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Abstract

Telomerase is a specialized enzyme that attributes to maintaining and lengthening of telomeric length as its primary function.
This ribonucleoprotein complex requires two minimum subunits for its in vivo function: the TERT amino acid subunit and
TER its ribonucleic subunit. Crystallographic studies have shown that stable interaction between subunits and their domains
is essential during the active phase. Plants and humans have shown to be tissue specific and dependent on cell proliferation.
In Arabidopsis thaliana (L.) Heynh, the expression of AtTERT was determined to be necessary for activity. The objective of
this work is to perform the in silico characterization of TERT in Agave tequilana F.A.C. Weber and evaluate the expression of
TERT and the specific tissue activity in 2-year-old plants. To this end, we use the transcriptome library of A. tequilana (Avila
de Dios unpublished data) in TPM and qTRAP. We observe in this work that the consensus sequence shows all the specific
domains of the TERT subunit. Additionally, we carried out the in silico prediction of the structural model of AteqTERT. The
model presents the characteristic TERT ring of the crystallized models in active state of telomerase, biological annotations
were observed, such as heavy metals Mg2+, NUC and CH1, and finally we note that, there is no correlation between TERT
expression in TPM and telomerase activity in 2-year meristematic tissue.

Keywords In silico characterization - Quantitative activity of telomerase (JTRAP) - Three-dimensional protein modeling -
Trascriptomic assembly library (TSA)

1 Introduction

Telomerase is a specialized enzyme necessary for the main-
tenance of telomeric length, and consequently, it is essential
to provide genomic stability in the cell (Wyatt et al. 2010;
Kim and Kim 2018). Telomerase can have two different roles
Electronic supplementary material The online version of this of action, such as bind to telomeric sequences for telom-
article (https://doi.org/10.1007/s40415-020-00642-3) contains eric lengthening and “repair” non-telomeric sequences of
supplementary material, which is available to authorized users. the chromosomal tears produced by novo telomeres, first
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domains is essential during their active phase (Jiang et al.
2018).

The TERT subunit has four main domains; the RT domain
has the catalytic capacity, TRBD domain responsible for the
union between TER and the RT domain, domain, C-terminal
domain, and the N-terminal domain (Zvereva et al. 2010).
The telomerase RNA subunit regions are necessary for its
function in vivo. The RNA motif recognizes telomeric DNA
and initiates the synthesis of de novo telomeric DNA and
the 5’ and 3’ limit elements that flank the template RNA
(Chen and Greider 2003), and during the telomerase activa-
tion phase, these elements positively affect the efficiency of
the telomerase, providing nucleotide stability and adding
nucleotides to nascent DNA during telomeric DNA synthe-
sis (Greider and Blackburn 1985; Shippen-Lentz and Black-
burn 1989; Min and Collins 2010; Lai et al. 2001; Chen and
Greider 2003; Zhang et al. 2011). Finally, the critical pseu-
doknot element in the TER structure, necessary for the cor-
rect orientation of the duplex, generates the union between
the warm RNA motif and the active site of telomerase (Gil-
ley and Blackburn 1999). Therefore, the viability of the tel-
omerase RNA structure will depend on the conformations
of the pseudoknot and the stem-loop (Gilley and Blackburn
1999; Blackburn and Collins 2011).

This functional holoenzyme requires stable associations
in the ribonucleic complex; it reported that to observe the
active telomerase, it required transcription of the TERT
subunit, the formation of the RNA, and the correct assem-
bly of the protein complex (Lai et al. 2001; Witkin and
Collins 2004; Eckert and Collins 2012). During the active
phase, it shows that stability in the interactions between the
TER—TERT telomerase subunits, and the TERT subunit
domains are essential, e.g., for RNA/protein association, an
RNA binding domain (TRBD) is required, and start its active
phase (Witkin and Collins 2004; Collins 2008; Blackburn
and Collins 2011). Likewise, this association promotes the
repetition of the capacity for addiction, a unique charac-
teristic of telomerase. In turn, this capacity for addition is
attributed to for the IFD motif inside to RT motif and the
CTE domain, which gives rise to the conformation “thumb”
of telomerase. Studies on the functional characteristics in
TERT reveal that; the RT, CTE and NTE domains cooper-
ate with binding to RNA, and the other available regions
throughout the enzyme may be interacting with other pro-
teins or helping to facilitate dimerization during the synthe-
sis process (Lai et al. 2001; Collins 2006; Min and Collins
2010). Structural studies show that the N-terminal domino
(TEN) has DNA binding capacity, and others to non-specific
RNAs also show revels that the TRBD domain represents a
second RNA interaction site in the CP and T motifs (Gillis
et al. 2008; Mitchell et al. 2010).

Currently, the structural elucidation of telomerase in 7ez-
rahymena thermophila Nanney & McCoy and Homo sapiens
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Linneo, allowed us to understand how the interaction of each
of the regions of TER in TERT happens and their functional-
ity occurs in the active state (Nguyen et al. 2018, Jiang et al.
2018). E.g., in Tetrahymena thermophila, the crystalliza-
tion by Cryo-Em allowed to observe, that the mechanism of
all telomerase elements interacts with TERT to active the
complex. TER domain #/pk can contact with TERT forming
a closed circle that is carried out by the stem 1 wrapping
the TERT ring, leaving one of the boundary elements of the
monocatenary region in the front of the ring, and the pseu-
doknot in the back on the CTE domain acting as a molecular
coupler for keep attached to the complex. In the same way,
crystallographic studies in humans, this region (similar to
TER domain) is essential for the correct formation of pseu-
doknot, the addition of nucleotides, the proper processing
of telomerase during replication and indispensable for the
functioning of the enzyme (Wang et al. 1998; Chang et al.
2002; Jiang et al. 2018).

In plants, no crystallographic reports have been gener-
ated so far for the ribonucleic complex. Therefore, we are
unaware of the structural organization and interactions in
plant telomerase. However, is known that active telomerase
in different plant tissues is highly represented in tissues with
active division and downwards in differentiated tissues such
as leaves, stems, and flowers, show to be species and specific
tissue, observed in some species such as Nicotiana tabacum
L., Glycine max (L.) Merr, Daucus carota L., Brassica oler-
acea L., Zea mays L. and Hordeum vulgare L. (Fajkus et al.
1996; Fitzgerald et al. 1996; Killan et al. 1998). Likewise,
it observed that telomerase is dependent on the concentra-
tion of growth regulators, and it is suggested that auxins
influence the phosphorylation or dephosphorylation of the
complex to modulate its activity in the cell cycle (Oguchi
et al. 2004).

In functional studies of the TERT subunit, the linear
sequences of TERT in some species are characterized as:
Scilla peruviana L, Doryanthes excelsa Corréa, Orni-
thogalum virens Ker. Gawl, Iris tectorum Maxim, Zea mays
L., Arabidopsis thaliana (L.) Heynh, Nicotiana tabacum
L. and Oryza sativa Roshev (Oguchi et al. 1999, 2004;
Sykorova et al. 2006a). In Arabidopsis thaliana besides from
the linear characterization of sequence, employing by South-
ern blot, it is identified that for this species a unique copy of
the AtTERT gene in the divergent genome and is suggested
that the expression of AtTERT is essential for telomerase
activity because the telomerase activity and expression of
AtTERT is abundant in meristematic tissue compared to
leaves (Oguchi et al. 1999). However, in plants, there is evi-
dence that differs from that observed in Arabidopsis thali-
ana, as in the monocot species Oryza sativa, which shows
that telomerase activity is abundant in meristems and low in
leaf. At the same time, in the OSTERT gene, five alternative
spliced transcript variants were expressed similarly in all
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of their tissues (Oguchi et al. 1999, 2004). Therefore, these
studies reflect that the regulatory mechanisms of the TERT
gene in plants, like other eukaryotic species, are divergent.

In our group, we carried out studies of active telomer-
ase throughout the vegetative development of the leaves
under field conditions 1-6 years of age, and we observed
that telomerase activity associated with cellular activi-
ties such as cell elongation, division, and differentiation.
We also observed high telomerase activity throughout the
growth phase, while telomere length is maintained during
this phase, indicating that telomerase contributes telomeric
maintenance (Rescalvo-Morales et al. 2016; De la Torre-
Espinosa et al. 2020). There have also been studies of the
dynamics in telomeric length in different tissues from 1 to
3 years of age, observing that telomeric length is tissue spe-
cific with shorter telomeres in differentiated and elongated
tissues in tissues with active division (Rescalvo-Morales
et al. 2019). In A. tequilana, we do not know whether tel-
omerase activity and TERT expression are tissue specific
as observed in telomeric tissue-specific length previously
analyzed in tissues of the same age.

Therefore, the objectives of this work are; in silico char-
acterization of TERT to evaluate the expression of TERT
in the TSA library tissue specific of A. tequilana at 2 years
of age, measure telomerase activity in tissues of the same
age, and preliminarily analyze whether there is a correla-
tion between TERT expression and active telomerase. For
characterization of the AteqTERT consensus sequence, we
carried out the identification of domains and a structural pre-
diction to know if its biological function was characteristic
of other enzymes with similar functions. In the expression
of AteqTERT, the tissue-specific transcriptome library was
consulted A. tequilana made in the laboratory of June—
Simpson by Avila de Dios (unpublished data). Finally, for
telomerase activity, quantitative analysis of telomerase activ-
ity (qTRAP) was performed in plants with the same age
from the transcriptomic library.

2 Materials and methods

Isolation in silico and amplification of exon nine of the TERT
sequence in Agave tequilana (AteqTERT) — For the identi-
fication of the candidate sequence of the gene that codes
for the TERT subunit in Agave tequilana, we carried out
a TBLASTn with a sequence of Oryza sativa as a query
(OsTERT, Uniprot ID QS8LKWO) against a deposited tran-
scriptomic database from A. fequilana in NCBI (Gross et al.
2013).

The partial region of the catalytic site that corresponds
to exon nine we located into AteqTERT sequence and spe-
cific primers are designed (supplementary material) and
amplified by PCR following the indications of the enzyme

Invitrogen® Taq DNA polymerase (Cat. No. 10342046),
using genomic DNA as a template, which we obtained fol-
lowing the Dellaporta method (1998). The PCR products
were cloned using TOPO ® TA Cloning ® PCR (Cat No.
K4600-01), and we made a positive selection isolating
clones that grew in the Luria—Bertani selective medium sup-
plemented with 50 pg m1~! ampicillin and 40 mg ml~! X-gal.

Finally, the obtained sequences were analyzed employing
a sequence alignment integrating the AteqTERT consensus
sequence applying the neighbor-joining method using MUS-
CULE and UPGMA.

Analysis of the amino acid and structural sequence of the
AteqTERT sequence — To study the AteqTERT amino acid
sequence, we used the ORF finder bioinformatic Expasy
resource portal (https://web.expasy.org/translate/) to identify
the start codon. Subsequently, for the search of conserved
regions in the AteqTERT counting sequence, we aligned the
sequences with other TERT sequences reported for plants
and as external groups mammals and yeast, the pheno-
gram showed we obtained by applying the neighbor-joining
method using MUSCLE and UPGMA. Finally, the identifi-
cation of the conserved domains of the AteqTERT sequence
with two bioinformatics tools; ScanProSite (https://prosi
te.expasy.org/scanprosite) and Geneious®11.0.3 (Restricted)
java version 1.8.0 (Kearse et al. 2012), the characteristic of
amino acid motifs was identified manually.

For the structural prediction of the AteqTERT sequence,
the iterative threading assembly refinement (I-TASSER)
was used, an automated platform frequently used for struc-
tural prediction, and it performs the combination of several
computational structural prediction techniques https://zhang
lab.ccmb.med.umich.edu/I-TASSER/. This computational
method (I-TASSER) consists in 5 stages, and in each of the
stages, a refinement of the modeling is performed, reported
in detail by Ambrish (Roy et al. 2010), generates a total of
5 three-dimensional models as a result of structural align-
ment, and assembly simulation, to later make an inference
in biological function, comparing the estimated models with
reported criticized proteins. The estimation of the prediction
precision is based on the modeling confidence score; for this
report, we chose model 1, which was the model that obtained
the best confidence interval.

For the visualization of the selected model and the bio-
logical annotations using the program “UCSF Chimera—A
visualization system for research and exploratory analysis”
(Pettersen et al. 2004), the characteristic TERT domains
were located, and the biological annotations were analyzed
to know the biological function sequence of AteqTERT.

Two-year RNA-seq analysis in different tissue — For the

estimation of tissue-specific expression, we consulted the
assembled transcriptomic library, obtained by Illumina
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sequencing, in different tissues and the stages of develop-
ment of A. tequilana, by Avila de Dios at the Simpson CIN-
VESTAV-Irapuato Laboratory. Extraction, preparation, and
TSA library assembly are described in detail by (De Dios
et al. 2019).

RSEM calculate expression, by default, automates the
alignment of the readings with the reference transcripts to
estimate abundance and its credibility intervals in NCBI
with Bowtie 2 (Fig. Sup. 5). These scripts are integrated into
the Trinity toolkit to facilitate execution and estimate the
abundance of transcripts or expression https://github.com/
trinityrnaseq/wiki/Trinity-Transcript-Quantification#rsem-
output. The AteqTERT sequence was used as a reference,
and the readings were mapped into the transcripts using
Bowtie 2. This script allowed us to map short sequences
into the transcriptomics libraries, aligning the RNA seq
readings with the reference script sequence (RSEM—refer-
ence); these aligned reads were used to estimate abundance.
Simultaneously, read mapped sequences are aligned with
the NCBI database and homologies are identified in other
species deposited in the database (Grabherr et al. 2011; De
Dios et al. 2015; Zavala-Garcia et al. 2018).

— Expression levels shown are in transcripts per million,
as a result of normalization applied to the readings, where
gene length is first normalized and then sequencing depth is
normalized. This normalization facilitates the comparison
in the proportion of the readings assigned to each gene and
allows the comparison between different genes or tissues
shown in Table 1. For the statistical analysis, we performed
ANOVA to observe the differences between the all tissues
used. Statistical evaluation and graphics performed with
GraphPad Prism version 6.0.

Vegetal material — The plants A. tequilana were collected
at the “Mayapan” hacienda located in Valladolid, Yucatéan.

Collected 6-month-old plants were transplanted into pots
and placed in a greenhouse for a year and a half. We divided
the plant material into middle, basal, central leaf, meristem,
and root (Fig. 4a). The tissue of the collected leaves was
divided into three different sections: internal apical (IA),
internal basal (IB), and external apical (EA), according to
the cytological characterization of a young and adult leaf,
which shows that the internal basal region has the highest
number of cells in G, and the internal apical region has
more variation in the name of cells in G2, Palomino et al.
(2004). The plant material was stored at — 80 until its use.

TRAP assay - For the telomerase activity assay (TRAP),
extraction of active protein, we performed following the
indications described above by Fitzgerald et al. (1996) and
Sykorové et al. (2003). Protein concentration was deter-
mined in the soluble fraction of the telomerase enriched
protein extract (TEX) using the Bradford method (Ismail
1976). For amplification of the products generated by the
elongation, we add to the reaction mixture: 200 ng pl~! of
the TEX protein extract, 1 pl of 10 uM ml ~! of reverse
primer (HUTPR: 5"-CCG AAT TCA ACC CTA AAA CCC
TAA ACC CTA AAC CCC-37; Sykorova et al. 2006a, b)
and two units of Taq polymerase (Invitrogen ®), during 35
cycles of 95 °C/30 s, 65 °C/30 s, 72 °C/30 s, followed by
an extension final at 72 °C/5 min. TRAP products were run
on 12.5% PAGE in 0.5x TBE and stained with Syber safe®
1x. The gels scanned with ChemiDoc XRS + Imager (#
170-8265), Bio-Rad. We used conventional TRAP assay to
evaluate active telomerase in all samples before quantifying
in qTRAP.

QTRAP assay — Quantitative measurement of telomerase
activity was performed using the SYBR Green Master
(Applied Biosystems), used as template, and forward primer

Table 1 Shows the alignment component in the transcriptomic library in the tissues, the sequence with which it has homology in the NCBI, the
size of the sequence of the RNA reads, number of amino acids aligned with the database with the homologous sequence, and the representation

of the tissue transcript in TPM

Component Homologous Component Alignment Similarity percentage TPM leaf TPM roots TPM meristems
length (nt) length (a.a)
comp71164_c0_seql Oryza sativa Japonica 840 204 49 0 0 3.322399648
Group]
comp19507_c0_seql NA 765 NA NA 0 0 2.847771127
comp7782_c0_seql  Telomerase reverse 913 162 72 1.85823419 1.42567518 5.220913733

transcriptase-like
[Glycine max]

comp51444_c0_seql Telomerase reverse 460 147
transcriptase-like
[Glycine max]

comp76970_c0_seql Oryza sativa Japonica 347 113
Group

57 0.464558547 0 2.847771127

53 0 0 1.423885564

Total in TPM = 2.32279 1.425675 15.6627412
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TS21 and TELPR have a reverse primer, and the concentra-
tion of each primer in the reaction mixture was 0.25 uM ml
~1. After the extension stage for 45 minutes at 26 °C and
enzymatic inactivation (15 minutes at 95 °C), the extension
products by telomerase were amplified in 30 cycles of 30 s
at 95 °C, 60 s at 60 °C. (At the end of this step, fluorescence
was measured.) For the determination of the standard curve,
dilutions containing 500 ng, 200 ng, 100 ng, 50 ng, and
25 ng ul~! of the TEX protein extract were used of apical
meristem tissue with active cell division, and each dilution
was made in triplicate.

For the positive control of telomerase activity, we used
200 ng pl~! TEX for both meristematic tissue and root tips,
for the different tissues analyzed, with the same concen-
tration of 200 ng pl~!. The gTRAP assay was analyzed by
real-time PCR Rotor-Gene 3000 (Qiagen) software 2.1.0.9.
The values of Ct and the relative telomerase activity were
calculated using the delta—delta Ct method. The normaliza-
tion was carried out following the method described by Pfaffl
(2001) and normalized against the Ct values obtained we
used the positive control of telomerase activity. For com-
parison with different tissues, leaf, root, and meristem, we
use root tips as normalizer of the Ct value, and the middle,
basal, and central leaf, and meristematic tissue were used
as positive control. Statistical evaluation and graphics were
performed with GraphPad Prism version 6.0.

3 Results and discussion

TERT in silico identification of A. tequilana — The subunits
that are indispensable for the in vivo function of telomerase
are TERT, and because of this, we explore the gene that
encodes TERT in A. fequilana using as a query the TERT
sequence characterized in Oryza sativa (Oguchi et al. 2004),
in RNA-seq TSA library of A. tequilana deposited at the
NCBI data bank (Gross et al. 2013), and we obtained a
3525 bp cDNA sequence size. To corroborate the identity,
we align the sequence obtained with all sequences deposited
into NCBI data back, and we observe similarity with TERT
sequences in plants in the order Asparagales, such as Scilla
peruviana species with 88% identity percentage followed
by Doryanthes excelsa with 86%, and Asparagus officinalis
L. with 82% (Sup.Fig. 1a). These percentages of identity
indicate the consensus nucleotidic sequence that belongs to
the sequence of the gene that encodes the TERT subunit
(Sup.Fig. 1).

To ensure that we isolate the correct sequences TERT, we
identify the specific exons of sequences TERT (Supplemen-
tary material) and the exon nine amplified by PCR to partial
region of the catalytic site into RT domain of the telomer-
ase subunit (Fig. 1a, b). The approximate size of sequences

was between 750 and 1200 pb with combination of primers
Fw_Ex09, Fw_Exo0 9.a and Rv_Exo 10 and was deposited
in the base of NCBI DNA data.

The sequence similarity analysis for exon nine shows an
identity percentage of 89% with the consensus sequence
AteqTERT—RNA-seq and 82% for the Asparagales species
(data not shown). Since we are using DNA as a template, we
perform an additional nucleotide alignment with AteqTER.
We observe intronic regions in the experimental sequences
obtained, that explains differences in percentage of identity
and the divergence with the alignment sequences we used.
The amplification of the catalytic domain, exons identifica-
tion, and determination of the presence of the AteqTERT
nucleotide sequence in A. tequilana, helps to continue with
the linear and structural analysis of the AteqTERT amino
acid sequence.

Sequence analysis in silico of the AteqTERT sequence -
The consensus amino acid sequence of AteqTERT have an
approximate size of 1175 amino acids, as it is known the
size of TERT varies slightly between species, e.g., Oryza
sativa 1260 a.a. (Oguchi et al. 1999, 2004), Zea mays 1188
a.a (Sykorové et al. 2006a), Arabidopsis thaliana 1123 a.a
(Oguchi et al. 1999), Scilla peruviana 1227 a.a (Sykorova
et al. 2006a), Iris tectorum 1295 a.a (Sykorova et al. 2006a).
Sequence similarity analysis by constructing a phenogram
showed that the AteqTERT counting sequence has a 96%
identity percentage with Asparagales TERT sequences
such as Scilla peruviana, Allium cepa L., Iris tectorum, and
Hosta rectifolia Nakai which indicates that the amino acid
sequence is conserved for the order Asparagales, this is con-
sistent with that reported by Sykorova (Fig. 2a) (Sykorova
et al. 2006a; Fajkus et al. 2016). Likewise, we observed that
the identity percentage of 86% in the comparison of monocot
species with dicot species, and 74% in the comparison of
TERT sequences of plants with TERT sequences of mam-
mals we used as external groups; Homo sapiens, and mouse
(Fig. 2a). This analysis shows that the sequence TERT is
divergent sequences but has conservation in some regions
in the TERT amino acid sequence.

We know the TERT sequences has four specific domains
and shared among all divergent TERT sequences of eukar-
yotic species, the degree of conservation of these regions
depends on the domain. Previous studies have described that
the C-terminal region where the RT domain in charge of cat-
alytic capacity is more conserved among eukaryotic species
than the N-terminal domain where is located TRBD, which
is the domain responsible for the interaction between the
amino acid subunit and telomerase RNA (Bryan et al. 1998;
Wick et al. 1999; Oguchi et al. 2004; Sykorova et al. 2006b).

In this study, we observed the characteristic motifs of
the TERT subunit as; NTE, TRBD, and RT, during the
identification of the domains in the TERT sequence, the
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Fig. 1 Nucleotide identification, TEN TRBD RT CTE
oligonucleotide design and PCR

amplification of exon 9 of the T2 NLS CP QFP T 1 2A B C D E
AteqTERT consensus sequence. Fibsoy Reitio

a Schematic representation of 4 10
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RvVEx09 reverse oligonucleo-
tide; b amplified PCR products
using 20 ng of genomic DNA
as tempering; 1. molecular
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with the combination FwEx09
(1A)+Rv Ex09, 3. PCR product
with the combination FwEx09
(2A)+RvEx09
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characteristic motifs found are GQ, QFP, GLLL, and T
motifs (Oguchi et al. 1999, 2004; Sykorova et al. 2006b).
These motifs are located in the T2, TRBD, and C-termi-
nal domains, respectively. The T motif is an amino acid
sequence that is specific for telomerase (Fig. 2b), the pres-
ence of this motif it possible to differentiate telomerase from
the rest of the viral retro-transcriptases (RTs), and this motif
is part of the TRBD domain (Figs. 2b, 3d) (Bryan et al. 1998;
Oguchi et al. 2004; Sykorova et al. 2006b). Interestingly, we
observed that the consensus sequence of AteqTERT have
the amino acid change of leucine (L) or phenylalanine (P) to
tryptophan (W) in motif C, in position two upstream of the
double catalytic DD of the TERT subunit, this amino acid
change previously reported for some Asparagales species
(Sykorova et al. 2006a). The N-terminal region of the TERT
subunit presents more variation in comparison with the rest
of the domains, this region is highly conserved in the spe-
cies Asparagales, and this includes the sequence consensus
of A. tequilana (Sykorova et al. 2006b; Petrova et al. 2018).
Finally, we observed a total of 12 exons in AteqTERT that
are similar to observed Nicotiana tobacco (Sykorova et al.
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2012), Oryza sativa (Oguchi et al. 2004), and Arabidop-
sis thaliana (Oguchi et al. 1999). Nevertheless, the lack of
experimental evidence limits us to conclude if it is the total
number of exons in A. tequilana, since the genomic structure
of TERT can vary in the number of exons, e.g., the TERT
subunit in Homo sapiens has a total of 16 exons (Harrington
et al. 1997; Wick et al. 1999), so we need to perform an
experimental characterization in cDNA of A. fequilana, to
conclude if it is composed of a total of 12 exons or more.
However, with the identification of the specific domains of
the TERT subunit, we managed to confirm that the consen-
sus sequence obtained corresponds to the chain that codes
for the TERT subunit in A. fequilana.

Structure analysis of AteqTERT — After we made of domain
identification, we perform the structural prediction to infer
the architecture of its structure and biological function of
the consensus sequence. This value was calculated based
on the alignment of the templates, and the convergence
parameters of the assembly simulations are represented
confidence intervals as C score, TM score and RMSD
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Fig.2 AteqTERT sequence similarity analysis. a Phenogram of TERT amino acid sequences reported in different species of plants, mam-
mals and ciliates using UPGMA with a 1000 repetition bootstrap performed in Genius Java Version 1.8.0_112-b15 (64 bit), b identification
of domains, motifs and exons in the AteqTERT sequence using UPGMA with a 1000 repetition bootstrap performed in Genius Java Version

1.8.0_112-b15 (64 bit)

values. We obtained that the model 1 PDB is within the
range acceptable with value score C=—1.15; the range of
acceptable 3D architectural confidence is [— 5, 2]. The TM-
score value=0.57 +0.15 that is the score for comparations
between two proteins, and the range confidence acetable is
(0, 1) and RMSD=12.1+4.4 10\, which measures the simi-
larity of the mean square deviation of the three-dimensional
sequence of the atomic coordinates of Ca in the PDB models
obtained. This value depends on the resolution of the crys-
tallized model with which the structural comparison was
made, and the model that presents most significant structural
similarity for the AteqTERT consensus sequence was the
model 6d6VA, which corresponds to the crystallized telom-
erase structure in state active in Tetrahymena thermophila,
which was characterized using cry electron microscopy with
a resolution of 4.8 A. We indicated the location of each of
the specific domains of the subunit, colour red for the NTE
domain, green for the TRBD domain, magenta for the RT
and blue domain for the CTE (Fig. 3a). This analysis showed
that the architecture of its structure of telomerase is similar

to other polymerases reported and other viral RT’s, in a
90° turn in front, it is observed that the TRBD-RT -CTE
domains form the unique TERT ring (Fig. 3b). Recently, the
catalytic nucleus of telomerase was found in the structure
of TERT from Tetrahymena thermophila as unique archi-
tecture. The RBD, RT and CTE domain form a ring called
“TERT ring” linked by a TER loop 4 (L4) that is responsible
for the molecular grouping of these domains (Jiang et al.
2018), likewise, in the crystallized structure in Tribolium
Castaneum Herbst and Homo sapiens observed that these
three domains have the same particular architecture (Gillis
et al. 2008; Mitchell et al. 2010; Nguyen et al. 2018). Still,
in this structure, it is not shown if this ring has a specific
additional interaction, such as in the case of Tetrahymena
thermophila.

We found that the active site corresponds to the double
Asp in the RT domain at amino acid positions 913 and 914
shown in Fig. 3c. The active site of TERT is between the
two laminar beta structures of motif C, and motif D is an
alpha-helix structure whose location in the linear sequence
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Fig.3 Modeling of the AteqTERT amino acid sequence. The different colors represent each domain of AteqTERT; the NTE domain—red,
TRBD—green, RT—pink and CTE—blue, a representation of the 3D surface structure and alpha-beta laminar structure of AteqTERT with
the different domains of TERT, b interaction of the domains of TERT in surface structure and alpha—beta structure that form the characteristic
TERT ring, ¢ the conserved motifs adjacent to the active site B, C, D and 2, d biological annotations of the ligand binding site in the TRBD
domain; to the CH1 ligand (3- deoxycytidine 5- triphosphate) and nucleic acid binding (NUC) and RT domain binding site to MN (Mg2+), e
TR subunit binding sites in TRBD domain, f analysis of the hydrophobicity of the structure where the blue coloration represents the hydrophilic
regions and the red coloration the hydrophobic areas, the PDB models of the TERT sequence and the prediction of biological annotations were
obtained using the I-TASSER bioinformatics tool, with a C score=—1.15, TM score =0.57+0.15 and RMSD=12.1+4.4 A, the structures we

visualized and edited using UCSF Chimera Quick version 1.14

is closest to the catalytic site. However, motif 2, which is the
B-laminar structure, and motif B, which is the alpha-helix
structure, is structurally closer to the active site (Fig. 3c). In
Tribolium Castaneum the crystallization of TERT allowed
to know that the union between TERT and TER is mediated
by motifs 2 and B, due to its location near the active telom-
erase site (Gillis et al. 2008; Mitchell et al. 2010). Here, we
observe that these motifs are close to the catalytic site, but
yet to be defined if a TERT motifs for plants has this func-
tion. TBE motifs in TRBD are necessary for the interaction
of TR with the TERT subunit. They are conserved in the
family of these enzymes. Therefore, we identify the TBE
and C4/5 binding regions in the TRBD domain in the amino
acid sequence (Fig. Sup. 4) and in the structure (Fig. 3e),
showing that AteqTERT presents the four amino acids that
make up the TBE and C4/5 interaction sites (Fig. 3d), two of
the amino acids show conservation for all species, and two
species-specific (Fig. Sup. 4).

@ Springer

The analyses carried out by COFACTOR and COACH
allowed to infer the biological annotations (biological func-
tion) ligand binding sites (Fig. 3d). The analysis of the bio-
logical function by COFACTOR showed biological annota-
tions similar to RNA polymerases such as NUC (nucleic
acids), CH1 (3'-deoxycytidine-5'-triphosphate), and magne-
sium (2+), the CH1 and NUC ligands positioned in amino
acid residues 429, 430, 440, 443, 444, 445 in the TRBD
domain, and the MN ligand observed in the position; 913,
914 which corresponds to the double Asp at the catalytic site
of the RT domain (Fig. 3d). The PDB’s models with ligand
similarity are: 1GX6 for the MN ligand that belongs to the
hepatitis C virus RNA polymerase in complex with UTP and
manganese (Bressanelli et al. 2011), 3aOhD for the NUC
ligand that belongs to the RNA polymerase-Gfh1 complex
(Tagami et al. 2010), and finally the PDB 1N38 model for
the CHI ligand that belongs to the complex reovirus poly-
merase lambda 3 (Tao et al. 2002). These ligands contribute
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to the process of RNA synthesis, nucleotide translocation
and initiate their enzymatic activity, indicating that possibly
the MN ligand observed in the catalytic site is necessary
to start the activity of telomerase. The telomerase enzyme
is known it is used Mg2+ as a cofactor; likewise, the CH1
and NUC ligands observed in the TRBD domain leads us
to think that possibly the CH1 ligand may be contributing
to the flexibility of translocation of telomeric DNA, and
NUC to the synthesis of telomeric DNA. These results of
inference in the architecture of its structure and the biologi-
cal function of the consensus sequence show that it has a
similarity with telomerase and other reverse transcriptase
enzymes. Recently, elucidated structures of Tetrahymena
thermophila telomerase the active state contributed in large
part to understand how amino acid interactions between
each of the TERT domains and the TER telomerase RNA
occur (Jiang et al. 2018). Within all these interactions, the
TER loop 4 maintains a cluster between the domains of the
TERT ring. Subsequently, the t/pk domain of the tempered
RNA in telomerase forms a circle on and behind the TERT
ring. Limiting the end of the template on the front and the
pseudoknot on the back on the CTE domain. TERT—TEN
interaction together with RBD and the bottom of the t/pka
circle form a flexible structured connector that facilitates
the interaction of TEN—TRAP (located in TER), creating
a third ring (TEN-RBD-TR-TRAP) (Jiang et al. 2018). This
structure physically blocks the TERT ring and sequesters the
limiting ends of TER binding. Therefore, the anchor of TBE
in RBD is necessary to define the limit of the template and
prevent physically that non-repeated template nucleotides
move to the active site (Jansson et al. 2015), a few months
before Nguyen et al. (2018) observed similar interactions
between the domains of the TERT and TR subunits, but,
in the case of hTR they observe that it has an elongated
P6 region and has two stems that are not observed in Tet-
rahymena thermophila, P6a and P6b, and apparently these
regions do not interact with TERT (Nguyen et al. 2018).
Finally, the model for telomeric DNA synthesis is in the
form of an accordion, limited to understanding and exten-
sion to adjacent template ends. In Trubullium castaneum,
the superposition of TERT-TER, shows bases accessible in
the solvent above and adjacent to the active site during the
binding of acid nucleic, facilitating the selectivity of the
protein (Gillis et al. 2008; Mitchell et al. 2010). The interac-
tion between the substrate DNA in the first region located at
the 3’ end and the active site facilitates nucleotide addition.
In general, the forces involved in the binding may be hydro-
philic interactions. Still, the specificity of binding appears
to be controlled by hydrogen bonds, and electrostatic inter-
actions, in the hydrophobicity analysis, show that hydro-
phobic regions are found mostly in the CTE domain of the
AteqTERT structure, near the catalytic site of the enzyme

(Fig. 3f), which leads us to think that in this region, it is
necessary for the fidelity of the protein.

Finally, the studies in telomerases of different organisms
show that telomerases differ in the interaction of each of
their domains and their catalytic properties, in processivity,
fidelity, and even in some organisms, they function as dimers
that could be related to the non-canonical activities of the
subunit (Beilstein et al. 2012). Because of this, we consider
that in plants there is a great need to conduct studies from a
biochemical point of view, in order to understand how this
interaction happens.

Telomerase activity and expression of TERT in a 2-year-old
A. tequilana complete plant — To determine the telomerase
activity of A. tequilana, the amplification efficiency, a stand-
ard curve was made with different concentrations of meris-
tem precipitate extract (TEX) 500, 200, 100, 50, 25 ng pl'l,
with an R*=0.97 indicating that the Ct value is directly pro-
portional to the level of extract used in the reaction (De la
Torre-Espinosa et al. 2020).

Subsequently, we carried out the quantitative analysis of
TRAP for complete 2-year A. tequilana plants, analyzing
the difference in telomerase activity between central, mid-
dle, and basal leaf was analyzed, using A. tequilana root tips
as a positive control (Fig. 4b). We observed differences in
active telomerase between the central leaf and the basal leaf
with a value of P=0.01 (Fig. 4b). However, in the compari-
son between the central and the middle leaf, no statistically
significant differences were found. The active telomerase
pattern is highly represented in the central leaf, followed by
the middle leaf; finally, the basal leaf presents the tissue with
less activity. After performing the analysis in different leaf
positions, the various sections of the middle we analyzed;
internal apical (IA), internal basal (IB), and external basal
(EB), using meristem as a positive control (Sup. Figure 3b),
showing that there are no significant differences between
sections IA, IB and EB (Sup Fig. 3b). Moreover, the evalu-
ation of active telomerase in meristem, leaf, and root, using
root tips as a positive control, observing high telomerase
activity for meristem and leaf, in the root normalization a
difference of over three orders of magnitude in comparison
with root tips. Therefore, telomerase activity in the root is
significantly less than root tips, and we also found significant
differences between the meristem and the root with a value
of P<0.0001, with a difference in the activity of three orders
of magnitude.

In Agave, the leaves make up the most substantial pro-
portion of the plant. The development of its leaves is in the
form of a rosette. The different positions of the leaves: basal,
middle, and central, represent different levels of develop-
ment in the plant, as demonstrated in other species Zea mays
(Thomas 2013) For A. tequilana; the basal leaf has the high-
est proportion of its differentiated tissue and is considered
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Fig.4 Specific tissue telomerase activity and expression in 2-year-old complete plants of A. tequilana. a different tissues of the whole 2-year-old
A. tequilana plant, middle leaf (ML), basal (BL), central (CL), roots and meristem; b telomerase activity in central, middle and basal leaf; c tel-
omerase activity in different tissues, meristem, middle leaf and root, d AteqTERT expression in TPM of meristem, leaf and root in 2-year-old A.

tequilana plants

the oldest leaf, due to its location at the base of the stem; the
middle leaf represents the middle part of the stem, and the
tissue is in continuous differentiation, and the central leaf is
considered the youngest leaf due to its location in the apical
region of the stem, adjacent to the meristematic tissue, and
is the tissue with the highest proportion of active division,
therefore, in this position the leaves are still in formation
and growth.

In this report, considering the type of development of
its leaves and the analysis of active telomerase between;
central, middle and basal leaf, agree that reported in other
species such as Arabidopsis thaliana, Oryza sativa, where
active telomerase reported in tissue with a high rate of cell

@ Springer

division and with less detection in a differentiated tissue.
These results indicate that the telomerase activity in A.
tequilana leaves is specific for each position. More signifi-
cant activity is also observed in the meristem, followed by
the middle leaf and with low root activity. These results are
similar to those previously reported, where telomerase activ-
ity is tissue specific and depends on cell proliferation such
as Nicotiana tabacum, Glycine max, Daucus carota, Bras-
sica oleracea, Zea mays and Hordeum vulgare (Fajkus et al.
1996; Fitzgerald et al. 1996; Killan et al. 1998). Therefore,
telomerase activity in complete plants of A. tequilana is tis-
sue specific, active in tissues with high division rates, and
less activity in differentiated tissues. Likewise, in previous



AteqTERT expression and specific tissue activity in a 2-year-old complete plant in Agave...

reports of telomeric length in A. tequilana in tissues with
2 years old, observed that the average length is 24-29 kb, the
most elongated telomeres are for meristem, followed by cen-
tral leaf, middle leaf, and the shortest telomeres are detected
in; basal leaf and root, concluding that the telomeric length
for complete plants is tissue specific. We observe that the
activity detected in 2 years agrees with the reported length.
We can suggest that for A. tequilana at 2 years of age, tel-
omerase is the mechanism by which telomeres lengthened
or maintained. This correlation in Agave leads us to sug-
gest a specific tissue balance between telomere length and
telomerase activity, similar to that observed in maize and
barley where telomerase activity is progressively suppressed
during the tissue differentiation process, causing telomeres
to shorten during this process due to telomere replication.

Finally, we evaluated the gene expression that codes
for the TERT subunit in different tissues, to preliminar-
ily analyze whether telomerase activity is related to TERT
expression in tissues of the same age (Fig. 4c, d). In this
part, we performed the RNA-seq tissue-specific analysis to
A. tequilana with approximately 2 years. The results of the
expression of AteqTERT obtained show that there is high
expression in meristematic tissue, followed by leaves and
the lowest expression observed in the root. In comparing
the expression of TERT in the different tissues analyzed, the
expression of the TERT subunit in meristem is six orders of
magnitude more significant compared to leaves and eleven
times larger than root (Fig. 4c). This study reveals that the
pattern observed in the expression of TERT and the pat-
tern of activity is similar, mostly represented in tissues with
active division and differentiated tissues with less repre-
sentativeness. However, when evaluating the comparison
of telomerase activity and TERT expression for each tissue,
we observe that the telomerase activity between meristems
and root show significant differences, also observed, dif-
ference in expression of AteqTERT. However, the activity
between the meristem and the leaf does not show significant
differences in the telomerase activity, and the comparison
of expression between meristem and leaf is different by
sixfold higher. In this comparison, in leaf tissue under the
conditions in which we performed the experiments, there is
no correlation between expression and telomerase activity
(Fig. 4c, d).

In plants, there are reports such as Oryza sativa that
focused on determining the correlation between telomerase
activity and TERT gene expression, determined that telom-
erase activity is strictly regulated and dependent on prolif-
eration during development. However, they observed that
during the stages of development, there is no correlation
between; telomerase activity and TERT expression; these
same authors identified that, like Arabidopsis thaliana, it
presents a single copy of TERT in the divergent genome.
However, the mechanisms of genetic regulation of TERT

seem to be different between both species. For Arabidopsis
thaliana, it is determined that the TERT gene is essential
for telomerase activity (Oguchi et al. 1999). In Oryza sativa
OsTERT, the mechanisms involved are its positive regula-
tion or negative that appear to be carried out by the great
diversity of alternative splice variants found, a total of eight
gene variants that have exon deletion 5,6,7,8 and 11 were
identified, during the expression analyzes of the variants of
the gene. It is observed that the OSTERT gene variant by
exon 11 deletion is more abundant in leaves, a tissue that
presents negative telomerase, and the full-length OsTERT
variant is abundant in tissues such as callus, cell cultures, or
immature embryos with active telomerase (Heller-Uszynska
et al. 2002; Oguchi et al. 2004; Chung et al. 2005). Addition-
ally, they observed high levels of TERT expression in tissues
with high cell division, suggesting that the gene could prob-
ably be participating in cellular activities, independently of
telomeric maintenance (Oguchi et al. 2004).

On the other hand, in the divergent genome of Nicotiana
tobacco, it has been identified that TERT can present more
copies of the gene, this species has three copies of the gene,
and the expression of each copy of the gene during devel-
opment modifies the activity of telomerase (Sykorova et al.
2012; Jureckové et al. 2017). Agave tequilana preliminarily
observed by analysis of available TSA libraries, fluorescence
in situ hybridization, and cDNA present two copies of the
gene (data not shown). Therefore, the lack of correlation
between the expression of TERT and leaf telomerase activity
reveals that the regulatory mechanisms of the TERT gene
in A. tequilana are involved. Therefore, functional studies
in TERT need to be carried out to understand the genetic
regulation in this species. Perform an expression analysis
of tissue-specific TERT under the same conditions at differ-
ent stages of development, to identify whether gene copies
or alternative splice variants regulate telomerase activity as
reported in other species.

Ultimately, in this work, we made the characterization of
TERT in A. tequilana, to assess whether TERT expression
correlates with specific tissue activity in 2-year-old plants.
We reported that the consensus sequence presents all the
specific domains of the TERT subunit. Additionally, we
found that in the in silico prediction of the structural model
of TERT of A. tequilana, it presents the characteristic TERT
ring of the crystallized models active state of telomerase in
Tetrahymena thermophila, Homo sapiens, Trubullium Cas-
tenum, some entertaining biological function were observed,
such as heavy metals Mg>", NUC and CHI present in other
RNA'’s polymerases or reverse transcripts, and finally we
see that, there is no correlation between TERT expression
in TPM and telomerase activity in 2-year meristematic and
leaf tissues.
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