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Introduction



Telomerase RNA (TR) is a vital component of telomerase, the enzyme that functions to ensure complete replication of telomeres (Smogorzewska and de Lange, 2004). TRs contain a short region that is complementary to the telomeric repeat sequence and serves as a template for telomerase to synthesise telomeric DNA repeats (Greider and Blackburn, 1989). Telomere maintenance is critical to cellular immortalisation and there is much interest in telomerase’s role in both cancer and aging (Shay and Roninson, 2004; Shay and Wright, 2005). TRs have been identified in ciliates (Greider and Blackburn, 1989; Romero and Blackburn, 1991; Shippen-Lentz and Blackburn, 1990), vertebrates (Blasco et al., 1995; Chen et al., 2000; Feng et al., 1995) and yeast species (Feng et al., 1995; Gunisova et al., 2009; Hsu et al., 2007; Leonardi et al., 2008; McEachern and Blackburn, 1995; Singer and Gottschling, 1994; Webb and Zakian, 2008). Computational identification of TR sequences by sequence similarity has been difficult owing to the evolutionary divergence of TR sequences. All TRs examined to date have certain conserved structural features. Fungal, vertebrate and ciliate TRs contain a conserved core structure consisting of four structural elements (Figure 1(a)): the template region, the 5′ boundary element upstream of the template, a downstream pseudoknot structure, which binds TERT, and the core-closing stem (a long-range base-pairing element that encloses the template and the pseudoknot) (Chen et al., 2000; Chen and Greider, 2003; Comolli et al., 2002; Lingner et al., 1994; Romero and Blackburn, 1991; Theimer et al., 2000, 2003). In addition, a triple helix motif within the pseudoknot has been identified in Kluyveromyces (Shefer et al., 2007) and human TR (Theimer et al., 2005). The most effective RNA structure prediction method is a structural homologue search, in which the conserved secondary structure of an RNA family is profiled and used to search for genome regions that match the structural profile (Eddy, 2006). Stochastic Context-Free Grammars (SCFGs) are often used to probabilistically model the consensus structures (Eddy and Durbin, 1994; Nawrocki et al., 2009; Sakakibara et al., 1994). However, existing programs may not perform well on TR structure searches, as the consensus core structure of TRs contains extensive variation in the length of stems and loops. We have used the homology search tools Infernal (Nawrocki et al., 2009) and RNATOPS (Huang et al., 2008) to search for the TR of Kluyveromyces lactis using the Saccharomyces TR consensus structure profile obtained from Rfam (http://rfam.sanger.ac.uk/). Neither program found a hit. Energy-based folding methods
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(Hofacker, 2003; Zuker, 2003) do not work well for TRs because they are usually longer than 350 nucleotides and contain pseudoknots. We introduce TRFolder, a utility program that consists of a set of functions for TR-specific structure prediction. Unlike existing general-purpose structure prediction programs, TRFolder is effective in folding sequences with a putative TR template into the best possible TR core structural elements. We test our approach on the well-studied yeast Saccharomyces and Kluyveromyces TR core structures. We have applied TRFolder to the prediction of TRs in several yeast species for which TR structures were not previously known, including C. glabrata, C. guilliermondii, C. tropicalis, A. gossypii, D. hansenii, P. stipitis and S. pombe. In most of these species, the TR genes were recently identified by Gunisova et al. (2009), and are confirmed by our independent analysis. Figure 1
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Inferring telomerase RNA structure by TRFolder: (A) the conserved core secondary structure of telomerase RNAs. The names of the structural elements used in our paper are shown in italic. The numbering of stems and loops as used in this work are indicated as shown. Previously used names for these elements (Lin et al., 2004) are shown in parentheses and (B) flow chart of TRFolder



Methods



Our method predicts the TR structure by predicting its core structure components one at a time based on statistical profiles of components of known TR structures. There are three technical steps: •



identify likely TR genes using telomeric homology to the putative template combined with neighbouring gene analysis



•



predict the pseudoknot in the vicinity of regions containing the candidate templates and filter out structures that lack a potential triple helix structure



•



predict the 5′ template boundary element (a stem-loop structure in yeast) and the base-pairing regions closing the structure.



Figure 1(b) provides an overview of the proposed approach/program.



2.1 Training data collection The TR core secondary structure information from the following were used as training data for this work: S. cerevisiae, S. cariocanus, S. paradoxus, S. mikatae, S. kudriavzevii,
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S. bayanus, K. lactis (Lin et al., 2004), K. nonfermentans, K. aestuarii, K. dobzhanskii, K. wickerhamii and K. marxianus (Box et al., 2008; Dandjinou et al., 2004; Shefer et al., 2007; Tzfati et al., 2003). Each stem and loop length in the four structural elements (pseudoknot, triple helix, boundary element and core-closing stem) is summarised in Table 1. The numbering of the stems and loops is shown in Figure 1(A). The sequences of the TER1/TLC1 genes were obtained from the GenBank data library: AY639009 (S. cerevisiae), AY639010 (S. cariocanus), AY639011 (S. mikatae), AY639012 (S. kudriavzevii), AY639013 (S. bayanus), AY639015 (S. paradoxus), U31465 (K. lactis), AY151277 (K. aestuarii), AY151279 (K. marxianus), AY151278 (K. dobzhanskii), AY151281 (K. wickerhamii) and AY151280 (K. nonfermentans). Table 1



Summary of core structural elements of TR genes from Saccharomyces and Kluyveromyces species used as training data in TRFolder. The positions of the stems and loops are shown in Figure 1
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The parameters used in TRFolder were generally defined as the mean size plus/minus two times the standard deviation of the previously determined sizes from the Saccharomyces and Kluyveromyces core structures (Chen and Greider, 2003; Lin et al., 2004; Shefer et al., 2007; Tzfati et al., 2003).



2.2 Structure profiling For each core structure prediction, we built a 5 × 5 log-odds matrix. These matrices indicate the frequency of association between each two bases in each core structure. We define P(a, b), the base pair probability distribution obtained from rRNAs of Rfam, as the prior frequencies. The probability distribution F(a, b) for base pairs is for any specific structure for a specific family of organisms. The program uses the combined matrix M = wF + (1 – w) P, for a chosen number w, 0 ≤ w ≤ 1. The score of base pair between nucleotides a and b is computed as log(M(a, b)/q(a) q(b)), where q is the probability for individual nucleotides of the background. There are three steps to obtain F(a, b). •



The probability q(a) of individual nucleotides a is computed from the RNA sequence.



•



(I) Counting the number of occurrences for each canonical base pair (i.e., each of AU, UA, GC, CG, GU, UG). (II) Counting the number of occurrences for each gap (i.e., each of A-, -A, -G, G-, C-, -C, U-, -U). (III) To make the predicted stem more stable, we used a different approach to deal with the occurrence of non-canonical base pairs. For each occurrence of non-canonical base pair, we regard it as two gaps A- and -C, and count both of them. (IV) Adding (II) and (III) for each gap. (V) Summing all counts into a total. (VI) Let c be the pseudocount, add c into the count of each pair and gap. (VII) For each canonical base pair or a gap, compute the frequency as (count + c)/(total + 24c). (VIII) For each non-canonical pair, the frequency = c/(total + 24c). These become the values of frequency function F.



•



The score for a gap (e.g., a-) is computed as log(M(a,-)/q(a)) while the score for a canonical base pair (e.g., between a and b) is computed as log (M(a, b)/(q(a) × q(b)).



2.3 Structure prediction In general, the prediction of a stem (i.e., a double helix) is accomplished through a pairwise complementary alignment between two regions. The length of the stem needs to be within a statistical range estimated from the training data, the average plus or minus two standard deviations. There are three steps for the pseudoknot and triple helix prediction. 1



For a given search window, whose size could be adjusted by users, apply a (semi-global) pairwise complementary alignment to find all meaningful stems for which the score is greater than zero and the length of base pairs is no less than three.



2



Each pair of stems that are crossing, but not overlapping will be combined as a pseudoknot; the pseudoknot that has the maximum score will be kept.
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For each pseudoknot candidate, the first loop and the last stem arm are folded to be a triple helix via (local) pairwise complementary alignment.



The sequence segment between the two pairing regions of the stem is not scored but its length needs to be within a statistical range estimated from the training data. Additional conditions, such as the distance from a specific position, may be enforced on a predicted stem by the user. A third arm is then predicted within the U-rich loop 1 region in the predicted pseudoknot, which can align with the 5′ arm of stem 2 in the same direction, and thus form a triple helix with stem 2. After each core structure prediction, there were many structurally similar candidates. TRFolder computes a similarity filter measured in terms of the midpoint of stem arms. For all i, |mid(Ai)-mid(Bi)| < (len(Ai) + len(Bi))/4, where Ai and Bi are the two arms, len is the length function and mid is the midpoint position function. The predicted core structures can be assembled and ranked with user-supplied weights for each of the structural elements. In our experiments, we first set weights for all four elements to be 1, to obtain the top 50 structure predictions by TRFolder in all 12 species. The prediction in each species that is consistent or closest with the previously proposed TR core structure was selected. We then used a ‘grid search method’ to identify the best weight combination of these structural elements that can rank the selected correct structure within top 3 in all or most of the ten Saccharomyces and Kluyveromyces species. We explored various possible weights for combining the scores of the structural features, and found that simply weighting them all equally at 1 worked well.



2.4 Selection of templates for TRFolder We chose six yeasts with fully or partially sequenced genomes and uniform telomeric repeats (C. glabrata, C. guilliermondii, C. tropicalis, A. gossypii, D. hansenii and P. stipitis) to search for candidate TR template by using telomeric sequences as BLAST queries on the selected genomes. The telomeric repeat sequences were from the Telomerase Database (http://telomerase.asu.edu/) (Podlevsky et al., 2008). Genomic sequence downloads were from Genolevures (http://www.genolevures.org/) for C. glabrata, K. lactis, D. hasenii and A. gossypii and from the Candida Database from the Broad Institute (http://www.broad.mit.edu) for C. tropicalis and C. guilliermondii. Genomic DNA sequences from S. cerevisiae were from Saccharomyces Genome Database (http://www.yeastgenome.org/) while those for other Saccharomyces (Dandjinou et al., 2004) and Kluyveromyces species (Seto et al., 2002) were from GenBank. Only one candidate with a perfect match of at least 1 bp longer than one copy of the telomeric repeat sequence was found in each of C. glabrata, C. tropicalis and A. gossypii. Two candidates were found in P. stipitis; 12 candidates were found in D. hansenii. We next compared the neighbouring genes of the TR candidate regions with the neighbouring genes of the identified TR genes in Saccharomyces species, Kluyveromyces species, C. albicans and S. pombe by checking the annotated genome (Dujon et al., 2004; Gattiker et al., 2007; Hirschman et al., 2006; Jeffries et al., 2007; Rossignol et al., 2008). The S. pombe TR gene (TER1) shares a common nearby gene (DAD1) with the TR genes in K. lactis, A. gossypii and D. hansenii, even though S. pombe is a distant relative of the other species. Neighbouring gene analysis also allowed us to identify the likely TR gene
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in C. guilliermondii, although this species only has a partial genome sequence and a short telomeric repeat (8 bp). A summary of the candidate TR templates is in Table 2. Further evidence that the TR candidates were TR genes came from the finding that each of them had the extended base-pairing potential between the 3′-side of the RNA template and the telomeric DNA, as has been found in K. lactis (Wang et al., 2009). Table 2



Telomerase RNA template candidates in six yeast species. Sequences shown were identified by BLAST searches using tandem telomeric repeats or known neighbouring genes of TR genes as queries as described in text. Each template candidate has > 1 full repeat of perfect homology to telomeric sequences from the species in question. The underlined parts of the predicted template sequence indicate the direct repeats on the 5′ and 3′ sides of the template



Species



Telomeric repeat size (bp)



Template length (bp)



Template sequence



C. glabrata



16



19



3′ ACCCAUGACACCCCAGACCCAC GAC 5′



C. tropicalis



23



28



3′ UAAUCACAUUCCUACAGUGCUAG UAACCACAU 5′



A. gossypii



24



32



3′ AGUCGCCACACCACAUACCCAGAG AGUCGCCA 5′



P. stipitis



24



31



3′ UGCCUAGAAAAGUGCAGAACGCCA UACCUAGAA 5′



D. hansenii



16



25



3′ CCUACAACUCCACAUCCCUACAA CU 5′



8



16



3′ AGCACAUGACCACAUGAC 5′



C. guilliermondii
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Results



3.1 TRFolder confirmed the previously proposed TR structures in Saccharomyces and Kluyveromyces TRFolder successfully predicted the presence of pseudoknots with an overlapping triple helix and other structural elements in the 4 kb sequence centred on the TR template in the Saccharomyces and Kluyveromyces species (Table S1 in Supplementary Materials). A comparison of S. cerevisiae and K. lactis TR core structures predicted by TRFolder vs. those of previous studies is shown in Figure 2. The comparison in the other species is shown in Table S1. We found that all of the previously proposed pseudoknot structures (Chappell and Lundblad, 2004; Lin et al., 2004; Tzfati et al., 2003) were in our predictions, and all but one of them was the top-ranked in Z-score by TRFolder (Table S1 in Supplementary Materials). The other predicted structures in our results were highly similar, and, in most species, largely overlapped with the previously proposed structures (data not shown). The only exceptional case is that the predicted structure in the K. wickerhamii TR has a completely different stem 1 of the pseudoknot.
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Differences between our predictions of the TR core structure of S. cerevisiae and K. lactis, and the predictions of previous studies. The previously predicted structures (Lin et al., 2004; Shefer et al., 2007; Tzfati et al., 2000, 2003) are shown in grey if different from our predictions. Two systems for numbering TRs are shown. Numbers not in parentheses use the 5′ end of the telomerase RNA molecules as position 1 (Brown et al., 2007; Dandjinou et al., 2004; Lin et al., 2004; Shefer et al., 2007). The numbers in parentheses show the numbering system used in this work, which are counting from the first nucleotide at the 5′ end of the template. The numbers at the ends of the template indicates the first and last nucleotide of the template region



The boundary element was predicted as the highest-scoring single stem-loop structure upstream of the TR template beginning 0–3 nt from the TR template (Table 1). For all the Kluyveromyces and Saccharomyces species, we found only one qualified stem-loop structure in each species, and most of them are very similar to those previously proposed. Some of our predictions missed one or a few base pairs. We defined the position of the core-closing stem based on our prediction of the pseudoknot structure and 5′ boundary element. Also, we set a smaller gap penalty value for the prediction of the core-closing stem to allow a longer stem with more gaps or bulges. The positions of the predicted core-closing stems in Saccharomyces species turned out to be highly similar to those predicted in the previous work (Chappell and Lundblad, 2004; Lin et al., 2004; Tzfati et al., 2003), while the predicted base pairing is slightly different (Lin et al., 2004). In S. kudriavzevii, S. paradoxus and S. mikatae, our predictions of the core-closing stems have at least 8 more base pairs compared with those of Lin et al. (2004) (Table 3).
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L. Guo et al. Differences between the highest-scoring predicted structures and previous predictions for TRs of five Kluyveromyces and Saccharomyces species (Lin et al., 2004; Shefer et al., 2007; Tzfati et al., 2000). Stem lengths include non-paired nucleotides, so we list the lengths of both arms
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Differences between the highest-scoring predicted structures and previous predictions for TRs of five Kluyveromyces and Saccharomyces species (Lin et al., 2004; Shefer et al., 2007; Tzfati et al., 2000). Stem lengths include non-paired nucleotides, so we list the lengths of both arms (continued)
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3.2 Prediction of novel core secondary structures We next predicted the structural elements of TR genes for which limited or no previous structural predictions had been made (C. glabrata, A. gossypii, C. albicans, C. tropicalis, C. guilliermondii, P. stipitis, D. hansenii and S. pombe). Because the sizes of known yeast TRs are around 1–2 kb, TRFolder filtered out the candidates whose distance between the putative template and the pseudoknot structure is above 2 kb. The candidates were ranked by the summation of scores for the predicted pseudoknot with a triple helix, core-closing stem and boundary element (Tables 4 and S2 in Supplementary Materials). The TR core structures of S. pombe, P. stipitis, A. gossypii and D. hansenii, which were not previously predicted, are shown in Figure 3. Figure 3



The core secondary structure of telomerase RNAs predicted by TRFolder in S. pombe, P. stipitis, A. gossypii and D. hansenii. The numbering system used count position 1 as the first nucleotide at the 5′ end of the template. The numbers at both ends of the template indicate the first and last nucleotide of the template region. In S. pombe, the predicted boundary element and the 5′-arm of the core-closing stem are outside of the mapped TR region (Leonardi et al., 2008) so only the template region and the pseudoknot with triple helix are shown here. The complete prediction of the core secondary structure of S. pombe is listed in Table S2 in Supplementary Materials



In five of the eight species, A. gossypii, C. albicans, P. stipitis, C. guilliermondii and S. pombe, the top three structures were exactly the same as each other except for the core-closing stems; generally, the top alternatives were strongly overlapping. For the other three yeast species, the three highest-scoring predictions had differences other than just in the core-closing stems. The three highest scoring of the predicted C. glabrata TR structures had three completely different pseudoknots-triple helices. The pseudoknot and triple helix of the second highest ranking of these structures is highly similar to those recently proposed by Kachouri-Lafond et al. (2009) using comparative sequence analysis. The top two predicted pseudoknots were both surprisingly far (1.4 kb) from the template, implying that the size of the RNA must be at least 2 kb. Northern blot analysis confirmed that the C. glabrata TR is unusually large and contains the region of the predicted pseudoknots (Kachouri-Lafond et al., 2009). In the top three predicted structures of C. tropicalis, three pseudoknots are located about 400 nt away from the template, and have a nearly identical stem 2. The top and second best structures differ from the third in having a significantly better triple helix. Only one boundary element and one core-closing stem were predicted in the top three structures. The top three predicted secondary structures in D. hansenii have exactly the same boundary element.
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The pseudoknots in the top and third best structures are the same, and both stems highly overlap with those in the second best structure. Table 4



Summary of the predictions of the core structural elements of TR genes from eight yeast species. Stem lengths include non-paired nucleotides, so the lengths of both arms are listed for each stem, as they are sometimes different. The eight yeast species include C. albicans (C. alb), C. tropicalis (C. tro), A. gossypii (A. gos), C. glabrata (C. gla), C. guilliermondii (C. gui), D. hansenii (D. han) and S. pombe. The last two columns show the ranges in size of each structural element predicted in this study in the TRs from the Saccharomyces and Kluyveromyces species. The predicted structures are listed in Table S1 and S2 in Supplementary Materials
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In three of the eight yeasts, C. albicans, C. tropicalis and C. guilliermondii, the 5′ and 3′ ends of the TR have been recently mapped (Gunisova et al., 2009; Hsu et al., 2007). In each case, our predicted structures fall within the mapped gene. However, the 5′ arm of the predicted boundary element and the 5′ arm of the core-closing stem of S. pombe are outside of the mapped region of the S. pombe TR (Leonardi et al., 2008) (Table S2 in Supplementary Materials). Another study suggested that part of the paired region in the S. pombe boundary element overlaps with the template itself (Box et al., 2008), a structure not currently permitted by TRFolder. Moreover, the size constraint of the loop applied to the boundary element in our studies was 160–410 nt, which is larger than the loop size (57 nt) proposed by Leonardi and co-workers. When we adjusted the constraint of the loop size in TRFolder to 50–410 nt, and provided a truncated template excluding the overlapping part, the suggested boundary element was in each of the top three predicted core structures (data not shown). While this new boundary element also led to a different prediction of core-closing stem, exactly the same pseudoknot and triple helix were in each of the top three core structures of this test as in the initial analysis using the full-length template. S. pombe is very distantly related to other yeast species, which we used as training data. This is the first proposed pseudoknot structure with a triple helix for the TR of S. pombe.



3.3 TRs generate significantly higher scores than scrambled sequences folded by TRFolder We tested our program using random sequences generated in two different ways to serve as a negative control. With the ‘random position approach’, five 4 kb genomic sequences were excised randomly from the same chromosome where the TR gene was located, to mimic a false positive predicted template. With the ‘random shuffle approach’, we randomly shuffled the sequence of the chromosome containing TR gene, and took five random 4 kb segments from the shuffled sequence. For species whose genomes have not yet been completely sequenced, the shuffled sequences were generated based on all the available genomic sequences in these species in NCBI. The exact midpoint of the 4 kb sequence was designated as being the position of the template sequence for TRFolder. The test results on the random sequences are summarised in Table 5. The average score of the top-ranked secondary structure on the random sequences from all species was similar, within the range from 30 to 35, indicating this is the background score of yeast genomes produced by TRFolder. However, the maximum score TRFolder obtained on random sequences in each of the 18 species was usually above 35. In some species, the score of the top-ranked core secondary structure in putative TER1 was not significantly higher, or was sometimes even lower than the maximum score on random sequences (D. hansenii for example). To test whether TR candidates as a group were scoring higher than random sequences, we used a pairwise t-test to compare the scores of the top TR candidate and of the random sequences from each species. For each species, the top-scoring predicted structure of a TR candidate was paired with the predicted structure of each of the five random sequences, and the significance of score difference was calculated. The results showed that the highest score of TR candidates was significantly higher than the scores of random sequences (p < 0.0001). For the random position approach, there were 40 pairs in total for pairwise t-test (10 species, 5 pairs in each species). The results showed that the highest score of TR candidates was
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also significantly higher than the scores of random sequences (p < 0.0001). Since there were six random sequences whose scores were zero, and these might have caused biased results, we re-ran the pairwise t-tests leaving out these sequences. The test results were still significant (p < 0.0001) in both negative control approaches. These tests show that, as a group, the TR candidates we identified had significantly higher Z-scores than the random sequences. Table 5



Summary of negative control tests. The highest Z-scores of the predicted secondary structure in known/putative TRs, as well as the average of top Z-scores and standard deviation in the tested random sequences are listed in the table. The average scores and standard deviation are calculated based on non-zero Z-scores of random sequences. The genome sequences in Saccharomyces and Kluyveromyces species except S. cerevisiae and K. lactis are not yet available, so no results are listed in the random position testing for these species
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Discussion



We introduce TRFolder, a program that is capable of TR core structure prediction in distantly related yeast species independent from sequence comparative analysis. TRFolder was applied to multiple yeast species with newly identified TRs, including C. tropicalis, C. guilliermondii, C. glabrata, A. gossypii, D. hansenii, P. stipitis and S. pombe. Once TR gene candidates were identified, the TRFolder program was used to predict candidate structural features. TRFolder is the first program that is specific for TR prediction, and is able to find a pseudoknot structure with a triple helix, together with other key structural features of TRs, over a broad phylogenetic range of yeast species. Several lines of evidence suggest that the proposed TR core structures identified by TRFolder are correct or close to correct. First, the program correctly identified the core structures previously identified in both the Saccharomyces and the Kluyveromyces genera. Second, within all the yeast species examined, the best-scoring core structures proposed are typically similar and overlapping to each other. Third, TRFolder’s predictions of core secondary structure on most of the novel TRs were within the mapped region of TR transcripts (Gunisova et al., 2009; Kachouri-Lafond et al., 2009), although the predictions were based on larger 4 kb genomic sequences. Of course, the novel core TR structures predicted here need experimental verification. This work is the first to propose several structural elements in a few specific species with previously identified TRs, for example, the triple helix in the pseudoknot of Saccharomyces TRs; the whole core secondary structure in C. albicans; the pseudoknot with a triple helix in S. pombe. We have also confirmed the identification and report structural predictions for TRs from C. glabrata, C. guilliermondii, C. tropicalis, A. gossypii, D. hansenii and P. stipitis (Figure 3). There are differences in reliability for the predictions of different structural elements. The pseudoknot structure with a triple helix is the most reliable predictive feature; the boundary element is second; while the core-closing stem is the least reliably predictable structural element. The predictions on random sequences by TRFolder showed that, in many cases, the known or putative TRs have Z-scores that are much higher than the best scores of the random sequences. The Z-scores of the best-ranked core structures in all known or putative TRs are comparable with or higher than the mean of the Z-score distribution (data not shown). The fact that some random sequences achieved scores as high as some TR candidates indicates that the utility of TRFolder may be limited to situations where the TR gene has already been identified or narrowed down to a small number of candidates. While TRFolder alone is not currently capable of TR gene identification by scanning a genome, it is capable of narrowing down a list of candidates identified by telomere-homology or other means. For example, in the D. hansenii genome, there are 12 sequences containing long enough stretches of telomere homology to be a possible TR template. TRFolder ranked the correct sequence (as judged by neighbouring gene analysis) as one of the four highest Z-scores among the 12 candidates. The method employed by TRFolder is different from that used in other structure prediction tools such as MFOLD (Mathews et al et al., 1999; Zuker, 2003), which has been used to predict structural elements of yeast TRs (Tzfati et al., 2000). For TRs, MFOLD works well only for short sequences and is not capable of
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pseudoknot prediction. Gunisova et al. (2009) mention using a specific computer algorithm, without presenting details, to search for a pseudoknot in Candida spp. putative TRs. The TRFolder utility developed in our study is the first program that is specifically designed for TRs and that can automatically predict and assemble the set of structural elements comprising the TR core. We chose yeast TRs as a model, but the algorithm developed in our study should be useful with other groups as well. TRFolder is freely available for users to download.
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