were expressed
by a constitutive 35S promoter of the cauliflower mosaic virus,
as N-terminal and/or C-terminal fusions with a GS tag that com-
bines two IgG-binding domains of protein G and a streptavidin-
binding peptide, separated by a tobacco etch virus protease
cleavage site (see Table 1, Fig. 1b). The full length construct,
Fw1C(1–1123), was designed with the N-terminal tag only be-
cause loss of in vivo function was reported for the hTERT pro-
tein with a C-terminal tag (Counter et al. 1998; Ouellette et al.
1999). Transformation efficiency was monitored by GFP report-
er fluorescence and establishment of stable cell cultures with
efficient transgene expression was verified by immunoblotting
(Fig. 1c, d). Cultures were harvested in a two-step purification
on IgG and streptavidin beads according to a modified TAP
procedure for plants (Fig. S1a, b) (Van Leene et al. 2011).
Three major modifications were introduced. Firstly, during pro-
tein extraction, crude cell lysates were treated with Dnase I prior
to centrifugation to make sure DNA-binding proteins were not
pelleted with genomic DNA. Secondly, to prevent Dnase I inhi-
bition and to help stabilize the protein complex structure, strong
cation-chelating agents EDTA and EGTA were excluded from
the buffers. Finally, because the original 1-D-gel-based strategy
was not sensitive enough to identify interactors in our highly
complex samples, we changed our approach to on-filter trypsin
digestion followed by LC-MS/MS analysis.

All purifications were performed in two technical replicates
(Table 1). The AtTERT peptides were identified in all purifi-
cations among the most prominent hits. An overview of co-
purified proteins further investigated for protein-protein
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interactions here and of co-purified proteins that have been
linked previously to Arabidopsis telomere or telomerase-
associated functions is shown in Table 2. Detailed lists of all
identified proteins, including data from individual purifica-
tions are provided in Tables S2 and S3. As a specificity con-
trol, two parallel mock purifications in two technical replicates
(NC_purif, Fig. 1e, Table S4) and one independent purifica-
tion (NC1, Fig. 1e) were performed using protein extracts
from the wild-type culture. After evaluation of MS data, tech-
nical replicas of one sample and one control were excluded
from further analyses as outlying results (Table 1, see also
Online Resource). Proteins identified in the mock purifica-
tions (Table S4), together with the list of non-specifically co-
purifying proteins from similar protein-protein interaction
studies conducted by Van Leene et al. (2007, 2010) (NC2,
NC3; Fig. 1e), were used as a ‘blacklist’ to filter out probable
contaminants (see Online Resource for details and Table S3).
To evaluate the quality of our protein datasets and filtration in
silico, we compared proteins identified in bait samples and
negative controls (Fig. 1e–f, Figs. S1d–f). Excluded proteins
were, on average, identified in bait samples by twice as many

peptides as in the negative control, illustrating restrictive fil-
tration criteria (Fig. S1f). Differences in the abundance of
proteins co-purified with all three baits and the negative con-
trol (Fig. 1f, Figs. S3 and S4) confirms an effective enrichment
in bait samples during the TAP procedure.

It is usually recommended to use ≥2 unique peptides within a
single protein as a threshold to avoid false positives. Thus we
excluded an additional 639 protein groups because of their iden-
tification by <2 unique peptides or as putative false positives
(Fig. 1e, see Online Resources for details, Table S2b). After
filtration, 480 protein groups remained as putative components
of the AtTERT protein-protein interaction (PPI) network
(Fig. 1e, g, Table S2a). However, revision of the TAP datasets
revealed three proteins, AtTRB1, nuclear G2p protein and
ARM-repeat containing protein, whose identifications were
based on a single peptide and that have been described in other
studies as putative telomerase interacting partners (Table 2,
Online Resource Table S2b). Among these, AtTRB1 telomeric
functions (Schrumpfova et al. 2014) and an additional role in
transcriptional regulation have already been confirmed
(Schrumpfova et al. 2016; Zhou et al. 2016), indicating that this

Table 2 TAP co-purified proteins investigated for interaction with AtTERT and/or telomere

Arabidopsis proteins investigated in this study

Name AGI
number

No. of peptides
(unique/all)

No. of
purif.

Description Note/Reference

TEN RID Fw1C

Pot1a AT2G05210 9(9) 4(4) 8(8) 9 Protection of telomeres protein 1a Fig. 4
Rossignol et al. 2007;

Surovtseva et al.
2007

RLI2/ABCE2 AT4G19210 9(9) 2(2) 1(1) 8 ABC transporter n.e.a

RuvBL1 AT5G22330 7(7) 2(2) – 6 Pontin Fig. 4

RuvBL2 AT5G67630 3(3) 1(1) – 4 Reptin Fig. 4

EMA1/SAD2 AT2G31660 26(28) 8(9) – 4 Importin C_Fus, n.e.a

ImpA4 AT1G09270 1(1) – – 1 Importin Fig. 4

PABP8 AT1G49760 – 1(1) 5(6) 3 Poly(A) binding protein n.e.a

unknown AT1G42440 3(3) – 1(1) 5 unknown n.e.a

Purin-rich alpha 1 AT2G32080 – – 9(9) 2 Transcription factor Fig. 4

TRFL11 AT5G58340 2(2) – – 3 TRF-like protein Fig. 4

Arabidopsis proteins with telomere/telomerase associated function characterized in other studies

Name AGI
number

No. of peptides
(unique/all)

No. of
purif.

Reported for Reference

TEN RID Fw1C

ssDNA-binding protein Whirly
1

AT1G14410 – – 3(4) 2 Telomere maintenance Kwon and Chung
2004;
Yoo et al. 2007

ARM repeat-containing protein AT4G33945 1(1) – – 2 AtTERT interaction Lee et al. 2012

telomere repeat binding factor 1 AT1G49950 1(1) – – 1 Telomere maintenance, AtTERT
interaction

Schrumpfova et al.
2014

nuclear DNA-binding protein
G2p

AT3G51800 – 1(1) – 1 AtTERT interaction Dokladal et al. 2015

a n.e.—not expressed
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level of coverage can be meaningful. Moreover, some of the
hTERT interaction partners involved in telomerase biogenesis
were previously identified by 1 peptide in 1 purification using
an affinity purification procedure (Fu and Collins 2007), demon-
strating the difficulties associated with identifying the highly
dynamic TERT interactome. For these reasons we decided to
report the entire dataset in Online Resource Tables S2–S4.

Evaluation of TAP results

The experimental strategy was focused on the N-terminal part
of AtTERT that was predicted to bear multiple nuclear local-
ization and/or mitochondrial targeting signals (Santos et al.
2004; Zachova et al. 2013). This evolutionarily conserved
telomerase region forms a structurally distinct domain
(Jacobs et al. 2006) that, in contrast to reverse transcriptase
and TRBD domains, has no similarity with other proteins
(Eickbush 1997; Jamburuthugoda and Eickbush 2014).
Thus, a comparison of purifications of N-terminally and C-
terminally tagged TERT fragments could determine a possible
interactome difference when the N-terminus of AtTERT is
exposed. For the full length AtTERT, we also expected an
additive behaviour of AtTERT interactors regarding overlap-
ping protein constructs comprising proteins co-purified with
all three baits, TEN∩RID∩Fw1C (putative binding site within
TEN(1–233) fragment), RID∩Fw1C (putative binding site
within RID1(1–271) fragment) and Fw1C(1–1123) (binding
outside of the N-terminus). The largest overlapping group was
the TEN∩RID∩Fw1C group comprising 103 protein groups
(Fig. 1g, upper panel). Apparently, a large cohort of 113 pro-
tein groups co-purifying exclusively with the TEN(1–233)
fragment involves the same 49 protein groups that co-
purified only with C-terminal fusion constructs (Fig. 1g, lower
panel). Protein group distribution shows the TEN∩Fw1C and
exclusive RID groups as being the least numerous, and in
respect to tag orientation, exclusive RID protein partners co-
purified mostly with the C-terminal fusion construct (Fig. 1g).
Thus, the majority of identified proteins could be attributed to
groups co-purified (i) in an additive manner, or (ii) with
TEN(1–233) and/or RID1(1–271) fragments, especially with
the C-tagged constructs that may reflect interactions specific
for the N-terminus. The number of identified protein groups in
total is not surprising because the TAP strategies are suitable
for identification of co-purifying multiprotein complexes
in vivo and the cellular life of any macromolecule involves
numerous processes necessary for its proper transport, assembly,
maturation, and degradation (see Table S5). In addition,
rapidly dividing cell suspension cultures, with presumably
higher levels of protein expression, increase the amount
of detected proteins that may be part of the interactome in dif-
ferent tissues; however, it also could produce a higher back-
ground. We cannot exclude the possibility that the splicing
variant AtTERT-V(I8) (Rossignol et al. 2007) , originally

identified as interaction partner of AtPOT1a from Arabidopsis
cDNA library, may be translated, making its own portfolio of
interaction partners. This low abundance variant has a prema-
ture stop codon in the 6th intron, leading to a possible transla-
tion of 1–323 amino acids (plus 6 novel aa from intron 6) thus
fully covering the TEN(1–233) and RID1(1–271) fragments
used in this study.

Co-purified proteins display prominent nuclear
localization

To gain an insight into the biological relevance of newly iden-
tified candidate AtTERT interactors, we reviewed database
annotations for protein localizations and significantly enriched
gene ontology (GO) terms (Fig. 2a, b). A comparison of sub-
cellular localization was performed using three different data-
bases (Uniprot, TAIR and PPDB, see Online Resource) and
prominent nuclear localizations of annotated proteins were
revealed in the whole dataset, but predominantly for proteins
co-purifying with N-terminal TERT fragments (subgroup
‘TEN plus’, Fig. 2a). A substantial portion of proteins were
mitochondrial and/or chloroplastic, with frequent annotations
for other subcellular compartments. Whether these proteins
can bind AtTERT domains directly or be a part of
telomerase-associated protein complexes in different subcel-
lular compartments has yet to be determined. Collectively,
this analysis indicated that either AtTERT activities are
also coupled with common cellular processes or that the
specific low abundance protein complexes are simply
swamped by common proteins that could not be
completely removed during purification due to their over-
whelming concentrations. For example, the WHY1 pro-
tein (Table 2) that co-purified with full-length AtTERT
has been previously reported to negatively regulate telo-
merase activity and telomere length (Yoo et al. 2007) and
to function in both the chloroplasts and nucleus (Isemer
et al. 2012; Krause et al. 2005). Although the mitochon-
drial targeting sequence homologous to the signal respon-
sible for hTERT mitochondrial localization is predicted at
the AtTERT N-terminus (Santos et al. 2004; Zachova
et al. 2013), no mitochondrial localization has been re-
ported to date for AtTERT. Molecular chaperones and
probable mitochondrial/chloroplastic-processing pepti-
dases were identified in different datasets including those
with an N-terminally fused TAP tag that was expected to
mask the potential targeting sequence. TargetP 1.1 pre-
dicts mitochondrial localization for untagged AtTERT,
but not for GS-AtTERT. The expected values for mito-
chondrial localization are 0.795 and 0.213 (the maximum
value is 1) for AtTERT and GS-AtTERT, respectively.
Thus, we assume that the majority of co-purified mito-
chondrial (as well as chloroplastic) proteins may represent
post-lysis non-specific associations.
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Fig. 2 Bioinformatic analysis. a Protein subcellular localizations according
to the TAIR10 database in thewhole ‘All’ and partial datasets, the ‘TENplus’
subgroup comprising co-purified proteins from the TEN and TEN∩RID
groups and the ‘additive’ subgroup comprising TEN∩RID∩Fw1C,
RID∩Fw1C and Fw1C groups. b Representative categories of enriched
GO terms in the whole dataset (calculated using AgriGO, Table S6)
demonstrated a difference in results for proteins co-purified within the
‘TEN plus’ and the ‘additive’ subgroups (parent and children GO terms in
bold and regular print, respectively). n.e.—the GO term was not enriched in
the subgroup; all—reference columns corresponding to portions of AGI
numbers in subgroups related to the whole dataset, number of AGI for
each enriched GO term in the whole dataset is depicted and corresponds to

100%. c Transcriptomic profile of genes encoding co-purified nuclear
proteins (see (a)) was compared to those from negative controls.
Normalized transcriptomic levels (on the y axis) indicated that ‘TEN plus’
and ‘additive’ subgroups show higher transcription (depicted by arrows) in
specific tissues. d Prediction of putative protein-protein interactions for
nuclear proteins co-purified specifically with C-tagged TEN and/or RID
fragments using the STRING database (see also Fig. S2a). Nodes
representing individual proteins are coloured according to annotations from
KEGG, TAIR, Uniprot and NCBI databases, and lines represent different
types of evidence for the association and K-means clustering (k = 3) from
the STRING database. Disconnected nodes are not displayed
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Bioinformatic classification shows differences
between putative interaction partners
of the N- and C-terminus

Further differences were found in GO term enrichments of
proteins co-purifying in an additive manner (subgroup ‘addi-
tive’) and those identified in a united group comprising the
TEN∩RID and exclusively TEN interactors (subgroup ‘TEN
plus’)(Fig. 2b, Table S6). The GO analysis for ‘Molecular
Function’ showed ‘catalytic activity’ (GO:0003824) and
‘binding’ (GO:0005488) as the most over-represented terms
in the whole dataset and in both subgroups. Major differences
were found in the GO analysis for ‘Biological Process’.
Therein, the terms ‘catabolic process’ (GO:0009056) and ‘re-
sponse to stimulus’ (GO:0050896) were enriched in both sub-
groups. Enrichment of the children GO terms ‘ubiquitin-de-
pendent catabolic process’ (GO:0006511) and ‘cullin
deneddylation’ (GO:0010388) are related to co-purification
of proteasomes, COP9 signalosome components and other
proteins involved in protein degradation pathways. The GO
terms ‘localization’ (GO:0051179), ‘developmental process’
(GO:0032502) ‘multicellular organismal development’
(GO:0007275) and ‘cell cycle’ (GO:0007049) were returned
as the most enriched subcategories for the subgroup ‘TEN plus’.

We used the STRINGv10 database to visualize putative
protein-protein interactions (PPI) for different subsets. We fo-
cused on nuclear proteins because the major telomerase func-
tions and complex assembly were reported in the nucleus.
Putative PPI of proteins co-purifying exclusively with C-
terminally tagged TEN(1–233) and/or RID1(1–271) fragments
demonstrated that these proteins are involved predominantly in
nuclear import and export, and in cell cycle andRNAprocessing
pathways related to transcription (Fig. 2d, Fig. S2a). Co-purified
nuclear proteins within the subgroup ‘TEN plus’, comprising
TEN∩RID and exclusively TEN interactors (i.e. it contains
interactors co-purified with N- and C-terminally tagged frag-
ments), are further involved in cell cycle processes including
DNA replication, cell differentiation and also proteins involved
in ubiquitin-mediated proteolysis (Fig. S2b). Nuclear proteins
from the subgroup ‘additive’ co-purifying in an additive manner
showed a PPI network of spliceosomes, RNA processing related
to translation initiation, ubiquitin-mediated proteolysis and chro-
matin binding (Fig. S2c). Not surprisingly, the majority of cyto-
solic proteins displayed PPI for metabolic pathways, vesicular
transport, proteasomal complex and also chaperones including a
putative foldosome (Table S5).

Co-purified proteins show distinct expression profiles

To gain a deeper insight into the expression profiles of genes
encoding TERT co-purified proteins, we analysed publicly
available transcriptomic datasets (Duplakova et al. 2007).
Expression of nuclear proteins from positively co-purified

datasets and negative controls, independently, was compared
in selected tissues and developmental stages (Fig. 2d). There
was an apparent difference between expression profiles of
positives and negative controls. The majority of proteins co-
purified with TERT shared higher expression signals in cell
suspensions as expected since this tissue was used for the
purification. Accordingly, high overall expression signals
were also observed in tissues with known high telomerase
activity—shoot apex, carpels (containing ovules and develop-
ing female gametophytes) and in male gametophytes, namely
in sperm cells. Interestingly, a high expression signal that was
significantly higher than in younger leaf tissue was observed
in senescing leaves.

Individual transcriptomic datasets of genes encoding all
TERT co-purified proteins were also analysed and their hier-
archical clustering and principal component analysis (PCA)
categorized the genes of interest into several classes according
to the tissues with the most predominant expression (Fig. S5).
Here, genes expressed predominantly in reproductive tissues
(represented by male gametophytes) formed the most distinc-
tive class. GO term analysis showed enrichment of similar
categories as shown in Fig. 2b, e.g. related to developmental
processes, the cell cycle and protein localization. Of them, the
sperm cell dataset was the most distantly related to the others
(Fig. S6, cluster 2). The uniqueness of the male gametophytic
transcriptome and sperm cell in particular (Borges et al. 2008)
was therefore also demonstrated in the set of putative TERT-
interacting proteins.

AtTERT dimerization can be mediated by the TRBD
domain

A portfolio of model telomerase interactors comprises proteins
interacting directly with the RNA subunit and/or with the pro-
tein subunit, and associated protein complexes binding these
direct interactors (Egan and Collins 2012). At the beginning of
this study, the RNA subunits of Arabidopsis telomerase were
not known, thus we did not include RNA experimental analy-
ses and we focused on the protein subunit instead. In a pilot
experiment we investigated interactions among the AtTERT
protein domains separately to determine if AtTERT can form
dimers similarly to human or yeast telomerase (Moriarty et al.
2004; Prescott and Blackburn 1997). Yeast two-hybrid analy-
sis of interaction suggests the possibility of AtTERT dimeriza-
tion modulated by a conserved TRBD domain that is able to
interact separately with the N-terminal fragments and itself
(Fig. 3). Also weak dimerization of RID1(1–271) fragments
was observed. Definition of the N-terminal telomerase domain
is ambiguous; however, it was shown to function as an inde-
pendent structural unit physically separable from the rest of
human TERT (Moriarty et al. 2004). There was a slight differ-
ence between results achieved using a human model and our
study. The hTERT fragment 1-200aa interacting with parts of
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the hTERT molecule (Sealey 2010; Sealey et al. 2010) structur-
ally resembles the TEN(1–233) fragment of AtTERT that
showed no interaction in the Y2H assay (Fig. 3). The AtTERT-
RID1(1–271) fragment, containing an extension of a bipartite
nuclear localization signal (Zachova et al. 2013), could be
aligned to the hTERT fragment 1-250aa instead. The hTERT
dimerization has been questioned by the incongruence of exper-
imental results achieved in vitro, in vivo and in the absence/
presence of the RNA subunit (Egan and Collins 2010); see
(Schmidt and Cech 2015) for review). Similarly, an investigation
of RID fractions after TAP purification revealed the absence of
telomerase activity (Fig. S1c), suggesting that the weak interac-
tion of the RID fragment found using the Y2H system (Fig. 3) is
not sufficient to co-purify the active telomerase complex in vivo.
Also, the question of functional AtTERT dimerization in vivo
through the TRBDdomain remains open because self-interaction
of fragment Fw1N(1–582), comprising the whole N-terminal
half of AtTERT, was not observed (Fig. 3). It is also possible
that the putativeAtTERT isoform encoded by the splicing variant
AtTERT V(I8) (Rossignol et al. 2007) could be an interacting
partner for telomerase instead of the full length protein subunit.

Protein complexes important for biogenesis of telomerase
in model systems are present among co-purified proteins

Biogenesis of a functional telomerase complex comprises busy
intracellular trafficking of its components and assembly in the

nucleus, in collaboration with a number of molecular
chaperonins and other protein complexes (see Egan and
Collins 2012 for review). The TEN(1–233) and RID1(1–271)
fragments were designed outside of the TRBD domain (Fig. 1)
and thus it is not surprising that our portfolio of co-purified
proteins does not contain homologues of proteins that function
in humans via interactions with the RNA subunit (see Egan and
Collins 2012 for review). We have shown that construct
Fw1C(1–1123), encoding the full length AtTERT protein,
was not able to complement the lack of telomerase functions
in planta (Zachova et al. 2013) and an absence of TER-binding
proteins among Fw1C co-purified proteins could explain that
failure. Data from the human model have indicated that hTERT
associates with the chaperones HSP90 and p23 (Forsythe et al.
2001; Holt et al. 1999) and functional telomerase assembly also
includes transport proteins and numerous nucleolar proteins
(Frohnert et al. 2014; Fu and Collins 2007; Her and Chung
2012; Khurts et al. 2004; Seimiya et al. 2000; Venteicher
et al. 2008). Finally, degradation of the telomerase complex
by a proteasome has been reported in human and yeast (Kim
et al. 2005; Lee et al. 2010; Oh et al. 2010) and has been
suggested in plant cells (Zachova et al. 2013). Putative
foldosome and proteasome components were also co-purified
in our experiments (Table S5). However, these abundant
proteins are usually regarded as being non-significant in
proteomic studies and we also identified other molecular
chaperonins and proteasomal components in our wild-type
control samples (Table S4).

Search for putative telomerase partners

An interaction network of TERT fragments showed that co-
purified protein complexes span a variety of cellular processes
and their putative importance for telomere and/or telomerase
homeostasis has to be elucidated. In addition to AtPOT1a and
AtTRB1 proteins, the OB-fold protein WHY1, binding telo-
mere ssDNA and involved in telomere length maintenance in
plants (Yoo et al. 2007; see Dvorackova et al. 2015 for
review), was co-purified (Table 2). In a search for other puta-
tive telomere-binding proteins or known interactors, we also
identified the ARM protein, previously identified in a cDNA
library screen as an interaction partner of the AtTERT-CTE
domain (Lee et al. 2012; Table 2). Recently, interaction of
AtTERT with the putative nuclear DNA-binding protein
G2p (At3g51800), which co-purified with the C-tagged
RID1(1–271) fragment here (Online Resource Fig. S2a),
was demonstrated using BiFC (Dokladal et al. 2015). G2p
protein also interacts with an RNA recognition motif contain-
ing protein At5g10350 (Dokladal et al. 2015) that was previ-
ously identified as an interactor of the AtTERT-CTE domain
(Lee et al. 2012) and belongs to a subfamily of Arabidopsis
nuclear poly (A) binding proteins (Eliseeva et al. 2013).

Fig. 3 Yeast two-hybrid analysis of interactions between AtTERT
domains reveals a putative dimerization region in the TRBD domain
and linker region. a The AtTERT fragments fused to either the GAL4
DNA-binding domain (BD) or the GAL4 activation domain (AD) were
constructed and their interactions were tested using Y2H (b). Interactions
are indicated by yeast growth on histidine-deficient (−His, weak
interaction) and adenine-deficient (−Ade, strong interaction) plates).
Negative control—co-transformation with an empty vector; positive
control—homo-dimerization of the TRB1 protein; n.a. not analysed.
Expression of AtTERT constructs in yeast is documented in Fig. S7
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In respect to protein identification and our in silico analysis,
we tested nine putative interactors (Table 2) in addition to
POT1a that served as a positive control and POT1b that served
as a negative control. Comparison of identified proteins with
the nucleolar proteome database (Pendle et al. 2005) and the
TAIR10 database revealed 32 and 41 co-purified proteins,
respectively, annotated for nucleolar localization. Among
these, our search for putative Arabidopsis homologues of hu-
man and yeast genes identified nucleolar proteins RuvBL1
and RuvBL2 (Table 2), homologues of the AAA+ ATPases
pontin and reptin (Venteicher et al. 2008), co-purifying with
both N-terminal fragments. We investigated their interactions
with AtTERT fragments in BiFC (Fig. 4a), Y2H and a pull-
down assay (Fig. S8). Using BiFC, the RuvBL1 and RuvBL2
proteins interacted with each other and the RuvBL1 bound to
TEN(1–233) and RID1(1–271) fragments of AtTERT.
Interactions of RuvBL2 with AtTERT fragments were not
detected, thus its identification in TAP samples may be ex-
plained by co-purification of the RuvBL1/RuvBL2 complex.
Interaction of RuvBL1 and RuvBL2 was confirmed by Y2H
and pull-down assay; however, interaction of RuvBL1 with
AtTERT fragments was not (Fig. S8). This result suggests that
RuvBL1/RuvBL2 functions in telomerase biogenesis could be
evolutionarily conserved and interaction between RuvBL1
and AtTERT is mediated by an unknown partner that is pres-
ent in plant cells but not in yeast system.

Effective nucleocytoplasmic transport is essential for as-
sembly and functioning of the telomerase complex, and spe-
cific nuclear/nucleolar localization signals were identified
within AtTERT (Zachova et al. 2013). The importin beta-
domain family protein SAD2 (super sensitive to ABA and
drought 2) was identified as comprising the highest number
of peptides among proteins co-purified exclusively with the
C-tagged baits (Table 2, Fig. 2d, Figs. S2a, b) and also exclu-
sive purification of other components of the nuclear pore com-
plex was found (Table S5). Thus, SAD2 presumably may be
involved in recognition of N-terminal nuclear localization sig-
nals in the TEN(1–233) and RID(1–271) fragments.
Unfortunately, interactions of the protein SAD2 (1040 aa
long) could not be determined because of its ineffective ex-
pression in Y2H and BiFC. A positive BiFC signal was ob-
served for interaction of another nuclear pore component,
importin alpha isoform 4 (ImpA4), with the RID1(1–271)
fragment (Fig. 4b, see also Fig. S2a). Recently, the human
protein IPO7, a putative homologue of SAD2 has been report-
ed as being essential for hTERT import (Frohnert et al. 2014),
thus suggesting a similar role for SAD2 in Arabidopsis.

Interaction partners of AtTERT possibly involved
in non-telomeric functions of Arabidopsis telomerase

Prominent identification by number of unique peptides among
proteins co-purified with Fw1C(1–1123) drew our attention to

Fig. 4 RuvBL1 and RuvBL2 proteins interact mutually and show indirect
interactions with plant telomerase (TERT), TERT fragments interact alsowith
putative transcription factor and transport proteins. Bimolecular fluorescence
complementation (BiFC) was used to investigate interactions of TERT
fragments with nEYFP-tagged RuvBL1 and cEYFP-tagged RuvBL2 in
tobacco BY2 protoplasts (a, bright field). BiFC confirmed positive
interactions (arrows) between indicated N-terminal TERT fragments and
POT1a protein, purin-rich alpha 1 (PURα1) protein, importin alpha isoform
4 (ImpA4) but not TRFL11 protein in Arabidopsis leaf protoplasts (b).
Control plasmid mRFP-NLS(VirD2) marks cell nuclei (red); bars = 20 μm
(a) and 10 μm (b). EYFP fluorescence (yellow), mRFP fluorescence (red),
chloroplast autofluorescence (green). No EYFP signals were detected for
BiFC control interactions of the RID(1–271) and TEN(1–233) fragments
with POT1b protein and of the TEN(1–233) fragment with POT1a
protein (not shown)
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the Purin-rich alpha 1 (PURα1) protein (Table 2). PURα1 was
originally identified in screening for proteins that specifically
bind the purine-rich double-stranded telomeric repeated se-
quence 5′-AAACCCTAA-3′, found in promoter telo boxes
(Tremousaygue et al. 1999). The PURα1 protein has been
implicated in the control of gene transcription (Safak et al.
1999) and DNA replication (Bergemann and Johnson 1992).
We detected its positive interaction with the RID(1–271) frag-
ment using BiFC (Fig. 4b); however, the importance of this
interaction for biological functions of telomerase is unclear.
The myb-like HTH transcriptional regulator family protein
At5g58340, which we named TRFL11 for its similarity to
Arabidopsis TRFL-II family proteins (Karamysheva et al.
2004), was identified among exclusive interactors of the
TEN(1–233) fragment. The SANT_TRF family domain of
TRFL11 showed the best PSI-BLAST hit (E-value 3e-04,
query cover 10%, ident 47%) to the yeast TBF1 (telomere
repeat binding factor 1) that binds double-stranded telomeric
repeated sequences in the yeast subtelomere and functions in
DNA repair and telomere elongation (Berthiau et al. 2006;
Ribaud et al. 2012). However, similar telomeric functions of
TRFL11 cannot be presumed since TRFL-II family proteins
are not able to bind telomeric sequences (Karamysheva et al.
2004). Interactions of AtTERT fragments with TRFL11 were
not detected using BiFC or Y2H systems (Fig. 4b, Fig. S8).

Possible telomerase interactors could also be among those
identified in a genome-wide screen for essential yeast genes
that affect maintenance of telomere length (Askree et al. 2004;
Gatbonton et al. 2006; Ungar et al. 2009); Table 2). Thus, we
tested several putative interactors selected from subsets ac-
cording to their relevance to proposed telomerase functions
in different biological processes, e.g. cell cycle progress,
DNA replication. These were: the ATP-binding cassette E2
(ABCE2, syn. RLI2; Arabidopsis thaliana RNase L inhibitor
protein 2) that co-purified in cell-cycle protein studies (Van
Leene et al. 2010); the polyA binding protein 8 (PABP8,
Fig. S2c) due to reported regulation of human telomerase ac-
tivity (Katzenellenbogen et al. 2007) and the hypothetical pro-
tein At1g42440 chosen for its similarity with the yeast gene
TSR1 (Ungar et al. 2009). Unfortunately, similarly to SAD2
protein (see above), protein-protein interactions of ABCE2,
PABP8 and At1g42440 could not be investigated because
proteins were not efficiently expressed.

Conclusions

Overall, identification of AtTERT interaction partners appears
to be a promising strategy to increase our understanding of
telomerase functions in plants. We have found several ele-
ments of the AtTERT interactome that seem to be conserved
across eukaryotes, and also some potential novel and/or plant-
specific partners. For example, we discovered that AtTERT

interacts with ATPases pontin and reptin that have been im-
plicated in the assembly of human telomerase, with PURα1
protein that presumably functions in the control of gene tran-
scription, and with AtPOT1a that is known for its extraordi-
nary functional diversity among organisms. The enrichment
of molecular chaperones, proteasomal components and nuclear
transport proteins in the AtTERT interactome may reflect the
remarkable importance of protein folding, proteostasis and sub-
cellular localization for the biological functions of telomerase.
Our work sets the stage for future studies on the roles of the
identified factors in telomerase regulation and for the structural
elucidation of individual telomerase protein complexes.
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