
volume 98 | number 2 | April 2019
http://www.theplantjournal.com | issn 1365-313X

tpj_v98_i2_issueinfo.indd   1tpj_v98_i2_issueinfo.indd   1 13-Apr-19   7:36:20 PM13-Apr-19   7:36:20 PM



Lee Sweetlove
Department of Plant Sciences,
University of Oxford,
South Parks Road,
Oxford OX1 3RB, UK
Tel: +44 (0) 1865 275137
Email: lee.sweetlove@plants.
ox.ac.uk

Research Interests:
Central metabolism; Metabolic flux; 
Metabolic modeling; Metabolic 
engineering; Metabolons and 
metabolite channelling

Previous Editors-in-Chief
Dianna Bowles (Founding EiC), 
1990-2001
Harry Klee, 2002-2009
Christoph Benning, 2009-2017

The Plant Journal Editorial Office, 
Wiley Blackwell, 

9600 Garsington Road, Oxford, 

OX4 2DQ, UK

E-mail: tpj-general@wiley.com

Jim Ruddock Managing Editor
E-mail: tpj-editor@wiley.com

Lauren Dawson Editorial Assistant
E-mail: tpj-submissions@wiley.com,

tpj-manuscripts@wiley.com

Rajalakshmi Sundararamanujam
Production Editor
E-mail: tpj@wiley.com

Editor-in-Chief Editorial Office Production Office

Senior Editors

Editors
Asaph Aharoni
Weizmann Institute of Science, Department of 
Plant Sciences, P.O.B 26, Rehovot 76100, Israel
Tel: +972 8 934 3643; Fax: +972 8 934 4181
Email: asaph.aharoni@weizmann.ac.il

Research Interests
Fruit metabolism and ripening control,
The plant surface (epidermis and the cuticle), 
Secondary metabolism, Functional genomics and 
metabolomics, Metabolic engineering, 
Metabolism – development interface

Jose Alonso
Department of Genetics,
North Carolina State University, 2548 Gardner Hall, 
Box 7614, Raleigh, North Carolina, 27695-7614, USA
Tel: +1 919 515-5729; Fax: +1 919 515-3355
Email: jmalonso@unity.ncsu.edu

Research Interests
Ethylene signaling and response pathway; Hormone 
interactions and signal integration; Arabidopsis functional 
genomics and tool development; Auxin biosynthesis;  Post-
transcriptional control of hormonal responses

Bonnie Bartel
Department of Biosciences, Rice University, 6100 Main Street, 
MS-140, Houston, Texas 77005, USA
Tel: +1 713 348 5602; Fax: +1 713 348 5154
Email:bartel@rice.edu

Research Interests
Cell biology; Peroxisome biology; Autophagy; 
Protein trafficking; Arabidopsis genetics

Jörg Bohlmann 
Michael Smith Laboratories, University of British Columbia, 
321-2185 East Mall, Vancouver V6T 1Z4 
British Columbia, Canada 
Tel: +1 604 822 0282; Fax: +1 604 822 2114 
Email: bohlmann@interchange.ubc.ca

Research Interests
Secondary metabolism; Terpenoid synthases, cytochrome P450; 
Plant-herbivore interactions; Chemical ecology; 
Conifers, Poplar, Grapevine 

Federica Brandizzi
Michigan State University,
Plant Research Laboratory, East Lansing, MI 48824, USA
Tel: +1517 353-7872; Fax: +1 517 353-9168
Email: fb@msu.edu

Research Interests
Cell biology; Protein trafficking; Plant endomembranes; 
Endoplasmic reticulum stress; Fluorescent protein technology

Jorge J. Casal
Faculty of Agronomy, University of Buenos Aires, 
Av. San Martín 4453, 1417-Buenos Aires, Argentina
Tel: +5411 4524 8070/71; Fax: +5411 4514 8730
Email: casal@ifeva.edu.ar

Research Interests
Light signaling circuitry, its architecture and functional 
implications; Functional genomics, transcriptome  patterns 
during plant development; Photomorphogenesis in crops

John Cushman
University of Nevada, Department of Biochemistry, 
Mail Stop 330, 1664 N. Virginia St., Reno89557-0330, USA
Email: jcushman@unr.edu

Research Interests
Abiotic stress responses; Metabolic adaptation to stress; 
Crassulacean acid metabolism; Biosystem engineering

Brendan Davies
Centre for Plant Sciences, University of Leeds, Leeds
LS2 9JT, UK
Tel: +44 113 343 3123; Fax: +44 113 343 3144
Email: b.h.davies@leeds.ac.uk

Research Interests
Plant development; Reproduction; Transcription factors; 
Nonsense-mediated mRNA decay

Katherine Denby
University of York, Department of Biology York, YO10 5DD, UK
Tel: +44 1904 328 670

Research Interests
Plant systems biology; Plant pathogen interaction; Functional 
genomics; Gene regulation; Gene regulatory networks; Crop 
breeding

Alisdair R. Fernie
Molecular Physiology, Max-Planck Institute for Molecular Plant 
Physiology,Golm 14476, Germany
Tel: +49 331 567 8211
Email:fernie@mpimp-golm.mpg.de 

Research Interests
Carbohydrate metabolism; Metabolomics; Primary metabolism

Jaume Flexas
Universitat de les Illes Balears, Biologia, Carretera de 
Valldemossa Km 7.5, Palma de Mallorca, 07122, Spain
Tel: +34 971 172365; Fax: +34 971 173184
Email:  jaume.flexas@uib.es

Research Interests
Photosynthesis; Ecophysiology; Abiotic stress; 
Mesophyll conductance; Drought

Crisanto Gutierrez
Centro de Biologia Molecular Severo Ochoa, Consejo Superior 
de Investigaciones Cientificas, Nicolas Cabrera 1, Cantoblanco, 
Madrid, 28049, Spain
Tel: +34 911964638; Fax: +34 911964420
Email: cgutierrez@cbm.uam.es

Research Interests
Cell cycle regulation, DNA replication/endoreplication, 
Chromatin/Gene expression, Retinoblastoma/E2F, Cell fate, cell 
differentiation – Meristems, cell proliferation in organs

Jose Gutierrez-Marcos
Life Sciences, University of Warwick, Coventry, CV4 7AL, UK
Tel: +44 247 6 57 5077
Email: j.f.gutierrez-marcos@warwick.ac.uk

Research Interests
Epigenetics; Seed development

Scott Jackson
Institute for Plant Breeding, Genetics and Genomics, 
University of Georgia , 111 Riverbend Rd, Athens, Georgia, 
GA 30602, USA
Tel: +1 706.242.4021; Fax: +1 706-583-8120
Email: sjackson@uga.edu

Research Interests
Genomics; Cytogenetics; Evolutionary genomics; Legumes; 
Polyploidy

Kerstin Kaufmann
Humboldt-Universität zu Berlin, Chair for Plant Cell and 
Molecular Biology, Philippstr. 13, 10115 Berlin, Germany
Tel: +49(0)30209349740; Fax: +49(0)30209349741
Email: kerstin.kaufmann@hu-berlin.de

Research Interests
Gene regulatory networks; Flower development; 
Plant transcription factors; Epigenetics; 
Transcriptional regulation; Flowering

Tracy Lawson
University of Essex, School of Biological Siences, 
Wivenhoe Park, Colchester, Essex CO4 3SQ, UK
Tel: +44 1206 873327; Fax: +44 1206 872552
Email: tlawson@essex.ac.uk

Research Interests
Plant physiology; Plant phenotyping; Conductance; 
Gas exchange; Water use efficiency

Olivier Loudet
INRA - IJPB, Route de Saint Cyr, 78000 Versailles, France
Email: olivier.loudet@versailles.inra.fr

Research Interests
Natural variation; Quantitative genetics; Abiotic stress 
tolerance; High-throughput phenotyping; Arabidopsis genetics

Jianxin Ma
Purdue University, 915 S. University St, West Lafayette, Indiana 
47907, USA
Tel: 765-496-3662; Fax: 765-496-7255; Email: maj@purdue.edu 

Research Interests
ROS; Comparative genomics; Genome evolution; Transposable 
elements; Soybean genetics; Crop domestication

Hiroshi Maeda
University of Wisconsin – Madison, Department of Botany, 
430 Lincoln Drive , Madison, Wisconsin 53706, USA
Tel: +1 608-262-5833; Fax: +1 608-262-7509; 
Email: maeda2@wisc.edu 

Research Interests
Amino acid metabolism; Specialized metabolism; Interaction of 
metabolism and plant development and physiology

Ron Mittler
University of North Texas College of Arts and Sciences, 
Department of Biological Sciences, College of Science, 
1155 Union Circle #305220, Denton, Texas 76203-5017, USA
Tel: +1 940 293 7170; Fax: +1 940 565 3821
Email: ron.mittler@unt.edu

Research Interests
ROS; Abiotic stress; Gene expression; Systems biology; 
Cancer biology

Eiji Nambara
University of Toronto, Cell & Systems Biology, 25 Willcocks 
Street, Toronto, Ontario M5S 3B2, Canada 
Email: eiji.nambara@utoronto.ca

Research Interests 
Plant hormone; Biosynthesis; Catabolism; Abscisic acid; Seed; 
Stress response

Holger Puchta
Plant Molecular Biology and Biochemistry Karlsruhe Institute 
of Technology (KIT), Hertzstr. 16 Geb. 06.35, Karlsruhe D-76187, 
Germany
Tel: +49 721 608 8894; Fax: +49 721 608 4874
Email: holger.puchta@kit.edu

Research Interests
DNA repair; Meiotic recombination; DNA processing enzymes; 
Genome evolution; Gene technology

Dominique Roby
Laboratory of Plant Microorganism Interactions (LIPM), 
UMR CNRS-INRA 2594/441, BP 52627, F-31326, 
Castanet-Tolosan cedex, France
Tel: +33 05 61 28 55 11; Fax: +33 05 61 28 50 61
Email: dominique.roby@toulouse.inra.fr

Research Interests
Plant-microbe interactions; Genetic analyses of plant 
disease resistance pathways; Defence regulatory proteins; 
Programmed cell death and transcriptional regulators; 
Pathogen effector activities; Quantitative resistance to 
pathogens

Ian Small
University of Western Australia,
ARC Centre of Excellence in Plant Energy Biology, 35 Stirling 
Highway, Crawley, Perth, 6009 Western Australia
Tel: +61 (0)8 6488 4499; Fax: +61 (0)8 6488 4401
Email: iansmall@cyllene.uwa.edu.au

Research Interests
Organelle biogenesis; Gene expression in mitochondria 
and chloroplasts; Protein and RNA targeting; 
Post-transcriptional regulation of gene expression; 
Energy metabolism; Functional genomics, 
bioinformatics and systems biology

Edgar Spalding
Department of Botany, University of Wisconsin-Madison, 
430 Lincoln Drive Madison WI 53706, USA
Tel: +1 608 265 5294
Email: spalding@wisc.edu

Research Interests
Ion transport and electrophysiology Growth; 
control by light and auxin
Phenotype platforms; computer vision-based

Dorothea Tholl
Department of Biological Sciences, Virginia Polytechnic 
Institute and State University,408 Latham Hall, Agquad 
Lane,Blacksburg, VA 24061, USA
Tel: +1 540 231 4567; Fax: +1 540 231 3347
Email: tholl@vt.edu

Research Interests
Isoprenoid biochemistry, Secondary metabolism, 
Chemical diversity, Plant volatiles, Plant chemical 
interactions, Root biology, Metabolic pathways, 
Evolution, Engineering

Michael F. Thomashow
Michigan State University, MSU-DOE Plant Research 
Laboratory, Plant Biology Building, 312 Wilson Rd, 
East Lansing, MI 48824, USA 
Tel: 1 517 355 2299; Fax: 1 517 353 9168
Email: thomash6@msu.edu

Research Interests
Abiotic stress; Biotic stress

Yves Van de Peer
Department of Plant Biotechnology and Genetics, 
University of Gent, Technologiepark 927, 
9052 Zwijnaarde, Belgium
Tel: +09 331 38 07; Fax: +09 331 38 09
Email: yves.vandepeer@ugent.be

Research Interests 
Comparative genomics, systems biology, evolutionary 
analysis, genome evolution, gene and genome 
duplication

Saskia van Wees
Utrecht University, Biology, Padualaan 8, Utrecht, 3584 CH, 
Netherlands
Tel: +31-302536861; Fax: +31-302532837; 
Email:s.vanwees@uu.nl

Research Interests 
Plant-microbe interactions; Plant-insect interactions; 
Defenses to pathogens and insects; Gene expression 
profiling; Gene expression regulation; Hormonal regulation 
of plant immunity

Daoxin Xie
School of Life Sciences, Tsinghua University, 
Beijing 100084, China
Email: daoxinlab@tsinghua.edu.cn

Research Interests 
Hormone perception; Jasmonate signal transduction; 
Strigolactone signaling; Hormonal crosstalk

Bin Yu
Center for Plant Science Innovation, & School of 
Biological Sciences,
University of Nebraska, Lincoln,
1901 Vine St, Lincoln, NE, USA
Tel: 402-472-2125;
Email: byu3@unl.edu

Research Interests
Small RNA metabolism; Epigenetics; RNA silencing; 
Non-coding RNAs; Arabidopsis genetics

 http://www.theplantjournal.com

ISSN 1365-313X (online)

Federica Brandizzi
Michigan State University, Plant Research 
Laboratory, 
East Lansing, MI 48824, USA
Tel: (517) 353-7872; Fax: (517) 353-9168
Email: fb@msu.edu

Research Interests
Cell biology; Plant endomembranes; 
Endoplasmic reticulum stress; Fluorescent 
protein technology; Protein trafficking

Alisdair R. Fernie
Molecular Physiology,
Max-Planck Institute for Molecular Plant 
Physiology,
Golm 14476, Germany
Tel: +49 331 567 8211
Email: fernie@mpimp-golm.mpg.de 

Research Interests
Carbohydrate metabolism; Metabolomics;
Primary metabolism

Lyza Maron (Research highlights Editor)
Boyce Thompson Institute,
USDA/ARS Robert W. Holley Center for 
Agriculture & Health,
Ithaca, NY 14853, USA

Research Interests
Abiotic stress responses; Root biology; Natural 
variation; Gene expression regulation

Sheila McCormick (Consultant Editor)
Plant and Microbial Biology, 111 Koshland 
Hall, UC-Berkeley,
Berkeley, CA 94720, USA
Email: sheilamc@berkeley.edu

Research Interests
Pollen development; Plant gametes (sperm, egg, 
central cell); Pollen tube growth; Pollen-pistil 
interactions; Receptor kinase signaling 
(ligands); Genetics; Genomics

tpj_v98_i2_issueinfo.indd   2tpj_v98_i2_issueinfo.indd   2 13-Apr-19   7:36:21 PM13-Apr-19   7:36:21 PM



Subscription information
The Plant Journal is published semi-monthly (four  volumes per 
annum), with two issues published each month. Subscription 
prices for 2019 are: Online only: US$7274 (The Americas), 
US$8488 (Rest of World), €4996 (Europe); £3936 (UK). Prices 
are exclusive of tax. Asia-Pacific GST, Canadian GST and 
European VAT will be applied at the appropriate rates. For 
more information on current tax rates, please go to www.
wileyonlinelibrary.com/tax-vat. The price includes online 
access to the current and all online back files to January 1st 
2015, where available. For other pricing options, including 
access information and terms and conditions, please visit 
www.wileyonlinelibrary.com/access.

Back issues
Single issues from current and prior year are available at 
the single issue price from cs-journals@wiley.com. Earlier 
issues may be obtained from the Periodicals Service 
Company, 11 Main Street, Germantown, NY 12526, USA. 
Tel: +1 518 537 4700, Fax: +1 518 537 5899, Email: psc@
periodicals.com.

Publisher
The Plant Journal is published by John Wiley & Sons Ltd, 
9600 Garsington Road, Oxford OX4 2DQ. Tel: +44 (0)1865 
776868; Fax: +44 (0)1865 714591.

Journal Customer Services 

For ordering information, claims and any enquiry concerning 
your journal subscription please go to www.wiley
customerhelp.com/ask or contact your nearest office: 
Americas: Email: cs-journals@wiley.com; Tel: +1 781 388 
8598 or 1 800 835 6770 (Toll  free in the  USA & Canada).
Europe, Middle East and Africa: E-mail: cs-journals@wiley.
com; Tel: +44 (0) 1865 778315
Asia Pacific: E-mail: cs-journals@wiley.com; Tel: +65 6511 
8000
Japan: For Japanese speaking support, e-mail: cs-japan@
wiley.com
Visit our Online Customer Help available in 7 
languages at www.wileycustomerhelp.com.

Despatch 
THE PLANT JOURNAL, (ISSN 0960-7412), is published 
semi-monthly (four volumes per annum). US mailing agent:  
Mercury Media Processing, LLC 1850 Elizabeth Avenue, 
Suite #C, Rahway, NJ 07065, USA. Periodical postage paid at 
Rahway, NJ.
Postmaster: Send all address changes to THE PLANT 
JOURNAL, John Wiley & Sons Inc., C/O The Sheridan Press, 
PO Box 465, Hanover, PA 17331.

Copyright and Copying 
Copyright © 2019 John Wiley & Sons Ltd and the 
Society for Experimental Biology. All rights reserved. 
No part of this publication may be reproduced, stored 
or transmitted in any form or by any means without the 
prior  permission in writing from the copyright holder. 
Authorization to copy items for  internal and personal 
use is granted by the copyright holder for libraries and 
other users  registered with their local Reproduction Rights 
Organisation (RRO), e.g. Copyright Clearance Center 
(CCC), 222 Rosewood Drive, Danvers, MA 01923, USA 
(www.copyright.com), provided the appropriate fee is paid 
directly to the RRO. This consent does not extend to other 
kinds of copying, such as copying for general  distribution, 

for advertising and promotional  purposes, for creating 
new collective works or for resale. Special requests should 
be addressed to: permissions@wiley.com.

Online Open
OnlineOpen is available to authors of primary research 
articles who wish to make their article available to  non-
subscribers on publication, or whose funding agency 
requires grantees to archive the final version of their 
 article. With OnlineOpen, the author, the author’s funding 
agency, or the author’s institution pays a fee to ensure 
that the article is made available to non-subscribers upon 
 publication via Wiley Online Library, as well as deposited 
in the funding agency’s preferred archive. For the full list 
of terms and conditions, see http://wileyonlinelibrary.com/
onlineopen#OnlineOpen_Terms.

Any authors wishing to send their paper OnlineOpen 
will be required to complete the payment form available 
from our website at: https://authorservices.wiley.com/
bauthor/onlineopen_order.asp.

Prior to acceptance there is no requirement to inform 
an Editorial Office that you intend to publish your paper 
OnlineOpen if you do not wish to. All OnlineOpen articles 
are treated in the same way as any other article. They go 
through the journal’s standard peer-review process and 
will be accepted or rejected based on their own merit.

The Journal is indexed by Current Contents/Life Sciences, 
Science Citation Index, Index Medicus, MEDLINE and 
BIOBASE/Current Awareness in Biological Sciences.

Access to this journal is available free online within 
 institutions in the developing world through the AGORA 
initiative with the FAO, the HINARI initiative with the WHO 
and the OARE initiative with UNEP. For information, visit 
www.aginternet.org, www.healthinternetwork.org, www.
oarescience.org.

Published by John Wiley & Sons Ltd, in association with 
the Society for Experimental Biology. Information on this 
journal can be accessed at http://www.theplantjournal.
com. This journal is available online at Wiley Online 
Library. Visit wileyonlinelibrary.com to search the articles 
and register for Table of Contents email alerts.

Wiley’s Corporate Citizenship initiative seeks to address 
the environmental, social, economic, and ethical 
 challenges faced in our business and which are  important 
to our diverse stakeholder groups. We have made a  long-
term commitment to standardize and improve our efforts 
around the world to reduce our carbon footprint. Follow 
our progress at www.wiley.com/go/citizenship.

Disclaimer 
The Publisher, the Society for Experimental Biology 
and Editors cannot be held responsible for errors or 
any consequences arising from the use of information 
contained in this journal; the views and opinions expressed 
do not necessarily reflect those of the Publisher, the Society 
for Experimental Biology and editors, neither does the 
publication of advertisements constitute any endorsement 
by the Publisher, the Society for Experimental Biology and 
the Editors of the products advertised.

Editorial correspondence 
Correspondence relating to  editorial matters should be 
directed to The Plant Journal Editorial Office, John Wiley & 
Sons Ltd, 9600 Garsington Road, Oxford, OX4 2DQ, UK 
(E-mail:  tpj-general@wiley.com).

tpj_v98_i2_issueinfo.indd   3tpj_v98_i2_issueinfo.indd   3 13-Apr-19   7:36:21 PM13-Apr-19   7:36:21 PM



 RESEARCH HIGHLIGHT 

  193   The journey to the end of the chromosome: delivering active telomerase to telomeres in plants.   L. Sweetlove and 
C. Gutierrez 

 ORIGINAL ARTICLES 

  195   The plant Pontin and Reptin homologues, Ruv BL 1 and Ruv BL 2a, colocalize with  TERT  and  TRB  proteins  in vivo , and 
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RESEARCH HIGHLIGHT

The journey to the end of the chromosome: delivering active
telomerase to telomeres in plants

Lee Sweetlove and Crisanto Gutierrez

Linked article: This is a Research Highlight about �S�arka Scho�rov�a et al. To view this article visit https://doi.org/10.1111/tpj.
14306.

Linear chromosomes offer many advantages over circular

DNA for transcription and replication of large genomes,

hence their prevalence in eukaryotes. But the linear

arrangement of the DNA has a massive Achilles heel: the

terminal ends, or telomeres, are unstable and prone to

mutation. Moreover, DNA replication cannot proceed to the

end of a linear DNA molecule because the synthesis of Oka-

zaki fragments needs RNA primers to bind ahead of the lag-

ging strand. Eukaryotes deal with both of these problems

by adding repetitive DNA sequences to the telomeres that

act as a disposable buffer, protecting terminal genes from

being truncated during replication and from mutation.

Because the telomere is shortened during each DNA repli-

cation, it is necessary to resynthesise telomere DNA using

an enzyme, telomerase reverse transcriptase.

Our understanding of telomere biology is dominated by

research into human telomeres. This is understandable

due to the links between telomere biology and cellular

mortality, ageing and a range of diseases including cancer.

However, telomere biology in plants shows some specific

differences to humans which may be crucial in our under-

standing of telomere biology in general. For example,

telomerase activity in plant cells is well balanced with the

cellular proliferation rate. The reversible regulation of

telomerase activity is thought to be important in this con-

text: its activity is turned off in differentiated tissues and

turned on during cell periods of active cell replication, for

example, during regeneration of plant tissues. Understand-

ing the mechanism for this reversible regulation of telom-

erase activity could be beneficial in biomedical

applications of telomere biology in humans.

But where to start? From protozoans and humans, it was

known that telomerase was a ribonucleoprotein, carrying

its own RNA molecules that are complementary to the

telomere repeats and are used as a template for telomere

elongation, catalysed by the reverse transcriptase activity

of the enzyme. But, in addition, a number of accessory pro-

teins are required to deliver functional telomerase to the

telomeres, to regulate its activity and to protect the elon-

gated telomere from DNA repair enzymes. These

components assemble into two distinct complexes known

as shelterin and CST. Functional homologues of the CST

complex have been identified in plants, but the same is not

true for the shelterin complex. In plants, not all of the

homologues of the six core shelterin components exist,

and only some of them seem to be associated with telom-

eres in vivo. The goal, therefore was to identify undiscov-

ered telomerase accessory proteins in plants and to

establish how active telomerase is formed and regulated.

Ji�r�ı Fajkus and his research group at Masaryk University,

have been working on plant telomeres for over 20 years. A

key member of his team in the hunt for plant telomerase-

associated proteins has been Petra Proch�azkov�a Schrump-

fov�a, first as a Ph.D. student and then through several

postdoc periods. Working in Arabidopsis, the group had

already established that Telomere Repeat Binding proteins

(TRB) were involved in recruitment of telomerase to the

telomeres. These proteins are specific to plants and con-

tain an N–terminal Myb-like domain which is responsible

for specific recognition of telomeric DNA. Attention turned

to the plant homologues of two human telomere associ-

ated proteins called Pontin and Reptin after they turned up

in a pull-down of TERT, the catalytic subunit of Arabidop-

sis telomerase, in an experiment done in collaboration

with Eva S�ykorov�a’s group at the Institute of Biophysics in

Brno.

The plant Pontin and Reptin homologues are encoded

by RuvBL1 and RuvBL2a, respectively. But despite the fact

that RuvBL proteins were isolated from plant cells as

TERT-associated, Ji�r�ı and his team were not able to prove

a direct interaction between TERT and RuvBL as had

already been described in mammals. Serendipity then

intervened. During their characterisation of RuvBL interac-

tions with TERT, they used several proteins as negative

controls. Surprisingly, one of the supposed negative con-

trols showed reproducibly positive interaction with RuvBL

proteins. It was in this way that they discovered that TRB

proteins interact with RuvBL. Knowing that TRB proteins

directly interact with TERT they started to closely charac-

terise the trimeric complex TERT-TRB-RuvBL and that is
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the focus of the highlighted paper which is drawn from the

MSc and PhD research of �S�arka Scho�rov�a with Petra

Proch�azkov�a Schrumpfov�a and Ji�r�ı Fajkus as joint

corresponding authors. The work also involved Lenka

Z�avesk�a Dr�abkov�a, a postdoc from David Honys’s group at

the Institute of Experimental Botany in Prague who did

phylogenetic analysis of the RuvBL family in plants. That

collaboration started late one afternoon during a short-

term visit of Petra Proch�azkov�a Schrumpfov�a to David Hon-

ys’s lab that was focused on a completely different scien-

tific topic. Such is the nature of science and scientists!
In this highlighted paper (Scho�rov�a et al., 2019), a com-

bination of BiFC, yeast-two hybrid and pull-down assays

confirmed that there is no direct interaction between

RuvBLs and TERT, but that the interaction is mediated by

TRBs as an intermediary. It was also shown that RuvBL pro-

teins form hetero- and homo-oligomers in vivo. Proof of

the importance of RuvBL1/2 for telomerase biogenesis was

provided by analysis of Arabidopsis knockout lines which

had substantially reduced telomerase activity in flower

buds (a rapidly proliferating tissue with high telomerase

requirement). This crucial experiment turned out to be the

hardest part of the research, with identification of knockout

alleles a real struggle. Ji�r�ı and Petra say that they had to

genotype hundreds of individual plants from several lines

and were only able to identify a few heterozygous individu-

als of each gene with homozygous mutants being lethal.

Further protein interaction experiments identified

another protein in the complex: CBF5, a homologue of

mammalian dyskerin, a known telomerase-associated pro-

tein. Cell biological analyses were able to place all of these

proteins in the nucleolus and some of them in Cajal bodies

and, combined with previous studies, the authors were

able to put together the most complete picture of the plant

telomerase complex to date, as shown in Figure 1.

One of the most interesting facets of this picture is the

similarities and divergence between plants and humans.

On the one hand, identification of Reptin and Pontin in

Arabidopsis and their conservation in humans, shows that

the factors involved in telomerase biogenesis and function

are evolutionary ancient. On the other, the interactions and

mechanism of action of plant Reptin and Pontin is different

than in human cells. The TERT subunit of Arabidopsis

telomerase does not interact directly with Reptin and Pon-

tin but through TRBs which in human cells are telomere-

associated proteins but not TERT-accessory factors. This

reveals that different mechanisms have evolved although

using basically the same set of factors, a finding that

would justify a similar study in other eukaryotic lineages to

define the evolutionary history of complex formation

between telomeric repeats, TERT, accessory factors and

shelterin proteins.

One possible reason to explain the variety of mecha-

nisms suggested by this study is the specific organization,

and possibly the 3D structure, of TERT RNA (TER) mole-

cules which may limit the ability of TERT to interact

directly with them or require other bridging proteins, as it

occurs in Arabidopsis. Differences in the subnuclear local-

ization of telomeric sequences may be also important. For

Ji�r�ı and his team, work will continue to unpick the regula-

tion of synthesis of both basic subunits of telomerase, TER

and TERT, their intracellular trafficking and assembly into

the holoenzyme complex, together with a number of asso-

ciated factors.
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Figure 1. RuvBL1 and RuvBL2a, are orthologues

of human Pontin and Reptin, respectively, in

Arabidopsis.

Besides their mutual interactions, RuvBL1 associ-

ates with the catalytic subunit of telomerase (TERT)

in the nucleolus in vivo. In contrast to mammals,

interactions between TERT and RuvBL proteins in

Arabidopsis are not direct but are mediated by one

of the Telomere Repeat Binding (TRB) proteins. The

plant orthologue of human dyskerin, named CBF5,

is indirectly associated with TRB proteins but not

with the RuvBL proteins in the plant nucleus/nucle-

olus, and interacts with the Protection of telomere 1

(POT1a) in the nucleolus or cytoplasmic foci.

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 98, 193–194

194 Lee Sweetlove and Crisanto Gutierrez



The plant Pontin and Reptin homologues, RuvBL1 and
RuvBL2a, colocalize with TERT and TRB proteins in vivo, and
participate in telomerase biogenesis

�S�arka Scho�rov�a1, Ji�r�ı Fajkus1,2,3,* , Lenka Z�avesk�a Dr�abkov�a4 , David Honys4 and Petra Proch�azkov�a

Schrumpfov�a1,*
1Laboratory of Functional Genomics and Proteomics, National Centre for Biomolecular Research, Faculty of Science,

Masaryk University, Brno, Czech Republic,
2Mendel Centre for Plant Genomics and Proteomics, Central European Institute of Technology, Masaryk University, Brno,

Czech Republic,
3Institute of Biophysics of the Czech Academy of Sciences, v.v.i., Brno, Czech Republic, and
4Laboratory of Pollen Biology, Institute of Experimental Botany of the Czech Academy of Sciences, v.v.i., Prague, Czech

Republic

Received 26 November 2018; revised 8 February 2019; accepted 26 February 2019; published online 4 March 2019.

*For correspondence (e-mails petra.proch.schrumpfova@gmail.com; fajkus@sci.muni.cz).

SUMMARY

Telomerase maturation and recruitment to telomeres is regulated by several telomerase- and telomere-

associated proteins. Among a number of proteins, human Pontin and Reptin play critical roles in telomerase

biogenesis. Here we characterized plant orthologues of Pontin and Reptin, RuvBL1 and RuvBL2a, respec-

tively, and show association of Arabidopsis thaliana RuvBL1 (AtRuvBL1) with the catalytic subunit of telom-

erase (AtTERT) in the nucleolus in vivo. In contrast to mammals, interactions between AtTERT and AtRuvBL

proteins in A. thaliana are not direct and they are rather mediated by one of the Arabidopsis thaliana Telom-

ere Repeat Binding (AtTRB) proteins. We further show that plant orthologue of dyskerin, named AtCBF5, is

indirectly associated with AtTRB proteins but not with the AtRuvBL proteins in the plant nucleus/nucleolus,

and interacts with the Protection of telomere 1 (AtPOT1a) in the nucleolus or cytoplasmic foci. Our genome-

wide phylogenetic analyses identify orthologues in RuvBL protein family within the plant kingdom. Dysfunc-

tion of AtRuvBL genes in heterozygous T-DNA insertion A. thaliana mutants results in reduced telomerase

activity and indicate the involvement of AtRuvBL in plant telomerase biogenesis.

Keywords: telomerase assembly, Pontin, Reptin, AtTERT, AtTRB, AtRuvBL, AtPOT1a, nucleolus, Arabidopsis.

Linked article: This paper is the subject of a Research Highlight article. To view this Research Highlight article
visit https://doi.org/10.1111/tpj.14328.

INTRODUCTION

Telomeres are nucleoprotein structures at the ends of

eukaryotic chromosomes that protect linear chromosomes.

Telomeric structures are formed by telomeric DNA, RNA,

histones, and a number of other proteins that bind telomeric

DNA, either directly or indirectly, together forming the pro-

tein telomere cap (Fajkus and Trifonov, 2001; de Lange,

2005; Schrumpfov�a et al., 2016a). The core component of

the telomere cap inmammals is a six-protein complex called

shelterin. The specific telomeric double-stranded DNA bind-

ing of the shelterin is mediated by its TRF1 and TRF2 (Telom-

ere Repeat Binding Factors 1 and 2) components through

their Myb-like domain of a telobox type (Bilaud et al., 1996;

Pe�ska et al., 2011). In Arabidopsis thaliana Telomere Repeat

Binding (AtTRB) proteins, that contain Myb-like domain of a

telobox type and bind plant telomeric repeats in vitro

(Schrumpfov�a et al., 2004; Mozgov�a et al., 2008), were

found to colocalize with telomeres in situ and in vivo

(Dvo�r�a�ckov�a et al., 2010; Schrumpfov�a et al., 2014; Dreissig

et al., 2017), directly interacted with the telomerase reverse

transcriptase (AtTERT) (Schrumpfov�a et al., 2014) and phys-

ically interacted with AtPOT1b (Protection Of Telomeres 1)

(Schrumpfov�a et al., 2008). Moreover, shortening of telom-

eres was observed in attrb knockout mutants (Schrumpfov�a

et al., 2014, 2019; Zhou et al., 2018).
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Telomere- or telomerase-associated proteins can regu-

late lengths of telomere tracts by affecting the assembly of

active telomerase complex or by modulation of the acces-

sibility of telomeres to telomerase. The process of matura-

tion and recruitment of human telomerase is partially

understood (Schmidt and Cech, 2015; MacNeil et al., 2016;

Schmidt et al., 2016). However, a similar description

of telomerase assembly and recruitment to the telomeres

in plants is still missing which would allow to distinguish

between general and specific features of these processes.

Among a number of proteins, which were identified as

associated with human telomerase, proteins named

RuvBL (RuvB-like), that share limited sequence similarity

to the bacterial RuvB helicase, were also identified. RuvBL

proteins belong to the evolutionarily highly conserved

AAA+ family (ATPase Associated with various cellular

Activities) that are involved in ATP binding and hydrolysis

(Matias et al., 2006). Eukaryotic RuvBL1 (Pontin, TIP49a,

Rvb1, TAP54a) and RuvBL2 (Reptin, TIP48, TIP49b, Rvb2,

TAP54b) participate in many diverse cellular activities like

chromatin remodeling (Jha et al., 2008), transcriptional

regulation (Ohdate et al., 2003; Gallant, 2007), oncogenic

transformation (Osaki et al., 2013), epigenetic regulations

(Gallant, 2007) or DNA-damage signaling (Rosenbaum

et al., 2013). RuvBL1 and RuvBL2 can also play a role in

the assembly of box C/D or H/ACA of small nucleolar

RNAs (snoRNAs) with specific proteins to form functional

ribonucleoprotein particles (RNPs) (Watkins et al., 2004;

McKeegan et al., 2007; Boulon et al., 2008; Zhao et al.,

2008). Participation of RuvBL1 and RuvBL2 proteins in

diverse cellular processes, as well as their association

with specific interactors, can vary among cytoplasm,

nucleus and nucleolus (Izumi et al., 2012). RuvBL1 and

also RuvBL2 monomers can assemble into different oligo-

meric forms, including hexameric structure with a central

channel, or dodecamer composed of two hetero-hexame-

ric rings with alternating RuvBL1 and RuvBL2 monomers

(Torreira et al., 2008; Niewiarowski et al., 2010). RuvBL

structure suggests that these proteins can act as scaffold-

ing proteins, which explains their appearance in various

cellular protein complexes (Matias et al., 2006; Mao and

Houry, 2017).

Mammalian RuvBL1 and RuvBL2, also termed as Pon-

tin and Reptin, respectively, were found to play a critical

role in telomerase biogenesis. Telomerase is a ribonu-

cleoprotein enzyme complex composed of two core subu-

nits: the catalytic telomerase reverse transcriptase (TERT)

protein subunit and the telomerase RNA (TR) subunit

(containing a box H/ACA motif). It performs the addition

of telomeric DNA repeats onto the telomeres (Greider,

1996; Zhang et al., 2011). Proper assembly of TERT with

TR into a functional complex is a stepwise regulated pro-

cess governed also by multiple associated proteins (Sch-

midt and Cech, 2015; MacNeil et al., 2016). Human TR

(hTR), as well as other box H/ACA snoRNPs, is associated

with conserved scaffold proteins: dyskerin, NHP2, NOP10,

NAF1 in the nucleoplasm, where NAF1 is replaced by

GAR1 before the hTR RNP complex reaches the nucleo-

lus. Association of hTR RNP with hTERT is proceeded in

the nucleolus and the subsequent formation of catalyti-

cally active telomerase holoenzyme is localized into the

Cajal bodies (CBs) (MacNeil et al., 2016) that are evolu-

tionary conserved mobile nuclear substructures involved

in the RNA modification and the RNP assembly processes

(Cioce and Lamond, 2005). Venteicher et al. (2008)

demonstrated that hRuvBL1 (Pontin) and hRuvBL2 (Rep-

tin) are interdependent proteins and are recruited to

hTERT complexes through the association between

hTERT and hRuvBL1. Additionally, they showed that both

hRuvBL1 and hRuvBL2 directly interact with dyskerin and

may help to assemble or remodel a nascent hTERT/hTR/

dyskerin complex. The scaffold proteins, including dys-

kerin, together with hRuvBL1 and hRuvBL2, are required

for a proper assembly of hTR RNP and are involved in

the biogenesis of telomerase.

A homologue of human RuvBL1 from A. thaliana has

been already described by Holt et al. (2002). They observed

that plants with reduced AtRuvBL1 (AT5G22330) mRNA

levels had morphological defects and suggested that

AtRuvBL1 was required in meristem development. More-

over, they observed that T-DNA insertion mutation in

AtRuvBL1 gene was lethal. In our laboratory, AtRuvBL1

protein and also one of two AtRuvBL2 homologues, named

AtRuvBL2a (AT5G67630), were purified together with

AtTERT using Tandem Affinity Purification (TAP) from

A. thaliana suspension cultures (Majersk�a et al., 2017).

In this study, we examined a mutual interaction of

AtRuvBL1-AtRuvBL2a proteins and demonstrated that

AtRuvBL proteins are associated with AtTERT in the nucle-

olus in vivo. However, in contrast to mammalian counter-

parts, interactions between AtTERT and AtRuvBL proteins

are not direct and are likely to be mediated by one of the

AtTRB proteins. We prove that AtTRB3 protein physically

interacts with AtRuvBL1 and simultaneously with AtTERT.

We further show that in plants, similarly to mammals,

telomerase assembly is a dynamic process, as is supported

by our observation that AtCBF5, a plant orthologue of dys-

kerin, is in the plant nucleus/nucleolus indirectly associated

with three of AtTRB proteins, but not with the AtRuvBL

proteins, and interacts with the AtPOT1a in the cytoplasmic

or nucleolus foci. Heterozygous T-DNA insertion mutants

in AtRuvBL1 or AtRuvBL2a genes show reduced telom-

erase activity indicating the potential involvement of

AtRuvBL proteins in telomerase assembly in A. thaliana.

To identify new homologues of RuvBL protein family and

elucidate their evolutionary relationships, we performed a

survey of 83 plant species (80 angiosperms, one gym-

nosperm and two bryophytes).
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RESULTS

AtRuvBL proteins form homomers or mutually interact

RuvBL1 and RuvBL2 proteins from mammals and yeast

can co-exist in different monomeric or oligomeric com-

plexes comprising dimers, trimers, hexamers or double-

hexamers that can be composed as mixed multimers (Tor-

reira et al., 2008; Niewiarowski et al., 2010; Queval et al.,

2014). Each RuvBL monomer contains three basic

domains (DI, DII, DIII) (Figure 1a). Domain I (DI) together

with domain III (DIII) represent the AAA+ core and are suf-

ficient to form hexameric rings. In the AAA+ domain, the

Walker A/B motifs are responsible for ATP binding and

hydrolysis, while sensor I/II motifs sense whether the pro-

tein is bound to di- or triphosphates. Domain II (DII) corre-

sponds to an insertion that is unique to RuvBL in

comparison with other AAA+ family members (Silva-Mar-

tin et al., 2016).

Figure 1. AtRuvBL proteins can form homo- or hetero-oligomers.

(a) Schematic representation of the conserved motifs of the RuvBL proteins from Arabidopsis thaliana. DI, DII, DIII, Domain I, II, III; Walker A/B, Walker motifs;

Sensor I/II, sensors; Arg finger, arginine finger. AtRuvBL2a and AtRuvBL2b form closely related sequence pairs.

(b) Y2H system is used to assess homo- or heteromerization of AtRuvBL proteins. Two sets of plasmids carrying the indicated protein fused to either the GAL4

DNA-binding domain (BD) or the GAL4 activation domain (AD) are constructed and introduced into yeast strain PJ69-4a carrying reporter genes His3 and Ade2.

Clear AtRuvBL1 and also AtRuvBL2a homomerization is detected on histidine-deficient plates. Mutual interaction between AtRuvBL1 and AtRuvBL2a is detected

not only on histidine-deficient plates but also under stringent adenine selection. Co-transformation with an empty vector (AD, BD) serves as a negative control.

(c) Co-IP is performed with the TNT-RRL expressed AtRuvBL1* and AtRuvBL2a* (35S-labelled*, prey) mixed with their protein counterparts AtRuvBL1 and AtRuv-

BL2a, fused with Myc-tag (anchor) and incubated with anti-Myc antibody. In the control experiment, the AtRuvBL* proteins are incubated with Myc-antibody

and protein G-coupled magnetic beads in the absence of partner protein. Input (I), Unbound (U) and Bound (B) fractions are collected and run in 12% SDS-PAGE

gels. Mutual AtRuvBL1 and AtRuvBL2a interactions appear to be stronger than entirely homo-interactions between AtRuvBL proteins.

(d) BiFC confirms homo- and also mutual heteromerization of AtRuvBL1 and AtRuvBL2a proteins. A. thaliana leaf protoplasts are co-transfected with 10 lg of

each of the plasmids encoding nYFP-tagged or cYFP�tagged AtRuvBL1, AtRuvBL2a or AtGAUT10 clones (as negative control) and simultaneously with

mRFP�VirD2NLS clone. Bright Field (left); RFP, mRFP�VirD2NLS (red fluorescent protein fused with nuclear localization signal) labels cell nuclei and determines

transfection efficiency; YFP, yellow fluorescent protein signals indicate specific protein–protein interactions (PPI) also marked by white arrows; Chl, chloroplast

autofluorescence is marked by green pseudocolor, chloroplast autofluorescence is also visible in the YFP channel. Scale bars = 10 lm.
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To examine whether plant homologues of RuvBL proteins

form homomers or mutual heteromers as their mammalian

counterparts, or exist only as monomers, we performed sev-

eral assays for protein–protein interactions (PPIs): yeast

two-hybrid system (Y2H), co-immunoprecipitation (Co-IP)

and bimolecular fluorescence complementation (BiFC).

First, we tested AtRuvBL1 and AtRuvBL2a homo-interac-

tions. BiFC assay performed in A. thaliana leaf protoplasts,

which enables direct visualization of protein interactions in

living cells, demonstrated that AtRuvBL1 and AtRuvBL2a

form homodimers or homomultimers in vivo. These

results were confirmed using a GAL4 based Y2H assay, in

which interactions took place inside the nucleus. We

observed a clear homomeric interaction of AtRuvBL1 pro-

teins as well as of AtRuvBL2a proteins in Y2H mating

assay. The homomerization was further verified by Co-IP

experiments in which proteins were expressed in the Cou-

pled Transcription/Translation Rabbit Reticulocyte Lysate

(TNT-RRL) System using the same vectors as in Y2H (Fig-

ure 1b, c).

Additionally, we expanded our BiFC study (Majersk�a

et al., 2017) and tested heteromerization of AtRuvBL1

and AtRuvBL2a not only in Nicotiana tabacum BY-2

protoplasts, but also in A. thaliana leaf protoplasts (Fig-

ure 1d). Analysis of subcellular localization of the

AtRuvBL1-AtRuvBL2a interactions further showed that one

reciprocal interaction of nYFP/AtRuvBL1 and cYFP/AtRuv-

BL2a was negative, and cYFP/AtRuvBL1 and nYFP/AtRuv-

BL2a showed nuclear, but not nucleolar localization,

maybe due to the presence of a tag that may induce confor-

mational changes of the AtRuvBL proteins (Cheung et al.,

2010). Using Y2H assay, we confirmed clear interaction not

only on histidine-deficient (�His) plates but also under

stringent adenine (�Ade) selection. Both Y2H and Co-IP

experiments revealed that mutual AtRuvBL1�AtRuvBL2a

interaction seemed stronger than pure homomerization of

Figure 2. AtRuvBL1 interacts indirectly with N-terminal part of Arabidopsis thaliana catalytic subunit AtTERT. The analyses were performed as described in

Figure 1.

(a) Schematic depiction of the plant catalytic subunit of telomerase (AtTERT) showing functional motifs. The regions of structural domains TEN (telomerase

essential N-terminal domain), TRBD (RNA-binding domain), RT (reverse transcriptase domain) and CTE (C-terminal extension) are depicted above the conserved

RT motifs (1, 2, A, B0, C, D and E), telomerase-specific motifs (T2, CP, QFP and T) and a NLS (nucleus localisation-like signal). All the depicted AtTERT fragments

were used in protein–protein interaction analysis (amino acid numbering is shown). All AtTERT fragments were fused with activation domains (AD/BD or nYFP/

cYFP) and used for further BiFC, Y2H and Co-IP analysis.

(b) BiFC in A. thaliana leaf protoplasts were used to detect the interaction between AtRuvBL1 and all AtTERT fragments from schematic depiction. Here we show

PPI interaction (white arrows) of two N-terminal fragments of AtTERT (AtTERT 1�233 and AtTERT 1�271) and AtRuvBL1 located in the nucleolus. AtGAUT10,

negative control; RFP, nucleus marker; YFP, detects PPI; Chl, Chloroplast autofluorescence. Scale bars = 10 lm.

(c) Y2H system fails to detect the interactions between AtRuvBL1 protein and N-terminal fragments of AtTERT (AtTERT 1�233 and AtTERT 1�271). BD, GAL4

DNA-binding domain; AD, GAL4 activation domain.

(d) Co-IP analysis does not detect interactions between AtTERT fragments and AtRuvBL1 protein which were demonstrated by BiFC. I, Input; U, Unbound; B,

Bound fractions; asterisks*, 35S-labelling.
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AtRuvBL proteins. These results showed that RuvBL1 and

RuvBL2a proteins from A. thaliana are able to form both

homo- and heteromers, as well as their homologues in

diverse organisms, although they preferably form hetero-

mers.

AtRuvBL1 and AtTERT colocalize in the nucleus but

contrary to mammalian homologues do not interact

directly

Human RuvBL proteins are involved in the biogenesis

and maturation of human telomerase complex. Human

hRuvBL1 directly interacts with hTERT catalytic subunit.

hRuvBL2 does not exhibit direct interaction with hTERT

and seems to be recruited to an hTERT complex through

bridging hRuvBL1 molecules (Venteicher et al., 2008). To

gain a deeper insight whether direct RuvBL-TERT interac-

tion is conserved throughout the higher eukaryotes, we

applied the above described Y2H, Co-IP and BiFC tech-

niques. As TERT is a high-molecular-weight protein (ap-

proximately 130 kDa), we used the Gateway-compatible

donor vectors carrying the AtTERT fragments that were

described in Lee et al. (2012) and Zachov�a et al. (2013)

(Figure 2a). We observed a clear nuclear interaction

between AtRuvBL1 protein and AtTERT N-terminal frag-

ments covering AtTERT domains localized in positions 1-

233 and 1-271 in the A. thaliana leaf protoplasts using

BiFC (Figure 2b). These results supported the observation

from tobacco BY2 culture protoplasts where N-terminal

fragments of AtTERT interact with AtRuvBL1 (Majersk�a

et al., 2017). As the central reverse transcriptase (RT)

domain of hTERT is implicated in hRuvBL1 binding (Ven-

teicher et al., 2008), we expanded our interest to the

other AtTERT fragments. However, no interactions were

detected between AtRuvBL1 protein and AtTERT frag-

ments localized in positions 229�582, 597�987 and

972�1123, therefore covering RT or C-terminal domains

of AtTERT. Likewise, no interaction was observed

between any of AtTERT fragments and AtRuvBL2a protein

(Figure S1).

Notably, interactions of the N-terminal fragments

between AtTERT domains and AtRuvBL1 were not con-

firmed in Y2H or Co-IP (Figure 2c, d). This discrepancy can

be caused by the fact that the BiFC analysis detects the

presence of proteins within the same macromolecular

complex even in the absence of a direct contact between

the proteins fused to the cYFP and nYFP fragments. The

presence of proteins within the visualized macromolecular

complex generally indicates that they participate in the

same biological process (Kerppola, 2009). Our data show

the interaction between AtRuvBL1 and AtTERT is localized

in the nucleus and supports the suggestion of Majersk�a

et al., that AtRuvBL1-AtTERT interaction is mediated by an

unknown partner and occurs in plant cells but not in RRL

lysate or yeast system.

AtRuvBL proteins physically interact with AtTRB proteins

Previously, we have described that members of plant-speci-

fic group of AtTRB proteins physically interact with the N-

terminal part of AtTERT and colocalized with telomeres

in situ (Schrumpfov�a et al., 2004, 2014; Mozgov�a et al.,

2008; Dreissig et al., 2017; Zhou et al., 2018). AtTRB1 interac-

tion with double-stranded telomeric DNA is mediated by the

Myb-like domain, while the H1/5 domain is involved in DNA

sequence-non-specific DNA-protein interactions, interaction

with AtPOT1b (Schrumpfov�a et al., 2008) and in the multi-

merization of AtTRB1 (Mozgov�a et al., 2008) (Figure 3a).

According to these findings, AtTRB proteins might be

components of a putative shelterin-like complex in plants

that modulates access of the telomerase to telomeres

(Schrumpfov�a et al., 2016a, 2019). Our BiFC analysis

revealed the AtTRB3 protein interaction with both

AtRuvBL1 and AtRuvBL2a proteins in the nucleus (Fig-

ure 3b). These interactions were confirmed by Y2H (Fig-

ure 3c) and also by Co-IP (Figure 3d), in which AtTRB3

Figure 3. AtTRB3 proteins directly interact with AtRuvBL1 and AtRuvBL2a

proteins. The methods are performed as is described in Figure 1.

(a) Schematic representation of the conserved motifs of the AtTRB3 protein

from Arabidopsis thaliana. Myb-like, Telobox-containing Myb domain;

H1/H5, histone-like domain; coiled-coil, C-terminal domain.

(b) BiFC shows interaction between AtTRB3 and both AtRuvBL proteins.

PPIs marked by white arrows are localized in the nucleus. AtGAUT10, nega-

tive control; RFP, nucleus marker; YFP, detects PPI; Chl, Chloroplast autoflu-

orescence. Scale bars = 10 lm.

(c) Y2H results show interactions between AtTRB3 and both AtRuvBL pro-

teins on His- deficient plates. BD, GAL4 DNA-binding domain; AD, GAL4

activation domain; asterisks*, 5 mM 3-aminotriazol.

(d) Co-IP results confirm direct interactions between radioactively labelled

AtTRB3 and Myc-tagged AtRuvBL proteins. I, Input; U, Unbound; B, Bound

fractions; asterisks*, 35S-labelling.
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protein was radioactively labelled by 35S-methionine and

mixed with its putative protein partners AtRuvBL1 or

AtRuvBL2a fused with Myc-tag, and incubated with anti-

Myc antibody. Clear nuclear interaction of AtTRB2 and

AtRuvBL2a, but not of AtTRB2 with AtRuvBL1, was

detected by BiFC and verified by Y2H and Co-IP. However,

the nuclear interaction of AtTRB1 with AtRuvBL1 observed

in BiFC seems to be indirect, as it was not proven by Y2H

or Co-IP assays, but indicates that both proteins are pre-

sent in the same macromolecular complex (Figure S2). Col-

lectively, direct interactions of AtTRBs with AtTERT, as well

as with AtRuvBL proteins, imply the role of AtTRB proteins

as mediators of the interactions between AtRuvBL proteins

and AtTERT telomerase subunit in vivo.

AtTRB3 protein mediates interaction between AtRuvBL1

and AtTERT

Our data, showing the indirect interaction between the N-

terminal part of AtTERT and AtRuvBL1, suggested that this

interaction could be mediated by AtTRB3 protein. We per-

formed Co-IP assay with all three proteins of interest (Fig-

ure 4). Two prey proteins AtRuvBL1 and AtTRB3, were

labelled with 35S-methionine during the expression in

TNT�RRL system. N-terminal fragment of AtTERT (AtTERT

1-271), fused with Myc-tag as an anchor, was expressed in

TNT�RRL system in non-radioactive form ensuring a better

resolution of the prey proteins in the 12% SDS-PAGE sepa-

ration. Radioactively labelled AtTERT fragment was

expressed in parallel tube to affirm the proper AtTERT 1-

271 expression. The complex was captured with anti-Myc-

antibody and protein G-coupled magnetic beads. Several

negative controls were performed, where some of the

monitored proteins were not present, to ensure specificity

of the AtRuvBL1�AtTRB3�AtTERT complex. From these

negative controls, it is evident that AtRuvBL1 protein nei-

ther directly interacts with the AtTERT 1�271 fragment nor

is non-specifically bound to the magnetic beads. Con-

versely, the presence of AtTRB3 in immunoprecipitation

mixture resulted in reproducible and significant increase of

the AtRuvBL1 in the immunoprecipitated complex. So, it is

evident that AtRuvBL1 is recruited to the AtTERT complex

through an interaction with AtTRB3 protein, which medi-

ates interaction of both proteins, AtTERT and AtRuvBL1.

Plant homologue of mammalian dyskerin AtCBF5

associates with AtTRB proteins in the plant nucleus

Mammalian protein dyskerin is a core component of

mature and functional telomerase complex (He et al., 2002;

Schmidt and Cech, 2015; MacNeil et al., 2016). Dyskerin

binds the H/ACA box of small nuclear and nucleolar RNAs

(sn- and sno-RNAs) and belongs to conserved scaffold pro-

teins of human hTR (MacNeil et al., 2016). Plant homo-

logue AtCBF5 (also named AtNAP57) is localized within

nucleoli and CBs (Lermontova et al., 2007) and associates

with enzymatically active telomerase RNP particles in an

RNA-dependent manner (Kannan et al., 2008).

Here we observed a clear indirect interaction of AtCBF5,

fused with cYFP, with all three examined nYFP/AtTRB pro-

teins using BiFC technique (Figure 5). As has already been

discussed above, BiFC analysis can detect the presence of

proteins within the same macromolecular complex even

without a direct contact between the proteins fused with

cYFP/nYFP (Kerppola, 2009). We assume that the interac-

tions between AtCBF5 and AtTRBs are indirect because we

Figure 4. AtTRB3 protein is mediator of AtRuvBL1 and AtTERT interaction.

(a) Co-Immunoprecipitation of the three proteins of interest. Two proteins AtRuvBL1 and AtTRB3 are radioactively labelled by 35S-methionine (marked with

asterisks) during the expression in TNT-RRL lysate and subsequently incubated with non-radioactive Myc-tagged AtTERT 1�271 fragment and anti-Myc anti-

body. In the control experiments, the proteins are incubated with Myc-antibody and protein G-coupled magnetic beads in the absence of one or both partner

proteins. Radioactively labeled AtTERT fragment is expressed in parallel tube as a control of the expression. From penult column it is evident that the presence

of AtTRB3 results in significant increase of the AtRuvBL1 in the immunoprecipitated complex. I, Input; U, Unbound; B, Bound fractions were collected and run in

12% SDS-PAGE gels.

(b) Schematic depiction of the putative protein complex formed by proteins AtRuvBL1, AtTRB3 and AtTERT. AtRuvBL1 is depicted in its presumed hexameric

form and AtTRB3 in its dimeric form.
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were not able to confirm the AtCBF5�AtTRBs interactions

observed by BiFC in Y2H mating assay. Also Co-IP did not

reveal any iteraction between proteins expressed in

TNT�RRL system, fused with Myc-tag (AtRuvBL1, AtRuv-

BL2a, AtTRB1, AtTRB2 and AtTRB3) and with radioactively

labelled AtCBF5 as a prey. Additionally, no interaction was

detected between AtCBF5 and any of AtRuvBL proteins

neither in BiFC nor in Y2H or Co-IP. As a positive control

we used the interaction between AtCBF5 and AtPOT1a.

Here we show that the AtCBF5 interacts with AtPOT1a not

only in Y2H and Co-IP, as was shown in Kannan et al.

(2008), but also in the plant nucleus using BiFC assay. In

addition to the nucleolar localization of AtPOT1a–AtCBF5
interactions, we also observed this interaction in several

Figure 5. AtCBF5 associates with AtTRB proteins indirectly. The methods are done in the same manner as in Figure 1.

(a) BiFC assay shows indirect interaction between AtCBF5 and three proteins from AtTRB family (AtTRB1-3). AtCBF5 interacts also with AtPOT1a protein. PPIs

are marked by white arrows. AtGAUT10, negative control; RFP, nucleus marker; YFP, detects PPI; Chl, Chloroplast autofluorescence. Scale bars represent 10 lm.

(b) Y2H assay analysis does not detect the interaction between AtCBF5 and AtTRB proteins which was found by BiFC. AtCBF5 protein interacts only with

AtPOT1a on histidine deficient plate (-His). BD, GAL4 DNA-binding domain; AD, GAL4 activation domain.

(c) Co-IP analysis shows interaction only between AtCBF5 and AtPOT1a protein, fused with Myc-tag and incubated with Myc-antibody and protein G-coupled

magnetic beads. I, Input; U, Unbound; B, Bound fractions; asterisks*, 35S-labelling.
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nuclear and cytoplasmic foci (Figure S3). Further, we

observed a weak interaction between AtPOT1a�AtRuvBL1

proteins in Y2H and Co-IP assays but not in BiFC system

(Figure S4). As a negative control in BiFC assay, we co-

transfected protoplasts with cYFP/AtGAUT10. AtGAUT10

protein did not interact with any of the proteins of interest

fused with nYFP: AtRuvBL1, AtRuvBL2a, AtTRB1, AtTRB2,

AtTRB3 or AtPOT1a. Co-transformation with an empty vec-

tor (AD, BD) served as a negative control in Y2H experi-

ments. In Co-IP experiment, the AtCBF5 proteins were

incubated with Myc-antibody and protein G-coupled mag-

netic beads in the absence of partner protein as negative

control. Together, we conclude that AtTRB proteins are

associated in very close proximity with AtCBF5, the plant

homologue of mammalian dyskerin, in the plant nucleus.

However, at the same time, AtCBF5 is not localized in the

nearby complex with the AtRuvBL proteins in vivo.

Association of AtRuvBLs, AtTRBs and AtTERT indicates

the formation of their complex in the nucleolus

During the assembly of a fully functional complex of the

human telomerase, the mature hTR gets recruited to the

nucleolus where it binds the hTERT complex. Both of the

core telomerase components, hTR and also hTERT, are

previously processed by several proteins, including

hRuvBL1 and hRuvBL2. It has already been published that

in the interphase, the AtTRB proteins showed preferential

localization to the nucleus and specially to the nucleolus

(Dvo�r�a�ckov�a et al., 2010). In comparison with the mam-

malian nucleoli, plant nucleoli are larger, more frequently

undergo fusions, and sometimes have a central clear

region, often called the nucleolar vacuole, the size of which

depends on nucleoli transcriptional activity (Shaw and

Brown, 2012; Stepinski, 2014).

We analyzed the subcellular localizations of the interac-

tions of our proteins of interest: AtTERT 1-271, AtRuvBL1,

AtRuvBL2a, AtTRB3 and AtCBF5 fused with nYFP- or cYFP-

tag in routinely performed BiFC experiments. The nucleoli

were marked by control plasmid mRFP�AtFibrillarin 1 (Pih

et al., 2000). Figure 6 shows interactions between

AtRuvBL1�AtTERT, AtTRB3�AtTERT, AtRuvBL1�AtTRB3

and AtRuvBL2a�AtTRB3, which occupy distinct areas

within the plant nucleus that match to the plant nucleolus.

The number of the PPIs foci localized exclusively in the

nucleolus is listed in the Table S1. Similar patterns of

nuclear or nucleolar PPI localization is visible also in Fig-

ure S5 where the whole nucleus was marked by

mRFP�VirD2NLS. However, the AtCBF5�AtTRB3 interac-

tion showed different localization pattern than the other

examined PPIs. AtCBF5�AtTRB3 interaction seems to be

localized in nucleoli and sometimes in additional nuclear

bodies at the periphery or outside the nucleoli, which is

consistent with localization of free AtCBF5 (Lermontova

et al., 2007). Together, our data indicate formation of

AtRuvBLs�AtTRBs�AtTERT complex in the nucleolus.

Dysfunction of AtRuvBL genes reduces telomerase activity

In human cells, the hRuvBL1 and hRuvBL2 proteins associ-

ate with a significant population of hTERT molecules that

do not yield high-level telomerase activity, measured by

Telomere Repeat Amplification Protocol (TRAP). The deple-

tion of hRuvBL1 and hRuvBL2 markedly impaired telom-

erase RNP accumulation and diminished human

telomerase activity (Venteicher et al., 2008). To assess

whether mutations in AtRuvBL genes have any impact on

telomerase activity in A. thaliana, we set to perform TRAP

assay on telomerase extracts isolated from T-DNA inser-

tion mutant lines. Extensive search of several T-DNA

Figure 6. Association of AtRuvBLs, AtTRBs and

AtTERT in the nucleolus in A. thaliana leaf protoplas-

ts. Protoplasts are co-transfected with mRFP�AtFib-

rillarin 1 encoding RFP that labels nucleolus and

simultaneously with each of the plasmids encoding

nYFP-tagged or cYFP-tagged AtRuvBL1, AtRuvBL2a,

AtTERT 1�271, AtTRB3 or AtCBF5 to determine PPI

localization. AtRuvBL1�AtTERT, AtTRB3�AtTERT,

AtRuvBL1�AtTRB3 or AtRuvBL2a�AtTRB3 interac-

tions show nucleolar localization. Plant homologue

of mammalian dyskerin, AtCBF5, is associated with

AtTRB3 in the nucleolus and in additional nuclear

bodies at the periphery of the nucleolus. RFP,

marked nucleus; YFP, detects PPI; Scale

bars = 10 lm.
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insertion lines, which are available from several plant data-

bases, revealed only two suitable plant lines with a limited

number of heterozygous mutant plants but with no

homozygous mutant plants: SAIL_397_C11 (AtRuvBL1) and

GK-543F01 (AtRuvBL2a). In an additional seven tested T-

DNA insertion plant lines we did not detect any viable

mutant or heterozygous plants for AtRuvBL1 or AtRuvBL2a

genes (Table S2). Furthermore, genotypic ratios of off-

spring of individual heterozygous plants did not follow the

expected Mendelian genotypic ratio. The observed ratio for

AtRuvBL1+/� and for AtRuvBL2a+/� plants was (51:21:0) and

(91:10:0), respectively, instead of (1:2:1) (Figure 7a) and the

cause of this phenomenon will be further investigated.

Quantitative TRAP assay performed with telomerase

extract isolated from flower buds of individual AtRuvBL2a

heterozygous plants demonstrated that relative telomerase

activity showed apparent reduction in comparison with

telomerase extract from wild-type A. thaliana (Col-0+/+)

buds (Figure 7b). T-DNA insertion mutation in AtRuvBL1

gene was lethal (Holt et al., 2002) but we detected viable

heterozygous AtRuvBL1 plants. These plants showed a

milder reduction of telomerase activity than AtRuvBL2a+/�

plants, which supports the assumption that AtRuvBL1 pro-

tein is essential for meristem development (Holt et al.,

2002).

Human RuvBL proteins are direct interactors of tran-

scription factor MYC that is required for expressing many

genes involved in cell-cycle transition events and prolifera-

tion (Wood et al., 2000). hRuvBL2 regulates MYC-depen-

dent transcription of TERT via targeting the hTERT

promoter (Wood et al., 2000; Li et al., 2010; Flavin et al.,

2011; Zhao et al., 2014). We analyzed the levels of AtTERT

transcripts in AtRuvBL1 and AtRuvBL2a heterozygous

plants to detect whether the decrease of telomerase activ-

ity was caused by the negative regulation of AtTERT pro-

moter i.e. the decrease of the abundance of AtTERT

transcripts. We did not observe significant changes in tran-

scripts of AtTERT gene in AtRuvBL1 heterozygous mutant

plants compared with the wild-type A. thaliana. Instead,

we observed very slight, though significant, increase in

AtTERT transcripts in AtRuvBL2a heterozygous mutant

plant lines (Figure S6).

Due to the difficulties in maintaining the heterozygous

AtRuvBL plant lines for several subsequent generations,

we were not able to analyze the transgenerational effects

of reduced telomerase activity on telomere lengths in

plants heterozygous in AtRuvBL1 and AtRuvBL2a genes.

However, in the analyzed generation of AtRuvBL1+/� and

AtRuvBL2a+/� plants that were descendants of heterozy-

gous predecessors, we did not detect any significant

changes in telomere lengths compared with the wild-type

plants using Terminal Restriction Fragment analysis (TRF)

(Figure S7).

Together, we conclude that the depletion of AtRuvBL1

and especially of AtRuvBL2a proteins reduces telomerase

activity which suggests a conserved role of AtRuvBL

proteins in maturation of functional telomerase complex

across the mammals and also plants.

Identification and phylogenetic analysis of the RuvBL

family in plants

RuvBL proteins, showing association with TERT in human

cells, represent a group of proteins well conserved across

all eukaryotic kingdoms, including Fungi, Animalia or

Plantae.

Here, we present a genome-wide analysis of RuvBL pro-

teins in 80 vascular plant species, one gymnosperm and

two bryophytes, totally 83 taxa, that were analyzed for the

presence of all three basic domains (DI, DII, DIII). The evo-

lutionary relationships among the RuvBL proteins were

Figure 7. Reduction of relative telomerase activity in heterozygous AtRuvBL

mutant plants.

(a) Genotypic ratio of the offspring of heterozygous AtRuvBL1 and AtRuv-

BL2a T-DNA insertion mutant plants. Homozygous mutant plants in

AtRuvBL genes are fully absent and even the number of heterozygous

plants does not follow the Mendelian genotypic ratio.

(b) Samples isolated from AtRuvBL1+/� and AtRuvBL2a+/� buds are analyzed

in three technical replicates by quantitative TRAP. Data are related to wild-

type Col-0 sample (telomerase activity in Col-0 buds are arbitrarily chosen

as 1). Relative telomerase activity is reduced in both AtRuvBL1+/� and

especially in AtRuvBL2a+/� samples. P < 0.05 are considered as significant.

Single asterisk denotes 0.01 < P < 0.05. Three asterisks denote

0.01 < P < 0.001.
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determined using maximum likelihood analyses based on

multiple alignments producing a phylogenetic tree depict-

ing the relationships among all currently accessible RuvBL

sequences. The evolutionary hypotheses from these analy-

ses were highly congruent. RuvBL protein family was

divided in two distinct groups based on the similarity of

sequences and branch length. Sequence similarity

between RuvBL1 and RuvBL2 is generally low, about 35–
40% while the sequence similarity within RuvBL subfami-

lies is about 80%. For instance, in A. thaliana AtRuvBL2a

and AtRuvBL2b share 82% similarity. On the other hand,

AtRuvBL1 with AtRuvBL2a or AtRuvBL1 with AtRuvBL2b

share 37.5 and 38.8% similarity, respectively. However,

only a subset of RuvBL1 was clearly separated (100% BS;

blue branch in Figure 8). Surprisingly, based on BLAST

search, RuvBL1 was found only in dicots and basal angios-

perms (Amborella trichopoda) up to now, RuvBL2 was rep-

resented in both, dicots and monocots from angiosperms,

but also in gymnosperms (Picea sitchensis) and bryo-

phytes (Physcomitrella patens and Marchantia polymor-

pha). The number of the homologues varied from 1 to 8

(Data S1 and S2).

Figure 8. Phylogenetic analysis of the RuvBL family in plants.

Unrooted phylogenetic tree of 190 proteins sequences of RuvBL family with enumerated plant species. Numbers above branches means bootstrap support val-

ues. Orthologues from Arabidopsis thaliana and Nicotiana tabacum are in bold letters.
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DISCUSSION

The formation of functional and enzymatically active

telomerase, a multisubunit RNP complex, is a dynamic

process governed by number of cofactors. In mammals,

hRuvBL1 and hRuvBL2 proteins, Pontin and Reptin, respec-

tively, are present in early steps of telomerase RNP biogen-

esis. We characterized plant homologues of RuvBL

proteins: AtRuvBL1 and AtRuvBL2a, previously co-purified

together with telomerase protein subunit AtTERT from

A. thaliana suspension cultures (Majersk�a et al., 2017).

Here we show that AtRuvBL1 protein colocalizes with N-

terminal part of AtTERT subunit of plant telomerase also

in vivo. However, in contrast with the AtRuvBL mammalian

counterparts, their interaction in plants seems to be indi-

rect. Association of AtRuvBL proteins with AtTERT in the

plant nucleolus appears to be bridged by telomeric AtTRB

proteins. Requirement of AtRuvBL proteins for a proper

telomerase assembly is endorsed by the fact that depletion

of AtRuvBL1 and especially of AtRuvBL2a protein, reduces

telomerase activity in plants heterozygous for AtRuvBL1 or

AtRuvBL2a genes. Moreover, AtTRB proteins are associ-

ated in the plant cell with a homologue of mammalian dys-

kerin, AtCBF5, that plays a role in telomerase RNP

biogenesis and directly interacts with AtPOT1a protein.

AtTRB proteins thus play a role of interaction hubs not

only in telomere chromatin structure but also in telom-

erase biogenesis. AtRuvBL proteins are able to multimer-

ize, which is analogous to the situation in mammalian

cells, and our data show preference to form mutual hetero-

mers. Detailed summary of protein–protein interactions

between AtRuvBLs, AtTRBs, AtTERT fragments, AtPOT1s

and AtCBF5 proteins, that have been detected using BiFC,

Y2H or Co-IP assays in this and other relevant publications,

are given in the Table 1.

Our detailed phylogeny proved that RuvBL proteins

are evolutionarily conserved in land plants and implied

plausible functional conservation of the RuvBL proteins.

However, further biochemical validation of the possible

conservation of mutual RuvBL�TRB interaction across

the plant kingdom can be limited by the fact that the

number of paralogues varies from 1 to 8 members in

between RuvBL proteins. The multiplication of genes of

the same family is not surprising as, in many plant fam-

ilies, the polyploidy (i.e. whole-genome duplication,

WGD), resulting in retention of multiple gene paralogs

may lead to their sub-functionalization, neo-functionaliza-

tion or partial or full redundancy (Mandakova and Lysak,

2008; Freeling, 2009). These limitations might be deterio-

rated by the fact that the AtRuvBL proteins can be

involved in a similar biochemical pathway but their

interaction partners might slightly differ (this paper; Ven-

teicher et al., 2008).

RuvBL proteins are involved in various cellular processes

The exact function even of mammalian RuvBL proteins is

still quite unknown as they interact with many molecular

complexes with vastly different downstream effectors

(Mao and Houry, 2017). Among others, hRuvBL2 was

shown to regulate hTERT promoter likely through the regu-

lation of MYC (c-myc), the transcription factor for TERT

(Wood et al., 2000; Li et al., 2010; Flavin et al., 2011; Zhao

et al., 2014). We observed no significant changes in tran-

scripts of AtTERT gene in AtRuvBL1 heterozygous mutant

plants, however we detected a very slight increase in tran-

scripts of AtTERT gene in AtRuvBL2a heterozygous plants.

Although the transcript levels of AtTERT gene were slightly

increased in AtRuvBL2a heterozygous plant lines, we

observed a very significant reduction of telomerase activity

Table 1 A summary table of protein–protein interactions

Summary table shows all interactions between AtRuvBLs, AtTRBs, AtTERT fragments, AtPOT1s and AtCBF5 proteins that are detected
using BiFC, Y2H or Co-IP assays.
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in these plants. Telomerase activity was reduced also in

AtRuvBL1 heterozygous T-DNA insertion plant lines. To

verify whether the regulation of telomerase activity was

affected due to the compromised assembly of telomerase

complex rather than due to regulation of transcript levels

of AtTERT gene in AtRuvBL-dependent manner, however,

needs further investigation.

The participation of RuvBL proteins in heterogeneous

cellular process as well as their association with specific

interactors can vary between cytoplasm, nucleus and

nucleolus (Mao and Houry, 2017). It seems that, also in

A. thaliana, the function of AtRuvBL proteins is not specific

only to the telomerase assembly, as they were suggested

as regulators of disease resistance (R) genes (Holt et al.,

2002). It has already been published that AtRuvBL1 is

essential in meristem development (Holt et al., 2002), the

function consistent with its function in telomerase assem-

bly observed in this work. Our extensive, but unsuccessful,

Figure 9. Comparative model of telomerase assembly in human and Arabidopsis.

(a) Human TR binds dyskerin, NHP2, NOP10, and GAR1 and human TERT associates with the chaperones Hsp90 and p23. The telomerase RNP is retained into

the nucleoli through the interaction between TERT and nucleolin. Assembly of TR and TERT into catalytically active telomerase is aided by Pontin (hRuvBL1)

and Reptin (hRuvBL2) AAA+ ATPases. Telomerase is recruited to Cajal bodies (CBs) by its interaction with TCAB1. The CBs will colocalize with telomeres, and

telomerase is recruited to telomeres by the interaction with the shelterin component TPP1 (MacNeil et al., 2016; Lim et al., 2017).

(b) Arabidopsis CBF5, GAR1, NOP10, NHP2, but in contrast with human cells also NAF1, were localized into the plant nucleolus (Pendle et al., 2005; Lermontova

et al., 2007). In the plant nucleolus, we observe colocalization of TERT with RuvBL AAA+ ATPases complex bridged by telomeric TRB proteins, as well as the

interaction of telomeric protein POT1a with CBF5. Arabidopsis telomeres cluster at the periphery of the nucleolus which is mediated by the presence of nucle-

olin. Recruitment of the mature telomerase complex to telomeres with or without commitment of CBs in Arabidopsis needs further investigation. Proteins that

were already proven as associated with CBs are highlighted in color in Cajal bodies. Proteins that have not yet been experimentally proven as CBs associated

are marked with black and white.
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effort to receive homozygous mutant plants in several

T-DNA insertion lines mutant in the AtRuvBL1 and AtRuv-

BL2a genes also indicated the essentiality of AtRuvBL pro-

teins in various cellular processes in plants. Furthermore,

genotypic ratio of offspring of individual heterozygous

plants does not follow the Mendelian genotypic ratio, indi-

cating that both AtRuvBL proteins are essential regulators

of plant development. Therefore, we suggest to investigate

the function of AtRuvBLs in plant sporophyte or female

gametophyte development in future studies.

Nucleolus localization of telomerase assembly complex

Telomere maintenance requires a proper assembly of the

TERT and TR components of telomerase into RNP as well

as a number of cofactors involved in maturation, stability

and subcellular localization of telomerase. In mammals,

the association of hTR RNP with hTERT proceeds in the

nucleolus during the early S-phase (Lee et al., 2014).

Assembled and catalytically active telomerase RNP sepa-

rates from the nucleoli and is transported to CBs during

the S-phase for subsequent recruitment to telomeric chro-

matin and telomere extension (Figure 9a) (MacNeil et al.,

2016). Association of hTERT with human RuvBL proteins,

Pontin and Reptin, peaks in S-phase, which may reflect

cell-cycle regulation of total TERT and/or assembly of

telomerase on telomeres (Venteicher et al., 2008). RuvBL1

and RuvBL2a proteins, together with, for example, Fibril-

larin 1 and many other proteins, were purified and identi-

fied in nucleoli isolated from A. thaliana cell culture

protoplasts (Pendle et al., 2005). Our data indicated that

plant homologues of human Pontin and Reptin, the

AtRuvBL proteins, are associated in the plant nucleolus

with AtTERT, together with AtTRB proteins (Figure 9b).

AtTRB proteins are highly dynamic and during the inter-

phase, they are preferentially localized to the nucleolus or

nuclear bodies of different size (Dvo�r�a�ckov�a, 2010). AtTRBs

behave as typical nucleolar resident proteins, being largely

dispersed at prophase, coinciding with nucleolar disas-

sembly. However, a small but detectable amount of the

protein remains associated with the chromatin throughout

mitosis (Azum-Gelade et al., 1994; Dvo�r�a�ckov�a et al.,

2010). Similarly, to the AtTRB proteins, also the N-terminal

part of AtTERT was detected in the nucleoli in A. thaliana

(Rossignol et al., 2007; Zachov�a et al., 2013).

In mammals, the telomerase RNP is retained in nucleoli

through the interaction between hTERT and nucleolin in

the dense fibrillar component (Khurts et al., 2004; Lee

et al., 2014). In A. thaliana, null mutants for the nucleolar

protein NUCLEOLIN 1 cause telomere shortening on all

chromosome arms (Pontvianne et al., 2016). Telomeres in

A. thaliana do not form a Rabl conformation, as in some

other species, but telomeres and their flanking regions

strongly associated with the nucleolus in a rosette-like

organization (Armstrong et al., 2001; Fransz et al., 2002;

Roberts et al., 2009; Pontvianne et al., 2016; Schrumpfov�a

et al., 2016a). Our data indicated the presence of

AtTERT�AtTRB�AtRuvBL complex in the nucleolus. Nucle-

olar localization of the AtTERT�AtTRB�AtRuvBL complex

together with the close proximity of telomeres to the

nucleolus, suggested the conservation of the recruitment

of the maturating telomerase to the nucleolus during the

telomerase assembly. Figure 9 shows a comparative

model of the assembly and localization of telomerase in

mammalian and plant cells.

Plausible conservation of the telomerase trafficking

pathway

Cajal bodies are spherical suborganelles localized in the

nucleoplasm either in the vicinity of the nucleolus and/or

they are present free. The function of CBs is not completely

understood, but they were implicated mainly in snRNAs

synthesis and processing. CBs also contribute to the bio-

genesis of telomerase. In S-phase, CBs colocalize with

telomeres and facilitate recruitment of the mature mam-

malian telomerase complex to the telomeres. Human dys-

kerin, hNHP2, hNOP10 and hGAR1, that displaces hNAF1 in

the hTR RNP, belong to conserved scaffold proteins, which

colocalize with CBs and are involved in hTR RNP assembly

(MacNeil et al., 2016). Expression of putative AtGAR1,

AtNOP10, AtNHP2 genes encoding protein components of

the H/ACA box snoRNP complex correlate with that of

AtCBF5, a plant homologue of dyskerin (Lermontova et al.,

2007). AtCBF5 directly interacts with AtNAF1 (Lermontova

et al., 2007) and has been identified as a component of the

enzymatically active A. thaliana telomerase RNP (Kannan

et al., 2008). AtCBF5 localizes in nucleoli and sometimes in

additional nuclear bodies at the periphery or outside the

nucleoli, but AtCBF5 also colocalizes with TMG-capped

snRNA, a marker for CBs (Lermontova et al., 2007).

Here we show that plant dyskerin, AtCBF5, indirectly

interacts with AtTRB proteins in the plant nucleolus or in

other nuclear bodies. It has already been published that

AtTRBs are located not only in the nucleolus but also in

nuclear bodies of different size, some of which might be

CBs (visualized by a marker protein Coilin) (Dvo�r�a�ckov�a,

2010). Dvo�r�a�ckov�a detected significant colocalization of

AtTRB1 with Coilin present in the CBs adjacent to the

nucleolus. However, no colocalization was detected

between signals corresponding to the AtTRB1 and free

CBs in the nucleoplasm. Presence of AtTRB1 protein

entirely in the CBs adjacent to the nucleoli implies a

potential conservation of the trafficking pathway during

the telomerase maturation, which comprises movement

of maturating telomerase complex through nucleolus to

CBs and finally to the telomeres. Notably, not all the

organisms (e.g. budding yeast and ciliates) rely on the

CBs trafficking since telomerase RNAs from these species

do not have H/ACA or CAB box motifs, and further studies
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are needed to prove this hypothesis. We observe that

interaction between AtCBF5 and AtPOT1a is localized

mostly in the nucleolus but in few cases also in cytoplas-

mic foci. The cytoplasmic localization is not surprising as

it has already been shown that plant AtPOT1a and

AtPOT1b, as well as their human homologue hPot1, are

localized in the nucleus, as well in the cytoplasm (Chen

et al., 2007; Rossignol et al., 2007).

The assembly of hTR RNP to the telomerase holoenzyme

is not fully elucidated and it is highly complex multistep

process. Therefore, the absence of the interaction between

AtCBF5 and AtRuvBLs in the plant nucleus in our experi-

ments is also not surprising. For example, Machado-Pinilla

et al. (2012) showed that dyskerin was sandwiched between

two hSHQ1 domains in the first steps of the biogenesis of

telomerase. C-terminal tail of hCBF5 was essential for

hSHQ1 release mediated by hRuvBLs. However, a stable

interaction with the tails is not a part of the process because

hRuvBLs bind to hCBF5 in a pull-down assay, even in the

absence of its tail. Assembly of functional AtTER RNP, as

well as the assembly of mammalian hTR RNP, is certainly a

multistep process that may include AtTER, AtCBF5, AtTRBs,

AtRuvBLs, AtPOT1a and many other factors, whose pres-

ence/participation/mutual interactions will be the subjects

of our future research. Dynamics and complexity of mutual

interactions can be demonstrated by the fact that we detect

the interacting complex of AtCBF5�AtPOT1a in the nucleo-

lus or in the cytoplasmic and nuclear foci using BiFC assay,

while AtCBF5�AtTRBs interactions are localized entirely to

the nucleoli and additional nuclear bodies. Moreover, asso-

ciation of AtTRB3 with AtTERT and AtRuvBLs is entirely

localized to the nucleolus.

Concluding remarks

Homologues of the mammalian Pontin and Reptin, named

RuvBL proteins, as well as TRB proteins, might be involved

in diverse processes in the plant cell. AtTRB proteins are

not only components of terminal complex associated with

telomeres and catalytic subunit of telomerase, AtTERT

(Schrumpfov�a et al., 2016a, 2019), but they also serve as

epigenetic regulators that potentially impact the transcrip-

tion status of thousands of genes as subunits of epigeneti-

cally active multiprotein complexes (Lee and Cho, 2016;

Schrumpfov�a et al., 2016b; Zhou et al., 2016; Dokl�adal

et al., 2018; Tan et al., 2018). AtRuvBL1 protein has been

assumed as a regulator of R genes so far and is essential

in meristem development (Holt et al., 2002). Here we sug-

gest involvement of AtRuvBL proteins in telomerase

assembly pathway in A. thaliana. We detected new interac-

tions of AtTRB proteins with AtRuvBL proteins, localized

the AtTERT�AtTRB�AtRuvBL complex exclusively in the

nucleolus and observed that heterozygous T-DNA insertion

mutants in AtRuvBL1 or AtRuvBL2a genes showed reduced

telomerase activity. Further, our results showed

interactions of AtCBF5, the plant orthologue of dyskerin,

with AtTRB and AtPOT1, but not with the AtRuvBL pro-

teins, which expanded our knowledge on the telomerase

assembly process. Indispensability of the AtRuvBL proteins

for the plant development was supported by our finding

that homozygous atruvbl1 and atruvbl2a mutant plants

were not viable. Furthermore, we identified new homo-

logues RuvBL proteins and analyzed their evolutionary

relationships in plants. Altogether, our data show that the

plant homologues of Pontin and Reptin, AtRuvBLs, and

also AtTRB are involved in telomerase assembly and sug-

gest conservation of telomerase trafficking pathway via the

nucleolus to the telomeres in plants.

EXPERIMENTAL PROCEDURES

Searching transcriptomes and genomes for RuvBL

homologues

RuvBL homologues were identified by BLASTP searches using
A. thaliana proteins from the TAIR database (https://www.arabid
opsis.org/) to query NCBI protein databases (http://www.ncbi.nlm.
nih.gov/). The BLASTP searches used default parameters,
adjusted to the lowest E-value. The duplicates from all searches
were eliminated. We conducted an iterative search of the UniProt
database (http://www.uniprot.org/) and the Phytozome version 11
database (https://phytozome.jgi.doe.gov) was next searched for
proteins not found by BLASTP. We analyzed all sequences inde-
pendently of their annotations, with no prior assumptions. Infor-
mation summary of accession numbers for RuvBL are in Data S1
and S2.

Sequence alignment

Amino acid sequences were aligned using the Clustal Omega algo-
rithm (Sievers et al., 2011) in the Mobyle platform (Neron et al.,
2009), with homology detection by HMM-HMM comparisons (Sod-
ing, 2005). Protein isoforms with the same length were also used,
because the differential expression patterns producing protein iso-
forms from various tissues suggested that isoforms could have dif-
ferent biological functions in vivo (Chen et al., 2014).

Phylogenetic reconstruction

Maximum likelihood (ML) analyses of the matrices were per-
formed in RAxML 8.2.4 (Stamatakis, 2014) to examine differences
in optimality between alternative topologies. Using the Akaike
information criterion as implemented in Modeltest 3.8 (Posada
and Crandall, 1998), a GTR+I+Γ model was chosen as the best-fit-
ting model, and 1000 replications were run for bootstrap values.
The final data set for RuvBL contained 190 proteins of different
species and length 576 bp. Phylogenetic trees were constructed
and modified with iTOL v3.4 (Letunic and Bork, 2016).

Transgenic constructs

The Gateway-compatible donor and destination vectors carrying
the AtTERT (AtTERT 1-233, 1-271, 229-582, 597-987, 958-1123) frag-
ments were described in Zachov�a et al. (2013). The Gateway-com-
patible donor vectors carrying AtRuvBL1, AtRuvBL2a, AtPOT1a,
AtPOT1b and AtGAUT10 were described in Majersk�a et al. (2017).
The AtTRB1, 2 and 3 constructs have described previously
(Schrumpfov�a et al., 2014).
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The cloned cDNA sequence of AtCBF5 (GC105080 from Arabidop-
sis Information Resource (http://www.arabidopsis.org/)) in
pENTR223 was used as entry vector. For preparation of yeast two-
hybrid (Y2H) and/or BiFC constructs, DNA fragments were intro-
duced 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, Carlsbad, CA, USA).

PCR-based genotyping of plant lines

Plants with annotated T-DNA insertion within AtRuvBL1 gene
(SAIL_397_C11, WiscDsLoxHs027_03G, WiscDsLoxHs117_06F,
WiscDsLoxHs168_06D) and AtRuvBL2a gene (GK-543F01,
SALK_071103, SALK_144539, SALK_144540, SAIL_500_C04) in the
Col-0 background were used (Figure S8). To distinguish between
wild-type plants and those that were heterozygous for the T-DNA
insertion in theAtRuvBL1 orAtRuvBL2a genes, we isolated genomic
DNA from leaves by the standard protocol of Dellaporta et al.
(1983). The genomic DNA was used for PCR analysis using MyTaq
DNA polymerase (Bioline, http://www.bioline.com). The conditions
used were in accordance with the manufacturer’s instructions. The
primers used were specific for T-DNA and AtRuvBL1 or AtRuvBL2a
genes (Table S3, Figure S9). Thermal conditions were 95°C for 1 min
(initial denaturation), followed by 30 cycles of 95°C for 30 sec, 60°C
for 30 sec and 72°C for 1 min 20 sec, with a final extension at 72°C
for 10 min.

RT-PCR

Total RNA was extracted from approximately 100 mg of frozen
young leaves using an RNeasy plantmini kit (Qiagen, Venlo, Nether-
lands) and RNA samples were treated with TURBO DNA-free
(Applied Biosystems/Ambion, http://www.lifetechnologies.com
TURBO DNA-free). The quality and quantity of RNA were
determined by electrophoresis on 1% w/v agarose gels and by mea-
surement of absorbance using NanoDropTM 2000/2000c
spectrophotometer (https://www.thermofisher.com/). Reverse tran-
scription was performed using random nonamers (Sigma-Aldrich,
http://www.sigmaaldrich.com) with 1 lg RNA and Mu-MLV RT
(New England Biolabs, https://www.neb.com/). Quantification of
transcript levels of the AtRuvBL1, AtRuvBL2a (Figure S10) and
AtTERT genes (Fojtov�a et al., 2011) was carried out by FastStart l
SYBR Green Master (Roche, Basel, Switzerland), a Rotorgene 6000
cycler (Qiagen) and using the Ubiquitin-10 gene as suitable refer-
ences for quantitative analyses in A. thaliana. A 2 ll aliquot of
cDNA, from two biological replicates, were added to the 20 ll reac-
tion mix; the final concentration of each forward and reverse primer
(sequences are given in Table S3) was 0.25 lM. Three technical repli-
cates were done for each reaction that was measured in triplicates;
the PCR cycle consisted of 15 min of initial denaturation followed by
40 cycles of 15 sec at 95°C, 20 sec at 56°C and 30 sec at 72°C. SYBR
Green I fluorescence was monitored consecutively after the exten-
sion step (Fojtov�a et al., 2011) sequences of primers are given in
Table S3. Statistical analysis was performed using unpaired Stu-
dent’s t-test.

Quantitative TRAP assay

Protein extracts from buds were prepared as described by Fitzger-
ald et al. (1996). qTRAP analysis was performed as described in
Herbert et al. (2006) using FastStart SYBR Green Master (Roche)
and TS21 and TEL-PR primers. Samples were analyzed in tripli-
cate. A 1 ll aliquot of extract diluted to 50 ng ll�1 protein concen-
tration was added to the 20 ll reaction mix. Ct values were

determined using the Rotorgene 3000 (Qiagen) machine software,
and relative telomerase activity was calculated by the DCt method
(Pfaffl, 2004).

TRF analysis

TRF analysis was performed as described previously (Ruckova
et al., 2008) using 500 ng genomic DNA isolated from 5 to 7 weeks
old rosette leaves using NucleoSpin Plant II (Machery Nagel).
Hybridized samples (Hybond XL, GE Healthcare, Chicago, IL, USA)
by Southern hybridization method were radioactively marked by
random priming, in which the telomeric probe was prepared
according to a modified protocol from Ijdo et al. (1991). Telomeric
signals were visualized using an FLA7000 imager (Fujifilm, Tokyo,
Japan). Evaluation of fragment lengths was performed using a
Gene Ruler 1 kb DNA ladder (Fermentas, http://www.thermoscien
tificbio.com/fermentas/) as the standard. Mean telomere lengths
were calculated as described by Grant et al. (2001).

Yeast two-hybrid assay

Yeast two-hybrid experiments were performed using the Match-
maker TM GAL4-based two-hybrid system (Clontech, Kyoto,
Japan) as described in Schrumpfov�a et al. (2014). AtRuvBL1 and
AtRuvBL2a constructs from pDONR/221 entry clones were sub-
cloned into the Gateway-compatible destination vector pGBKT7-
DEST (bait vector) and pGADT7-DEST (prey vector). cDNA
sequences encoding AtTERT fragments from pDONR/221 entry
clones and AtCBF5 from PENTR223 entry clone were subcloned
into the Gateway-compatible destination vector pGBKT7-DEST
(bait vector). AtPOT1a constructs were subcloned from pDONR/
221 entry clones into the Gateway-compatible destination vector
pGADT7-DEST (prey vector). The pGADT7 prey vectors (Clontech)
carrying AtTRB1-3 and AtPOT1a have been described previously
(Schrumpfov�a et al., 2008). Successful co-transformation of each
bait/prey combination into Saccharomyces cerevisiae PJ69-4a was
confirmed on SD plates lacking Leu and Trp, and positive interac-
tions were selected on SD medium lacking Leu, Trp and His (with
or without 3-aminotriazol (3-AT)) or SD medium lacking Leu, Trp
and Ade. Co-transformation with an empty vector and homod-
imerization of the AtTRB1 protein served as negative and positive
control, respectively (Schrumpfov�a et al., 2014). Protein expres-
sion was verified by immunoblotting in equal amounts of protein
extracts separated by SDS-PAGE (12%), blotted onto nitrocellulose
membrane, and probed with mouse anti-Myc (1:1000; Sigma-
Aldrich) and mouse anti-HA (1:1000) primary antibodies binding
to specific protein epitope tags of AD- and BD-fusion proteins, fol-
lowed by an anti-mouse HRP-conjugated secondary antibodies
(1:8000; Sigma-Aldrich) for chemiluminescence detection.

In vitro translation and co-immunoprecipitation

Additionally, the Y2H constructs were employed for verification in
assay as described in Schrumpfov�a et al. (2008). Briefly, radioac-
tively (35S-Met) labelled proteins with hemagglutinin tag (HA)
(pGADT7, pGADT7-DEST), as well as non-radioactively labelled
protein partners with a Myc-tag (pGBKT7, pGBKT7-DEST) were
separately expressed in the TNT Quick Coupled Transcription/
Translation System (TNT-RRL) (Promega, Fitchburg, WI, USA) in
50 ll of each reaction according to the manufacturer’s instruc-
tions. The co-immunoprecipitation procedure was performed as
described by Schrumpfov�a et al. (2008) with 1 lg anti-Myc-tag
polyclonal antibody (Sigma-Aldrich, St. Louis, MO, USA) and incu-
bated overnight at 4°C with 10 ll protein G magnetic particles
(Dynabeads, Invitrogen-Dynal).

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 98, 195–212

Characterization of plant Pontin and Reptin 209

http://www.arabidopsis.org/
http://www.bioline.com
http://www.lifetechnologies.com
https://www.thermofisher.com/
http://www.sigmaaldrich.com
https://www.neb.com/
http://www.thermoscientificbio.com/fermentas/
http://www.thermoscientificbio.com/fermentas/


During the co-immunoprecipitation with three proteins of inter-
est, two radioactively labeled proteins with HA-tag (AtRuvBL1,
AtTRB3) and one non-radioactively labeled AtTERT 1-271 fragment
with Myc-tag were expressed separately in TNT-RRL and incu-
bated in the same manner as previous Co-IP together with protein
G magnetic particles (Dynabeads, Invitrogen-Dynal) and 1 lg anti-
Myc-tag polyclonal antibody (Sigma). Input, Unbound and Bound
fractions were separated by 12% SDS-PAGE and analyzed by
FLA7000 imager (Fujifilm).

Bimolecular fluorescence complementation

Arabidopsis thaliana leaf protoplasts were prepared and co-trans-
fected with DNA (10 lg of each construct) as was described in Lee
et al. (2012). The same entry vectors (pDONR/221, PENTR223),
already used for AtRuvBL1, AtRuvBL2a, AtTERT fragments,
AtCBF5 and AtPOT1a Y2H constructs cloning (Majersk�a et al.,
2017) or entry vectors used for cloning AtTRB1-3 (Schrumpfov�a
et al., 2008) were ligated into pSAT5-DEST-c(175-end)EYFP�C1(B),
pSAT4-DEST-n(174)EYFP�Cl vectors. As a negative control, we
used the cYFP/AtGAUT10 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). To label nucleolus we co-transfected a plasmid expressing
mRFP fused to the to AtFibrillarin 1 (Pih et al., 2000). Transfected
protoplasts were incubated in the light, at room temperature over-
night, and then observed for fluorescence using a Zeiss AxioI-
mager Z1 epifluorescence microscope equipped with filters for
YFP (Alexa Fluor 488), RFP (Texas Red) and CY5 (chloroplast aut-
ofluorescence). The mRFP�VirD2NLS and AtGAUT10�cEYFP con-
structs for BiFC experiments were kindly provided by Prof.
Stanton B. Gelvin (Purdue University, USA).
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and S�ykorov�a, E. (2018) An armadillo-domain protein participates in a

telomerase interaction network. Plant Mol. Biol. 97, 407–420.
Dreissig, S., Schiml, S., Schindele, P., Weiss, O., Rutten, T., Schubert, V.,

Gladilin, E., Mette, M.F., Puchta, H. and Houben, A. (2017) Live-cell

CRISPR imaging in plants reveals dynamic telomere movements. Plant J.

91, 565–573.
Dvo�r�a�ckov�a, M. (2010) Analysis of Arabidopsis telomere-associated proteins

in vivo. PhD thesis, Masaryk University, Brno.

Dvo�r�a�ckov�a, M., Rossignol, P., Shaw, P.J., Koroleva, O.A., Doonan, J.H. and

Fajkus, J. (2010) AtTRB1, a telomeric DNA-binding protein from Ara-

bidopsis, is concentrated in the nucleolus and shows highly dynamic

association with chromatin. Plant J. 61, 637–649.
Fajkus, J. and Trifonov, E.N. (2001) Columnar packing of telomeric nucleo-

somes. Biochem. Biophys. Res. Commun. 280, 961–963.
Fitzgerald, M.S., McKnight, T.D. and Shippen, D.E. (1996) Characterization

and developmental patterns of telomerase expression in plants. Proc.

Natl Acad. Sci. USA, 93, 14422–14427.
Flavin, P., Redmond, A., McBryan, J. et al. (2011) RuvBl2 cooperates with

Ets2 to transcriptionally regulate hTERT in colon cancer. FEBS Lett. 585,

2537–2544.
Fojtov�a, M., Pe�ska, V., Dob�s�akov�a, Z., Mozgov�a, I., Fajkus, J. and S�ykorov�a, E.

(2011) Molecular analysis of T-DNA insertion mutants identified putative

regulatory elements in the AtTERT gene. J. Exp. Bot. 62, 5531–5545.
Fransz, P., De Jong, J.H., Lys�ak, M., Castiglione, M.R. and Schubert, I.

(2002) Interphase chromosomes in Arabidopsis are organized as well

defined chromocenters from which euchromatin loops emanate. Proc.

Natl Acad. Sci. USA, 99, 14584–14589.
Freeling, M. (2009) Bias in plant gene content following different sorts of

duplication: tandem, whole-genome, segmental, or by transposition.

Annu. Rev. Plant Biol. 60, 433–453.
Gallant, P. (2007) Control of transcription by Pontin and Reptin. Trends Cell

Biol. 17, 187–192.
Grant, J.D., Broccoli, D., Muquit, M., Manion, F.J., Tisdall, J. and Ochs, M.F.

(2001) Telometric: a tool providing simplified, reproducible measure-

ments of telomeric DNA from constant field agarose gels. Biotechniques,

31, 1314–1318.
Greider, C.W. (1996) Telomere length regulation. Annu. Rev. Biochem. 65,

337–365.
He, J., Navarrete, S., Jasinski, M., Vulliamy, T., Dokal, I., Bessler, M. and

Mason, P.J. (2002) Targeted disruption of Dkc1, the gene mutated in X-

linked dyskeratosis congenita, causes embryonic lethality in mice. Onco-

gene, 21, 7740–7744.
Herbert, B.S., Hochreiter, A.E., Wright, W.E. and Shay, J.W. (2006) Nonra-

dioactive detection of telomerase activity using the telomeric repeat

amplification protocol. Nat. Protoc. 1, 1583–1590.
Holt, B.F., Boyes, D.C., Ellerstr€om, M., Siefers, N., Wiig, A., Kauffman, S.,

Grant, M.R. and Dangl, J.L. (2002) An evolutionarily conserved mediator

of plant disease resistance gene function is required for normal Ara-

bidopsis development. Dev. Cell, 2, 807–817.
Horak, J., Grefen, C., Berendzen, K.W., Hahn, A., Stierhof, Y.D., Stadelhofer,

B., Stahl, M., Koncz, C. and Harter, K. (2008) The Arabidopsis thaliana

response regulator ARR22 is a putative AHP phospho-histidine phos-

phatase expressed in the chalaza of developing seeds. BMC Plant Biol. 8,

77.

Ijdo, J.W., Wells, R.A., Baldini, A. and Reeders, S.T. (1991) Improved telom-

ere detection using a telomere repeat probe (TTAGGG)n generated by

PCR. Nucleic Acids Res. 19, 4780.

Izumi, N., Yamashita, A. and Ohno, S. (2012) Integrated regulation of PIKK-

mediated stress responses by AAA+ proteins RUVBL1 and RUVBL2.

Nucleus, 3, 29–43.
Jha, S., Shibata, E. and Dutta, A. (2008) Human Rvb1/Tip49 is required for

the histone acetyltransferase activity of Tip60/NuA4 and for the downreg-

ulation of phosphorylation on H2AX after DNA damage. Mol. Cell. Biol.

28, 2690–2700.
Kannan, K., Nelson, A.D. and Shippen, D.E. (2008) Dyskerin is a component

of the Arabidopsis telomerase RNP required for telomere maintenance.

Mol. Cell. Biol. 28, 2332–2341.
Kerppola, T.K. (2009) Visualization of molecular interactions using bimolec-

ular fluorescence complementation analysis: characteristics of protein

fragment complementation. Chem. Soc. Rev. 38, 2876–2886.
Khurts, S., Masutomi, K., Delgermaa, L., Arai, K., Oishi, N., Mizuno, H.,

Hayashi, N., Hahn, W.C. and Murakami, S. (2004) Nucleolin interacts with

telomerase. J. Biol. Chem. 279, 51508–51515.
de Lange, T. (2005) Shelterin: the protein complex that shapes and safe-

guards human telomeres. Genes Dev. 19, 2100–2110.
Lee, W.K. and Cho, M.H. (2016) Telomere-binding protein regulates the

chromosome ends through the interaction with histone deacetylases in

Arabidopsis thaliana. Nucleic Acids Res. 44, 4610–4624.
Lee, L.Y., Wu, F.H., Hsu, C.T. et al. (2012) Screening a cDNA library for pro-

tein–protein interactions directly in planta. Plant Cell, 24, 1746–1759.
Lee, J.H., Lee, Y.S., Jeong, S.A., Khadka, P., Roth, J. and Chung, I.K. (2014)

Catalytically active telomerase holoenzyme is assembled in the dense

fibrillar component of the nucleolus during S phase. Histochem. Cell

Biol. 141, 137–152.
Lermontova, I., Schubert, V., Bornke, F., Macas, J. and Schubert, I. (2007)

Arabidopsis CBF5 interacts with the H/ACA snoRNP assembly factor

NAF1. Plant Mol. Biol. 65, 615–626.
Letunic, I. and Bork, P. (2016) Interactive tree of life (iTOL) v3: an online tool

for the display and annotation of phylogenetic and other trees. Nucleic

Acids Res. 44, W242–W245.

Li, W., Zeng, J., Li, Q., Zhao, L., Liu, T., Bjorkholm, M., Jia, J. and Xu, D.

(2010) Reptin is required for the transcription of telomerase reverse tran-

scriptase and over-expressed in gastric cancer. Mol. Cancer, 9, 132.

Lim, C.J., Zaug, A.J., Kim, H.J. and Cech, T.R. (2017) Reconstitution of

human shelterin complexes reveals unexpected stoichiometry and dual

pathways to enhance telomerase processivity. Nat. Commun. 8, 1075.

Machado-Pinilla, R., Liger, D., Leulliot, N. and Meier, U.T. (2012) Mechanism

of the AAA+ ATPases pontin and reptin in the biogenesis of H/ACA RNPs.

RNA, 18, 1833–1845.
MacNeil, D.E., Bensoussan, H.J. and Autexier, C. (2016) Telomerase regula-

tion from beginning to the end. Genes (Basel), 7, 1–33.
Majersk�a, J., Schrumpfov�a, P.P., Dokl�adal, L., Scho�rov�a, S., Stejskal, K.,

Obo�ril, M., Honys, D., Koz�akov�a, L., Polansk�a, P.S. and S�ykorov�a, E.

(2017) Tandem affinity purification of AtTERT reveals putative interaction

partners of plant telomerase in vivo. Protoplasma, 254, 1547–1562.
Mand�akov�a, T. and Lys�ak, M.A. (2008) Chromosomal phylogeny and kary-

otype evolution in x=7 crucifer species (Brassicaceae). Plant Cell, 20,

2559–2570.
Mao, Y.Q. and Houry, W.A. (2017) The role of Pontin and Reptin in cellular

physiology and cancer etiology. Front. Mol. Biosci. 4, 58.

Matias, P.M., Gorynia, S., Donner, P. and Carrondo, M.A. (2006) Crystal struc-

ture of the human AAA+ protein RuvBL1. J. Biol. Chem. 281, 38918–38929.
McKeegan, K.S., Debieux, C.M., Boulon, S., Bertrand, E. and Watkins, N.J.

(2007) A dynamic scaffold of pre-snoRNP factors facilitates human box

C/D snoRNP assembly. Mol. Cell. Biol. 27, 6782–6793.
Mozgov�a, I., Schrumpfov�a, P.P., Hofr, C. and Fajkus, J. (2008) Functional

characterization of domains in AtTRB1, a putative telomere-binding pro-

tein in Arabidopsis thaliana. Phytochemistry, 69, 1814–1819.
Neron, B., Menager, H., Maufrais, C., Joly, N., Maupetit, J., Letort, S., Car-

rere, S., Tuffery, P. and Letondal, C. (2009) Mobyle: a new full web bioin-

formatics framework. Bioinformatics, 25, 3005–3011.
Niewiarowski, A., Bradley, A.S., Gor, J., McKay, A.R., Perkins, S.J. and

Tsaneva, I.R. (2010) Oligomeric assembly and interactions within the

human RuvB-like RuvBL1 and RuvBL2 complexes. Biochem. J. 429,

113–125.

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 98, 195–212

Characterization of plant Pontin and Reptin 211



Ohdate, H., Lim, C.R., Kokubo, T., Matsubara, K., Kimata, Y. and Kohno, K.

(2003) Impairment of the DNA binding activity of the TATA-binding pro-

tein renders the transcriptional function of Rvb2p/Tih2p, the yeast RuvB-

like protein, essential for cell growth. J. Biol. Chem. 278, 14647–14656.
Osaki, H., Walf-Vorderwulbecke, V., Mangolini, M., Zhao, L., Horton, S.J.,

Morrone, G., Schuringa, J.J., de Boer, J. and Williams, O. (2013) The

AAA+ ATPase RUVBL2 is a critical mediator of MLL-AF9 oncogenesis.

Leukemia, 27, 1461–1468.
Pendle, A.F., Clark, G.P., Boon, R., Lewandowska, D., Lam, Y.W., Andersen,

J., Mann, M., Lamond, A.I., Brown, J.W. and Shaw, P.J. (2005) Proteomic

analysis of the Arabidopsis nucleolus suggests novel nucleolar functions.

Mol. Biol. Cell, 16, 260–269.
Pe�ska, V., Schrumpfov�a, P.P. and Fajkus, J. (2011) Using the telobox to search

for plant telomere binding proteins. Curr. Protein Pept. Sci. 12, 75–83.
Pfaffl, M.W. (2004) Quantification strategies in real-time PCR. In A-Z of

Quantitative PCR (Bustin, S.A., ed). La Jolla, CA: International University

Line, pp 87–112.
Pih, K.T., Yi, M.J., Liang, Y.S., Shin, B.J., Cho, M.J., Hwang, I. and Son, D.

(2000) Molecular cloning and targeting of a fibrillarin homolog from Ara-

bidopsis. Plant Physiol. 123, 51–58.
Pontvianne, F., Carpentier, M.C., Durut, N. et al. (2016) Identification of

nucleolus-associated chromatin domains reveals a role for the nucleo-

lus in 3D organization of the A. thaliana genome. Cell Rep. 16, 1574–
1587.

Posada, D. and Crandall, K.A. (1998) MODELTEST: testing the model of DNA

substitution. Bioinformatics, 14, 817–818.
Queval, R., Papin, C., Dalvai, M., Bystricky, K. and Humbert, O. (2014) Reptin

and Pontin oligomerization and activity are modulated through histone

H3 N-terminal tail interaction. J. Biol. Chem. 289, 33999–34012.
Roberts, N.Y., Osman, K. and Armstrong, S.J. (2009) Telomere distribution

and dynamics in somatic and meiotic nuclei of Arabidopsis thaliana.

Cytogenet. Genome Res. 124, 193–201.
Rosenbaum, J., Baek, S.H., Dutta, A., Houry, W.A., Huber, O., Hupp, T.R.

and Matias, P.M. (2013) The emergence of the conserved AAA+ ATPases

Pontin and Reptin on the signaling landscape. Sci. Signal. 6, mr1.

Rossignol, P., Collier, S., Bush, M., Shaw, P. and Doonan, J.H. (2007) Ara-

bidopsis POT1A interacts with TERT-V(I8), an N-terminal splicing variant

of telomerase. J. Cell Sci. 120, 3678–3687.
R�u�ckov�a, E., Friml, J., Proch�azkov�a Schrumpfov�a, P. and Fajkus, J. (2008)

Role of alternative telomere lengthening unmasked in telomerase knock-

out mutant plants. Plant Mol. Biol. 66, 637–646.
Schmidt, J.C. and Cech, T.R. (2015) Human telomerase: biogenesis, traffick-

ing, recruitment, and activation. Genes Dev. 29, 1095–1105.
Schmidt, J.C., Zaug, A.J. and Cech, T.R. (2016) Live cell imaging reveals the

dynamics of telomerase recruitment to telomeres. Cell, 166, 1188–1197
e1189.

Schrumpfov�a, P., Kucha�r, M., Mikov�a, G., Sk�r�ı�sovsk�a, L., Kubi�c�arov�a, T. and

Fajkus, J. (2004) Characterization of two Arabidopsis thaliana myb-like pro-

teins showing affinity to telomeric DNA sequence. Genome, 47, 316–324.
Schrumpfov�a, P.P., Kucha�r, M., Pale�cek, J. and Fajkus, J. (2008) Mapping of

interaction domains of putative telomere-binding proteins AtTRB1 and

AtPOT1b from Arabidopsis thaliana. FEBS Lett. 582, 1400–1406.
Schrumpfov�a, P.P., Vychodilov�a, I., Dvo�r�a�ckov�a, M., Majersk�a, J., Dokl�adal,

L., Scho�rov�a, S. and Fajkus, J. (2014) Telomere repeat binding proteins

are functional components of Arabidopsis telomeres and interact with

telomerase. Plant J. 77, 770–781.
Schrumpfov�a, P., Scho�rov�a, S. and Fajkus, J. (2016a) Telomere- and telom-

erase-associated proteins and their functions in the plant cell. Front.

Plant Sci. 7, 851.

Schrumpfov�a, P.P., Vychodilov�a, I., Hapala, J., Scho�rov�a, S., Dvo�r�a�cek, V.

and Fajkus, J. (2016b) Telomere binding protein TRB1 is associated with

promoters of translation machinery genes in vivo. Plant Mol. Biol. 90,

189–206.
Schrumpfov�a, P.P., Fojtov�a, M. and Fajkus, J. (2019) Telomeres in plants

and humans: not so different, not so similar. Cells, 8, 1–31.
Shaw, P. and Brown, J. (2012) Nucleoli: composition, function, and dynam-

ics. Plant Physiol. 158, 44–51.
Sievers, F., Wilm, A., Dineen, D. et al. (2011) Fast, scalable generation of

high-quality protein multiple sequence alignments using Clustal Omega.

Mol. Syst. Biol. 7, 539.

Silva-Martin, N., Dauden, M.I., Glatt, S., Hoffmann, N.A., Kastritis, P., Bork,

P., Beck, M. and Muller, C.W. (2016) The combination of x-ray crystallog-

raphy and cryo-electron microscopy provides insight into the overall

architecture of the dodecameric Rvb1/Rvb2 complex. PLoS One, 11,

e0146457.

Soding, J. (2005) Protein homology detection by HMM-HMM comparison.

Bioinformatics, 21, 951–960.
Stamatakis, A. (2014) RAxML version 8: a tool for phylogenetic analysis and

post-analysis of large phylogenies. Bioinformatics, 30, 1312–1313.
Stepinski, D. (2014) Functional ultrastructure of the plant nucleolus. Proto-

plasma, 251, 1285–1306.
Tan, L.M., Zhang, C.J., Hou, X.M., Shao, C.R., Lu, Y.J., Zhou, J.X., Li, Y.Q.,

Li, L., Chen, S. and He, X.J. (2018) The PEAT protein complexes are

required for histone deacetylation and heterochromatin silencing. EMBO

J. 37, 1–21.
Torreira, E., Jha, S., Lopez-Blanco, J.R., Arias-Palomo, E., Chacon, P., Canas,

C., Ayora, S., Dutta, A. and Llorca, O. (2008) Architecture of the pontin/

reptin complex, essential in the assembly of several macromolecular

complexes. Structure, 16, 1511–1520.
Venteicher, A.S., Meng, Z., Mason, P.J., Veenstra, T.D. and Artandi, S.E.

(2008) Identification of ATPases pontin and reptin as telomerase compo-

nents essential for holoenzyme assembly. Cell, 132, 945–957.
Watkins, N.J., Lemm, I., Ingelfinger, D., Schneider, C., Hossbach, M.,

Urlaub, H. and Luhrmann, R. (2004) Assembly and maturation of the U3

snoRNP in the nucleoplasm in a large dynamic multiprotein complex.

Mol. Cell, 16, 789–798.
Wood, M.A., McMahon, S.B. and Cole, M.D. (2000) An ATPase/helicase com-

plex is an essential cofactor for oncogenic transformation by c-Myc. Mol.

Cell, 5, 321–330.
Zachov�a, D., Fojtov�a, M., Dvo�r�a�ckov�a, M., Mozgov�a, I., Lermontova, I.,

Pe�ska, V., Schubert, I., Fajkus, J. and S�ykorov�a, E. (2013) Structure-func-

tion relationships during transgenic telomerase expression in Arabidop-

sis. Physiol. Plant. 149, 114–126.
Zhang, Q., Kim, N.K. and Feigon, J. (2011) Architecture of human telom-

erase RNA. Proc. Natl Acad. Sci. USA, 108, 20325–20332.
Zhao, R., Kakihara, Y., Gribun, A. et al. (2008) Molecular chaperone Hsp90

stabilizes Pih1/Nop17 to maintain R2TP complex activity that regulates

snoRNA accumulation. J. Cell Biol. 180, 563–578.
Zhao, Y., Cheng, D., Wang, S. and Zhu, J. (2014) Dual roles of c-Myc

in the regulation of hTERT gene. Nucleic Acids Res. 42, 10385–
10398.

Zhou, Y., Hartwig, B., James, G.V., Schneeberger, K. and Turck, F. (2016)

Complementary activities of TELOMERE REPEAT BINDING proteins and

polycomb group complexes in transcriptional regulation of target genes.

Plant Cell, 28, 87–101.
Zhou, Y., Wang, Y., Krause, K., Yang, T., Dongus, J.A., Zhang, Y. and Turck,

F. (2018) Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition

via TRB factors in Arabidopsis. Nat. Genet. 50, 638–644.

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 98, 195–212

212 �S�arka Scho�rov�a et al.


	tpj.14243
	Sweetlove_et_al-2019-The_Plant_Journal
	16419531

