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Figure S1. Catalytic activity of telomerase complexes. (A) Direct DNA primer extension assays for telomerase enzymes and DNA primers used in the study. Activity assays were performed as described in the detailed methods section unless otherwise noted. Total enzyme activity was defined as the total counts per lane corrected for the loading control (LC). (1) Unlabeled telomerase extension of (TTAGGG)3 DNA primer. (2) Unlabeled telomerase extension of 5’- biotinylated (TG)6TTAGGG DNA primer. The retardation of products in this lane is due to the 5’-biotin moiety. (3-13) Extension reactions performed with the biotinylated (TG)6TTAGGG DNA primer. (B) After quantification of the bands using SAFA 11b, the processivities were calculated using a previously reported method (23). In short, the fraction of DNA left bound (FLB) at each repeat band was determined. A linear fit of ln(1-FLB) versus repeat number was plotted and fit by linear regression using the expression ln(1- FLB)=(0.693/R1/2)*(repeat number). Dividing 0.693 by the slope of each line provides R1/2, the processivity value, for the respective enzyme. (C) The difference in total activity for these enzymes versus WT can likely be accounted for by the difference in RNA concentration used in the reconstitution reaction, where lower concentrations were used for dye labeled enzymes to preserve RNA. (D) To account for this variable, RNA dot blot analysis was performed on all telomerase preparations to estimate the amount of assembled RNP complexes, and total activity was normalized for the amount of enzyme produced during the reconstitution reaction (Rel. Activity*).  Activity values ranged from ~30-100% of wild type and all processivity values were very similar except for the P1 mutant and circular permutant enzymes, which showed no processivity. The similarity in processivity suggests that the active enzyme complexes that were observed at the single molecule level maintained WT level activity.
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Figure S2. A modified telomere primer allows immobilization of telomerase RNP but not protein-free telomerase RNA. (A) U42-U92 labeled telomerase was immobilized through a biotinylated primer with the sequence (TTAGGG)3 or (TG)6TTAGGG. Immobilization with either primer produced similar levels of immobilized complexes, demonstrating that the (TG)6TTAGGG primer, which forms a 7nt hybrid with the RNA template, is sufficient for high affinity pulldown of reconstituted telomerase complexes. (B) A (TTAGGG)3 primer allowed robust immobilization of protein-free dye labeled RNA by forming a 11 nucleotide hybrid with the template region. No RNA was immobilized when a primer with the sequence (TG)6TTAGGG was used. The lack of immobilization is expected as the relatively short 7nt hybrid with the template region is insufficient for robust RNA pulldown in a protein-free context. In these experiments the biotinylated primers were surface immobilized at a concentration of 100 nM. Telomerase RNPs were immobilized after immuno-precipitation with a 1:3 dilution. In the context of protein-free RNA experiments, 1 nM dye labeled RNA was used for single molecule immobilization. A standard threshold analysis of the single molecule traces was used to parse out the number of molecules containing acceptor fluorescence per imaging field.
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Figure S3. FRET-Rosetta modeling reveals the protein-free hTR core domain is consistent with triangular RNA architecture. (A) Single molecule FRET histograms of dye labeled hTR core domains immobilized on a (TTAGGG)3 primer. (Top-left) U42-U57 labeled telomerase. (Top-middle) U42-U92 labeled telomerase. (Top-right) U42-U184 labeled telomerase. (Bottom-left) U57-U92 labeled telomerase. (Bottom-middle) U57-U184 labeled telomerase. (Bottom-right) U92-U184 labeled telomerase. (B) Representative pseudoknot domain RNA model returned from FRET-Rosetta modeling algorithm using ScoreFRET and ScoreRNA terms. For details of modeling procedure see Methods. (C) Plotting the predicted FRET (based on distances in models) versus the experimental FRET reveals a high degree of correlation, showing that the converged models satisfied the FRET distance constraints during the modeling process. Error bars in the x-direction are computed by taking the standard deviation of the predicted FRET values for the ten lowest scoring models in the largest cluster. Error bars in the y-direction are the standard deviations of the peaks from the experimental FRET histograms. 
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Figure S4. Disruption of P1 stem completely disruptss protein-free RNA architecture and partially disrupts RNA architecture in the RNP. Each histogram was generated by immobilizing either U42-U184 FRET labeled RNA with (TTAGGG)3 primer. This allowed immobilization of both protein-free RNA as well as assembled RNPs. (A) WT protein-free hTR core domain shows a single predominant distribution at high FRET. (B) When the WT RNP is immobilized, two predominant distributions are present. The major distribution represents the assembled RNP whereas the high FRET peak likely represents misassembled or unassembled RNP/RNA. (C) Mutation of the P1 stem reveals that protein-free RNA without P1 stem formation adopts an entirely different conformation, where the main FRET peak splits and shifts towards lower FRET. This result highlights the importance of the P1 stem for stabilizing the hTR core domain in a circular architecture. (D) Mutation of the P1 in the context of the RNP results in the major distribution shifting toward low FRET, suggesting most of the complexes are misassembled. The second minor distribution likely represents properly assembled RNP even in the absence of the P1 stem, suggesting the P1 is important but not absolutely required for RNP assembly.
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Figure S5. Modeling runs produced convergent solutions in three distinct states. Scores of each of the models vs RMS deviation to the center of the most populated cluster for the stalled (A) and active (B) complex models. Circled regions of the plot delineate the clusters that are shown in panel C. The second highly populated group of models at 50-60 Å RMS in panel A scores very well in the binding models. However, these structures are predicted to clash with previously characterized elements of the CR4/5 domain that are not present in these models (4). (C) The 10 lowest scoring models from clusters representing states I (blue), II (green), and III (red) are shown (see SI Methods for clustering details; all clusters shown here were generated with a 1.0nm radius). The modeling precision for these runs is estimated to be 1.4nm.
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Figure S6. Modeling of telomerase without the TEN domain or with an enforced P1 stem does not significantly alter RNP architecture. (A) When modeling runs were performed without the TEN domain or (B) with the P1 RNA stem enforced at the RBD binding site, a single cluster was returned from the binding data whereas the activity models produced two distinct clusters that depict a motion of the pseudoknot away from its original position. These modeling clusters are similar in architecture and dynamics with respect to the original modeling runs with the TEN domain and without P1 formed as described in the main text. 
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Figure S7. Native stem structures are capable of bridging the pseudoknot and CR4/5 domains. (A and B) Lowest scoring model of the RNA connecting the P1b and P6 stems is shown in white (stems P1a, P4, P5, and P6). (C) Several of the lowest scoring models overlaid.
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Table S1. DNA and RNA oligos used for preparation of RNA fragments.

	RNA
/DNA
	Name
	Sequence (label site)
	Function
	hTR segment

	RNA
	U42 labeled RNA
	5'-GGGCCAUUUUUUGUCUAACCCUAACUGAGAA-3'
	Dye labeling pseudoknot RNA
	32-62

	RNA
	U57 labeled RNA
	5'-GGGCCAUUUUUUGUCUAACCCUAACUGAGAA-3'
	Dye labeling pseudoknot RNA
	32-62

	RNA
	U42 short labeled RNA
	5'-GGGCCAUUUUUUGUCUAAC-3'
	Dye labeling pseudoknot RNA
	32-50

	RNA
	U57 short labeled RNA
	5'-P-CCUAACUGAGAA-3'
	Dye labeling pseudoknot RNA
	51-62

	RNA
	U92 labeled RNA
	5'-P-GGGCGUAGGCGCCGUGCUUUUGCUCCCCGUG
CGCUGUUUUUCUCGCUGACUUUCAGC-3'
	Dye labeling pseudoknot RNA
	63-119

	RNA
	U184 labeled RNA
	5'-P-GGGCGGAAAAGCCUCGGCCUGCCGCCUUCCAC
CGUUCAUUCUAGAGCAAACAAAAAAUGUCAGCUGC
UGGCCCGUU-3'
	Dye labeling pseudoknot RNA
	120-195

	RNA
	U312 labeled RNA
	5'-P-CCACCGCGAAGAGUUGGGCUCUGUCAGCCGCG
GGUC-3'
	Dye labeling CR4/5 RNA
	293-329

	RNA
	CR4/5 unlabeled RNA
	5'-GAACCCCGCCUGGAGGCCGCGGUCGGCCCGGGG
CUUCUCCGGAGGCACCCACUG-3'
	Dye labeling CR4/5 RNA
	239-292

	DNA
	DNA splint 1 for PK ligation
	5'-CAGCGCGCGGGGAGCAAAAGCACGGCGCCTACG
CCCTTCT CAGTTAGGGTTAGACAAAAAATGGCCACC
ACCCCTCCCAGG-3'
	Splint 5' pseudoknot fragments for ligation

	DNA
	DNA splint 2 for PK ligation
	5'-CAGCTGACATTTTTTGTTTGCTCTAGAATGAACGG
TGGAAGGCGGCAGGCCGAGGCTTTTCCGCCCGCTGA
AAGTCAGCGAGAAAAACAG-3'
	Splint 3' pseudoknot fragments for ligation

	DNA
	Telomere primer
	5'-Bio-TTAGGGTTAGGGTTAGGG
	Immobilization of RNA and RNPs for
single molecule experiments

	DNA
	Modified telomere primer
	5'-Bio-TGTGTGTGTGTGTTAGGG
	Specific immobilization of RNPs for 
single molecule experiments

	DNA
	hTR PCR Primer 
63-195 Forward 
	5'-TAATACGACTCACTATAGAGAAGGGCGTAGGC-3'
	Template for in-vitro transcription 
of 63-195 for PK construction

	DNA
	hTR PCR Primer 
63-195 Reverse
	5'-AACGGGCCAGCAG-3'
	
	

	DNA
	hTR PCR Primer 
120-195+32-63 (CP)
	5'-TTCTAATACGACTCACTATAGGGCGGAAA-3'
	PCR assembly of circular permutant RNA
(generated by Primerize)

	DNA
	hTR PCR Primer 
120-195+32-63 (CP)
	5'-GGTGGAAGGCGGCAGGCCGAGGCTTTTCCGCCCT
ATAGTGAGTCGTA3'
	
	

	DNA
	hTR PCR Primer 
120-195+32-63 (CP)
	5'-GCCGCCTTCCACCGTTCATTCTAGAGCAAACAAAA
AATGTCAGCTGCTGGCCCGTTG-3'
	

	DNA
	hTR PCR Primer
 120-195+32-63 (CP)
	5'-TTCTCAGTTAGGGTTAGACAAAAAATGGCCCACCA
ACGGGCCAGCAGCTGACAT-3'
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