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Telomerase is unique among the reverse transcriptases in containing anoncoding
RNA (known as telomerase RNA (TER)) that includes a short template that is used for
the processive synthesis of G-rich telomeric DNA repeats at the 3’ ends of most
eukaryotic chromosomes'. Telomerase maintains genomic integrity, and its activity
or dysregulation are critical determinants of human longevity, stem cell renewal and
cancer progression®>. Previous cryo-electron microscopy structures have established
the general architecture, protein components and stoichiometries of Tetrahymena
and human telomerase, but our understandings of the details of DNA-protein and
RNA-proteininteractions and of the mechanisms and recruitment involved remain
limited* . Here we report cryo-electron microscopy structures of active Tetrahymena
telomerase with telomeric DNA at different steps of nucleotide addition. Interactions
between telomerase reverse transcriptase (TERT), TER and DNA reveal the structural

basis of the determination of the 5’ and 3’ template boundaries, handling of the
template-DNA duplex and separation of the product strand during nucleotide
addition. The structure and binding interface between TERT and telomerase protein
p50 (a homologue of human TPP178) define conserved interactions that are required
for telomerase activation and recruitment to telomeres. Telomerase La-related
protein p65 remodels several regions of TER, bridging the 5’ and 3’ ends and the
conserved pseudoknot to facilitate assembly of the TERT-TER catalytic core.

Telomerase was firstidentified in the ciliated protozoan Tetrahymena®,
which has continued to have arolein the uncovering of the mechanistic
details of chromosome end replication'®", All telomerases contain a
catalytic core of TERT and TER, whichincludes a conserved template
and pseudoknot domain (t/PK) and a stem-terminus element*. Addi-
tional TER-binding protein(s) (for example, p65® in Tetrahymena and
H/ACA small Cajal body ribonucleoprotein' in human) are required
for TER biogenesis and core ribonucleoprotein assembly. A previous
cryo-electron microscopy (cryo-EM) structure of Tetrahymena telom-
erase ataresolution of 4.8 A revealed the first complete architecture of
TERT>:its RNA-binding domain (RBD), reverse transcriptase domain and
C-terminal extension (CTE) form a ring structure similar to that of the
Tribolium castaneum TERT-like protein's, whereas the telomerase essen-
tial N-terminal domain (TEN) and TRAP motif (Fig. 1a)—whichareunique
to TERT—cross over the TERT ring from opposite sides to enclose the
t/PKand complete the catalytic cavity. Tetrahymenatelomerase addition-
ally contains p50 and two replication protein A-related heterotrimeric
complexes*'%%; Tebl-Teb2-Teb3 (TEB) and p75-p45-p19 (Fig.1a,b). p50,
Tebland p75-p45-pl9 are homologues of human telomere-associated
proteins TPP1”8, POT1" and CTC1-STNI1-TEN1", respectively, which
transiently associate with telomerase for telomerase activation, the
handing of single-stranded telomeric DNA (sstDNA) and DNA polymerase
a-primase recruitment for complementary strand synthesis”.

Telomerase repetitively uses its integral template that is comple-
mentary to 1.5-1.8 telomere repeats (GGGTTG in Tetrahymena and
GGTTAG in human) for several rounds of telomere repeat synthesis"
(Fig.1c). Thisrequires two types of template translocation: (1) nucleo-
tide translocation that shifts the template by one register after each
nucleotide addition and (2) repeat translocation that resets the tem-
plate back to its original position after synthesis of each telomeric
repeat. During repeat translocation, the template must separate from
the DNA, shift and then pair to the DNA with its alignment region. To
our knowledge, structural details of almost all of these steps are cur-
rently lacking. Here we describe the cryo-EM structure at aresolution
of 3.3 A of telomerase with sstDNA at the second step of nucleotide
addition, together with structures at the third, fourth and fifth steps.
These structures reveal details of protein, RNA and DNA side-chain
interactions that determine the assembly, recruitment and activity
of telomerase, and suggest a mechanism for processive addition of
telomeric repeats.

Overall structure
The endogenously expressed telomerase that we used for our

cryo-EM studies was purified from Tetrahymena, and sstDNA
(GTTGGG); was added during the purification (Extended Data Fig. 1).
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Fig.1|Structure of Tetrahymenatelomerase with sstDNA. a, Domain
organization of TERT, p65, p50 and TEB. Regions thatareinvisiblein the
cryo-EMmapareingrey. CTD, C-terminal domain; LaM, La motif; RT, reverse
transcriptase domain. b, Representative 2D class average image. CST indicates
p75-p45-pl9,ahomologue of human CTC1-STNI1-TENI. ¢, Schematic of
TERsecondary structure. Interaction sites with TERT, sstDNAand p65are
indicated. L4, loop 4; PK, pseudoknot; S1, stem 1; S4, stem 4; SL2, stem-loop 2;
STE, stem-terminus element.d, Cryo-EM density. e, Molecular model of
telomerase. f, TER pseudoknot anditsinteractions with the CTEof TERTand La
motif of p65. Green spheres are positively charged residues of the La motif of

By computationally excluding the dynamic p75-p45-p19 (Fig. 1b),
we obtained a reconstruction of sstDNA-bound TERT-TER-p65 core
ribonucleoprotein with the p50 oligonucleotide-binding domain (p50
OB) and Teb1C-Teb2N-Teb3 at an average resolution of 3.3 A (Fig. 1d, e,
Extended DataFig. 2, Extended Data Table 1, Supplementary Video1).

Aswas previously seeninastructure at 4.8 Aresolution that used a
different sstDNA®, the TERT-TER catalytic core adopts aninterlocked
architecture (Fig. 1e, Extended Data Fig. 3, Supplementary Video 2).
In the catalytic cavity, the sstDNA and template form a 4-bp A-form
duplex with the final base pair shifted out of the active site (Fig. 1c,
h). Almost all of the circle that comprises the t/PK has direct interac-
tions with TERT, including the pseudoknot that is anchored on the
CTE by a cluster of positively charged residues (Fig. If). The rest of
TER, including stem 1and stem-loop 4, forms a U-shape and is bound
by p65 below the TERT ring (Fig. 1e). Loop 4 is inserted between, and
specifically interacts with, the RBD and CTE to close the TERT ring
(Extended Data Fig. 3d-f).

TEN-TRAPinteracts with the TERT ring at only two regions: the Nand
Ctermini of TRAP are covalently connected to the insertionin fingers
motifs Aand C™?, respectively, within the reverse transcriptase domain,
andthevisible distalend of TRAPisanchored onthe CTE together with
the N-terminal tail of TEN (Fig. 1g-i, Extended DataFig. 4a-c). Beyond
thedistalanchor, TRAP hasa23-residue flexible loop (Fig.1g); the trun-
cationof thisloop has almost no effect on telomerase activity (Extended
Data Fig. 4d), consistent with its absence in human TERT (Extended
DataFig. 5a). Behind the anchor, TER runs between and interacts with
TRAP and the CTE (Fig.1h). We investigated the importance of the TEN-
TRAPinterfaceanditsanchor point onthe CTE by assaying the effect of
individual amino acid substitutions on telomerase activity. Except for
K17A (which has only backbone interactions), all substitutions in the
CTE-TRAP-TEN three-way anchor markedly decrease overall activity
andrepeat addition processivity (RAP) (Fig.1j, Extended Data Fig. 4f).
Substitutions of residues at the extensive (around 1,900 A2) TEN-TRAP
interface generally decrease activity, although less markedly than do
substitutionsin the anchor (Extended Data Fig. 4e). These results dem-
onstrate that TEN-TRAP and its anchor on the CTE are essential for
telomerase activities (including RAP).

& Catalytic
cavity

p65thatareontheinterface. The CTE of TERT isshown as electrostatic surface.
g, Superposition of ribbon diagram and cryo-EM density of TRAP. Dashed line
indicates TRAP flexible linker. IFD, insertionin fingers domain. h, Structure of
TERT, with DNA (green) and TER (magenta) within the catalytic cavity shown as
surfaces.i, CTE-TRAP-TEN interface. j, Telomerase activity assays with alanine
substitutions of residues shownini. Asterisksindicate residues thatinteract
with eachotheras pairs. The number of telomeric repeats synthesized are
indicated atleft. Top, expression levels of *S-Met-labelled TERT mutants. RC,
recovery control. Activity assays were successfully repeated three times.
Supplementary Fig.1provides gel source data for all figures.

p65binds several regions of TER

p65is a LARP7 protein® with a specialized C-terminal RNA recogni-
tion motif (xRRM) that bends stem 4 of TER during assembly of the
TERT-TER-p65 core ribonucleoprotein®?, but how the rest of p65
interacts with TER remains uncharacterized. Despite lower resolution
in this region, we could model the La motif of p65 with the help of its
sequence and structural similarities to human La protein®. The RRM1
of p65—which completes the La module (La motif-RRM1) (Fig. 1a)—is
almost invisible in the cryo-EM map (Fig. 1d), indicating its flexibility.
As expected, the La motif of p65 binds the 3’-UUU-OH of TER using a
cleft that s lined with conserved aromatic residues® (Extended Data
Fig.3g). The Lamotif of p65also wedges into the junction between the
pseudoknot and stem 1 (Fig. 1e,f, Extended Data Fig. 3h). The nucleo-
tide C,s of the pseudoknotloopis flipped out tointeract with the posi-
tively charged C terminus of the La motif of p65 (Fig. 1f, Extended Data
Fig.3h). The 5’ end of TER binds to an adjacent region of the La motif,
near the pseudoknot (Extended Data Fig. 3h). Thus, p65not only bends
stem 4 to position loop 4 for interaction with TERT?, but its La motif
alsointeracts simultaneously with the 5’ end, 3’ end and pseudoknot
of TER, consistent with a role for p65 as a chaperone for TER folding
and ribonucleoprotein assembly.

p50 binds TERT on TEN-TRAP

The role of p50 is functionally equivalent to that of the
telomerase-activating role of TPP1in human®. We rebuilt the previous
model of p50 OB (amino acids 1-184), and found this domain s highly
similar to the TPP1 OB’ (Fig. 2a, Extended Data Fig. 6a, b). p50 binds
TERT atadjacentregions of TEN-TRAP (Fig.2b). Two structurally con-
served loops (Ly,-gsand Lys 4¢) inthe p5SO OB bind TEN on abasic surface,
and TRAP interacts with the B-barrel and a0 helix of p50 OB (Fig. 2c,
Extended Data Fig. 6¢). Previous studies have defined the TEL patch
and NOB region of human TPP1 OB as critical for telomerase recruit-
ment and RAP stimulation'®**%, Docking TPP1 OB onto our cryo-EM
structure reveals that the NOB and TEL patch residues of TPP1 OB are
alllocated onthe sameinterface with TERT as that used by p50 (Fig. 2d,
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Fig.2|Structure of p50 OB and interactions with TERT. a, Comparison of
p5S0 OB and human TPP10OB (Protein Data Bank (PDB) code 2146) structures.
Zoomed-inviews show L, g, in p50 OB (left) and TPP1OB (right). b, Interface
between p50 OB (ribbon, with yellow spheres for residues at interface) and
TERT (cryo-EM density). ¢, Side-chaininteractions between p5S0 OB and TEN-
TRAP,asinb.d, TPP10B docked onto Tetrahymena TERT. Yellow spheres are
TEL-patchresidues. Green sphereisSerl1l.

Extended Data Fig. 6d). Residue Ser111, the phosphorylation of which
isimportant for the cell-cycle-regulated TPP1association with human
telomerase®, isalsolocated on the interface (Fig. 2d). Notably, the NOB
region of TPP10Bis extended in the crystal structure (Fig.2a) but—on
the basis of sequence similarity (Extended Data Fig. 6d)—probably also
formsan a0 whenbound to TERT. This structure provides atomic-level
details of the TERT-p50 interface, and (by structural homology) for
human TERT-TPP1.

TeblCbinds three sstDNA nucleotides

The large subunit Tebl of TEB handles the sstDNA (similar to human
POT1"), and Teb2 and Teb3 are shared with Tetrahymena replication
protein A”. Among the four OB-folds of Tebl (Fig. 1a), TeblA and
Teb1B are known to bind sstDNA with high affinity, but details of the
lower-affinity binding mode to Teb1C were unknown®. In our struc-
ture, four nucleotides (T, to G;,) pair with the template and seven
nucleotides (T,,to T,e) protrude out of the catalytic cavity and pass near
the 5’ end of the template (Fig. 3a-c, Extended Data Fig. 6e, f), but do
not pair with it (as was previously suggested®). We observed continu-
ous sstDNA density from the duplex to Teb1C, which argues against
a G-quadruplex in the catalytic cavity or an anchor point on TEN*"%,
G5, Gigand G, are held in the C-shaped oligonucleotide-binding cleft
of TeblC (Fig. 1e, Extended Data Fig. 6e-g) by stacking interactions
and three hydrogen bonds to the Watson-Crick edge of G, (Extended
DataFig. 6h). Alanine substitutions of Phe603 that stacks on G;; and of
Lys660 that hydrogen bonds to G,, show substantial defects in sstDNA
binding and stimulation of telomerase activity*’. The 16 remaining
sstDNA nucleotides (G, to G), which are expected to interact with
TeblA and Teb1B, are invisible in the cryo-EM map.

Stabilization of the template-DNA duplex

Inourstructure, thetemplate +3 nucleotide (C,,) is at the active site ready
foranincoming dGTP and the final base pair of the duplexis at position+2
(C4,); hereafter, we designate this structure as ‘telomerase T3D2’,in which
T3 is the template position and D2 is the duplex position (Fig. 3a-d).
Starting from the active site, eight TER nucleotides stack continuously
in an A-form conformation (Fig. 3d, Extended Data Fig. 3k). Template
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nucleotides thatare downstream of the active site (C,5to A,s) arerotated
about180°away from the duplex and stack together out of the catalytic
cavity (Fig. 3d, e). Below the duplex, the unpaired DNA nucleotides are
rotated outward by around 120°in a helical stack (Fig. 3d, f). The duplex
and adjacent nucleotides are handled by TERT through structural ele-
ments that are common to most polymerases (palm, fingers, primer grip,
thumb helix (TH) and thumb loop (TL))*, as well as through motifs that
arespecifictoasubset of reverse transcriptases (motif3* and T*) or TERT
(CP2(knownas TFLY inhuman)** and TRAP®) (Fig. 3b-d, Extended Data
Fig. 5). Specifically, motif 3 interacts with the template (Extended Data
Fig.3j), TLinteracts with the DNA backbone, and TH contacts DNA and
TER nucleotides that are 3’ of the template (Fig. 3f).

A newly identified motif in the RBD (which we name the bridge loop
(aminoacids411-418)) isspatially located between CP2and TL, and inserts
itsconserved tip residues (Arg413 and Phe414) into the major groove of
the duplex (Fig. 3h), thereby bridging both ends of the duplex (Fig. 3b-d).
On the DNA side, Phe414 breaks the duplex by stacking with T,,, and
the backbone turnis further stabilized by Lys919 in the TH and Asn904
inthe TL (Fig. 3f). Alanine substitution of Phe414 markedly decreases
activity and abolishes RAP, whereas the substitutions F414Y and F414H
haverelatively small effects (Fig. 3g, Extended Data Fig. 4g)—consistent
witharequirement foraromatic stackinginteractions.Onthe RNAside,
Arg413 contributes to a network of interactions among conserved CP2
(Tyr231), T motif (Glu480) and fingers (Arg534) residues that position
the template nucleotide that is downstream of the active site (A,s) and
flip in the template nucleotide that is opposite the active site (C,,) dur-
ingnucleotide translocation (Fig.3e). Individual alanine substitution of
theseresiduesall decrease activity to lessthan 20%, and decrease RAPto
lessthan 60% for R413A and E480A and to undetectable levels for R534A
and Y231A (Fig. 3g, Extended DataFig.4g). Thelocations of these bridge
loop and other residues at either end of the duplex, their sequence con-
servation, and effects of substitutions on telomerase activity suggest
they have essential rolesin template guidance and duplex stabilization.

Template-DNA duplex length and handling

We next obtained telomerase structures with the template at position +5
(telomerase T5D5) at aresolution of 3.8 A, and at position +4 (telomer-
ase T4D4) ataresolution of4.4 A (Extended Data Fig. 7), and also refined
the duplexmodelin the previously published 4.8 A-resolution structure
(telomerase T3D3)". By using native sstDNA (for telomerase T3D2) and
sstDNA containing locked nucleic acids* (for telomerase T3D3, T4D4
and T5DS5), we could trap the duplex in the post- and pre-nucleotide
translocation states, respectively (Extended DataFig. 8). Thereis little
conformational change in TERT between these two states, as has also
previously been observed for Tribolium TERT-like protein*.

Comparison of these structures reveals an identical conforma-
tion of RNA nucleotides within the catalytic cavity (Fig. 3d, Extended
Data Fig. 8). At each step, as the template-DNA duplex moves, the
downstream template nucleotide flips into the active site and the
previously stacked 3’ nucleotide flips out, maintaining a total of eight
nucleotides in the stack. Concurrently, the sstDNA interacts with the
template to form a 4- or 5-bp duplex, depending on whether itisin
the post-or pre-nucleotide translocation state, respectively. For each
register of the duplex, interactions with the bridge loop, THand TL are
maintained (Extended Data Fig. 8). These structures provide direct
evidence for template-DNA duplex length and handling at different
steps of telomere repeat synthesis, and suggest that only four stable
(post-nucleotide translocation) base pairs—stabilized by the unique
bridge loop of telomerase—are present at each step.

Template boundaries and movement

The 5’ and 3’ template boundaries are determined by TERT interactions
with the template boundary element (TBE)*? and template recognition
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Fig.3|Interactionsbetween TERT and template-DNA duplex. a, Cryo-EM
densities of TERT and template-DNA. Red spheres are active-site residues
(Asp618, Asp815and Asp816). b, ¢, Ribbon depictions of template-DNA and
TERT motifsinvolved in duplex handling. Template and adjacent nucleotides
areredand orange, respectively. Bridgeloop Arg413 and Phe414 are shown as
sticks. The hand (insetin b) shows orientation relative to other polymerases.
d, Schematic showingspecificinteractions between TERT and template-DNA.

element (TRE)*, which are connected to the template by linkers that
aredenoted TBE, and TRE,?, respectively (Fig. 4a). Comparison of the
other structures with T3D2 reveals that the TBE and TRE remain fixed
on TERT as the template moves from the +3 to +5 position (Fig. 4a-e,
Extended Data Fig. 9a-c). On the 5" side of the template, the TBE is
anchored onRBD by CP2, CPand T motifs¥, plus additional stacking and
hydrogen-bonding interactions for C;oand A,y at the 3’ end of the TBE
(Fig.4d, Extended DataFigs.3c, 9b). Onthe 3’side of the template, the
TRE (Gs, to Uge) wraps along—and has numerous stacking interactions
with—astripe of five aromatic residues on the CTE (Fig. 4e, Extended
DataFig. 9¢). The TRE backbone adopts a compressed zigzag confor-
mation with a Ugy*Ug; base pair in the middle.

Unlike the fixed TBE and TRE, TBE, (U,;and U,,) and TRE, (A, to Asg)
exhibit conformational changes that are consistent with concerted
stretching and looping** as the template moves through the active
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(f) nucleotide flipping regions. The corresponding human TERT residues arein
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alignment of the bridge loop, with conserved residuesinred.

site (Fig. 4b, ¢). Intelomerase T3D2, the TBE, and +4,+5 and +6 tem-
plate nucleotides are looped out, with U,; and U,, pointing outward in
opposite directions (Fig. 4d). However, in telomerase T5D5 (in which
only the +6 template nucleotide is out of the catalytic cavity), the back-
bone of TBE, is more stretched (Fig. 4c, Extended Data Fig. 9b). Basic
residues (Arg550, Lys551 and Lys553) that are located on an extended
finger-shaped linker between motif2 and motif 3A (amino acids 550-
560, which we name motif 3N) provide asurface for TBE, to slide over
(Fig.4d, Extended DataFig. 3a). Individual alanine substitutions of these
residues decrease telomerase activity to less than40% and deletion of
motif 3N abolishes activity (Fig. 4i), confirming theimportance of the
interaction between motif 3N and the TBE,.

On the 3’ end of the template, TER passes through a positively
charged, hourglass-shaped channel formed by TH and TRAP (Fig. 4f).
The upper partof the channelislined by basic residues (Lys657, Arg658

Fig.4|Structural details for determining
template boundaries. a, Telomerase T3D2
catalytic cavity with TER (grey), DNA (green
ribbon) and TERT (coloured surface).

b, ¢, Comparisonof TER and template-DNA
intelomerase T3D2 (b) and T5DS5 (c). Red star
marks TERT active site.d-g, Detailed TERT-TER
interactionsinregionsindicated with dashed
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Fig.5|Amodel for telomererepeatsynthesis. At step O (or10), six TRE,
nucleotidesareinthe TRAP-TH channel, with three stacked above the neck and
three fully stretched between the neck and TRE. Five template nucleotides
beyond the +1position, and two TBE, nucleotides, are looped out. The template
moves from+1to +6 position during the synthesis of one telomere repeat (steps
0-6), withconcomitantstretching of TBE, and looping of TRE,. At step 6, the
TBE, is fully stretched and all seven TRE, nucleotides plus one template
nucleotide are looped out below the neck of the TRAP-TH channel. Following

and Arg921) that interact with the backbone of the final three TER
nucleotidesin the catalytic cavity. Intelomerase T3D2, these are tem-
plate A;; and TRE, As; and A; (Fig. 4f-h). Below the neck, A, makes a
sharp turnfromthe helical stack, and TRE, A;,to A;sformaloop, with
A, Cso and Agg stacked in and Uss and Ug, flipped out. In telomerase
T5D5, all three template alignment nucleotides (C,,, A5, and Ag)) are
inthe TRAP-TH channel (Extended Data Fig. 9d-f). Of the seven TRE,
nucleotides extruded through the neck, only As, and As; are visible in
the cryo-EM map; A, to Asscan apparently no longer be accommodated
inthe channel and loop out. Individual alanine substitutions of basic
residues along the TRAP-TH channel (Fig. 4h) all decrease telomerase
activity toless than 25%, while Y694A has aless severe effect (Fig. 4i).
Additionally, K657A, R658A and R921A (which are located above the
neck) decrease RAP to undetectable levels or to less than 50% (Fig. 4i).
These results indicate that the interactions between the positively
charged surface of the channel and TRE, are essential for regulating
telomeric repeat synthesis, and specifically that interactions above
the neck are involved in RAP. Together with the constriction at the
neck, these interactions may create an energy barrier that prevents
backwards movement of TRE, nucleotides that have passed through
the neck.

Mechanism of telomere repeat synthesis

Onthebasis of the four sstDNA-bound telomerase structures (especially
the highestresolutionstructures T3D2 and T5D5), we propose amodel
for telomere repeat synthesis (Fig. 5). The sstDNA initially base pairs
with the template alignmentregion and this short helixis stabilized in
the catalytic cavity by the TEN-TRAP above it and by interactions with
TH, TL and the bridge loop (step 0 in Fig. 5). As the template moves
through the active site during nucleotide addition, the template-
TBE, loop decreases in size while TRE, nucleotides pushed through
the TRAP-TH neck begin to loop out (steps 2 to 5 in Fig. 5). Although
tensionmightaccumulate as the TRE, loop grows**, the TRAP-TH neck
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addition of the final dGTP, aseries of events leads to template translocation:
duplex distortion (step 7), duplex meltingand TRAP opening (step 8), template
re-positioning (step 9),and DNAre-pairing and TRAP closing (10). TBE and TRE
anchorsites, locations of TH, TL, Phe414, and template position at active site
areillustrated. The pawl-and-ratchet cartoonsillustrate the movement of TRAP
(salmon) and TRE, nucleotides (orange) through the TRAP-TH neck. Step 2
corresponds to the3.3 A-resolution structure T3D2.

actssimilarly toaratchet, preventing the nucleotides that have passed
through from moving back.

Following addition of the final telomeric repeat nucleotide (step
6 in Fig. 5), the template has to translocate to its starting position.
We propose that repeat translocation could share a fundamental
mechanism with nucleotide translocation. Nucleotide translocation
intermediates, which were previously capturedinstructures of aviral
RNA dependent-RNA polymerase, suggest an asymmetric movement
ofthe duplex, in which the product strand shifts first (distorting and
weakening the base pairs) and then the template strand follows*. A
similar mechanism could apply to telomerase. However, after addition
of the final nucleotide, only the DNA strand can move; the template
cannot follow because TBE, is fully stretched (step 7 in Fig. 5). This
nucleotide-translocation intermediate would destabilize the duplex,
contributing to strand separation before template translocation.
Movement of the CTE of TERT has previously been proposed to pull
the DNA off the template*®*’; however, our structures suggest that
CTE rotation would be highly restricted. Instead, TEN-TRAP (which
exhibits conformational dynamics (Extended Data Fig. 2d)) could
rotate around its two points of contact with the TERT ring—which
may be facilitated by the build-up of TRE, nucleotides in the lower
part of the TRAP-TH channel—and thus disrupt the narrow channel
and release the tension (step 8 in Fig. 5). Then, the template would
slip back along motif 3 (Extended Data Fig. 3j) and reset the +1 posi-
tion at the active site (step 9 in Fig.5), where TRE, onthe 3’side of the
templateisfully stretched (Extended Data Fig. 9g). Because THand TL
interact with the sstDNA throughout synthesis (Extended Data Fig. 8),
they could hold the DNA backbone during template translocation,
consistent with mutagenesis results for human telomerase*’. Stacking
of Phe414 in the bridge loop on the flipped DNA bases could prevent
the DNA strand from moving, and thus keep it in position to pair with
the template alignment region once more. After the template-DNA
duplexreforms, the TRAP-TH channel closes (step 0 and 10 in Fig. 5).
This unified mechanism may also explain why primers that contain



locked nucleic acids, which stabilize the nucleotide pre-translocation
state, prevent repeat translocation.

Because only a 4-5-bp duplex forms throughout the steps of tel-
omere repeat synthesis (Extended DataFig. 8), template-DNA strand
separationshould not require much energy; instead, the duplex needs
tobestabilized in the catalytic cavity. We propose that TEN-TRAP and
the bridge loop of the RBD have evolved toretain the short template—
duplex throughout nucleotide addition as well as to have an essential
role in template translocation. Previous modelling has suggested a
similar set of TERT-TER interactions for human telomerase*®, Compari-
son of p50 OB and TPP1 OB structures and interactions also provides
evidence foraconserved TERT interface for telomerase activation and
recruitment to telomeres.

p65, the telomerase biogenesis protein of Tetrahymena, binds the
enclosing stem of the t/PK, the pseudoknot and the stem-terminus
element, all of which are common to almost all TERs. Pof8 (a fission
yeast LARP7 protein) is acomponent of telomerase, and has recently
been proposed tobind the pseudoknot®. In humans, LARP7 deficiency
affects telomere length®. Together, this suggests that LARP7 may have
acommon role in TER assembly with TERT. In summary, our results
provideinsightsinto telomerase assembly, the mechanism of telomeric
repeat synthesis, telomerase recruitment and telomeric DNA handling.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Telomerase sample preparation

Tetrahymena thermophila CU522 TERT-FZZ strain with a replace-
ment of the endogenous TERT gene with a C-terminally TAP-tagged
(3xFLAG-TEV-ZZ) TERT* (provided by K. Collins) was used for telomer-
ase purification. Tetrahymena telomerase was purified following a pre-
viously described protocol®, with minor modifications. Sixteen litres of
Tetrahymena TERT-FZZ cells was grown in PPYS medium and collected
by centrifugation. The cell pellet was washed with20 mM HEPES-NaOH
pH 8.0, and then lysed in lysis buffer (20 mM HEPES-NaOH pH 8.0, 50
mM NaCl,1mM EDTA, 1 mM TCEP, 10% glycerol, 0.2% IGEPAL CA-630,
0.1% Triton X-100) at 4 °C for 30 min. The cell lysate was clarified by
ultracentrifugation at 230,000g for 1 h. After ultracentrifugation, the
supernatant of the lysate wasincubated with rabbit-IgG agarose slurry
(Sigma) overnightat 4 °C. Then, the resin was washed with wash buffer
(20 MM HEPES-NaOH pH 8.0, 50 mM NaCl,1mM MgCl,,1mM TCEP,10%
glycerol, 0.1% IGEPAL CA-630) and eluted with TEV protease. During
the TEV elution step, sstDNA was added to a final concentration of 5
KM to saturate telomerase, and excess sstDNA was washed away in the
following steps of purification. The elution fraction from IgG resin was
incubated with 30 pl of pre-washed anti-Flag M2 affinity gel (Sigma) for
1hat4 °C. After that, the anti-Flag resin was washed extensively with
washbuffer and eluted using asmall volume (30-50 pl) of elution buffer
(20 MM HEPES-NaOH pH 8.0, 50 mM NaCl,1mM MgCl,,1mM TCEP, 0.1%
IGEPAL CA-630) supplemented with1mg ml™ 3xFlag peptide. Telomer-
asesamples bound with different sstDNA were prepared separately with
DNA primers (GTTGGG); (telomerase T3D2), (GTTGGG),GTTGG'G'G'T
(telomerase T4D4), and (GTTGGG),GTTGGG"G'T'T (telomerase T5D5),
inwhich T*/G" represents locked nucleic acid (LNA) oligonucleotide
(Exiqon).

Cryo-EM specimen preparation and data collection

For cryo-EM sample, 3 pl of the purified telomerase was applied to
glow-discharged lacey carbon grids with a supporting ultrathin car-
bon film (Ted Pella). The grids were then blotted with filter paper and
flash-frozen in liquid ethane using an FEI Vitrobot Mark IV. Cryo-EM
gridswere screened inan FEI Tecnai TF20 transmission electron micro-
scope while optimizing freezing conditions.

Vitrified cryo-EM grids were loaded into an FEI Titan Krios electron
microscope at 300 kV for automated image acquisition with SerialEM*,
Movies of dose-fractionated frames were acquired with a Gatan K2
Summit direct electron detector operated in super-resolution mode,
yielding a pixel size of 0.68 A on the sample level). A Gatan imaging filter
wasinstalled between the electron microscope and the K2 camerawith
the slit width setting to 20 eV. The electron microscope was carefully
aligned before each imaging session and the parallel beam was opti-
mized using coma-free alignment in SerialEM>2, The dose rate on the
detector was setto about 6 electrons per A2per s and the total exposure
time of each movie was 8 s, which fractionated into 40 frames of images
with 0.2-s exposure time for each frame. In total, 13,097 movies for
telomerase T3D2, 5,020 movies for telomerase T4D4,and 12,922 mov-
ies for telomerase T5D5 were collected in separate imaging sessions.

Cryo-EM data processing of telomerase T3D2

Dose-fractionated frames except for the first of each movie were 2x
binned (pixel size of 1.36 A) and aligned for correction of beam-induced
driftusing MotionCor2%, Two averaged images, one with dose weight-
ing and the other without, were generated after drift correction. The
averaged micrographs without dose weighting were used for the
determination of contrast transfer function (CTF) parameters and

particle picking, and the averaged micrographs with dose weighting
were used for particle extraction and further data processing. The defo-
cus and astigmatism values of each micrograph were determined by
CTFFIND4**. All micrographs after motion correctionand their power
spectra were visually inspected, and the micrographs with too much
thick carbon area, ice contamination or defocus value outside the
range from —0.8 to —4.0 pm were discarded. Finally, a total 0of 10,849
micrographs were kept.

Particles in those averaged images were automatically picked with
Gautomatch (www.mrc-Imb.cam.ac.uk/kzhang/) using 17 projections
from previously reported cryo-EM map of Tetrahymena telomerase
(Electron Microscopy Data Bank (EMDB) code EMD-7821)°. To avoid
losing good particles on the low-contrast micrographs collected with
carbon-coated cryo-EM grids, we used a low threshold for particle
picking (over 350 particles on each micrograph) and then used a pre-
viously developed data processing protocol’ to select good particles
(as detailed in the following paragraph). Finally, a total of 3,816,856
particles were picked, extracted in dimensions of 256 x 256 square
pixels and 2x-binned to 128 x 128 square pixels (pixel size of 2.72 A)
to speed up the following data processing with RELION 3.0 (Ref. ).

The cryo-EM data processing procedure is outlined in Extended Data
Fig. 2a. Two datasets (one for each data collection session) were ini-
tially processed separately in two batches. For each dataset, extracted
particles were classified into six subsets using 3D classification. The
previously reported DNA-bound telomerase density map (EMD-7821)
was low-pass-filtered to 60 A before using as the initial model. The
particles in each 3D class were then classified into 100 classes using
reference-free 2D classification. Particles in 2D classes with fuzzy or
uninterpretable features were discarded, and most of them were pure
noise frombackground carbon filminstead of real telomerase particles.
By doing the above 3D and 2D classification steps, we could keep more
particlesthat wereintherare views. After the initial particle screening
step, a total of 1,015,378 particles (26.6% of all particles) were com-
bined, recentred and re-extracted from dose-weighted micrographs
in dimensions of 256 x 256 square pixels (pixel size of 1.36 A). From
those re-extracted particles, 945,254 particles (24.8% of all particles)
were further selected using an additional round of 2D classification.
Refinement of those particles with a spherical mask generated a 3D
reconstructionwith clear secondary structure features for the majority
oftelomerase (including TERT-TER-p65 core, p50 OB and TEB subcom-
plex) and weak density for the flexible p75-p45-p19 subcomplex, which
could only be partially observed at a lower threshold of the density
map (CL=30). Toimprove the overall resolution, a soft mask (mask 1)
was used to exclude the flexible p75-p45-p19 subcomplex during the
following data processing. Then, we performed another round of 3D
classification with local angular search (RELION options:--sigma_ang
12), using the orientation parameters determined by the above 3D
refinement as inputs. The particles were classified into six classes,
and those in the two good classes with clear features for the catalytic
core were selected. Refinement of the combined 466,385 particles
(12.2% of all particles) from the 2 good classes generated an overall 3.3
A-resolutionreconstruction with variable local resolutions within the
map. An additional round of 3D classification with a higher regulari-
zation parameter 7 (RELION options:--tau2_fudge 10 --sigma_ang 12)
was performed to separate the movements of the TEN-TRAP region.
Refinement of particles in the three major classes generated three
reconstructions (P1, P2and P3) with their TEN-TRAP at slightly differ-
ent positionsrelative to the TERT ring (Extended DataFig. 2d). We then
refined the 193,117 particles in the P2 class again, followed by several
rounds of CTF refinement to correct the CTF parameters, anisotropic
magnification and higher-order aberrations. Beam-induced particle
motionwas corrected in RELION3.0 using Bayesian polishing module.
The resulted ‘shiny’ particles were refined with mask 1, resulting in a
final 3.3 A-resolution reconstruction withimproved overall densities. To
improve local resolution for model building, focused 3D classifications
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without alignment (RELION options:--skip_align --tau2_fudge 10) were
performed using soft masks separately around the pseudoknot-La
motif and Teb3, followed by 3D refinements with mask 1. Theresulting
tworeconstructions and the 3.3 A-resolution reconstruction were used
for model building, as detailed below.

Resolutions of the cryo-EM maps were estimated on the basis of the
‘gold-standard’ Fourier shell correlation (FSC) = 0.143 criterion®. The
cryo-EM maps were corrected for the modulation transfer function of
thedetector, sharpened with anegative B-factor and low-passfiltered to
thestated resolution using the relion_postprocess programin RELION®,
Local-resolution evaluations were determined by ResMap® with two
independently refined half-maps. Data collection and processing sta-
tistics are givenin Extended Data Table 1.

Cryo-EM data processing of telomerase T4D4 and T5D5
Fortelomerase T4D4,1,749,767 particles were picked from 4,885 micro-
graphs. We then selected 111,603 particles by procedures similar to
those described above for telomerase T3D2. To separate DNA-bound
and DNA-free particles, an additional round of focused 3D classifica-
tion without alignment (RELION options:--skip_align --tau2_fudge 10)
was performed using a spherical mask surrounding the template-DNA
duplex region. Finally, a 4.4 A-resolution reconstruction with clear
duplex density was generated with selected 28,297 DNA-bound parti-
cles (Extended Data Fig. 7c). For telomerase T5D5, 3,951,672 particles
were picked from 11,612 micrographs. We selected 120,360 DNA-bound
particles, which yielded a 3.8 A-resolution reconstruction (Extended
DataFig. 7d). By using a smaller spherical mask surrounding the tem-
plate-DNA duplex region during focused 3D classification (RELION
options:--skip_align --tau2_fudge 20), we could further separate these
DNA-bound particles into two subsets: 51,617 particles with a shorter
duplex and 68,743 particles with a longer duplex (Extended Data
Fig. 7d). Overall and local resolutions of the T4D4 and T5D5 recon-
structions were evaluated as described for telomerase T3D2.

Model building and refinement

The atomic model of telomerase T3D2 was built and refined manually in
COOT. Initially, the previously reported model (PDB 6D6V) generated
based ona4.8 A-resolution cryo-EM map®was fitted into the current 3.3
A-resolution cryo-EM map with UCSF Chimera® as the starting point
for the model building. With the aid of high-resolution features, we
manually adjusted side chain conformation of TERT (when necessary)
moved the main chainto ensureaclose fitbetween the density and the
model. Sequence assignment of TRAP and CTE were mainly guided by
visible densities of amino acid residues with bulky side chains, such as
Phe, Tyr and Trp. However, the flexible linker between TEN and RBD
(amino acids 180-215) was invisible and could not be modelled, as
well as two linkers within RBD (amino acids 252-280) and TRAP (amino
acids 664-686). Modelling of the TEB subcomplex, including Teb1C
(amino acids 511-697), Teb2N (amino acids 29-175) and Teb3 (amino
acids 5-121), was achieved in similar way. The main chain of p50 OB
(amino acids 1-184) was manually retraced and de novo built with the
help of secondary structure prediction generated by PSIPRED®. The
C-terminal region of p50 (amino acids 185-249) is masked out at least
inpartalong with p75-p45-p19 subcomplex during cryo-EM data pro-
cessing. Homology model of La motif of p65 (amino acids 114-238)
was generated using PHYRE2® and manually adjusted according to
the cryo-EM map, including the removal of aninvisible internal linker
(amino acids 170-201).

TERwasinitially modelled piece by piece, and then connected man-
ually in COOT. For the regions contacting TERT, including the t/PK
and the distal part of stem-loop 4, well-defined nucleotide densities
facilitated the de novo model building process. For the rest of TER,
including stem-loop 1and the proximal part of stem-loop 4, previous
model (PDB 6D6V) was adjusted for their base conformationand (when
necessary) for their backbones to fit into the density map. The apical

loop of stem-loop 2 was modelled with the help of its NMR structure
(PDB 2M22)2,

The cryo-EM density of telomeric DNA was traced from its 3’ end
allthe way to Teb1C (Extended Data Fig. 6e, f). Eight nucleotides were
modelled unambiguously inside the catalytic cavity, including G;, to
T,, (which pair with the template) and T,4 to G,; (which stack with TERT
Phe414). Nucleotides densities binding to the C-shaped cleft of Teb1C
could be assigned to three guanosines instead of thymidine accord-
ing to their size and shape (Extended Data Fig. 6g, h). Eventually, we
modelled themas G,,to G, as the weak density connecting themto G,;
fitted better with a flexible linker of three instead of four nucleotides
(Extended Data Fig. 6e). Nucleotides from G, to G, were invisible in
the cryo-EM map.

The model obtained above was used as the starting point for the
modelling of other lower-resolution reconstructions. The model was
first rigid-body fitted into these maps using Chimeraand then manually
checked in COOT. The template-DNA duplex and adjacent TBE, and
TRE, regions were manually adjusted to fit the densities. On the basis
oftheknowledge gained from the 3.3 A-resolution T3D2 structure, the
template-DNA duplex in the previously published model of telomer-
ase with (GTTGGG),GT'T'"G*G'GG (telomerase T3D3, PDB 6D6V) was
re-evaluated, and new modelling showed a 5-bp template-DNA duplex
(Extended DataFig. 8).

Allmodels were refined using Phenix® in real space with secondary
structure, Ramachandran and rotamer restraints. The structures were
validated using the Molprobity scores and statistics of the Ramachan-
dran plots. Refinement statistics of the models were summarized in
Extended Data Table 1. Model versus map FSC validation was shownin
Extended DataFig. 2f. Visualization of the atomic models, including fig-
ures and movies, were prepared using UCSF Chimera® and ChimeraX®*.

Invitro transcription and purification of TER

TERwasinvitro-transcribed with alinearized DNA template containing
ahammerhead ribozyme sequence at the 3’ end to allow self-cleavage
of TER at a precise position after the transcription®. In brief, homemade
T7 RNA polymerase was added to areaction containing 40 mM MgCl,,
4-6 mMofeachNTPand1MDNA templatein40 mM Tris-HCIpH 8.0,
1 mM spermidine, 2.5 mM DTT and 0.01% Triton X-100. The reaction
was incubated overnight at 37 °C for transcription of the DNA tem-
plate and cleavage of the hammerhead ribozyme construct. TER was
subsequently purified by electrophoresis on a10% denaturing poly-
acrylamide gel followed by electroelution of the excised RNA band®®.

Invitroreconstitution of telomerase and direct activity assays
The expression and assembly of telomerase was performed in vitroin
rabbit reticulocyte lysates (RRL) as previously described**’, with minor
changes. TERT and p65 were co-expressed using TNT quick-coupled
transcription and translation systems (Promega) in the presence of
TER. The expression of TERT was monitored by **S-methionine incor-
poration. pSON30 (amino acids 1-251) was expressed in another RRL
synthesis reaction. Teb1C (amino acids 505-701) was expressed in E.
coli and purified by size-exclusion chromatography before use. The
expressed TERT-TER-p65 core, pSON30 and Teb1C were incubated
together in RRL at 30 °C for 30 min before activity assays. The final
concentrations of TER and Teb1C in the RRL mixtures were 370 nM
and 450 nM, respectively. The activity assay was carried outina 20 pl
solution containing 200 uM dTTP, 3 uM dGTP, 5-10 puCi dGTP[a*?P]
(Perkin-Elmer), 2 mM Mg*", 10 uM (GTTGGG); primer and 10 pl RRL
mixture. Reactions were performed at 30 °C for 15 min and stopped with
quenchbuffer (10 mM Tris*HCI pH 8.0 and 10 mM EDTA). The products
were phenol-chloroform-extracted and ethanol-precipitated together
withal5nt*P-end-labelled DNA oligonucleotide as arecovery control
andresolved onal0% denaturing polyacrylamide gel. The gel was dried
and exposed to a phosphorimaging screen and scanned on a PharosFX
system (Bio-Rad).
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Band intensities were quantified using QuantityOne software
(Bio-Rad). Relative activities of TERT mutations were determined by
normalizing the integrated density of each lanerelative to the recovery
control then comparing to that of wild-type TERT (as 100%). Relative
RAP of TERT mutations were determined by the ‘fraction left behind’
(FLB) method*>*8, For each lane, the counts for each RAP band, which
represented the extension of one telomere repeat, were divided by
the number of radioactive guanosines incorporated and normalized
against the recovery control. Then, the FLB of each RAP band was calcu-
lated by taking the sum of counts for each RAP band and all RAP bands
belowit divided by the total counts of RAP bands in this lane. Then, the
In(1-FLB) of each RAP band was plotted against repeat number added
and thescattered points were fitted with alinear regression to get the
slope value. Finally, the relative RAP for each mutation was determined
by -In(2)/slope and compared to that of wild type (as 100%). Activity
assays for each TERT mutation were repeated 3 or 4 times.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Cryo-EMdensity maps have been depositedinthe EMDB under acces-
sionnumbers EMD-23437 (telomerase T3D2), EMD-23438 (telomerase
T4D4) and EMD-23439 (telomerase T5D5). The atomic models have
been deposited in the PDB under accession codes 7LMA (telomerase
T3D2) and 7LMB (telomerase T5D5). The atomic model and cryo-EM
density map of telomerase T3D3 were retrieved from the PDB (acces-
sion code 6D6V) and EMDB (accession code EMD-7821). Other struc-
tures used in this study were retrieved from the PDB with accession
codes 2146 (TPP10OB), 3KYL (Tribolium TERT-like protein) and 2M22
(TER stem-loop 2). Uncropped version of all the gels are included as
Supplementary Fig. 1. Any other relevant data are available from the
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Extended DataFig.1|Biochemical and biophysical evaluation of inhibited when using (GTTGGG),GTTGG"G"G'T primer (P3), resulting in asingle
endogenously purified Te¢trahymena telomerase with sstDNA. dark band (red asterisk). G denotes an LNA nucleotide instead of aDNA

a, Silver-stained SDS-PAGE gel of the tandem-affinity-purified telomerase. nucleotide. The LNA-containing product (red asterisk) migrates slightly slower
Serial diluted BSAsamples were loaded together to assist concentration through the gel as compared tononmodified DNA. Gelimage is representative
estimation of the telomerase sample. Gelimage isrepresentative of ofindependentbiological replicates (n=3).c, Motion-corrected cryo-EM
independentbiological replicates (n=3).b, Direct telomeric DNA extension micrograph.d, Representative 2D class averages of telomerase particles. All
assays of the purified telomerase bound with different sstDNA primers. A results from sample purification (a), activity assays (b) and cryo-EM

standard telomere addition patternis observed when usinga (GTTGGG); or experiments (c) were successfully reproduced at least three times. For gel

(GTTGGG), primer (P1and P2). However, the translocation of product is source data, see Supplementary Fig. 1.
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Extended DataFig.2|Cryo-EM dataprocessing workflow of telomerase
withsstDNA (GTTGGG), (telomerase T3D2) and the evaluation of the
reconstruction. a, Data processing workflow (detailed in Methods).

Soft masks used in data processing are coloured inorange. b, Euler

angle distributions of telomerase particles used for the 3.3 A-resolution
reconstruction. ¢, Local resolution evaluation of the 3.3 A resolution cryo-EM
map showninsurface views (left) and aslice view of the core region (right).

d, Superpositionofreconstructions P1,P2and P3 thatillustrates the rotation of
TEN-TRAP. The three maps were low-pass-filtered to 6 Aand aligned on the

TERT ring. p50 (red) and TEB bind to and move together with TEN-TRAP. e, Plot
ofthe FSC as a function of the spatial frequency, with resolution of the final
reconstructionindicated. f, FSC coefficients as afunction of spatial frequency
between model and cryo-EM density maps. Red curve, refined model versus
halfmaplused for refinement; green curve, refined model versus half map 2
notused for refinement; black curve, refined model versus the combined final
map. The generally similar appearancesbetween thered and green curves
suggests no substantial over-fitting. g, Representative cryo-EM densities (grey
and mesh) encasing the related atomic models (colour sticks and ribbons).
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Extended DataFig. 3 | Detailed interactionsbetween TERT and p65 with
TER. a, Close-up view of motif 3N (amino acids 550-560). Motif 3A helix is bent
towards motif2, and motif 3N in between forms a finger-shaped architecture.
b,Ribbondiagram ofthe TERT-TER ‘interlock’ with TERT domains coloured as
indicated. ¢, Schematic of stem-loop 2, TBE and TBE_ nucleotides and their
interactions with RBD of TERT. Arrows indicate sites of polar interactions. Bold
linerepresents the stackinginteractionbetween Phe242 and C,,. d-f, Structure
of TERloop 4 anditsinteractions withRBD and CTE of TERT and XRRM of p65
(green). g, Rainbow-coloured ribbon diagram of Lamotif of p65 with secondary
structural elementslabelled. Positively charged and aromatic residues located
ontheinterface betweenthe Lamotif of p65and TER are shownas spheres.

Ideal A-form Overlay

h, Electrostatic surface representation of the Lamotif of p65andits
interactions with TER stem 1, pseudoknot and the 3’ poly-U. The La motif's of
p65ingandhareinthe same orientation. i, Schematic of pseudoknot with
regions thatinteract with TERT and p65indicated.j, Interactions between
motif3and the template. End of motif3B and start of motif 3C are in the minor
groove of the duplex. k, The eight TER nucleotides that stack inside the
catalytic cavity. Cryo-EM densities are shown as transparent meshes. Ideal
A-formstacking of eight nucleotides (white) is shown for comparison.
Backbone of the final three TER nucleotides in the stacking deviate fromideal
A-form conformation.
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Extended DataFig. 4 |Interactions between TEN-TRAP and telomerase
activity assays. a, Ribbonrepresentation of TERT with its domains coloured as
indicated. Unmodelled regions of TERT are shown as dashed lines, including
thelinker between TEN and RBD (amino acids 180-215), flexible linkers within
RBD (amino acids 252-280),and TRAP (amino acids 664-686). b, Hydrophobic
interactions between the distal region of TRAP and the C-terminal helix of TEN
domain, whichis further stabilized by GIn168 via two hydrogen bonds. ¢, The
extended f3-sheetacross TENand TRAP. V791Y (Val791in human corresponds

to Val731in Tetrahymena) mutation in human TERT that disrupts telomere
length maintenance and cellimmortalizationislocated at the interface®.

d, e, Invitro-reconstituted telomerase activity assays with TERT mutations on
the TEN-TRAP interface. The top panels are SDS-PAGE gels showing the
expression level of >S-Met incorporated TERT mutants. Quantification
ofactivity and RAP for each mutant are showninbar graphs below.

f,g, Quantification of activity and RAP for gel shownin Figs.1j, 3g. Data
aremean+s.d.fromthreeindependent experiments.
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Extended DataFig. 5| Comparisonbetween TERT from Tetrahymena and
human, and the TERT-like protein from Tribolium castaneum. a, Sequence
alignment of Tetrahymena TERT (TtTERT) human TERT (hTERT). Secondary
structures and conserved motifs of Tetrahymena TERT are shown on top, with
unmodelled regionsshown as dashed lines. The alignments of the TEN, RBD,
reverse transcriptase and CTE domains and TRAP motif were conducted
separately with NIH COBALT’® and then merged together. The alignment of CP2
and TFLY region was adjusted manually according to the previously reported
alignment¥. b, Structural comparison of the TERT-ring of Tetrahymena TERT
(colour) and Tribolium TERT-like protein (grey) (PDB 3KYL). Tribolium TERT-like

proteinlacks TEN, TRAP and TER, and was crystallized with an artificial
template-DNA duplex.c,d, Ribbon diagrams of template-DNA duplexes and
surrounding structural elements of Tetrahymena TERT (c) and Tribolium TERT-
like protein (d). The palm, fingers, primer grip, TH, TL, motif3and T are
structurally conserved between Tetrahymena TERT and Tribolium TERT-like
protein. The ‘bridge loop’ of Tribolium TERT-like proteinisina similar position
tothatin Tetrahymena TERT; however, the tip residues (Ser82 and Phe83) have
no contact with the template-DNA duplex. CP2, which participates in template
5 boundary definition and template nucleotide guidance in Tetrahymena
TERT, appearstobeabsentin Tribolium TERT-like protein.
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Extended DataFig. 6 | Details of p50 OB-TERT and Teb1C-sstDNA
interactions. a-d, p5S0 OB-TERT interactions. a, Rainbow-coloured ribbon
diagram of p50 OB withsecondary structure elements labelled. b, Comparison
of p50 OB (red) and human TPP10OB (grey) (PDB 2146) structures. ¢, TEN loop
(amino acids 121-126) passes through a hydrophobic cleft of p50 OB. Thisloop
isadisorderedloop in the TEN-domain crystal structure”.d, Structure-based
sequencealignment of p50 OB and human TPP10B. The secondary structure
elements of p50 OB (red) and TPP1 OB (grey) are shown above and below the
sequence alignment, respectively. Residues located at the interface between
p5S00Band TERT are highlighted in yellow. The NOB and TEL patch residuesin
human TPP10B areindicated and coloured in yellow. The phosphorylation site
Serll1of TPP10Bis colouredingreen. Scaffold residues of L, g, shownin
Fig.2a(bottom)are colouredinblue. e-h, TeblC-sstDNAinteractions. e, Path

of sstDNA from active site to Teb1C. Low-pass-filtered cryo-EM density of
sstDNA (transparent surface) is superimposed with the unfiltered DNA density
(green) tobetter showits flexible region from T,, to G,,. Cryo-EM densities
corresponding to TERT domains, TERand TeblC are coloured asin Fig.1d.
f,Sequence of the sstDNA used for the cryo-EM sample preparation with the
template and TeblC-interacting regionsindicated. Nucleotides from G, to G,
areinvisiblein the cryo-EM map. g, Interactions between sstDNA nucleotides
and TeblCasindicatedine.Intermolecular hydrogen bonds and stacking
interactions are shown as dashed yellow lines and black arrows, respectively.
h, Specificinteractions between TeblC residues Lys660 and Glu667 and
sstDNA nucleotide G, are shown together with their cryo-EM densities.
Hydrogenbonds and theirlengths are indicated.
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Extended DataFig.7|Cryo-EMreconstructions of telomerase with
different sstDNA bound. a, List of sstDNA primers used for cryo-EM sample
preparationand their sequences. DNA or LNA nucleotides that pair with the
template are underlined. b, Resolution of reconstructions determined by
gold-standard FSC at the 0.143 criterion. ¢, d, Cryo-EM data processing
workflow of telomerase T4D4 and T5D5, and evaluations of the final
reconstructions. Initial particle screening processes are analogous to those

described inthe data processing workflow of telomerase T3D2 (Methods) and
areomitted for brevity. Focused 3D classifications were performed to separate
DNA-free and DNA-bound particles. Short duplexes were observed in both of
T4D4 and T5DS reconstructions. For telomerase T5DS, there is a subset of
particleswithalonger duplex that we attribute to the greater stability
conferred onthe duplex by LNA nucleotides at the thermodynamically most
stable duplex (dAGGGGT-rACCCC) formed inthe previous step.
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Catalytic
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Extended DataFig. 8| Template-DNA duplexesin telomerase structures at
different steps of telomeric DNA synthesis. Top, sequences of sstDNA
primers. T'or G* denotes LNA nucleotide. DNA or LNA nucleotides that pair
with thetemplate are underlined. Middle, ribbon diagrams of the duplex,
template-adjacent nucleotides, bridge loop, THand TL superimposed with

(GTTGGG),GTTGG'G'G'T (GTTGGG),GTTGGG'G'T'T

3

T5D5

T4D4

cryo-EMdensities (transparent surfaces). Bottom, schematics of the duplexes.
Theactivesite (red star), bridge loop residues (Arg413 and Phe414), and
catalytic cavity (grey shade) in different structures are aligned to show the
relative positions of the duplex. TER and DNA nucleotides are colour-coded as

inFig.4.



Extended DataFig. 9 |Structural details of template boundary
determination (TBE, TBE,, TRE, and TRE) in telomerase T5D5. a, Telomerase
catalytic cavity intelomerase TSD5 with TER (grey) and DNA (green) shown as
ribbonand TERT shown as surface (coloured). TBE, TBE,, template, TRE, and
TRE nucleotides are highlighted asindicated. b-e, Detailed interactions
between TERT and TERinregions asindicated ina. Intermolecular hydrogen
bondsand stackinginteractions are shown as dashed yellow lines and black
arrows, respectively. The electrostatic surface of the TRAP-TH channelis

shownind.f, Schematic showingspecificinteractionsbetween TERT and TRE -
TREasshowninc, e.Nucleotides from A, to A;gare unmodelled and indicated
asdashed orangelines. g, Predicted TRE and TRE, conformation when the
templateisatthe +1position (template nucleotide C,gat the active site). TRE,
nucleotides Cs,, Us;and Ass would be fully stretched (about 5-6 A
phosphate-to-phosphate distance for each nucleotide) to span the distance
fromthe neck of the TRAP-TH channel to the anchored TRE.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Telomerase T3D2 Telomerase T4D4
(EMDB-23437) (EMDB-23438)

Telomerase T5D5
(EMDB-23439)

(PDB 7LMA) (PDB 7LMB)
Data collection and processing
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 48 48 48
Defocus range (um) -0.8--4.0 -0.8--4.0 -0.8--4.0
Pixel size (A) 1.36 1.36 1.36
Symmetry imposed C1 C1 C1
Initial particle images (no.) 3,816,856 1,749,767 3,951,672
Particle images after class2d (no.) 945,254 373,757 764,707
Final particle images (no.) 193,117 28,297 120,360
Map resolution (A) 88 4.4 3.8
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 3.0-6.0 44-8.0 3.5-7.0
Refinement
Initial model used (PDB code) 6D6V 7LMA
Model resolution (A) 4.1 4.4
FSC threshold 0.5 0.5
Map sharpening B factor (A?) -82.0 -130.8
Model composition
Non-hydrogen atoms 18,672 18,498
Protein residues 1,837 1,837
RNA/DNA Nucleotides 170 162
Ligands 1 1
R.m.s. deviations
Bond lengths (A) 0.004 0.005
Bond angles (°) 0.858 0.915
Validation
MolProbity score 1.66 2.02
Clashscore 6.61 11.64
Poor rotamers (%) 0.91 0.06
Ramachandran plot
Favored (%) 95.69 93.31
Allowed (%) 4.31 6.69
Disallowed (%) 0.00 0.00
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Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank (EMDB) under accession numbers 23437 (telomerase T3D2), 23438 (telomerase
T4D4) and 23439 (telomerase T5D5). The atomic models have been deposited in the Protein Data Bank (PDB) under accession codes 7LMA (telomerase T3D2) and
7LMB (telomerase T5D5). Atomic model and cryo-EM density map of telomerase T3D3 were retrieved from the PDB (accession code 6d6v) and EMDB (accession
code EMD-7821). Other structures used in this study were retrieved from the PDB with accession codes 2146 for TPP1-OB, 3KYL for Tribolium TERT-like protein and
2M22 for TER SL2. Uncropped version of all the gels are included as Supplementary Information Figure 1.

=
Q
—
C
=
(@)
=
(D
W
()
Q
=
(@)
o
=
1)
o
[}
=
2
Q
(2]
c
3
3
Q
=
S




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences D Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 3D reconstructions were calculated from 13,097 images (3.8 million particles) for telomerase T3D2, 5,020 images (1.7 million particles) for
telomerase T4D4, and 12,922 images (3.9 million particles) for telomerase T5D5 collected in separate imaging sessions. These are typical
image sizes used to obtain high resolution cryo-EM structures.

Data exclusions  For cryo-EM analysis, particles that do not belong to the class of interest or have poor qualities based on well established cryo-EM principle
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Replication Cryo-EM datasets were collected with multiple samples in separate imaging sessions, yielding consistent results (see Methods section for
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indicated in captions of Fig. 1j, 3g, 4h and Extended Data Fig. 1a, 1b, 4d-g.
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