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Fig. S1. Cryo-EM of Tetrahymena telomerase holoenzyme and resolution estimation. (A) A 

full-size (3710  3710 pixels) drift-corrected cryo-EM micrograph of Tetrahymena telomerase 

holoenzyme acquired at -4.9 µm defocus. (B) Representative cryo-EM 2D class averages of 

particles that are assessed as ‘good’ (left) or ‘bad’ (right) classes by visual inspection during data 

processing. (C) Cryo-EM 2D class averages of front-view particles. Red arrowheads depict the 

missing or fuzzy density of the flexible p75-p45-p19 subcomplex. The side length of each image 

box in (B) and (C) is 35 nm. (D) Cryo-EM 3D reconstructions generated by 3D classification. 

The density for p75-p45-p19 is missing in class 5 due to its flexibility. The particles sorted to the 

classes (1-4) that show an intact holoenzyme structure were combined together for the 3D auto-

refinement. (E) ‘Gold standard’ FSC curves between two independently refined maps from the 

3D auto-refinement that were carried out with a spherical mask including all subunits (blue) or 

with a soft-edge mask excluding p75-p45-p19 subcomplex (black). Each FSC curve was 

calculated with an auto-mask that was corrected by phase randomization. The resolutions were 

estimated at the 0.143 criterion. (F-I) Surface views (F, H) and cut-through views (G, I) of the 

unsharpened cryo-EM maps refined with a spherical mask (F, G) and with a soft-edge mask 

excluding the p75-p45-p19 subcomplex (H, I). The cryo-EM maps are colored by local 



resolution estimated by ResMap using two cryo-EM maps independently refined from halves of 

data. The region corresponding to the masked p75-p45-p19 is depicted by the dashed line in (H). 

The inset is the schematic of the subcomplex organization shown in the same view as the local 

resolution maps.



 
 

Fig. S2. Assessment of orientation distribution of Tetrahymena telomerase holoenzyme 

particles and its impact on reconstruction resolution. (A-C) Euler angle distributions, 

generated by RELION 3D auto-refinement, of all particles (A) used in the 8.9-Å reconstruction, 

the half of all particles that are more uniformly distributed (‘uniform half’) (B), and the other 

half that show strongly preferred orientation (‘preferred half’) (C). Note the histograms show 

relative particle counts at different orientations within each data set and are not comparable 

across data sets for absolute particle counts. The 3D auto-refinements of three data sets were all 

carried out with a soft-edge mask excluding p75-p45-p19 subcomplex using the same parameters 

in RELION. (D-F) Projections (30° interval) of the unfiltered 3D reconstructions from all 

particles, the ‘uniform half’, and the ‘preferred half’. Some projections from the ‘preferred half’ 

(F) show striped artifacts resulting from missing information; the projections from all particles 

(D) and the ‘uniform half’ (E) are isotropic without the artifacts, indicating that the quality of 

reconstruction from all particles or the ‘uniform half’ was not degraded by the problem of 

preferred orientation existing in the ‘preferred half’. (G) Close-up view of representative 



projections that show striped artifacts from the ‘preferred half’ but not from all particles or the 

‘uniform half’. (H) ‘Gold standard’ FSC curves of the refinements using all particles (grey), the 

‘uniform half’ (blue), and the ‘preferred half’ (red). (I) Comparison of representative projections 

(‘Proj’) from the 9.4-Å cryo-EM map and the corresponding class averages (‘Class’). The side 

length of each image box in (D-G and I) is 35 nm. 

 



 
 

Fig. S3. Fitting of atomic structures or homology models in the cryo-EM maps. (A-M) 

Fitting of TERT (A) TEN, (B) TRBD, (C) homology model of RT and (D) homology model of 

CTE, (E) TER, (F) p65 xRRM2, (G) Teb1C, (H) RPA32N for Teb2N, (I) RPA14 for Teb3, (J) 

RPA70C for p75C, (K) RPA32N for p45N, and (L) p19, (M) TPP1 for p50N. Three views are 

shown to illustrate good fit of OB-fold -barrel (red); loops and helices are in gray. (N, O) 

Horizontal cross section through density of (N) p50N and (O) Teb2N to show the hole in the 

density corresponding to the center of the OB-fold -barrel. The atomic or homology models 

used in the fitting are summarized in table S1. Atomic or homology models are shown as ribbons 

and cryo-EM maps are show as transparent surfaces. 8.9-Å and 9.4-Å cryo-EM maps are used in 

(A-I, M-O) and (J-L), respectively. 



 
 

Fig. S4. Model of the TERT-TER complex. (A) Front view of TERT-TER complex illustrating 

the positions of the PK and template on opposite sides of TERT ring, the TEN domain, and the 

TRE between the TERT ring and TEN domain, with possible contact to TEN. (B) Close-up view 

of the interaction between TER SL2/TBE and TERT TRBD illustrating the location of TBE 

single-strand nts on either side of TERT ring near CP motif. The T and CP motif of TRBD and 

TER TBE are colored in brown, green, and cyan, respectively.  

 



 
 

Fig. S5. The cryo-EM density of the newly discovered proteins Teb2 and Teb3. (A) “Back 

view” of the 9.4-Å cryo-EM map fit with known structures (ribbons and space-fill model). The 

cryo-EM density assigned to previously known subunits is superimposed with a shade of purple. 

Based on exhaustive fitting of available atomic models and visual inspection, the “knob” density 

does not correspond to any previously identified subunits. (B) Negative-stain EM class average 

of p50-F telomerase. Sample preparation, data acquisition, and processing have been described 

previously (29). Red dashed circle marks the location of the missing “knob” density. The side 

length of the image box is 35 nm. 

  



 
 



 
 

Fig. S6. Multiple sequence alignments of TEB2/3, RPA2/3, Stn1, Ten1, p45 and p19. 

Secondary structures from the previously reported crystal structures of human proteins and 

crystal structures of Tetrahymena proteins reported here (p45C WH1/WH2 and p19) are shown 

as “.” for gaps, “-” for loops, “E” for beta-sheet, and “H” for alpha-helix. Conserved or similar 

residues are highlighted according to their chemical characteristics: hydrophobic, polar, 

negatively charged, positively charged. (A) RPA32N OB-fold aligned with Teb2N OB-fold. 

(B) RPA32 WH domain aligned with Teb2 WH domain. (C) RPA14 aligned with Teb3. (D) 

Stn1N OB-fold aligned with p45N OB-fold. (E) Stn1 WH1 domain aligned with p45 WH1 

domain. (F) Stn1 WH2 domain aligned with p45 WH2 domain. (G) Ten1 aligned with p19. 

Alignments reveal close homology of Teb2/3 with RPA2/3. Consistent with previous 

observations of low sequence homology of Stn1 and Ten1 across kingdoms, p45 and p19 show 

lower sequence homology with Stn1 and Ten1 proteins. Multiple sequence alignments were 

performed using CLUSTAL. 

 

 

  



 
 

Fig. S7. p19 and p45C are structurally similar to Ten1 and Stn1C. (A) Structural alignment 

of p19 (yellow) with human Ten1 [PDB 4JOI] (purple). RMSD = 2.5Å. (B) Structural alignment 

of p45 WH1 (orange) and WH2 (yellow-orange) domains with S. cerevisiae Stn1C-WH1 [PDB 

3KEY] (blue) and human Stn1C-WH2 [PDB 4JQF] (teal), respectively. RMSD = 2.8 and 1.9, 

respectively. Structural alignments were made using the Dali server 

(http://ekhidna.biocenter.helsinki.fi/dali_server). 
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Fig. S8. Fab-labeled p45-F telomerase holoenzyme. (A) Randomly selected negative-stain EM 

particle images of telomerase homoenzyme with the C-terminus of p45-F labeled with anti-

FLAG Fab. Distinguishable densities of Fab are marked with yellow arrowheads. Particles are 

rotated to match the orientation of telomerase holoenzyme among them for the ease of 

visualization. The Fab density mostly appears in the top-left corner of the image that is near the 

position of p45N. (B) Negative-stain EM class averages of Fab-labeled p45-F telomerase 

holoenzyme particles. Two families of class averages are observed: telomerase holoenzyme (first 

row) and 3 Fab attached to the C-terminus of p45 (second row). Red arrowheads mark the 

density of the C-terminal domain of p45. No class averages show these two structures together 

due to the flexible positioning between them, attributed to unstructured linker residues. The side 

length of each image box in (A) and (B) is 56 nm and 42 nm, respectively. Sample preparation, 

data acquisition, and processing have been described previously (29). 

 



 

 
 

Fig. S9. Phylogenetic cluster analysis of Stn1/Rpa2 and Ten1/Rpa3. (A) Stn1 and Rpa2 and 

(B) Ten1 and Rpa3 cluster in distinct monophyletic groups. Shown is a rooted maximum 

likelihood phylogeny of Stn1 and Rpa2 (A) and Ten1 and Rpa3 (B) inferred using the WAG 

amino-acid transition model in RAxML [A. Stamatakis: "RAxML Version 8: A tool for 

Phylogenetic Analysis and Post-Analysis of Large Phylogenies" in Bioinformatics, 30, 1312-

1313, 2014] from sequence alignment generated with ClustalW2. Alignments of the two protein 

families were conducted simultaneously and the cluster analyses show that (A) p45 clusters with 

Stn1 while Teb2 clusters with Rpa2 and (B) p19 clusters with Ten1 while Teb3 clusters with 

Rpa3.  



 
 

Fig. S10. Model of ssDNA exiting the template. Models of DNA (green) paired with the 

template (purple) and bound to Teb1C are based on the fitting of the crystal structures of 

Tribolium TERT (PDB ID: 3KYL) and RPA:ssDNA complex (PDB ID: 4GNX), respectively. 

The green dots indicate the region connecting the ssDNA from the two model structures. The N- 

and C-termini of the crystal structure of TEN are depicted by its amino acid numbers. TERT ring 

is in gray, active site catalytic triad residues are shown in red, and TEN is in cyan. 

 



Table S1. X-ray crystal and NMR structures used in the fitting of the cryo-EM maps of 

Tetrahymena telomerase holoenzyme 

Subunit Domain Structure fitted in the cryo-EM maps 
Related 

PDB  ID 
Ref 

TERT 

TEN Tetrahymena TERT TEN 2B2A (32) 

TRBD Tetrahymena TERT TRBD 2R4G (37) 

RT 
Homology model derived from Tribolium 

TERT 
3DU6 (31) 

CTE 
Homology model derived from Tribolium 

TERT 
3DU6 (31) 

TER 

SL4 
Model derived from Tetrahymena p65 

xRRM2/TER S4 complex and L4  

4ERD, 

2M21 

(29, 33, 

85) 

SL2 Tetrahymena TER SL2 2M22 (29, 86) 

PK Tetrahymena TER PK 2N6Q this work 

Template 
Homology model derived from Tribolium 

TERT/RNA-DNA hybrid complex 
3KYL (38) 

S1 Ideal A-form RNA helix -- -- 

p65 xRRM2 p65 xRRM2/TER S4 complex 4ERD (33) 

p65 La+RRM1 hLa complex 2VOP (33, 87) 

Teb1 C Tetrahymena Teb1C 3U50 (50) 

Teb2 N RPA32N in human RPA trimer 1L1O (51) 

Teb3  RPA14 in human RPA trimer 1L1O (51) 

p75 C RPA70C in human RPA trimer 1L1O (51) 

p45 N RPA32N in human RPA trimer 1L1O (51) 

p19  Tetrahymena p19 5DFM this work 

p50 N Human TPP1 2I46 (13) 

Telomere 

ssDNA 
 

Tribolium TERT/RNA-DNA hybrid and 

fungal RPA/ssDNA complexes 

3KYL, 

4GNX 
(38, 88) 

 
 



  

Table S2A. Telomerase proteins identified from TERT-FZZ telomerase preparations by 

LC-MS/MS 
   Replicate 1 Replicate 2 Replicate 3 

TTHERM 

ID 

 

Protein 

MW 

(kDa) 

Uni. 

Pepa 

Sig. 

Pepb 

% 

Covc 

 

Scored 

Uni. 

Pepa 

Sig. 

Pepb 

% 

Covc 

 

Scored 

Uni. 

Pepa 

Sig. 

Pepb 

% 

Covc 

 

Scored 

00112560 TERT 134.1 30 22 22 393 84 70 53 2440 37 22 30 370 

000318539 p65 64.6 22 17 41 300 49 42 62 1447 36 20 50 358 

01049190 p50 50.3 14 8 29 276 27 26 45 2539 11 7 29 147 

0059040 p75 74.3 21 10 24 150 42 31 50 955 28 15 40 437 

0083360 p45 43.8 17 11 34 201 30 27 59 1475 14 7 33 198 

00658760 p19 19.5 7 3 38 88 9 8 50 223 1 1 8 39 

00218760 Teb1 82.6 12 7 15 148 18 15 21 1479 5 2 8 251 

00113129 Teb2 31.1 9 7 42 414 15 13 49 858 8 5 35 334 

00439320 Teb3 14.0 8 7 44 406 9 8 51 507 5 3 40 409 

 

 

Table S2B. Telomerase proteins identified from ZZF-p50 telomerase preparations by LC-

MS/MS 
   Replicate 1 Replicate 2 

TTHERM  

ID 

 

Protein 

MW 

(kDa) 

Uni. 

Pepa 

Sig. 

Pepb 

% 

Covc 

 

Scored 

Uni. 

Pepa 

Sig. 

Pepb 

% 

Covc 

 

Scored 

00112560 TERT 134.1 15 3 12 40 40 33 31 616 

000318539 p65 64.6 7 3 12 74 36 29 47 828 

01049190 p50 50.3 16 8 38 118 30 24 60 1218 

0059040 p75 74.3 24 15 33 256 25 19 37 334 

0083360 p45 43.8 12 6 27 128 20 15 50 746 

00658760 p19 19.5 7 4 33 79 9 7 44 241 

00218760 Teb1 82.6 0 0 - - 0 0 - - 

00113129 Teb2 31.1 0 0 - - 1 1 - - 

00439320 Teb3 14.0 0 0 - - 0 0 - - 

a
Number of unique peptide sequences identified at < 10 ppm mass accuracy 

b
Number of unique peptide sequences identified with E-value < 0.05 (>95% confidence that the match was not 

random) 
c
Percentage of theoretical sequence covered by identified peptides 

d
Mascot score employing all peptides with E-value < 0.05  

 



 

Table S3. X-Ray Data Collection and Refinement Statistics 

 MBP-p19  P45C  

Data Collection   

Space group P213 F222 

Unit cell dimensions   

a, b, c (Å) 150.60, 150.60, 150.60 88.03, 124.62, 173.77 

α, β,  (˚) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

Reflections observed 993,498 101,012 

Unique reflections 50,601 18,884 

Multiplicity 19.6 5.3 

Wavelength (Å) 0.9795 0.9791 

Resolution (Å) 2.30 2.38 

Highest Resolution Shell (Å) 2.30 – 2.36 2.38 – 2.45 

Rsym (%)a 11.9 (103.3) 6.4 (72.8) 

Rp.i.m. (%)b 3.9 (30.4) 3.3 (30.7) 

CC(1/2) 99.9 (90.0) 99.9 (86.7) 

I/σ 19.4 (3.4) 14.1 (2.5) 

Completeness (%) 99.9 (98.7) 97.8 (78.6) 

Wilson B value (Å2) 40.16 53.10 

   

Refinement   

Resolution (Å) 86.89 – 2.30 86.89 – 2.38 

Resolution (Å) (last shell) 2.30 – 2.33 2.38 – 2.45 

Reflections used 50,569 18,334 

Rwork(%) / Rfree(%)c 17.5 / 22.6; (22.7 / 31.4) 20.7 / 26.4; (32.9 / 41.5) 

Protein molecules in  

Asymmetric Unit 
2 2 

Number of non-H atoms   

Protein 7784 2730 

Non-protein 207 6 

RMS Deviations   

Bond lengths (Å) 0.008 0.008 

Bond angles (˚) 1.14 1.01 

Average B-factor (Å2)   

Protein atoms 45.2 62.8 

Non-protein atoms 56.8 50.4 

Ramachandran plot regionsc   

Favored 97.2 98.19 

Allowed 2.8 1.81 

Outliers 0.00 0.00 

Highest resolution shell shown in parenthesis 

aRsym = 100 x Σ(I-I(mean))2 / Σ(I)2 
bRp.i.m. = 100 x Σ√(1/(N-1))Σ (I-I(mean)) / Σ(I)2 

where I is the observed intensity of the reflection HKL and the sum is taken over all reflections HKL and N is the redundancy 
cRfactor = 100 x Σ||Fobs| - |Fcalc|| / Σ|Fobs| 

Fcalc and Fobs are the calculated and observed structure factor amplitudes, respectively.  Rwork refers to the Rfactor for the data 

utilized in the refinement and Rfree refers to the Rfactor for 5% of the reflections randomly chosen that were excluded from the 

refinement 

cPercentage of residues in Ramachandran plot regions were determined using Molprobity (Chen et.al 2010). 



 

Table S4. NMR restraints and structure statistics for Tetrahymena TER pseudoknot 

Parameter Value  

 

NMR distance and dihedral restraints   

    Distance restraints   

          Total NOEs 414 

          Intraresidue NOEs 103 

          Interresidue NOEs 311 

             Sequential (|i-j|) = 1 176 

              Long range (|i-j|) > 1 135 

          Hydrogen bond restraints* 82 

    Total dihedral angle restraints 171 

          Sugar pucker 140 

          χ 31 

    RDCs 79 

    

Structure statistics   

    Violations (mean ± SD)   

          Distance constraints (Å) 0.054 ± .001 

          Dihedral angle constraints (°) 0.020 ± .002 

          Maximum dihedral angle violation (°) 2.03 

          Maximum distance violation (°) 0.29 

    Deviations from idealized geometry   

          Bond lengths (Å) 0.0057 ± .0001 

          Bond angles (°) 0.95 ± .02 

          Impropers (°) 0.61 ± .04 

    Average pairwise rmsd (Å) **   

          Heavy 0.83 ± 0.23 

          Backbone 0.84 ± 0.24 

* Two hydrogen bond restraints were used for each hydrogen bond. 

** Pairwise RMSD was calculated for the lowest 10 energy structures. 
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