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Human telomerase isa RNA-protein complex that extends the 3’ end of linear
chromosomes by synthesizing multiple copies of the telomeric repeat TTAGGG. Its
activity is a determinant of cancer progression, stem cell renewal and cellular aging®™.

Telomerase is recruited to telomeres and activated for telomere repeat synthesis by
the telomere shelterin protein TPP1°7. Human telomerase has a bilobal structure with
acatalytic core ribonuclear protein and a H and ACA box ribonuclear protein®’. Here
we report cryo-electron microscopy structures of human telomerase catalytic core of
telomerase reverse transcriptase (TERT) and telomerase RNA (TER (also known as
hTR)), and of telomerase with the shelterin protein TPP1. TPP1forms a structured
interface with the TERT-unique telomerase essential N-terminal domain (TEN) and the
telomerase RAP motif (TRAP) that are unique to TERT, and conformational dynamics
of TEN-TRAP are damped upon TPP1binding, defining the requirements for
recruitment and activation. The structures further reveal that the elements of TERT
and TER that are involved in template and telomeric DNA handling—including the TEN
domain and the TRAP-thumb helix channel—are largely structurally homologous to
those in Tetrahymena telomerase'®, and provide unique insights into the mechanism
of telomerase activity. The binding site of the telomerase inhibitor BIBR1532"2
overlapsacritical interaction between the TER pseudoknot and the TERT thumb

domain. Numerous mutations leading to telomeropathies

B arelocated at the

TERT-TER and TEN-TRAP-TPP1interfaces, highlighting the importance of TER-TERT
and TPPlinteractions for telomerase activity, recruitment and as drug targets.

Telomeraseis areverse transcriptase that uniquely formsaribonuclear
protein (RNP) witharapidly evolving non-coding telomerase RNA, that
isrequired for activity, localization and assembly with TERT and other
species-specific proteins™'®. Telomerase is usually active only in stem
cellsand germ line cells; its absence in somatic cells limits their prolif-
erative lifespan owingto the shortening of telomeres beyond a critical
length®. Telomerase reactivation in most cancer cells is essential for
theirimmortal phenotype®*, whereas many disorders of telomere biol-
ogy, including various cancers, are aconsequence of specific mutations
in telomerase components”. Among these, TERT is the most frequently
mutated, followed by TER™", Cryo-electron microscopy (cryo-EM)
structures of human and Tetrahymena telomerase have defined the
holoenzyme architectures, components and interactions, and pro-
vided insights into its mechanism® 2% However, an understanding
of the structural basis of diseases of telomerase insufficiency and the
development of drugs to inhibit or restore telomerase activity—along
standing goal to treat premature aging and cancer—have been hindered
by thelack of detailed knowledge of the atomiclevel interactionsinthe
human telomerase TERT-TER catalytic core and with TPP1.

TPP1is one of six shelterin proteins (TPP1, POT1, TRF1, TRF2, RAP1
and TIN2) that associate in various complexes with telomeric DNA"2,

TPP1 has a critical role in the regulation of telomere length, as it
both recruits and activates telomerase®. TPPLinteracts directly with
POT1, which binds the single-stranded telomeric DNA 3’ overhang,
and with TIN2, which simultaneously binds TRF1and TRF2 dimers
that interact with the double-stranded DNA*%. TPP1-POT1 switches
from telomerase inhibiting by sequestering the 3’ end of telomeric
DNA on POT], to highly activating when TPP1is bound to telomer-
ase®?, Biochemistry and genetic studies in cells have shown that the
TPP1oligonucleotide and oligosaccharide-binding fold domain (OB)
interacts with TERT through aglutamate- and leucine-rich patch (TEL
patch) and the N terminus of the OB domain®** (NOB). POT1binds
TPP1on aPOTI1-binding domain separated by a linker that follows
the OB domain®®? (Fig. 1a). High-resolution cryo-EM structures of
Tetrahymenatelomerase established that p50, a constitutive compo-
nent that is an orthologue of the activating functions of TPP1, binds
TEN and TRAP**, However, TPPlinteracts only transiently with human
telomerase in a cell cycle-dependent manner®°, making structural
studies challenging. Here we purified human telomerase in complex
with TPP1and telomeric DNA and determined their cryo-EM structures.
These structures define the determinants of telomerase recruitment
to telomeres by TPP1, reveal the unique TERT-TER interactions that
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Fig.1|Structure ofhuman telomerase with TPP1. a, Schematic of TERT and
TPP1domainsandinteractions. PBD,POT1-binding domain; TBD, TIN2-binding
domain. b, Cryo-EM density map of catalytic core at 3.3 A resolution shown at
two different thresholds. The high-threshold map showing high-resolution
featuresis colouredasinafor TERT and magentafor TER, and the
low-threshold map showing the continuous density is overlaid as transparent
surface.c, The 3.5 A-resolution map of the catalytic core bound with TPP1.

d, Cartoon model of the catalytic core. e, Schematic of TER secondary
structure determined in the model. Regionsinvisiblein the cryo-EM map are
showningrey.f, g, Cryo-EM density map (f) and cartoon model (g) of H/ACA
RNP. Cryo-EM map of the entire telomerase is shown behind cand f.

regulate telomerase activity, assembly and template-DNA handling,
and localize many mutations that lead to diseases of telomerase insuf-
ficiency to these interfaces.

Overall structure

We purified human telomerase with DNA primer d(T,,TTAGGG) inthree
steps, as described in Methods. The purified DNA-bound telomer-
ase was incubated with approximately tenfold excess of the TPP1 OB
domain (hereafter referred to as TPP1) (Fig. 1a) before vitrification on
cryo-EM grids. As previously described®’, telomerase has a bipartite
structure with a catalytic core RNP (Fig. 1b-d) and a H and ACA box
(H/ACA) RNP (Fig. 1f, g) flexibly connected by Pla and P4.1-P4.2-P5
regions of TER (Fig. 1e). Separate focused refinements of the two
RNPs resulted in resolutions of 3.3-3.8 A for the TERT-TER catalytic
coreand 3.2 A for H/ACA RNP (Fig. 1b, ¢, f, Extended Data Figs. 1-3).
The telomerase H/ACA RNP has a non-canonical function in telom-
erase biogenesis and localization, rather than pseudouridylation of
specific substrates®. The H/ACA RNP comprises two complete sets of
H/ACA proteins dyskerin, GAR1, NOP10 and NHP2 bound to successive
irregular stem-loops (P4 and P7) followed by box H (AGAGGAA) and
box ACA nucleotides, respectively, and asingle TCAB1bound at the P8
apicalloop with dyskerinand NHP2 (Fig. le-g, Extended Data Fig. 4a).
The H/ACA RNP model is almost the same as the previously reported
one®and is therefore not discussed further in this Article.

The catalytic core comprises® the TERT and TER template-pseu-
doknot (t/PK) and conserved regions 4-5 (CR4/5) (Fig. 1e, Extended
DataFig. 4). The conserved RNA-binding domain (RBD), reverse tran-
scriptase (RT) and C-terminal extension (CTE) of TERT formaring, and
the TERT-unique TEN and TRAP (alarge insertionin RT fingers) forma
complex above the TERT ring'®?° (Fig. 1a, b, Extended Data Fig. 5a, b).
TPP1binds to TERT TEN and TRAP (Fig. 1a, c, d). CR4/5 extends from
P4,and P5, P6 and P6.1are connected by a three-way junction (Fig. 1e,
Extended Data Fig. 4a). About 22% of particles also contain density
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Fig.2| TPPlinteractions with TERT TEN-TRAP. a, Cryo-EM maps of the
catalytic core with (top) and without (bottom) TPP1. Both maps are low-pass
filtered to 5 A for comparison. b, Structure of TEN-TRAP with the extended
B-sheet highlighted. c, Comparison of TPP1structuresinapo (gray) (Protein
DataBank (PDB): 2146) and telomerase-bound form (red). NOB and TEL patch
residues areingreenand yellow, respectively. d-f, TPP1linterface with
TEN-TRAP.e, TPP1(red) sits onthe top of TEN (cyan) and TRAP (salmon), with
residues within 4 A of the interface shown as spheres. d, f, Magnified view
showing the polar (d) and hydrophobic (f) interactions. Boxed residues are
positions with disease mutations. g, Effect of human TERT (hTERT) residue
substitutions on telomerase activity stimulation by TPP1. Activity stimulation
is calculated as activity with TPP1/activity without TPP1. Dataare mean+s.d.
fromn=3biologicallyindependent experiments. ***P<0.001, ****P< 0.0001;
one-tailed unpaired t-tests.

corresponding to the histone H2A-H2B dimer—which was previously
observed at somewhat higher percentage—bound at and possibly sta-
bilizing this three-way junction® (Fig. 1d, Extended Data Fig. 3a, b).
The overall higher resolution of the catalytic core in the present study
enabled usto assign sequence more accurately to cryo-EM density and
position side chains (Fig. 1d, Extended Data Fig. 2).

TPPlinteractions with TEN-TRAP

Anotable difference between the structure of the catalytic core with-
out®and with TPP1is that TEN is at a higher resolution in the complex
with TPP1 (Fig. 2a). This enabled us to accurately model TEN—previous
modelling® had around one-third of the residuesin the wrong register.
The overall structures of human TEN and TRAP, as well as the extended
B-sheet between TEN and TRAP, are remarkably similar to those in
Tetrahymena telomerase (Fig. 2b, Extended Data Fig. 5b). However,
the position of TEN-TRAP relative to the TERT ring is different, which
may be caused by the double-stranded end of the pseudoknot (P2a.1)
abutting TEN in human telomerase (Extended Data Fig. 5c-f). TRAPis
connected at its N-and C-terminal ends to the conserved helices IFD,
andIFD,, respectively, by flexible linkers that allow positional dynamics
of TEN-TRAP relative to the TERT ring (Fig. 2b).

The architecture of TPP1 bound to telomerase is the same as for
the free protein®, except at its interface with TEN-TRAP, where loop
o2-B4 formstheshorthelix a2.1(Fig.2c). TPP1loop a2-B4 and NOB¥ are
shifted to positions similar to those in Tetrahymenatelomerase-bound
p50', butadopt different conformations (Extended DataFig. 6a). Com-
parison of the cryo-EM density of TEN-TRAP in telomerase without and
with TPP1 providesinsight into the conformational changes caused by
TPP1binding. TRAP is largely unchanged, whereas the TEN interface
with TPP1and TRAP becomes structured, as evidenced by the stronger
density—especially forits 33-34, 4-a6 linker and a7 (Extended Data
Fig. 6i,j). Thus, TPP1bindingstabilizes the interaction between TEN and
TRAP. TPP1binding also damps the positional dynamics of TEN-TRAP,

Nature | Vol 604 | 21 April2022 | 579



Article

a v b s
¥ NisCCARUC eiiiisiiyiii]

3 *Temp\ate

5.

Fingers Motif 3A

e

oye|dwa)

Fig.3|Interactionsbetween TERT and template-DNA duplex.a,b, The
catalytic cavity of TERT (coloured surface) with TER t/PK (grey ribbon) and
DNA (greenribbon). TERT isomitted in b to show the template-DNA duplex.
Thetemplate and adjacent single-stranded regions are coloured red and
orange, respectively. Top, template alignment nucleotides are showninred
withawhite background.P1bandP2a.1areshownin magenta. Thered star
represents the TERT activesite. ¢, Detailed TERT-TER interactionsinthe region
onthe 5’ side of the template. d, Ribbon depictions of template-DNA and TERT
motifsinvolvedin duplex handling. Bridge loop K499 and H500 are shown as
sticks. e, Schematic showingspecificinteractionsbetween TERT and
template-DNA duplex. Polar and stackinginteractions are indicated with
arrows and bold lines, respectively. f, The path of TER nucleotides on the 3’ side
ofthe template. Positively charged TERT residues along the template exit path
areshownassticks.

as evidenced by the improvement in cryo-EM density on the outside
surface of TEN (Fig. 2a, Extended Data Fig. 6i, j).

Superposition of TPP1-TEN-TRAP on Tetrahymena p5S0-TEN-TRAP™
reveals that the bindinginterfaces are globally the same, including their
three-way interaction® (Extended Data Fig. 6), but most specificinter-
actionsarenotconserved (Supplementary Fig.2). Thereisacontinuous
interface between TPP1and TEN-TRAP (Fig. 2e, Extended DataFig. 6e)
thaton TRAPincludesinteractions with residues previously identified
as the TEL patch?* and NOB? (Fig. 2c). We identified three charge-
charge interactions, TEN K78-TPP1 E215, previously identified in a
charge-swap experiment®*, TRAP R774-TPP1E168 (the TEL patch) and
TENDI129-TPP1R92 (NOB) (Fig.2d). Therest of the interface is primarily
hydrophobic, involving mostly leucines on TRAP and TPP1 (Fig. 2f) and
shortside chains (alanine, glycine and serine) on TEN (Fig. 2e). Among
these, TERT mutations R774L and Y772C are associated with dyskera-
tosis congenita and aplastic anaemia, respectively®. Except for K78,
most of the residue substitutions or disease-mutation substitutions
previously inferred to disrupt direct TPP1-TERT interactions®%*3¢ act
indirectly, either by destabilizingthe TEN-TRAP interface or changing
TEN or TRAP structure (Extended Data Fig. 7a-c).

We tested alanine substitutions on TEN-TRAP interface residues
using atelomerase direct activity assay to evaluate theirimportancein
TPP1binding (Methods). TPP1enhanced telomerase activity approxi-
mately twofold, with only asmalleffect on repeat addition processivity**
(RAP), similar to Tetrahymena p50%, under optimized conditions of
excess TPP1. All mutants showed significant decreases of this activity
stimulation, from approximately 50-85% (Methods), including the
well-studied K78A%* (75% decrease) (Fig. 2g, Extended Data Fig. 7d-f).
TRAPL766A, Y772A and L798A caused more than 75% loss of activity
stimulation, and R774A (similar to its partner TPP1E168A**) and TEN
D129A caused approximately 60% loss of activity stimulation. We next
tested whether TPP1 binding defects would affect RAP enhancement
by TPP1-POT1. Addition of TPP1-POT1 had little effect on activity but
enhanced RAP by approximately 1.4-fold (Extended Data Fig. 7g-i).
The TEN-TRAP residue substitutions caused a similar pattern in
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Fig.4|Interactionsbetween TERT and TER. a, b, Telomerase catalytic core
structureshownintwo views. Viewinaisthe sameasFig.1b. Theinvisible linker
betweenP2a.1andtheP2bloopisshownasagreendashedlineinb.c,Structure
of CR4/5and itsinteractions with TERT RBD and CTE. Flipped out nucleotides
(red) onP6and P6.1thatinteract withRBD and CTE, respectively, arelabelled.
G310interacts with H2A-H2B. d, Top, the chemical structure of BIBR1532.
Bottom, interactions of U177 (pseudoknot) and U307 (CR4/5) with CTE L3, 433
residues L1019 and Q1023, respectively. The telomerase-specific inhibitor
BIBR1532 (light purple) isshown docked onto this structure based on the
T.castaneum TERT-like protein CTE-BIBR1532 structure (PDB: 5CQG). Residues
comprising the FVYL pocket for BIBR1532 binding™ are labelled.

decreasing stimulation of RAP by TPP1-POT1to the decreasing stimu-
lation of activity by TPP1 alone (Fig. 2g, Extended Data Fig. 7i). These
results validate the identified interface interactions for TPP1binding.
This atomic model of the TEN-TRAP interface for TPP1binding defines
thestructural requirements for telomerase recruitment and provides
arational basis for drug design to inhibit telomerase action by repress-
ing recruitment.

Features of the catalytic cavity

The TER t/PK forms an oval around the TERT ring that is closed by P1b
(Fig.3a,b). The single-strand region of the t/PK that includes the tem-
plate wraps along the RBD (5’), RT (template) and CTE (3’), where it
passes under the TRAP-TEN (Fig. 3a). Inthe structure, only the last four
basesinthe DNA primer d(T,,TTAGGG) pair with the template, with the
duplex shifted out of the active site as previously reported® (Fig. 3b).
This observationis consistent with duplexes of four (or five if the active
site is occupied) base pairs in Tetrahymena telomerase structures at
multiple steps of telomere repeat synthesis', indicating that a short
unstable duplex isa common feature for telomerase®,

During telomere repeat synthesis, the template movement bound-
ary is determined by the template boundary element (TBE) acting
as an anchor onits 5’ side'®**. In our structure, the perpendicularly
positioned P1b-P3 is anchored on TERT RBD by interactions to the
single nucleotide junction (C186) and base pairs on either side (Fig.3c,
Extended DataFig.4d). Thisestablishes PIb-P3 asthe TBE, consistent
with mutagenesis results*®. The template is connected to the TBEby a
linker (TBE,) of eight nucleotides (U38-U-U-U-U-U-G-U45), versus two
in Tetrahymenatelomerase (Fig. 3b, Extended DataFig. 8a,b). Although
residues U38 to U43 are loosely tethered, as indicated by their weak
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Fig.5|Disease-associated mutations of human TERT and TER. Mainimage,
cartoonrepresentation of human TERT and TER (grey) with mutations
associated with disease'® (Supplementary Table 1) highlighted as spheres and

cryo-EMdensities (Extended DataFig. 8a), G44 and U45 areinserted into
abinding pocket onthe RBD, whichappearstobeasecondary ‘kedge’
anchor (Fig. 3a, Extended Data Fig. 8c-e). As the template moves,
nucleotidesinthe pocket could pop out and be replaced sequentially
by the subsequentresidues, up to U41-U42 when the TBE, would be fully
stretched (Extended Data Fig. 8f). The proposed kedge anchor would
help keep the template correctly positioned in the catalytic cavity.

Thetemplate-DNA duplexis held in the catalytic cavity by template
interactions with motif 3 and fingers on RT and DNA interactions with
the thumb loop, the thumb helix on CTE and the T motif on the RBD®
(Fig.3d, e, Extended DataFig. 8g). Abridge loop onthe RBD, firstiden-
tified in Tetrahymena telomerase and proposed to regulate duplex
length', bridges the two ends of the duplex with its conserved tip
residues (K499 and H500; R413 and F414 in Tetrahymena) inserted
onthe major groove side (Fig. 3d, e). Individual substitutions of these
residues to their Tetrahymena counterparts had little effect on activ-
ity, whereas substitution with alanine substantially decreased activ-
ity and RAP (Extended Data Fig. 8h). K499, together with Y333, E565
(T motif) and R622 (fingers motif), forms a conserved interaction net-
work that regulates stepwise flipping of template bases into the active
site (Extended Data Fig. 8i). On the other end of the duplex, the first
unpaired DNA nucleotide (dT14) inserts between template nucleotides
atthe duplex-single-strand junctionandinteracts with L980 (Fig. 3e).
This leucine was proposed to have amajor rolein strand separationin
arecent publication on human telomerase structure®. The following
T13flips outand stacks onbridge loop residue H500 (Fig. 3e, Extended
DataFig. 8j). By contrast, in Tetrahymenatelomerase, all the unpaired
DNA nucleotides are stacked continuously under F414 from the bridge
loop™. This difference may be owing to flexibility of the exiting DNA in
the absence of telomeric DNA handling protein POT1 versus the con-
stitutively assembled orthologue Tebl in Tetrahymena®. Consistent
with this, there is no traceable cryo-EM density for DNA nucleotides
beyond T13.

Onthetemplate 3’side, the template alignment region enters anar-
row, positively charged channel between the TRAP and CTE thumb
helix'® (TRAP-TH channel) and the single-stranded RNA between the
template and P2a.1 makes agooseneck turn below onthe CTE (Fig. 3f).
Thearginines lining the channel could functionas aratchet for template
movement during telomere repeat synthesis, as proposed for Tetrahy-
mena telomerase'™. TPP1binding damps the dynamics of TEN-TRAP,

Hoyeraal-Hreidarsson Myelodysplastic
leukemia (rG309U) syndrome (K570N) syndrome (R535H)

Aplastic anemia
(rG305A, R979Y)

coloured by their domains asin Fig. 1. Insets, magnified views of wild-type
interactionsinregions harbouring disease-causing mutations.

which we propose helps to form the optimal TRAP-TH channel for
regulation of telomeric DNA synthesis. Overall, the common features of
the human telomerase catalytic cavity to those in Tetrahymena suggest
alargely conserved mechanism for repeat synthesis and translocation.

TERT-TER interactions scaffold the catalytic core

Onthe 3’side of the template, the structurally conserved pseudoknot
formsanirregular helix that wraps around TERT ring from CTE to RBD
(Fig. 4a, b). The pseudoknot can be divided into three regions: P2a.1,
which connects to the single strand 3’ of the template®; P2a-P2b,
which contains a 5-nucleotide (nt) asymmetric internal loop (J2a/b);
and P2b-P3, which contains conserved base triples from loop-stem
interactions**** (Fig. 4a, b, Extended DataFig.4a,b). The tertiary struc-
ture of P2b-P3is almostidentical to the structure determined for this
sub-domaininsolution®, Adjacent to P2b-P3is an approximately 90°
bendatthe5-ntJ2a/bbulge betweenP2band P2a*; therest of the P2 stem
(P2a.1-P2a-P2b) that passes over the CTE is mostly helical (Fig.4a, b).
The interactions of the pseudoknot with the TERT ring are located
mainly on P3 (Extended Data Fig. 4d), which fits into the positively
charged cleftbetweenthe CTEand RBD (Fig. 4a, Extended DataFig. 9a).
Notably, except for aflipped-out G73 between P2a.1-P2aand Cl16 at the
P2b-P3junction, the entire P2 only contacts TERT at its 5’ end, where
P2a.1abutsapositively charged surface of TEN onits major groove side
(Fig. 4b, Extended Data Fig. 9a). Whereas P2b-P3 is fixed on TERT, the
rest of the pseudoknot exhibits conformational dynamics, as revealed
by modelling of different class averages (Extended Data Fig. 9b-e).

Besides theinteractions from P3, the TERT ring is further stabilized
by CR4/5 binding from the opposite side. In CR4/5, P6 is stacked on
P5.1—a predicted 3-bp helix*** formed by interactions in the large
internalloop between P6, P5and P6.1-and the P6.1 hairpinis perpen-
diculartoP6 (Fig.4c, Extended DataFig. 4a, ¢, e). The highly conserved
P6.1 hairpin bridges the RBD and CTE, whereas P6 binds the RBD, as
observedinteleost fish* (Fig. 4c). Together, CR4/5 and the pseudoknot
form a framework that inhibits large-scale conformational change in
the TERT ring (Fig. 4b).

Asingle bulge nucleotide (U177) below the three U-A-U triples****in
P2b-P3 is within about 7 A of U307 on the P6.1 hairpin loop in CR4/5
(Fig. 4d, Extended Data Fig. 4d, e). Our model reveals that these two
nucleotides bind in separate pockets on opposite sides of the CTE,
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separated by loop Ls,_o3; (aminoacids 1019-1028). U177 interacts with
four Lys,_o33 residues, including L1019, whereas U,,; hydrogen bonds with
Q1023 (Fig. 4d, Extended Data Fig. 4d, e). Disease mutations® L1019F
(pulmonary fibrosis), V1025F and V1090M (aplastic anemia), and
N1028H (DKC) would disrupt interactions that stabilize P2b-P3 and/
or P6.1binding to CTE in this region. Docking of telomerase-specific
inhibitor BIBR1532 onto its binding site on CTE, based on homology
to CTE of Tribolium TERT-like protein®, reveals that its benzoic ring
would occlude U177 binding and its naphthalene group repositions
Lasa-o33, Which could also affect P6.1 interaction (Fig. 4d). Thus, as a
non-nucleosidic telomerase inhibitor'?, BIBR1532 disrupts critical
TERT-TER interactions, making it the first known example of a drug
targeting a non-template region of TERY.

Insightsinto catalytic core disease mutations

More than 185 and 75 mutations in TERT and TER, respectively, lead
to short telomeres and manifest as diseases of telomerase insuf-
ficiency®. In TER, the vast majority of these are in the pseudoknot
and CR4/5, and there are only a few in the H/ACA RNA". We mapped
known disease-associated mutations of TER and TERT (that would not
obviously disrupt TERT hydrophobic core) onto the structure (Fig. 5,
centre). Almost all TER mutations in the catalytic core contact or are
adjacent to nucleotides that contact TERT. Notably, there are many
mutationsin pseudoknot P3 and P1b (Fig. 5, Extended Data Fig. 4d, e).
Afewothers would affect critical folds such as the conserved 90° bend
in theJ2a/b loop** by disruption of stem base pairs (Extended Data
Fig.4a). The 3.3 Amodel of the catalytic core reveals specific TERT-TER
contacts that would be affected by individual mutations (Fig. 5, boxed
examples). For pulmonary fibrosis, examples include mutations in
TERTRT fingers (R622C) and TRAP (R756L) motifs that would disrupt
interactions with the template. Fingers R622 is part of the conserved
network of residues that regulates sequential flipping of the template
nucleotides opposite the active site®'° (Fig. 3e). R756 is at the top of
the TRAP-TH channel where it stacks with template (A55) and helps
regulate the one-way movement of the template during nucleotide
addition (Fig. 3f). CTE mutation R1086C would disrupt interactions
with the backbone of P2b C116, the last residue of P2b-P3 pseudo-
knot to interact with TERT (Extended Data Fig. 4d). TER mutations
in dyskeratosis congenita include G73U; G73 is the single residue at
the P2a.1-J2a/bjunction that specifically interacts with CTE (Fig. 4b).
Mutations throughout the pseudoknot P3 that have direct contacts
with TERT or stabilize the extended P3 stem (Extended DataFig. 4d), are
associated with aplastic anaemia and other diseases®. Aplastic anaemia
TER mutation G305U would disrupt the top of P6.1and interaction
with CTE Q1023, and THR979Y would affect template handling in the
TRAP-TH channel (Fig. 5). Acute myeloid leukemia G309U (P6.1) and
myelodysplastic syndrome R535H (RBD) mutations provide additional
examples of mutations that disrupt P6.1-TERT interactions with CTE
Q1023 and P6.1A302, respectively. Dyskeratosis congenita R381P (RBD)
would disrupt arginine interactions with three base pairs flanking the
bulged U,y in CR4/5 helix P6. Last, K570N (in the RBD T motif) is asso-
ciated with Hoyeraal-Hreidarsson syndrome (Fig. 5) and pulmonary
fibrosis; K570 interacts with the DNA backbone in the template-DNA
duplex (Fig.3e). Analysis of these interactions validates the importance
for telomerase activity of the TERT-TER interactions defined in our
model and provides a structural basis for drug targeting.

Summary

This structure of human telomerase in complex with shelterin protein
TPPlillustrates the detailed interface essential for recruitment and
activation. Our comparison of common and divergent features of the
catalytic cores of Tetrahymena' and human telomerase at 3.3 Aresolu-
tion has unveiled details of template-DNA handling, template boundary
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definition and duplex length during telomere repeat addition. TPP1
binding stabilizes the TRAP-TENinterface and TRAP-TH channel, and
its association with POT1 positions it to bind the newly synthesized
telomeric DNA. Analysis of disease mutations as well as the binding
site for the telomerase-specific inhibitor BIBR1532" revealed the
critical importance of TERT-TER interactions for telomerase activity
and as potential drug targets. Overall, these findings provide a basis
forstructure-guided telomerase-targeted drug discovery and a deeper
understanding of disease mutations leading to telomere biology dis-
orders.
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Methods

Telomerase expression and purification

Human telomerase was reconstituted in vivo and purified largely as
previously reported®, except for the addition of an initial IgG affinity
purification step. In brief, human TERT and TER genes from plasmid
pBABEpuroUThTERT+U3-hTR-500*¢ (AddGene) were individually
cloned into pcDNA3.1 vectors, and pcDNA3.1-ZZ-TEV-SS-TERT and
pcDNA3.1-U3-TER-500ex-HDV were constructed as described’. For
the TERT plasmid, a tobacco etch virus (TEV) protease cleavage site
was inserted between the tandem protein A (ZZ) and TwinStrep (SS)
tag (IBA Lifesciences) cassettes for telomerase purification. For the
TER plasmid, the U3 snoRNA promoter* was inserted before TER and
a500-ntextended sequence® was inserted between TER and hepatitis
delta virus ribozyme® (HDV). We used adherent HEK 293T cells for
telomerase reconstitution. The cells were cultured on 150-mm plates
with DMEM media (Gibco) supplemented with 10% FBS (Atalanta),
1% penicillin-streptomycin and 1% GlutaMAX. The cells were trans-
fected with an optimal ratio of 1:4 of TERT and TER plasmids using
calcium phosphate reagents®. After 48 h of transfection, the cells
were harvested by centrifugation (1000x g, 5 min) and resuspended
in pre-chilled hypotonic lysis buffer (HLB) (20 mM HEPES-NaOH pH
8.0,10% glycerol,2 mM EDTA, 0.2 mM EGTA, and 1 mM TCEP) supple-
mented with 0.1% NP-40, 0.2 mM PMSF, 10 pM MG-132 (Sigma), and
0.2% protease inhibitor cocktail (Sigma). Cells were incubated onice
for 10 min before being flash frozen and stored at -80 °C.

For telomerase purification, frozen cells from 120 plates were thawed
and subjected to two additional freeze-thaw cycles. The cell lysate
was adjusted to 300 mM NaCl concentrationand incubated onice for
30 min. An equivalent volume of HLB buffer supplemented with 0.1%
Igepal CA-630 was added to the cell extract to dilute the NaCl concen-
tration to 150 mM. The cell lysate was cleared by ultracentrifugation
(125,000¢) for1 hat 4 °C. The prepared cell lysate was incubated with
IgG resin (Sigma) for 5 h at 4 °C with end-over-end rotation. The resin
was washed three times with wash buffer (20 mM HEPES-NaOH pH
8.0,150 mM NacCl,10%glycerol,2 mM EDTA, 0.2 MM EGTA,1 mM TCEP,
and 0.1% Igepal CA-630) before elution by TEV protease cleavage at
4 °Cfor1h. The eluate was subsequently incubated with streptavidin
agarose resin (Sigma) prebound to a 5’-biotinylated oligonucleotide®
atroomtemperature for 2.5 h. The resin was washed with wash buffer
and eluted with 50 uM competitor oligonucleotide® in 500 pl wash
buffer 3 times. The total elution was further incubated with pre-blocked
MagStrep XT3 resin (IBA LifeSciences) overnight at 4 °C along with 5
KM DNA primer, T;,TTAGGG. The resin was washed with wash buffer
and eluted with 35 pl biotin elution buffer (20 mM HEPES-NaOH pH
8.0,150 mM NaCl, 2 mM MgCl,, 20 mM biotin, 1 mM TCEP, and 0.05%
Igepal CA-630) to get the final product.

TPP1expression and purification

TPP1 OB (residues 88-249) and TPP1 OB-PBD (residues 88-334,
Addgene) were cloned into a modified pETduet vector with an
N-terminal 6xHis-MBP tag followed by a TEV protease cleavage site
and a pET-SUMO vector individually. The proteins were expressed
in Escherichia coli BL21 (DE3) cells as described®. LB media with
100 pg mI Ampicillin (for TPP10B) or 50 pg ml kanamycin (for TPP1
OB-PBD) were used for bacterial growth at 37 °C to an OD, of 0.6.
Protein expression wasinduced by 0.5 mMIPTGfor 20 hat18 °C. Cells
were harvested, suspended in buffer A (20 mM HEPES-NaOH pH 8.0,
1MNacCl, 15 mMimidazole, 5% glycerol,and1 mM TCEP), sonicated and
centrifuged at 34,000g for 45 min. The supernatant wasloaded ontoa
Ni-Sepharose affinity column (HisTrap HP; GE Healthcare). The column
was washed with 95% buffer A and 5% buffer B(20 mM HEPES-NaOH pH
8.0,0.5 M NaCl,1Mimidazole, 5% glycerol,and 1 mM TCEP), and then
the protein was eluted with 70% buffer A and 30% buffer B. The eluate
wasincubated with TEV protease (for TPP10B) or SUMO protease (for

TPP1OB-PBD) for 3—-4 h at room temperature while dialyzing against
buffer containing 20 mM Tris-HCI pH 7.5, 250 mM NacCl, and 5 mM
-mercaptoethanol. TPP1 was collected from the flow through after
loading the cleavage reaction onto a Ni-Sepharose affinity column.
Further purification was conducted by size-exclusion chromatography
(SEC) (HiLoad 26/600 Superdex 75; GE Healthcare) in SEC buffer 20 mM
HEPES-NaOH pH 8.0,150 mM NacCl, 5% glycerol,and1 mM TCEP). TPP1
OB protein peak fractions were pooled and concentrated to 300 pM
using 10 kDa cut-off Amicon filters (Millipore Sigma), then aliquoted
and stored at —80 °C. To prepare the TPP1 bound telomerase, a final
concentration of 500 nM purified TPP1 OB was added to the purified
telomerase and incubated on ice for 1 hjust prior to grid preparation.

TPP1-POT1complex purification

POT1 was expressed using the Bac-to-Bac system (Thermo Fisher
Scientific) in Sf9 cells. In brief, cDNAs encoding POT1 was chemi-
cally synthesized by IDT (Integrated DNA Technologies) and cloned
into pFastBacl vector (Thermo Fisher Scientific) with an N-terminal
6xHis-MBP tag followed by a TEV protease cleavage site. The expres-
sionvectors were used to make baculoviruses based on the established
protocol for Bac-to-Bac system (Thermo Fisher Scientific). Sf9 cells
(2.0 x10°mI™) were transfected with viruses using a multiplicity of infec-
tion (MOI) of 3at27 °CinSF-900 IISFM media (Thermo Fisher Scientific).
The cellswere harvested 48 h after infection, and proteins were purified
as described for TPP1. Fractions of POT1 collected from SEC (HiLoad
26/600 Superdex 200; GE Healthcare) were mixed with TPP1 OB-PBD
atl:1ratio and incubated at 4 °C for 1 h before loaded to another SEC.
TPP1-POTI1 fractions were collected and concentrated to around 100 uM
using 30 KDa cut-off Amicon filters (Millipore Sigma), then aliquoted
and stored at—80 °C.

Cryo-EM sample preparation and data collection

Telomerase samples were applied to glow-discharged lacey gold grids
coated with a supporting ultrathin carbon film (EMS). The grids were
blotted with Grade 595 filter paper (Ted Pella) and flash-frozen in
liquid ethane using an FEI Vitrobot Mark IV. Cryo-EM grids prepared
and frozen with varying parameters (including the time and gas for
glow-discharging, the volume of applied sample, temperature and
humidity of the Vitrobot sample chamber, waiting time before blot-
ting, blotting time and force) were screened in an FEI Tecnai TF20
transmission electron microscope for optimal ice thickness, particle
concentration and particle distribution on grids. The best grids were
obtained with 30 s glow-discharging in mixed H, and O,, 5 pl sample
applied oneachgrid, and Vitrobot setat10 °C,100% humidity, waiting
time 4 min, blotting force 4, and blotting time 10 s.

Cryo-EM grids were loaded into a ThermoFisher Titan Krios elec-
tron microscope operated at 300 kV for automated data collection
using SerialEM**. Movies of dose-fractionated frames were acquired
with a Gatan K3 direct electron detector in super-resolution mode at
a pixel size of 0.55 A on the sample level. A Gatan Imaging Filter (GIF)
wasinstalled between the electron microscope and the K3 camerawith
the slit width setting to 20 eV. The microscope was carefully aligned
prior to each imaging session and the parallel beam was optimized
using coma-free alignment in SerialEM**. The dose rate on the sample
was set to approximately 55e” A2 in total, which was fractionated into
50 frames with 0.06 s exposure time for each frame. Finally, 31,728
movies were collected in three separate imaging sessions with three
batches of cryo-EM grids (Extended Data Fig. 1).

Cryo-EM data processing

The cryo-EM data processing workflow is outlined in Extended Data
Fig. 1. All steps described below were performed with RELION 3.1%
unless otherwise indicated. Dose-fractionated frames of each movie
were 2x binned (pixel size of 1.1 A), aligned for the correction of
beam-induced drift, and dose weighted using RELION’simplementation



of UCSF MotionCor2%. Contrast transfer function (CTF) parameters,
including defocus and astigmatism, of each dose-weighted micrograph
were determined by CTFFIND4*” within RELION.

Three datasets, one for each data collection session, wereinitially pro-
cessed separately in three batches (Extended DataFig.1a). For datasetl,
666,560 particles were picked from 2,000 representative micrographs
using template-free auto-picking in RELION. There particles were
extracted inboxes 384 pixels square and 3x binned to 128 pixels square
(pixel size of 3.3 A) for 2D classification. 203,042 particles from the best
classes were selected to train a particle detection model in Topaz®® for
subsequent neural-network based particle picking. From the 16,244
micrographs of datasetlatotal of 8,500,796 particles were picked, 3x
binned and extracted in boxes 128 pixels square (pixel size of 3.3 A).
Two rounds of 2D classification were performed to remove ‘bad’ par-
ticles in classes with fuzzy or uninterpretable densities. 3,006,138
particles in classes with clear features for both the catalytic core and
H/ACA RNP were selected. Refinement of the selected particles using
a previously published cryo-EM map® (EMD-7521) as an initial model
generated a 3D reconstruction with only low-resolution features.
To improve the resolution, each particle was re-extracted into two
sub-particles with shifted origins (RELION option: --recenter_x/y/z),
one centred on the catalytic core and the other centred on the H/ACA
RNP. Sub-particles centred on the catalytic core were extracted in
boxes 128 pixels square (pixel size of 2.2 A) and refined using a soft
mask encasing the catalytic core (mask1). The resulting orientation
parameters for each sub-particle were used as inputs for the subse-
quent masked 3D classification step with local angular search (RELION
options: --sigma_ang 30 --healpix_order 2). In parallel, sub-particles
centred on the H/ACA RNP were extracted in boxes 200 pixels square
(pixel size of 2.2 A), refined and 3D classified with a soft mask covering
the H/ACA RNP (mask2). An additional step of 2D classification was
performed before 3D refinement to remove sub-particles that were
not centred properly on the H/ACA RNP. Last, 1,781,404 sub-particles
centred on the catalytic core and 1,055,677 sub-particles centred on
the H/ACA RNP were selected from datasetl.

Dataset2 and dataset3 were processed in a similar way as described
above for datasetl (Extended Data Fig. 1a). For dataset2, 4,413,286
particles were picked from 8,361 micrographs. After screening, 429,103
sub-particles centred on the catalytic core and 439,516 sub-particles
centred onthe H/ACARNP were selected. For dataset3, 2,641,248 parti-
cleswere picked from 7,123 micrographs. 403,764 sub-particles centred
onthe catalytic core and 504,954 sub-particles centred on the H/ACA
RNP were selected after screening. The two types of sub-particles from
the three datasets were combined and processed respectively with the
following steps.

For the H/ACA RNP, the combined 2,000,147 sub-particles (pixel size
of 2.2 A) were refined to 4.4 A resolution using mask2 (Extended Data
Fig.1c). Then, two rounds of 3D classification were performed with
local angular searchin30° (RELION options: --sigma_ang 30 --healpix_
order 2) and 12° (RELION options: --sigma_ang 12 --healpix_order 3),
respectively. 432,108 sub-particles from the best class were extracted
in boxes 320 pixels square (pixel size of 1.1 A) and refined to 3.3 Areso-
lution. After another round of 3D classification with a finer angular
sampling interval (RELION options: --sigma_ang 8 --healpix_order 4),
256,859 sub-particles were selected for 3D refinement, following by CTF
refinement to correct CTF parameters, anisotropic magnification and
higher-order aberrations. Beam-induced particle motions were cor-
rected using Bayesian polishing modulein RELION. The resulting ‘shiny’
particles were refined with mask2, resulting in a final 3.2 A resolution
reconstruction of the H/ACARNP module (Extended DataFig.2a,b, d).

For the catalytic core, the combined 2,614,217 sub-particles (pixel
size of 2.2 A) were refined to 4.4 A resolution using mask1 (Extended
Data Fig. 1d), and then classified into six classes (RELION options:
--sigma_ang 20 --healpix_order 3). A total 0f 1,386,006 sub-particles
from the two best classes were combined, extracted in boxes of 256

pixelssquare (pixel size of 1.1 A), and refined to 3.4 A resolution. Nota-
bly, the cryo-EM densities of the TEN domain of TERT and P2a.1-P2a
of TER were weaker than the rest in the resulting map, suggesting that
they are positionally flexible and/or adopt more than one conformation.
The sub-particles were therefore subjected to another round of 3D clas-
sification with afiner angular sampling (RELION options: --sigma_ang 6
--healpix_order 4) and atighter soft mask (mask3) to exclude the flexible
regions described above. 291,504 sub-particles from the best class were
selected for 3D refinement, CTF refinement and Bayesian polishing.
The resulting ‘shiny’ sub-particles were refined to 3.3 A resolution with
maskl for the entire catalytic core and to 3.2 A resolution with mask3
for the rigid region that excludes TEN and P2a.1-P2a (Extended Data
Fig.2a, c, e). Several alignment-free 3D classifications using different
masks (Extended Data Fig. 3) were subsequently performed to inves-
tigate the compositional and conformational heterogeneities within
the catalytic core, as described below.

To separate sub-particles bound with H2A-H2B heterodimer, a soft
mask covering the junction region of P2b, P6.1and P6 was usedin the 3D
classification (Extended Data Fig. 3a). The input 291,504 sub-particles
were classified into 10 classes with an optimized regularization param-
eter (RELION option: --tau2_fudge 8). A subset of 65,345 sub-particles
(21.9% of the inputs) in one class with clear features for H2A-H2B were
selected and refined to 3.7 A resolution using mask1 (Extended Data
Fig.3a).

To separate sub-particles bound with TPP1, the inputs were classified
into 4 classes with a spherical soft mask covering the space above the
TEN-TRAP (Extended Data Fig. 3a). A subset 0f 118,845 sub-particles
in one class with the best density for TPP1 were selected and refined
to 3.5 A resolution (Extended Data Fig. 3a, ¢, d). Meanwhile, 83,992
sub-particles from another class without TPP1 were refined to 3.7 A
resolution. These two subsets of catalytic core sub-particles were fur-
ther classified into six classes, respectively, with a soft mask encasing
the P2a.1-P2a of TER (Extended Data Fig. 3a). The resulting classes
with interpretable features (that is, major and minor grooves of the
RNA duplex) were refined individually.

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 the detector, sharpened with a negative B-factor and low-pass fil-
tered to the stated resolution using the relion_postprocess programin
RELION. Local resolution evaluations were determined by RELION with
two independently refined half-maps. Data collection and processing
statistics are givenin Extended Data Table 1.

Reference models

The initial model for 3D reconstruction was retrieved from the EMDB
with accession code EMD-7521. Other structures used in this study were
retrieved from the PDB with accession codes 2146 (TPP1OB), 7LMA
(Tetrahymena telomerase), 7BG9 (human telomerase catalytic core),
7BGB (human telomerase H/ACARNP), and 5CQG (Tribolium TERT-like
protein with inhibitor).

Model building and refinement

The atomic models of human telomerase catalytic core were builtand
refined manually in COOT®°. The 3.3 A resolution cryo-EM map of cata-
lytic core (Extended Data Fig. 1d) was used for the modelling of TERT
RBD-RT-CTE ring and associated TER CR4/5 and t/PK except for the
P2a.1and P2a. The 3.5 A resolution map of catalytic core bound with
TPP1was used for the modelling of TERT TEN-TRAP, TERP2aand P2a.1,
aswell as TPP1. The 3.7 A resolution map of catalytic core bound with
H2A-H2B was used for the modelling of H2A and H2B.

Initially, our model of human telomerase catalytic core* based on
areported 8 A resolution cryo-EM map® was fitted into our catalytic
core maps with UCSF Chimera® as a beginning for model building.
The high-resolution features of our maps provided more accurate main
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chain and most side chain conformations (Extended Data Fig. 2g-j),
which aided the side chain adjustment and main chain re-tracing
whennecessary to get the best fit between the density and the model.
Visible densities of amino acid residues with bulky side chains, such
as Phe, Tyr and Trp were used as guidance for sequence assignment.
No density was observed for the linker between TEN and RBD (resi-
dues 179-321), RBD residues 417-443, and RT residues 641-650, so
these residues were not modelled. The crystal structure of TPP1 OB*
(PDB: 2146) was fitted into the telomerase-TPP1 sub-class maps and
manually refined in a similar way (Extended Data Fig. 3f). The H2A-H2B
heterodimer (Extended Data Fig. 3b) was adapted from the structure
of human telomerase holoenzyme® (PDB: 7BG9) published during the
preparation of this manuscript. Comparison of our model with the
published structure revealed some differences in residue register
(about 16% overall for visible regions of TERT), especially within the
TEN (37%). Our telomerase-TPP1 structure exhibits less positional
dynamics and therefore higher resolution for TEN-TRAP, while the
higher resolution of the catalytic core in the combined maps provided
better density for backbone and sidechain positioning for the TERT
ring and associated TER.

TER regions contacting TERT, especially the t/PK domain and Pé6.1
stem, were de novo built from the well-defined nucleotide densities
(Extended Data Fig. 2i). Other parts of TER were adjusted from our
previous model* for their base conformations and backbones to fit
into the density map. The different conformations of the most flexible
region of TER (P2a.1-P2a) were achieved from different classes of local
refined maps in a similar way (Extended Data Fig. 3a). The substrate
DNA was traced from the 3’ end inside the catalytic cavity with seven
nucleotides modelled including the G18-A15 which form a four base
pair duplex with the template. Nucleotides T1-T11 were invisible in
the cryo-EM map.

For the modelling of H/ACA RNP, the previously published model®
(PDB:7BGB) was used as the starting point. The model was rigid-body
fittedinto our 3.2 A resolution cryo-EM map of H/ACA RNP and adjusted
manually in COOT.

Catalytic core and H/ACA RNP models were refined individually using
Phenix® in real space with secondary structure, Ramachandran and
rotamer restraints. All structures were validated using the Molprobity
scores and statistics of the Ramachandran plots. Refinement statistics
ofthe models are summarized in Extended Data Table 1. Model vs map
FSCvalidationisshownin Extended Data Figs. 2, 3. All figures present-
ing the model were prepared using UCSF Chimera®, ChimeraX®® and
PyMOL®.

In vitro reconstitution of telomerase and direct telomerase
activity assays

Human TER for telomerase activity assays was prepared as described for
Tetrahymena TER™, with minor changes. In brief, TER was transcribed
in vitro with homemade T7 RNA polymerase (P226L mutant)® using
1pMlinearized pUC19-T7-TER templatein areaction containing40 mM
Tris-HCI pH 8.0, 5 mM of each dNTP, 40 mM MgCl,, 1 mM spermidine,
2.5mM DTT, and 0.01% Triton X-100. The reaction was performed at
37 °C for 4 h. Product was purified with a10% denaturing polyacryla-
mide gel followed by electroelution. Human telomerase catalytic core
(TERT and TER) was reconstituted in RRL as described***° with minor
changes. Wild type (WT) and mutant human TERTs were expressed in
RRL using the TNT quick coupled transcription/translation system
(Promega) for 2 h before incubation with 1 pM TER with and without
10 pM TPP1 (or 0.25 pM TPP1-POT1 as noted) for another 30 min.
The concentrations of TPP1and TPP1-POT1 used in the assays were
optimized under linear conditions. Assays were performedin a 20 pl
reaction volume containing 25 mM Tris-HCI pH 8.3,2 mM MgCl,,1 mM
DTT,500 uMdTTP, 500 uM dATP,12.5uM dGTP, and 3-5 pCi a-*P-dGTP
(Perkin-Elmer), 500 nM DNA primer d(TTAGGG); and 10 pl of telomer-
asereconstituted from RRL. After 1 hincubation at 37 °C, reactions were

stopped by adding 80 pl quench buffer (10 mM Tris-HCI, pH 8.0 and
10 mM EDTA) supplied with a15-nt*’P end-labelled primer as arecovery
control. Products were extracted with phenol-chloroform, ethanol
precipitated, and resolved on a10% denaturing polyacrylamide gel.
The gel was vacuumdried and exposed toaphosphorimaging screen for
20 h. Thefinalimage was obtained by scanning the screen onalmageFX
system (Bio-Rad) and then quantified with QuantityOne (Bio-rad).
Telomeraseactivity and RAP were determined as previously described™.
The integrated intensity of each lane was used for calculation of tel-
omerase activity and intensities of bands representing the extension
of one telomere repeat processed using the fraction left behind (FLB)
method®”®8 for calculation of telomerase RAP (Supplementary Fig.1).
WT TERT without TPP1was set as 1for both activity and RAP, while WT
with TPP1along with all other mutants were compared toit for relative
activityand RAP. Activity stimulation was calculated as relative activity
with TPP1/relative activity without TPP1. Activity stimulationloss was
calculated as (activity stimulation of WT TERT —activity stimulation of
mutant TERT)/[(activity stimulation of WT TERT) - 1].

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig. 5| Comparison ofhuman and Tetrahymena TERT
structure. a, Superposition of RBD-RT-CTE ring (TERT ring) structures

of hTERT and Tetrahymena TERT (TtTERT, PDB: 7LMA). b, Overlay of
TEN-IFD-TRAP sstructures inhuman (colored) and Tetrahymena (gray)
telomerase. Inset shows the secondary structure of human TRAP and the
extended B sheetbetween TEN and TRAP. c-f, Comparison of human and
Tetrahymena TEN-TRAP positionrelative to the TERT ring. Ribbon diagrams of

the TERT rings from hTERT (c-d) and TtTERT (e-f) are shownin the same
orientationsasinA.Human and Tetrahymena TER are shown as magenta
surfacesincande, respectively. Transparent sticks ind and findicate the
orientations of TRAP domains in hTERT and TtTERT, respectively. Residues
located at the distal end of TRAP domains are shown as spheres. The hinge of
the “rotation movement” is at the proximal end of TRAP that is connected to
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Extended DataFig. 9|Electrostaticinteractions and conformational
dynamics ofthe pseudoknot on TERT. a, Electrostatic surface of TERT shown
intwo different views. b-e, Cryo-EM density (upper) and model (lower) of
telomerase catalytic core with P2 stemin Statel-1(b), Statel-2 (c), Statel-3

Electrostatic potential

State1-3

(d) and State2 (e). Through Statel-1to1-3 (b-d), P2a.1conducts an upward
movement. From Statel-1(b) to State2 (e), P2a.1and P2amove away from TEN
domain of TERT with the J2a/b linker bulged out. The conformation of P2b and
itslocationon TERT remain the same in the four structures.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics for human telomerase maps and

models

Catalytic core

Catalytic core

Catalytic core

Catalytic core

?E/f\\A%’:\ZE(TSPS) combined with TPP1 without TPP1 with H2A-H2B
(PDB 7TRC) (EMD-26086) (EMD-26087) (EMD-26096) (EMD-26088)
(PDB 7TRD) (PDB 7TRE) (PDB 7TRF)
Data collection and
processing
Magnification 81,000 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300 300
Electron exposure (e—/A?) 55 55 55 55 55
Defocus range (um) -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0 -0.8--4.0
Pixel size (A) 1.1 1.1 1.1 1.1 1.1
Symmetry imposed C1 C1 C1 C1 C1
Initial particle images (no.) 15,555,330 15,555,330 15,555,330 15,555,330 15,555,330
Final particle images (no.) 256,859 291,504 118,845 83,992 65,345
Map resolution (A) 3.2 3.3 3.5 3.7 3.7
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 3.2-6.0 3.3-6.0 3.5-7.0 3.7-7.0 3.7-7.0
Refinement
Initial model used (PDB code) 7BGB 2146 7BG9
Model resolution (A) 3.4 3.4 3.6 3.7
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B factor (A?) -106.0 -100 -100 -50
Model composition
Non-hydrogen atoms 14,747 12,240 13,411 13,581
Protein residues 1,599 934 1,086 1,106
RNA/DNA Nucleotides 92 224 224 224
Ligands 0 0 0 0
R.m.s. deviations
Bond lengths (A) 0.003 0.004 0.006 0.005
Bond angles (°) 0.645 0.622 0.757 0.734
Validation
MolProbity score 1.74 1.71 1.82 1.73
Clashscore 8.21 7.37 7.28 7.36
Poor rotamers (%) 0.21 0.12 0.11 0.10
Ramachandran plot
Favored (%) 95.80 95.67 93.58 95.33
Allowed (%) 4.20 4.33 6.42 4.58
Disallowed (%) 0.00 0.00 0.00 0.09
Catalytic core Catalytic core Catalytic core Catalytic core Catalytic core Catalytic core
with TPP1, with TPP1, with TPP1, with TPP1, without TPP1, without TPP1,
P2a State1-1 P2a State1-2 P2a State1-3 P2a State2 P2a State1 P2a State2

(EMD-26090)

(EMD-26091)

(EMD-26092)

(EMD-26093)

(EMD-26094)

(EMD-26095)

Data collection and
processing
Magnification
Voltage (kV)
Electron exposure (e—/A?)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold
Map resolution range (A)

81,000
300

15,555,330
17,590

4.2

0.143
4.2-8.0

81,000
300

15,555,330
23,715

4.1

0.143
4.1-8.0

81,000
300

15,555,330
16,930

4.1

0.143
4.1-8.0

81,000
300

15,555,330
30,694

4.0

0.143
4.0-8.0

81,000
300

15,555,330
16,908

4.3

0.143
4.3-8.0

81,000
300

15,555,330
29,485

4.1

0.143
4.1-8.0
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

IX’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  SerialEM 3.8

Data analysis RELION 3.1, MotionCor2 1.2.1, CTFFIND 4.1.14, Topaz 0.2.4, Coot 0.8.9, UCSF Chimera 1.15 and ChimeraX 1.1, PHENIX 1.18.2, Molprobity

(within PHENIX 1.18.2), Ramachandran (within PHENIX 1.18.2), PyMOL 2.3, QuantityOne 4.6.2, PROMALS3D (web server), ESPript 3.0.8 (web
server)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-26085 (H/ACA RNP), EMD-26086 (Catalytic core
combined), EMD-26087 (Catalytic core with TPP1), EMD-26096 (Catalytic core without TPP1), EMD-26088 (Catalytic core with H2A-H2B), EMD-26090 (Catalytic core
with TPP1, P2a State 1-1), EMD-26091 (Catalytic core with TPP1, P2a State 1-2), EMD-26092 (Catalytic core with TPP1, P2a State 1-3), EMD-26093 (Catalytic core
with TPP1, P2a State 2), EMD-26094 (Catalytic core without TPP1, P2a State 1) and EMD-26095 (Catalytic core without TPP1, P2a State 2). The atomic models have
been deposited in the Protein Data Bank under accession codes 7TRC (H/ACA RNP), 7TRD (Catalytic core combined), 7TRE (Catalytic core with TPP1) and 7TRF




(Catalytic core with H2A-H2B). Initial model for 3D reconstruction was retrieved from EMDB with accession code EMD-7521. Other structures used in this study
were retrieved from the PDB with accession codes 2146 (TPP1 OB), 7LMA (Tetrahymena telomerase), 7BG9 (Human telomerase catalytic core), 7BGB (Human
telomerase H/ACA), and 5CQG (Tribolium TERT-like protein with inhibitor). Uncropped version of all the gels are included as Supplementary Fig. 1.
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All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Cryo-EM 3D reconstructions were calculated from 31,728 images (15.6 million
particles) from 3 separate imaging sessions. The data size is comparable to other studies in this field. The number of particles used for each
final map is sufficient to obtain reliable classification and reconstruction results by cryo-EM.

Data exclusions  For cryo-EM analysis, particles that do not belong to the class of interest or have poor qualities based on well established cryoEM principle
were excluded after rounds of 2D and 3D classification. This is standard practice required to obtain high resolution cryo EM structure of the
class of interest. For functional studies, no data were excluded from any analysis.

Replication All biochemical experiments were repeated two or more times and are all reproducible.

Randomization  No grouping required for our studies.

Blinding Blinding was not relevant to this study, because the study does not involve human subjects or live animals and no grouping was conducted for
telomerase activity assays.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
I:I Antibodies IZ I:I ChIP-seq
IZ Eukaryotic cell lines IZ D Flow cytometry
I:I Palaeontology and archaeology IZ I:I MRI-based neuroimaging

[] Animals and other organisms
I:I Human research participants
I:I Clinical data

D Dual use research of concern
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Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) HEK293T cell line used for protein expression was gifted from Dr. Torres Lab (UCLA Department of Chemistry &
Biochemistry), which was originally bought from ATCC with the catalog# CRL-3216. SF9 cells for protein expression was
bought from ThermoFisher with the catalog# 11496015.
Authentication None of the cell lines used were authenticated.

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)




