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Abstract 
Telomerase is a large RNP complex which adds repetitive elements to the telomeres, the ends of the 

chromosomes. By doing so, telomerase is responsible for the maintenance of the telomeres. The two 

key components responsible for this task are a) the telomerase RNA (TR) and b) the protein 

telomerase reverse transcriptase (TERT). The interplay of them allows telomerase to counteract the 

loss of information during cell division, which is due to the so-called end replication problem, while 

maintaining the proliferation potential of the cell. Furthermore, active telomerase permits a cell to 

divide itself beyond the Heyflick limit, thereby literally becoming immortal. However, unlimited as 

well as uncontrolled cell division is a hallmark of most cancer types known today and it is not 

surprising that telomerase is active in over 90% of known cancer types. Despite the bio-medical 

importance of telomerase, our understanding of the structure of telomerase and its mechanics is still 

in its infancy. We are interested in elucidating the structural conformation of human telomerase RNA 

(hTR) within the telomerase RNP complex. So far, most studies on telomerase have been carried out 

in vitro and did not take into account most of the accessory proteins present in the telomerase RNP 

complex. To compensate for this, we decided to use an in vivo approach. By using an in vivo UV cross-

linking assay, we obtained structural information about key elements within human telomerase RNA 

which can be divided into three domains: a) the pseudoknot, b) the CR4/CR5 domain and c) the 

scaRNA domain. In total we identified 70 cross-linked nucleotides in the human telomerase RNA. 

With 46 cross-links the majority is located in the pseudoknot domain, in detail in the region which 

forms the conserved triple helix. The remainder is distributed between the CR4/CR5 domain and the 

scaRNA domain. Binding of hTERT strongly influences the cross-linking pattern of nucleotides in the 

pseudoknot region as well as in the CR4/CR5 domain. In detail, multiple nucleotides in the triple helix 

as well as in the corresponding linker J2b/3 show drastic changes in their cross-linking intensity. 

While most of the residues show an increase in cross-linking intensity in absence of hTERT, C104 is 

the only nucleotide for which a decrease in cross-linking intensity was observed. This makes C104 in 

J2b/3 a prime candidate for a direct cross-link to hTERT. For the CR4/CR5 domain, the most 

significant changes were observed in the P6.1 stem and the adjacent junction J6.1/5. The observed 

changes in the cross-linking pattern are similar to those observed in the crystal structure of mTERT 

bound to mTR in medaka. We therefore suggest that binding of hTERT might also lead to drastic 

rearrangements in the three-way junction in the CR4/CR5 domain using a similar mechanism to mTR, 

where P6.1 acts as a conformational switch upon mTERT binding. To identify the interaction partner 

of the previously identified cross-links, we created mutated hTR constructs. We were able to identify 

several spatial constraints for hTR. For example, we have good evidence that the triple helix is indeed 

formed in vivo. In addition, the template region as well as the CR4/CR5 domain is in close proximity 

to the pseudoknot domain. This is in good agreement with previous studies, which showed an 
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involvement of residue U307 in catalysis. Furthermore, it is likely that the cross-links in the 5’ pocket 

and in scaRNA domain are directed to H/ACA snoRNA binding proteins, as we do not observe 

changes in the cross-linking pattern independent of hTERT. Finally, our data is in good agreement 

with in vivo DMS probing of hTR. In summary, our results provide new insights into the structural 

organization of human telomerase RNA and refine the current model of telomerase structure. 

 

Telomerase ist ein großer Ribonucleinkomplex, dessen Aufgabe die Synthese von repetitiven 

Elementen am Ende der Chromosomen ist. Dadurch trägt die Telomerase zur strukturellen Integrität 

der Chromosomenenden, den Telomeren bei. Diese Aufgabe wird von den zwei Hauptbestandteilen 

der Telomerase erledigt: a) die RNA Komponente, genannt Telomerase RNA (TR) und b) dem 

dazugehörigen Protein, der Telomerase Reverse Transciptase (TERT). Der Telomerasekomplex kann 

dadurch die ständige Verkürzung der Chromosomen nach einer Zellteilung, dem sogenannten 

Endreplikationsproblem, verhindern und die Solllänge der Telomere erhalten. Telomerase wird 

dadurch zu einem wichtigen Faktor, um die Proliferationskapazität einer Zelle zu erhalten. Einerseits 

ist das für sich schnell teilendes Gewebe wie blutbildende Zellen und diversen Schleimhäuten 

wichtig, auf der anderen Seite befähigt Telomerase auch die Entstehung von Krebszellen. Durch das 

Potential, sich unbegrenzt teilen zu können, und per Umgehung von natürlichen Regelmechanismen 

wie Apoptose und Seneszenz, kann eine gesunde Körperzelle sich zur Krebszelle entwickeln. Dieses 

zweischneidige Schwert macht Telomerase zu einem interessanten Ziel für Krebstherapien. Leider ist 

unser Wissen über die genaue Struktur und den Aufbau der Telomerase noch immer sehr 

eingeschränkt, da sehr viele Studien auf Daten aus in vitro Experimenten stammen und sich daher 

nur bedingt auf eine lebende Zelle übertragen lassen. Wir haben uns daher entschlossen, einen 

neuartigen Versuchsaufbau zu verwenden, der auf UV Vernetzung basiert, aber in vivo durchgeführt 

wird. Damit haben wir 70 Nukleotide identifiziert, die vernetzt sind. Die überwältigende Mehrheit 

von 46 Nukleotide befindet sich im Pseudoknoten, während sich der Rest auf die CR4/CR5 Domäne 

sowie die scaRNA Domäne verteilt. Wir haben gezeigt, dass die Bindung von hTERT das 

Vernetzungsmuster der Nukleotide im Pseudoknoten, genauer gesagt im Bereich der konservierten 

Dreifachhelix, signifikant beeinflusst. Die meisten Nukleotide zeigen eine Steigerung der 

Vernetzungsintensität, nur C104 zeigt eine Reduzierung. Diese Beobachtung lässt den Schluss zu, 

dass C104 einen direkten Kontakt mit dem Protein hTERT ausgebildet haben könnte und daher eine 

wichtige Rolle in der Bindung von hTERT an hTR spielt. Der zweite Bereich, in dem wir große 

Veränderungen im Vernetzungsmuster festgestellt haben, ist die konservierte CR4/CR5 Domäne. Hier 

spielt besonders die Helix P6.1 eine große Rolle als auch die anschließende Kreuzung J6.1/5. Das 

festgestellte Vernetzungsmuster legt nahe, dass die Bindung von hTERT über einen ähnlichen 
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Mechanismus erfolgen könnte, der in Medaka identifiziert wurde. Hier findet eine komplette 

Umgestaltung der Dreiwegekreuzung statt und P6.1 fungiert als Schalter, je nachdem hTERT 

gebunden ist oder nicht. Anhand unserer Daten postulieren wir einen ähnlichen Bindemechanismus 

für die humane Telomerase RNA. Letztlich haben wir für die identifizierten Vernetzungen den 

Interaktionspartner bestimmt. Dafür haben wir mutierte hTR Konstrukte verwendet, die es uns 

erlaubt haben, einige räumliche Begrenzungen für das Molekül aufzustellen. Erstens zeigen unsere 

Daten, dass der Pseudoknoten sich in räumlicher Nähe zur Vorlage und der CR4/CR5 Domäne 

befindet. Diese Beobachtung ist im Einklang mit früheren Studien, die gezeigt haben, dass Nukleotid 

U307 für die Katalyse eine wichtige Rolle spielt. Zusätzlich postulieren wir, dass die Vernetzungen an 

den Nukleotiden in der scaRNA Domäne höchst wahrscheinlich zu einem der H/ACA snoRNA-

Bindeproteine gehen, da wir keine Änderungen im Vernetzungsmuster feststellen konnten, 

unabhängig ob hTERT vorhanden war oder nicht. Zusammengefasst helfen unsere Daten, dass bereits 

vorhandene Modell der humanen Telomerase RNA weiter zu vervollständigen um einen noch 

genaueren Einblick zu erhalten. 
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1. Introduction 

1.1.  The importance of RNA 
Over the last three and a half billion years, life on earth has developed an astonishing number of 

species. The domain of eukaryotes alone is thought to contain roughly ten million species1 and this 

does not include the two other domains of life (prokaryotes and archaea). Each of these organisms 

consists of DNA, protein and RNA in a simplified view. The hierarchy between these completely 

different classes of molecules was strongly shaped by Francis Crick’s central dogma of molecular 

biology: DNA is the template for RNA which in turn is the template for proteins (figure 1.1). 

 

Figure 1.1. Central dogma of molecular biology. In a cell the flow of information starts with double-stranded 

DNA, which is transcribed by the cellular machinery to single-stranded RNA and used by ribosomes during 

translation as a blue print to synthesize the majority of cellular proteins. This idea was first brought up by 

Francis Crick. 

In this classification the role of RNA was understood as a simple messenger. This perception changed 

completely during the 1980s with the discoveries of Sidney Altman and Thomas Cech2,3. “For their 

discovery of catalytic properties of RNA" they were jointly awarded the Nobel prize in 19894. Now the 

scientific awareness of RNA was altered and it became evident that RNA plays a much more 

profound role than just being a simple messenger. Today it is commonly accepted that RNA is 

involved in almost every aspect of metabolism in the living cell (e.g. mRNA, tRNA and rRNA in protein 

synthesis, miRNA and siRNA in gene regulation, snoRNA in RNA modification, and lncRNA in 

epigenetic regulation, among others). 

Which properties allow RNA to carry out such a variety of tasks? Why is it impossible for DNA to fulfil 

similar tasks as well? First, DNA is almost exclusively found to be double-stranded, while RNA is most 

of the time single-stranded. When forming a double helix the presence of the 2’-OH group at the 

ribose forces the molecule to adopt another helix geometry than a similar DNA molecule. While DNA 
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is most commonly found to adopt the so-called B-form (wide major groove, narrow minor groove), 

RNA assumes the A-form (narrow and deep major groove, shallow minor groove). These differences 

strongly influence how a protein can bind and/or interact with one of these molecules. Second, uracil 

(U) instead of thymine (T) allows, besides to the four canonical Watson-Crick base-pairs, the 

possibility of forming a G·U wobble base-pair as well. Together with the ability of a RNA molecule to 

fold back upon itself, the number of possible pairing combinations drastically increases and allows 

the formation of complex tertiary architectures. In this regard the 2’-OH group of the ribose also 

plays an important role as H-donor and -acceptor. Taken together, chemical differences allow a RNA 

molecule to carry out many different tasks within the cell. 

1.2.  Telomerase – a mysterious complex 
One of the many different tasks RNA can fulfil inside a cell is the maintenance of the chromosome 

ends. The importance of the so-called telomeres became evident in the 1930s, when McClintock and 

Muller observed independently that the ends of chromosomes were protected from end-to-end 

fusion events which usually take place at the site of a double-strand break5,6. Based on this finding 

McClintock proposed a special role and structure for the ends of the chromosomes and named them 

telomeres5. However, the exact organization and function remained enigmatic for decades. In 1961 

the American gerontologist Leonard Hayflick proved the theory of unlimited cell division wrong. 

Hayflick discovered that, contrary to established theories, cells cultured in vivo can only divide a 

certain number of times and undergo programmed cell death (apoptosis) when exceeding this 

number7. The Hayflick limit acts as a cellular clock, thus enabling a cell to count how many divisions it 

already made. The fact that some germ line cells and many tumour-derived cell lines are not affected 

by the Hayflick limit remained a mystery.  
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Figure 1.2. Schematic representation of DNA synthesis. a) The helicase (green ellipse) unwinds the DNA 

helix, while single-strand binding proteins (purple circles) prevent base pairing. While the leading strand (black) 

is continuously replicated by the DNA polymerase (depicted in orange), the lagging strand (blue) is dependent 

on Okazaki fragments with their free 3’-OH synthesized by primase (pale red). b) Okazaki fragments are 

removed and the DNA is synthesized in the gaps. On the 3’ end (e.g. at the telomeres) of the lagging strand DNA 

cannot be replicated and information is lost (depicted by red ellipse). 

The next important step on the journey towards the discovery of telomerase took place ten years 

later, in 1971. The Russian scientist Alexey Olovnikov formulated the so-called end replication 

problem8: during DNA replication the lagging strand cannot be replicated completely due to intrinsic 

mechanics of DNA replication, which only works in 5’ to 3’ direction and requires a free 3’-OH group 

to form the bond to the next nucleotide. As a consequence the last nucleotides from the 3’ end of 

the lagging strand are not replicated and the chromosome length decreases with each round of 

replication (figure 1.2). Olovnikov proposed the following solution in 1971: a) the existence of 

repetitive sequences at the 3’ end of chromosomes which act as a buffer during DNA replication and 

preserve the genetic information8; b) the existence of a special DNA polymerase in germ line and 

tumour cells which can completely synthesize the lagging strand during DNA replication8. In addition, 

he concluded that the Hayflick limit is the consequence of losing too much of the repetitive 

sequences and therefore forcing the cell into senescence or apoptosis8. Finally, in 1989 the long-

proposed enzyme was discovered in Tetrahymena thermophila by Carol Greider and Elisabeth 

Blackburn and named telomerase9. It turned out that telomerase counteracts the shortening of the 

telomeres by using an intrinsic RNA template to elongate the 3’ end of the telomeres with repetitive 

sequences9, just as proposed by Olovnikov almost 20 years earlier. Interestingly, telomerase is 

strongly down-regulated in most somatic cells and is only found to be active during embryogenesis 

and in stem cells, hematopoietic cells and about 90% of all known cancers10. Nowadays telomerase 

even found its way into popular science and media. Located at the intersection between longevity 

and cancer, telomerase is often seen as the mythical fountain of youth. This perception seems to be 

overrated and wishful thinking. However, recent findings clearly showed that telomerase is involved 

in many human diseases and its regulation affects many types of cancer (see section 1.8). In 

summary, it took nearly 80 years from the first observations by Muller and McClintock to the actual 

discovery of telomerase by Greider and Blackburn5,6. Countless studies have investigated the role of 

telomerase in different species and deepened our understanding of this fascinating 

complex.Telomerase RNA – a highly interesting RNA 
The telomerase holoenzyme consists of two major players: a) the telomerase RNA (TR, TER, TERC) 

and b) the protein telomerase reverse transcriptase (TERT). These two compounds are sufficient in 

vitro to obtain a functional telomerase complex, however in vivo the situation is different, as many 
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accessory proteins are needed to form a functional complex11–13. Telomerase RNA is either 

transcribed by RNA polymerase III (T. thermophila) or RNA polymerase II in human followed by 

extensive RNA processing (see section 1.7)14–16. In general, telomerase RNAs often have a very high 

GC content and are therefore challenging to work with. Despite being found in every species with 

active telomerase, TR shows a considerable variety in length among the different species17. The 

shortest telomerase RNA with a length of about 150 nucleotides was found in ciliates, whereas yeast 

species have the longest TRs described so far with roughly 1300 nucleotides18. With all TRs carrying 

out the same function in the cell, structural rather than sequence conservation is a key characteristic 

of these RNAs17. Indeed, every single telomerase RNA discovered so far possesses the following 

structural elements (figure 1.3): a) the template region and the template boundary element which 

determine the repeat sequence added to the 3’ end of the telomere; b) the pseudoknot, which is 

indispensable for telomerase activity; and c) the stem terminus element (STE) which binds to TERT 

and is important for telomerase activity. In addition, in vertebrates and yeast there is one additional 

region: the scaRNA domain which is involved in telomerase biogenesis, maturation and localization19. 

 

Figure 1.3. Comparison of different telomerase RNAs.  Schematic representation of telomerase RNAs from 

ciliates, vertebrates and yeasts. The common elements are highlighted in different colors: the template (red box), 

the pseudoknot (green), the template boundary element (TBE; blue) and the stem terminus element (STE; in 

orange). 

The presence of highly complex elements such as the pseudoknot implies that the TR must adopt a 

well-defined structure. This process is called RNA folding and is a common process for most RNAs 

11 
 



12 
 

found within a cell. In the next sections the hallmarks of telomerase RNA will be explained in more 

detail. 

1.3.1. A pseudoknot entangles the template 
Phylogenetic studies by Chen et al. identified eight conserved regions (CR1-8) within vertebrate 

telomerase RNAs17 (figure 1.4) with CR1-3 being located in the template and pseudoknot domain. 

CR1 represents the intrinsic RNA template used by the telomerase complex to elongate the 

telomeres17. It is flanked by the template boundary element (TBE), which consists of stem P1b, and 

stem P2a.120. In ciliates, an additional element called template recognition element (TRE) was 

identified 3’ of the actual template, which is also involved in template recognition and positioning20 

but absent in vertebrates. 

Figure 1.4. Secondary structure of the human telomerase RNA. Human telomerase RNA can be divided into 

three domains. The pseudoknot/template domain is boxed in red, whereas the CR4/CR5 domain is boxed in red 

and the scaRNA domain in purple, respectively. Interesting elements are depicted in blue. The base triples in the 

pseudoknot are indicated by blue dashed lines and the non-canonical U•A base pair is marked with a blue dotted 

line. 



The TBE plays an important role in defining which nucleotides are reverse transcribed, prevents read-

through and template translocation18,20,21. Telomere elongation is thought be carried out according to 

the accordion RNA model proposed by Berman et al20. In short, TBE (and TRE in ciliates) contract and 

stretch themselves, while nucleotide addition and template translocation take place (see section 

1.5). The template consensus sequence (CR1) for vertebrates is 5’-CUAACCCUAA-3’ resulting in the 

hexameric telomere repeat 5’-GGTTAG-3’17. The sequence changes with evolutionary distance. In 

contrast, the template length and the resulting repeats are not strictly conserved. For example, 

invertebrates, ciliates and plants often have pentameric repeats, while fungi often have repeat 

lengths of 15 to 25 nucleotides22. In addition to the template region the core domain of human 

telomerase RNA (nucleotides 1 to 209) contains a pseudoknot as well. It is linked to the template 

region via a single-stranded linker and can be divided into the core pseudoknot (P2b/P3) and the 

extended pseudoknot (including P2a and P2a.1). 

 

Figure 1.5. Secondary structure map of the hTR core domain. The 5’ domain of human telomerase RNA 

with nucleotides 35 to 189 is shown. Gray areas refer to the conserved regions CR1 to CR3. The area boxed in 

brown is depicted on the top with the left panel showing the bases in the pseudoknot. In the right panel the NMR 

solution structure of the pseudoknot is shown. The top panel was adapted from Kyoon et al., 200823.  
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In human telomerase RNA (hTR) the core pseudoknot is formed by the helices P2b, P3 and the single-

stranded areas J2b/3 and J2a.1/3 (figure 1.5). The conserved regions CR2 and CR3 correspond to 

elements forming the pseudoknot17 (figure 1.5). The importance of the pseudoknot was revealed by 

the identification of disease-related mutations (Dyskeratosis congenita, aplastic anaemia), which 

reduced or even abolished telomerase activity in those patients24. A NMR solution study of the hTR 

pseudoknot by Theimer et al. provided structural insights into the loss of function: an extensive 

network of tertiary interactions was identified at the pseudoknot, resulting in the formation of a 

triple helix25. Of utmost importance are several Hoogsteen base triples (figure 1.5) between P3 and 

J2b/3 (U113-A176•U102, U114-A175•U101 and U115-A174•U100, and), and P2b and J2a.1/3 (A117-

U97•A171 and C116-G98•A172) as well as a non-canonical base pair formed between J2b/3 and 

J2a.1/3 (U99•A173)25. All of these nucleotides show an extremely high degree of conservation among 

vertebrates (80% for A171, 90% for A173 and U115, 100% for the remainder) underlining their crucial 

role for telomerase activity17. 

The P2b helix of the core pseudoknot expands towards the template to form the extended 

pseudoknot. The elements starting from the template 3’ end towards P2b are stems P2a.1 and P2a 

separated by an internal loop (J2a.1/2a and J2a/2a.1). The extended pseudoknot is connected to the 

core pseudoknot via the bulge J2a/2b. Helix P2a.1 and the adjacent internal loop J2a.1/2a are specific 

for mammalian and extend helix P2a17,26. Correct formation of P2a.1 is needed for telomerase activity 

in human, however mutational analysis revealed that the helical character of this element is more 

important than the nucleotide sequence of P2a.127. 

 

Figure 1.6. Geometry of J2a/2b in hTR.a) A stereo view of the NMR solution structure for junction J2a/2b. 

Nucleotides in stem P2a are coloured orange, stem P2b is shown in red and the five nucleotides of J2a/2b are 

depicted in green. Nucleotides added for loop closure are shown in gray. b) Computational model of the hTR 

pseudoknot. Stem P2a.1 is coloured blue, the internal loop J2a.1/2a and J2a/2a.1 is shown in gray and stem P3, 

which forms the pseudoknot together with P2b, is depicted in magenta. All other elements are coloured as in a). 

Figure was adapted from Zhang et al., 201028. 
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Junction J2a/2b is found in all vertebrates TRs and is strongly conserved in mammals17. The length of 

this asymmetric internal loop is 5 nucleotides28, effectively dividing helix P2 into two parts, P2a and 

P2b, respectively. Among mammalian TRs the first 5’ nucleotide is a highly conserved G, whereas the 

remainder of the loop consists mostly of pyrimidines (5’-GCUCC-3’ in human)28. This has major 

implications for the geometry of this region28. The NMR solution structure revealed that the presence 

of this bulge introduces a sharp bend between helices P2a and P2b with limited interhelical flexibility 

and therefore strongly determines the core pseudoknot structure28 (figure 1.6). The resulting shape 

resembles an inverted V with a distance of approximately 70 Å between the ends of the extended 

pseudoknot (G64-C145 in P2a.1 and G107-C183 in P3). These distance constraints have important 

implications for telomerase function according to a computational model by Zhang and colleagues28: 

according to their simulation the fully base-paired RNA-DNA duplex between template and telomeric 

DNA contains ten base pairs which equal 26 Å in length. Together with the single-stranded 

nucleotides flanking the template both on the 3’ side as well as on the 5’ side, the RNA-DNA duplex 

can be placed between the two ends of the pseudoknot23. However this is only made possible by the 

sharp bend introduced via J2a/2b because a flat pseudoknot would be too long to be spanned by the 

RNA-DNA duplex and its flanking sequences. Mutating the bulge residues, moving the bulge to the 

other strand or shortening it drastically decreased telomerase activity (less than 10% of WT activity), 

underlining the importance of this structure28. Interestingly, the other internal loop composed of 

J2a.1/2a and J2a/2a.1 does not seem to introduce bending or flexibility between its flanking helices 

P2a.1 and P2a and is therefore not thought to have such drastic implications on the pseudoknot 

topology like J2a/2b28. 

Despite this large amount of available structural information, the role of the pseudoknot for 

template positioning and hTERT binding is still unanswered. So far studies have failed to pinpoint 

specific nucleotides important for binding to hTERT. One explanation could be that several different 

interaction sites exist and result only in weak binding of the protein, thus implying a role for the 

pseudoknot in template translocation during catalysis25. On the other hand, the hTR-hTERT 

interaction may not depend on contacts to nucleobases but to the backbone of hTR. In contrast, with 

A176 and U177 two nucleotides which directly contribute to catalysis and to pseudoknot folding have 

been identified23,29. Being part of helix P3, both of them are positioned in a way that allows them to 

interact with the template and hTERT28. Substitution of the 2’-OH group of A176 to 2’-H drastically 

decreased telomerase activity29, while deletion of U177 changed the pseudoknot structure by 

destabilizing the Hoogsteen base triples23. 
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1.3.2. The CR4/CR5 domain – the activation region 
The next region of interest, the stem terminus element or CR4/CR5 domain in vertebrates, is 

connected to the pseudoknot domain via a hypervariable region in which nucleotide conservation 

between species and even mammals is extremely low17. The secondary structure differs between 

species with a single terminal stem loop in ciliates or a stem loop emerging from a three-way 

junction as found in human and yeast17,30 (figure 1.3). The role of the CR4/CR5 domain in telomerase 

assembly and function was established over the last years. In vertebrates the P6.1 helix is absolutely 

essential and when depleted telomerase activity in vivo is virtually abolished31. Furthermore, in vitro 

UV cross-linking studies showed that the CR4/CR5 domain might be in close proximity to the 

template, with long-range tertiary interactions formed between the loop L6.1 and the 5’ as well as 

the 3’ end of the template (A54-U307 and U306 to G44, U45 and C46)32. In addition, helix P6.1 also 

plays a role in binding to TERT, as mutants lacking the P6.1 helix show no detectable telomerase 

activity in vitro and are also not able to bind TERT31. 

Figure 1.7. The TRBD of TERT interacts with the CR4/CR5 domain in telomerase. a) Secondary structure 

map of the human CR4/CR5 domain and the hypervariable region. Labelling is the same as in figure 1.4. b) 

Schematic representation of P6/P6.1 from medaka (orange) and its interaction partners in medaka TRBD (blue). 

H-bonds are depicted as purple dashed lines; black dashed lines represent contact patches. c) Detailed 

neighbourhood of U182, G189 and A199 when bound to mTERT. Figure adapted from Huang et al., 201433. 
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The first crystal structure of a stem terminus element bound to the TRBD domain of TERT in O. 

latipes (Japanese medaka) provided further evidence that the CR4/CR5 domain is the main TERT 

binding site and is important for telomerase activity33. Huang et al. showed that the binding of the 

CR4/CR5 domain is mediated by three key nucleotides (U182, G189 and A199 of medaka TR, 

homologues in hTR are U261, G268 and A301), which directly hydrogen bond to leucine 371 (leucine 

382 in human), arginine 506 (glutamate 539)and phenylalanine 496 (valine 529) in the TRBD domain 

of TERT (figure 1.7)33. Various RNA backbone interactions confer additional stability to the RNP33. 

Importantly, the conformation of the P5-P6-P6.1 three-way junction depends on whether TERT is 

bound to TR33. Upon binding of TRBD to the CR4/CR5 domain major structural rearrangements occur: 

the base pairs C174-G216, C176-G213 and G198•U212 open up, allowing novel base pairs and base 

triples to form (figure 1.8)33. In fact, A199 and A200 pair with G213 and U212, respectively, and C174 

interacts with the Watson-Crick base pair C177-G198. In addition, C176 forms a triple with the 

canonical base pair A173-U217. This massive reorganization could be either the consequence of 

TRBD binding or allow the binding of TRBD in the first place. With P6.1 being highly conserved in 

vertebrates it is tempting to speculate about a conserved binding mechanism for telomerase RNAs to 

their corresponding TERT proteins17,33.

 

Figure 1.8. Crystal structure of medaka CR4/CR5 bound to mTERT. a) Comparison of a CR4/CR5-TRBD 

complex (orange and blue, respectively) and the NMR solution structure of the free CR4/CR5 domain of medaka 

(PDB 2MHI34, light blue). b) Overview of base pairs, which rearrange upon mTERT binding: complex (orange) 

and free form (light blue). Changes are shown in purple. Figure adapted from Huang et al., 201433. 

1.3.3. Maturation depends on the scaRNA domain 
The last major domain of hTR is termed scaRNA domain and can be described in short as hairpin-

hinge-hairpin-tail structure (with P4-J4/7-P7-P8a-P8b-J7) and contains the conserved regions CR6, 

CR7 and CR816,17. These conserved regions are a box H motif, the CAB and BIO boxes and the ACA 

trinucleotide. Interestingly, in vitro the entire domain can be omitted, while still producing a 

functional telomerase RNP. It consists only of pseudoknot/template domain and the CR4/CR5 
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domain, but this domain is absolutely needed in vivo for telomerase biogenesis13,16,35,36. So what is 

the exact role of the scaRNA domain? 

Originally, scaRNAs (small Cajal body-specific RNAs) have been identified as a subclass of snoRNAs 

(small nucleolar RNAs), which translocate to the Cajal body instead of the nucleolus37,38. Both 

scaRNAs and H/ACA snoRNAs are involved in pseudouridylation of other RNAs, a task which is carried 

out by RNP complexes37–39. In addition to snoRNAs, which are characterised by the conserved H box 

(5’-ANAGGA-3’) and an invariant ACA trinucleotide, scaRNAs possess an additional element, called 

CAB box (Cajal body box) consisting of 5’-UGAG-3’36–38. Adjacent to the CAB box, the BIO box is 

located, which is important for RNA accumulation, while the CAB box is required for correct 

localization to the Cajal bodies (see section 1.7)19,40. All of these elements are embedded in the 

secondary structure in single-stranded regions (figure 1.9) with box H in the hinge region, the CAB 

and BIO boxes in the terminal loop of the second hairpin (L8b in hTR) and the ACA trinucleotide in 

the tail40. 

The NMR solution structure for CR7 harbouring CAB and BIO box and snoRNA U64 revealed some 

similarities despite different nucleotide composition in the terminal loops: both loops have a U•G 

wobble base pair formed by the first nucleotide (U) and the second to last nucleotide (G) in the loop; 

the terminal nucleotide of the loop is a uridine in both cases which is always unpaired41 (figure 1.9). 

Taking this into account, Theimer et al. concluded that the first nucleotides proximal to the P8b stem 

are involved in hTR processing and accumulation41. 



Figure 1.9. Solution structure of the terminal hairpin of the scaRNA domain. a) The stem terminus element 

and its functional elements are depicted. Box H is colored in light green, CAB and BIO box are shown in purple 

and orange, respectively. The ACA trinucleotide is shown in red. The CR7 region is boxed and enlarged in b). 

Upper left panel: Superposition of the 20 lowest energy structures for the CR7-containing stem loop. Upper right 

panel: Schematic representation of nucleotides within the CR7 region. Lower panel: Stereo view of the CR7 

region based on the NMR solution structure (PDB 2Q2H). Figure adapted from Theimer et al., 201042. 

Taken together, the human telomerase RNA can be divided into three major domains with the first 

two being important for catalysis (pseudoknot/template domain and the CR4/CR5 domain), whereas 

the third one (scaRNA domain) is important for biogenesis and localization of hTR23,25,35,43,44. 

However, for a functional telomerase RNP complex, the protein TERT must be present as well. 

1.4.  TERT – a close relationship with telomerase RNA 
With the telomerase RNA providing the necessary template for synthesizing the telomeric repeats, 

the catalytic core of the telomerase RNP complex is located on the protein part named telomerase 

reverse transcriptase (TERT). The class of reverse transcriptases was discovered independently in 

1970 by Howard Temin and David Baltimore45,46. Until then, every known DNA polymerase was 

dependent on a DNA template (e.g. the leading strand during DNA replication, figure 1.2) to 

synthesize the complementary DNA strand. Instead, the reverse transcriptase relies on a RNA 

template to synthesize the complementary DNA strand. In the case of the telomerase RNP complex 

the RNA template is located within the telomerase RNA (see section 1.3.1). Human TERT (hTERT) 

consists of 1132 amino acids, has a molecular mass of approximately 127 kDa and can be divided into 

four functional domains (figure 1.10): a) the TEN domain (telomerase essential N-terminal domain), 

b) the TRBD domain (telomerase RNA binding domain), c) the RT domain (consisting of fingers and 

palm) and d) the CTE (C-terminal extension), also called thumb domain47. Interestingly, the RT 

domain shows remarkable similarities to RT motifs of viral origin, like that of the HI-virus, which could 

point to a common ancestral mechanism48. In contrast to the highly conserved RT domain, other 

elements of TERT are species-dependent. For instance, the TEN domain as well as the thumb motif 

are only found in ciliates and vertebrates, but are completely absent in insects (TEN domain) and 

nematodes (TEN and thumb motif)47,49,50. The reduced telomerase activity observed in some insect 

and nematode species might be explained by the lack of the TEN domain51–53. 

However, TERT proteins have one unique feature not found in any other RT protein: the ability to 

translocate after successful DNA synthesis and realign for an additional cycle of DNA synthesis 

without primer dissociation (see section 1.5)54. Therefore the catalytic activity of the telomerase RNP 

complex is considered to be twofold: the ability to elongate a given DNA substrate by one or more 

nucleotides is termed nucleotide addition processivity (NAP), while initiation of a new round of 
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elongation after successful DNA synthesis is called repeat addition processivity (RAP). Within the 

telomerase RNP complex one domain might be crucial for either NAP or RAP, but can be dispensable 

for the other one28,55–58. 

 

Figure 1.10. Organization of TERT proteins from different species. Cartoon representation of TERT proteins 

from vertebrates, ciliates, yeast, insects and nematodes. The TEN domain is depicted in yellow and the TRBD 

domain in blue. The RT domain is split in fingers (orange) and palm (crème) motifs. The CTE or thumb domain 

is shown in purple. The distinct motifs of each domain are labelled GQ, TFLY, VSR, CP, QFP, T, 1, 2, 3, A, 

IFD, B’, C, D, E, loop and helix.  

1.4.1. The TEN domain 
Located at the N-terminus, the telomerase essential N-terminal domain is the first of the four 

functional domains of hTERT. It is connected via a flexible linker of species-dependent length to the 

TRBD domain and is the least conserved domain within known TERT proteins47,59,60. However, three 

residues have been found to be conserved among all available TERT sequences: in human these are 

G145, Q169 and G17261. In the T. thermophila TEN domain both glycines adopt specific torsion angles 

(ɸ/Ψ) only possible for glycines, thereby inducing a sharp turn between α5 and α6 and β6 and α761. 

Based on the T. thermophila crystal structure, homology modelling of the human TEN domain shows 

a comparable protein fold, in which G145, Q169 and G172 are superimposable on their counterparts 

in T. thermophila62. In contrast to the topology-related function of G145 and G172, Q169 was shown 

to be essential for catalysis62. Both in yeast (Q146 in Est2p) and T. thermophila (Q168 in tTERT) 

mutation of this residue leads to a drastically reduced interaction between protein and ssDNA, 

impaired function in vitro as well as growth deficiency and telomere loss61,63,64. In human TERT the 

mutation Q169 shows basically the same phenotype as in yeast and ciliate, however binding to 

ssDNA is only decreased when using a TERT fragment consisting only of amino acids 1-30065. This 

strongly suggests that additional DNA binding sites are present in the human protein, but still points 

to a conserved role of Q196 within the telomerase RNA complex65. The motif in which G145, Q169 

and G172 are located, is called the GQ motif61,66 and enables the TEN domain to bind DNA by forming 

a groove on the protein surface which is often referred to as “anchor site”62,67,68 (figure 1.11). 
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Figure 1.11. Structural organization of the TEN domain. a) The T. thermophila TEN domain based on a 

crystal structure61. b) Homology model of the human TEN domain based on a). Amino acids coloured in red in 

a) have been shown to cross-link to ssDNA primers, human homologues are also coloured in red61,63. Blue 

coloured amino acids have been shown to be important for RAP69. Residues depicted in yellow in b) are 

involved in ssDNA binding62 and their homologues are also shown in yellow in panel a). The purple patch 

denotes residues in hTERT involved in protein-protein interactions and TERT recruitment to the telomeres70. 

Residue N95 coloured in green was shown to be involved in DNA binding in human71. Figure adapted from 

Jurczyluk et al., 201162. 

The anchor site of the TEN domain is responsible for RAP by binding ssDNA such as the 3’ overhang 

of the telomeres72, however the exact mechanism is not yet known. Detailed studies on yeast 

(Est2p), ciliate (tTERT) and human (hTERT) TEN domain have revealed that besides the three 

absolutely conserved residues (G145, Q169 and G172 in human) there are species-specific residues 

important for telomerase function. While L14 is the key contributor to RAP in T. thermophila, human 

TERT needs a lysine either at position 13 or 1469. The current model of how the TEN domain 

contributes to repeat addition processivity (RAP) positions the TEN domain in close proximity to the 

catalytic center, at which it realigns the DNA-RNA duplex after DNA synthesis62. 

In addition, the first 15 amino acids of the TEN domain have been reported to act as a nucleolar 

localization signal, directing TERT to the nucleolus and subsequently to the Cajal bodies73. Together 

with the CAB box present in hTR, both components are capable of reaching their destination for RNP 

assembly. 

1.4.2. Telomerase RNA binding domain 
In contrast to the relatively poor sequence conservation of the TEN domain, the TRBD (telomerase 

RNA binding domain) sequence has a higher degree of conservation among all known TERT 

proteins74. Despite species-dependent differences in the motifs the core motifs CP, QFP and T are 

present in all TERT proteins74. Nomenclature with regards to the vertebrate-specific TFLY and VSR 
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motifs is not unified, as some studies count TFLY and VSR to the TRBD domain75, while others 

position them in the linker region connecting TEN and TRBD domain (figure 1.10)76. In this thesis TFLY 

and VSR motifs are considered to be part of the linker region, but are explained in this section due to 

their physically proximity to the TRBD domain. 

As already implied by the name the TRBD’s main characteristics are the extensive contacts to their TR 

counterparts. High quality structural information are available on the TRBDs of the beetle T. 

castaneum55 (tcTRBD), the ciliate T. thermophila56 (tTRBD) and the vertebrate T. rubripes77 (trTRBD). 

All of three structures show a fold consisting mostly of helices and homology in their overall 

topology55,56,77 (figure 1.12). The motifs CP and T form an extended pocket on the protein surface 

which was shown to be involved in binding of the template boundary element (TBE) in all three 

structures55,56,77. In addition, in vertebrate TRBD (trTRBD) the motifs TFYL and VSR which consists of 

helix α1 and α4, respectively, extend the binding pocket built by CP and T77. Nonetheless, direct 

involvement of these motifs in binding to the TBE was not observed. 

 

Figure 1.12. Alignment of TRBDs from different species. Aligned sequences from O. latipes (Ol_Tert), D. 

rerio (Dr_Tert), H. sapiens (Hs_Tert), M. musculus (Mm_Tert), X. laevis (Xl_Tert), T. castaneum (Tc_Tert), T. 

thermophila (Tt_Tert) and S. pombe (Sp_Tert) are shown. Motifs within the TRBD are boxed in orange, the 

topology is depicted with blue cylinders for helical parts or blue arrows for β-sheets, respectively. Figure 

adopted from Huang et al., 201433. 

Recently the high-resolution structure of the medaka mTRBD-CR4/CR5 complex was reported, 

revealing the first detailed insights into the TRBD RNA-binding interface33. While only three 

nucleotides (U182, G189 and A199 or U261, G268 and A301 in hTR) play a key role in telomerase 

RNA to contact the protein (see section 1.3.2), several amino acids are necessary for correct 

recognition and binding of medaka CR4/CR5 domain (figure 1.7): arginine 506 (glutamate 539 in 

hTERT) and leucine 371 (leucine 382 in hTERT) form hydrogen bonds with U182 and G189; stacking 
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interactions with two aromatic amino acids (tyrosine 503 and phenylalanine 376) help to stabilize 

those interactions, while A199 forms a hydrogen bond with phenylalanine 496 (valine 529 in 

hTERT)33. The interactions between U182 and tyrosine 503 have also been proposed on the basis of 

cross-linking experiments75. In addition, extensive contacts to the TR backbone of P6 are made by 

residues arginine 374, 490 and 495 as well as tryptophan 477, lysine 480, valine 481 and methionine 

482 to the backbone of P6.133. Interestingly, only phenylalanine 496 is part of a known motif (QFP), 

whereas all other residues are not part of any motif (Leu 371 and Phe 376 are part of helix α2 and Tyr 

503 as well as Arg 506 are located in helix α8)33. This suggests a mode of action for CR4/CR5 

recognition that is based on the highly conserved structure of the corresponding telomerase RNA 

rather than on high sequence conservation in the TRBD of the corresponding TERT protein33. 

1.4.3.  The reverse transcription domain 
The next functional domain in line is the reverse transcriptase (RT) domain. It consists of the seven 

conserved RT motifs (1, 2, A, B’, C, D and E) as well as motifs only found in TERT proteins (motif 3 and 

IFD)48. Unlike the TRBD with its mainly α helical fold, the RT domain consists of both α helices and β 

sheets which are organized into two subdomains: fingers with motifs 1, 2 and the palm domain 

consisting of motifs 3, A, IFD, B’, C, D and E55. Despite the lack of a TEN domain in T. castaneum TERT 

the overall organization is thought to represent the correct TERT conformation (figure 1.13)55,78. This 

is supported by several lines of evidence: a) the overall ring-shaped topology of the domains 

resembles closely those of evolutionary related viral RTs, such as HIV RT, viral RNA polymerases and 

B-family DNA polymerases55,79–81; b) extensive contacts between the N-terminal TRBD and the C-

terminal thumb domain, which are mostly of hydrophobic nature, were observed55; c) the spatial 

arrangement of the domains form a pore which is about 21 Å in depth and about 26 Å wide55. These 

dimensions are almost identical to a DNA-RNA duplex expected in the vicinity of the active site. 

 

Figure 1.13. Structural organization of Tribolium castaneum TERT. a) Cartoon and surface representation of 

T. castaneum TERT. b) Close up of the RT domain of T. castaneum. The motifs are coloured and their 

localization is shown on the cartoon representation of the RT domain. Domain colours are the same as in figure 

10. Figure adapted from Gillis et al., 200855.  
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A closer look on the organization of the RT domain reveals that the IFD motif (insertion in fingers) is 

located at the interface between palm and fingers (figure 1.13). It is primarily made up of helices α13 

and α14 and orientated towards the outside of the inner hole, while making extensive contacts to 

helices α10 and α15, thereby influencing significantly the local organization of those helices55. As 

both helices α10 and α15 are oriented towards the inner side of the central hole and K210 of α10 is 

within coordination distance to a hypothetical RNA-DNA duplex, the IFD motif plays an important 

role for the organization of the RT domain78. As a consequence, point mutations diminishing the 

interactions between α14 and α10 are expected to severely disturb the organization, this was shown 

to be the case for yeast TERT (Est2p), in which substitutions of four amino acids to alanine 

(L589A/Y590A/I591A/D592A) led to decreased nucleotide addition processivity (NAP)55,82. 

The catalytic centre of the protein consists of three highly conserved aspartates (D251, D343 and 

D344 in T. castaneum and D712, D868 and D869 in human, respectively) forming a catalytic triade 

responsible for nucleotide addition processivity48,55. D251 is part of the motif A, while D343 and D344 

are both located in motif C48. The former is embedded in strand β7, while the latter two are situated 

in the loop connecting strands β10 and β1148,55. Like other reverse transcriptases, TERT most likely 

employs a two-metal ion mechanism for catalysis, relying on two magnesium ions for activating the 

nucleophile and stabilizing the leaving group48. Replacing the active-site aspartates to alanines was 

shown to impair telomerase activity48,83,84. Correct alignment of the incoming dNTP to the active site 

is achieved by conserved residues in motifs 1, 2, B’ and D as well as motifs A and C55,78. Most of these 

motifs have already been characterized to play a role in template and/or nucleotide binding as 

well85,86. Taken together, the RT domain of TERT is mainly responsible for providing nucleotide 

addition processivity via an evolutionary conserved core which is extended by the IFD motif. 

1.4.4.  The end of TERT – C-terminal extension 
The last of the functional domains of the TERT protein is the C-terminal extension (CTE) or also 

referred to as thumb. It can be further divided into two substructures, called thumb loop and thumb 

helix, respectively55. Despite sequence conservation between species, some nematodes completely 

lack the CTE50, which is interesting as both the TRBD and the CTE are part of the ring structure 

observed in the T. castaneum TERT55,78. As the presence of the CTE was shown to promote human 

telomerase activity, but is dispensable in yeast87, it is tempting to speculate that the role of the CTE 

was evolutionary solved in different ways (i.e. other proteins take over its role)47. 

In the T. castaneum crystal structure of active TERT the CTE forms extensive interactions with the 

TRBD domain and is positioned in a remarkably similar way than the thumb domain of the HIV RT78. 

Its two substructures, thumb loop and thumb helix are predominantly formed by a helical fold55. 
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However, bio-informaticians could not identify a homologous fold, implying an entirely new 

conformation for the CTE55. The main role of the CTE seems to be the correct positioning of the DNA 

relative to the active site of the protein78. This is mostly done via extensive contacts of residues in the 

thumb and loop with the DNA (figure 1.14). Of particular importance is the thumb helix α15, which 

directly binds to the minor groove of the DNA-RNA duplex78, which is similar to the role of helix H 

found in viral RTs88,89. The thumb loop is oriented almost parallel to the axis of the DNA-RNA duplex, 

thereby allowing extensive contacts of both its sidechains (Lys 416 and Asn 423) and surrounding 

water-molecules with the phosphodiester backbone as well as the ribose moieties of the DNA78. The 

entirety of these interactions position the 3’ DNA nucleotides within coordination distance to the 

‘primer grip’ in motif E as well as in proximity to the active site78. 

 

Figure 1.14. Positioning of the DNA-RNA duplex at the active site of the TERT protein from T. castaneum. 

a) Left panel: Overview of the thumb domain with its helix and loop substructures relative to the RNA-DNA 

duplex (purple and yellow, respectively). Right panel: Atomic resolution of the interactions between the thumb 

loop and the DNA backbone. Note that Lys 416, Asn 423 as well as two water molecules coordinate the exact 

position of the DNA backbone. b) Left panel: Overview of the active site of T. castaneum TERT with the thumb 

loop, thumb helix, the primer grip (motif E) and the RNA-DNA duplex (purple and yellow, respectively). Right 

panel: Motif E (primer grip) interacts with the DNA backbone adjacent to the active site of the TERT protein. 

The magnesium ion in the active site is shown as a red sphere. Figure has been adapted from Mitchel et al., 

201078. 
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In summary, TERT is a unique reverse transcriptase with a conserved core, which points towards an 

evolutionary link with other RTs. It consists of four domains (TEN, TRBD, RT and CTE), which are not 

found in every species and therefore might play species-specific roles54,55,78. The solution of the 

crystal structure of TERT from T. castaneum both in absence and presence of the substrate DNA/RNA 

helix led to remarkable progress in understanding the overall structure and topology of TERT55,78. 

1.5.  Elongating the ends 
Telomerase is a unique member within the family of reverse transcriptases. In contrast to all other 

RNA-dependent DNA polymerases telomerase releases single-stranded DNA products rather than 

double-stranded RNA-DNA duplexes90. This is necessary to allow telomerase to realign its RNA 

template and to proceed to the next round of DNA synthesis, a process which is commonly referred 

to as repeat addition processivity (RAP) and the distinctive hallmark of telomerase. While RAP is a 

unique feature of telomerases, it is not surprising that telomerases are also capable of nucleotide 

addition processivity (NAP) given the similarity of their RT domain with those of other prototypical 

RTs (e.g. HIV RT, viral RNA polymerases and B-family DNA polymerases55,79–81). The interplay of RAP 

and NAP needs careful orchestration, a fact which makes telomerase’s mode of action much more 

complex and difficult to understand. 

Elongation of telomeric DNA is a stepwise process and can be separated into the following steps 

(based on the assumption that the telomerase RNP complex has been properly assembled, localized 

and bound to the telomeres, see sections 1.6 and 1.7): a) initial binding of the 3’ end of the DNA to 

the RNA template; b) correct positioning of the RNA-DNA duplex in the active site; c) extension of the 

DNA primer; d) release of the duplex from the active site; e) separation of the RNA from the DNA 

strand; f) repositioning of the template and a) with binding of the new 3’ end of telomeric DNA to the 

RNA template a new round of repeat addition can occur (figure 1.15). 

The processivity of telomerase raises some interesting questions. First, telomerase must exhibit an 

extremely stringent control on repeat length and needs to prevent read-through, as the 

incorporation of nucleotides outside the canonical template region would prevent successful re-

alignment of the newly synthesized telomeric DNA with the canonical RNA template90. Second, after 

elongating the DNA primer the newly made RNA-DNA duplex must be separated again, a reaction 

which is thermodynamically unfavourable but takes place nonetheless90. Finally, repositioning of the 

template at the beginning of a new round of DNA synthesis somehow favours telomerase to bind the 

short RNA-DNA duplex rather than the old, fully synthesized repeat90. 
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Figure 1.15. The telomerase catalytic cycle. Telomerase employs a variety of steps in order to achieve both 

nucleotide addition processivity and repeat addition processivity. a) first binding of template RNA (green) to the 

3’ end of the telomeric DNA (blue) occurs, b) followed by correct positioning of the DNA/RNA duplex at the 

active site (yellow star). c) The DNA primer is elongated for six nucleotides and then the elongation comes to a 

stop. d) Afterwards the product is released from the active site, and e) strand separation takes place in order to 

prepare the RNP complex for a new round of DNA synthesis or the telomeric DNA dissociates and is released 

(gray arrow). f) The template is repositioned and with the initial base pairing of the new 3’ end of telomeric 

DNA with the RNA template the cycle starts again. Note that the alignment region of the template is shown in 

red, whereas the actual template is shown in dark blue. Newly synthesized DNA nucleotides are shown in black. 

The TERT enzyme is shown in violet. 

So far, most of the studies on telomerase focused on understanding the regulation of the repeat 

length and on defining the template. A study by Brown et al. in 2014 showed convincingly that 

indeed the template itself plays an important role in repeat addition processivity91. In fact, a single 

nucleotide (U49) in the human template is responsible for sensing when a full repeat has been added 

to the telomeric DNA91. The first synthesized A base pairs with U49 in hTR, allowing telomerase to 

precisely pause after adding three additional nucleotides and reaching the end of one canonical 

repeat91. The sequence-specific pause site permits the release of the RNA-DNA duplex from the 

active site (figure 1.15, step d) and seem to work synergistically with the P1b template boundary 

element (TBE)91. 

In addition, numerous other factors which influence telomerase activity have been identified. For 

example, the concentration of primer and dNTPs, sequence of the primer, temperature and 
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regulatory proteins92–96. Only a few of all the contributors to telomerase processivity are well 

understood, while others remain to be characterised or to be discovered. 

1.6.  The shelterin complex is guarding the telomeres 
The ends of a chromosome are called telomeres and consist usually of several kilobases of the 

corresponding species-dependent telomeric repeat sequence. For instance in human the repeat 

sequence is 5’ GGTTAG 3’97. A typical human telomere can vary between 10 and 15 kb in length98–100, 

whereas a mouse telomere is profoundly longer with 25 to 50 kb101. However, the reason for this 

difference is not yet known. One the other hand, the minimum length of a telomere in human was 

shown to be around 1 kb, as shorter telomeres induce senescence102. In contrast to double-strand 

breaks, telomeres are protected from mechanisms that are normally triggered upon detection of 

double-strand breaks, like DNA-damage response, homologous recombination or non-homologous 

end joining (NHEJ)103. Capper and Baird showed that a stretch of 13 telomeric repeats corresponding 

to 78 base pairs is the minimal length to prevent telomere-telomere fusion104,105. 

The very end of a mammalian telomere consists of a G-rich 3’ overhang instead of being blunt-

ended106,107, a feature conserved in eukaryotes. In mammals the 3’ overhang varies between 50 and 

300 nucleotides (figure 1.16), being among the longest in the eukaryotic kingdom97. This is different 

from the telomeres of lower eukaryotes which often have shorter 3’ overhangs, e.g. ciliated 

protozoans, like Tetrahymena thermophila, only have 12 to 16 nucleotides at the 3’ strand of their 

chromosomes108,109. The exact mechanism for generating the vertebrate long 3’ tail is not known, but 

telomerase has been ruled out as a potential candidate110,111. While the last base of the G-strand can 

consist of any of the four canonical dNTPs, the 5’ end of the C-strand consists exclusively of 3’-ATC-

5’112, suggesting that the 3’ overhang is generated by a specific cleavage event from a nuclease106 

(figure 1.16). The ends of telomeres form an architecturally interesting structure, which is thought to 

protect and hide the telomere terminus from the DNA damage repair machinery113. The so-called T-

loop is formed as the 3’ overhang of the G strand intrudes the double-stranded region and forming 

base pairs with the complementary C-strand, while the original G-strand in that region is forced to 

form a D-loop (displacement loop)113. The size of the T-loops varies considerably between different 

organisms and does not seem to be related to the function of telomere protection97. Furthermore, it 

is not clear how the formation of T-loops is triggered and works nor is it known if the T-loops 

represent structures, which are present throughout the entire cell cycle or only present in certain 

stages of the cell cycle97. T-loop formations are energetically unfavourable and it is therefore not 

surprising that various proteins called the shelterin complex help to stabilize them. 
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Figure 1.16. Schematic representation of human telomere organization. a) Human telomeres consist of 

several kilobases of canonical double-stranded 5’ GGTTAG 3’ repeats ending with a 3’ overhang. The strands 

are referred to as G-strand (containing the canonical repeat sequence) and its complementary C-strand, 

respectively. b) Telomeres are covered by the proteins of the shelterin complex (TPP1, POT1, TIN2, TRF1, 

TRF2 and RAP1). To protect the chromosome end the 3’ overhang folds back and invades the dsDNA, 

displacing the G strand. This results in formation of a T-loop and a D-loop (displacement loop). Figure adapted 

from O’Sullivan et al., 2010114. 

Other common features found at the ends of telomeres are G-quadruplex structures of G quartets 

which form planar, square configurations of four Gs via Hoogsteen base pairing115. Although there is 

evidence that G quadruplexes form spontaneously in vitro and are as well present in vivo, all known 

shelterin proteins bind unfolded, single-stranded DNA, but have the ability to catalyse both folding 

and unwinding of G quadruplexes116–118. 

The shelterin complex consists of six proteins (TPP1, POT1, TIN2, TRF1, TRF2 and RAP1) and 

numerous shelterin complexes cover the telomeres97. Telomeric repeat binding factor 1 and 2 (TRF1 

and TRF2) bind to the double-stranded repeats, whereas protection of telomeres (POT1) localizes to 

the single-stranded repeats in the 3’ overhang and the D-loop97. TIN2 binds to TRF1 and TRF2 as well 
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as to TPP1, which itself is bound to POT1, whereas RAP1 interacts with TRF297 (figure 1.16). The 

shelterin complex was shown to be stable even when no telomeric DNA is present119. In general, 

covering of telomeric DNA with proteins, such as the shelterin complex, was also observed in other 

organism and some shelterin proteins, like POT1 and TRF, have conserved orthologues in yeast as 

well as in ciliates97. 

It is also noteworthy that some species have found alternative ways despite telomerase to protect 

their telomeres. For instance, the silkworm B. mori still has the canonical insect repeats (TTAGG), but 

in addition its telomeres contain also insertions of non-LTR retrotransposons, which is of particular 

interest, as the telomerase enzyme of B. mori shows little or almost no processivity120–122. It is 

believed that in B. mori the retrotransposons are exclusively responsible for the maintenance of the 

telomeres122,123. Therefore, B. mori might represent an organism in transition between two telomeric 

maintenance systems. 

An entire different situation is found in one of the main model organisms in biology: the fruit fly D. 

melanogaster. Here, genes coding for TERT or the integral RNA component TR were not found124. 

Instead, three different classes of non-LTR retrotransposons have been identified (HeT-A, TAHRE and 

TART), which are exclusively found at the chromosome ends and form a terminal retrotransposon 

array124. These retrotransposons have actually taken over the role of telomerase RNP and prevent 

telomere erosion. Both examples, B. mori and D. melanogaster, illustrate nicely how evolution has 

come up with different, independent solutions for the same problem. 

1.7.  Biogenesis and maturation of hTR 
Obtaining a functional telomerase RNP complex in vivo is a complex process (figure 1.17). The RNA 

component TR and the protein TERT undergo completely different steps of maturation and 

processing, before being assembled into a functional RNP complex. In vitro the situation is quite 

simple with only TR and TERT being necessary to obtain telomerase activity11,12, while in vivo 

additional protein co-factors are needed for correct processing of the telomerase RNA, the assembly 

of the RNP complex and trafficking of the mature complex to the telomeres19. 

As already mentioned earlier, human telomerase RNA is transcribed as a precursor by RNA 

polymerase II16. The 3’ end of hTR is processed in a similar yet not fully understood way to canonical 

H/ACA snoRNAs to yield the mature 451 nucleotide product14,15. The structural similarity of hTR to 

other H/ACA snoRNAs points to a shared mechanism for RNP assembly between hTR and H/ACA 

snoRNAs. Usually, H/ACA snoRNAs act as a guide to target other RNAs for pseudouridylation, such as 

ribosomal RNAs or snRNAs125,126. Indeed, human telomerase RNA relies on the same pre-assembled 

protein scaffold as canonical H/ACA snoRNAs consisting of four proteins, the pseudouridylase 
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Dyskerin, Nhp2, Nop10 and the H/ACA RNP assembly factor Naf119. The pre-assembled protein 

complex is loaded co-transcriptionally onto hTR, whereby one set of proteins binds to each 

hairpin127–129. In contrast to H/ACA snoRNAs which require a total of two protein sets, one bound by 

each hairpin, only one set of proteins bound to the 3’ hairpin is necessary for hTR40. The BIO box 

located in the terminal loop (L8b) of the hairpin was shown to promote H/ACA RNP assembly and 

therefore shifts the balance towards successful RNP assembly and away from degradation of the 

precursor by exonucleolytic cleavage40. 

 

Figure 1.17. Biogenesis and maturation of the human telomerase RNP complex. Schematic overview of the 

different steps in telomerase maturation. a) hTR is transcribed by RNA polymerase II and loaded with the 

H/ACA protein complex consisting of Dyskerin (purple), Nhp2 (red), Nop10 (yellow) and Naf1 (orange). b) The 

3’ end of hTR is processed to obtain the mature product of 451 nucleotides. c) The entire complex is routed to 

the Cajal bodies, Naf1 (orange) is exchanged for Gar1 (pink) and the TMG cap is added by sTgs1 (green). d) 

Interaction with Tcab1 (dark blue) prolongs Cajal-body localization and during S-phase hTERT (light blue) 

binds to complete the mature telomerase RNP complex. Figure adapted from Egan and Collins, 201219.  

After correct assembly of hTR with Dyskerin, Nhp2, Nop10 and Naf1 the entire RNP complex is 

transported via Phax and Nop140 to the Cajal bodies, a site of RNP remodelling130,131. In this respect 

Naf1 is replaced with the mature component Gar1128. Finally, direct interaction between the CAB box 

located in the terminal loop (L8b) and the protein Tcab1 ensures continuous localization of the RNP 

complex at the Cajal bodies132,133. 
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In order to obtain a functional telomerase the protein component TERT must associate with the 

complex. While hTR is mostly processed in the Cajal bodies, immunofluorescence studies identified 

hTERT to be located in different compartments than hTR134, such as nucleoplasmic foci,. The data 

suggests that human telomerase RNA and hTERT are separated for most of the cell cycle and only co-

localize throughout S-phase, during which co-localization of hTR and hTERT was observed at the 

periphery of the Cajal bodies as well as at telomeres134. Strikingly, not all telomeres of the cell were 

covered with telomerase, this was only the case for a small subset, suggesting that only a fraction of 

the total amount of cellular telomeres is elongated during one cell division134. In addition, hTERT is 

likely to bind to the mature hTR RNP complex and not during one of the previous steps. 

Like in all natural processes, a failure in one or more steps of telomerase RNP processing and 

assembly might have drastic consequences. With telomerase being highly active in proliferative 

tissues, decreased amounts or defective telomerase have been suggested to be the cause of a 

number of diseases135. 

1.8.  Telomerase and influence on disease 
Since the discovery of telomerase, mutations either in the hTR gene, the hTERT gene or genes coding 

for shelterin components or H/ACA RNA-binding proteins have been identified as the primary reason 

for different genetic diseases. It is now commonly accepted to refer to the entirety of telomere-

associated diseases as telomere biology disorders (TBD)10. 

1.8.1. Telomere-associated diseases – Dyskeratosis congenita 
The first clinical description of syndromes of Dyskeratosis congenita (DC) are dating back to the 

1900s136. The patients suffer from a multi-system disorder with three main diagnostic patterns, 

including nail dystrophy, abnormal skin pigmentation around the chest and neck and oral 

leukoplakia10. Several associated disorders like bone marrow failure, stem cell defects or a higher 

susceptibility for cancer are also frequently observed137. The unifying characteristics of all DC patients 

are their significantly shorter telomeres compared to healthy individuals of the same age138. The 

identification of mutations in the gene DKC1 coding for Dyskerin as a major source for this inherited 

disease provides the connection between the observed clinical syndromes and the fact that telomere 

length is drastically reduced10. This hypothesis is strengthened by findings that the cellular levels of 

pseudouridylation of rRNAs, the main task of Dyskerin, are not altered and, indeed, telomerase 

dysfunction is the primary reason for Dyskeratosis congenita139. In contrast, a knock-out of Dyskerin 

proved embryogenic lethal in mice140 as well as in yeast141, but this is due to failure of 

pseudouridylation of rRNAs141. 

32 
 



 

Figure 1.18. Mutations associated with Dyskeratosis congenita. Mutations in the proteins Rtel1, Ctc1, Tin2 

and Tcab1 are associated with DC and are involved in either telomere stability and capping, the shelterin 

complex or telomerase trafficking. Proteins that are part of the telomerase RNP complex were also found to 

contain mutations in DC patients: TERT, Dyskerin, NOP10 and NHP2. The telomerase RNA was also found to 

contain mutations which are associated with DC. This figure was adapted from Savage et al., 201410.  

Nowadays, additional mutations in several genes coding for various telomerase-associated proteins 

or the telomerase RNA have been identified to cause DC (figure 1.18). Thus, mutations were only 

identified either in the shelterin complex (Tin2), proteins responsible for telomerase stability (Rtel1) 

and telomere capping (Ctc1), telomerase localization (Tcab1) or in components of the telomerase 

RNP complex (Nop10, Nhp2, dyskerin, TERT and hTR)10. Interestingly, the important role of 

telomerase RNA and its structure is reflected by the fact that several mutations in the pseudoknot 

domain, in the CR4/CR5 domain as well as in the scaRNA domain are associated with DC and other 

pre-mature aging syndroms24 (figure 1.19). Most of them are thought to alter the secondary and/or 

tertiary structure (e.g. the triple helix in the pseudoknot domain), thereby disrupting the functional 

telomerase RNP complex142. 

1.8.2. Telomerase and cancer 
Telomerase expression is tightly regulated throughout the different cells in the human body. In early 

embryogenesis telomerase is highly expressed and active, but is down-regulated afterwards in most 

somatic tissues143. In contrast, highly proliferative tissues containing stem-cell-alike populations, such 

as the hematopoietic system in the bone marrow, skin and intestine still express telomerase144–146, 

indicating that telomerase expression and the proliferation capacity of certain tissues are closely 
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connected. This link is therefore demonstrated by the fact that almost 90% of human cancer types 

have been identified as telomerase-positive147. What could be the reason for normal cells to 

transform into malignant ones? Normal cells lacking telomerase expression sooner or later reach 

their Hayflick limit and enter senescence (also called mortality state 1 or M1)148. If the checkpoints 

for cell cycle arrest are absent, the cell continues to divide and enters crisis (referred to as M2 state) 

due to telomere fusion-bridge-breakage cycles followed almost universally by apoptosis148. Both 

senescence and crisis (M1 and M2) are very potent anti-cancer mechanics protecting the human 

body148. However, as a consequence of a rare mutation event allowing a cell to elongate its 

telomeres (e.g. by expression of telomerase) and thus starting to proliferate again, a potentially 

cancer-causing cell developed. Recent studies have identified several mutations in the promoter 

region of hTERT in different cancer types149. Strikingly, in melanoma (skin cancer) mutations in the 

hTERT promoter were found in 89% of the cases150,151. Specifically, cytidine to thymidine transitions 

in a consensus sequence that is required for binding of a transcription factor results in a two to four-

fold increase in hTERT expression150,151. 

 

Figure 1.19. Disease-related mutations sites within hTR. Summary map showing naturally occurring 

mutations within human telomerase RNA. Each change in the sequence is colour-coded based on the disease it is 

associated with: AA (aplastic anemia), DC (Dyskeratosis congenita), MDS (myelodysplasitc syndromes), ET 

(essential thrombocythemia) and IPF (idiopathic pulmonary fibrosis). Figure adapted from Carroll et al., 2009142. 
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In comparison to the enormous amount of cells in a human being (approximately 3.7 ∗ 1013 cells152) 

and the large number of cells dividing, differentiating and dying every day (e.g. in the gastrointestinal 

tract or the bone marrow), the protection against cancer works surprisingly well. Replicative aging 

(senescence) due to telomere shortening, apoptosis for cells reaching crisis and the absence of active 

telomerase represent powerful tools to prevent the formation of cancer cells most of the time. With 

telomerase being active in most cancer types, new therapeutic studies focus on inhibiting telomerase 

activity in cancer cells153–156. 

1.9.  Investigating the structure of biological macromolecules 
In order to shed light on such a complex structure, like the human telomerase RNP complex, a variety 

of different techniques have been developed and applied. Many biological macromolecules can be 

crystallized, resulting in a repeating arrangement of the molecule. Upon exposure to a beam of X-

rays this grid-like structure produces a diffraction pattern which contains information about the 

crystal’s internal structure and hence the molecules the crystal was made of. The first biological 

macromolecule, for which X-ray crystallography was used successfully to solve the structure, was 

myoglobin in 1958157. The importance of this new method is also reflected by the fact that the Nobel 

Prize in Chemistry in 1962 was jointly awarded to John Kendrew and Max Perutz for “for their studies 

of the structures of globular proteins"158. Nowadays X-ray crystallography has developed into a key 

method for solving complex biological macromolecules. The method has no size limitation thus as 

long as a macromolecule is crystallisable, X-ray crystallography can be applied to study its structure. 

On the other hand, crystals are static and therefore the molecule can be only investigated in one 

specific, frozen conformation. For instance, biological macromolecules often have regions which are 

flexible and might not adopt a single conformation (e.g. the flexible tails in the murine prion 

protein159)  and therefore are hard to investigate in a static crystal structure. The dynamics within a 

protein, for instance, can be studied much better when using solution nuclear magnetic resonance 

spectroscopy. The fact that an atomic nucleus, consisting of an odd number of protons and/or 

neutrons, interacts with a magnetic field by absorbing and re-emitting electromagnetic radiation was 

already discovered by Edward Mills Purcell and Felix Bloch in the 1940s160,161. However, it took 40 

years, before NMR was successfully used to solve a protein structure in 1984 by the group of Kurt 

Wuethrich162. Both, X-ray crystallography and NRM have developed into key methods for assessing 

biological macromolecules and are nowadays used on a routine basis. 

Despite being powerful tools, both X-ray crystallography and solution NMR come with limitations. 

While crystallography is utterly dependent on the molecule of choice forming a useable crystal, NMR 

has considerable size limitations (<30 kDa) allowing only the analysis of small molecules or isolated 
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domains from a larger molecule. Furthermore, both methods rely on in vitro samples and might 

therefore not accurately represent the situation in vivo. This can be solved by using chemical 

compounds which modify the RNA or protein structure and can easily penetrate cell walls in order to 

be used in vivo. These approaches are commonly known as chemical probing and can often be 

applied in vitro as well as in vivo. One of many advantages of chemical probing is the fact that there is 

no limitation in size, therefore allowing the probing of complex macromolecules. In our lab many 

different approaches for investigating RNP complexes are used (e.g. UV cross-linking, Pb2+ cleavage, 

chemical probing as well as SHAPE protocols) allowing us to thoroughly analyse a RNA molecule of 

choice. The combination of different approaches allows collecting a plenitude of information on base 

pairing, long-range tertiary interactions and ligand-induced structural changes163–165. Currently, 

improved protocols for DMS probing, SHAPE as well as UV cross-linking allow for parallel analysis of 

many RNAs at once through subsequent deep sequencing166–168. In addition, UV cross-linking coupled 

with mass spectroscopy can be used to identify RNA-protein interactions, but the low yield often 

poses a considerable problem for subsequent mass spectroscopy. 

By incorporating data from chemical probing and phylogenetic information on the one hand and X-

ray crystallography as well as NMR data on the other hand, the structure of a given macromolecule 

can often be much more refined and improved. An example for such a combined approach is the 

CASP experiment for protein folding169. Although originally intended to improve structure prediction 

algorithms by comparing their results to crystal structures, the computational predictions can also 

improve areas in the crystal with only poor electron density170. By using a combined approach of X-

ray crystallography, NMR, chemical probing and computational predictions, the structural 

organization of many molecules have been analysed nowadays. 
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2. Aims of the work 
Organic life is dependent on chemical reactions carried out by a multitude of different proteins and 

RNAs. In order to carry out these functions, each enzyme must adopt a precisely defined structure, 

leading to the conclusion that understanding living cells necessitates understanding the structure of 

its building blocks. The telomerase RNP complex is known for 25 years and the more structural 

details emerge, the more advanced is our understanding of this fascinating machinery. 

In the Waldsich lab we are interested in elucidating RNA structure and RNA folding. Telomerase 

consists of approximately 55% RNA, which is essential for telomerase function. To obtain a functional 

complex hTR and hTERT must assemble into an active telomerase complex and by doing so an 

extensive network of either RNA-RNA and/or RNA-protein interactions must form. However, only 

limited information about this interaction network is available and most of these studies have been 

carried out in vitro. It is therefore necessary to develop a method to investigate RNA-RNA (and RNA-

protein) interactions in the telomerase complex in vivo with single-nucleotide resolution to shed 

more light onto its structural organization. 

By employing in vivo UV cross-linking, I first aimed to characterise the sites within hTR that are 

spatially close to other hTR elements or hTERT, thus resulting in a cross-link. Second, it was of 

interest to determine whether the cross-linking efficiency depends on the presence of hTERT. To 

identify potential RNA-RNA contacts or RNA residues close to hTERT, a genetic approach was 

combined with UV cross-linking. 

By successfully solving these challenges I want to find answers to the following questions: a) What 

regions of hTR are involved in RNA-RNA contacts?, b) How do these sites change in the absence of 

the protein hTERT? and c) Where is a potential binding site within hTR for hTERT? 
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3. Materials and Methods 

3.1.  Bacterial strains 
Cloning and transformation were performed with E. coli strain XL1-blue (Stratagene). The genotype is 

endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15] hsdR17(rK
- mK

+). 

3.2.  PCR-based cloning strategies 
Mutations in hTR were introduced to the plasmid pBS U1 hTR by Fastcloning171. Summarized shortly 

this method relies on the in vivo methylation of bacterial plasmids obtained from E. coli. In contrast 

to bacteria PCR products are not methylated as they are produced in vitro. Using the methylation-

sensitive restriction enzyme DpnI the template of bacterial origin can be degraded and only the PCR 

products containing the desired mutations are transformed into the appropriate E. coli strain.  

Affinity tags for hTERT were introduced with conventional overlap PCR. In short two PCR reactions 

were performed using primers F1 and R1 and F2 and R2. F1 is binding upstream of the insertion, 

while R1 contains the tag to be inserted and is covering the insertion site. The second primer F2 is 

partially overlapping and complementary to R1 and contains the affinity tag. Primer R2 is binding 

downstream of the insertion site. The final product is generated by a third PCR reaction using the 

F1/R1 and F2/R2 PCR reactions as a template. Primer F1 and R2 are added after 5 cycles and 

guarantee the synthesis of the full-length product. Table 3-1 shows the details of the PCR protocol, 

table 3-2 shows the reaction setup for a single PCR reaction.  

 Conventional and Overlap PCR Fastcloning 

Step [°C] [sec] [°C] [sec] 

Denaturation [°C] 94 300 98 180 

# of cycles 25 25 

Denaturation [°C] 94 30 95 10 

Annealing [°C] Dependent on primer TM 55 30 

Elongation [°C] 72 Enzyme dependent 72 180 

Final elongation [°C] 72 300 72 300 

Storage [°C] 4 ∞ 4 ∞ 

Table 3-1. Summary of PCR protocols used for molecular cloning. 
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Component Conventional PCR Overlap PCR Fastcloning 

10x buffer 5 µl 10 µl 5 µl 

10mM dNTPs 1 µl 2 µl 1.25 µl 

Template DNA [10ng/µl] 5 µl 5 µl 1 µl 

10µM forward primer 1 µl 1 µl 0.5 µl 

10µM reverse primer 1 µl 1 µl 0.5 µl 

10mM MgCl2 5 µl - - 

10mM MgSO4 - 15 µl - 

14.1M DMSO  2.5 µl 5 µl - 

GoTaq polymerase [5u/µl] 0.25 µl - - 

Pfu polymerase [3u/µl] - 0.8 µl - 

Pfu Ultra II polymerase - - 1 µl 

ddH2O 29.25 µl 60.2 µl 40.75 µl 

Total volume 50 µl 100 µl 50 µl 

Table 3-2. Pipetting scheme for conventional, overlap and Fastcloning PCR. 

All plasmids generated for this thesis are listed below (table 3-3), while the primers used are listed in 

the addendum (table iii-1). 

Plasmid Mutation 
pCW135 U39C/U40C/U41C/U42C/U43C 
pCW137 U86C/C87U/C88U/C89U 
pCW138 U100C/U101C/U102C/U103C/C104U/U105C 
pCW139 C112U/U113C/U114C/U115C 
pCW117 U146A/U147A 
pCW163 C152G/G153U/U154A/U155A/C156G/A157U/U158A/U159A/C160G 
pCW187 A176G/U177C/C180U/U184C 
pCW189 U249C 
pCW190 C290U/U291C 
pCW191 U307C 
pCW192 C313U/U314C/U316C/C317U 
pCW145 U350C 
pCW146 U357C/U358C/U359C/C360U 
pCW147 G404A/A405G/U406C/U407C/C408U 
pCW148 U416C/G417A/U418C 

Table 3-3. Mutated hTR constructs used for mapping RNA-RNA interaction sites. 

 

3.3.  Agarose gels and restriction digests 
PCR products were analysed on a 0.8% native agarose gel for efficiency and specificity. The 

respective bands were cut out under UV-light and processed with the Wizard© SV Gel and PCR 

Clean-Up System (Promega). Restriction digests were performed with enzymes purchased from New 
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England Biolabs. Total volume of each restriction digest was either 10 µl for control digests or 200 µl 

for preparative digests. 1 unit of enzyme was used to digest 1 µg of DNA. Buffer and BSA were added 

according to the manufacturer’s protocol. For enzymes for which no heat inactivation was possible 

the Wizard© SV Gel and PCR Clean-Up System was used for removal of the enzyme. 

3.4. Competent cells and bacterial transformation 
Chemically competent XL1-Blue E. coli were used for transformation. Cells were prepared according 

to the following protocol: 

1. Inoculate 1 ml of overnight culture in 100 ml LB medium at 37 °C and 180 rpm. 

2. Grow the culture to OD600 0.5 – 0.6. 

3. Once the OD is reached, cool the flask on ice for 20 minutes and harvest cells by 

centrifugation at 4 °C and 4000 rpm for 10 minutes.  

4. Resuspend the cell pellet in 5 ml of ice-cold KCM buffer and incubate on ice for 15 minutes.  

5. Freeze 100 µl aliquots in liquid nitrogen and store at – 80 °C.  

Transformation is carried out as follows: 

1. Mix 20 µl of 5x KCM, 1 µl of DNA solution [10ng/µl] and 79 µl ddH2O with 100 µl of thawed 

KCM cells. 

2. Incubate on ice for 20 minutes. 

3. Perform heat shock at 37 °C for 5 minutes. 

4. Add 200 µl of pre-warmed LB medium and incubate at 37 °C for another 60 minutes (with 

moderate shaking). 

5. Plate transformation mix on LB plates containing appropriate antibiotics for selection. 

KCM buffer 

 LB medium   75 ml 

 PEG 3350 [w/v]   10 g 

 DMSO    5 ml 

 1M MgSO4 [f.c. 100mM] 10 ml 

 1M MgCl2 [f.c. 100mM]  10 ml 

 Add ddH2O up to 100 ml, sterile filter the solution. 

 

5x KCM 
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 2.5M KCl [f.c. 500mM]  6 ml 

 1M CaCl2 [f.c. 150mM]  4.5 ml 

 1M MgCl2 [f.c. 250mM]  7.5 ml 

 Add ddH2O to 30 ml, store at 4 °C 

 

LB medium 

Tryptone [f.c. 1%]   10 g 

Yeast extract [f.c. 0.5%]   5 g 

NaCl [f.c. 1%]    10 g 

Add ddH2O to 1 l and autoclave, store at RT. 

 

LB plates 

Tryptone [f.c. 1%]   10 g 

Yeast extract [f.c. 0.5%]   5 g 

NaCl [f.c. 1%]    10 g 

Ampicillin [f.c. 100µg/ml]  1 ml 

Add ddH2O to 1 l and autoclave. Add ampicillin when solution has cooled down to 50 °C 
shortly before pouring the plates. Store plates at 4 °C. 

 

3.5.  Plasmid preparation and sequencing 
MINI and MIDI preps have been performed with the PureYield™ Plasmid Miniprep System (Promega) 

and the PureYield™ Plasmid Midiprep System (Promega), respectively. Both kits were used according 

to the manufacturer’s protocol. All newly cloned plasmids have been sent to sequencing at 

Microsynth, Austria. 

3.6.  Culturing of HEK293 cells 
All experiments using human cells were performed with the HEK293 cell line derived from human 

embryonic kidney. Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich) supplemented with 

10% FCS (Sigma Aldrich) was used for culturing the cells. Splitting took place each third day, the dish 

was rinsed once with 1x Dulbecco’s Phosphate Buffered Saline (Sigma Aldrich) and trypsinized (Sigma 

Aldrich). Cells were incubated at 37 °C and 5% CO2.  
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Cells were passaged around 40 times before a new aliquot was thawed and used to establish a new 

culture. Cryo-stocks for freezing were prepared according to the following protocol: 

1. Remove media from 10 cm plate and wash the plate with 1x DPBS. 

2. Trypsinize cells by adding 1 ml of 1x trypsin and incubate for 2 minutes at 37 °C and 5% CO2. 

3. Add 9 ml of fresh media and transfer cell solution into a 15 ml falcon tube. 

4. Centrifuge at 4 °C, 1200 x g for 5 minutes. 

5. Remove supernatant and wash pellet in ice-cold 1x DPBS. 

6. Repeat step 4. 

7. Resuspend the cell pellet in DMEM/10% DMSO and prepare 1 ml aliquots. 

8. Transfer cells to – 80 °C for at least 24 hours before storing them permanently in liquid 

nitrogen. 

For thawing a cryo-stock and establishing a new culture, the following protocol was used: 

1. Carefully thaw cryo-stock on ice. 

2. Mix with 9 ml DMEM supplemented with 10% FCS.  

3. Centrifuge at 4 °C, 1200 x g for 5 minutes. 

4. Remove supernatant and resuspend pellet in fresh DMEM with 10% FCS. 

5. Transfer cell suspension to a 10 cm plate and incubate at 37 °C and 5% CO2. 

  

3.7. Transfection of HEK293 cells 
All plasmids used for this thesis were transiently transfected into HEK293 cells using FuGENE©HD 

(Promega). Transfection reactions were carried out in 6-well plates seeded the day prior to the 

experiment with a cell density of 6 ∗ 105 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐

. The total amount of plasmid transfected for 1 well 

were 4 µg with a ratio of 1:5 for RNA:protein coding plasmids. A typical transfection reaction 

consisted of 13.3 µl FuGENE FuGENE©HD, 4 µg of plasmids and ddH2O to the final volume of 150 µl. 

Proper complex formation between plasmids and the transfection reagent was ensured by a 30 

minutes incubation step at RT. Afterwards medium was exchanged with 3 ml of fresh one and the 

transfection mix was added drop-wise to each well. Each 6-well plate was incubated for 24 hours 

before being washed with 1x PBS, trypsinized and expanded to 150mm dishes (3 wells of a 6-well 

plate were used for 1 150mm dish). After each dish has reached 95% confluency (typically 72 hours 

after transfection) UV cross-linking was performed 
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3.8.  UV cross-linking and total RNA isolation 
After reaching 95% confluency dishes were rinsed twice with ice-cold PBS (Sigma Aldrich), placed on 

an ice-cold metal block and subjected to 200mJ/cm2 UV-radiation in a Stratalinker© 2400. Control 

samples were kept on ice during UV-treatment. Afterwards PBS was carefully removed and 700 µl 

CHAPS lysis buffer were added to each dish. Cells were then collected with a cell scrapper and 

transferred to a 1.5 ml tube to proceed with total RNA isolation. Therefore the cells were incubated 

on a rotating wheel at 4 °C for 20 minutes to complete cell lysis. To ensure complete digestion of 

proteins by Proteinase K all samples were put at 37 °C for 1 minute and cleared by centrifugation at 

14 000 x g, 4 °C for 30 minutes. The supernatant was then transferred to a fresh 1.5 ml tube, filled up 

to 500 µl total volume (if necessary) with CHAPS lysis buffer. Subsequently phenol extraction was 

performed as described below: 

1. Add 500 µl of water-saturated phenol (Applichem) to the sample. Vortex thoroughly. 

2. Centrifuge at 14 000 x g, 4 °C for 5 minutes. 

3. Transfer aqueous phase to a new 1.5 ml tube, add 500 µl chloroform:isoamylalcohol [24:1 

[v/v]]. 

4. Repeat step 2. 

5. Precipitate the aqueous phase with 120 µl 3M NaOAc pH 5.0 and 600 µl isopropyl alcohol 

o/n. 

6. Centrifuge sample at 14 000 x g, 4 °C for 30 minutes. 

7. Take off supernatant, air-dry pellet for 10 minutes and resuspend the RNA in 15 µl ddH2O. 

8. Measure concentration in a 1:30 dilution via an UV-VIS spectrometer (Nanodrop2000C). 

CHAPS lysis buffer 

 1M Tris·HCl pH 7.5 [f.c. 10mM]    100 µl 

 5M NaCl [f.c. 400mM]     800 µl 

 0.5M EGTA [f.c. 1mM]       20 µl 

 1M MgCl2 [f.c. 1mM]       10 µl 

 5% CHAPS [f.c. 0.5% [v/v]]  1000 µl 

 14.3M β-Mercaptoethanol [f.c. 7mM]   500 µl  add immediately before use 

 Proteinase K [f.c. 0.1mA/µl]  1142 µl  add immediately before use 

 Add ddH2O to a final volume of 10 ml and store at RT. 
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3.9.  Reverse transcription 
The reactions were performed as described below; all reactions are prepared on ice: 

1. Pipette 1 µl 4.5x hybridization buffer in a fresh 1.5 ml tube. 

2. Add 2.5 µl total RNA [10µg/µl]. 

3. Complement with 1 µl of 32P-labelled gene-specific primer. 

4. Denature sample for 1 minute at 95 °C and immediately put on ice for 2 minutes. 

5. Add 15.5 µl of extension mix. 

6. Incubate for 60 minutes at 55 °C. 

7. To degrade template RNA add 3 µl of 1M NaOH and incubate for 55 °C for 45 minutes. 

8. Neutralize pH with 3 µl 1M HCl; add 2.5 µl 0.5M EDTA pH 8 and 2 µl glycogen [10mg/ml]. 

9. Precipitate sample with 75 µl of 0.3M NaAOc/EtOH and freeze at -20 °C for 60 minutes. 

10. Centrifuge sample at 14 000 x g, 4 °C for 30 minutes. 

11. Remove supernatant, air-dry the pellet for 10 minutes and resuspend in 8 µl 7M Urea loading 

buffer. 

12. Resolve half of the sample on a 8% denaturing PAGE (70 W, 140 minutes) 

4.5x Hybridization buffer 

 1M K-Hepes pH 7 [f.c. 225mM]  45 µl 

 1M KCl [f.c. 450mM]   90 µl 

 Fill up with ddH2O to 200 µl and store at – 20 °C. 

 Extension mix 

 5x Transcriptor RT buffer [f.c. 1x] 4 µl 

 10mM dNTPs [f.c. 1mM]  2 µl 

 0.1M DTT [f.c. 5mM]   1 µl 

 RNAse Inhibitor [40u/µl] [f.c. 10u] 0.25 µl 

 Transcriptor RT [20u/µl] [f.c. 5u] 0.25 µl 

 ddH2O     8 µl 

 

7M urea loading buffer 
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Urea [f.c. 7M]    21 g 

Sucrose [f.c. 25%[w/v]]   12.5 g 

Bromophenol blue [f.c. 0.025%[w/v] 10 µl 

10x TBE [f.c. 1x]    5 ml 

Fill up to 50 ml with ddH2O and store at RT. 

 

10x TBE buffer 

Tris·HCl [f.c. 890mM]   108 g 

Boric acid [f.c. 890mM]   55 g 

EDTA [f.c. 20mM]   5.8 g 

Fill up to 1 l with ddH2O, filter and autoclave. Store at RT. 

 

3.10. Denaturing PAGE 
For resolving the pool of cDNAs a denaturing polyacrylamide gel electrophoresis (PAGE) is 

performed. The gel is cast between glass plates (52cm x 33cm) separated by 0.4mm spacers. The 

usual volume for a typical gel is 70 ml denaturing 8% acrylamide solution with 40 µl of 6.7M 

tetramethylethylenediamine (TEMED) and 400 µl of 10% ammonium persulfate solution. 

Polymerization of the gel lasts for at least 60 minutes, followed by assembling the gel in the 

apparatus and placing a metal plate for heat dispersion. The gel is then pre-run with 1x TBE buffer at 

65 W for 45 minutes. Before loading 4 µl of samples each well is cleared from urea by rinsing the well 

with 1x TBE. The actual run is then performed at 65 W for about 2 hours. In case of RT samples 

prepared with primer hTR_404 a long run was performed (4 hours) as well. After disassembling the 

apparatus the gel sandwich is opened with a plastic wedge, transferred to Whatmann 3M paper, 

covered with saran wrap and dried on a vacuum slab gel drier at 80 °C for at least 60 minutes. The 

dried gel is then exposed to phosphor imager screen (GE Healthcare) for 24-48 hours and scanned by 

a Typhoon Trio (GE Healthcare). 

Interestingly, nucleotides G214 to G219, A352 to C356 and C391 to C398 appear squashed on the 

gels and therefore the resolution of this stretch is too low to reliable analyse for cross-links at the 

aforementioned nucleotides. This finding was highly reproducible for all experiments performed. This 
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behaviour is most likely related to the method of primer extension than to in vivo UV cross-linking. 

The fact, that we observed very similar patterns when performing DMS probing on hTR, strengthens 

this explanation. Most likely, newly formed secondary structures during reverse transcription and/or 

intrinsic polymerase features might cause these artefacts. 

8% acryl amide solution 

 Urea [f.c. 7M]    210 g 

 40% acrylamide 19:1 [f.c. 8% [v/v]] 100 ml 

 10x TBE [f.c. 1x]    50 ml 

 Fill up to 500 ml with ddH2O and filter, store at 4 °C.  

 

10% ammonium persulfate 

 Ammonium persulfate [f.c. 10% [w/v]]  5 g 

 Fill up to 50 ml with ddH2O, aliquot and store at – 20 °C.  

 

3.11. SDS-PAGE 
Cells were grown and transfected as described in section 4.7. The protocol for harvesting the cells 

was adapted from that outlined in section 4.8 as SIGMAFAST™ Protease Inhibitor Cocktail Tablets 

(Sigma) were added to the CHAPS lysis buffer. 5 µl of cleared lysate fraction were loaded on an 8% 

SDS-PAGE run with 1x GTS at 150 V until the bromophenol blue dye reaches the bottom of the gel. 5 

µl of pre-stained protein marker (NEB) was loaded for control.  Casting and running of the gel was 

done with a MIGHTY SMALL II apparatus (Hoefer). The size of the gels was 8cm x 7cm with 1.5mm 

spacers. The gel was then either stained with Coomassie Brilliant Blue to visualize protein bands or 

directly used for Western blotting. Table 3-4 shows the composition of the stacking and separating 

gel, respectively: 

Component 8% stacking gel 3% separating gel 

ddH2O 4.62 ml 4.1 ml 

1.5M Tris HCl pH 8.8 [f.c. 375mM] 2.5 ml - 

1.5M Tris HCl pH 6.8 [f.c. 375mM] - 417 µl 

10% SDS 0.1 ml 50 µl 
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30% acrylamide (29:1) 2.67 ml 487.5 µl 

10% APS 0.1 ml 50 µl 

TEMED 10 µl 5 µl 

Table 3-4. Composition for the stacking and separation gel for SDS PAGE. 

10x GTS 

 Tris Base [f.c. 250mM]   60.6  g 

 Glycine [f.c.  1.9M]   288 g 

 10% SDS [f.c. 1% [v/v]]   200 ml 

 Add ddH2O to 2 l, filter and store at RT. 

 

10x SDS-PAGE loading buffer 

Tris-HCl pH 6.8 [f.c. 50mM]  0.33 ml 

SDS [f.c. 2% [w/v]]   0.8 g 

Glycerol [f.c. 10% [w/v]]   4 ml 

2-mercaptoethanol [f.c. 1% [v/v]] 0.4 µl 

0.5M EDTA pH 8.0 [f.c. 12.5mM] 0.25 ml 

Bromphenol blue [f.c. 0.02%[w/v]]  8 mg 

 Add ddH2O to 10 ml and store at RT. 

 

Coomassie Brilliant Blue 

 Coomassie Brilliant Blue [f.c. 0.1% [w/v]]  1 g 

 Methanol [f.c. 50% [v/v]]   500 ml 

 Glacial acetic acid [f.c. 10% [v/v]]  100 ml 

 ddH2O      400 ml 

 Stir for 3 – 4 hours, filter and store at RT. 
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3.12. Western blotting & chemiluminescence detection 
The SDS-PAGE gel was assembled into a blotting sandwich. All components were soaked in transfer 

buffer prior to use. The order from anode to cathode was the following: sponge, three layers of 

Whatmann paper 3MM, nitrocellulose membrane, polyacrylamide gel, three layers of Whatmann 

paper 3MM, sponge. The transfer was performed overnight in a wet-blotting chamber filled with 

transfer buffer at 4 °C and 25 V. The pore size of the membrane (Amersham Hybond ECL) used was 

0.45 µm. Successful transfer was then confirmed by Ponceau staining. The membrane was 

transferred to a 50 ml tube and treated as described below in Table 3-5: 

Procedure: Workflow: 
Blocking step: 120 minutes at RT with gentle shaking; 
Solution used: TBS with 0.1% Tween-20 and 5% milk 
Washing step: 2x for 5 minutes each in 1x TBS 
1st antibody: Incubate membrane o/n at 4 °C, 1:2000 dilution with gentle shaking 

Antibody used: α-FLAG M2 in TBS with 0.1% Tween-20 and 5% Milk 
Washing step: 3x for 5 minutes each in 1x TBS 
2nd antibody: Incubate membrane for 60 minutes, 1:10000 dilution with gentle shaking 

Antibody used: α-IgG HRP in TBS with 0.1% Tween-20 and 5% Milk 
Washing step: 8x in 1x TBS+0.1% Tween-20 for 5 minutes  

Table 3-5. Workflow for Western blotting. 

After blotting the membrane is shortly dried between several layers of paper towels and incubated in 

1 ml of the development solution (according to manufacturer’s manual) from the Pierce ECL Plus kit 

(Thermo Scientific) for 5 minutes. Excess of development solution was removed by tipping the 

membrane with one corner on a paper towel. The dried membrane was then wrapped in Saran wrap 

and transferred into a cassette. Exposure to Amersham Hyperfilm™ ECL (GE Healthcare) lasted 

between 10 seconds and 1 minute. Subsequently the film was developed using an AGFA Curix 60.   

10x transfer buffer  

 Tris base [f.c. 250mM]   90.9 g 

 Glycine [f.c. 2.5M]   187.6 g 

 Dissolve in 1l ddH2O and store at RT. 

 

Ponceau staining solution 

Ponceau S [f.c. 2% [w/v]]  2 g 

Trichloracetic acid [f.c. 30% [v/v]] 30 ml 

Sulfonsalicylic acid [f.c. 30% [v/v]] 30 ml 
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Fill up to 100 ml with ddH2O and store at RT. 

 

3.13. Gel-purification of DNA oligos 
Primers were orderd from Sigma Aldrich in desalted grade. For purification 40 µl of 100µM primer 

are mixed with 40 µl of 7M urea loading buffer and separated on a 20% denaturing PAGE. The size of 

the gel is 20 cm x 22 cm with 1.5 mm spacers. Running parameters were 25 W constant for 60 to 90 

minutes (all other parameters are identical to section 4.11). Gel run was completed when the 

bromophenol blue dye reaches the bottom of the gel. The gel was then carefully wrapped in Saran 

foil and transferred onto a fluorescent thin-layer chromatography plate and the DNA oligos were 

visualized by UV-light at 254 nm. The corresponding band was cut out from the gel and put in a 1.5 

ml tube containing 0.5 ml elution buffer and put on shaking thermo mixer (37 °C, 4 hours). The gel 

remnants were collected by centrifugation for 2 minutes at 13000 x g. The supernatant was 

transferred to a new 2 ml tube and after adding 2 µl glycogen [10mg/ml] the samples was 

precipitated at -20 °C overnight with 1.25 ml EtOH. After centrifugation (13000 x g, 30 minutes, 4 °C) 

the pellet was resuspended in 15 µl ddH2O followed by concentration measurement of a 1:30 

dilution via a UV-VIS spectrometer (Nanodrop2000c). 

Elution buffer 

 1M Tris HCl pH 7.5 [f.c. 10mM]   0.5 ml 

 3M Sodium acetate pH 5.0 [f.c. 250mM]  4.16 ml 

 0.5M EDTA pH 8.0 [f.c. 2mm]   0.2 ml 

 Fill up with ddH2O to 50 ml and store at RT. 

 

3.14. 5’ end-labeling of DNA oligos 
The DNA oligo was diluted to 10µM with ddH2O. 10 pmol of oligo were used for each labeling 

reaction with 32P-γ-ATP. After assembling the labeling reaction (table 3-6), the sample was incubated 

for 45 minutes at 37 °C. After addition of 1.5 µl 0.5M EDTA pH 8 the tube was incubated for 1 minute 

at 95 °C and immediately put for 2 minutes on ice to increase the yield. To precipitate the sample 1 µl 

of glycogen [10mg/ml] was added followed by 35 µl 0.3M sodium acetate pH 5.0/EtOH. Precipitation 

lasted for 60 minutes at -20 °C followed by centrifugation at 4 °C, 13 000 x g for 30 minutes. The 

supernatant was carefully removed and the pellet was air-dried for 10 minutes. Finally the dried 

pellet was resuspend in 20 µl ddH2O and stored at -20 °C until further use. Table 3-6 shows the 

reaction set up: 
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Component [µl] [f.c.] 

10µM DNA oligo 1 10 pmol 

10x T4 PNK (10u/µl) 0.5 10 units 

10x T4 PNK buffer 1 1x 
32P-γ-ATP (6000mCi/mmol and 10µCi/µl) 3 30 µCi 

ddH2O 4.5 - 

Total 10 - 

Table 3-6. Setup of 5’ end-labeling reaction. 

3.15. Direct telomerase assay 
To characterize the activity and processivity of telomerase, direct telomerase assays (DTAs) were 

carried out. The protocol is based on that from Cristofari et al172. In brief, the transiently transfected 

HEK293 cells were lysed as described in sections 5.7 and 5.11. Concentration of these lysates was 

measured via Bradford assay. For each reaction (see table 3-7) 20 µg of protein lysate was used. The 

sample was incubated at 30 °C for 60 minutes followed by addition of 5 µl heat-inactivated RNase A 

(10mg/ml) and subsequent incubation at 37 °C for 10 minutes. To digest proteins present in the 

sample 15 µl of Proteinase K solution (900mAU/ml) were added and incubated for 30 minutes at 37 

°C. The sample was precipitated by adding 1 µl of a 32P-labeled 100mer oligo (serves as loading 

control), 2 µl 0.5M EDTA pH 8, 1 µl glycogen (10mg/ml) and 125 µl 0.3M NaOAc/EtOH pH 5.0 were 

added and the sample was put at -20 °C for one hour. The sample was then centrifuged at 4 °C, 13 

000 x g for 30 minutes and the dried pellet was resuspended in 10 µl 7M urea loading buffer and 

analysed on an 8% denaturing PAGE (see section 5.11).  

Component [µl] [f.c.] 

Protein lysate [5µg/µl] 4 20µg 

10x DTA buffer 2 1x 

dNTPs (25mM dATP, 25mM dTTP, 0.1mM dGTP) 0.4 - 
32P-dGTP (6000mCi/mmol and 10µCi/µl) 2 20 µCi 

10µM oligo (T2AG3)3 2 1µM 

0.1M 2-mercaptoethanol 1 5µM 

ddH2O 8.6 - 

Table 3-7. Reaction setup for direct telomerase assay 
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3.16. Data analysis 
Quantification of UV-induced cross-links was performed with ImageQuant 7.0 from GE Healthcare. 

The raw data for each gel was exported into Microsoft Excel and the local maximum for each 

nucleotide was extracted. In order to correct for loading differences between the – lanes and the + 

lane, a mean normalization factor from three different bands in the – lane was calculated and 

applied to the + lane. For the quantification of the UV cross-linking pattern in presence and absence 

of hTERT, the ratio of the normalized + lanes from hTERT + and hTERT – lanes was calculated. 

Changes above 1.5 and below 0.66 have been considered significant.  

Nucleotide addition processivity (NAP) and repeat addition processivity (RAP) were calculated as 

described by Zaug et al69. In brief, the intensity for each repeat was divided by the amount of 

incorporated dGTP residues (e.g. 1 G for the first repeat, 4 for the second repeat and 7 for the third 

repeat). Total NAP was obtained by summing up the values for every single repeat, which was set to 

100% for the wildtype. Processivity was determined by the formula 𝑅𝑅1/2 = − log2
𝑘𝑘

 with k being the 

slope of the formula 𝑛𝑛 = (𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟𝑖𝑖 𝑖𝑖)
(𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑟𝑟 𝑜𝑜𝑜𝑜 𝐺𝐺’𝑐𝑐 𝑖𝑖𝑖𝑖 𝑟𝑟𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟𝑖𝑖 𝑖𝑖)

. Again, the wildtype value was arbitrary set as 

100%. 
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4. Results 
The human telomerase RNP complex consists of two major players: human telomerase RNA and the 

protein human telomerase reverse transcriptase. Both are needed in vivo to obtain a functional 

complex, together with additional accessory proteins11–13. In order to assess the spatial organization 

of the telomerase holoenzyme, we have developed and successfully applied an in vivo UV cross-

linking assay on human telomerase RNA. 

4.1. Experimental setup – In vivo UV cross-linking of RNA 
Back in the 1960s it was discovered that ultraviolet light is able to induce the formation of covalent 

bonds between two spatial close residues and can therefore be used to identify RNA-RNA or RNA-

protein interactions173. In contrast to chemical cross-linking agents such as formaldehyde, UV-light 

introduces considerable fewer disturbances by interfering with the in vivo structure of the cross-

linked complex resulting in fewer artifacts174. UV light at a wavelength of 254 nm can easily penetrate 

a single cell layer and acts as a zero-length cross-linking agent, thereby forming a covalent bond 

between two atoms which are in close proximity to each other. Mechanistically, the formation of 

cyclobutane pyrimidine dimers (CPD) is the most often observed phenomena and also the most 

frequent reason for lesions in RNA/DNA strands175 . Upon excitation with UV light at 254 nm, 

pyrimidines, such as cytosine and uracil, form new covalent bonds between them using the C5-C6 

double bond176. Another possibility is the formation of 6-4 photoproducts with the C6 atom of either 

cytosine or uracil and the O4 of uridine177. The probability of bond formation is also dependent on 

the sequence and the orientation of the bases towards each other176. Of course, C5, C6 and O4 can 

also form a cross-link to atoms not being part of a neighbouring base, when these are in close 

proximity. The photoreaction itself is an extremely fast process, happening almost instanteniously 

upon UV irradiation (pico seconds time scale)175. 

To investigate the structural organization of the human telomerase RNA, we decided to use in vivo 

UV cross-linking on telomerase-expressing HEK293 cells (figure 4.1). In brief, HEK293 cells are co-

transfected with plasmids coding for hTR and hTERT. Notably, RNA from irradiated and non-treated 

cells is harvested in parallel and total RNA is extracted. The UV cross-linking sites are mapped by 

reverse transcription with hTR-specific primers, followed by separating the pool of cDNA on a 

denaturing PAGE. Sites of UV cross-links can be identified due to inducing an RT stop at the site of 

the cross-link. The comparison of cDNA derived from RNA isolated from untreated cells with cDNAs 

reverse transcribed from RNA isolated from UV-irradiated cells allows for discrimination between 

natural RT stops and UV-induced stops. The identified cross-link sites are then plotted onto a 

secondary structure map of hTR, revealing novel structural information. 
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Several intrinsic features of human telomerase RNA result in major challenges to overcome. For 

example, hTR is very low abundant in somatic cells and its high GC content makes it extremely 

challenging to design gene-specific primers for down-stream reverse transcription. By using an in vivo 

over-expression system based on HEK293 cells, we have successfully overcome the low abundance of 

hTR in normal cells178. However, we tested for the contribution of endogenous levels of hTR and 

hTERT to telomerase activity178. As such, activity assays (direct telomerase assays, section 3.15) were 

performed on lysates derived from three control setups: (a) untransfected cells; b) cells transfected 

with hTR only and c) cells transfected with hTERT only). No telomerase elongation products were 

detected, while lysates from cells transfected with both hTR and hTERT showed considerable 

telomerase activity178. Human TR and hTERT are transfected in a 1:5 ratio to ensure that the majority 

of hTR is bound in the telomerase complex. This ratio is used for the UV-irradiated cells as well as for 

the untreated control dishes with the only exception being the experiments with hTR alone. In this 

case the plasmid coding for hTERT is replaced with the empty backbone vector, while the 1:5 ratio is 

kept constant. 

Based on the observations from our control experiments, we conclude that our experimental setup is 

capable of producing high amounts of active telomerase complexes, while the amount of unbound 

hTR within the cell and the endogenous levels of both hTR and hTERT are negligible178. 48 hours post 

transfection the cells are used for in vivo UV cross-linking. With 451 nucleotides in length, several 

primers were used to fully map the hTR molecule. So far, we have identified 70 cross-linked 

nucleotides (16% of all 451 nts), spread over the entire hTR molecule. In detail, the cross-links consist 

of 42 uridines (60%), 18 cytosines (26%), six guanines (8%) and four adenosines (6%). In line with 

previous publications175,179, we observed, that pyrimidines are much more likely to be cross-linked 

than purines (89% versus 11%) and that base pairing-state of the cross-linked nucleotides play an 

important role as well. 52 out of 63 cross-linked nucleotides do not form a canonical base pair 

according to the secondary structure map (figure 1.4), while only eleven nucleotides are found within 

a paired region. 
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Figure 4.1. Pipeline for detecting UV cross-linking sites in hTR. a) HEK293 cells are transiently co-

transfected with plasmids coding for hTR and hTERT. b) After 48 hours of expression the cell mono layer is 

subjected to UV-light at 254 nm. c) The irradiated cells are harvested and lysates are prepared. d) In order to 

digest the proteins covalently bound to the RNA (red), the lysates are treated with Proteinase K (light blue). e) 

Total RNA is extracted and used as template for reverse transcription with hTR-specific 32P-labelled primers 

(light blue, yellow star). Due to the newly formed covalent bonds at a cross-link site (orange), the reverse 

transcriptase terminates at n-1 for each cross-link site generating cDNAs of different length (green). f) The pool 

of cDNA is separated via denaturing PAGE, dried on a vacuum slab gel dryer and exposed. Sequencing lanes 

allow for orientation along the RNA, while the identification of UV cross-linking sites is done by comparing the 

– lane (cDNA reverse-transcribed from RNA isolated from untreated cells) with the + lane (cDNA reverse-

transcribed from RNA isolated from UV-exposed cells). Cross-linking sites only show up in the + lane, while 

natural RT stops are found in both lanes and allow for discrimination between those two types of stops. The 

cross-linking sites found are then plotted onto the secondary structure map for visualization. 

4.2.  The structural organization of human telomerase RNA 

4.2.1. Organization of the pseudoknot domain 
A hallmark of all telomerase RNAs known so far is the presence of a pseudoknot44. In human 

telomerase RNA the pseudoknot domain can be divided into the core pseudoknot, consisting of 

helices P2b and P3, and the extended pseudoknot, which also includes helices P2a and P2a.1 with the 

latter being only found in mammals25,44. Helix P2a is connected to the core pseudoknot via the five 

nucleotide internal loop J2a/2b. It is found in all vertebrate telomerase RNAs and usually has a length 

of five nucleotides in mammals17,28. The solution structure of J2a/2b revealed its importance for the 

overall topology of the pseudoknot domain, as this internal loop introduces a S-shape in the 

backbone, resulting in large bend between P2a and P2b28. We have observed cross-links at 

nucleotides throughout J2a/2b and the flanking helices, in detail U81, U82, U83, U86, C87, C88 and 
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C89 (figure 4.2 a). U81 to U83 are located in the P2a helix, forming A-U base pairs (U81-A128, U82-

A127 and U83-A126), while U86 to C88 are part of J2a/2b and C89 is the first nucleotide of P2b. 

Interestingly, the bend in the helical orientation occurs at position U86, whose cross-linking intensity 

is only moderate, while the intensity is strongest for the cross-link at U83, the last base pair of P2a, 

and U87 (figure 4.3 a). Previous work in our lab using DMS probing of hTR revealed that in vivo all 

helices in the core pseudoknot and in the extended pseudoknot, are fully formed and not accessible 

to DMS, except for the 3’ end of P2a178. Residues A127 and A128, as well as the last base pair of P2a 

(U83-A126) are modified by DMS. This is due to the special form of the backbone in J2a/2b, which 

introduces a S-shape, thereby resulting in the partial opening of the flanking helices P2a and P2b28, 

especially U81 to U83 and C89. The cross-links surrounding J2a/2b might therefore reflect this 

particular backbone geometry. 

The core pseudoknot consists mostly of nucleotides belonging to both the conserved region 2 (CR2, 

nucleotides C92 to G120) and conserved region 3 (CR3, A172 to C183)17. An early study has shown 

that the helical integrity of helices P2a.1, P2a, P2b and P3 is crucial for telomerase activity and 

disrupting one of the helices leads to a severe reduction in telomerase activity27. Notably, respective 

residues like G107 and C108 in P3 are associated with a disease-related double mutation 

(G107A/C108G) in patients suffering from dyskeratosis congentia180. The mode of action is the 

destabilization of the pseudoknot by disrupting the extensive network of base triples formed 

between P2b and parts of J2a.1/3 and P3 and J2b/325. Recently, a triple helix was also found in the 

telomerase RNA of S. cerevisiae and K. lactis29,181, underlining the importance of these tertiary 

contacts. 

In order to form base triples, the interacting nucleotides must be located with their Hoogsteen edge 

in close contact to each other. Consequently, it was not surprising to observe cross-links on one or 

more nucleotides forming the Hoogsteen base pairs of the triple helix (figure 4.2 a, b and d). In detail, 

cross-links are observed at U101 and U102 (J2b/3), U113, U114 and U115 (P3) and C116 (P2b). These 

nucleotide are part of four of the five Hoogsteen base triples (U115-A174•U100, U114-A175•U101, 

U113-A176•U102 and C116-G98•A172). Interestingly, for nucleotide U99, which interacts with A173, 

no cross-link was observed. However, U99 seems to be a natural RT stops as well and a potential 

cross-link at this site might be therefore masked. Internal loop J2b/3 is a hot spot for cross-linking, as 

six out of eight nucleotides are cross-linked. It is noteworthy that the linker J2b/3 is not only 

conserved in sequence but also in length, indicating its important role in stabilizing the pseudoknot17. 

Aside from aforementioned residues U101 and U102, which are part of the triple helix, the 

remainder is not known to participate in tertiary interactions. However, the intensities for cross-links 

at C104 and U103 are the highest within the entire pseudoknot domain, while the signal for flanking 
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nucleotides U100, U101, U102 and U105 is of average intensity. According to the NMR solution 

structure of the core pseudoknot (nts 95 to 119 and 170 to 183 from WT hTR), C104 is oriented 

towards the major groove of P3 and becomes buried by the J2b/3-P3 interaction25. In contrast, U103 

points to the major groove of P3 between base pairs C112-G178 and A111-U17925. The observed 

cross-links at the residues involved in the formation of the triple helix (U100, U101, U102, U113, 

U114, U115 and C116) are a good indication that the triple helix is indeed formed in vivo. The cross-

links at U103 and C104 might reflect tertiary interactions of these nucleotides, but more data is 

needed to answer this question. 

Of the cross-links observed in P3, U177 is of special interest: a single nucleotide bulge in helix P3 

(figure 4.2 c), which is a pyrimidine in 83% of all known vertebrate telomerase RNAs17. According to 

the solution structure of the core pseudoknot, U177 prevents base stacking of A176, which is also 

cross-linked, and G178, by introducing a slight bend in helix P325. This minor change in local geometry 

was shown to influence the folding dynamics of the pseudoknot. By preventing stabilizing base 

stacking interactions to take place, stability in this region is no longer dictated by stacking of the 

canonical A-U base pairs (U113-A176, U114-A175 and U115-A174). Instead, the balance shifts 

towards the stacking interactions of the Hoogsteen base triples (U115-A174•U100, U114-

A175•U101, U113-A176•U102), while in the ΔU177 pseudoknot this is not the case25. Consequently, 

in the wildtype pseudoknot the Watson-Crick base pairs upstream of U177 open up, while the 

Hoogsteen base pairs stay intact. In contrast, in absence of U177 the situation is reversed with 

Hoogsteen base triples opening up and Watson-Crick base pairs remaining intact25. Furthermore, 

U177 effectively terminates the triple helix with U113-A176•U102 being the last Hoogsteen base 

triple, while in the ΔU177 pseudoknot the triple helix is expanded for another Hoogsteen base triple 

(G178-C112•U103)25. However, the solution structure does not contain hTERT and therefore the 

exposed position of U177 might be a different one in vivo. For the other two cross-links in P3 and 

J3/1b (C180 and U184, respectively), only limited information is available. While C180 is 80% 

conserved in vertebrate telomerase RNAs, the identity of U184 varies. However the three nucleotide 

linker J3/1b is found in every vertebrate and might play an important role despite poor nucleotide 

conservation17. 

Previous studies reported a dimerization of hTR in vitro via the P3 stem and its nucleotides A174 to 

C18358,182. This results in a dimer with both hTR molecules forming a trans-pseudoknot by interacting 

via their P3 stems. In fact, three of these nucleotides are cross-linked in our case: the 

aforementioned A176, U177 and C180. Nonetheless, it is important to point out that most of the 

dimerization studies have been carried out, before the solution structure of the pseudoknot domain 

was solved in 2005. In fact, Theimer et al. did not observe a correlation between telomerase activity 
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and the ability to form dimers25. This indicates that the preservation of the tertiary interactions 

forming the triple helix is more important and plays a greater role than a putative dimerization. In 

addition, dimerization mutants yielded only poor telomerase activity in vivo, while performing similar 

to the wildtype telomerase in vitro58,182. However, this is in contrast to the last cryo electron 

microscopy study of in vivo reconstituted human telomerase. According to Sauerwald and co-

workers human telomerase has a bilobal shape and a weight consistent with a putative dimer183. 

When fitting the telomerase ring from T. castaneum into the electron density map, the TERT protein 

is found at the end of the structure, while the RNA has been placed close to the hinge region183. The 

authors therefore conclude that dimerization of telomerase is most likely carried out via RNA-RNA 

interactions183.

 

Figure 4.2. The important elements J2a/2b and the triple helix are prone to UV cross-linking. 
Representative primer extension gel showing UV-induced cross-linking sites in human telomerase RNA. 

Secondary structure elements shown are a) P2a.1, J2a.1/2a, P2a, J2a/2b, P2b, J2b/3, P3, b) P3, P2a, P2b, 
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J2a/2a.1, P2a.1, J2a.1/3, c) J2a.1/3, P3, J3/1b and P1b. Lanes A, C, G and U are sequencing lanes, the – lane 

contains cDNA reverse transcribed from RNA isolated from cells not treated with UV light, while the + lane 

shows cDNA reverse transcribed from RNA isolated from cells exposed to UV light. The sites of cross-linking 

are identified by comparing the – lane with the + lane. Bands present in both lanes correspond to natural RT 

stops. Bands only found in the + lanes correspond to a UV cross-linking event and are marked (green arrows). d) 

The cross-linked nucleotides are plotted onto the secondary structure map of hTR (green boxes). The template 

region is labelled in blue, while the base triples in the pseudoknot are highlighted by blue, dashed lines and the 

non-canonical base pair U99•A173 is indicated by a blue dotted line. Residues which are highly conserved are 

shaded in gray. The areas shown in a), b) and c) are shown in black (base pairs and letters), while the 

neighbouring regions are depicted in light gray. 

The last cross-links observed in the pseudoknot region are located in the linker J2a.1/3 which 

connects the mammalian-specific helix P2a.1 with P3. In contrast to the other cross-linked, single-

stranded regions, like J2a/2b and J2b/3, the linker J2a.1/3 is neither conserved in sequence nor in 

length and varies greatly throughout known vertebrate telomerase RNAs17. Computational modelling 

of the human telomerase core (nucleotides 1 to 208) with distance constraints derived from FRET 

studies places the J2a.1/3 linker region next to the pseudoknot as well as near the template, however 

the model is only refined to six to eight Ångström184. Cross-links were observed at nucleotides U146, 

U147 and C148 (figure 4.2 b), located at the 5’ end of J2a.1/3 and on a continuous stretch of 

nucleotides C152 to C160 (figure 4.2 b). Interestingly, two out of the three non-pyrimidine 

nucleotides cross-linked in the pseudoknot are located in this stretch (G153 and A157). So far, the 

function of J2a.1/3 is not well understood, as earlier studies focused on highly conserved structures, 

such as the helices of the core pseudoknot and the junctions J2a/2b and J2b/3. 

In summary, 34 cross-linked nucleotides were observed in the pseudoknot and the extended 

pseudoknot. The majority of them, 28, are located in single-stranded regions like the linkers J2a/2b, 

J2b/3 and J2a.1/3. The remainder are observed in the flanking nucleotides of J2a/2b and on 

nucleotides involved in forming the triple helix. 

4.2.2. Assessing the conformation of the template region 
The template element of the human telomerase RNA contains the conserved region 1 (CR1) and 

defines the length and sequence of the telomeric repeats, which are added to the telomeres44. It is 

embedded into a long single-stranded stretch of residues connecting helix P1b with helix P2a.117. 

Cross-links were observed in a stretch of uridines (U38-U43), which is located between the template 

boundary element (helix P1b) and the template (figure 4.3 a). In human, the exact definition of the 

template is strongly dependent on correct formation of helix P1b and the length of the linker 

between P1b and the template185. Changes in length in the uridine stretch U38 to U43 result in read-

through events and incorporation of non-canonical residues185. 
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For the template itself, cross-links are observed at nucleotides C50, C51, C52, U53 and A54 (figure 4.3 

a). While in vivo DMS probing of hTR revealed that the entire template is accessible to DMS and 

therefore not involved in Watson-Crick base pairing178, cross-links are only observed at the 3’ end of 

the template. Interestingly, nucleotides C52 to A54 are important for annealing of the telomeric DNA 

to the template RNA90,186 and therefore the cross-links at these nucleotides might represent 

interactions essential for the formation of the RNA-DNA duplex. The last two cross-links are observed 

at nucleotides G60 and G63 in the single-stranded linker connecting the template to the extended 

pseudoknot. Both of them might also play a role in template positioning, however they are only 50% 

conserved in vertebrate telomerase RNAs17. 

 

Figure 4.3 Nucleotides in and adjacent to the template are cross-linked. Representative gel of primer 

extension showing UV-induced cross-linking sites in human telomerase RNA. Secondary structure elements 

shown are a) P1a, P1b, the template region, P2a.1, b) P1b, J1b/1a, P1a, J1a/4, P4, J4/4.1 and P4.1. c) Secondary 

structure of hTR with cross-links indicated by green boxes. Symbol and color code as in figure 4.2. 
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In human telomerase RNA, the TBE consists of helices P1 and its substructures P1a and P1b. Within 

the TBE five cross-links were observed. Two of them are located in helical areas (U187 and U195), 

while the other three (C192, G193 and U194) are found in single-stranded regions. Both nucleotides 

U187 and U195 are part of the terminal base pairs of P1b and P1a, respectively (figure 4.3 b). U187 

forms a canonical base pair with A38 and U195 pairs with G31 to form a G•U wobble pair. 

Nucleotides C192, G193 and U194 are part of the internal loop J1b/1a (figure 4.3 b), an element only 

found in human telomerase RNA, although bulges throughout the length of P1 are quite common in 

vertebrate telomerase RNAs17. 

4.2.3. Only a few cross-links are found in the CR4/CR5 domain 
The CR4/CR5 domain has been the target of several studies17,31,33,75. It contains the conserved regions 

four and five and is also thought to be the primary binding site for hTERT33. In vertebrates, the 

structure of the CR4/CR5 domain is dominated by a large three-way junction, which is responsible for 

binding to the TERT protein33. In human telomerase RNA the CR4/CR5 domain consists of the P5-P6a-

P6.1 three-way junction, whereby stem P6a is extended by an internal loop (J6a/6a and J6b/6a) and 

helix P6b closed by the terminal loop L6b (figure 4.4 c). The most conserved nucleotides are located 

in stems P6a, P6.1 and J6.1/517 and form the conserved regions 4 and 5, respectively. Only three 

cross-linked nucleotides were found in the CR4/CR5 domain (figure 4.4 a, b). 

The first nucleotide cross-linked is U249, located in the large junction connecting helices P5 and P6a 

(figure 4.4 a). In 34 out of 35 vertebrate species, nucleotide 249 is pyrimidine (97%), whereby a U is 

found considerably more often at this position than a C (75% versus 25%)17. The P6a helix does not 

show any cross-linked nucleotide, however the adjacent internal loop connecting P6a and P6b, 

harbours the second cross-linked nucleotide: C267 is located in the junction J6a/6b and less 

conserved than U249. Seven out of 35 vertebrate species lack this nucleotide, however if present, 

the tendency for a pyrimidine at this position is high (77%)17. The solution structure of the P6 

element with the internal loop (J6a/6b and J6b/6a) and the terminal loop L6b suggests a base triple 

forming between C267 and the canonical G268-C288 base pair187. Since the O2 of C267 is in unusual 

close proximity to the O6 of G268, this suggests that the potential base triple is mediated by water187. 

However, a second conformation in which C267 stacks on top of C266 is possible as well187. In both 

cases the Watson-Crick as well as the major groove face of C267 is available for additional 

interactions187. Helix P6b is capped by a UCCG tetraloop, therefore belonging to the UNCG class of 

tetraloops. Due to their drastically increased thermal stability, UNCG tetraloops often act as 

nucleation site for correct folding or as protein binding platforms188. While GNRA tetraloops are often 

involved in tertiary interactions, for example the ζ-ζ’ interaction in group II introns189, UNCG 

tetraloops are rarely involved in tertiary interactions188. This also seems to be the case for the 
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terminal tetraloop of helix P6b, whose nucleotides were not observed to become cross-linked by UV 

light (Figure 4.4 a). 

Junction J6b/6a, located opposite of the cross-linked nucleotide C267, shows no cross-linked 

nucleotide. G292, the first nucleotide of the paired region P6a, is also the first nucleotide of the 

conserved region 5 (CR5), which is involved in formation of helix P6a, the extremely highly conserved 

P6.1 stem, J6.1/5 and most of helix P5. Interestingly, within this area, a single cross-link at position 

U307 was identified (figure 4.4 b, c). In vertebrate telomerase RNA, U307 is 100% conserved and was 

shown to be of utmost importance for telomerase activity31,190. Earlier in vitro UV cross-linking 

studies showed a physical interaction of U307 with A54 as well as U306 with C46, U45 and G44, 

suggesting that L6.1 is in close proximity of the template32. Stem P6.1 consists of a total of four A-U 

and G-C base pairs in alternating order. Interestingly, all of the nucleotides in P6.1, as well as A301 in 

J6a/6.1, are 100% conserved in vertebrate telomerase RNAs and substitutions of these nucleotides 

severely affect telomerase activity17,31,190. Nonetheless, cross-links were not detected at any 

nucleotide in P6.1 (figure 4.4 b). The same holds true for J6.1/5; this is interesting with regard to the 

cross-link at U249 in J5/6a. 
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Figure 4.4 The conserved three-way junction in the CR4/CR5 domain shows minor cross-linking. 
Representative gel of primer extension showing UV-induced cross-linking sites in human telomerase RNA. 

Secondary structure elements shown are a) P4.1, P4.2, P5, J5/6a, P6a, J6a/6b/, P6b, L6b, P6b, J6b/6a, P6a, b) 

P6b, L6b, P6b, J6b/6a, P6a, P6.1, L6.1, P6.1, J6.1/5, P5, J5/4.2, P4.2 and J4.2/4.1. c) Secondary structure of hTR 

with cross-links indicated by green boxes. Symbol and color code as in figure 4.2. 

The CR4/CR5 domain is connected to the pseudoknot/template domain as well as to the scaRNAs 

domain by a number of helices and loops which are termed hypervariable region (figure 1.4). In 

contrast to the highly conserved CR4/CR5 domain, the connecting region varies greatly between 

species and shows only poor sequence conservation17. Sequence alignments for several vertebrate 

telomerase RNAs proposed two paired regions and three large internal loops17. The hypervariable 

region of human telomerase RNA consists of the long P4 element, which is divided into three helices 

(P4, P4.1 and P4.2), all connected by internal loops. While J4/4.1 and J4.1/4 form a large, 

asymmetrical internal loop (also referred to as 5’ pocket), the remaining J4.1/4.2 is much smaller. 

Cross-links found in the hypervariable region are mostly located in the junctions connecting helices 

P4, P4.1 and P4.2 (figure 4.4 a and figure 4.5 a). 

C242 is located in junction J4.2/5, an asymmetrical internal loop connecting helix P4.2 with the first 

helix of the CR4/CR5 domain, P5. Interestingly, cross-links in J5/4.2 are observed as well; nucleotides 

U329 and C330 are cross-linked, as well as U331, which forms an A-U base pair with A240 (figure 4.4 

a). In addition, cross-links were also found in J4/4.1 at nucleotides U350, U357, U358, U359 and C360 

(figure 4.5 a) with U350 being the first nucleotide of J4.1/4, directly downstream of the closing G•U 

wobble pair of helix P4.1. Due to the small degree of sequence conservation within the hypervariable 

region, little is known about the role of this region and it is mostly seen as a linker connecting two 

domains both conserved in sequence and structure. 

Taken together, only few cross-links are found in the CR4/CR5 region, however the high degree of 

sequence conservation of the cross-linked nucleotides might indicate the importance of these cross-

links. 

4.2.4. The CAB box is cross-linked within the scaRNA domain 
The last functional domain of the human telomerase RNA is the scaRNA domain. It is located at the 3’ 

end of the molecule and harbours the conserved regions 6 to 8 (CR6-8)17. In contrast to the 

pseudoknot domain and the CR4/CR5 domain, the scaRNA domain is dispensable in vitro to 

reconstitute a functional telomerase complex, however the scaRNA domain is needed in vivo35,36,191. 

It contains the hallmarks of snoRNAs with the H/ACA box found in J4/7 and the trinucleotide at the 

distal 3’ end36. The secondary structure of the region also resembles the characteristic hairpin-hinge-

hairpin scheme of snoRNAs which acts as a binding platform for proteins36. The scaRNA domain plays 
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an important role in biogenesis and maturation19. Two important features for this task are the CAB 

box and the BIO box; the first is responsible for correct association of hTR with the Cajal bodies, while 

the second one increases the incorporation rate of hTR into the telomerase RNP complex36,40. 

 

Figure 4.5 The conserved BIO box is a target of UV cross-linking. Representative gel of primer extension 

showing UV-induced cross-linking sites in human telomerase RNA. Secondary structure elements shown are a) 

P4.1, J4.1/4, P4, J4/7, P7, b) P7, J7/8a, P8a, J8a/8b, P8b, L8b, P8b, J8b/8a and P8a. c) Secondary structure of 

hTR with cross-links indicated by green boxes. Symbol and color code as in figure 4.2. 

Inside P4, the conserved region 6 is found which contains the box H located in the single-stranded 

region between P4 and P7, the first helix of the scaRNA domain. Although the box H motif serves as 

protein binding platform192,193, cross-links were not detected at any nucleotide in J4/7. However, this 

could also be explained by the fact that eleven out of twelve nucleotides of the junction are purines, 

which are much less likely to be cross-linked than pyrimidines. 

For helices P7 and P8a as well as J7/8a, the situation is similar to that of J4/7, as cross-links were not 

identified at respective residues. In contrast, the internal loop connecting P8a and P8b contains 

cross-linked nucleotides. G404, A405 and U406 form junction J8a/8b and show considerable UV 

cross-links (figure 4.5 b). In addition, G404 is one of the four guanosines found to be cross-linked in 

the entire hTR molecule (the others being G153 (J2a.1/3) and G193, both in the pseudoknot domain, 

and G417 in L8b). The next two nucleotides are already located in helix P8b and preceding conserved 
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region 7 (CR7). Both of them, U407 and C408 are cross-linked (figure 4.5 b), thus a complete stretch 

of five subsequent nucleotides spanning J8a/8b and P8b are intensely cross-linked within the scaRNA 

domain. Interestingly, the pyrimidine to purine mutation C408G was found to be linked to 

dyskeratosis congenita and is thought to disrupt stem P8b as well as the terminal loop L8b and 

impairs hTR localization to the Cajal bodies35,41,180. In line with this, DMS probing of the C408G 

mutant was impossible due to extremely low levels of hTR178. 

The sequence element showing a high degree of conservation among vertebrate telomerase RNAs is 

the conserved region 7 (CR7) consisting of nucleotides C409 to G421. It spans the entire loop L8b and 

the adjacent base pairs in stem P8b (figure 4.5 c). Two elements important for hTR localization and 

maturation are located within L8b; the CAB box and the BIO box (section 1.3.3). While nucleotides 

U411 to G414, forming the CAB box, show no cross-links, the situation for the BIO box is entirely 

different. Here, cross-links were found at positions U416, G417 and U418 (figure 4.5 b). Especially 

U418 seems to play an important role, judged by its 100% conservation among vertebrate 

telomerase RNAs17. G417 is 90% conserved, while U416 is the least conserved with 80%17, but 

exhibits the strongest cross-linking signal of all three nucleotides (figure 4.5 b). The BIO box is 

thought to determine hTR’s fate by tipping the balance towards RNP assembly rather than 

exonucleolytic degradation40. In this light, these three cross-links are highly interesting. Due to the 

requirement for primer binding during reverse transcription, it was impossible to map the distal 3’ 

end of hTR, including nucleotides C429 to C451. The binding sites for the utmost 3’ RT primer 

hTR_433 are nucleotides G433 to C451 which allows for reliable mapping starting around nucleotide 

A428 (figure 4.5 c). 

Plotting the observed UV cross-links onto the secondary structure map of hTR (figure 4.6) reveals 

that the majority of the cross-linked nucleotides are found in the pseudoknot/template domain: 43 

out of 64 cross-linked nucleotides. The hypervariable region contains nine cross-linked nucleotides 

and only three cross-links have been observed in the CR4/CR5 domain. This was surprising, as we 

would have expected more cross-links in this highly conserved domain due to its proposed role in 

hTERT binding. In the scaRNA domain, eight nucleotides were found to be cross-linked. In addition, 

the vast majority of cross-linked nucleotides are located in single-stranded regions of hTR (51 out of 

64) and only twelve nucleotides are located in paired regions (figure 4.6). It is also noteworthy that 

solely eight cross-link sites are composed of a single nucleotide, while the remainder (56 residues) 

consist of stretches of neighbouring nucleotides. 
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Figure 4.6 UV-induced cross-links within human telomerase RNA in the presence of hTERT. Overview of 

all UV-induced cross-linking sites (green boxes) within hTR in the presence of the protein partner hTERT. The 

conserved regions 1-8 are shaded in grey. Important sequence elements are shown in blue like the template 

region, the box H, the CAB and the BIO box as well as the ACA trinucleotide. The base triples within the triple 

helix in the pseudoknot are connected via dashed lines in blue and the non-canonical base pair U99•A173 is 

indicated by a blue dotted line. Symbol and color code as in figure 4.2. 

4.3.  hTERT induces structural changes within hTR 
A fully functional telomerase holoenzyme relies upon two core components: the telomerase RNA and 

the corresponding protein TERT. In order to assembly into a mature telomerase complex, both 

subunits must be transcribed and, in the case of TERT, translated. For most of the time during the cell 

cycle, those two compounds are physically separated from each other in different nuclear 

compartments, joining only during S phase and being assembled to form the functional telomerase 
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complex, which is then transported to the telomeres19,134. Transcription and subsequent processing 

steps required to obtain mature human telomerase RNA are tightly regulated and were shown not to 

be influenced by hTERT19. However, when hTERT binds to hTR, discrete changes within the 

conformation of hTR might take place as previously reported178. In order to elucidate the differences 

hTERT impose on the conformation of human telomerase RNA, hTR was cross-linked in the absence 

of hTERT as well. In brief, HEK293 cells were co-transfected with the empty backbone vector pCDNA6 

(referred to as pCW62 when containing the coding sequence for hTERT) and the hTR-encoding 

plasmid, while the remaining steps of the protocol are performed identically. We then compare the 

lanes of cDNA derived RNA extracted from cells transfected both with hTR and hTERT with the cDNA 

derived from RNA extracted from cells transfected with hTR alone. Since the endogenous levels of 

hTERT are too low to observe telomerase activity in our experimental setup178, we concluded that 

the influence of endogenous hTERT (if present at all) on the fold of the overexpressed hTR is 

negligible. As such, it was possible to compare the UV cross-linking pattern of hTR in the presence of 

hTERT with the pattern in absence of hTERT in order to infer the hTERT-induced conformational 

changes in hTR. After careful evaluation, we decided to set a threshold at ≥ 1.5 for the observed 

differences in cross-linking intensities. The majority of the observed changes resulted in stronger 

cross-links in hTR in absence of hTERT with some cross-links found exclusively in absence of hTERT. 

Only a single nucleotide showed a stronger cross-linking intensity in the presence of hTERT. The 

entirety of the changes is then visualized by plotting onto the secondary structure map of hTR (figure 

4.16). 

4.3.1. The triple helix is influenced by hTERT binding 
Correct folding of the triple helix in the pseudoknot domain was shown to be essential in order to 

obtain a functional telomerase holoenzyme25. Disruption of the integral Hoogsteen base pairs has 

drastic effects on the stability of the pseudoknot and therefore leads to decreased or even abolished 

telomerase activity, both in human and yeast25,181,182. In fact, changes in cross-linking intensity were 

observed exclusively in the core pseudoknot, while the extended regions of the pseudoknot, like 

P2a.1, J2a.1/2a, P2a and J2a/2b, were not affected by the absence of hTERT. 

In particular, nucleotides involved in forming the non-canonical Hoogsteen base triples show a 

significant increase in cross-linking intensity in the absence of hTERT (figure 4.7 a, b and figure 4.8). 

U113, which is part of the U113-A176•U102 base triple, shows an increase (1.9 fold change) in cross-

linking intensity in the absence of hTERT (figure 4.8 b). Interestingly, A176 in P3 shows as well an 

increase in cross-linking intensity. The same is true for U114 and U115, part of U114-A175•U101 and 

U115-A174•U100, which show an even higher fold change with 2.2 and 1.7, respectively. C116, 
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involved in C116-G98•A172, which is first base triple in P2b, shows an increase of 1.5 in its cross-

linking intensity (figure 4.7 b and figure 4.8). 

 

Figure 4.7 The triple helix undergoes discrete changes upon hTERT binding. Representative primer 

extension gels showing a) P2a.1, J2a.1/2a, P2a, J2a/2b, P2b, J2b/3, P3, b) P3, P2a, P2b, J2a/2a.1, P2a.1, J2a.1/3 

c) J2a.1/3, P3, J1b/3 and P1b. Symbol and color code as in figure 4.2. To identify changes in the UV cross-

linking pattern, the + lanes from samples derived from hTERT-expressing cells (hTERT +) are compared to the 

+ lanes derived from samples of cells lacking hTERT (hTERT –). Nucleotides, whose cross-linking intensity 

changes in absence of hTERT are marked with arrows. Blue indicates that the cross-linking intensity is increased 

in the absence of hTERT, while red marks residues with reduced cross-linking intensity without hTERT. Cross-

links which do not change in the absence of hTERT are marked in green. A bar diagram shows 

hTR/hTR+hTERT ratio calculated from at least three independent experiments (figure 4.8). 
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Figure 4.8 UV cross-linking pattern of the pseudoknot in presence and absence of hTERT. Bar diagram 

shows the normalized ratio of hTR/hTR+hTERT for nucleotides G66 to U184. The bands from samples derived 

from cells transfected with hTR alone (lanes hTERT –) and from cells transfected with both hTR and hTERT 

(lanes hTERT +) are compared (figure 4.7). The mean value and standard deviation of the hTR/hTR+hTERT 

ratio for each nucleotide is shown from three independent experiments. A value of 1 represents no change in 

intensity in the presence and absence of hTERT (green line). The blue line indicates cross-links that were ≥ 1.5 

more intense in the absence of hTERT, while the red line marks residues whose cross-linking efficiency was 

reduced in the absence of hTERT. The remaining nucleotides represent those which neither showed a cross-link 

in presence or absence of hTERT. Note that nucleotides U133 to G136 are not represented in the chart. These 

nucleotides could not be separated to single-nucleotide resolution making it impossible to assign an intensity 

value. 

The remaining nucleotide A177, which is also involved in base triples, shows no increase in cross-

linking intensity. According to the solution structure of the core pseudoknot every nucleotide 

showing an increase in cross-linking intensity uses its Watson-Crick edge to form the canonical base 

pair while the sugar edge is exposed and accessible via the minor groove of the helix25. If hTERT 

interacts with hTR via the minor groove with some of these nucleotides, small rearrangements in the 

local geometry might explain the changes in cross-linking intensity. An interaction mechanism via the 

minor groove would also explain the fact, that we did not observe changes in accessibility for C116 

and A117 when performing DMS probing in presence and absence of hTERT in vivo178. 

The most striking changes, however, were observed in the linker J2b/3 connecting helices P2b and P3 

in the pseudoknot. Here, U103 shows an increase in cross-linking intensity of 1.6, while the 

subsequent residue C104 displays a drop in intensity to 0.5 in absence of hTERT (figure 4.7 a and 

figure 4.8). These significant changes at two neighbouring nucleotides are unique within our results; 

however the implications are yet unclear. The altered cross-linking potential might indicate a cross-

link to the protein or an intra-molecular cross-link. of To our surprise, U103 and C104 are the least 

conserved nucleotides in J2b/3 with less than 80%, while the remainder is 100% conserved23. 

Importantly, the solution structure of the core pseudoknot showed that loop J2b/3 exhibits a high 

degree of dynamics, especially for nucleotides U103, C104 and U10523,25. Thus, our findings that 

hTERT influences the conformation of U103 and C104 are in good agreement with these reports. The 

reason for the increased flexibility of J2b/3 seems to be the bulged U177, which alters the position of 

junction J2b/3 and weakens the interactions of U103 and C104 with the nucleotides in stem P2b23. 

The change in the cross-linking intensity at nucleotide U177 could be due to its bulged nature, 

making U177 easily accessible for interactions with other residues. According to the solution 

structure the base of U103 is pointing away from J2b/3 and is facing towards the major groove of 

P2b, while C104 is completely buried in the J2b/3 loop25. How hTERT influences the spatial 

conformation of U103 and C104 remains enigmatic. 
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The last residues whose cross-linking intensity changes in absence of hTERT are C180 and U187. The 

intensity of the cross-link at nucleotide C180 increases more than 2-fold and is therefore together 

with U115 (2.1) and C104 (0.5) among the residues which show the largest change within the 

pseudoknot region. C180 forms a canonical base pair with G110, however its Hoogsteen edge is 

facing towards sugar edge of C104 as well as the phosphate group from the backbone23, which are 

both within hydrogen bonding distance (3.1 Å for C180:H5 with the 2’OH from C104 and 2.1 Å for 

C180:H42 to C104:O2)25. U187 is part of the first base pair of the template boundary element and 

shows moderate change with a 1.5-fold increase in cross-linking intensity (figure 4.7 c and figure 4.8). 

The increase might reflect changes in the TBE upon hTERT binding and template positioning. To our 

surprise none of the cross-linked nucleotides in the linker regions J2a/2b and J2a.1/3 showed a 

change in cross-linking intensity. This would indicate the majority of the pseudoknot conformation is 

already formed and act as a pre-organized scaffold for hTERT binding. 

4.3.2. The template region is not altered upon hTERT binding 
In contrast to the pseudoknot, in which several strong changes in cross-linking intensity were 

observed, the template region is not influenced by hTERT binding. No changes in cross-linking 

intensity were observed for nucleotides C50, C51, C52, U53 and A54 (figure 4.9 a and figure 4.10). 

The same holds true for the adjacent nucleotides located both 3’ and 5’ of the template region (G60 

and G63 as well as U38, U39, U40, U41, U42 and U43), which also showed no change in their 

intensities in the absence of hTERT (figure 4.9 a and figure 4.10). As previously shown by in vivo DMS 

probing, the template region of human telomerase RNA becomes highly protected in absence of 

hTERT178, one would have expected a difference in cross-linking intensity within this region. However, 

while DMS probing tests for the accessibility of the N1 of adenines and the N3 of cytidines, the 

residues in the template could also form cross-links via the Hoogsteen and sugar edge, respectively, 

resulting in a change in DMS accessibility but could explain the presence of cross-links both in 

presence and absence of hTERT. Our observations are also interesting with regard to a recently 

published report from Brown and co-workers, in which they identified nucleotide A49 as a sequence-

inherent pausing site91. We did not observe a cross-link at A49, however, the neighbouring 

nucleotides C50 to A54 are cross-linked. The implications still remain unclear. Similarly, the cross-

links observed in J1b/1a were not affected by hTERT. A potential explanation for this might be found 

in the computational model of hTR derived from FRET distance constraints184. According to the model 

the template region itself is positioned in proximity to the pseudoknot, while the whole P1 element is 

relatively flexible and without a potential interaction partner184. However, it is necessary to point out 

that the model is based on information derived from in vitro experiments in absence of hTERT and 

therefore does not take into account the more complex situation in vivo. 
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Figure 4.9 The template region and the template boundary element do not change in presence of hTERT. 
Representative primer extension gels showing regions a) P1a, P1b, the template region, P2a.1, b) J3/1b, P1b, 

J1b/1a, P1a, J1a/4, P4, J4/4.1 and P4.1. c) Secondary structure of hTR with nucleotides of the regions from a) 

and b) depicted in black. Neighbouring nucleotides not shown in a) and b) are shaded in gray for simplicity. 

Symbol and color code as in figure 4.2 and figure 4.7. 
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Figure 4.10 UV cross-linking pattern of the template/TBE in presence and absence of hTERT. The bar 

diagram shows the normalized ratio of hTR/hTR+hTERT for nucleotides A24 to G65 and G185 to A210. Note 

that nucleotides G197 to U201 are not represented in the chart. These nucleotides could not be resolved at single 

nucleotide resolution making it impossible to assign an intensity value. Color code as in figure 4.8. 

4.3.3. The CR4/CR5 domain is strongly influenced by hTERT binding 
The CR4/CR5 domain is considered the main binding platform for hTERT, a hypothesis which is 

strongly supported up by work done on the smallest vertebrate telomerase RNA, mTR from O. 

latipes. In brief, upon mTERT binding major rearrangements in base pairing take place in the three-

way junction of CR4/CR5, resulting in a conformational switch of the P6.1 stem-loop from one side of 

P6 to the other33 (figure 1.8 and section 1.3.2). In light of this study and the fact that only three cross-

links were observed in the presence of hTERT, it was of utmost interest to reveal the influence of 

hTERT on the CR4/CR5 element of hTR. Indeed, significant differences in UV cross-linking intensity in 

the absence of hTERT were identified in the CR4/CR5 region. Seven nucleotides display changes in 

their cross-linking pattern whereby six of the seven are novel cross-links not seen in presence of 

hTERT. This suggests that this region undergoes tremendous changes upon hTERT binding. 
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The first two nucleotides, which are cross-linked only in the absence of hTERT, are C290 and U291, 

both located upstream of helix P6a in the junction J6b/6a (figure 4.11 a and c). The intensity changes 

for C290 and U291 are 2.1x and 2.2x, respectively, and are among the highest we have observed. 

C290 is in 74% of vertebrate telomerase RNAs a pyrimidine (46% for C and 54% for U), while U291 is 

conserved to a higher degree (89% for U and pyrimidine as well). Several lines of evidence support a 

key role of the CR4/CR5 domain in hTERT binding31,33,43,187. First, the solution structure of P6a, the 

internal loop and P6b with the terminal loop L6b suggests a prominent role of J6b/6a in hTERT 

binding via nucleotides found in J6187. This is supported by in vitro studies reporting that a deletion of 

J6b/6a tremendously decreases hTERT binding to hTR and impairs catalytic activity as well13. The final 

proof, however, is the crystal structure of the medaka CR4/CR5 domain bound to the TRBD of 

mTERT33. Due to the smaller size of medaka telomerase RNA, no homology residues for the human 

C290 and U291 are found33. Interestingly, C290 is both accessible to DMS both in presence and 

absence of hTERT, suggesting that at least the N3 of C290 is not involved in hTERT binding178. U291 is 

stacked between C290 and G293 and could either form a C•U base pair with C266 or is bulged out as 

the canonical secondary structure of hTR implies187. Together with fact that C267 is also cross-linked 

both in absence and presence of hTERT, the available data suggests that a complex network of 

hydrogen bonds exist in the internal loop separating P6a and P6b. In contrast, no cross-links were 

again observed in P6a and J6a/6.1 harbouring the 100% conserved junction nucleotide A301. On the 

other hand, hTERT appears to influence P6.1 and adjacent residues in J6.1/5. First of all, the cross-link 

at U307 (figure 4.11 b and figure 4.12), which is 100% conserved in vertebrates is stronger in the 

absence of hTERT. When mutated telomerase activity is abolished, but mutating U307 does not 

influence binding of hTERT to the CR4/CR5 domain31. The important role of U307 for catalysis was 

also supported by the fact that in vitro cross-linking studies place this residue in proximity to the 

template and suggest interactions with nucleotide A54 in the template32. Indeed, a cross-link at A54 

was observed (figure 4.9). The solution structure of P6.1 reports that U307 is solvent exposed and 

therefore able to form tertiary interactions43. 

With hTR being a non-coding RNA the possibility for post-transcriptional modifications must be taken 

into account as well. Pseudouridines provide an additional hydrogen acceptor in the major groove 

edge, thus increasing the interaction possibilities of Ѱ compared to Us. So far, a single study 

addressed this topic and identified six potential pseudouridines within human telomerase RNA42. 

Strikingly, two of them are located in the P6.1 loop: Ѱ306 and Ѱ307. Kim et al. also compared the 

solution structure of P6.1 with Ѱ6.1 and observed major differences in the loop topology42. For 

instance, when replacing the canonical Us with Ѱs, the loop closing G•U wobble pair forms only one 

hydrogen bond instead of two found in canonical G•U wobble pairs. Further, the thermal stability of 
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the loop is increased by conferring additional base stacking interactions (Ѱ306 stacks on G305 and 

Ѱ307 on Ѱ306) which in turn allows for additional hydrogen bonds to be formed42,44. 

 

Figure 4.11 The CR4/CR5 cross-linking pattern shows significant changes upon hTERT binding. 
Representative primer extension gels showing regions a) P4.1, P4.2, P5, J5/6a, P6a, J6a/6b, P6b, L6b, P6b, 

J6b/6a, P6a, b) J6b/6b, P6a, P6.1, L6.1, P6.1, J6.1/5, P5, J5/4.2, P4.2 and J4.2/4.1. c) Secondary structure of hTR 

with nucleotides of the regions from a) and b) depicted in black. Neighbouring nucleotides not shown in a) and 

b) are shaded in gray for simplicity. Nucleotides which show changes in cross-linking intensity are depicted in 

blue boxes. Symbol and color code as in figure 4.2 and figure 4.7. 

Notably, we have been able to only confirm that residue 307 is also a pseudouridine in the 

overexpressed hTR (Zemora, Handl & Waldsich, unpublished data), therefore the actual in vivo 

organization of the P6.1 stem could be an intermediate between the reported structure for P6.1 and 

Ѱ6.1. Aside from the change in cross-linking efficiency at U307, four novel cross-links were observed 

in P6.1 (C313 and U314) and J6.1/5 (U316 and C317) in the absence of hTERT (figure 4.11 b and 4.12). 

The significance of these residues is highlighted by the fact that the stem P6.1 consists only of 

nucleotides which are 100% conserved in vertebrates17,43. The nucleotides located in the junction 

J6.1/5 are less conserved with 90% for U316 and 80% for C31717. Furthermore, the crystal structure 

of the medaka CR4/CR5 domain bound to the TRBD domain of the corresponding mTERT protein 

revealed an interaction between the absolutely conserved J6a/6.1 A199 (A301 in hTR) and G213 
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(G315 in human), the first nucleotide downstream of the P6.1 stem33. Its importance is also shown by 

the fact that both residues are 100% conserved among vertebrates as well as in S. pombe and N. 

grassa33. This specific non-canonical base pair opens up upon mTERT binding and A199 in medaka TR 

forms a direct contact to phenylalanine 496 and is thus a key residue for binding of mTERT33. 

 

Figure 4.12 UV cross-linking pattern of the CR4/CR5 domain in presence and absence of hTERT. The bar 

diagram shows the normalized ratio of hTR/hTR+hTERT for nucleotides U273 to G341. The bars for 

nucleotides G308, G309 and U312 are strong RT stops and are therefore labelled in gray. Nucleotides which 

show a change in cross-linking intensity are depicted as filled blue bars. Color code as in figure 4.8. 

While no cross-links were detected at A301 and G315, residues flanking G315 (C313-U314 and U316-

C317) are cross-linked in the absence of hTERT (figure 4.11 and figure 4.12). Therefore the conserved 
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A in J6/6.1 and its interactions might represent a universal mechanism for TERT binding. Taken 

together, the CR4/CR5 domain shows significant changes in the cross-linking pattern in absence of 

hTERT. This most likely reflects the fact that the CR4/CR5 region is thought to be the main binding 

platform for hTERT. 

 

Figure 4.13 UV cross-linking pattern of the hypervariable region in presence and absence of hTERT. The 

bar diagram shows the normalized ratio of hTR/hTR+hTERT for nucleotides C211 to C272. Note that no 

changes in cross-linking intensity were observed. Color code as in figure 4.8. 

The hypervariable region connects the pseudoknot domain with the CR4/CR5 domain (figure 1.4). 

This domain is made up of three stems (P4, P4.1 and P4.2) separated by internal loops showing little 

sequence conservation17,26 and is not needed for activity in vitro at all13,186. For example, the 5’ 

pocket can tolerate sequence deletions to a great extent without influencing hTR accumulation194; 

the same is true for the P4 stem, which was also shown to be dispensable and not affecting 

intracellular hTR levels as well as holoenzyme activity194. This strengthens the hypothesis that the 

hypervariable region serves as a physical separator holding apart the pseudoknot domain from the 
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CR4/CR5 domain. As such, it is not surprising that the UV cross-linking pattern in absence of hTERT is 

virtually the same as in the presence of hTERT (figure 4.13 and figure 4.14), suggesting that the 

hypervariable region is in fact not influenced by hTERT in a way that can be analysed with our 

experimental setup. That hTERT does not alter the conformation of the hypervariable region was also 

revealed by in vivo DMS probing178. Given the fact that the hypervariable region does neither 

contribute to hTERT binding nor telomerase catalysis13,194 the absence of changes in cross-linking 

intensity is not surprising. 

4.3.4. The scaRNA domain is left unaltered upon hTERT binding 
Stems P4 and P4.1 are separated by the large 5’ pocket, an asymmetrical internal loop which 

resembles the pseudouridylation pocket of canonical H/ACA scaRNAs. However, the distance 

between the conserved box H and the upper end of the 5’ pocket differs from the canonical length of 

14 to 16 nucleotides194. Although this suggests that hTR can only accommodate a single set of H/ACA 

proteins (dyskerin, Gar1, Nop10 and Nhp2), pull-down studies revealed that hTR binds two sets of 

H/ACA snoRNA binding proteins194. The fact that loading of the H/ACA proteins on hTR is 

independent with regard to hTERT binding might explain as to why no changes in cross-linking 

intensity were found throughout the scaRNA domain (figure 4.14 and figure 4.15). 

 

Figure 4.14 The conserved scaRNA domain is not influenced upon hTERT binding. Representative primer 

extension gels showing regions a) P4.1, J4.1/4, P4, J4/7, P7 b) P7, J7/8a, P8a, J8a/8b, P8b, L8b, and J8b/8a. c) 

Secondary structure of hTR with nucleotides of the regions from a) and b) depicted in black. Neighbouring 
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nucleotides not shown in a) and b) are shaded in gray for simplicity. Note that no changes in cross-linking 

intensity are observed. Symbol and color code as in figure 4.2 and figure 4.7. 

That no differences in the cross-linking pattern in L8b harbouring the conserved CAB and BIO boxes 

were observed (figure 4.14and figure 4.15), is not surprising, as hTERT is not known to bind to any of 

these regions. Likewise, the entire scaRNA domain is associated with biogenesis and maturation of 

hTR, which is also reflected by the fact that telomerase activity can be reconstituted in vitro with the 

pseudoknot and the CR4/CR5 in trans omitting the complete scaRNA domain194. Finally, our findings 

are also in agreement with the data obtained from hTR DMS probing in vivo, revealing that hTERT 

does not induce conformational changes in the scaRNA domain of hTR178. 

 

Figure 4.15 UV cross-linking pattern of the scaRNA domain in presence and absence of hTERT.  Bar 

diagram showing the normalized ratio of TR alone/TR+TERT for nucleotides G342 to A428 (shown on the gels 

in figure 4.14. a and b). Note that nucleotides G353 to C356 and C391 to C396 are not represented in the chart. 

These nucleotides could not be separated to single nucleotide resolution making it impossible to assign an 

intensity value. Color code as in figure 4.8. 
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Figure 4.16 hTERT binding induces changes in the pseudoknot as well as in the CR4/CR5 domain. 
Differential map showing nucleotides whose UV cross-linking intensities change in an hTERT-dependent 

manner. Nucleotides with increasing cross-linking intensity are boxed in blue, whereas a decrease in cross-

linking intensity is depicted by a red box. Cross-links which do not change are boxed in green. Symbol and color 

code as in figure 4.6. 
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4.4. Identification of intramolecular RNA-RNA cross-links 
Based on the UV cross-linking pattern obtained both in presence and absence of hTERT, we set out to 

identify corresponding cross-linking partners. This allows us to obtain spatial constraints for the 

conformation of human telomerase RNA and might provide new insights into telomerase 

organization. In order to achieve this goal hTR mutants with base changes at the sites of the 

previously identified cross-linked nucleotides were created. Most of the cross-linked nucleotides are 

located in the pseudoknot region and the CR4/CR5 domain of human telomerase RNA. Overall, we 

have selected seven sites of cross-linked residues in the pseudoknot/template domain, four in the 

CR4/CR5 domain and two each in the hypervariable region as well as in the scaRNA domain (figure 

4.17). The desired mutations were introduced and the obtained plasmids were used for co-

transfection of HEK293 cells according to our established experimental setup (figure 4.1). By 

mutating the nucleotides which were cross-linked in our initial experiments, we expect to observe a 

significant change in intensity or loss of the cross-link at the respective partner, thus suggesting that 

these nucleotides must be in close proximity. Notably, all point mutations were transitions and not 

transversions (table 3-3). With the majority of the cross-links being located in single-stranded regions 

we were less concerned about potential distortions in the helical regions, furthermore almost the 

entirety of cross-links found in helices occur at U residues of canonical A-U base pairs and the 

substitution of a U to C would therefore induce a A•C base pair which has only minor effect on helix 

topology195. 

So far 15 mutants within important cross-linking regions were created (figure 4.17 and table 3-3). 

Interestingly, our PCR-based approach for introducing the mutations of choice was not successful for 

three areas of cross-links. The three uridines at the 3’ end of P2a (U81 to U83), the nucleotides of 

J1b/1a (C192 to U195) and the last nucleotide of P4.2 together with two nucleotides from J5/4.2 

(U329 to C332), all of them gave positive PCR results and accurate lengths however subsequent 

sequencing showed that repetitive sequences had been introduced instead of the chosen mutations. 

For all three sites, several primer pairs with different characteristics (e.g. TM, length, binding position, 

and GC content) as well as altered PCR programs have been tested, however no positive clone could 

be obtained. The reasons are most probably to be found in adjacent areas consisting of repeats of a 

single base and are therefore detrimental to primer binding. The cross-linking pattern of the 15 

successfully generated hTR mutants were mapped in complex with hTERT. First, the mutant hTR 

variants were tested for their effect on telomerase activity (figure 4.18). Therefore, cell lysates of 

each construct were incubated with a telomere mimicking oligo which can be extended if a 

functional telomerase complex was able to form. 
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Figure 4.17 Overview of hTR mutants. Secondary structure map of the human telomerase RNA showing all 

mutants which have been created. The mutants are numbered M1 to M15 and contain the nucleotides boxed in 

orange. Mutants M7 and M11 have their nucleotides circled as these are not adjacent. The nucleotides shown in 

the orange boxes reflect the canonical hTR sequence, while the mutations introduced for each mutant are listed 

in table 3-3. Symbol and color code as in figure 1.4. 

The observed activity was then compared to wildtype telomerase (hTR+hTERT) (figure 4.18) allowing 

use to interpret if the introduced mutations have an influence on telomerase activity. In agreement 

with previous studies142,190, all hTR variants containing mutants in one of the conserved regions (M3, 

M4 and M7 in the CR2 and CR3 in the pseudoknot, M10 and M11 in the CR5 in the CR4/CR5 domain 

and M15 in the CR7 in the scaRNA domain) were inactive and showed undetectable telomerase 

81 
 



activity. The remaining mutants had slightly decreased telomerase activity compared to wildtype 

(figure 4.18) 

 

Figure 4.18 Telomerase activity of hTR mutants. All available hTR mutants were tested for telomerase 

activity. A primer mimicking the telomere can be elongated by a functional telomerase complex. a) 
Representative gel showing the direct telomerase assay. Roman numbers on the left side depict the number of 

repeats added to the primer. LC stands for a 32P-labelled 100mer which is used as loading control. Quantification 

of b) NAP and c) RAP for every single mutant. Mutants for which no numerical value could be determined are 

labelled nd. 

4.4.1. The structural organization of the pseudoknot domain 
The pseudoknot and the conserved triple helix contained the majority of cross-linked nucleotides and 

showed strong changes in intensity when hTERT is absent. Mutants M1 to M7 are located in the 

pseudoknot domain of human telomerase RNA. By comparing the UV cross-linking pattern of each of 

these mutants to the wildtype pattern, we have identified several changes in cross-linking intensity. 

Mutant M1 (U39C/U40C/U41C/U42C/U43C) shows similar telomerase activity compared to wildtype 

(figure 4.18) and, interestingly, new RT stops at nucleotides U113, U114 and U115 (figure 4.19). 

These residues are part of the base triples and therefore crucial for the overall topology of the 

pseudoknot domain. The loss of these cross-links might indicate that the template region is 

positioned in close proximity of the triple helix. Given the fact, that residues located in the triple 

helix, like A176 and U177, were shown to play a role in catalysis29, close contacts between the 

template and the pseudoknot seem highly likely. Changes in cross-linking intensity were also 
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observed at nucleotides U329 and C330 in J5/4.2 in the CR4/CR5 domain (figure 4.20 a), while the 

remainder of the nucleotides did not change. Construct M2, containing the mutations 

U86C/C87U/C88U/C89U, performed similar to wildtype telomerase, indicating that the mutations 

introduced do not affect telomerase activity. The observed changes in cross-linking intensity were 

only minor, which is surprising, given the importance of J2a/2b for the overall topology of the 

pseudoknot28. We report an increase of intensity at nucleotide C90, which is adjacent to the site of 

mutation. This, and the fact that we do not observe other changes in the cross-linking pattern 

throughout the molecule (figure 4.20) might indicate that the initial cross-link in this area occurs 

between the nucleotides in the J2a/2b due to their unique conformation28. For mutants M3 and M4, 

both containing changes to nucleotides in the triple helix, telomerase activity was not detectable 

(figure 4.18). However, this is not surprising, as it was shown that the formation of the triple helix is 

crucial for telomerase activity23,29. From all constructs analysed M3 

(U100C/U101C/U102C/U103C/C104U/U105C) gave the most interesting cross-linking pattern. The 

initial cross-links in J2b/3 were completely absent, and natural RT stops for almost every single 

nucleotide in helix P3 appeared (figure 4.19 a). The cross-linking intensity at nucleotides U113 to 

U115 as well as U179 and C180 increased while the intensity at U177 decreased compared to 

wildtype (figure 4.19 b). The remainder of the nucleotides did not change (figure 4.20).

 

Figure 4.19 The core pseudoknot changes in the mutant hTR variants. Representative primer extension gel 

for mutants a) M1, M2, M3 and M5 showing P2, J2b/3, P3, P2, P2a.1 and J2a.1/3 b) M1, M2, M3, M5 and M7 

showing P2a.1, J2a.1/3, P3, P1b, J1b/1a and P1a. Changes in the UV cross-linking pattern compared to wildtype 
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are indicated by filled red circles for increased intensity and open red circles for decreased intensity. Note that 

M7 is not shown in a) due to the mutation being within the primer binding site. Symbol and color code as in 

figure 4.2. 

Since the M3 mutant is inactive, the increase in intensity may reflect either an enhanced propensity 

for cross-linking due to the fact that hTERT may not be bound to the M3 hTR variant or structural 

rearrangements affecting the physical proximity of respective residues. 

A similar result was observed for M4 (U113C/U114C/U115C/C116U). Additional RT stops appeared at 

the sites of mutation at U114 and U115. Furthermore, a completely different cross-linking pattern 

was observed in the J2b/3 linker connecting stems P2b and P3 (figure 4.21 b). A new cross-link is 

observed at position U99, while the cross-link at C104 disappears. In addition, an increase in intensity 

is observed for U102 and U105, while U100, U101 and U103 do not change, compared to the 

wildtype pattern. In line with the disruption of stem P3 and associated base triples, M4 is catalytically 

inactive (figure 4.18). The absence of the triple helix in M4 might provide additional flexibility to the 

molecule and thereby altering the cross-linking pattern in J2b/3. Together with our observation that 

C104’s cross-linking intensity drastically decreases in absence of hTERT, this hints to a role of C104 in 

hTERT binding. 

 

Figure 4.20 J5/4.2 and P6.1 in the CR4/CR5 domain show changes in cross-linking intensities. 
Representative primer extension gel for mutants M1, M2, M3, M5 and M7 showing a) P6, P6.1, J6.1/5, P5, 

J5/4.2, P4.2, P4.1, J4.1/4 and P4 b) P7, J7/8a, P8a, J8a/8b, P8b, L8b and J8b/8a. Changes in the UV cross-
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linking pattern compared to wildtype are indicated by filled red circles for increased intensity and open red 

circles for decreased intensity. Note that for b) nucleotides U411 to A428 are shown with different contrast 

setting. Symbol and color code as in figure 4.2. 

 

Figure 4.21 Linker J2b/3 and J2a.1/3 show different cross-linking pattern. Representative primer extension 

gel for mutants a) M8, M9, M12, M13 and M15 showing P2, J2b/3, P3, P2b, P2a, P2a.1 and J2a.1/3 b) M4, M6, 

M10, M11 and M14 showing J2b/3, P3, P2b, P2a, P2a.1 and J2a.1/3. Changes in the UV cross-linking pattern 

compared to wildtype are indicated by filled red circles for increased intensity and open red circles for decreased 

intensity. Symbol and color code as in figure 4.2. 

A decrease in intensity is also observed for the cross-links at U86, C87, C88 and C89 in J2a/2b, 

indicating that the S-shape of the backbone of J2a/2b might be distorted. Finally, the cross-link at 

U307 in the CR4/CR5 domain also shows an increase in intensity (figure 4.22 a). This is interesting 

with regard to the similar increase of intensity at U307 which was observed when hTR was cross-

linked in absence of hTERT (figure 4.11). For the remainder of the nucleotides, no changes were 

observed (figure 4.22). Nonetheless, additional experiments are needed to examine the exact role of 

the involved residues more carefully. 

The last construct with mutations in the triple helix is mutant M7. Here, nucleotides in P3 have been 

changed (A176G/U177C/C180U/U184C), which led to changes in the cross-linking pattern (figure 

4.19 b) and abolished telomerase activity (figure 4.18). First, two new cross-links emerge at positions 
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C166 and C170 in the J2a.1/3 linker while the cross-links at the mutated residues A176, U177, C180 

and U184 disappear (figure 4.19 b). This potentially indicates increased flexibility of residues C166 

and C170 in J2a.1/3 due to the mutation in stem P3. 

 

Figure 4.22 The CR4/CR5 domain shows changes in the cross-linking pattern. Representative primer 

extension gel for mutants M4, M6, M10, M11 and M14 showing a) P6.1, J5/6.1, P5, P4.2, P4.1, J4/4.1 and P4 b) 

P7, J7/8a, P8a, J8a/8b, P8b, L8b, P8b, J8b/8a and P8a. Changes in the UV cross-linking pattern compared to 

wildtype are indicated by filled red circles for increased intensity and open red circles for decreased intensity. 

Note that M14 gave only a weak signal due to mutations at the primer binding site. Symbol and color code as in 

figure 4.2. 

As no other cross-links disappeared, hTERT might be the cross-linking partner of A176, U177, C180 

and/or U184. In addition, M7 shows an increase in cross-linking intensity at nucleotides U307 in P6.1 

and U329 as well as C330 in J5/4.2 (figure 4.20 a). The increase in intensity at U307 is similar to 

mutant M4 and to the wildtype cross-linking pattern observed in absence of hTERT. For the 

remaining nucleotides of hTR variant M4 no further changes in the cross-linking pattern were 

observed (figure 4.20). The last two constructs on the pseudoknot domain are M5 and M6, both 

containing mutations in the J2a.1/3 linker connecting the extended pseudoknot with the core 

pseudoknot (U146A/U147A and C152G/G153U/U154A/U155A/C156G/A157U/U158A/U159A/C160G, 

respectively). Both constructs show a slightly reduced telomerase activity level compared to wildtype 

and in both cases, the initial cross-links disappear (figure 4.21 and figure 4.19), and new cross-links 

appear. In both hTR variants M5 and M6 an increase in cross-linking efficiency at nucleotides U329 
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and C330 in J5/4.2 was observed, while only for M6 an increase in cross-linking intensity was 

discovered at nucleotides C87 and C88 in J2a/2b. This might indicate that J2a.1/3 influences J5/4.2 in 

an unknown way. The loss of the initial cross-links might be explained by the fact that both, M5 and 

M6, contain transversions instead of transitions. Therefore, the decrease of pyrimidine residues 

might have prevented the formation of cross-links between neighbouring nucleotides. For the 

remainder of the nucleotides in M5 and M6 no changes in the cross-linking pattern were observed. 

4.4.2. The topology of the important CR4/CR5 domain 
The region with the second-most cross-links is the CR4/CR5 domain of the human telomerase RNA. 

Four constructs have been created for this element. M8 (U249C) and M9 (C290U/U291C) show both 

normal telomerase activity compared to wildtype. For both, M8 and M9, no changes in the cross-

linking pattern compared to wildtype were observed (figure 4.21 and figure 4.23). The fact that for 

both constructs telomerase activity is similar to wildtype, might indicate that hTERT is, however, still 

bound to the hTR variants M8 and M9. 

For the constructs M10 (U307C) and M11 (C313U/U314C/U316C/C317U) containing mutations of the 

highly conserved residues in P6.1, the situation is entirely different. First, both of these constructs 

show no telomerase activity, neither NAP nor RAP (figure 4.18). Second, M11 gives rise to new cross-

links mostly at the positions of the mutated residues (C314 and C316). Interestingly, a novel cross-

link appears at position G308 in the terminal loop L6.1 (figure 4.22), together with a new RT stop at 

position U313. Importantly, G308 is strongly methylated by DMS in vivo in the absence of hTERT, but 

becomes protected upon binding of hTERT178. Together, these data may suggest that hTERT binding is 

abolished in the mutant M11, explaining the loss of activity of this mutant as well. In fact, the 

observed pattern resembles that obtained in absence of hTERT (figure 4.11 b). While both M10 and 

M11 do not show an altered UV cross-linking pattern for most of the molecule, one striking similarity 

is observed for both of them: a strong increase in cross-linking intensity at position U103 in the 

pseudoknot region (figure 4.21 b). This would place U307 close to the essential triple helix for 

catalysis. In addition, for M10 an increase in cross-linking efficiency at nucleotides U329 and C330 in 

J5/4.2 was observed (figure 4.22).  

Mutants M12 (U350C) and M13 (U357C/U358C/U359C/C360U) are located in the hypervariable 

region of hTR, in more detail in the 5’ pocket preceding the scaRNA domain. Interestingly, no change 

in the cross-linking pattern compared to wildtype is observed for both M12 and M13 (figure 4.21 b), 

suggesting that these cross-links might be directed to H/ACA snoRNA binding proteins, which bind to 

the 5’ pocket of hTR19. In addition, for M13 an interesting phenomenon in the CR4/CR5 domain 

(figure 4.23) was observed, namely the cross-links are shifted by one nucleotide compared to 
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wildtype and the rest of the mutants. Interestingly, this is not the case for remainder of the 

nucleotides. The primer binding site and the mutated residues in M12 and M13 are separated by 50 

and 60 nucleotides, respectively, thus making problems during primer annealing unlikely. However, 

the reason for the shift remains yet unclear. 

 

Figure 4.23 The CR4/CR5 domain remains unaffected. Representative primer extension gel for mutants M8, 

M9, M12, M13 and M15 showing P6, P6.1, L6.1, P6.1, J5/6.1, P5, J5/4.2, P4.2, J4.2/4.1 and P4.1. Changes in 

the UV cross-linking pattern compared to wildtype are indicated by filled red circles for increased intensity and 

open red circles for decreased intensity. Symbol and color code as in figure 4.2. 

4.4.3. The conformation of the scaRNA domain 
The remaining two hTR variants are part of the scaRNA domain. M14 contains mutations in J8a/8b as 

well as in stem P8b (G404A/A405G/U406C/U407C/C408U) while M15 carries the mutated BIO box 

(U416C/G417A/U418C). The constructs differ significantly in their telomerase activity. M14 shows a 

slightly reduced activity compared to wildtype, however M15 is catalytically inactive (figure 4.18). 

Furthermore, the signal strength for mutant M15 is drastically reduced throughout all primer 

extension gels (figure 4.21 and figure 4.23). This observation is consistent with data from an in vivo 

DMS study, which as well reported a large decrease in signal strength when studying the C408G 

mutant178. The reason is likely to be found in impaired biogenesis of hTR and subsequent degradation 
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of the precursor molecule, resulting in extremely low levels of cellular hTR. This also explains the lack 

of telomerase activity observed for this mutant. For M14, signal strength was comparable to wildtype 

levels; however the cross-linking pattern showed no differences (figure 4.21 and figure 4.22). A 

possible explanation for this observation might be found in the H/ACA snoRNA binding proteins, 

which are supposed to bind within the scaRNA domain. Therefore, one of these proteins (Gar1, 

Nop10, Nhp2 and Dyskerin) could be the corresponding cross-linking partner in wildtype telomerase 

RNA and M14, suggesting a sequence-independent interaction. 

 

Figure 4.24 Spatial information for hTR obtained from UV cross-linking. Secondary structure map of 

human telomerase RNA depicting elements in proximity to each other. The hTR variants are depicted as boxed 

nucleotides in different colors. An increase in cross-linking intensity is shown as a filled circle next to the 

nucleotide, while a decrease in intensity is depicted by an open circle. The color of the circles corresponds to the 

hTR variants which are responsible for the observed changes. Symbol and color code as in figure 1.4. 

89 
 



5. Discussion 
The maintenance and protection of the cellular telomeres is an essential requirement for most living 

organism. The evolutionary most common mechanism to achieve this goal is the use of a specialized 

RNP complex referred to as telomerase196. The telomerase holoenzyme is a RNA-dependent DNA 

polymerase which catalyzes the addition of repeating DNA sequences to the telomeres. Human 

telomerase consists of two major compounds: first, the human telomerase reverse transcriptase, 

called hTERT and second, the human telomerase RNA (hTR), which contains the essential RNA 

template in order to add the 5’ GGTTAG 3’ repeats9,17. Human telomerase RNA must adopt a specific 

conformation in order to successfully serve as platform for assembling the mature telomerase 

complex. We aimed to shed more light onto the structural organization of hTR and the interplay 

between hTR and hTERT. Therefore, we have established an in vivo UV cross-linking setup allowing us 

to investigate which elements within hTR are in close contact and how the conformation of hTR 

changes upon binding of its protein partner hTERT. In order to compensate for the low endogenous 

hTR levels within HEK293 cells, we transiently co-transfected plasmids coding for either component, 

hTR and hTERT. We then checked for telomerase activity via direct telomerase activity assays in cell 

lysates to exclude any contribution of endogenous hTR or hTERT levels. Indeed, only upon 

overexpression of hTR and hTERT, the telomerase complexes present in the lysates efficiently 

elongated a primer mimicking the telomeres, thus ensuring that our system works well. In addition it 

appears that the majority of hTR molecules adopt their native conformation in the cell based on the 

data available from DMS footprinting178. We then performed primer extension on UV cross-linked 

hTR to identify the cross-linked nucleotides. By comparing the cross-linking pattern between 

wildtype (hTR and hTERT present) and an hTR-only setting, it was possible to assess the 

conformational changes of hTR upon hTERT binding. Our results provide new information about the 

structural organization of human telomerase RNA and hTERT-induced changes in the hTR 

architecture. 

5.1.  The structural organization of hTR in vivo 
Human telomerase RNA can be divided into three separate domains: the pseudoknot domain 

containing the template is located in the 5’ half; the CR4/CR5 domain is located in the middle of the 

451 nucleotide-long RNA while the scaRNAs domain is found within the 3’ part of the molecule 

(figure 1.4). The pseudoknot domain also contains the template which is necessary to for repeat 

synthesis and is flanked by the template boundary element (helix P1b)17,20. Telomerase needs this 

element to exert its task without read-through errors or miss-incorporation of non-canonical 

template nucleotides185. The linker between P1b and the template is strongly conserved in length but 

not in sequence185. The cross-links we observed at nucleotides U38 to U43 could therefore be related 
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to the task of template boundary definition (figure 4.3). However, neither in vivo DMS nor in vitro 

SHAPE probing for these nucleotides report high accessibility or flexibility, respectively178,197. 

Therefore the possibility that the cross-links were simply caused by several cyclobutane pyrimidine 

dimers (CPD) forming via their C5-C6 bonds must also be taken into consideration. In line with the in 

vivo DMS data, we observed cross-links at the template nucleotides C50 to A54. These nucleotides 

are also responsible for template alignment, therefore forming the DNA-RNA duplex before 

elongation takes place91,186. The observed cross-links might therefore represent a structure that is 

crucial for the formation of the DNA-RNA duplex. For the 3’ flanking sequence of the template, fewer 

cross-links are observed; most probably due to the purine residues, which is in good agreement with 

the reported fact of decreased cross-linking efficiency for purines175,176,198 (figure 4.6). 

5.1.1. The conformation of the pseudoknot domain in vivo 
The pseudoknot domain of human telomerase RNA contains several unique features which strongly 

contribute to the topology of this unique pseudoknot. A remarkable network of Hoogsteen base pairs 

which lead to the formation of a triple helix25 and the strong bend in the backbone due to the 

unconventional conformation of junction J2a/2b28 are just two examples. The observed cross-links on 

U81, U82 and U83 next to J2a/2b could be explained by the fact that the respective U residues do not 

form U-A Watson-Crick base pairs. Importantly, A126-A128 are also accessible to DMS modification, 

suggesting that the respective U and A residues form non-Watson-Crick U•A pairs in vivo178. 

Furthermore, in vitro SHAPE analysis also indicated a backbone flexibility higher than observed for 

canonical base pairs197. The nucleotides within the loop itself are all exposed to the solvent with their 

Watson-Crick face, a fact supported up by the strong DMS modifications on C87 and C88178. This 

suggests that the cross-links at C87 and C88 are formed without involving of their N3 atoms. When 

also taking the SHAPE data into account, which shows average backbone flexibility for C87 to C89197, 

this points to a very rigid nature of residues within J2a/2b, although the interaction partners are not 

yet known. A second hot spot for UV-induced cross-links is found in the pyrimidine-rich stretch of the 

linker J2a.1/3 which correlates well with the reported SHAPE data which shows the highest backbone 

flexibility for the nucleotides in this area197. In general, the majority of cross-links were observed at 

nucleotides that are modified by DMS in vivo and SHAPE in vitro178,197(figure 5.1). Taken together, our 

results reflect the importance of these residues for the overall hTR topology. Notable exceptions are 

nucleotides U113, U114, U115 and C116 in stem P2b and U100 to U102 in J2b/3 which form the 

triple helix in the pseudoknot domain. None of them is modified by DMS and backbone flexibility is 

also low in this area (figure 5.1). According to the solution structure of the pseudoknot, the triple 

helix is the predominant structure for this area23,25. Earlier studies proposed a conformational switch 

between the pseudoknot and a hairpin structure which might affect telomerase translocation199,200. 
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In this hairpin residues of J2b/3 (U99 to C104) extend the P2b stem by pairing with nucleotides G110 

to U115, while U105 to U109 would form a tetraloop at the end of the extended P2b stem. 

 

Figure 5.1 Chemical modifications observed in the pseudoknot domain. Secondary structure map showing 

the pseudoknot domain of hTR. Sites of UV-induced cross-links are boxed in green, while DMS modifications 

are shown as red circles. Nucleotides which show increased reactivity to SHAPE are labelled with blue triangles. 

For simplicity residues which are reactive to DMS and/or SHAPE but have not been cross-linked are not shown. 

Symbol and color code as in figure 4.6. DMS and SHAPE data are taken from Zemora, 2014178 and Niederer et 

al., 2014197. 

Thus, such a hairpin leads to the disruption of the Hoogsteen base triples U115-A174•U100, U114-

A175•U101 and U113-A176•U102 which severely decreases telomerase activity23,25. This proposed 

model is in line with older in organello DMS footprinting of hTR which reported that the pseudoknot 

is not formed201. However, in vivo DMS footprinting data from our lab decisively show that all stems 

important for pseudoknot as well as the triple helix formation are stably formed in vivo178. The 

differences between these two studies might be the result of two different experimental setups: 

Antal et al. extracted cell nuclei and performed DMS modification subsequently, while we performed 

the DMS modification on a mono layer of cells followed by hTR isolation. The fact that UV cross-links 

at nucleotides which are involved in the Hoogsteen base triples are observed, further hints to 

formation of the pseudoknot and the associated triple helix in vivo. As such, the cross-links are likely 

to go to the corresponding interaction partner of the base triples. 

5.1.2. The CR4/CR5 domain harbours only few cross-links 
The second important domain besides the pseudoknot/template domain is the CR4/CR5 domain. In 

vitro complementation assays showed that telomerase activity can be reconstituted with the 

pseudoknot and the CR4/CR5 domain in trans186. This suggests that the connecting hypervariable 

domain acts as a linker in the first place and is not involved in telomerase catalytic activity. This is 

also in line with the high tolerance for mutations within the 5’ pocket that do not affect telomerase 

activity and accumulation19,194. Thus, it is possible that the cross-links observed in the 5’ pocket might 

be directed to additional proteins such as the H/ACA RNA binding proteins like Gar1, Nop10, Nhp2 
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and Dyskerin. This is also supported by the fact that the nucleotides on the opposite strand, J4/4.1, of 

the 5’ pocket, are not cross-linked, therefore reducing the possibility of a hydrogen bond network 

spanning throughout the pocket. For the smaller internal loop separating the last stem P4.2 in the 

hypervariable region from the first stem P5 of the CR4/CR5 domain, cross-links are found on both 

sides of the loop. Such an observation might be indicative of intra-loop contacts rather than long-

range tertiary contacts. A conformation like this could confer a specific backbone topology necessary 

for the domain to carry out its function. Examples for such specific junctions which shape the 

topology of an entire domain are J2a/2b and the internal loop separating P6a and P6b. While J2a/2b 

in the pseudoknot domain introduces a sharp bend between the two connecting stems, the P6a-P6b 

internal loop alters the backbone geometry in way resembling the Greek letter ζ187. Nucleotide 

deletions in the P6a-P6b loop resulted both in a strong decrease of telomerase activity as well as 

lower binding affinity to hTERT13. Interestingly, the UNCG tetraloop at the end of the CR4/CR5 

domain and its 5’ flanking nucleotides are also composed of only pyrimidines, however none of these 

residues was cross-linked in our study (figure 4.4 a and c). This example and other non-cross-linked 

pyrimidine stretches (stems P1a, P4.1 and P4.2) are a good indicator that the identified cross-links 

are not only cyclobutane pyrimidine dimers (CPD) but represent substructures whose formation is 

important for telomerase activity. 

Stem P6.1 has been shown to be of utmost importance for telomerase activity43. Mutation of U307 

drastically reduces telomerase activity, however it does not have an influence on hTERT binding31,190. 

The cross-link observed at U307 and the fact that it is also strongly modified by DMS is noteworthy. 

DMS modifies the N3 of cytosines and the N1 of adenosines; however pseudouridines (Ѱ) are often 

present as a keto-enol tautomer with an N3 atom accessible for methylation. Indeed, U307 was 

found to be a Ѱ in two independent studies42,178. According to the solution structure of a P6.1 stem 

containing two Ѱ at positions 306 and 307, Ѱ307 points towards the stem and coordinates a 

complex hydrogen network which confers additional thermal stability to Ѱ6.1 compared to the 

canonical P6.1 stem. We propose that the observed cross-link at U307 is therefore more likely to be 

an RNA-RNA interaction rather than a RNA-protein contact. This is also in line with the fact that U307 

does not play a role in hTERT binding and was found to be close to A54 in an in vitro cross-linking 

study31,32,190. Overall we were surprised to observe only very few cross-linked nucleotides within the 

CR4/CR5 domain despite its importance for telomerase activity as main hTERT binding site. 

5.1.3. The topology of the scaRNA domain 
The last functional domain of human telomerase RNA is the scaRNA domain located in the 3’ part of 

the molecule. The secondary structure shows strong similarities with the canonical hairpin-hinge-

hairpin motif of H/ACA snoRNAs and contains the conserved box H as well as the ACA trinucleotide16. 
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In addition, it harbours the CAB box, making hTR an H/ACA scaRNA16. Human telomerase RNA 

biogenesis is similar to scaRNAs. As such, hTR is dependent on H/ACA proteins like Naf1, Nop10, 

Nhp2 and Dyskerin19,128. A sets of these proteins bind to each stem and the entire RNP complex is 

transported to the Cajal bodies19,194. These steps are mediated via the CAB and BIO boxes located in 

the terminal loop of stem P8b35,36. In contrast to the 5’ pocket, cross-links were not observed in the 

corresponding 3’ pocket. In addition, the nature of the observed cross-links within the scaRNA 

domain differs with respect to the high number of conserved purine residues (3 out of 8 nucleotides). 

The cross-links observed in J8a/8b are in close proximity to the CAB box, which is responsible for 

Cajal body translocation202. The close proximity to this element and the fact that both hairpins within 

the scaRNAs are loaded with H/ACA RNA binding proteins suggest that these cross-links are going to 

one of the corresponding H/ACA proteins. For the cross-links in the BIO box, it is also possible that 

these involve a protein; however, due to the nature of the loop, the cross-links might also reflect 

intra-loop interactions. 

In summary, we have identified cross-links in the functionally important areas of human telomerase 

RNA, for example the triple helix and J2a/2b in the pseudoknot domain, J6a/6b and P6.1 in the 

CR4/CR5 domain and at potential protein binding sites in stem P8b as well as L8b of the scaRNA 

domain. The cross-links detected at the nucleotides forming the triple helix strongly suggest that the 

triple helix is formed in vivo.  

5.2.  hTERT-dependent conformational changes within hTR 
In order to obtain a functional holoenzyme both human telomerase RNA and human reverse 

transcriptase must interact with each other. Several studies investigated the nature of this 

interaction and in brief two independent hTERT binding sites were proposed: a) the pseudoknot 

domain and b) the CR4/CR5 domain. For example, hTR fragments consisting of nucleotides 33 to 147 

and 164 to 330 can both independently bind to hTERT, however with different affinities203. In line 

with this, co-immunoprecipitation studies could identify significantly more RNA in hTERT/hTR 164-

330 complexes than in hTERT/hTR 33-147 complexes11. For the CR4/CR5 region, the solution 

structure of both the P6 element as well as the P6.1 stem have confined the binding site of hTERT to 

nucleotides 255 to 320 43,187. This was confirmed by the crystal structure of the medaka CR4/CR5 

domain bound to the TRBD of mTERT33. As for the pseudoknot it has not been achieved yet to narrow 

down the hTERT binding site due to the lower binding affinity to hTERT. Mutations in the 3’ strand of 

the P3 helix lower telomerase activity in a manner independent of hTERT binding182. By mapping the 

UV cross-linking sites within the native telomerase complex, we have identified regions of structural 

importance; however their precise nature and interacting partner remain elusive. To address this 

question hTR was cross-linked in absence of hTERT and the observed changes in the cross-linking 
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pattern were summarized in a differential map (figure 4.16). Our observations are in excellent 

agreement with previous published data which suggest two independent binding sites for hTERT44,203. 

Both in the proposed pseudoknot domain as well as in the CR4/CR5 domain significant changes in 

cross-linking intensity upon hTERT binding were detected. 

5.2.1. hTERT-induced conformational changes in the pseudoknot 
The triple helix in the pseudoknot domain is essential for telomerase activity29. It relies on an 

extensive network of Hoogsteen base triples to stabilize the pseudoknot and mutation of any of 

these residues abolishes telomerase activity23,25. The overall topology of the pseudoknot domain is 

defined by the aforementioned triple helix and the junction J2a/2b, which induces a strong bend and 

places the helices P2a and P2b in inversed V shape orientation to each other28 (figure 5.2 a). The 

distance between the ends of the expanded pseudoknot spans approximately 70 Å, which is enough 

to accommodate the template-DNA duplex and its flanking regions23. The nucleotides, which show a 

change in cross-linking intensity in absence of hTERT, are located at the intersection of helices P2b 

(C116) to P3 (U113, U114, U115, C116 and C180) or in the linker J2b/3 (U100-U105). A computational 

model based on the TERT structure from T. castaneum positions the pseudoknot on the TERT protein 

either in parallel or perpendicular to the template-DNA duplex located in the central cavity of the 

TERT ring44,55 (figure 5.2 b). Both of these positions would allow for the cross-linked nucleotides to 

interact with the protein. The pseudoknot is both times facing the TRBD domain of TERT which is in 

general responsible for hTR-hTERT binding47. It is tempting to speculate that the cross-linked 

nucleotides in P2b, P3 and J2b/3 might mediate the interactions between hTR and hTERT. However, 

with our current experimental setup we cannot identify RNA-protein contacts, and therefore we 

cannot exclude the possibility that the changes in cross-linking efficiency might be of indirect nature. 

In addition, the fact that cross-linking intensity increases in most cases when hTERT is absent, might 

indicate additional flexibility of hTERT. Thus, further studies on the exact role of these residues are of 

utmost importance. 
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Figure 5.2 The core domain of hTR and possible interactions with tcTERT. Computational models showing 

a) the pseudoknot domain of hTR based on the available solution structure25 showing P2a.1 (blue), P2b (yellow), 

J2a/2b (green), P2b (red) and P3 (purple). A template-DNA duplex is positioned in the middle of the inverse V-

shaped model. b) Possible orientations of the pseudoknot with regard to the Tribolium castaneum TERT 

protein55. The domains are coloured according to the legend below. The template-DNA duplex (purple and cyan, 

respectively) is located in the central cavity of the TERT ring. Figure adapted from Zhang et al., 201144. 

5.2.2. The influence of the CR4/CR5 domain on hTERT binding 
The second site of hTERT-induced changes in cross-linking intensity is located in the conserved 

CR4/CR5 domain. As already mentioned earlier, this domain shows a much higher binding affinity to 

hTERT11,203. In vitro cross-linking studies between TERT and TR in O. latipes (medaka) identified 

several RNA residues which form a direct contact to the protein (U182-Tyr503, U187- Phe355 and 

U205-Trp477)75 however the crystal structure of the TRBD of mTERT in complex with the CR4/CR5 

element of mTR confirmed only U182 (U261 in hTR) to directly contact the protein and revealed new 

contacts as well (G189 and A199 in mTR, G268 and A301 in hTR)33,75. The crystal structure showed as 

well that stem P6.1 plays a major role in TERT recognition and binding. It undergoes a large 

conformational change upon TERT binding and therefore acts like a switch33. In respect to the change 

in P6.1 the entire three-way junction becomes rearranged and several new base pairs form upon 

TERT binding33. In good agreement with this study33, we observe the strongest changes in cross-

linking intensities for nucleotides located in the CR4/CR5 domain (figure 4.16). C290 and U291, which 

are located in J6b/6a, face the human homolog (C266 in J6a/6b) of medaka U187, and show a two-

fold increase in intensity in the absence of hTERT. This is in line with the proposed role of nucleotides 

from the P6b-P6a internal loop playing a role in hTERT binding187. P6b-P6a is not present in medaka 

and the key residue mediating RNA-protein contact is the bulged U18233,187. The human homolog of 

U182 is U261 or C262. U261 being the bulged nucleotide is supported by sequence alignment and 

NMR33,187, while C262 is favoured by phylogenetic studies17. Available DMS data shows no change in 

methylation both in presence and absence of hTERT, thus hinting for a non-canonical C•A pair with 

A295178,201. In contrast, the human homologs C266 and G268 of medaka U187 and G189 both show 

changes in DMS modification in presence of hTERT, as these residues become more or less accessible 

to DMS modification178. This suggests that hTERT bind to the CR4/CR5 element of hTR in a slightly 

different manner than described for medaka telomerase RNA33. 

Stem P6.1 has been shown to undergo drastic conformational changes upon hTERT binding which 

also leads to the rearrangement of base pairs throughout the three-way junction33. In brief, the three 

base pairs C174-G216, C176-G213 and G198•U212 open up (potential human homologues are C247-

G321, C255-G315 and G300•U314, however it is unclear if those interactions do exist) and pave the 

way for new interactions to be formed upon hTERT binding (A199-A200, U212-G231 and the two 
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base triples C174•G198-C177 and C176•U217-A173)33 (figure 1.8). In human telomerase RNA, cross-

linking intensities in absence of hTERT increase for the last two nucleotides of the 3’ stem of P6.1, 

C313 and U314 as well as for U316 and C317 in J6.1/5, all of them being 100% conserved in 

vertebrates17 (figure 4.16). U314, the human homolog for medaka U212 therefore could be involved 

in similar rearrangements (e.g. a potential pairing with G300 upon hTERT binding). In our opinion, 

this would be a solid suggestion given the high sequence conservation in this area. Furthermore, 

nucleotide U249 in J5/6a is also cross-linked, however its cross-linking intensity is independent of 

hTERT. Nonetheless it might participate in interactions with other residues of the three-way junction 

(e.g. A318 which becomes protected from DMS upon hTERT binding178). Based on our data we 

therefore propose a similar mechanism for hTERT binding to the one recently found in medaka33. We 

suggest rearrangements in base pairing in the three-way junction to accommodate the protein and 

allow a stable formation of the mature telomerase complex. Taken together, the major binding 

platform for hTERT is indeed located in the CR4/CR5 domain. 

5.3.  Identification of cross-linking partners 
The ability of telomerase to efficiently elongate the cellular telomeres is utterly dependent on the 

successful formation of the mature telomerase RNP complex. This requires correct folding of both 

hTR and hTERT in order to successfully bind to each other. Human telomerase RNA has three major 

domains important for catalytic activity, hTERT binding and maturation which are linked by a 

hypervariable region. Based on our initial UV cross-linking experiments we were interested in the 

structural elements that are spatially close. Therefore mutated variants of hTR were created based 

on the previously identified cross-linked nucleotides. By mapping the cross-linking sites within these 

constructs in presence of hTERT and comparing the obtained UV cross-linking pattern with that of 

the wildtype telomerase, we were able to gain new insights into the structural conformation of hTR. 

5.3.1. The triple helix is formed in vivo 
The core element of the pseudoknot domain is the conserved triple helix. Its formation is crucial for 

telomerase activity and seems to be a general feature of telomerase RNAs, as a triple helix was also 

found in yeast as well23,25,29,181. Underlining the importance of the triple helix, the most profound 

changes in the cross-linking pattern were indeed observed on nucleotides, which are involved in the 

formation of said triple helix (figure 4.24). Mutants M3, M4 as well as M7 contain mutations in J2b/3, 

P2b stem and stem P3 and beautifully show the dynamics in this area. For instance, mutation of the 

J2b/3 linker nucleotides U100 to U105 in M3 lead to an increase in cross-linking intensity at U113 to 

U115 (figure 4.21). Interestingly, U113 to U115 are part of the base triples with their interaction 

partner being U100 to U103. Construct M4, in which U113 to C116 were mutated, showed similar 

results; here, the cross-linking intensity changed drastically for residues U99, U102, C104 and U105 
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which are part of the J2b/3 linker region. The same is true for constructs M3 and M7 as well. 

Mutations in J2b/3 of M3 had an impact on stem P3, in detail on the cross-linking intensity of 

nucleotides U177, U179 and C180, while mutations in M7 resulted in a change in intensity for U103 

in J2b/3. This strongly suggests that the triple helix is indeed formed in vivo. Furthermore, construct 

M7 displays changes in the cross-linking pattern in J2a.1/3 with new cross-links at C166 and C170. 

This is in good agreement with the reported solution structure which placed the linker J2a.1/3 into 

the minor groove of helix P2b23,25. Unfortunately, all structures available23,25 (e.g. PDB 2K95) are 

based on truncated pseudoknot variants that have G95-C119 as the last base pair of stem P2b; on the 

one hand the length of J2a.1/3 as well as P2b is drastically shortened, but on the other hand 

increases the likelihood of obtaining a good solution structure. Furthermore, construct M6 also 

shows an increase in cross-linking intensity for nucleotides C87 and C88 in J2a/2b. Based on our 

observations, it seems plausible that the nucleotides in J2a.1/3 form base triples with P2b and 

extended stems.  

Constructs M1, M2, M5 and M6 displayed more subtle changes in the cross-linking pattern compared 

to wildtype. M1, which contains mutations C38 to C43, leads to a decrease in intensity at nucleotides 

U113 to U115 and might therefore indicate that the template region is in close proximity to the triple 

helix. Considering the fact, that A176 and U177 of the triple helix are known to be involved in 

catalysis29, this spatial constraint is in good agreement. The mutated nucleotides in J2a/2b, the five-

nucleotide bulge defining the overall topology of the pseudoknot domain28, have very limited effect 

on the cross-linking pattern. So far, only the adjacent C90 shows increased intensity. However, hTR 

construct M4 (C113 to U116) influenced the cross-linking intensity of the nucleotides in J2a/2b. This 

might indicate that while the triple helix is not formed, flexibility for J2a/2b is greatly increased. 

Finally, constructs M5 and M6 in the linker J2a.1/3 are interesting with respect to as the initial cross-

links disappeared, while the cross-linking intensity increased for nucleotides U329 and C330 in J5/4.2, 

indicating that J2a.1/3 might be in proximity of the CR4/CR domain. Interestingly, the intensity of 

U329 and C330 was also increased for constructs M1 and M7, therefore suggesting that the 

pseudoknot is in proximity of J5/4.2. However, for M5 and M6, it is noteworthy that the mutations in 

M5 and M6 are transversions rather than transitions as it is the case for the other constructs. 

Taken together, we have shown that mutation of the residues involved in the triple helix scaffold 

influences other nucleotides of this element. This indicates that these residues are in close proximity 

and therefore react to changes of their binding partners, which leads us to the conclusion that the 

triple helix is formed in vivo. 
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5.3.2. The CR4/CR5 domain is in proximity of the triple helix 
For the mutants in the CR4/CR5 region the observed changes are much more subtle than those in the 

pseudoknot. Of particular interest is the increase in cross-linking intensity at nucleotide U307 in 

constructs M4 and M7. Together with the observation that U329 and C330 in J5/4.2 are influenced 

by nucleotides in the pseudoknot (as seen with constructs M1, M5, M6 and M7), the increase at 

U307 further strengthens the hypothesis that the pseudoknot and the CR4/CR5 domain are in close 

proximity. The similarity in the cross-linking pattern of M11 with those obtained in absence (figure 

4.11 b and figure 4.22) of hTERT is striking and might therefore indicate that this mutant is not able 

to bind hTERT. This would be in agreement with previous studies showing a high affinity of the 

CR4/CR5 domain for hTERT13,31,194. Strikingly, a new cross-link was observed at G308, a nucleotide 

which is strongly modified by DMS in absence of hTERT but protected when hTERT is present178. This 

might explain the complete loss of activity of hTR variant M11, as hTERT might not be able to interact 

with G308 anymore. In addition, both M10 and M11 show a strong increase in cross-linking intensity 

on U103 in the pseudoknot (figure 4.21 b). This suggests close proximity between the CR4/CR5 

domain and the triple helix. Given the fact that residues from both regions have been shown to be 

important for catalysis (e.g. U307 and G309 in CR4/CR531,190 and A176 and U177 in the pseudoknot23) 

it is plausible that the regions containing these nucleotides must be in close physical proximity to 

each other. Interestingly, neither M10 nor M11 showed a change in cross-linking intensity for 

nucleotides in the template region. This is surprising, given the fact that A54 was shown to cross-link 

to U307 in vitro32. Further investigation is needed to find out which residues mediate the contacts 

between the pseudoknot domain and the CR4/CR5 domain. Our observations of telomerase activity 

and comparison to WT confirmed the importance of the triple helix and the CR4/CR5 region as most 

of the mutants in the triple helix as well as in the CR4/CR5 domain showed a complete lack of 

telomerase activity (figure 4.18). The decrease in activity of mutant M14, and the loss of activity in 

the case of M15 can be explained by interfering with regions required for hTR processing, maturation 

and localization40,202. Therefore, hTR levels of M15 are drastically decreased, which prevented the 

analysis of the cross-linking pattern for this mutant. 

Taken together, our results provide first evidence that the pseudoknot and the triple helix are 

formed in vivo with the template region being in close proximity to the triple helix. In addition, our 

UV cross-linking data strongly suggests that the CR4/CR5 domain is also in close proximity to the 

triple helix. Upon binding of hTERT, we propose a rearrangement of the three-way junction in the 

CR4/CR5 domain, similar to binding mechanism of mTERT to mTR33. We also identified a potential 

RNA-protein cross-link at residue C104 which might be directed to hTERT. Based on the observations 

of the cross-linking pattern for the mutants in the scaRNA domain, we suggest that the cross-links 
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observed in this region might be directed to H/ACA RNA binding proteins. Summarizing these 

observations, we have gained new insights into the structural organization of the human telomerase 

RNA. 
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Addendum 

I. List of abbreviations 
Å Angström 

BIO box biogenesis promoting box 

CAB box Cajal body box 

CR1-8 conserved regions 1-8 

CTE C-terminal extension 

D loop displacement loop 

DC dyskeratosis congentia 

DMS dimethyl sulfate 

hTR human telomerase RNA 

IFD insertion in fingers domain 

LTR long terminal repeats 

NAP nucleotide addition processivity 

NHEJ non-homologous end joining 

NMR nuclear magnetic resonance 

PK pseudoknot 

Pol II DNA polymerase II 

RAP repeat addition processivity 

RNP Ribonucleoprotein 

RT reverse transcriptase 

scaRNA small Cajal body-specific RNA 

SHAPE selective 2′-hydroxyl acylation analyzed by primer extension 

snoRNA small nucleolar RNA 

STE stem terminus element 

T loop telomere loop 

i 
 



TBE template boundary element 

TEN domain telomerase essential N-terminal domain 

TER, TERC, TR telomerase RNA (compound) 

TERT telomerase reverse transcriptase 

TRBD telomerase RNA binding domain 

TRE template recognition element 

WT wild type 

X-DC X-linked dyskeratosis congentia 
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CW191F 5’ CGGCTGACAGAGCCCGACTC 3’ pCW191 

CW191R 5’ CGAAGAGTCGGGCTCTGTCAGC 3’ pCW191 

iv 
 



CW192F 5’ CGAGAGACCCGCGGCTAGCGAAGCCC 3’ pCW192 

CW192R 5’ AAGAGTTGGGCTTCGCTAGCCGCGGGTC 3’ pCW192 

CW62F 5’ CAGAATTCGCGGCCGCGTCG 3’ pCW62 

CW62R 5’ CGGAATTCTTCAAAACTGAAAAACTCATATATTCAGTATTTTACTCCCACAGCACC 3’ pCW62 

Table III-1. Oligonucleotides used for molecular cloning of hTR mutants. 

 

Oligo name Sequence (5’ to 3’) Binding site 

hTR_72 5’ GGGGAGCAAAAGCACGGCG 3’ C72 to C90 

hTR_149 5’ GTTTGCTCTAGAATGAACGGTG 3’ C149 to C170 

hTR_178 5’ GAACGGGCCAGCAGCTGACA 3’ U177 to C196 

hTR_238 5’ GCCTCCAGGCGGGGTTCG 3’ C238 to C255 

hTR_404 5’ GTCCCACAGCTCAGGGAATC 3’ G404 to C423 

hTR_433 5’ GCATGTGTGAGCCGAGTCC 3’ G433 to C451 

Table III-2. Oligonucleotides used for mapping human telomerase RNA via primer extension. 

 

IV. Reagents and Kits 
Pierce ECL Plus kit Thermo Scientific Cat. 32132 

PureYield™ Plasmid Midiprep System Promega Cat. A2495 

PureYield™ Plasmid Miniprep System Promega Cat. A1222 

Wizard© SV Gel and PCR Clean-Up System  Promega Cat. A9282 

 

 

3xFLAG M2 antibody Sigma Aldrich Cat. F1804 

Acryl amide 30% 37.5:1 Applichem Cat. A3626 

Acryl amide 40% 19:1 Applichem Cat. A3658 

Amersham Hybond ECL Cat. RPN203D 

Amersham Hyperfilm™ ECL GE Healthcare Cat. 28-9068-36 

Ammonium persulfate Applichem Cat. A2941 

Boric acid Applichem Cat. A2940 

CHAPS Sigma Aldrich Cat. C9426 
v 

 



DMEM Sigma Aldrich Cat. D6429 

DMEM Sigma Aldrich Cat. D6429 

dNTPs (PCR grade) Roche Cat. 11969064001 

dNTPs (RT grade) Roche Cat. 11277049001 

DPBS Sigma Aldrich Cat. D8537 

EDTA Sigma Aldrich Cat. E5134 

FCS Sigma Aldrich Cat. F7524 

FuGENE©HD Promega Cat. E2312 

GoTaq polymerase Promega Cat. M3171 

PBS Sigma Aldrich Cat. D8662 

Pfu polymerase Promega Cat. M7741 

PfuUltra II fusion polymerase Agilent Cat. 600672 

Pre-stained protein marker NEB Cat. P7706S 

Proteinase K solution Applichem Cat. 4392 

Recombinant RNAsin® Promega Cat. N2515 

SIGMAFAST™ Protease Inhibitor Cocktail Tablets Sigma Cat. S8830 

Skim milk Applichem Cat. A0830 

T4 polynucleotide kinase NEB Cat. M0201 

TEMED Applichem Cat. A1148 

Transcriptor reverse transcriptase Roche Cat. 03531287001 

Tris·HCl Applichem Cat. A3452 

Trizol solution Sigma Aldrich Cat. T9424 

Trypsin Sigma Aldrich Cat. 59427C 

Urea Applichem Cat. 1049 

Water-saturated phenol Applichem Cat. A1624 

α-IgG/IgM HRP antibody Thermo Scientific Cat. 31444 
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ABSTRACT

We report the results of a first, collective, blind experiment in RNA three-dimensional (3D) structure prediction, encom-
passing three prediction puzzles. The goals are to assess the leading edge of RNA structure prediction techniques; compare
existing methods and tools; and evaluate their relative strengths, weaknesses, and limitations in terms of sequence length and
structural complexity. The results should give potential users insight into the suitability of available methods for different
applications and facilitate efforts in the RNA structure prediction community in ongoing efforts to improve prediction tools.
We also report the creation of an automated evaluation pipeline to facilitate the analysis of future RNA structure prediction
exercises.

Keywords: 3D prediction; bioinformatics; force fields; structure

INTRODUCTION

The determination of the atomic structure of any biological
macromolecule, RNA molecules being no exception, con-
tributes regularly toward the understanding of the molecular

basis of the underlying biological process. Each of the current
experimental methods for determining the three-dimensional
(3D) structures of RNA molecules—X-ray crystallography,
NMR, and cryo-electron microscopy—requires great exper-
tise and substantial technical resources. Therefore, the ability
to reliably predict accurate RNA 3D structures based solely
on their sequences, or in concert with efficiently obtained
biochemical information, is an important problem and
constitutes a major intellectual challenge (Tinoco and
Bustamante 1999). Recent decades have seen several
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significant theoretical advances toward this goal that
include:

1. The development of predictive models for RNA second-
ary structure, pioneered by the seminal work of Tinoco
and coworkers (Tinoco et al. 1973) and made commonly
available in a number of tools that perform reasonably
well for sequences of moderate size (Hofacker et al. 1994;
Zuker 2003; Reuter and Mathews 2010);

2. The ability to meaningfully deduce RNA structures
through comparative sequence analysis (Woese et al.
1980; Michel and Westhof 1990);

3. The systematization of the knowledge about RNA archi-
tecture and interactions (Leontis and Westhof 2001) to
gain a handle on the rapid increase in the number and
size of RNA molecules with published structures available
in public databases (Berman et al. 2000);

4. The availability of comprehensive sequence alignments
(Gardner et al. 2009) permitting the study of the relation-
ship between structure and sequence;

5. The development of improved molecular dynamics force
fields and techniques (Ditzler et al. 2010);

6. Finally, the increasing availability of inexpensive comput-
ing power and data storage allows for extensive compu-
tational searches.

As a consequence, exciting developments in the field of de
novo structure prediction have occurred in the last few
years: computer-assisted modeling tools (Martinez et al.
2008; Jossinet et al. 2010); conformational space search
(Parisien and Major 2008); discrete molecular dynamics
(Ding et al. 2008a); knowledge-based, coarse-grained re-
finement (Jonikas et al. 2009); template-based (Flores and
Altman 2010; Rother et al. 2011b); and force-field-based
approaches (Das et al. 2010) inspired by proven protein-
folding techniques adapted to the RNA field (for review, see
Rother et al. 2011a). All these new approaches are pushing
the limits of automatic RNA structure prediction from short
sequences of a few nucleotides to medium-sized molecules
with several dozens. Assuming continuing, steady progress,
one can expect that in the near-to-medium future, de
novo prediction of RNA 3D structures will become as
common and useful as RNA secondary structure pre-
diction is today.

These promising results and the increasing number of
available tools raise the need for objective evaluation and
comparison. Indeed, the establishment of a benchmark for
RNA structure prediction has become essential in order to
optimize and improve the current methods and tools for
structural prediction. Here, we present the results of a blind
exercise in RNA structure prediction. Sequences of RNA
structures solved by crystallographers were provided, before
publication, to active research groups that develop new
methods and perform RNA 3D structure prediction. Com-
parisons between predicted and experimental X-ray struc-

tures were undertaken once the structures were published.
The resulting benchmarks function as a snapshot of the
current status of this field. On the basis of this successful first
round, we would like to extend to RNA the idea established
by the protein structure prediction community (Moult
2006) and to propose a continuous, open, and collective
structure prediction experiment, with the essential, active
participation of experimentalists.

RNA-PUZZLES

RNA-Puzzles is a collective blind experiment for evaluation
of de novo RNA structure prediction. With this initiative,
we hope to (1) assess the cutting edge of RNA structure
prediction techniques; (2) compare the different methods
and tools, elucidating their relative strengths and weak-
nesses and clarifying their limits in terms of sequence
length and structure complexity; (3) determine what has still
to be done to achieve an ultimate solution to the structure
prediction problem; (4) promote the available methods and
guide potential users in the choice of suitable tools for
different problems; and (5) encourage the RNA structure
prediction community in their efforts to improve the
current tools.

The procedure that governs RNA-Puzzles is straightfor-
ward. Based on the successful first round, we propose the
following steps:

d Complete nucleotide sequences will be periodically re-
leased to interested groups who agree to keep sequence
information confidential. These target sequences corre-
spond to experimentally determined crystallographic or
NMR structures, kindly provided by experimental groups,
and not yet published in any form. Confidentiality of RNA
sequence information is essential to protect the target
selection and molecular engineering strategies of par-
ticipating experimental groups.

d The interested groups will have a specified length of time
(usually 4–6 wk) to submit their predicted models to
a website in a standard pdb format that respects atom
naming and nomenclature conventions.

d The predicted models will be evaluated with regard to
stereochemical correctness, topology, and geometrical
similarity, relative to the experimental structure.

d After publication of the original experimental structures,
all predicted models, experimental results, and compar-
ative data will be made publicly available.

To set up and automate these steps, the RNA-Puzzles
team has put together a public website for announcing new
experiments and publishing results of completed experiments.
The website also provides a processing pipeline to carry out
model evaluation. The RNA-Puzzles site is publicly available at
http://paradise-ibmc.u-strasbg.fr/rnapuzzles/.
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STRUCTURE ANALYSIS AND COMPARISON

The evaluation of the biological value of a structural model
raises many questions. How do you determine if a given
model is a meaningful prediction? What is, in fact, a bi-
ologically meaningful prediction? Which questions should
a structural model answer? Clearly, addressing some ques-
tions requires very high precision (1–2 Å or below); whereas,
in other cases, important insights may be obtained with
residue-level or domain-level precision.

To evaluate the predictive success of the proposed
models, we established two general criteria:

1. The predicted model must be geometrically and to-
pologically as close as possible to the experimen-
tally determined structure, used as the reference. It is
assumed that the crystal structure or NMR structure
is correct within the limitations of the experimental
methods.

2. The predicted model must be stereochemically correct
(with bond distances and intermolecular contacts close
to the experimentally observed values).

To geometrically compare predicted models with the exper-
imental structures, we used the Root Mean Square Deviation
(RMSD) measure and the Deformation Index (DI) (Parisien
et al. 2009). The RMSD is the usual measure of distance
between two superimposed structures defined by the
formula:

RMSD A;Bð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
+
n

i = 1

ai � bið Þ2

n
;

vuuut
in which A and B are the modeled and experimental
structures and (ai � bi) represents the distance between
the i-th atoms of the two structures. The DI is given by:

DI A;Bð Þ=
RMSD A;Bð Þ
MCC A;Bð Þ ;

in which MCC is the Matthews Correlation Coefficient
(Matthews 1975) computed on the individual base-pair and
base-stacking predictions. The reason for this choice is that
the RMSD, as a measure of similarity, does not account for
specific RNA features such as the correctness of base-pair
and stacking interactions. The DI score complements the
RMSD values by introducing those specific features in the
metric. Using the DI value, the quality of two models with
close RMSDs can be discriminated according to the accuracy
of their predictions of the base-pairing and stacking in-
teractions of the experimental structure. As we observed in
the first experiments, the ranking of the models is sensitive
to the chosen metric (see Tables 1–3). Such observations
were also made during the CASP competitions of protein

structure prediction (see Marti-Renom et al. 2002). Use of
diverse, complementary metrics should contribute to the
design of improved metrics and an understanding of their
relative strengths and limitations.

In a recent work (Hajdin et al. 2010), Weeks, Dokholyan,
and coworkers showed that when sampling the conforma-
tional space of an RNA molecule using discrete molecular
dynamics, the RMSD values are distributed normally with
a mean related to the length of the molecule by the power law:

< RMSD > = a 3 N0:41 � b

Here, N is the number of nucleotides, and a and b are
constants that depend on whether secondary structure
information is provided as input to the molecular dynamic
simulation. From this observation, it is possible to compute
the significance level (P-value) of a prediction with a given
RMSD with respect to an accepted structure. This P-value
corresponds to the probability that a given structure pre-
diction is better than that expected by chance (Hajdin et al.
2010). Structure models with P-values <0.01 represent, in
general, successful predictions of a global RNA fold. The
P-value is sensitive to the amount of preexisting infor-
mation available for a given structure prediction problem,
especially whether the pattern of base-pairing is known in
advance. For most structure prediction problems, much
or all of the secondary structure is known and is used as
a constraint during structure prediction and refinement. In
this round of RNA-Puzzles, P-value analysis was appropriate
for Puzzle 3 (below).

The stereochemical correctness of the predicted models
was evaluated with MolProbity (Davis et al. 2007), which
provides quality validation for 3D structures of nucleic
acids. MolProbity performs several automatic analyses,
from checking the lengths of H-bonds present in the model
to validating the compliance with the rotameric nature of
the RNA backbone (Murray et al. 2003). The reduce-build
script of MolProbity was used for adding hydrogen atoms
to the heavy atoms of the models. As a single measure of
stereochemical correctness, we chose the clash score, i.e., the
number of steric clashes per thousand residues (Word et al.
1999).

All of the computed values are shown in a comparison
summary page, which ranks the submitted models accord-
ing to each of the computed metrics. In addition to the
comparison summary, we provide a report for each of the
predicted models. The report presents the structural su-
perposition between predicted model and experimental
structure, the analysis of the predicted base pairs—correctly
predicted (true positives), incorrectly predicted (false pos-
itives), and missed (false negatives)—and a complete De-
formation Profile matrix (DP) (Parisien et al. 2009), which
provides an evaluation of the predictive quality of a model
at multiple scales.
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THE PROBLEMS

Two crystallography laboratories sent coordinates for the
prediction contest: the laboratories of Thomas Hermann
at UC San Diego and of Dinshaw Patel and Alexander
Serganov at the Memorial Sloan-Kettering Cancer Center.
The three trial experiments were the following.

Problem 1: Dimer

Predict the structure of the following sequence:

50-CCGCCGCGCCAUGCCUGUGGCGG-30;

knowing that the crystal structure shows a homodimer that
contains two strands of the sequence that hybridize with
blunt ends (C-G closing base pairs). The solution structure
corresponds to the regulatory element from human thy-
midylate synthase mRNA (Dibrov et al. 2011a), which, in
the crystal, forms a dimer with two asymmetrical internal
loops, despite perfect sequence symmetry (Fig. 1A,B). The
crystal structure was resolved to 1.97 Å resolution. A total
of 14 predicted models were submitted with an RMSD
ranging from 3.41 Å to 6.94 Å (mean RMSD of 4.7 Å)
(Table 1).

Problem 2: Square

The crystal structure, which was resolved to 2.2 Å resolu-
tion, shows a 100-nt square of double-stranded RNA that
self-assembles from four identical inner and four identical
outer strands (Dibrov et al. 2011b). The secondary structure

shown was used for the design of the square. Actual base-
pairing in the crystal may deviate. 3D coordinates of the
nucleotides in the inner strands (B, D, F, H) were provided.
What are the structures of the outer strands (A, C, E, G)?

The square is formed by four helices connected by four
single-stranded loops. All of the helices are identical at the
sequence level, and so are all the loops (Fig. 2).

Problem 3: A riboswitch domain

A riboswitch domain was crystallized. The sequence is the
following:

50-CUCUGGAGAGAACCGUUUAAUCGGUCGCCGAAG

GAGCAAGCUCUGCGCAUAUGCAGAGUGAAACU

CUCAGGCAAAAGGACAGAG-30

The crystallized sequence was slightly different (an apical
loop was replaced by a GAAA loop), but this detail of RNA
crystal engineering was not disclosed to modelers to protect
the crystallographers (Fig. 3A,B; Huang et al. 2010).

RESULTS

Eight research groups participated in the RNA-Puzzles
experiments. The Bujnicki group used a hybrid strategy
previously developed for protein modeling in the course of
the CASP experiment (Kosinski et al. 2003). The Chen lab
used a multi-scale, free energy landscape–based RNA folding
model (Vfold model) (Chen 2008; Cao and Chen 2011). The
Das group used the stepwise assembly (SWA) method for

FIGURE 1. Problem 1—An RNA dimer. (A) Secondary structure of the reference RNA molecule. Note that the structure is symmetric on the
sequence level but is asymmetric in the crystal, indicating that crystal-packing forces played a significant role in the conformation of this RNA.
The interaction (in magenta) was detected with the RNAView (Yang et al. 2003) annotation program but not with MC-Annotated (Gendron et al.
2001). (Thick gray band) Coaxial stacking between helices. X-ray structures of the reference RNA molecule (green) and the lowest RMSD
predicted models (blue) for the complete Das model 3 (B), details of loop L1 of Das model 1 (C), and details of loop L2 of Das model 3 (D).
(E) Deformation Profile values for each of the five domains of the homodimer. (Colored lines) The DP values for the two predicted models with
lowest RMSD, Das model 3 (dark red), and Das model 1 (dark green), and for the predicted model with highest RMSD, Dokholyan model 1 (dark
blue). (Radial red lines) The minimum, maximum, and mean DP values for each domain.
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recursively constructing atomic-detail biomolecular struc-
tures in small building steps (Sripakdeevong et al. 2011). The
Dokholyan group adopted a multi-scale molecular dynamics
approach (Ding and Dokholyan 2012). The Flores group
used the RNABuilder program, a computer-assisted RNA
modeling tool (Flores and Altman 2010). The Major group
applied the fully automated MC-Fold and MC-Sym pipeline
they developed (Parisien and Major 2008). The Santalucia
group also applied their own program.

The amount of time required to produce the models and
the degree of automation varied as a function of approach.
One point should be emphasized. Compared with CASP
protein targets, an RNA puzzle typically involves multiple
‘‘mini-puzzles’’ such as separate tertiary modules and
specific non-Watson-Crick pairs. There are several exam-
ples of this from this first round, for example, the four corners
and the four helices of the nanosquare. Thus, a single RNA
puzzle can provide multiple challenges for testing modeling
methods.

Problem 1: Dimer

Fourteen predicted models were submitted. The RMSDs
range from 3.41 Å to 6.94 Å (with a mean of 4.67 Å). The
base-pair interactions were correctly predicted in almost all

models with >85% of WC base pairs correctly predicted in
all but two models and >75% of stacking interaction
predicted in all but one model. Contrary to the X-ray
structure, most of the proposed models present a symmetric
structure. The only exceptions were the models from the
Das laboratory (see Table 1). From the analysis of the
Deformation Profile values (Fig. 1E), it is clear that the
internal loops were the domains most difficult to predict
(Fig. 1C,D) and that helix H2, probably because of its
location between the loops, presents a particularly large
interval of DP values. Several models present high values
for the Clash Score, which could reflect the need for
updated dictionaries of distances and angles or stronger
constraints toward the dictionary values.

Problem 2: Square

Thirteen predicted models were submitted with RMSDs
ranging from 2.3 Å to 3.65 Å (mean RMSD of 2.9 Å) (see
Table 2). The RMSDs of solutions to this problem are the
lowest of all three problems, which is expected because one-
half of each base pair was provided in the initial puzzle
description. As expected, the helical regions are better
predicted than loops, with mean DP values between 5
and 10 for all loops and <5 for three of the helices (Fig. 2C–E),

TABLE 1. Summary of the results for Puzzle 1

Problem 1
Groupa Numberb RMSDc Rankd DI alle Rankd INF allf Rankd INF wcg Rankd INF stackh Rankd Clash Scorei Rankd L1j

Das 3 3.41 1 3.66 1 0.93 1 0.95 2 0.92 1 0.00 5 x
Das 1 3.58 2 3.89 2 0.92 3 0.95 1 0.91 2 0.00 3 x
Das 4 3.91 3 4.31 3 0.91 4 0.91 8 0.91 4 0.00 4
Major 1 4.06 4 4.57 4 0.89 5 0.95 6 0.87 5 66.40 11
Chen 1 4.11 5 5.01 6 0.82 9 0.87 11 0.80 8 0.68 6
Das 2 4.34 6 4.70 5 0.92 2 0.95 4 0.91 3 1.36 7 x
Das 5 4.56 7 5.36 7 0.85 7 0.88 10 0.84 7 0.00 2
Bujnicki 3 4.66 8 5.75 9 0.81 11 0.95 3 0.74 14 54.73 10 x
Bujnicki 4 4.74 9 6.59 11 0.72 14 0.65 14 0.75 13 83.33 14
Bujnicki 5 4.89 10 6.26 10 0.78 13 0.78 13 0.80 9 81.98 13
Bujnicki 1 5.07 11 5.75 8 0.88 6 0.93 7 0.86 6 0.00 1 x
Bujnicki 2 5.43 12 6.75 12 0.80 12 0.90 9 0.77 12 71.57 12 x
Santalucia 1 5.69 13 6.75 13 0.84 8 0.95 5 0.79 11 39.86 9
Dokholyan 1 6.94 14 8.55 14 0.81 10 0.86 12 0.79 10 31.74 8
Mean 4.67 5.56 0.85 0.89 0.83
Standard deviation 0.93 1.34 0.06 N 0.09 0.07

X-Ray Model 1.35

Values in each row correspond to a predicted model.
aName of the research group that submitted the model.
bNumber of the model among all models from the same group.
cRMSD of the model compared with the accepted structure.
dColumns indicate the rank of the model with respect to the left-hand column metric.
eDIall is the Deformation Index taking into account all interactions (stacking, Watson-Crick, and non-Watson-Crick).
fINFall is the Interaction Network Fidelity taking into account all interactions.
gINFwc is the Interaction Network Fidelity taking into account only Watson-Crick interactions.
hINFstack is the Interaction Network Fidelity taking into account only stacking interactions.
iClash Score as computed by the MolProbity suite (Davis et al. 2007).
jAn ‘‘x’’ in this column indicates models that correctly predict base-pair interactions in loop L1. No model correctly predicted all interactions in
loop L2.
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with the exception of helix 1, in which the three base pairs
close to loop 4 deviate slightly from the canonical Watson-
Crick geometry. As for Problem 1, the base-pairing and
stacking were generally well predicted, but, again, there are
a couple of very high Clash Scores values, with most models
giving values below that of the X-ray structure.

Problem 3: A riboswitch domain

This problem posed the most intricate tertiary structure
and was the most complex to model. Twelve predicted
models were submitted with RMSDs ranging from 7.24 Å
to 22.99 Å (mean RMSD of 14.4 Å) (Table 3). The P-values
are correspondingly high (except maybe for the first model).
The overall molecular architecture was reasonably well pre-
dicted by the two models with the lowest RMSD values. The
interdomain DP values for the 10 pairwise helix–helix
predictions (Fig. 3D) show that the Chen model presents

the lowest DP for the three-way junction (P1–P2, P1–P3,
and P2–P3) and a consistently lower than average DP for
the coaxial stacking of P2–P3–P3a–P3b. This coaxial stack-
ing was also predicted reasonably well (DP < 15) by five of
the models (Table 4). Finally, the ligand-binding cleft active
site, corresponding in a 13-nt internal loop between domains
P3 and P3a, was predicted with an RMSD < 6 Å in all
models except one (Fig. 3C; Table 5). Non-Watson-Crick
base pairs, however, were not well predicted.

DISCUSSION

Here we have presented RNA-Puzzles, a collective blind
experiment for de novo RNA structure prediction evalua-
tion. We hope that this initiative will function as an open
forum where members of the RNA modeling community
can compare their methods, tools, and results and where
newcomers to the field can get a head start. The success of

FIGURE 2. Problem 2—An RNA square. (A) Secondary structure of the reference RNA molecule. X-ray structures of the reference RNA
molecules (green) and the predicted models with lowest RMSDs (blue) for the full molecule and Bujnicki model 2 (B); details of helices H1, H2,
and H4 of Das model 1 and helix H3 of Bujnicki model 2 (C); and details of loops L1 and L2 of Santalucia model 1, loop L3 of Dokholyan model
1, and loop L4 of Bujnicki model 3 (D). (E) Deformation Profile values for the three predicted models with lowest RMSD: Bujnicki model 2 (dark
red), Bujnicki model 3 (dark green), and Das model 1 (dark blue). (Radial red lines) The minimum, maximum, and mean DP values for each
domain.
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RNA-Puzzles will depend critically on engagement by the
prediction community and the generosity of the experimen-
tal community. Most importantly, this work will, hopefully,
convince additional structural biology groups to offer
problems to the modeling community in the future.

This first contest had clear limitations, and several im-
provements have already been planned. (1) As estab-
lished for CASP, in the future, modelers will be asked to
predict the deviations of their own models from the
unknown native structure, at the level of individual residues
or atoms (in angstroms). These values could, for example, be

compactly encoded in the B-factor field
of PDB atom records. The number of
submissions should be limited and mul-
tiple submissions ranked by the authors.
(2) In addition, it will be worthwhile to
improve model scoring and ranking so
as to produce an absolute ranking of
all models, taking into account local and
global model quality. (3) Because the
RNA structure database continues to
grow, template-based methods are be-
coming increasingly important, and,
consequently, future RNA puzzles should
also include structures of homologs of
existing folds (for example, a riboswitch
with an alternative ligand or mutation).
(4) Finally, we plan to extend the contest
to include structures of RNA–protein
complexes.

The assessment of model accuracy
requires reliable and meaningful met-
rics for comparisons between the models
and the experimentally determined struc-
tures used as the accepted structure. In
addition to the metrics currently used
(generic to all macromolecules or spe-
cific for RNA), it may be worthwhile to
include metrics that have been shown to
perform very well at both global and
local levels for assessing the very wide
range of model qualities (from very in-
accurate to very accurate) (Zemla 2003;
Zhang and Skolnick 2004), as have been
generally accepted in the protein struc-
ture prediction field and are used by
assessors in the CASP challenges. We are
hopeful that, with extensive commu-
nity support, this round of RNA-Puz-
zles is the first of what will become
a vigorous and ongoing discussion of
the frontiers of RNA structure predic-
tion and refinement.

MATERIALS AND METHODS

The following provides a brief description of the methodology
used by the modeling groups, together with comments.

Bujnicki group

The Bujnicki group used a hybrid strategy previously developed for
protein modeling in the course of the CASP experiment (Kosinski
et al. 2003). Briefly, initial models were constructed by template-
based modeling and fragment assembly, with constraints on second-
ary structure, using the comparative RNA modeling tool ModeRNA
(Rother et al. 2011b). For RNA Puzzle Problem 2, the secondary

FIGURE 3. Problem 3—A riboswitch domain. (A) Secondary structure of the reference RNA
molecule. (B) X-ray structure of the reference RNA molecule (P1 [red]; P2 [orange]; P3, P3a,
P3b [yellow]; active site [green]) and the predicted model of the lowest RMSD Chen model 1
(blue). (C) Detail of the ligand binding pocket for the X-ray structure (green) and the lowest
RMSD Chen model 1 (blue). (D) Deformation Profile values of the pairwise helical interdomain
regions (P1, P2, P3, P3a, and P3b) for the three models with lowest RMSDs: Chen model 1 (dark
red), Dokholyan model 2 (dark green), and Das model 5 (dark blue). (Radial red lines) The
minimum, maximum, and mean DP values for each interdomain pair.
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structure was provided by the organizers, while for Problem 3, it
was calculated as a consensus of more than 20 methods using the
RNA metaserver (http://genesilico.pl/rnametaserver/). The initial
models were expected to possess approximately correct Watson-
Crick base-pairing and stacking interactions within individual
structural elements, but their mutual orientations and tertiary
contacts required optimization.

The initial models were subjected to global refinement using
SimRNA, a de novo RNA folding method (Rother et al. 2012), which
was inspired by the REFINER method for protein folding (Boniecki
et al. 2003). SimRNA uses a coarse-grained representation, with only
three centers of interaction per nucleotide residue. The backbone
is represented by atoms P of the phosphate group and C49 of the
ribose moiety, whereas the base is represented by just one nitrogen
atom of the glycosidic bond (N9 for purines or N1 for pyrimidines).
The remaining atoms are neglected. This simplified representation
allows reproducing the main characteristics of the RNA molecule
such as base-pairing and stacking, and the backbone in helix, while
significantly lowering the computational cost for conformational
transitions and energy calculations. As an ‘‘energy’’ function,
SimRNA uses a statistical potential derived from frequency distri-
butions of geometrical properties observed in experimentally
determined RNA structures. Terms of the SimRNA energy
function (for the virtual bond lengths, flat and torsion angles,
pairwise interactions between the three atom types) were
generated using reverse Boltzmann statistics. For searching the
conformational space, SimRNA uses Monte Carlo dynamics

controlled by an asymmetric Metropolis method (Metropolis and
Ulam 1949) that accepts or rejects new conformations depending
on the energy change associated with the conformational change,
with the probability of acceptance depending on the temperature
of the system. Simulations can be run in the isothermal or energy
minimization (simulated annealing) mode, or in conformation
space search mode (replica exchange). While SimRNA allows for
simulations that use only the sequence information, starting
from an extended structure, it can accept user-defined starting
structures and restraints that specify distances or allowed
distance ranges for user-defined atom pairs. For RNA-Puzzles,
the Bujnicki group used restraints on secondary structure that
allowed the predicted base pairs to be maintained. Following
a series of simulations, lowest-energy structures were selected for
the final refinement.

The final models were built by first reconstructing the full-atom
representation using RebuildRNA (P Lukasz, M Boniecki, and JM
Bujnicki, unpubl.) and then optimizing atomic detail of selected
residues with SCULPT (Surles et al. 1994) and HyperChem 8.0
(Hypercube Inc.). For Problem 2, the known coordinates of four
strands were used as provided by the organizers and ‘‘frozen’’ at the
optimization stage.

The computer calculation time (on a single processor) was as
follows: ModeRNA: <2 h; SimRNA and RebuildRNA: z150 h;
SCULPT <1 h; HyperChem: z12 h.

In the case of the Bujnicki group, the ratio of human to
computer time was relatively large (approximately equal), because

TABLE 2. Summary of the results for Puzzle 2

Problem 2

Groupa Numberb RMSDc Rankd
DI
alle Rankd

INF
allf Rankd

INF
wcg Rankd

INF
nwch Rankd

INF
stacki Rankd

Clash
Scorej Rankd

Bujnicki 2 2.3 1 2.83 1 0.81 8 0.92 9 0 13 0.79 7 14.54 2
Bujnicki 3 2.33 2 2.9 3 0.8 10 0.91 10 0 2 0.77 9 0.62 1
Das 1 2.5 3 2.9 2 0.86 2 0.96 5 0 8 0.85 2 19.8 5
Dokholyan 1 2.54 4 3.09 5 0.82 6 0.9 11 0 1 0.8 5 19.85 6
Bujnicki 1 2.65 5 2.99 4 0.89 1 0.96 4 0 3 0.86 1 15.47 3
Chen 1 2.83 6 3.74 9 0.76 13 0.9 12 0 9 0.69 13 18.66 4
Das 4 2.83 7 3.46 6 0.82 7 0.97 3 0 12 0.78 8 23.82 8
Major 1 2.98 8 3.82 10 0.78 12 0.95 7 0 10 0.71 12 134.26 12
Das 3 3.03 9 3.67 7 0.83 5 0.97 1 0 6 0.8 6 25.37 10
Das 2 3.05 10 3.69 8 0.83 4 0.97 2 0 7 0.81 3 23.51 7
Das 5 3.46 11 4.18 11 0.83 3 0.96 6 0 11 0.81 4 24.75 9
Flores 1 3.48 12 4.4 12 0.79 11 0.89 13 0 5 0.77 10 165.57 13
Santalucia 1 3.65 13 4.54 13 0.81 9 0.92 8 0 4 0.75 11 25.73 11
Mean 2.90 3.55 0.82 0.94 0.00 0.78
Standard

deviation
0.44 0.59 0.03 0.03 0.00 0.05

X-Ray Model 36.10

Values in each row correspond to a predicted model.
aName of the research group that submitted the model.
bNumber of the model among all models from the same group.
cRMSD of the model compared with the accepted structure.
dColumns indicate the rank of the model with respect to the left-hand column metric.
eDIall is the Deformation Index taking into account all interactions (stacking, Watson-Crick, and non-Watson-Crick).
fINFall is the Interaction Network Fidelity taking into account all interactions.
gINFwc is the Interaction Network Fidelity taking into account only Watson-Crick interactions.
hINFnwc is the Interaction Network Fidelity taking into account only non-Watson-Crick interactions.
iINFstack is the Interaction Network Fidelity taking into account only stacking interactions.
jClash Score as computed by the MolProbity suite (Davis et al. 2007).
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the RNA-Puzzles experiment was taken as an opportunity for
training in the use of various modeling methods, in a spirit very
similar to the collective work of that group during the CASP5
modeling season (Kosinski et al. 2003). Consequently, a large
fraction of human time involved discussions and communication
between the two parts of the team physically located in two
different cities (Poznan and Warsaw). The human time devoted
to interactions with software (preparation of input files, setting
up simulations, analyses of output files, and manual refinement

using the graphical user interfaces of SCULPT and HyperChem)
was z30 h, with the majority of time devoted to Problems 2
and 3.

Chen group

The Chen group used a multi-scale approach to predict the RNA
3D structure from the sequence (Cao and Chen 2011). For a given
RNA sequence, they first predict the 2D structure from the free

TABLE 3. Summary of the results for Puzzle 3

Problem 3

Groupa Numberb RMSDc Rankd
DI
alle Rankd

INF
allf Rankd

INF
wcg Rankd

INF
nwch Rankd

INF
stacki Rankd Clash Scorej Rankd P-valuek Rankd

Chen 1 7.24 1 9.84 1 0.74 2 0.86 5 0 6 0.73 1 1.1 3 2.01E-05 1
Dokholyan 2 11.46 2 16.1 2 0.71 6 0.82 9 0 9 0.71 6 41.21 10 3.90E-02 2
Das 5 11.97 3 16.42 3 0.73 5 0.9 1 0.36 5 0.71 3 1.1 4 6.92E-02 3
Bujnicki 1 12.19 4 17.49 5 0.7 7 0.82 10 0 10 0.7 7 14.72 8 8.71E-02 4
Das 2 12.2 5 16.6 4 0.74 3 0.86 6 0.4 2 0.73 2 0.74 2 8.83E-02 5
Major 2 13.7 6 23.33 10 0.59 11 0.67 11 0 8 0.61 10 93.52 12 3.03E-01 6
Bujnicki 2 14.06 7 22.51 7 0.62 10 0.83 8 0 7 0.59 11 5.15 7 3.75E-01 7
Das 1 15.48 8 20.9 6 0.74 1 0.87 4 0.57 1 0.71 5 0 1 6.81E-01 8
Dokholyan 1 15.92 9 23.28 9 0.68 9 0.9 2 0 12 0.66 9 39.37 9 7.629E-01 9
Das 3 16.95 10 23.17 8 0.73 4 0.89 3 0.4 3 0.71 4 1.47 5 9.02E-01 10
Das 4 18.3 11 26.55 11 0.69 8 0.85 7 0.38 4 0.67 8 2.21 6 9.79E-01 11
Major 1 22.99 12 45.27 12 0.51 12 0.39 12 0 11 0.59 12 75.11 11 1.00E+00 12
Mean 14.37 21.79 0.68 0.80 0.18 0.68
Standard

deviation
3.99 8.69 0.07 0.14 0.22 0.05

X-Ray Model 1.83

Values in each row correspond to a predicted model.
aName of the research group that submitted the model.
bNumber of the model among all models from the same group.
cRMSD of the model compared with the accepted structure.
dColumns indicate the rank of the model with respect to the left-hand column metric.
eDIall is the Deformation Index taking into account all interactions (stacking, Watson-Crick, and non-Watson-Crick).
fINFall is the Interaction Network Fidelity taking into account all interactions.
gINFwc is the Interaction Network Fidelity taking into account only Watson-Crick interactions.
hINFnwc is the Interaction Network Fidelity taking into account only non-Watson-Crick interactions.
iINFstack is the Interaction Network Fidelity taking into account only stacking interactions.
jClash Score as computed by the MolProbity suite (Davis et al. 2007).
kSignificance of the predicted model, assuming that base-pairing was input as a structural constraint (Hajdin et al. 2010).

TABLE 4. Pairwise interdomain Deformation Profile values for the helical domains P1, P2, P3, P3a, and P3b from Puzzle 3

P1xP2 P1xP3 P1xP3a P1xP3b P2xP3 P2xP3a P2xP3b P3xP3a P3xP3b P3axP3b

3_bujnicki_1.dat 19.8 22.5 37.6 46.2 7.0 22.2 41.2 11.2 27.2 17.7
3_bujnicki_2.dat 27.3 37.3 49.4 68.2 20.1 32.3 47.4 8.1 21.5 16.0
3_chen_1.dat 11.3 8.7 26.0 28.3 5.1 18.6 26.8 12.0 14.6 14.8
3_das_1.dat 31.7 36.6 48.9 71.2 18.3 35.6 65.1 11.9 30.1 18.9
3_das_2.dat 30.7 32.9 34.1 34.0 24.9 32.9 27.0 10.4 12.6 13.4
3_das_3.dat 29.9 33.7 43.9 59.1 23.2 35.9 45.1 13.3 21.9 13.5
3_das_4.dat 33.1 36.5 54.0 71.3 13.1 22.9 37.9 9.1 13.6 10.8
3_das_5.dat 30.4 34.2 39.1 45.6 25.9 35.1 43.4 8.9 13.5 11.8
3_dokholyan_1.dat 34.9 21.5 32.9 59.4 12.1 28.3 32.9 14.7 26.8 25.9
3_dokholyan_2.dat 29.0 16.8 21.2 45.5 13.8 24.8 35.0 10.1 20.9 23.8
3_major_1.dat 23.0 40.3 44.4 46.4 27.5 43.3 56.5 27.9 53.4 48.2
3_major_2.dat 27.6 26.8 44.2 66.1 9.6 25.1 37.9 10.4 19.4 18.5

All DP values <15 are in boldface.
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energy landscape using the Vfold model (Cao and Chen 2005,
2006a,b, 2009; Chen 2008). The Vfold model allows for the com-
putation of the free energies for the different RNA secondary
structures and pseudoknotted structures, from which the (low-
free energy) folds can be predicted. Distinguished from other
existing models, the Vfold model is based on a virtual bond
(coarse-grained) structural model that enables direct evaluation
of the entropy parameters for different RNA motifs, including
pseudoknotted structures.

The Vfold-based approach to the evaluation of the entropy and
the free energy may lead to more reliable 2D structure prediction.
For the calculation of 2D structures, the base-stacking energies are
adopted from the Turner energy rules (Serra et al. 1994). For the
loops, the model enumerates all the possible intraloop mis-
matched base stacks and evaluates the free energy for each
structure. Intraloop base stacks cause large entropic decrease. The
parameters for such entropic decrease can be estimated by a theory
such as the Vfold model. Next, a 3D coarse-grained scaffold is
constructed, based on the predicted 2D structure. In the coarse-
grained structure, three atoms (P, C4, N1 or N9) are used to re-
present each nucleotide. To construct a 3D scaffold, the predicted
helix stems are modeled by A-form helices. For the loops/junctions,
3D fragments from the known PDB database were used. Specifi-
cally, a structural template database was built by classifying the
structures according to the different motifs such as hairpin loops
and internal/bulge loops, three-way junctions, four-way junctions,
pseudoknots, etc. Then the optimal structural templates for the
predicted loops/junctions were searched from the structural tem-
plate database. The structural templates may partly account for the
tertiary contacts ignored in the 2D structure prediction. Third, the
Chen group build the all-atom model from the coarse-grained
scaffold by adding the bases to the virtual bond backbone. In the
final step, they refine the all-atom structure by using AMBER
energy minimization. Two thousand steps of minimization were
run, applying 500.0 kcal/mol restraints to all the residues, followed
by another 2000 steps of minimization without restraints. The final
structure after minimization is the one submitted for evaluation in
the structure prediction test.

In summary, the computation involves two steps: (a) the
prediction of the 2D structure and the construction of the
coarse-grained 3D structure and (b) AMBER energy minimiza-
tion. The computer times (Ta, Tb) for the two steps are (<1 min,

53 min), (<1 min, 81 min), and (26 min, 143 min), for the
predictions of the dimer, the square, and the riboswitch domain,
respectively. The first step calculation was performed on a desk-
top PC with Intel Core 2 Duo CPU E8400 at 3.00 GHz, and the
second step computation was performed on a Dell EM64T
cluster (Intel Xeon 5150 at 2.66 GHz).

For predicting the dimer and the riboswitch structure (Problems
1 and 3), the Chen group only relied on the sequence information,
and the 3D structures were generated by computer, with no human
interference in the process. For the prediction of the square
structure (Problem 2), they used the experimentally determined
structure for one strand to refine the other strand. The loops and
the secondary structure of the square were computer-predicted
using the Vfold model (Cao and Chen 2011).

Das group

The Das group used a newly developed ab initio method called
stepwise assembly (SWA) for recursively constructing atomic-
detail biomolecular structures in small building steps. Each step
involved enumerating several million conformations for each
monomer, and all step-by-step build-up paths were covered in
polynomial computational time. The method is implemented in
Rosetta and uses the physically realistic, Rosetta all-atom energy
function (Das and Baker 2008; Das et al. 2010). The Das group
has recently benchmarked SWA on small RNA loop-modeling
problems (Sripakdeevong et al. 2011). They also applied de novo
fragment assembly with full-atom refinement (FARFAR, also
implemented in Rosetta), but did not submit those solutions
because they either agreed with the SWA models (Problem 1;
parts of Problems 2 and 3) or did not give converged solutions
(other parts of Problems 2 and 3) (Das et al. 2010).

Due to the deterministic and enumerative nature of SWA, the
computational expense is high relative to stochastic and knowl-
edge-based methods. The computational expense ranged from
20,000 (Problem 1) to 50,000 CPU-hours (Problems 2 and 3).
Also, because the code was developed ‘‘on-the-fly,’’ there was no
time to fully optimize the run-time, which is being done now.

The SWA modeling runs were fully automated. Manual input
was used near the beginning to set up the runs, and near the
end to ensure that models presented a diversity of base-pairing
patterns—both of these steps could be easily automated, but the
Stepwise Assembly method was still under development during the
course of this community-wide, blind RNA prediction experiment.

The lessons learned from the three models are the following.

Problem 1

SWA models 1 and 3 (out of five submitted) performed rea-
sonably well on the 46-nt homodimer, especially at the 9-nt L1
region (see Fig. 1C). Both models correctly predicted the non-
canonical cis WC/WC C9–C37 base pair and the extrahelical bulge
at U39. This accuracy was aided by a strategy that gave entropic
bonuses to bulged nucleotides that make no other interactions;
the bulges are ‘‘virtualized’’ within Rosetta (Sripakdeevong et al.
2011). In this L1 region, both models gave 1.0 Å all-heavy-atom
RMSD to the crystallographic model, excluding the U39 extra-
helical bulge. In contrast, none of the five SWA models achieved
atomic accuracy in the sequence-identical 9-nt L2 loop (see Fig.
1D; >3.0 Å RMSD). Model 3 did correctly predict C14 to be an

TABLE 5. The RMSD values for the ligand binding site of each
predicted model from Puzzle 3, relative to the crystal structure

Problem 3

3_das_5 2.842888
3_das_4 2.928573
3_bujnicki_2 3.042605
3_chen_1 3.703777
3_das_2 3.915769
3_dokholyan_2 4.138209
3_bujnicki_1 4.253633
3_major_2 4.447882
3_das_1 4.554707
3_das_3 4.681876
3_dokholyan_1 5.821877
3_major_1 17.289223
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extrahelical bulge and C15 and C32 to be base-paired. However,
the exact geometry of the predicted C15–C32 base pair and an
additional U16–G31 base pair were incorrect. In the crystallo-
graphic model, the base of U16 bulged out and its phosphate
formed hydrogen-bonding interactions with the base of G31; in
the Das group implementation at the time, they ‘‘virtualized’’ the
phosphates of any bulged nucleotides along with their bases.
Partial virtualization of bulged bases and more rigorous modeling
of conformational entropy are under investigation.

Problem 2

The SWA models performed well in the regions of the 100-nt
‘‘self-assembling RNA square’’ within putatively regular secondary
structure. The Das group did not assume these to be ideal A-form
helices but modeled them from scratch. These regions are com-
posed mainly of Watson-Crick base pairs but also included a non-
canonical cis WC/WC base pair at corner E/F (see Fig. 2C) that
SWA model 1 correctly predicted. In contrast, the SWA models did
not reach atomic accuracy for any of the 5-nt loops at each of the
four corners of the square RNA. This was partly expected because
the ‘‘corners’’ of the nanosquare originated from a 5-nt bulge in
HCV IRES domain IIa (PDB number: 2PN4) (Zhao et al. 2008),
which happened to be part of our comprehensive SWA benchmark
(Sripakdeevong et al. 2011). There, it was possible to sample the
crystallographic loop conformation but not to select it as the
lowest-energy structure; the loop forms direct hydrogen bonds to
metal ions, and these interactions are not yet modeled in Rosetta.

With this result in mind, after the nanosquare crystal structure
was released, it was compared with the full ensemble of models
generated by SWA. Loops in corners C/D and G/H were engaged
in significant crystal contacts; but loops A/B and E/F should have
been amenable to high-accuracy modeling. Indeed, for both of
these loops, SWA sampled the crystallographic conformation of these
loop regions with a <1.0 Å RMSD, but these models had significantly
worse Rosetta energy than the submitted ones. Again, these corners
(and indeed all four corners) involved the binding of either divalent
metal ions or cobalt hexamine (III). The lesson learned (or verified)
from this puzzle is that approximations in the Rosetta all-atom
energy function, especially with regard to metal ions, still remain
too inaccurate to permit atomic-resolution RNA modeling on
a consistent basis. This puzzle has inspired us to develop approaches
to include metal ions during the de novo buildup of models.

Problem 3

The Das group’s recent research has focused on the prediction
of high-resolution motifs as stepping stones to modeling larger
RNAs. This glycine riboswitch puzzle was thus currently out of
range—its core three-way junction and glycine binding site form
an intricate noncanonical pairing network involving more than
a dozen residues. Furthermore, interactions across a dimer in-
terface appear crucial for stabilizing the riboswitch conformation,
but this information was not available. The group’s models were
based on generating low-energy Rosetta SWA models for in-
dividual loops, two-way junctions, and three-way junctions, and
then connecting them with ideal helices. Surprisingly, this basic
approach, ignorant of higher-order interactions, gave the best
base-pair recoveries (INF all, INF wc, INF nwc; see Models 1 and 2
in Table 3) among submitted models. Other submitted models
(Models 4 and 5) gave the best RMSDs for the glycine-binding

site. However, these were very far from atomic accuracy (2.8 Å
and 2.9 Å). Most critically, the global structure of the RNA was
not recapitulated (RMSD and DI) (Table 3). The helices formed
the correct tuning-fork-like rearrangement but were twisted relative
to the crystallographic model (Tables 4, 5). Globally correct
solutions require global optimization, and this puzzle has motivated
the group to develop iterative hybrid high-resolution/low-resolu-
tion approaches to RNA modeling, analogous to the rebuild-and-
refine method used in Rosetta template-based modeling (Qian et al.
2007). As a final note, in the article describing this puzzle’s crystal
structure, a striking structural similarity of the glycine riboswitch
core to a previously solved SAM-I riboswitch (Montange and Batey
2006) was noted. If such similarities could be inferred from
sequence or multiple sequence alignments (analogous to fold
recognition methods in protein modeling), we expect that sub-
stantially more accurate models could be built. We are therefore
hopeful about further development of RNA structural bioinfor-
matics approaches such as Rmdetect (Cruz and Westhof 2011) and
FR3D (Sarver et al. 2008).

Dokholyan group

The Dokholyan group adopted a multi-scale, molecular dynamics
approach (Ding and Dokholyan 2012). Briefly, coarse-grained
discrete molecular dynamics (DMD) simulations are used to
sample the vast conformational space of RNA molecules. The
representative structures are selected from the coarse-grained
simulations based on energies and/or additional filters such as
the radius of gyration or other experimentally known parame-
ters. RNA nucleotides are represented in coarse-grained simula-
tions by three pseudo-atoms corresponding to the base, sugar,
and phosphate groups (Ding et al. 2008b). The neighboring
beads along the sequence are constrained to reflect RNA chain
connectivity and local geometry, including covalent bonds, bond
angles, and dihedral angles. The parameters for bonded interactions
are derived from high-resolution RNA structures. Nonbonded
interactions include base-pairing, base-stacking, short-range phos-
phate–phosphate repulsion, and hydrophobic interactions. These
interaction parameters are derived from the sequence-dependent
free energy parameters of the individual nearest-neighbor hydrogen
bond model (INN-HB) (Mathews et al. 1999). Given an initial
coarse-grained RNA model, the corresponding all-atom model is
reconstructed and further optimized with all-atom DMD simulations
(data not shown). The all-atom DMD RNA modeling approach is
an extension of all-atom DMD protein modeling (Ding et al. 2008b).
In DMD simulations, the structural information of a given RNA,
such as base pairs and distances between specific nucleotides, can
be incorporated as constraints to guide RNA folding (Gherghe
et al. 2009; Lavender et al. 2010).

The CPU time for DMD simulations depends on RNA length.
For the coarse-grained simulations, previous benchmarks sug-
gested a near-linear dependence on RNA length (Ding et al.
2008a). For example, for an RNA of z80 nt (such as Puzzle 3), the
total computational time for the coarse-grained DMD simulation
is z12 h. The procedure to identify representative structures using
the clustering algorithm usually requires <1 h. The CPU time of
the all-atom DMD simulation also depends on RNA length n,
with the computational complexity of order zn ln(n). For the 84-
nt RNA (Problem 3), the CPU time was z18 h; and the CPU time
for 100-nt RNA (Problem 2) was z24 h.
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In the current three RNA puzzles, base pairs derived either
from previous knowledge (input from the experimentalists in
Puzzle 2; RNA secondary structure prediction combined with
biochemical validation in Puzzle 3) or from biochemical intuition
(Puzzle 1) were included. Once the structural information is
gathered and prepared for the refinement simulations, the compu-
tational effort is then fully automated.

The Dokholyan group’s DMD approach has been designed for
fold refinement of relatively large RNAs with complex 3D archi-
tectures. It was especially successful with Puzzle 3, where the models
recapitulated the global fold well. In an independent structure-
prediction exercise, the Dokholyan group also recently predicted
a structure for the pseudoknot domain of the hepatitis C virus
internal ribosome entry site (Lavender et al. 2010). The struc-
ture of a closely related RNA construct was subsequently deter-
mined by crystallography (Berry et al. 2011). Their prediction
for the HCV pseudoknot domain shows good agreement with
the global fold of the experimental structure (RMSD � 11 Å and
P-value 5 3 10�3), although some local interactions were missed.

For the simpler RNAs in Puzzles 1 and 2, the learned lesson
is that inclusion of as much experimentally validated structural
information as possible improves predictions, but it is important
to avoid over-constraining the simulation. Instead, the DMD
simulations should be allowed to sample the favorable confor-
mational space, where constraints are unclear. For example, in
their solution to Puzzle 1, the Dokholyan group overestimated
the internal base-pairing in the middle of the monomer sequence
based on misinterpreting the statement in the puzzle that ‘‘The
strands hybridize with blunt ends (C–G closing base pairs).’’ As
a result, their prediction for Puzzle 1 had the highest RMSD among
the predictions. In a post priori simulation, in which only the G–C
pairs at the ends were constrained to form base pairs, the predicted
model structure had a much smaller RMSD (4.3 Å) and would have
ranked among the top third of models.

Flores group

For 3D structure prediction, the Flores group used RNABuilder
(named MMB in a subsequent release), an internal coordinate-
mechanics code that allows the user to specify the flexibility, forces,
constraints, and full or partial structural coordinates to model the
structure and/or dynamics of an RNA molecule (Flores and Altman
2010; Flores et al. 2011). Working in internal coordinates has the
advantage that regions of known structure in a model can be
rigidified, thus eliminating the cost associated with solving the
equations of motion for internal rearrangements of that region
(Flores and Altman 2011). Steric exclusion can be accounted for
economically using collision-detecting spheres that are applied to
a subset of atoms in user-specified residues. Any canonical or
noncanonical base-pairing interaction catalogued in Leontis
et al. (2002), plus stacking and a ‘‘Superimpose’’ threading force
can be enforced between any and all pairs of residues specified by
the user. These features have been used for RNA threading
(Flores et al. 2010) and for generating an all-atoms trajectory of
ribosomal hybridization using structural and biochemical in-
formation (Flores and Altman 2011).

The processing time on a single core of a 3.0 GHz Intel
processor was z94 min. Notice that this run was not optimized
for speed, and also that a newer version of RNABuilder (named
MMB) is at least twice as fast due to improvements in the

underlying Simbody internal coordinate dynamics engine (Sherman
et al. 2011).

RNABuilder is intended to be easy to use, and this goal is
supported by the use of a single, free-format command file that is
prepared using a relatively intuitive syntax comprising terms
recognizable by any biologist. However, the package is also
designed to provide the user control over the flexibility, forces,
and parameters of the model, in order to be useful for a wide
variety of applications; hence, it is not automated. The human
time required for preparing a run is thus dependent on the
experience of the user and the complexity of the task. RNA-
Builder is designed to enable fast runtimes; most tasks un-
dertaken require minutes to hours, depending on the task. A
trained user can also reduce the degrees of freedom and structure
the problem to allow larger integration time steps for greater
efficiency. Also, most users in practice will do multiple calcula-
tions before coming to a biological conclusion. In this group’s
experience, the human/computer time ratio is typically much
greater than unity.

Major group

This CASP-like contest was an opportunity for the Major group
to test their fully automated MC-Fold and MC-Sym pipeline
(Parisien and Major 2008). Two students in the laboratory,
Véronique Lisi (PhD student in molecular biology) and Marc-
Frédérick Blanchet (PhD student in computer science), who did
not participate in the development of the pipeline were selected to
participate. Lisi solved the Homodimer and Square problems, and
Blanchet solved the Riboswitch Domain problem. Except for the
Riboswitch Domain, no human intervention or numerical re-
finement was applied to the structures that were submitted to the
contest, or in other words, the structures that were submitted were
taken directly from the output of the MC-Sym program. This
explains their high Clash Scores.

Homodimer

Lisi concatenated two copies of the given sequence into one that
was submitted to MC-Fold using the default parameters, i.e., not
considering pseudoknots; best 20 structures; and, explored the
best 15% suboptimal structures. The structure predicted with the
highest probability (i.e., minimum free energy) was then sub-
mitted to MC-Sym. The first 3D structure generated by MC-Sym
was submitted to the contest (atomic clashes 1.5 Å all-atoms but
hydrogens; backtrack probabilist, width limit 25%, height limit
33%; backbone method estimate, threshold 2.0 Å; maximum of
1000 models, CPU time limit 180 min, seed 3210, RMSD min 3.0
Å side chain only).

Square

Lisi directly used the 2D structure provided as the input to MC-
Sym. The first structure generated by MC-Sym was submitted to
the contest (using the same parameters as for the Homodimer).

Riboswitch domain

Maria Abella, a MSc student in bioinformatics, suspected that
this sequence was a riboswitch. She checked its matching DNA
sequence in GenBank and determined that it was from Vibrio
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cholerae. Then, using BLAST, she found that the sequence was
z100 bp away from the sodium/glycine symporter GlyP gene in
Bacillus subtilis, which was previously reported to be controlled by
a riboswitch (Mandal et al. 2004). The sequence of the B. subtilis
riboswitch is the same except for one nucleotide as that for Problem
3. Its 2D structure supported by chemical probing data was also
published by Mandal et al. (2004).

Suspecting the riboswitch, Blanchet decided to submit two
structures. He first predicted 2D structures using MC-Fold (not
considering pseudoknots; best 1000 structures; explore the best
15% suboptimal structures). Generating the set of 1000 sub-
optimal structures took <2 min on an Intel i7 @ 2.67 GHz. He
noted that the 2D structure published by Mandal et al. (2004) was
absent in the set. He grouped the 1000 structures according to
their topologies. Among the topologies, he kept a cloverleaf (four-
way junction; the most frequent with 796 structures among the
1000) and a Y-shape (three-way junction), which corresponded
to the same topology of the structure published by Mandal et al.
(2004). However, the base-pairing pattern of the predicted
structure differed much from that published. He then generated
decoys of 3D structures using MC-Sym for the best-scoring 2D
structure in each chosen topology (atomic clashes 1.5 Å all-atoms
but hydrogens; backtrack probabilist, width limit 25%, height
limit 33%; backbone method ccm, pucker = C39-endo, threshold
2.0 Å; maximum of 9999 models, CPU time limit 12 h, seed 3210,
RMSD min 1.0 Å side chain only). He edited the MC-Sym input
scripts to explore independently and more of the conformational
space of each stem in the same allowed time. The structures of
the individual stems were merged in complete structures for
an additional 12 h. For each topology (5685 Y-shape and 9999
cloverleaf structures), Blanchet selected the centroid model of the
20 best scoring models (according to the P-Score described at the
MC-Sym command page; the centroid structure had a P-Score of
�61.44). A ‘‘Relieve’’ minimization (see the MC-Sym command
page) was applied to both selected models. This operation corrects
the major steric conflicts in the backbone but does not refine the
overall structure. This is reflected by the high Clash Score in the
submitted models.

Lesson for the Major group

Obviously, in Problem 3, the minimum free energy structure
predicted by MC-Fold differs from that of the crystal. Worst, it is
not even predicted among the 1000 suboptimals. Just for P3, the
2D structure corresponding to the crystal is evaluated at �39.7
kcal/mol (minimum free energy structure for P3 = �47.9 kcal/
mol) and ranks near 50th only. It is not possible to see at this time
how this structure could be selected by the program unless more
information than the sequence is provided. It would be interesting
to see the precision of 3D structures that would have been
generated by MC-Sym, given that the crystal 2D structure could
have been selected. Thus, a decoy of 3D structures using an input
script was generated from the correct 2D dot-bracket (from Fig.
3A without the G29:C83:A11 triple), and after applying the
‘‘Relieve’’ minimization, the structures ranged between 7 and 21
Å of RMSD with the crystal structure (data not shown) (best
RMSD = 6.8 Å; P-Score = �25.38). However, selecting this best
RMSD structure using our P-Scores is not possible, because the
best P-Score structure, �53.84, has an RMSD of 10.3 Å with the
crystal structure.

SantaLucia group

The SantaLucia group submitted models for Problems 1 and 2.
Both models were generated using the de novo modeling module
within the RNA123 software suite (Sijenyi et al. 2012). Below is
a brief description of the methodology.

Problem 1

The first step was to predict the secondary structure of the
submitted sequence. To accomplish this, the sequence 59-CCGCC
GCGCCAUGCCUGUGGCGGUUCGCCGCCGCGCCAUGCCUG
UGGCGG-39 was submitted to a secondary structure–folding
algorithm. The UUCG hairpin was added in order to make
a continuous chain of RNA, because RNA123 folds a single
chain of RNA. The UUCG hairpin was later manually removed
once the tertiary structure was predicted. The secondary structure
was predicted using a thermodynamics-based dynamic program-
ming algorithm within RNA123 that produced 10 optimal and
suboptimal secondary structure folds. A tertiary structure model
was computed only for the optimal secondary structures by decom-
posing the secondary structure into constituent motifs such as
internal loops, helixes, and hairpins. The 3D structure was then
assembled using a motif library. The motif library was generated
from RNA structures previously deposited in the PDB (Protein
Data Bank). The selection and assembly of the motifs are automated
within the RNA123 via an algorithm called BUILDER (Sijenyi et al.
2012), which uses an energy function to score and assemble the 3D
model. The manual effort in performing the prediction for Problem
1 was minor, notably in removing the UUCG hairpin after the
models were generated.

Comments

After the results for the prediction of Problem 1 were released, the
group discovered that they had submitted a model generated from
the wrong sequence. Specifically, residue 15 was a C instead of
a U, and residue 18 was a U instead of a C. This meant that the
dimer ended up with four incorrect residues and thereby compro-
mised the quality of their prediction. It is important to note that
this error was later fixed and produced a model that scores better
against the crystal structure.

Problem 2

This problem was solved by a combined effort of both manual and
automated steps. The given secondary structure was decomposed
into four identical ‘‘L’’-shaped secondary structures with daggling
ends on the 59 end (CCGG) and 39 end (GGCC). The idea was to
generate four identical tertiary structures and then base-pair the
daggling ends so that a perfect square (Fig. 2A) can be assembled
from the four ‘‘L’’-shaped structures. Using the de novo modeling
module in RNA123, a 3D model with the lowest energy was
computed. Fortunately, this model happened to have an ‘‘L’’-
shaped tertiary structure. Four copies of this structure were then
created and superimposed onto the provided coordinates of the
inner strand from Problem 3, forming an initial coarse model
consistent with the ‘‘square’’ secondary structure. This coarse
model had distorted base pairs between the 59 and 39 dangling
ends of each of the preceding fragments, and therefore we subjected

Cruz et al.

622 RNA, Vol. 18, No. 4

 Cold Spring Harbor Laboratory Press on July 29, 2013 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


the entire model to the energy optimization algorithm in RNA123.
This algorithm, named DSTA (Discrete Sampling of Torsion
Angles), uses a multi-dimensional search and a novel method for
modeling the local potential energy surface and finding an
analytical minimum (Sijenyi et al. 2012).

An estimate of the time required to produce the models

The computer calculation time (on a laptop with Intel Core 2 Duo
CPU P8600 @ 2.4 GHz processor) was as follows:

Problem 1. It took z25 min to predict a single tertiary structure
using the de novo prediction platform in RNA123.

Problem 2. It took z20 min to predict and generate four ‘‘L’’-
shaped tertiary structures using the de novo prediction platform
in RNA123. Manual assembly and running of the DSTA optimi-
zation algorithm took z1 h.

An estimate of the proportion human effort/machine effort

Problem 1. Twenty-five minutes of machine effort, negligible
human effort.

Problem 2. Twenty minutes of machine effort, 1 h of human
effort.

PDB file normalization

Both files for the accepted experimental structures and predicted
model files, submitted in PDB format, were normalized to comply
with a common standard. Only the first model present in the file
was considered. All records except for the ATOM and TER
records were ignored. Only the four nucleotides A, C, U, and G
were considered. Modified nucleotides were treated as unmod-
ified bases, and extra atoms were discarded (e.g., a 5-bromoura-
cil is treated as a normal uracil and the extra bromine atom is
discarded). The only atoms kept are those for the bases (C2, C4,
C6, C8, N1, N2, N3, N4, N6, N7, N9, O2, O4, and O6) and for
the sugar-phosphate backbone (C19, C29, C39, C49, C59, O29,
O39, O49, O59, OP1, OP2, and P).

Stereochemical evaluation

The stereochemical evaluation was performed using the MolProbity
(Davis et al. 2007) tool. In a first step, hydrogen atoms were added
to the model using the ‘‘reduce-build’’ command line utility, and
the Clash Score value was computed using the ‘‘oneline-analysis
-nocbeta -norota -norama’’ command.

RMSD computation

The RMSD is computed using the ‘‘Superimposer’’ class from the
‘‘Bio.PDB’’ package (Hamelryck 2003). The ‘‘Superimposer’’ class
translates and rotates the comparing model to minimize its RMSD
in respect to the reference model. It uses a singular value
decomposition algorithm as described in Golub and Van Loan
(1989).

Deformation Index and Deformation Profile
computations

The base–base interactions (BBI) of both solution and predicted
models are extracted using the MC-Annotate (Gendron et al. 2001)
tool. The Interaction Network Fidelity (INF) value is computed as:

INF =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TP

TP + FP

� �
3

TP

TP + FN

� �s
;

where TP is the number of correctly predicted BBI, FP is the number
of predicted BBI with no correspondence in the solution model, and
FN is the number of BBI in the solution model not present in the
predicted model. The Deformation Index is then computed as:

DI =
RMSD

INF
:

Several partial INF (and respective DI) can be computed if
one considers only the Watson-Crick (WC) base pairs (INFWC),
the non-Watson-Crick (NWC) base pairs (INFNWC), both WC
and NWC base pairs (INFBPS), or the stacking interactions
(INFSTACK).

The Deformation Profile is a distance matrix computed as the
average RMSD between the individual bases of the predicted and
the reference models while superimposing each nucleotide of the
predicted model over the corresponding nucleotide of the refer-
ence model one at a time. It is computed using the ‘‘dp.py’’
command from the ‘‘SIMINDEX’’ package (Parisien et al. 2009).

P-value computation

The P-value is computed as described (Hajdin et al. 2010) using:

P � value =
1 + erf RMSD�< RMSD >ð Þ=1:8ffiffi

2
p

� �
2

;with

< RMSD > = a 3 N0:41 � b:

the constants a and b depend on whether the secondary structure
base-pairing information is provided (a = 5.1 and b = 15.8) or not
(a = 6.4 and b = 12.7). This metric is only valid for RNAs with
true higher-order 3D folds and thus only applies to Problem 3
(with base-pairing as an assumed constraint).

Graphics

Interactive molecular module images in the RNA-Puzzles website
are produced with Jmol (http://www.jmol.org) and the secondary
structures with VARNA (Darty et al. 2009).
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    Chapter 9   

 Chemical Probing of RNA in Living Cells 

           Michael     Wildauer    ,     Georgeta     Zemora    ,     Andreas     Liebeg    ,     
Verena     Heisig    , and     Christina     Waldsich    

    Abstract 

   RNAs need to adopt a specifi c architecture to exert their task in cells. While signifi cant progress has been 
made in describing RNA folding landscapes in vitro, understanding intracellular RNA structure formation 
is still in its infancy. This is in part due to the complex nature of the cellular environment but also to the 
limited availability of suitable methodologies. To assess the intracellular structure of large RNAs, we 
recently applied a chemical probing technique and a metal-induced cleavage assay in vivo. These methods 
are based on the fact that small molecules, like dimethyl sulfate (DMS), or metal ions, such as Pb 2+ , pen-
etrate and spread throughout the cell very fast. Hence, these chemicals are able to modify accessible RNA 
residues or to induce cleavage of the RNA strand in the vicinity of a metal ion in living cells. Mapping of 
these incidents allows inferring information on the intracellular conformation, metal ion binding sites or 
ligand-induced structural changes of the respective RNA molecule. Importantly, in vivo chemical probing 
can be easily adapted to study RNAs in different cell types.  

  Key words     In vivo chemical probing  ,   DMS  ,   RNA structure  ,   RNA folding  ,   Metal-induced cleavage  , 
  Metal ions  ,   Lead cleavage  

1       Introduction 

 Exploring RNA folding paradigms in vitro has been a major objec-
tive in RNA biology [ 1 – 10 ]. RNA in general folds in a hierarchical 
manner: fi rst monovalent ions are required to shield the negatively 
charged RNA backbone, allowing counterion-mediated condensa-
tion and assembly of secondary structure. By binding to distinct 
metal ion pockets within RNA, Mg 2+  ions allow further compac-
tion of the molecule and the formation of long-range, tertiary 
interactions. Although in vitro studies are inevitable for character-
izing RNA structure and folding pathways, the in vitro refolding 
conditions are very different from the intracellular environment 
[ 11 ,  12 ]. Especially temperature and ion concentrations, two very 
important factors in RNA folding, can vary considerably. 
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Furthermore, the directionality and velocity of transcription and 
translation as well as the presence of  trans -acting factors, such as 
proteins, can infl uence RNA folding in vivo [ 11 ,  12 ]. However, 
there are only few techniques available for determining the struc-
ture of RNAs in the cell. As a result little is known about RNA 
folding in vivo and the contribution of the cellular environment to 
RNA structure formation. 

 Chemical probing is a powerful method, which has been used 
most extensively to map RNA structure in vivo [ 13 – 25 ]. It is a 
simple, well-adaptable, and inexpensive approach. Dimethyl sul-
fate (DMS), the most widely used chemical probing reagent, rap-
idly penetrates the cell and all of its compartments, modifying N1 
of adenines and N3 of cytosines. DMS only methylates proton 
accepting ring nitrogens, if these atoms are not engaged in hydro-
gen bonding (e.g., Watson–Crick base pairing or sheared AA base 
pairs) and if they are solvent accessible, while a reduced solvent 
exposure or binding of a protein results in protection from DMS 
modifi cation (Fig.  1 ). Occasionally, certain uridines and guanines 
are reactive to DMS at their N3 or N1 position, respectively, if 
these are stabilized in an enol-tautomer due to a specifi c local 
environment [ 26 ,  27 ]. The sites of modifi cation are mapped by 
reverse transcription, as the bulky methyl group at the Watson–
Crick face of adenines and cytosines leads to termination of the 
primer extension. Thus, reverse transcription of the modifi ed 
RNA pool results in a variety of cDNAs of different length, which 
can be resolved on a standard denaturing polyacrylamide gel. 
Information on the RNA structure is obtained by analyzing the 
DMS modifi cation pattern in the context of secondary structure 
maps derived from phylogenetic or bioinformatic studies [ 13 – 25 ]. 
The experimental framework for the Pb 2+ -induced cleavage assay 
is not fundamentally different to the DMS approach with one 
notable exception: in contrast to DMS, which is a nucleobase-
specifi c probe, Pb 2+  is able to displace Mg 2+  ions in their binding 
pockets and induces strand scission of the RNA backbone in its 
vicinity [ 28 – 31 ]. These cleavage events can be mapped by reverse 
transcription as well.

   Employing in vivo DMS chemical probing we recently pro-
vided the fi rst structure-based insights into DEAD-box protein- 
facilitated RNA folding in living cells [ 18 ]. In yeast mitochondria 
effi cient splicing of all group I and group II introns is dependent 
on the DEAD-box helicase Mss116p [ 32 ]. To monitor Mss116p- 
induced conformational changes within the ai5γ group II intron 
in yeast, we mapped the ai5γ structure in different genetic back-
grounds (Fig.  2 ). While the intron adopts the native conforma-
tion in the wild-type yeast strain, ai5γ appears to be largely 
unfolded in the  mss116 -knockout strain, as most of the secondary 
structure elements, but none of the tertiary interactions are 
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  Fig. 1    Schematic representation of in vivo chemical probing using DMS. ( a ) The N1 atom of adenines and the 
N3 atom of cytosines are methylated by DMS, ( b ) if these atoms are not involved in H-bonding or protected by 
a protein. ( c ) The modifi ed residues can be detected by reverse transcription using 5′end-labeled, gene-specifi c 
DNA primers ( light gray ), as the extension by the reverse transcriptase terminates when the enzyme encounters 
the bulky methyl group. This reaction generates a family of radio-labeled cDNAs of  different length ( dark gray ). 
( d ) The pool of cDNA is separated by a standard denaturing PAGE. A and C denote the sequencing Fig. 1 (con-
tinued) lanes which are used to determine the position of the modifi cation. The −lane is the RT stop control, 
showing natural stops occurring during reverse transcription, for which RNA extracted from cells that were not 
treated with the DMS was used. In the +lane RNA has been reverse transcribed that was extracted from cells 
treated with DMS. Comparing these two lanes reveals the sites of DMS modifi cations (indicated by an  arrow )       
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  Fig. 2    Mss116p-induced conformational changes within the ai5γ intron in vivo. ( a ) The κ−ζ element depends 
on Mss116p for folding. Representative gel showing the modifi cation intensity of nucleotides in the 5′ part ( left 
panel ) and 3′ part ( right panel ) of the D1 core structure composed of stems d, d′ and d″, in which the κ region, 
the ζ receptor and the coordination loop are embedded, in the wt and  mss116 -knockout strain. The  arrow 
heads  indicate residues, the accessibility of which changes due to the absence of Mss116p ( fi lled arrow heads  
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Fig. 2 (continued) represent an increase in accessibility, while open ones highlight bases with reduced acces-
sibility). Strong changes in accessibility are displayed in dark gray (>2-fold), while smaller changes are shown 
in  light gray  (1.5 to 2-fold). These values were derived from normalized gel plots. In the −lane natural stops of 
the reverse transcriptase are seen. In the +lane the in vivo DMS pattern is shown. Notably, comparing these 
two lanes reveals the DMS- induced stops of the reverse transcriptase and thus accessible residues (N1-A, 
N3-C). Importantly, the − and +lanes are shown for both the wt and  mss116 -knockout strain. Comparing  lanes 
4  and  6  reveals the altered DMS modifi cation pattern and thus conformational changes within the ai5γ intron 
due to the absence of Mss116p. ( b ) Differential summary map: residues, the modifi cation intensity of which 
changes in the absence of Mss116p (Δ mss116  strain), are highlighted. This map is based on normalized plots, 
which had been derived from the modifi cation gels. The  closed squares  indicate an increase in accessibility, 
while  open squares  represent bases with reduced accessibility in the absence of Mss116p. The A and C resi-
dues whose modifi cation remains unaltered (i.e., equally modifi ed or protected in both strains) are not high-
lighted. This fi gure has been adapted from [ 18 ], with permission       

formed [ 18 ]. In brief, most of the Mss116p-induced structural 
changes are observed within domain D1 (Fig.  2 ); thus Mss116p 
appears to facilitate the formation of this largest domain, which is 
the scaffold for docking of other intron domains. Based on the 
chemical probing data we proposed that Mss116p assists the 
ordered assembly of the ai5γ intron in vivo and is critical for fold-
ing of the RNA at an early step along the pathway [ 18 ]. In light 
of the fact that metal homeostasis plays a crucial role in yeast 
mitochondrial intron splicing [ 33 ] and that Mss116p lowers the 
Mg 2+  requirement for intron folding in vitro [ 34 ,  35 ], we were 
also interested in assessing the impact of Mss116p on the forma-
tion of metal ion binding pockets within the ai5γ intron in vivo. 
Using the Pb 2+ -induced cleavage assay we determined the metal 
ion binding sites within the ai5γ intron in vivo (Fig.  3 ) and 
observed so far that these correlate nicely with those identifi ed 
previously in vitro [ 36 ], suggesting that Mss116p may not sig-
nifi cantly infl uence the formation of metal ion binding sites in 
vivo ( Wildauer and Waldsich, unpublished ). Here we provide a 
detailed description of both the in vivo DMS chemical probing 
technique and the lead-induced cleavage assay for mapping RNA 
structure in eukaryotic cells.

2         Materials 

 Prepare all solutions with RNase-free ultrapure water (deionized 
water with a sensitivity of ≥18 MΩ cm at 25 °C) unless indicated 
otherwise. Sterilize all solutions by autoclaving or fi ltering (mem-
brane pore size 0.2 μm) and store them at room temperature if not 
indicated otherwise. Use RNase-free glassware and plasticware for 
the experiments. 

RNA Structural Probing In Vivo
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      1.    Growth medium DMEM–FBS–PS for HEK 293 cells: 
Dulbecco’s modifi ed Eagle’s medium (DMEM) with high glu-
cose and supplemented with 10 % (v/v) fetal bovine serum 
(FBS) and 1 % (v/v) penicillin/streptomycin. Store at 4 °C.   

   2.    Washing buffer for adherent HEK 293 cells: 1× Dulbecco’s 
phosphate-buffered saline (1× DPBS) without Ca and Mg.   

   3.    Detachment reagent for adherent HEK 293 cells: 1× Trypsin–
EDTA. Store at 4 °C.      

      1.    YP growth medium: dissolve 1 % (w/v) yeast extract, 2 % (w/v) 
peptone from meat, pancreatic digest, in ddH 2 O and autoclave. 
Add carbon source directly before use ( see   Note 1 ).   

   2.    10 % (w/v) glucose.   
   3.    10 % (w/v) raffi nose ( see   Note 2 ).   
   4.    TM buffer: 10 mM Tris–HCl, pH 7.5, 1 mM MgCl 2 .      

      1.    10.7 M dimethyl sulfate (DMS;  see   Note 3 ). Store at 4 °C.   
   2.    14.3 M β-mercaptoethanol. Store at 4 °C.   
   3.    Isoamyl alcohol.      

      1.    0.5 M EDTA, pH 8.0.   
   2.    50 mM lead(II) acetate.      

2.1  Culturing 
Human Cells

2.2  Growing 
Yeast Cells

2.3  DMS Chemical 
Probing

2.4  Pb 2+ -Induced 
Cleavage Assay

  Fig. 3    Mapping metal ion binding sites within the ai5γ intron in yeast mitochon-
dria. Pb 2+ -induced cleavage sites (indicated with a  gray arrow ) were mapped via 
primer extension. A and C denote sequencing lanes; −lane is an RT stop control 
to detect natural stops of the extension (RNA, which was extracted from untreated 
cells, was reverse transcribed). Lanes labeled 25–125 indicate the concentration 
of Pb(OAc) 2  [mM] used to modify the intracellular RNA       
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      1.    Isol-RNA lysis reagent or comparable product. Store at 4 °C.   
   2.    Chloroform.   
   3.    Isopropanol.   
   4.    75 % (v/v) ethanol.      

      1.    AE buffer: 50 mM NaOAc, pH 4.5, 10 mM EDTA, pH 8.0.   
   2.    10 % (w/v) SDS.   
   3.    Water-saturated phenol, pH 4.5. Store at 4 °C.   
   4.    PCI (phenol:chloroform:isoamyl alcohol, 25:24:1). Store at 4 °C.   
   5.    CI (chloroform:isoamyl alcohol, 24:1).   
   6.    Ethanol/0.3 M NaOAc, pH 5.0.   
   7.    RNase-free DNase I (2 U/μL) and supplied 10× DNase I reac-

tion buffer. Store at −20 °C.   
   8.    RNase inhibitor (40 U/μL). Store at −20 °C.   
   9.    0.5 M EDTA, pH 8.0.      

      1.    10 μM stocks of gene-specifi c DNA primers. Store at −20 °C.   
   2.    [γ- 32 P]-ATP (10 μCi/μL, 6,000 Ci/mmol). Store at 4 °C.   
   3.    T4 polynucleotide kinase (PNK, 10 U/μL). Store at −20 °C.   
   4.    10× PNK buffer (supplied with enzyme). Store at −20 °C.   
   5.    0.5 M EDTA, pH 8.0.   
   6.    Glycogen (10 mg/mL). Store at −20 °C.   
   7.    Ethanol/0.3 M NaOAc, pH 5.0.      

       1.    4.5× hybridization buffer: 225 mM K-HEPES, pH 7.0, 
450 mM KCl. Store at −20 °C.   

   2.    Transcriptor reverse transcriptase (20 U/μL; Roche), or com-
parable product. Store at −20 °C.   

   3.    5× reaction buffer supplied with Transcriptor reverse transcrip-
tase (Roche). Store at −20 °C.   

   4.    10 mM dNTP mix. Store at −20 °C.   
   5.    10 mM ddTTP. Store at −20 °C.   
   6.    10 mM ddGTP. Store at −20 °C.   
   7.    0.1 M DTT (dithiothreitol). Store at −20 °C.   
   8.    RNase inhibitor (40 U/μL). Store at −20 °C.      

      1.    4.5× hybridization buffer: 225 mM K-HEPES, pH 7.0, 
450 mM KCl. Store at −20 °C.   

   2.    10× extension buffer: 1.3 M Tris–HCl, pH 8.0, 0.1 M MgCl 2 , 
0.1 M DTT. Store at −20 °C.   

   3.    2.5 mM dNTP mix. Store at −20 °C.   

2.5  RNA Isolation 
from Mammalian Cells

2.6  RNA Isolation 
from Yeast

2.7  5′ End-Labeling 
of DNA Primers

2.8  Primer Extension

2.8.1  Reverse 
Transcription with 
Transcriptor Reverse 
Transcriptase

2.8.2  Reverse 
Transcription with AMV 
Reverse Transcriptase

RNA Structural Probing In Vivo
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   4.    1 mM ddTTP. Store at −20 °C.   
   5.    1 mM ddGTP. Store at −20 °C.   
   6.    AMV reverse transcriptase (10 U/μL). Store at −20 °C.      

      1.    1 M NaOH.   
   2.    1 M HCl.   
   3.    0.5 M EDTA, pH 8.0.   
   4.    Glycogen (10 mg/mL). Store at −20 °C.   
   5.    Ethanol/0.3 M NaOAc, pH 5.0.   
   6.    10× TBE buffer: 0.89 M Tris-base, 0.89 M boric acid, 20 mM 

EDTA.   
   7.    Loading buffer: 7 M urea, 25 % (w/v) sucrose, 0.025 % (w/v) 

bromophenol blue, 0.025 % (w/v) xylene cyanol in 1× TBE.       

      1.    Vertical gel electrophoresis apparatus (adjustable).   
   2.    Glass plate sets: 42 cm (L) × 20 cm (W).   
   3.    Metal plate: 26.5 cm (L) × 20 cm (W).   
   4.    Combs and spacers, 0.4 mm thickness.   
   5.    High-voltage power supply.   
   6.    Whatman 3MM paper.   
   7.    Saran wrap.   
   8.    10× TBE buffer: 0.89 M Tris-base, 0.89 M boric acid, 20 mM 

EDTA.   
   9.     N,N,N′,N′ - tetramethylethylenediamine (TEMED). Store at 

4 °C.   
   10.    10 % (w/v) ammonium persulfate (APS) ( see   Note 4 ). Store at 

4 °C.   
   11.    8 % denaturing acrylamide solution: 7 M urea, 8 % (v/v) acryl-

amide/bisacrylamide (19:1) in 1× TBE. Store at 4 °C.   
   12.    Phosphorimager exposure cassette and screen (GE Healthcare) 

or comparable product.   
   13.    Phosphorimager (e.g., STORM 820, GE Healthcare) or com-

parable equipment.       

3     Methods 

       1.    Grow HEK cells to confl uency in a 100 mm Ø dish (approx. 
8.8 × 10 6  cells) in DMEM–FBS–PS medium at 37 °C with 
5 % CO 2 .   

   2.    Discard the medium and wash the cells with 5 mL 1× DPBS.   
   3.    Add 1 mL 1× Trypsin–EDTA and incubate at 37 °C with 5 % 

CO 2  for 2–3 min.   

2.8.3  Solutions for Both 
Reverse Transcription 
Protocols

2.9  Denaturing 
Polyacrylamide Gel 
Electrophoresis (PAGE)

3.1  Modifi cation 
of RNA In Vivo

3.1.1  DMS Modifi cation 
of RNA in HEK Cells

Michael Wildauer et al.
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   4.    Add 9 mL DMEM–FBS–PS medium and transfer the cell sus-
pension to 15 mL centrifugation tubes.   

   5.    Centrifuge the cells at 1,200 ×  g  for 5 min (4 °C).   
   6.    Remove the supernatant and add 1 mL pre-warmed (37 °C) 

DMEM–FBS–PS medium.   
   7.    Add DMS to a fi nal concentration of 50 mM (vortex briefl y). 

Incubate the cells at 37 °C for 2 min ( see   Notes 3  and  5 ).   
   8.    Stop the DMS reaction by adding 50 μL 14.3 M 

β-mercaptoethanol and 50 μL isoamyl alcohol. Vortex strongly 
and centrifuge at 6,000 ×  g  for 2 min ( see   Notes 6  and  7 ).   

   9.    Remove the supernatant carefully and resuspend the cells in 
1 mL cold 1× DPBS and add another 50 μL β-mercaptoethanol.   

   10.    Vortex briefl y and centrifuge at 1,200 ×  g  for 5 min.   
   11.    Discard the supernatant and proceed with RNA isolation 

(Subheading  3.2.1 ).      

       1.    Grow an overnight culture of the desired yeast strain at 30 °C 
in growth medium (e.g., YPD).   

   2.    Inoculate 100 mL growth medium (e.g., YP + 2 % (w/v) raf-
fi nose,  see   Notes 1  and  2 ) with 5 mL of the overnight culture. 
Grow the culture at 30 °C to an OD 600  of 1.0.   

   3.    Harvest the cells (2 × 30 mL) by centrifugation at 4,500 ×  g  for 
5 min.   

   4.    Discard the supernatant and resuspend the cell pellet in 1 mL 
pre-warmed (30 °C) growth medium (e.g., YPD).   

   5.    Centrifuge the samples at 6,000 ×  g  for 2 min. Carefully dis-
card the supernatant.   

   6.    Add DMS to a fi nal concentration of 50 mM to one of the 
samples and vortex ( see   Notes 3  and  5 ).   

   7.    Immediately incubate both samples at 30 °C for 2 min.   
   8.    Stop the DMS reaction by adding β-mercaptoethanol to a fi nal 

concentration of 0.7 M and 50 μL isoamyl alcohol. Vortex 
strongly and centrifuge both samples at 6,000 ×  g  for 2 min 
( see   Notes 6  and  7 ).   

   9.    Discard the supernatant and resuspend the pellet in 1 mL 
growth medium (e.g., YPD).   

   10.    Add another 50 μL β-mercaptoethanol to the DMS-treated 
sample, vortex, and repeat the centrifugation step (6,000 ×  g , 
2 min).   

   11.    Discard the supernatant and freeze the pellet at −80 °C for at 
least 20 min but not longer than overnight.   

   12.    Proceed with RNA isolation (Subheading  3.2.2 ).      

3.1.2  DMS Modifi cation 
of RNA in Yeast

RNA Structural Probing In Vivo
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      1.    Perform  steps 1 – 3  as described in Subheading  3.1.2 .   
   2.    Discard the supernatant and resuspend the cell pellet in 0.5 mL 

pre-warmed (30 °C) growth medium (e.g., YPD).   
   3.    Add 500 μL of 50 mM Pb(OAc) 2  (prepare freshly) to the sam-

ple, yielding a fi nal volume of 1 mL and a fi nal concentration 
of 25 mM Pb(OAc) 2  ( see   Notes 5  and  8 ). To the second sam-
ple, add 500 μL ddH 2 O as control.   

   4.    Incubate the samples at 30 °C for 10 min with moderate shak-
ing to prevent cells from pelleting at the bottom.   

   5.    Stop the reaction by adding 125 μL of 0.5 M EDTA, pH 8.0 
(2.5× molar excess relative to the [Pb 2+ ]) ( see   Note 6 ).   

   6.    Pellet the cells by centrifugation at 4,500 ×  g  for 5 min and 
carefully remove the supernatant.   

   7.    Freeze the cells at −80 °C for at least 20 min to overnight.   
   8.    Proceed with RNA isolation (Subheading  3.2.2 ).       

        1.    Add 6 mL Isol-RNA lysis reagent to the cell pellet and resus-
pend it rapidly.   

   2.    Keep the tube at room temperature for 5 min.   
   3.    Add 1.2 mL chloroform and vortex vigorously for 15 s.   
   4.    Repeat  step 2 .   
   5.    Centrifuge at 12,000 ×  g  for 15 min (4 °C).   
   6.    Transfer the aqueous phase to a new tube.   
   7.    Add 3 mL isopropanol and vortex 15 s. Incubate the tube at 

room temperature for 10 min. Centrifuge at 12,000 ×  g  for 
10 min (4 °C).   

   8.    Carefully discard the supernatant.   
   9.    Add 1 mL 75 % (v/v) ethanol.   
   10.    Centrifuge at 7,500 ×  g  for 5 min (4 °C).   
   11.    Remove the supernatant completely and air-dry the RNA 

 pellet for 5 min.   
   12.    Dissolve the RNA in 20 μL ddH 2 O ( see   Note 9 ). Store the 

RNA at −20 °C.      

         1.    Resuspend the frozen cells ( see   Note 10 ) in 600 μL AE buffer 
and 100 μL 10 % (w/v) SDS.   

   2.    Split the cell suspension into two 1.5 mL tubes containing 
700 μL water-saturated phenol, pH 4.5, preheated to 65 °C.   

   3.    Vortex strongly and freeze the tubes in liquid nitrogen (ensure 
that the content is frozen completely). Thaw the samples at 
65 °C, followed by vortexing for 30 s.   

   4.    Repeat the freeze–thaw cycle twice.   

3.1.3  Pb 2+ -Induced 
Cleavage Assay of RNA 
in Yeast

3.2  Isolating Total 
RNA from Eukaryotic 
Cells

3.2.1  RNA Isolation 
from HEK Cells

3.2.2  RNA Isolation 
from Yeast
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   5.    Shake the samples at 65 °C for 4 min.   
   6.    Centrifuge the samples at 18,000 ×  g  for 5 min.   
   7.    Transfer the aqueous phase to a new tube and add 700 μL 

PCI.   
   8.    Vortex strongly for 30 s and centrifuge the samples at 

18,000 ×  g  for 5 min.   
   9.    Transfer the aqueous phase to a new tube containing 700 μL CI.   
   10.    Mix the sample thoroughly by vortexing for 30 s and centri-

fuge again at 18,000 ×  g  for 5 min.   
   11.    Transfer the aqueous phase to a new 2.0 mL tube. Precipitate 

the sample with 2.5× volumes of ethanol/0.3 M NaOAc, 
pH 5.0, and keep it at −20 °C for at least 60 min.   

   12.    Centrifuge the samples at 18,000 ×  g  for 30 min (4 °C) and 
discard the supernatant. Dry the pellet for 5 min at room tem-
perature and then resuspend it in 100 μL ddH 2 O ( see   Note 9 ).   

   13.    Remove residual DNA by adding the following: 17.5 μL 
RNase-free DNase I (2 U/μL), 0.5 μL RNase inhibitor 
(40 U/μL), and 12 μL 10× DNase I reaction buffer. Incubate 
the samples on ice for 60 min.   

   14.    Adjust the volume to 200 μL by adding 70 μL ddH 2 O and 
perform a phenol extraction. Add 200 μL PCI, vortex vigor-
ously and centrifuge at 18,000 ×  g  for 5 min. Transfer the 
aqueous phase to a new tube and add 200 μL CI. After vortex-
ing repeat the centrifugation step and transfer the aqueous 
phase to a new tube.   

   15.    Precipitate the samples by adding 2 μL 0.5 M EDTA, pH 8.0, 
and 2.5× volumes of ethanol/0.3 M NaOAc, pH 5.0. Incubate 
the sample at −20 °C for at least 60 min.   

   16.    Centrifuge samples at 4 °C, 18,000 ×  g  for 30 min and discard 
the supernatant. Dry the pellet for 5 min at room 
temperature.   

   17.    Resuspend the pellet in 10 μL ddH 2 O ( see   Note 9 ).       

      1.    Mix the reagents in the following order: 10 μL ddH 2 O, 2 μL 
10× T4 PNK buffer, 1 μL 10 μM DNA primer, 6 μL [γ- 32 P]-
ATP (10 μCi/μL, 6,000 Ci/mmol), and 1 μL T4 PNK 
(10 U/ μL) ( see   Note 11 ).   

   2.    Incubate the sample at 37 °C for 30–40 min.   
   3.    Add 1 μL 0.5 M EDTA, pH 8.0, to the sample.   
   4.    Incubate the sample at 95 °C for 1 min.   
   5.    Immediately, place the sample on ice for 2 min.   
   6.    Add 2 μL glycogen (10 mg/mL) and 2.5× volumes of etha-

nol/0.3 M NaOAc, pH 5.0. Keep the sample at −20 °C for at 
least 60 min.   

3.3  5′ End-Labeling 
of Gene-Specifi c DNA 
Primers
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   7.    Centrifuge the sample at 4 °C and 18,000 ×  g  for 30 min. 
Carefully remove the supernatant. Dry pellet for 5 min at room 
temperature and dissolve it in 40 μL ddH 2 O.      

        1.    Set up the annealing reaction by mixing 2.5 μL RNA (20–
40 μg), 1 μL 0.25 μM  32 P-labeled primer ( see   Note 12 ), and 
1 μL 4.5× hybridization buffer.   

   2.    Incubate the sample at 95 °C for 1 min.   
   3.    Immediately place the sample on ice for 2 min.   
   4.    Add 15.5 μL extension mix consisting of 4 μL 5× reaction buf-

fer, 2 μL 10 mM dNTPs, 1 μL 0.1 M DTT, 0.5 μL RNase 
inhibitor (40 U/μL), 0.5 μL Transcriptor reverse transcriptase 
(20 U/μL), and 5.5 μL ddH 2 O. Incubate the samples at 50 °C 
for 60 min. To generate A and C sequencing lanes add 2 μL of 
a 10 mM ddTTP or ddGTP solution to the sample in addition 
to the extension mix, respectively ( see   Notes 13 – 15 ).   

   5.    Degrade the RNA by adding 3 μL 1 M NaOH and incubate at 
50 °C for 45 min.   

   6.    Neutralize the pH with 3 μL 1 M HCl.   
   7.    Precipitate the cDNAs by adding 2 μL glycogen (10 mg/mL), 

2 μL 0.5 M EDTA, pH 8.0 and 2.5× volumes of ethanol/0.3 M 
NaOAc, pH 5.0. Incubate the samples at −20 °C for 1 h to 
overnight.   

   8.    Centrifuge the sample at 4 °C and 18,000 ×  g  for 30 min. 
Discard the supernatant and resuspend the pellet in 8 μL load-
ing buffer.      

      1.    Set up the annealing reaction as described in  steps 1 – 3  in 
Subheading  3.4.1 .   

   2.    Add 2.2 μL extension mix consisting of 1.08 μL ddH 2 O, 
0.67 μL 10× extension buffer, 0.3 μL 2.5 mM dNTP mix, 
0.15 μL AMV reverse transcriptase (10 U/μL) and incubate the 
sample at 42 °C for 1 h. To generate A and C sequencing lanes 
add 0.75 μL of 1 mM ddTTP or 1 mM ddGTP solution to the 
extension mix, respectively ( see   Notes 13 – 15 ).   

   3.    Degrade the RNA by adding 1.5 μL 1 M NaOH and incubate 
the sample at 42 °C for 60 min.   

   4.    Neutralize the pH with 1.5 μL 1 M HCl.   
   5.    Precipitate the cDNAs by adding 2 μL glycogen (10 mg/mL), 

1 μL 0.5 M EDTA, pH 8.0 and 2.5× volumes of ethanol/0.3 M 
NaOAc, pH 5.0. Incubate the sample at −20 °C for 1 h to 
overnight.   

   6.    Centrifuge the sample at 4 °C and 18,000 ×  g  for 30 min. 
Discard the supernatant, dry the pellet at room temperature for 
5 min and resuspend the pellet in 8 μL loading buffer.       

3.4  Mapping the 
Sites of Modifi cation 
or Strand Scission by 
Reverse Transcription

3.4.1  Reverse 
Transcription Using 
Transcriptor Reverse 
Transcriptase

3.4.2  Reverse 
Transcription Using AMV 
Reverse Transcriptase
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      1.    Assemble the glass plates.   
   2.    Mix 50 mL 8 % denaturing acrylamide solution with 500 μL 

10 % (w/v) APS ( see   Note 4 ) and 50 μL TEMED.   
   3.    Pour the gel solution immediately between the two glass 

plates. Avoid introducing air bubbles. Insert a suitable comb 
and let the gel polymerize for at least 60 min.   

   4.    Place the gel in the electrophoresis apparatus and pre-run the 
gel for 30–60 min at 40 W ( see   Note 16 ).   

   5.    Denature the samples at 95 °C for 1 min.   
   6.    Rinse the wells thoroughly with 1× TBE buffer.   
   7.    Load 4 μL of the sample and run the gel at 40 W for approxi-

mately 2 h or until bromophenol blue dye has reached the 
bottom of the gel.   

   8.    Disassemble the gel by removing the top glass plate and trans-
fer it to Whatman 3MM paper. Cover the gel with saran wrap.   

   9.    Dry the gel in a vacuum dryer at 80 °C for 90 min.   
   10.    Expose the gel to a phosphorimager screen overnight and scan 

the screen using a STORM 820 or comparable equipment.   
   11.    Analyze the gel using ImageQuant or comparable software 

( see   Notes 17 – 19 ).       

4     Notes 

     1.    Growth medium containing a carbon source gets easily con-
taminated. Therefore sugar is added directly prior use.   

   2.    Using raffi nose instead of glucose as a carbon source leads to 
proliferation of yeast mitochondria and in turn to an increased 
yield of mitochondrial RNA.   

   3.    Care should be taken when working with DMS. DMS is a cor-
rosive, toxic, and potentially carcinogenic substance that is 
readily absorbed through skin. Therefore DMS should be 
handled in the hood wearing gloves that do not permit pene-
tration of organic chemicals.   

   4.    The 10 % (w/v) APS solution can be kept at 4 °C for up to 2 
weeks. Alternatively, store aliquots of the solution at −20 °C 
for up to 6 months.   

   5.    The DMS concentration used in the modifi cation reaction has 
to be optimized for each target RNA prior to experiments. To 
ensure single-hit conditions (one or less DMS modifi cation 
event per RNA molecule). The amount of full-length cDNA 
of samples treated with 25–200 mM DMS should be com-
pared to the RT stop control in order to decide which DMS 
concentration correlates best with single-hit conditions for the 

3.5  Resolving 
the cDNA Pool on a 
Denaturing PAGE
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target RNA. Single hit conditions have to be achieved for the 
Pb 2+ -induced cleavage assay as well. Again, this is done by per-
forming a concentration and/or time series; useful parameters 
for such series range from 10 mM to 150 mM Pb(OAc) 2  as 
fi nal concentration and incubation times from 5 to 120 min. 
Like for DMS probing, the amount of full-length cDNA 
should be comparable between the RT stop control and the 
modifi ed sample.   

   6.    The DMS reaction has to be stopped effi ciently before pro-
ceeding with total RNA extraction, to avoid extended modifi -
cation during the RNA preparation. If this is not the case, the 
majority of the RNA bases will be modifi ed by DMS during 
the denaturing conditions of the RNA preparation. To con-
fi rm effi cient quenching, a stop control has to be carried out 
in the following manner: the indicated amount of 
β-mercaptoethanol has to be added prior to DMS and incu-
bated for 2 min at 30 or 37 °C (in case of yeast or HEK cells, 
respectively). If no DMS pattern is observed for the stop con-
trol, this implies that the β-mercaptoethanol has successfully 
quenched the DMS reactivity and as a consequence it cannot 
methylate the RNA during subsequent RNA preparation. 
A stop control has to be prepared for Pb 2+ -induced cleavage 
assay as well by adding the 2.5× molar excess of 0.5 M EDTA, 
pH 8.0, prior to Pb(OAc) 2  to the sample and subsequent 
incubation at 30 °C for 2 min. If no cleavage pattern is 
observed, this indicates that the amount of EDTA is suffi cient 
to chelate all Pb 2+ -ions present in the sample.   

   7.    The cells treated with DMS are sometimes diffi cult to pellet. To 
avoid losing parts of the pellet, it is suggested to increase the 
centrifugation force or to increase the time of centrifugation.   

   8.    Pb(OAc) 2  does precipitate in normal growth medium (e.g., 
YPD). The amount of precipitate correlates with the concen-
tration of the stock solution added to the medium. We there-
fore propose to dilute the sample with the Pb(OAc) 2  stock 
only 1:2 (e.g., mix 500 μL cells suspension with 500 μL 
50 mM Pb(OAc) 2  to achieve a fi nal concentration of 25 mM) 
to reduce precipitation as much as possible. Furthermore, 
Pb(OAc) 2  has a strong preference to form precipitants under 
the following conditions: (1) the presence of chloride ions in 
the buffer and (2) as a function of the pH value of the buffers 
used. The lower the pH, the more precipitate is formed.   

   9.    RNA is very sensitive to degradation. Therefore it is advisable to 
follow some general considerations when working with RNA: 
avoid as much as possible RNase contamination by always wear-
ing gloves and by using consumables of “RNase- free” grade. 
Store the RNA stock at −20 °C and avoid repeated freeze–thaw 
cycles (aliquot, if necessary). In addition, when handling RNA, 
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keep it on ice if not stated otherwise. Prepare solutions with 
RNase-free water or DEPC-treated water. Also, the chemicals 
have to be of high quality and should be used for RNA only. If 
affordable, a separate set of pipettes should be used for working 
with RNA. In case of a severe RNAse contamination, it is help-
ful to clean the equipment and bench thoroughly with 
“RNaseZap” (Ambion) or a comparable product.   

   10.    When working with yeast mitochondrial RNA, the best results 
in terms of quality and yield of mtRNA were obtained using 
the RiboPure Yeast Kit from Ambion. Using the method 
described in Subheading  3.2.2  we obtained RNA of good 
quality and high yield compared to all other protocols tested 
to extract total RNA from yeast.   

   11.    We recommend gel-purifi cation of the DNA primers before 
end-labeling. The purifi cation is necessary to remove any organic 
remnants left from oligo synthesis. These could impair the T4 
polynucleotide kinase during labeling and may result in a low 
signal-to-noise ratio. We purify DNA primers (18–30 nucleo-
tides) on a 20 % denaturing polyacrylamide gel run with 25 W. 
Purifi cation is time-consuming and should therefore be done 
ahead of time, at least 1 day prior to the labeling reaction.   

   12.    Working with total RNA can be problematic due to misprim-
ing events during reverse transcription. It is therefore advis-
able to prepare sequencing lanes from in vitro transcribed 
RNA and compare them with those obtained from in vivo iso-
lated RNA, thereby confi rming that the primer used does only 
bind to the RNA of interest. Otherwise the obtained DMS 
pattern might be misleading and/or inconclusive. Simple 
comparison of the band pattern in the sequencing lanes and 
the gene sequence is often insuffi cient.   

   13.    The cDNA synthesis can be accomplished by different reverse 
transcriptases and is infl uenced by several parameters, like 
RNA sequence, highly structured RNA elements, low amount 
of target RNA, reaction temperature and ionic concentrations, 
among others. AMV reverse transriptase is the most com-
monly used enzyme. For highly structured or GC-rich RNA, a 
very sensitive and thermostable enzyme like Transcriptor 
reverse transcriptase should be used instead of AMV reverse 
transcriptase. Protocols for both enzymes are provided.   

   14.    Include a stop control during reverse transcription. This is 
absolutely necessary for distinguishing between so-called 
 natural stops of the reverse transcriptase enzyme and those 
induced by DMS modifi cation or Pb 2+ -cleavage, respectively. 
Secondary structures that form after denaturing of the RNA as 
well as G/C sequence stretches can block the reverse tran-
scriptase enzyme, thereby terminating the extension. Also, 
RNAs tend to have “hot spots” for breakage due to a strain on 
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the backbone. Along this line, partial degradation by RNases 
results in RT stops as well. By reverse transcribing RNA from 
cells that were not treated with DMS or Pb 2+ , these natural 
stops of different origin can be easily detected.   

   15.    To generate sequencing lanes of good quality, the ddNTP 
concentration has to be adjusted for the respective RNA. If 
the concentration is inadequate, sequencing lanes tend to 
either give a very faint signal in the upper part of the gel or 
some nucleotides remain undetected (even though the fl ank-
ing residues are well detectable).   

   16.    Pre-run the gel for at least 30 min before loading the samples 
to reach optimal temperature (45–55 °C). A temperature indi-
cator attached to the glass plates is recommended to ensure 
that the optimal temperature is applied. Higher temperature 
might damage the glass plates and cause bands to smear and 
therefore reduces the resolution of the gel. On the other hand 
uneven heat distribution during gel electrophoresis causes the 
“smile effect.” Attaching a metal plate to the glass ensures a 
better heat distribution and thus improves the gel quality.   

   17.    If the cDNA sample has a high salt content, this results in nar-
rowing of the lanes during the gel electrophoresis. To avoid this 
problem, the cDNA pellet should be washed with 70 % (v/v) 
ethanol before resuspending it in loading buffer. The resolution 
of the gel is also drastically reduced, if the cDNA sample is pre-
cipitated for longer than overnight. Alternatively, it is possible 
to overcome this problem by increasing the percentage of the 
gel and the running time, as the salt front will run out of the gel.   

   18.    A low signal-to-noise ratio usually points to the need for opti-
mization of different steps. First, check the  32 P-labeling effi -
ciency by comparing the amount of radioactivity of the 
supernatant versus the pelleted DNA oligo in the labeling 
step. Notably, the T4 PNK enzyme and the PNK buffer are 
both very sensitive to changes in temperature. Aliquoting the 
buffer helps avoiding frequent freeze–thaw cycles. 
Furthermore, it is advisable to use the radioactive stock no 
later than at its calibration date (the  32 P-isotope has a short 
half-life of 14.3 days). If no improvement is observed, several 
other parameters can be adjusted: the choice of reverse tran-
scriptase used (AMV vs. Transcriptor reverse transcriptase); 
the amount of RNA and primer used for reverse transcription 
reaction; also the primer binding site and its melting tempera-
ture should be reevaluated along with the annealing and 
extension temperature, respectively; dNTP concentration 
and/or the preparation date of the stock.   

   19.    Quantifi cation is highly dependent on loading equal amounts 
of sample on each lane. In case of uneven loading, the second 
half of the sample can be used for a rerun with adjusted sample 
amount.         
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