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ABSTRACT: 
 

Telomeres are TG-rich repeats located at the extreme termini of eukaryotic chromosomes. 

Telomere attrition is a constant dilemma due to the semi-conservative nature in which DNA is 

replicated. Telomere length must be maintained to prolong organismal life span and ensure 

adequate transfer of genetic material to offspring. Telomere length maintenance falls to the 

ribonucleoprotein complex telomerase.  

Telomerase minimally consists of two subunits: the reverse transcriptase TERT and the 

RNA subunit TER. TER folds into a complex secondary structure that is essential for 

holoenzyme formation and telomerase activity. In addition, TER contains a template region that 

TERT uses to iteratively add telomere repeats onto its substrate, the chromosome end.  Subtle 

variations in TER can alter substrate utilization and the overall biochemical mechanism of 

telomere repeat addition.   

To better characterize the biochemical properties of telomerase in plants, this study has 

analyzed telomerase activity from ten species within the model plant family Brassicaceae. Our 

data indicate that the substrate utilization of telomerase agrees with the phylogenetic relationship 

between the species, rather than the known changes in the putative Brassicaceae TER locus.  

Altogether, we found that although the basic biochemical properties of telomerase are almost 

completely conserved throughout the plant lineage, substrate utilization is not. 
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INTRODUCTION: 

Telomeres are repetitive DNA elements located at the end of eukaryotic linear chromosomes 

composed of a double stranded DNA region, a single stranded G-rich region called the G-

overhang and numerous DNA binding proteins(1-3). In the model organism, Arabidopsis 

thaliana, the double stranded DNA region length is anywhere from 2 to 5 kilo bases long and the 

single stranded, G-rich region of the telomere, the G-overhang, is about 20 nucleotide long(4,5). 

The telomere repeat in Arabidopsis is referred to as the plant canonical telomere repeat and the 

sequence is TTTAGGG (T3AG3).  

Telomeres serve two basic functions. One function is performed by the capping proteins, 

which protect the ends of the chromosome from nucleolytic attack, chromosome fusions, and a 

subsequent DNA damage response that would lead to genome instability and cell inviability (6). 

The telomere capping proteins also regulate when during the cell cycle the telomerase RNP can 

access the chromosome end and extend telomeres (6). The semi-conservative mechanism by 

which DNA is replicated means the ends of the chromosome are not completely copied during 

each round of cell division (Appendix B). Thus, in somatic cells where there is no mechanism 

for extending chromosome ends, telomeres act as a molecular aging clock (7). Once telomeres 

reach a certain species-specific threshold, they initiate a signaling pathway that results in cellular 

senescence, a process originally observed by Leonard Hayflick (7)(Appendix B). Complete 

transfer of genetic material is necessary over many cell divisions for stem and germ-line cells. In 

these cell types, telomeres are maintained by a protein-RNA complex called telomerase (Figure 

1).  

The primary function of telomerase is to maintain the length of telomeres; however, the 

functionality of telomerase is two fold. On one hand telomerase must exhibit proper nucleotide 

addition processivity (NAP) – essentially how well can telomerase anchor itself to the telomere 

end to add nucleotides (8). Repeat addition processivity (RAP) is the second layer to telomerase 

function (9). During the course of elongation telomerase adds new nucleotides to the end G-

overhang in the 5’ to 3’ direction and travels across the template region in TER in the 3’ to 5’ 

direction. After the addition of a full telomere repeat to the telomere end, telomerase must be 

able to translocate to the end of the newly synthesized DNA to continue the elongation of the 

telomere. This translocation of telomerase across the telomere is crucial to telomerase’s ability to 

add more than one repeat to the telomere end – RAP (9). 
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Telomerase minimally consists of two subunits: the reverse transcriptase called the 

telomerase reverse transcriptase (TERT) and an RNA component, TER (Fig 2D) (10,11). These 

two components of telomerase are paramount to the function of the enzyme. Catalysis of the 

nucleotide addition is performed by the TERT of telomerase. The RNA subunit, TER, features a 

highly ordered secondary structure, which allows TERT to bind to a majority of the RNA (12). 

Proper binding between TERT and TER positions the crucial template region of TER within the 

active site of TERT (12,13). The template region is a short segment of single-stranded RNA in 

the TER subunit that contains a portion of sequence, which is perfectly complementary to the 

telomere repeat. Because it templates for the addition of telomere repeats to the telomere end and 

for recognition of telomeres by telomerase, this complementary sequence in the template region 

of TER is essential for the recognition and priming function TER serves for telomerase. The 

TERT component is highly conserved across eukaryotes, but the TER component shows much 

more sequence variability although domains such as the template region are conserved.  

Telomere and telomerase structure and function is thoroughly characterized in a number 

of organisms from humans to yeast and even fungi; however, characterization of this system in 

plants is lacking. In plants, most of the research and information about telomeres and telomerase 

is centered on the model organism, Arabidopsis thaliana. The family Brassicaceae, which 

includes Arabidopsis thaliana, provides a unique opportunity to characterize and understand the 

evolution of telomerase and its components through time. Telomere structure in Arabidopsis 

thaliana has been well characterized whereas telomerase is still in the process of being 

characterized through research.  

Thus far the gene for TERT has been identified due to the fact that the reverse 

transcriptase is conserved across most organisms, but the same is not true for the telomerase 

RNA (14). At this point in time there is no definitive knowledge about the sequence and 

structure of TER in Arabidopsis thaliana among other characteristics of the RNA. Two putative 

TERs have been identified. (15) TER 1 and TER 2 are both able to elongate telomeres in vitro 

however in vivo TER1 appears to maintain telomere length whereas TER 2 serves a regulatory 

function by competing with TER 1 for interaction with TERT (16). The TER1 gene is encoded 

within in a highly conserved protein-encoding gene RAD52, which is unusual since no other 

known telomerase RNAs overlap other coding regions. Thus, TER1 evolution is constrained by 

the fact that it partly overlaps the gene for RAD52 (16). Identification of the orthologous locus in 
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other members of Brassicaceae reveals that there is high sequence variation in all of the other 

species in comparison to Arabidopsis thaliana (17). A more in depth analysis of the template 

region in the orthologous TER locus reveals that in many species of Brassicaceae there is either a 

loss or mutation within the template that would prohibit telomere elongation (17). These 

orthologous loci indicate that Brassicaceae telomerase has adopted new methods of telomere 

elongation with these TERs or that the telomere repeat varies within the family. 

 In other organisms, substrate utilization is modeled as a direct outcome of the structure of 

TER in the template region. Currently, it is generally accepted that the entire TER subunit must 

fold into a highly ordered, complex structure. Characterization of TER in other organisms 

reveals secondary structures are present and essential in the template region for the purpose of 

establishing selectivity for substrates of telomerase(18,19). Yeast telomerase in particular 

contains a hairpin loop near the template called the template boundary(20). The template 

boundary is a structural roadblock in the template region of TER affecting telomerase substrate 

utilization. Specifically, the proximity of the template boundary to the template establishes 

characteristic substrate utilization profile because it limits both the length of sequence that can be 

recognized by telomerase and the number of nucleotides that can be added prior to translocation 

(20). In addition to the secondary structures in the template region, the primary structure of the 

template contributes to the substrate utilization profile for a specific species. Clearly, there is a 

level of substrate selectivity due to the primary sequence of the template region. Depending on 

the length of the template region, various substrates might not be accessible to telomerase 

because template length is capable of limiting the recognizable substrate length, the nucleotide 

addition prior to translocation and the efficacy of translocation. 

Despite this deficit in knowledge about the structure of the RNA subunit TER in 

Arabidopsis thaliana, interactions between TER and other components of the telomere-

telomerase system have been characterized. These characterizations of interactions involving 

TER have provided insight into the limitations on TER structure and function. One example of a 

TER involved interaction is in the substrate utilization by telomerase. Although this phenomenon 

has been characterized in other organisms it has only been explored a handful of times in plants. 

Fitzgerald et al. (1996) attempted a substrate specificity assay to determine whether substrate 

utilization would vary between two families of plants. Their experiment exploring substrate 
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utilization in Brassicaceae and Apiaceae, found that these families and species did indeed display 

an array of substrate utilization profiles. 

Given mounting evidence of the correlation between TER structure and substrate 

utilization by telomerase (18,19), my project attempts to explore this correlation in various 

species of Brassicaceae including the species Arabidopsis thaliana. Understanding of telomerase 

in plants established that the reverse transcriptase of telomerase, TERT, is conserved across the 

entire family Brassicaceae (Nelson, Forsythe, Cheung et al, in prep). In addition, many 

telomerase accessory proteins critical for activity and binding to the G-overhang are also 

conserved throughout the family. Because RNP assembly is dependent on TER secondary 

structure, we would hypothesize that a vast majority of TER’s secondary structure must be 

conserved across the entire family. However, this simple model is challenged by the high 

variability found throughout Brassicaceae at the locus syntenic to the putative TER from A. 

thaliana (17). Therefore, we have developed a directly testable hypothesis. If the Brassicaceae 

locus syntenic to the putative A. thaliana TER1 encodes for TER, then we should see differences 

in substrate specificity that match the variation in the TER locus from each species. However, if 

there is an alternative TER locus in A. thaliana that is conserved in a more typical manner 

throughout the family, then we should see a variation in substrate utilization that mimics the 

phylogenetic relationship of the species in this study.  
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MATERIALS AND METHODS: 

Protein extraction from floral tissue. 

 About 50uL of tissue is collected in 1.5mL eppendorf tubes and either stored at -50oC or 

promptly frozen in liquid nitrogen for proper and efficient grinding of the tissue. One milliliter of 

buffer W (1M Tris-Acetate (pH7.5), 1M MgCl2, 2M potassium glutamate, 0.5M EGTA, 0.015% 

(wt:vol) PVPP, 0.1% (vol:vol) glycerol) and 0.01% DTT, 1.8mM of VRC is added inverted then 

incubated on a lab quake at 4oC for ten minutes. This mixture is then centrifuged at 4oC, 

14000rpm for 15 minutes and 1mL of the supernatant is mixed with 250uL of 50% polyethylene 

glycol (PEG) 8000. The new solution is incubated on the lab quake for 30 minutes at 4oC, 

centrifuged for 5 minutes at maximum speed and the supernatant is discarded. The pellet is 

gently resuspended in 100uL of Buffer W and stored at -50oC.  

TRAP and Substrate Utilization Assays. 

Telomere repeat amplification protocol was performed as described previously (21). For 

the initial step of incubation for elongation, 50ng of total protein, sourced from flower tissue, 

was added to a mixture containing ~3uC 32P-dGTP, GoTAQ hot start mastermix (Promega), and 

400nM Forward TRAP primer. Incubation at 37oC for 45 minutes was then performed on this 

mixture, followed by the addition of 400nM TRAP Reverse primer. Amplification of telomerase 

products began with a PCR with an initial 95oC step for 3’, followed by 95oC for 15”, 60oC for 

30”, 72oC for 1’ 30” and 35 cycles. TRAP products were resolved on a 6% acrylamide gel (19:1) 

with 7M Urea. Substrate utilization assays followed the same TRAP protocol, but involved 

replacing the TRAP Forward G primer with alternative non-telomeric forward primers, keeping 

the reverse primer the same. These products were resolved on a 6% acrylamide sequencing gel. 
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RESULTS: 

Preliminary Telomere Repeat Amplification Protocol (TRAP)  

The basic telomerase activity, TRAP, was performed on several members of Brassicaceae, 

the family containing the important plant model system Arabidopsis thaliana (Appendix A). 

These TRAP assays were intended to be a preliminary determination of whether the TRAP based 

substrate utilization protocol would effectively demonstrate telomerase activity across 

Brassicaceae. As described in the materials and methods, TRAP is multistep experiment which 

begins with the elongation of a non-telomeric forward oligo by telomerase, followed by PCR 

amplification of the elongated product with a reverse primer complementary to the canonical 

telomere repeat (Figure 1). RNase A controls included in this experiment were to confirm that 

the activity observed was due to the RNA component of telomerase. Telomerase activity in 

TRAP is observed as a ladder-like periodic banding pattern after resolution on a 6% acrylamide 

gel. This banding pattern is an outcome of amplification of a product elongated with multiple 

canonical repeats; as such the periodicity should be a 7-nucleotide separation from one band to 

the next adjacent band. Sequencing of TRAP products confirmed the 7 nucleotide repeat for all 

species tested. The TRAP assays with RNase A controls showed that all species of Brassicaceae 

assayed demonstrated an observable level of telomerase activity with the exception the species 

Sisymbrium irio. 

 

Substrate Utilization Assay

As shown in Figure 4, the substrate utilization assays were performed on nine species of 

Brassicaceae – Arabidopsis thaliana, Arabidopsis lyrata, Arabidopsis arenosa, Brassica rapa, 

Brassica oleracea, Capsella rubella, Cardamine hirsuta, Eutrema salsugineum and Schrenkiella 

parvula. Eight reactions were done for each species (Figure 4), which corresponds to the seven 

different oligos used in TRAP and a negative control that used the reverse TRAP primer as a 

substrate (Figure 3). This negative control monitored the possibility of false positive in the 

substrate utilization assay. Because the reverse TRAP primer is the same sequence and 

orientation as the template within TER, it cannot be bound by telomerase, and thus not extended. 

Only an oligo with some complementary to the template region within TER can be extended. 

The negative control, labeled column 8 for each species, shows no telomerase activity, therefore 

positive results in any of the other seven reaction in each species is most likely due to telomerase 
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(Figure 4). Qualitative analysis of the substrate utilization gels indicates there is telomerase 

activity with all seven DNA oligos for all nine species. Careful comparison and observation of 

the ladder-like, periodic banding pattern for each of the DNA oligo reactions, reveals that some 

of the samples are simply more robust than others. An example can be seen when looking at the 

reactions for Cardamine hirsuta, the strongest contrast can bee seen between reactions with 

sample oligo 1 and sample oligo 6.  

 

Relative Product Difference of Substrate Utilization  

The relative product difference quantitatively analyze the substrate utilization assays, 

which was really significant given all assayed species were able to elongate every oligo. As seen 

in figure 2B, the physical relative product difference measures and compares the length of the 

product from the TRAP prior to the addition of a full repeat. This product difference is an affect 

of the interaction between the template region of TER and the end of the DNA oligo, which also 

relies heavily upon the NAP mode of telomerase function. By making a few assumptions we 

were able to create an expected product difference relative to oligo number 4 to serve as a 

baseline point of comparison for the analysis of the substrate utilization results. The assumptions 

made to create the schematic of the expected product difference relative to oligo 4 are: 1) 

elongation by telomerase adds canonical telomere repeats, 2) there is only perfect Watson-Crick 

base pairing between the oligo and the template region of TER.  

The dotted line in figure 3D indicates the band in oligo 4 that is the point of reference for 

the calculation of the product differences for the other oligos in the substrate utilization assay. As 

seen in the very first row in figure 5, the expected product difference relative to oligo 4 in order 

of the oligo from lowest to highest, in units of nucleotides is +5, +4, +3, 0, +1, +2 -1. The 

observed product differences are seen in the gray grid in figure 5. Check marks in the grid 

system indicate the product of an oligo for a specific species labeled on the vertical axis 

correspond with the given expected value. The product corresponding to oligo 5 was the same in 

all nine species assayed and correlated with the expected product difference (EPD) for the given 

oligo.  For all of the species with the exception of C. hirsuta, and the Brassica oleracea and 

Brassica rapa, oligos 1, 6 and 7 are the only oligos, which vary from the expected product 

difference. Even among that sub group there appears to be variation in the deviation of the 

observed product difference (OPD) from the EPD for oligos 6 and 7: Arabidopsis in comparison 
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to Schrenkiella parvula and E. salsugineum. OPD in the Brassica’s are identical in Oligos 1,2,3, 

6 and 7 all deviate from the EPD with the same value of deviation. Comparing the patterns of 

OPD across all of the species for each oligo, there appears to be some conservation in the 

substrate utilization that mimics the phylogenetic distribution of each species. The phenomenon 

is depicted at the bottom and in the phylogentic tree of Figure 5 with the roman numerals. One 

example is in oligos 2 and 3. Only Brassica rapa and Brassica oleracea display a OPD deviation 

from the OPD for these oligos, suggesting there is some conservation in substrate utilization for 

this genus annotated in the figure with IV which likely occurred when the Brassicas began to 

branch off in the phylogenetic tree.  
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DISCUSSION: 
 The telomerase activity assay (TRAP) performed on different members of the 

Brassicaceae family indicates basic biochemical properties of telomerase are mostly conserved in 

the Brassicaceae family. The AtTER-like locus within the Brassicaceae family is highly variable 

at the nucleotide level, with some species containing template mutations or complete absence of 

a template at this locus -- indicated by red blocks and white X marks (Appendix D). Since 

telomerase activity is highly dependent on the secondary structure of TER (3)(19), the variability 

at this locus could imply that the basic biochemical properties of telomerase in these species are 

different. However, the TRAP assay data indicate all species within Brassicaceae share similar 

telomerase activity and substrate binding. Identification of telomerase activity in the TRAP assay 

has several implications: initially that telomerase is able to recognize and elongate the forward 

TRAP primer and that the telomere repeat in Arabidopsis thaliana is conserved. The seven 

nucleotide periodicity in the banding pattern is due to the addition of multiple telomere repeats to 

the forward TRAP oligo. Therefore, the pattern itself implies that telomerase RAP function in the 

each species is comparable to RAP function in Arabidopsis thaliana.  

The basic biochemical properties of telomerase vary in part depending on the RNA 

subunit, TER. Within the core region of TERs there are multiple structural elements that affect 

what type of substrate telomerase can recognize (Appendix C). These TER structural features 

regulate the length and sequence of the substrate molecule. The template boundary (Appendix 

C) is a stem loop that limits nucleotide addition past a particular point within the template. The 

length and sequence of the template (Appendix C)(3)(5) also dictates what substrates can be 

utilized, as well as what the output sequence will be. Since a host of sequence specific proteins 

will be binding the eventual telomere produced from this template, the expectation is that the 

template region rarely changes between closely related species. Thus, TERs modulate the level 

of permissiveness, or selectiveness, of telomerase. By testing the ability of telomerase from 

closely related species to utilize a suite of different substrates, we can begin to understand 

conservation of biochemical characteristics of telomerase. Based on the variability within the 

template region of the putative TERs in Brassicaceae, we hypothesized telomerase from these 

species to have differing substrate specificities.  

 Because telomerase has differences in substrate utilization across different families, one 

likely difference in telomerase in Brassicaceae would be substrate utilization (21). As seen in 
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Figure 4, all nine species assayed in the substrate utilization assays show telomerase activity with 

all seven DNA oligos. Similar to the conclusions from the preliminary TRAP, telomerase from 

each of the nine Brassicaceae species were able to recognize and elongate all seven oligos with 

the canonical telomere repeat. This ability to recognize and elongate all seven non-telomeric 

DNA oligos characterizes Brassicaceae telomerase as quite promiscuous. There is a significant 

degree of leeway for substrate recognition and elongation by Brassicaceae telomerase. 

Identification of telomerase activity by telomerase from these nine species of Brassicaceae 

suggest that the putative TER locus might not encode for the functional TER used by telomerase 

in telomere maintenance, because the substrate specificity does not appear to show any pattern 

similar to the pattern seen in the putative TER locus.  

In figure 5, the pattern of substrate utilization as characterized by the observed product 

difference relative to oligo 4 demonstrates that very specific patterns of TER conservation in 

Brassicaceae which follow the phylogenetic distribution of the nine species. For example, 

Arabidopsis and Capsella rubella are the most closely related of the nine species and share the 

same substrate utilization profile. The five other species display a fairly distinctive substrate 

utilization pattern except for Brassica oleraceae and Brassica rapa, which show the same pattern. 

Therefore, it is possible that TER is similar in Brassica oleraceae and Brassica rapa share a 

distinct TER and Cardamine hirsuta, Eutrema salsugineum, and Schrenkiella parvula each have 

a slightly different TERs. The apparent conservation of the functional TER within Brassicaceae 

fails to follow the pattern we expected given the observed A.thaliana TER1 locus. Based upon 

the patterns seen in the substrate utilization profiles for the nine species of Brassicaceae (Figure 

5), the functional TER gene likely follows the evolution of the Brassicaceae family.  Although 

we have yet to identify the functional TER sequence, we have an idea of the pattern of 

conservation of the gene and of the structural and physical limitations imposed on TER. With 

this information, functional TER identification has checkpoints that can be use for verification 

once possible TER candidate are identified. 
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Figure 1: Schematic of the telomere repeat amplification protocol (TRAP).  
The first step of the protocol is to elongate a DNA oligo with 32P radioactive nucleotides 
telomere repeats starting with a non-telomeric DNA oligo and a crude protein extract of 
telomerase.  After the initial elongation a polymerase chain reaction (PCR) using a reverse 
primer complementary to the canonical telomere repeat must be performed to bulk up the 
products enough for visualization. 
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Figure 2: Designing the substrate utilization assays.  
The substrate utilization assay employs a set of primers that vary in length and 3’ end 
composition (Fig. 2A) using our TRAP protocol with each of these primers (Fig. 2B). 
Individually these primers test the substrate recognition limitations of the active site of 
telomerase and thereby the secondary structure of TER at the active site. The sequence of the 
seven different oligos used as forward primers in the TRAP vary in length and 3’end, indicated 
by the underlined blue (Figure 2A). Figure 2B shows the step-by-step schematic of the substrate 
utilization assay with two of the oligos shown in Figure 2A and what the expected products are if 
the oligo is elongated. The red nucleotides in Figure 2B indicate new nucleotides added to the 
end of the DNA oligo.  
 

A B 
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Figure 3: Product Difference Schematic. 
Analysis of the substrate utilization assays is done through the relative product difference 
measurement using the product size from primer 4 as a baseline (Fig. 2C and 2D). An example 
of this is shown for Brassica rapa in Fig. 2D. Assuming there is Watson-Crick base pairing 
between the substrate and the template region of TER is complementary to the canonical 
telomere repeat, we calculated the relative expected product difference as depicted in Fig. 2B 
and 2C. Deviation from this expected product difference could indicate non-Watson-Crick base 
pairing, the length of the template region is different in that particular species or that the TER of 
that species has some variation in the secondary structure. 
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Figure 4: Substrate Utilization Assays 
 These are denaturing poly-acrylamide gels of the substrate utilization assay for various species 
of Brassicaceae. Substrates provided during the TRAP assay were non-telomeric forward oligos 
of varying sizes and varied 3’ end nucleotides for annealing to the template region of TER 
(Underlined nucleotides, Fig. 2A) (Fitzgerald et al, 1996). Ten species, some with considerable 
differences at the AtTER-like locus were assayed for substrate utilization. Initially we assess 
whether or not telomerase activity is identifiable for each of the substrates for the given species. 
Positive telomerase activity should display a ladder-like, seven nucleotide periodicity in the 
banding pattern of each reaction on the polyacrylamide gels. The next level of analysis is 
measuring the relative product difference for each of the substrates in each of the species. 
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Figure 5: Table of relative product difference for substrate utilization.  
 
The very first row indicates the various DNA oligos used in the substrate utilization assays. The 
second row of the figure labeled EPD shows the expected relative product difference calculated 
for each DNA oligo under the assumption only Watson-Crick base pairing occurs between the 
oligo and the template in TER. The grey matrix shows the observed relative product differences 
(OPD) for each substrate utilization reaction. The check marks indicate species and substrates 
where the OPD correlated with the EPD. To the left of the grey matrix is a phylogenetic tree 
indicating the evolution of each of these species of Brassicaceae. The bold roman numerals seen 
below the grey matrix and on the phylogenetic tree indicate were we appear to see conservation 
in the functional TER gene based upon the pattern of substrate utilization in each species.  
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APPENDIX: 
 
 
 

 
 
Appendix A: Preliminary TRAP of Brassicaceae 
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Appendix B: The end-replication problem and Hayflick’s limit 
 
 

 
 

Appendix C: Schematic of TER template region structure 
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Appendix D: Tree of Brassicaceae with putative TER template analysis (Beilstein et.al 2012) 
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