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INTRODUCTION: In most eukaryotes, telomerase ribonucleoprotein
(RNP) counteracts the end-replication problem by extending
telomeric DNA at chromosome ends. This enzyme requires a
telomerase reverse transcriptase (TERT) and an RNA template
embedded within telomerase RNA (hTR in humans) for DNA
synthesis. Early size fractionation studies estimated the mass of
human telomerase to be considerably larger than the combined
mass of TERT and hTR, leading to competing models of its composi-
tion. Some propose that human telomerase functions as a monomer
of TERT and hTR with additional protein factors, whereas others
suggest a dimeric form of TERT and hTR. Cryo-electron microscopy
(cryo-EM) structures of human telomerase revealed a monomeric
TERT-hTR composition and the identity of the additional factors.
Human telomerase adopts a bilobed architecture scaffolded by hTR.
One lobe, the catalytic core, consists of TERT, activity-essential
domains of hTR, and a histone H2A-H2B dimer. The other lobe,
called the Hinge and ACA box (H/ACA) RNP, contains two H/ACA
heterotetramers and telomerase Cajal body localization factor
(TCAB1), all bound to the H/ACA domain of hTR. These structures
account for the observed mass and extensive prior evidence
supporting the monomeric form as the active configuration.
Nevertheless, questions remain about the potential existence of a
dimeric state of human telomerase.

RATIONALE: In this study, we leveraged large cryo-EM datasets of
human telomerase to explore architectural diversity within the
purified sample. We identified and resolved the structure of a
human telomerase dimer from a small subset of particles. We next
validated our structural findings through mutagenesis, biochemical
assays, and in-cell studies. Our work integrated previous evidence
on telomerase dimerization and identified key molecular interac-
tions essential for dimer formation and their importance in
telomere maintenance.

RESULTS: The cryo-EM structure of the human telomerase

dimer confirms its existence and reveals an assembly of two
intertwined telomerase monomers, each containing a catalytic
core and an H/ACA RNP. Using tandem-affinity purification,

we found that while the reconstituted human telomerase is
predominantly monomeric, the dimeric complex exists at low
abundance, consistent with our cryo-EM analyses. In contrast to
previous reports, we observed no interactions between the two
catalytic cores of the dimer. Biochemical and structural analyses
suggest that the dimer is catalytically active, but the two
catalytic cores engage with telomeric DNA independently and
show no cooperativity.

Dimerization is primarily mediated by the two H/ACA RNPs. We
identified interactions between hTR of one protomer and the H/ACA
proteins of the other protomer, where several mutations associated
with premature aging disease cluster. Disrupting this interface
impairs telomerase assembly, reduces telomerase activity,

Science 10 JULY 2025

Telomerase
monomer

Telomerase dimer Telomere maintenance

H/ACA RNP
Protomer 1

Short telomeres

a and senescence

. f [

7 Diseqqq diseases
N Telomere “’a’lon
Catalytic core ’

Protomer 2
Telomerase dimer model

488 A

Telomerase
dimer

550 A

Catalytic core
Protomer 1

{3 HIACARNP
17 Catalytic core

Stabilization and
catalytic core assembly

Dissociation into fully

H/ACA RNP assembl
v assembled monomers

Dimer intermediate

Structure and function of the human telomerase dimer. Two human telomerase
protomers intertwine to form a low-abundance X-shaped dimer stabilized by interactions
between their H/ACA RNPs. Disrupted dimerization impairs telomere maintenance in cells
and is also associated with premature aging diseases. The dimer is proposed to play a role
in stabilizing the H/ACA RNP during human telomerase assembly.

and compromises telomere maintenance in cells, explaining the
short telomere phenotype linked to disease mutations. Our data
suggest that telomerase dimerization may aid telomerase assembly
by stabilizing the H/ACA proteins during RNP formation.
Additionally, the structure reveals roles for the H/ACA protein
GARI1. GARI1 facilitates the dimerization through cross-protomer
GARI1-GARI interactions and its binding to the H2A-H2B histone
dimer. Within a single telomerase protomer, we also resolved a
G-quadruplex formed at the 5’ end of hTR, which is stabilized by GARI1.

CONCLUSION: The composition of human telomerase had been

a subject of ongoing debate, with the first cryo-EM structure
offering key insights into its organization. In this study, we
resolved the structure of a low-abundance human telomerase
dimer, unambiguously demonstrating its existence and composi-
tion. By elucidating the dimerization interface, we provide insights
into its potential role in telomere maintenance. We propose that
telomerase dimerization serves a stabilizing function during
human telomerase assembly, before full RNP maturation. Given
the importance of proper telomerase assembly, our findings
have important implications for telomere-related diseases and
therapeutic strategies. [
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Telomerase ribonucleoprotein (RNP) synthesizes telomeric repeats
at chromosome ends using a telomerase reverse transcriptase
(TERT) and a telomerase RNA (hTR in humans). Previous structural
work showed that human telomerase is typically monomeric,
containing a single copy of TERT and hTR. Evidence for dimeric
complexes exists, although the composition, high-resolution
structure, and function remain elusive. Here, we report the
cryo—electron microscopy (cryo-EM) structure of a human
telomerase dimer bound to telomeric DNA. The structure reveals
a 26-subunit assembly and a dimerization interface mediated

by the Hinge and ACA box (H/ACA) RNP of telomerase. Premature
aging disease mutations map to this interface. Disrupting

dimer formation affects RNP assembly, bulk telomerase activity,
and telomere maintenance in cells. Our findings address a
long-standing enigma surrounding the telomerase dimer and
suggest a role for the dimer in telomerase assembly.

Telomeres, situated at the ends of linear eukaryotic chromosomes, un-
dergo shortening during each cell cycle as a result of incomplete genome
replication (7). Telomerase is a ribonucleoprotein (RNP), which preserves
telomere length by adding telomeric repeats (GGTTAG in humans) to
the chromosome 3’ termini (2, 3). Up to 90% of cancer cells confer cel-
lular immortalization through telomerase activation (4, 5). Conversely,
mutations that compromise telomerase function contribute to a diverse
range of premature aging diseases, such as dyskeratosis congenita (6, 7).

The enzymatic activity of telomerase relies on a telomerase reverse
transcriptase (TERT) and an internal RNA template contained in the
telomerase RNA (TER or hTR in humans) (2). The human telomerase
holoenzyme contains 11 accessory subunits, including a histone
H2A-H2B dimer, two sets of the Hinge and ACA box (H/ACA) hetero-
tetramers [dyskerin, nucleolar protein 10 (NOP10), H/ACA ribonu-
cleoprotein complex subunit 2 (NHP2), and H/ACA ribonucleoprotein
complex subunit 1 (GAR1)], and telomerase Cajal body localization
factor (TCAB1) (8, 9). Recent cryo-electron microscopy (cryo-EM)
structures revealed the segregation of human telomerase subunits into
two lobes flexibly connected by hTR (8-10). In one lobe, TERT and
histone H2A-H2B bind two activity-essential domains of hTR: the
pseudoknot/template domain (PK/t) and conserved regions 4 and
5 (CR4/5) (Fig. 1, A and B). This lobe, known as the catalytic core, is
the site where telomeric DNA synthesis occurs. In the other lobe, the
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H/ACA proteins and TCABI associate with the H/ACA domain of hTR
to form the H/ACA RNP (Fig. 1, A and B), which plays a crucial role in
telomerase biogenesis (11-13).

There have been reports suggesting the existence of a dimeric form of
human telomerase. Size fractionation experiments indicated that the mo-
lecular weight of human telomerase is in the range of 550 to 670 kDa
(14-17). Human telomerase was, thus, proposed to be a dimer of TERT,
hTR, and dyskerin (16, 17). However, extensive evidence suggests that
human telomerase functions as a monomer of TERT and hTR
(8-10, 18-22). A monomeric telomerase holoenzyme, consistent with the
composition revealed by recent structural studies (578 kDa), would exhibit
a comparable size fractionation pattern (8, 9, 21). Therefore, relying on
size alone does not definitively distinguish between the proposed di-
meric composition and the monomeric composition observed by cryo-EM.

Additional support for dimeric human telomerase comes from pu-
rification of telomerase with two differently tagged TERT or two dif-
ferent constructs of the hTR template sequence as well as from
single-molecule experiments (15, 17, 19). These studies demonstrated
the presence of telomerase RNPs with two copies of either TERT or
hTR in addition to monomeric telomerase RNPs. However, it remains
unclear from these studies whether both TERT and hTR simultaneously
exist in duplicate and whether other telomerase accessory subunits
are also present. Without a comprehensive understanding of the struc-
ture, composition, and molecular interactions that drive dimerization,
the functional role of such dimeric telomerase remains unknown.

A population of human telomerase forms dimers
We initially collected cryo-EM data of human telomerase with the telo-
merase recruitment complex, TPP1-POTI-TIN2 (TPT), and telomeric DNA
to understand telomerase interactions with the DNA substrate (fig. S1,
A and B). Close inspection of two-dimensional (2D) class averages re-
vealed a small subset of particles featuring two attached telomerase
molecules (Fig. 1C and fig. S1C). We devised a data processing strategy
to enrich for such particles across four independent cryo-EM datasets
and obtained a 6.2-A consensus map (see Materials and methods;
figs. S2 and S3, A to D, and table S1). By unambiguously fitting the map
with published structures of human telomerase (9, 23), we verified the
identity of these particles as telomerase homodimers (Fig. 1, E to G).
To test whether the telomerase dimer is formed during telomerase
reconstitution in human cells, we used a split nanoluciferase assay. In
this assay, cells were cotransfected with hTR and TERT containing
split nanoluciferase constructs, named LgBiT and SmBiT (fig. S4A)
(24). Bioluminescence is obtained when the LgBiT and SmBIT frag-
ments are in close proximity. We detected bioluminescence only in
cells transfected with two TERT constructs, one carrying LgBiT and
the other carrying SmBiT (fig. S4B). This suggests that telomerase
complexes with two TERT molecules in close proximity form in cells.
To detect the presence of the human telomerase dimer biochemi-
cally, we prepared telomerase with a combination of two differentially
tagged TERTs: ZZ-3xFlag-TERT (ZZ-F-TERT) and ZZ-twin-Strep-
SUMO*-TERT (ZZ-SS-TERT). We then used a two-step purification
strategy involving oligonucleotide-affinity purification (O-purification)
on hTR followed by Strep-Tactin pulldown, a strategy similar to that
used for cryo-EM sample preparation (Materials and methods)
(Fig. 1D). Immunoblots of the resulting Strep-Tactin elution with an
anti-Flag antibody revealed the copurification of ZZ-F-TERT (Fig. 1H,
lane 3). No nonspecific binding of ZZ-F-TERT to the Strep-Tactin resin
was detected (Fig. 1H, lane 6). This demonstrates the existence of
telomerase RNP containing both tagged versions of TERT simultane-
ously. Furthermore, the intensity of the Flag-tagged TERT band in the
Strep-Tactin elution was weak relative to that in the oligonucleotide
elution (OE) fraction (Fig. 1H, lanes 1 and 3). Hence, the dual-tagged
complexes constitute only a small fraction of our reconstituted com-
plexes, consistent with the low particle distribution of the dimer in
our cryo-EM data (fig. S2).
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Fig. 1. Structure of the human telomerase dimer. (A) Schematic showing secondary structure of hTR. (B) Schematic of human telomerase monomer. The domains of hTR are
colored as shown in (A). (C) Representative cryo-EM 2D class averages of the telomerase monomer and the telomerase dimer. (D) Schematic of the purification strategy to
probe for the human telomerase dimer using ZZ-SS-TERT and ZZ-F-TERT. ZZ, protein A; SS, twin-Strep tag; F, Flag tag; OE, oligonucleotide elution; Strep FT, Strep-Tactin
flow-through; Strep E, Strep-Tactin elution. (E) A 6.2-A consensus cryo-EM map of the full human telomerase dimer. The two protomers are colored in magenta and blue. (F) The
consensus cryo-EM map of the full telomerase dimer with two fitted copies of the 3.0-A cryo-EM reconstructions of the human telomerase H/ACA RNP protomer and the 3.3-A
cryo-EM reconstructions of the human telomerase catalytic core. These composite maps were obtained from focused classification and refinement on the H/ACA RNP and the
catalytic cores separately. (G) Atomic model of the full telomerase dimer (left) as shown in (F) and the schematic of the structure (right) as shown in (F). The model was
obtained through a combination of fitting published models, manual building, and DRRAFTER modeling (23,26,27). (H) Immunoblots of the telomerase sample with ZZ-SS-TERT
and ZZ-F-TERT (left), and control telomerase with ZZ-F-TERT (right) obtained by purification strategy depicted in (D). An anti-Flag antibody was used.
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To further confirm that the dual-tagged telomerase is the telomerase
dimer, we isolated these particles using a double pulldown on both the
Flag and Strep tags after O-purification and analyzed them using nega-
tive stain EM (fig. S5, A and C). The 2D class averages of these particles
resemble those of the dimeric particles observed in the cryo-EM data
(fig. S5, D to F), confirming their identity as telomerase dimers.

The telomerase dimer structure reveals its composition and

an unexpected dimerization interface

The human telomerase dimer contains twice the number of subunits
present in the telomerase holoenzyme (Fig. 1, B and E to G) (9). In
the dimer structure, the two protomers intertwine in an X-shaped
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architecture, showcasing a near-twofold symmetry axis passing
through the dimer interface (Fig. 1, E and F). Various regions of TERT
within the catalytic core have been suggested to mediate dimer or
multimer formation (19, 25). However, our cryo-EM structure reveals
that dimerization is primarily facilitated by interactions between the
two H/ACA RNPs, with the two catalytic cores positioned away from
the dimerization interface (Figs. 1, E and F, and 2D).

To resolve the dimerization interface, we performed signal subtrac-
tion and focused classification on the two H/ACA RNPs within the
structure. We obtained a 3.0-A-resolution map for a single H/ACA RNP
protomer and a 3.9-A-resolution map for the two H/ACA RNPs contain-
ing most of the dimerization interface (Fig. 1F; figs. S1D, S2, S3, E to

Full telomerase dimer

Protomer 1

Catalytic core 1

Catalytic core 2

Catalytic core 1
Catalytic core 2
41,195 particles Unique

(30.9%) 69.1% particles

Shared
catalytic core 2

3.9 A map

Fig. 2. The human telomerase dimer is catalytically active. (A)Telomerase activity assay of the purified dual-tagged human telomerase dimer following the procedure
depicted in fig. S5A. RC, recovery control. (B) Domain organization of human TERT (hTERT), histones H2A and H2B, and TPP1. TEN, telomerase essential N-terminal; PAL,
proline/arginine/glycine-rich linker; TRBD, telomerase RNA binding domain; RT, reverse transcriptase; IFD, insertion in the fingers domain; CTE, C-terminal extension; OB,
oligonucleotide/oligosaccharide binding; PBM, POT1 binding motif; TBM, TIN2 binding motif. (C) A 3.3-A cryo-EM map of the human telomerase catalytic core using C2-
expanded particles. Domains are labeled and colored according to the color scheme in (B). (D) The consensus cryo-EM map of the full human telomerase dimer with fitted
3.8-and 3.6-A cryo-EM reconstructions of the human telomerase catalytic cores 1 and 2, respectively. The maps were generated without applying symmetry functions. Insets
show the close-up views of the DNA-bound telomerase active site of the catalytic core 1 (left) and catalytic core 2 (right). (E) Data processing strategy used to obtain the human
telomerase catalytic cores from the shared particles, which originated from the subsets that gave the reconstructions of the two catalytic cores shown in (D). The shared
particles are those found in both particle stacks used to generate 4.1-A and 3.9-A maps for catalytic cores 1 and 2, respectively. The maps of telomerase catalytic cores 1and 2,

obtained from only the shared particles, are shown with the DNA in the active sites.
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L, and S6; and table S1). Henceforth, we refer to the latter reconstruc-
tion as the H/ACA RNP dimer. The improved resolution enabled model
building, particularly of regions involved in dimerization (fig. S6 and
table S1). We then docked atomic models of the catalytic cores bound
to the recruitment factor TPP1 and the H/ACA RNP dimer into the
consensus map, combined with RNA modeling by DRRAFTER, to ob-
tain a complete atomic model for the dimeric telomerase complex
(Fig. 1G, fig. S7, and data S1) (23, 26, 27).

The telomerase holoenzyme dimer is catalytically active

We asked whether dimerization affects the ability of TERT to bind and
extend telomeric DNA. Using telomerase activity assay, we confirmed
that the purified dual-tagged dimer can extend telomeric DNA (Fig. 2A
and fig. S5, A and B). This finding aligns with a previous study (75) but
contrasts with another report that found no activity after tandem af-
finity purification of differentially tagged TERT (20). However, it is
worth noting that the input lysate used by Errington et al. (20) was
only 0.2% of what we used (Materials and methods; fig. S5A). Given
the low abundance of the dimer, the activity in this previous study (20)
was likely below the detection threshold of their telomerase activity
assay, which explains the observed discrepancy with our results.

We next examined the DNA binding state of the catalytic core in the
dimer structure. By applying symmetry, we obtained a reconstruction
at 3.3-A resolution for a catalytic core protomer in the context of the
telomerase dimer (Fig. 2, B and C, and figs. S1E, S2, and S8, A to D).
Consistent with our activity assay, a telomeric DNA substrate is bound
in the active site of TERT (Fig. 2C; fig. S9, A and B; and table S2).
Hence, our structure represents a functionally active dimer.

The proline/arginine/glycine-rich region of TERT is not involved
in the dimerization of the telomerase holoenzyme

TERT consists of four domains: telomerase essential N-terminal (TEN)
domain, telomerase RNA binding domain (TRBD), reverse transcrip-
tase (RT), and C-terminal extension (CTE) (Fig. 2B). The TEN domain
and TRBD are connected by a disordered proline/arginine/glycine-rich
linker (PAL) (Fig. 2B). Previous studies showed that disrupting the PAL
reduced dimerization of overexpressed TERT. However, once assem-
bled into the telomerase RNP, the PAL mutant showed no defects in
telomerase activity (19). In our dimer structure, we did not observe
direct interactions between the two catalytic cores. The PAL regions
of the two TERTs were unresolved owing to flexibility. To investigate
whether the two PAL regions in our dimer structure may be interact-
ing with each other, we tested the role of the PAL in telomerase dimer
formation.

We reconstituted telomerase with ZZ-F-TERT and ZZ-SS-TERT, both
lacking the PAL (APAL). Following O-purification and Strep-Tactin
pulldown, we assessed the copurification of ZZ-F-TERT in the Strep-
Tactin elution (Fig. 1D and fig. S10A). We found that the level of ZZ-F-
TERT in the APAL mutant was slightly greater than that in the
wild-type (WT) telomerase (fig. S10, B and C), suggesting that telo-
merase with the APAL TERT can still dimerize. We also observed a
notable increase in dyskerin levels in the APAL mutant telomerase
compared with the wild type (fig. S10, B and D). Dimerization of TERT
protein through the PAL has been proposed to occur in hTR-free TERT
or in inactive RNP (19). Another study described such inactive RNP
with a morphology distinct from the dimer observed in this study
(fig. S5G) (8). Removing the PAL may reduce this unproductive dimer-
ization of TERT, thereby improving RNP assembly and explaining the
increased levels of both ZZ-F-TERT and dyskerin observed in the
APAL mutant.

We also isolated the APAL dimer using a three-step purification
process (fig. SIOE). The purified APAL dimer remained catalytically
active, consistent with previous findings that PAL is dispensable for
telomerase activity (fig. S10F) (19). Negative stain EM 2D class averages
of the APAL dimer were similar to those of the WT dimer (fig. S10, G
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to I), further confirming that PAL deletion does not affect telomerase
dimerization. Our results demonstrate that the PAL-mediated TERT
dimerization is distinct from the dimerization of telomerase holo-
enzyme reported in this study and may occur at an earlier stage of
telomerase assembly.

The two catalytic cores operate independently

Previous biochemical and kinetic studies proposed that the two active
sites in a telomerase dimer act cooperatively or in tandem (15, 28). To
determine whether both catalytic cores can simultaneously bind to a
DNA substrate, we performed signal subtraction to focus on each of
the two catalytic cores individually (fig. S2). The best subsets of par-
ticles for the two catalytic cores yielded reconstructions at 3.6- and
3.8-A resolution, showing clear densities for bound DNA substrates
and TPP1 (Fig. 2D; figs. S8, E to L, and S9, C and D; and table S2).

A substantial proportion of particles in these two independently
processed subsets originated from the same nonsubtracted dimeric
particles. Reconstructions of the two catalytic cores from this common
subset of particles showed clear density for the DNA in the active site
of TERT (Fig. 2E). This demonstrates the presence of dimeric telo-
merase with both catalytic cores bound to separate telomeric DNA
substrates. Given the independent engagement of DNA and the lack
of interactions between the two catalytic cores, our structure does not
explain the previously observed cooperativity between the two
active sites.

To assess the potential cooperativity between the two catalytic cores
in our telomerase dimer, we purified a dimer containing one WT TERT
and one catalytically inactive TERT mutant (D712A/D868A/D869A)
and compared its activity to that of a dimer with two WT TERTs
(fig. S11, A and B). Telomerase activity was proportional to the amount
of active TERT present, indicating no cooperativity between the cata-
lytic cores (fig. S11, C and D). We obtained similar results in an inde-
pendent experiment, where we used glycerol gradient centrifugation
to separate the monomeric telomerase complex from the dimeric com-
plex (fig. S12A). Telomerase activity of the gradient fractions correlated
with TERT levels, and the dimer peak fraction did not show increased
processivity compared with the monomeric fraction (fig. S12, B to D).
Although additional factors may coordinate the two catalytic cores in
cells, our structural and biochemical data suggest that the two catalytic
cores function independently in vitro.

The P4.2 stem of hTR is critical for dimerization

The H/ACA domain of hTR exhibits a dual-hairpin structure, charac-
teristic of RNAs within the H/ACA RNP family (Fig. 1, A and B) (21, 29).
Each RNA hairpin associates with four H/ACA proteins including dys-
kerin, NHP2, NOP10, and GAR1 (30). We refer to the H/ACA proteins
as either the 5’ or 3’ heterotetramers, depending on whether they are
bound to the 5’ or 3’ hairpin of hTR, respectively.

In telomerase, the H/ACA RNP is connected to the catalytic core
through two linkers in hTR: the P1 linker, formed by the Pla stem, and
the P4/5 linker, consisting of the P4.1, P4.2, and P5 stems (Figs. 1, A
and B, and 3D, and fig. S7A). The P1 and P4/5 linkers of hTR were
unresolved in previous high-resolution structures of telomerase owing
to their flexibility (9, 10, 22). In our dimer structure, the two H/ACA
RNPs pack against each other through an intricate network of protein-
RNA and protein-protein interactions (Fig. 3, A to D), which rigidifies
the RNA linkers in hTR. This limits the relative conformations between
the lobes of each protomer (movie S1). Our dimer structure allowed
for a detailed visualization of these RNA linkers and unveiled their
role in telomerase dimerization, as described below (fig. S6, E,
F, and K).

The P4/5 linker of h'TR from one protomer binds to a cleft formed
by the 5" dyskerin, 5 NOP10, and 5" NHP2 of the other protomer
(Fig. 3, E to H). The P4.2 stem is anchored by residues Lys™ and Arg'*>
of the 5" NHP2 and further stabilized by other residues in the 5" NHP2
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of protomer 2 (blue) and hTR of protomer 1 are labeled for simplicity. (B and C) A cartoon representation of the telomerase H/ACA RNP dimer model. In (C), only protomer 2 and
the hTR P4/5 linker of protomer 1 are highlighted in colors. (D) Schematic of the H/ACA RNP dimer. (E) A close-up view of the interprotomer interactions between the hTR of
protomer 1 and the 5 H/ACA heterotetramer of protomer 2. The P4/5 linker interacts with the 5’ dyskerin, 5 NHP2, and 5' NOP10. (F) A close-up view of the interactions
between the hTR P4.2/P5 junction of protomer 1 and the 5" dyskerin and 5" NHP2 of protomer 2. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C,

Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R,

Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (G) A close-up view of the interactions

between the hTR P4.2 stem of protomer 1 and the 5 NHP2 and 5" NOP10 of protomer 2. (H) Schematic of the interactions between the P4/5 linker of hTR from protomer 1 and

the 5 H/ACA proteins of protomer 2.

(Arg®, Lys®, and Lys®) and NOP10 (Arg**) (Fig. 3, F to H). The junc-
tion between the P4.2 and P5 stems (nucleotides 327-330) also engages
in backbone interactions with the 5’ dysKkerin, specifically with resi-
dues Arg'®®, Arg®", and Arg?*? (Fig. 3, F and H).

To validate these interprotomer protein-RNA interactions, we gener-
ated hTR mutants with disrupted base pairing in the P4.2 stem or
perturbed P4.2/P5 junction (Fig. 4A and fig. S13). We reconstituted
these mutants with a 1:1 mixture of ZZ-F-TERT and ZZ-SS-TERT, fol-
lowed by O-purification and Strep-Tactin pulldown as described above
(Fig. 1D). We probed for Flag-tagged TERT in the Strep-Tactin elution
as a readout for dimer formation. Consistent with our structure, dis-
rupting the base pairing of the P4.2 stem (P4.2 switch) severely re-
duced dimer formation (Fig. 4B and fig. S13). This defect was restored
using a compensatory mutant (P4.2 comp.), where the two strands of

Science 10 JULY 2025

P4.2 stem were swapped while maintaining base pairing (Fig. 4, A and
B). Mutations at the P4.2/P5 junction (AU329, AUC329-330, and
UC329-330GG) did not significantly reduce dimer formation (Fig. 4B).
As the P4.2 stem forms the most extensive interactions with the 5 H/ACA
proteins (Fig. 3E), these results agree with our structure and demon-
strate that the P4.2 stem of hTR is critical for dimer formation.

Disrupting dimerization impairs telomere maintenance in cells
and assembly of active telomerase RNP

To investigate the impact of disrupting dimerization in cells, we used
an hTR knockout HCT116 cell line, which exhibits critically short telo-
meres (31), and performed rescue experiments using either WT or
mutant hTR (P4.2 switch, P4.2 comp., AU329, AUC329-330, and
UC329-330GG). WT and mutant hTR were stably expressed in this
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Fig. 4. Disrupting the P4.2 stem of hTR affects the binding of dyskerin and telomere maintenance in cells. (A) Schematic of WT hTR P4.2 stem, P4.2 switch, and P4.2
compensatory (P4.2 comp.) hTR mutants. Nucleotides 329 and 330 of hTR (highlighted in with green arrows) are also mutated in experiments shown in (B) and (C). Nucleotides
mutated to create the P4.2 switch and P4.2 comp. mutants are shown in red. (B) Immunoblots and Northern blots of the human telomerase reconstituted with the ZZ-SS-TERT,
ZZ-F-TERT, and the WT or mutant hTR. In the left panel, TERT levels in telomerase lysates (input) are normalized to tubulin levels. Telomerase was purified as described inFig. 1D.
The right panel depicts the immunoblot and corresponding quantification of the levels of the ZZ-F-TERT detected in the Strep elution (Strep E). ZZ-F-TERT levels in the Strep E of
mutants are normalized to that in the WT sample. The bar graph represents the amount of ZZ-F-TERT in the Strep E assembled with the mutant hTR compared with the WT hTR.
Experiments were performed in triplicate (n = 3). Error bars represent the standard error of the mean (SEM), and significant P value is reported for the P4.2 switch hTR mutant.
See fig. S13 for the replicate data. (C) Telomere restriction fragment (TRF) assay of HCT116 hTR knockout (KO) cell lines transduced with either WT or mutant hTR from (A).
Lanes 1 and 2 show telomere lengths of the parental HCT116 and the KO cell lines, respectively. Lanes 3 to 14 show telomere lengths of KO cells that were rescued with various
hTR transgene constructs. Yellow dashed lines indicate the mean telomere length for each lane. (D) Immunoblots of the input lysates (input), OE, and Strep E to dissect the
effects of disrupting P4.2 stem of hTR. Each of hTR constructs, either WT or P4.2 switch or P4.2 comp. mutant, was reconstituted with a mixture of ZZ-SS-TERT and ZZ-F-TERT
(fig.S14A). Telomerase was purified by O-purification and Strep-Tactin pulldown, as shown in fig. S14A. Experiments were performed in triplicate (n = 3). See fig. S14B for
replicate data. (E) Bar graph showing the levels of TERT in the OE of WT hTR and P4.2 switch and P4.2 comp. mutants. (F) Bar graph showing the levels of dyskerin in the OE of
WT hTR and P4.2 switch and P4.2 comp. mutants. (G) Bar graph showing the levels of dyskerin relative to TERT in the OE of WT hTR and P4.2 switch and P4.2 comp. mutants.
Together with the graphs shown in (E) and (F), this graph shows that in the OE, dyskerin levels in the P4.2 switch hTR mutant were more severely reduced than TERT compared
with the WT hTR. (H) Bar graph showing the levels of dyskerin in the Strep E of WT hTR and P4.2 switch and P4.2 comp. mutants. In the quantification shown in (E) to (H), TERT
or dyskerin levels of the mutants were normalized to those of the WT hTR. Error bars in (E) to (H) represent SEM, and significant P values are also reported.
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cell line by transgene integration at the adeno-associated virus integra-
tion site 1 (AAVS1) safe-harbor locus (31). Without transgene expres-
sion, telomere restriction fragment (TRF) analysis showed that the
hTR knockout cells exhibit telomere shortening and eventually un-
dergo cell death (Fig. 4C, lanes 1 and 2). Expression of the WT hTR
efficiently rescued telomere shortening, restoring the telomere length
to parental levels (Fig. 4C, lanes 1 and 3 to 5), whereas the P4.2 switch
mutant did not (Fig. 4C, lanes 6 to 8). In contrast, the P4.2 compensa-
tory mutant restored telomere length to a similar level as the WT hTR
(Fig. 4C, lanes 9 to 11). Mutations in the P4.2/P5 junction, which did
not substantially affect dimer formation, also rescued telomere short-
ening but to a lesser extent than WT hTR (Fig. 4C, lanes 12 to 14).
These results validate our structural and biochemical work and suggest
that human telomerase dimerization is important for telomere main-
tenance in cells.

We next sought to determine the functional role of telomerase di-
merization. We first examined the effect of disrupting dimerization on
telomerase activity. Although the P4.2 stem of hTR is distant from the
telomerase active site, telomerase activity was severely impaired in
the P4.2 switch mutant (fig. S13). Restoring base pairing within the
P4.2 stem rescued the activity defects, as shown in the P4.2 comp.
mutant (fig. S13). Given that the telomerase dimer is a minor popula-
tion in our sample, the bulk activity observed likely corresponds to
that of the more abundant monomeric complex. Our data suggest that
disrupting dimerization affects the activity of the monomeric complex
and imply that the dimer may be a biogenesis precursor of the mono-
mer. Therefore, we hypothesized that dimerization may have a role in
telomerase assembly.

To test this hypothesis, we examined the impact of disrupting P4.2
stem on hTR interaction with TERT and dyskerin. We reconstituted
either WT hTR or the P4.2 mutant (either switch or comp.) with ZZ-
F-TERT and ZZ-SS-TERT, as described above (Fig. 4, B and D, and fig.
S14.A). Following the O-purification through hTR, we compared the
levels of TERT and dyskerin in the OE fractions of the WT hTR and
the two P4.2 hTR mutants (Fig. 4D and fig. S14, A and B; OE frac-
tions). The P4.2 switch hTR mutant efficiently pulled down TERT,
but with ~40% less efficiency compared with WT hTR (Fig. 4, D and
E). However, the dyskerin level associated with the P4.2 switch mu-
tant was more significantly reduced than TERT (Fig. 4, D to G). A similar
trend was also observed in the second Strep-Tactin purification (Fig. 4,
D and H; Strep E fraction). In contrast, the P4.2 comp. hTR mutant
rescued the defects in both TERT and dyskerin binding (Fig. 4, D to
H). These results are consistent with the cross-protomer interaction
between the P4.2 stem of hTR and the 5’ dyskerin in our dimer struc-
ture (Fig. 3, A to E).

Given the close proximity of the P4.2 stem to the activity-essential
CR4/5 domain of hTR, we examined the folding of the P4.2 stem and
the CR4/5 region in the WT hTR and the P4.2 switch and comp. hTR
mutants. We reconstituted ZZ-SS-TERT with either P4.2 switch or
comp. hTR mutants, followed by O-purification and Strep-Tactin pull-
down, which would yield mostly monomeric telomerase RNP (fig.
S15A). To assess RNA structural integrity, we conducted RNA dimethyl
sulfate (DMS) chemical probing experiments on purified P4.2 switch
and comp. mutants, comparing their reactivities to WT hTR (fig. S15E).
In the WT hTR, the P4.2 stem region exhibited low DMS reactivities,
indicating stable base pairing in this region (fig. S15E). In contrast,
the P4.2 switch hTR mutant displayed high DMS reactivities across
the P4.2 stem region, suggesting stem disruption (fig. SI5E). In the
P4.2 comp. mutant, DMS reactivities were low across the stem region
(fig. S15E), confirming the restoration of base pairing. Moreover, the
P4.2 switch mutant showed relatively similar DMS reactivities across
the CR4/5 region compared with the WT hTR, suggesting that disrupt-
ing the P4.2 stem did not cause global misfolding of the CR4/5 region
(fig. S15E). Therefore, the RNA DMS chemical probing results generally
agree with our structural design.
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Negative stain EM of the purified P4.2 switch and P4.2 comp. mu-
tants showed that both still formed monomeric telomerase RNPs simi-
lar to the wild type (figs. SIF and S16, A to F). However, compared with
the P4.2 comp. mutant, the P4.2 switch mutant produced fewer as-
sembled telomerase particles relative to the total particle count
(fig. S16, A to D). Additionally, the purified P4.2 switch mutant exhib-
ited a marked decrease in telomerase activity per TERT and reduced
dyskerin levels relative to TERT (fig. S15, B to D). Collectively, these
findings indicate that although the P4.2 switch mutant can still bind
TERT, many of the resulting TERT-hTR complexes lack dyskerin and
are inactive, pointing to an assembly defect.

Cross-protomer interactions are important for the assembly of
H/ACA proteins with hTR

Many premature aging disease mutations in the H/ACA proteins have
been shown to affect telomerase assembly (8, 9, 27). We previously
mapped most of the disease mutations to the interface between the
two dyskerin molecules in the H/ACA RNP of human telomerase
(Fig. 5A) (27). The 5' H/ACA RNA hairpin of hTR is shorter than in canoni-
cal H/ACA RNAs, leading to a weaker association with the 5 H/ACA
heterotetramer compared with a canonical H/ACA hairpin (Fig. 1, A
and B) (8, 9, 21, 27, 32). The mutations at the dyskerin-dyskerin
interface compromise the assembly of the 5’ heterotetramer and, con-
sequently, telomerase assembly, leading to telomerase deficiency
(8, 9, 21, 27). A cluster of previously unaccounted disease mutations
in hTR, NOP10, NHP2, and dyskerin is located at the dimerization
interface between the 5 H/ACA proteins and the P4/5 linker of hTR
(Fig. 5, A and B). In particular, NOP10 R34 and dyskerin R158 directly
interact with the P4/5 linker (Fig. 3, F to H). NOP10 R34W has been
shown to impair pre-RNP assembly (33). This suggests that these
disease mutations may affect the assembly of the 5° H/ACA proteins
by disrupting their interaction between the P4.2 stem at the dimeriza-
tion interface.

To test the role of dimerization in telomerase assembly, we mutated
key residues in H/ACA proteins that are involved in interaction with
the P4.2 stem (Figs. 3, F to H, and 5, C and D, and figs. S17 and S18, A
and C). Our telomerase reconstitution was supplemented with either
overexpressed 3xFlag-tagged WT or mutant H/ACA proteins. Our
telomerase reconstitution relies on assembly of hTR with the endog-
enous H/ACA proteins (34). Assembly defects can be assessed by com-
paring the relative incorporation levels of the overexpressed proteins
to those of the endogenous proteins (27). We purified telomerase using
O-purification on h'TR and performed immunoblots against dyskerin or
NHP2. Because they are present in vast excess relative to the endogenous
proteins, overexpressed WT dyskerin and NHP2 efficiently outcompeted
their endogenous counterparts for assembly into telomerase (Fig. 5, C
and D). In contrast, three dyskerin mutants (R211D/R212D, R158W/
R211A/R212A, and R158W/R211D/R212D) and both NHP2 mutants
(K121A/R122A and K121D/R122D) were less efficient in competing with
endogenous dyskerin and NHP2, respectively, for incorporation into
telomerase (Fig. 5, C to F). The dyskerin R158W and R211A/R212A mu-
tants showed slight but significant defects in their abilities to compete
with the endogenous dyskerin for telomerase incorporation (Fig. 5, C
and E). Thus, our data indicate that these mutant H/ACA proteins are
defective in telomerase incorporation. Notably, the level of TERT being
assembled with hTR was greatly reduced for the dyskerin triple mutant
R158W/R211D/R212D (Fig. 5C). This observation suggests that disrupted
dimerization can compromise hTR assembly with TERT.

To rule out the possibility that the dyskerin and NHP2 mutations
selected above may affect the assembly of the 3' H/ACA proteins, we
examined the equivalent residues in the 3’ dyskerin and 3' NHP2.
R158, R211, and R212 in the 3’ dyskerin are not involved in any protein-
protein or protein-RNA interactions (figs. SI8A and S19, A and B).
Although K121 and R122 in the 3’ NHP2 interact with TCAB1 and hTR
backbone, respectively, they are not conserved across archaea and
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eukaryotes (figs. S18C and S19, C and D).
These interactions have been suggested to
enhance the affinity of the 3’ H/ACA hetero-
tetramer for the 3’ H/ACA hairpin of h'TR but
are likely not crucial for the assembly of the
3’ hairpin (8, 9, 32). We did not mutate resi-
dues R62, K65, and K69 of NHP2, despite
their involvement in dimerization (Fig. 3, G
and H). These three residues are part of a
highly conserved RNA binding surface essen-
tial for the interaction of the 3’ NHP2 with the
3’ RNA hairpin (figs. S18C and S19, C and D).
Mutating these residues would affect the
assembly of the 3’ heterotetramer and thus
telomerase assembly, independent of dimer-
ization. Therefore, the telomerase assembly
defects of the dyskerin and NHP2 mutants
described above would reflect disruption of
dimerization (Fig. 5, C to F). Taken together,
our structure and biochemical data not only
rationalize a cluster of disease mutations in
the H/ACA RNP but also suggest that di-
merization has a functional role in telome-
rase assembly.

The N-terminal RG domains

of the two 3’ GAR1 molecules

also promote dimerization

GAR1 is composed of a § barrel domain,
flanked on both sides by low-complexity
arginine-glycine (RG)-rich domains (fig.
S18B) (9, 10, 27). In our dimer structure, we
observe clear density corresponding to the
two N-terminal RG domains of the two 3’
GARI, one from each protomer. Both N-
terminal RG domains protrude from the GAR1
B barrel domain to intertwine with each other
(Fig. 6, A to D). However, owing to the disor-
dered nature of RG domains, this density does
not show high-resolution features sufficient
for de novo model building (Fig. 6B). RG do-
mains have been implicated in RNA binding
and in promoting phase separation in the
assembly of membraneless organelles (35).
Among the reported telomerase H/ACA RNP
structures, only the N-terminal RG domain of
the 5 GAR1 has been partially resolved and
found to stabilize an RNA hairpin formed by
the 5’ leader sequence of hTR (nucleotides
1-17) (Fig. 1A) (10). In our structure, the inter-
twined N-terminal RG domains of the two
3’ GARI make contacts with the P7b stems of
the two hTRs (Fig. 6, C and D). Thus, our
structure suggests an unexpected contri-
bution for the N-terminal RG domain of the
3’ GARI in telomerase dimerization and
provides structural evidence affirming its
RNA binding capacity.

The 5’ GAR1 interacts with the 5’
G-quadruplex of hTR and the

histone dimer

The 5’ region of hTR (nucleotides 1-31) con-
tains multiple guanosine (G) tracts capable of
forming G-quadruplexes, which are four-stranded
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and the green cryo-EM density represent the predicted positioning of the N-terminal RG domains of the 3" GAR1 subunits. (C) The density of the N-terminal RG domains of the

two 3’ GARL subunits reaching toward the hTR P7b stem of both H/ACA RNP protomers. (D) Schematic of the two P7b stems of hTR within the dimer and their contact with the
N-terminal RG domains of the 3’ GARL. (E) A 3.9-A cryo-EM H/ACA RNP dimer map with fitted ensemble of the 5’ GQ conformations, modeled by DRRAFTER (26). (F) A close-up
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density of the full telomerase dimer with histone H2A-H2B dimer from protomer 1 and the 5" GAR1 of protomer 2 fitted into the density. (H) A close-up view showing the

interface between the histone H2B of protomer 1 and the 5" GAR1 of protomer 2.

secondary structures formed by the Hoogsteen base pairing of four
guanine residues (36, 37). By protecting hTR from degradation,
G-quadruplex formation is important for telomerase biogenesis and
mature hTR accumulation in cells (37-39). In mature telomerase, part
of the 5’ G-tracts (nucleotides 18-30) forms the Pla linker (Fig. 1,
A and B). The rest of the 5’ region (nucleotides 1-17), also known
as the 5’ leader sequence, is assumed to be single-stranded (Fig. 1A)
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(40). However, it has been demonstrated to form a G-quadruplex
in vitro (37, 4I), but this G-quadruplex structure has not been de-
tected in vivo or visualized in any reported telomerase structures
@9, 10, 22, 23, 27). Wan et al. observed that this region forms a stem
loop instead (10). Moreover, conflicting suggestions have been made
regarding whether this 5" G-quadruplex is mutually exclusive with Pla
formation (36, 41).
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The stabilization of the P1 linker by dimerization enabled us to
resolve the Pla stem and an adjacent density consistent with a 5’
G-quadruplex for the 5’ leader sequence (Materials and methods;
fig. S20 and data S2). Thus, our work provides structural evidence for
G-quadruplex formation in human telomerase. Because of the limited
local resolution of this region (~7 A), we used DRRAFTER to model
an ensemble of G-quadruplex structures in the cryo-EM density
(Fig. 6E and data S3). Our structure confirms that the 5' G-quadruplex
structure can coexist with the Pla stem. This is consistent with a previ-
ous finding, which showed a low-level association of the G-quadruplex
helicase DHX36 with active telomerase RNP (38). Although we do not
observe density for DHX36 in our dimer reconstructions, endogenous
DHX36 was consistently detected by mass spectrometry in purified
telomerase samples (8, 9).

The 5’ G-quadruplex packs against P4 and P4.1 stems of hTR
(Fig. 6E). Consistent with our structure, the interaction between the
5’ leader sequence and P4.1 stem has been previously observed using
gel-shift assays (37). The G-quadruplex is also stabilized by the 5' GAR1
within a single protomer (Fig. 6F), revealing another mode of RNA
binding by GAR1. Our observation is supported by a recent study,
which demonstrates that GAR1 interacts with G-quadruplex RNAs
both in living cells and in vitro (42).

Besides interacting with the G-quadruplex, the 5 GAR1 also con-
tacts the histone H2B in the catalytic core of the other protomer (Fig.
6G). Although the resolution of the dimer consensus map precludes
precise determination of these interactions, several residues in histone
H2B and GARI can potentially form electrostatic interactions at this
interface (Fig. 6H). In all previous structures of the telomerase mono-
mer, both the 5" and 3’ GARI associate with the H/ACA RNP solely
through well-characterized interactions with dyskerin (9, 10, 22, 23, 27).
Hence, our telomerase dimer structure unveils additional interactions
between GARI and other telomerase components.

Discussion

In this study, we uncovered the structure of a low-abundance human
telomerase dimer by leveraging the large cryo-EM dataset collected
on human telomerase. Our work reconciles a long-standing debate
regarding the TERT-hTR stoichiometry in human telomerase and pro-
vides insights into the molecular interactions crucial for dimerization
and the potential roles of the telomerase dimer in telomere
maintenance.

The 1.2-MDa human telomerase dimer resolved here is a dimer of
the full holoenzyme rather than a dimer of TERT, hTR, and dyskerin,
as previously suggested (16). The reported 30-A negative stain EM
structure of a 600-kDa human telomerase complex, suggested to be
dimeric, strongly resembles the cryo-EM structures of the monomeric
telomerase RNP and differs from the telomerase dimer presented in
this study (fig. S1F) (8, 9, 17). The previously identified 600-kDa human
telomerase complex likely has a monomeric TERT-hTR composition
with all the holoenzyme components (14-17). Therefore, our work not
only resolves the ambiguity in the composition of the 600-kDa human
telomerase complex but also reveals a dimeric telomerase complex,
which has not been previously visualized.

Our data present several lines of evidence indicating a role for
dimerization in telomerase assembly. First, dimerization is mostly
mediated by the H/ACA RNP, which is involved in telomerase biogenesis
and accumulation (71, 32). Second, several dyskeratosis congenita dis-
ease mutations in the 5 H/ACA proteins and hTR are located at key
dimerization interfaces (Fig. 5, A and B). Third, disruption of di-
merization leads to defects in telomere maintenance in cells and
incorporation of the H/ACA proteins into telomerase (Figs. 4, C to H,
and 5, C to F). We propose that dimerization promotes telomerase
assembly by stabilizing the suboptimal binding of the 5" H/ACA
heterotetramer to the 5 H/ACA hairpin of hTR during assembly
(Fig. 3, B to D). Given the presence of all accessory factors, the dimer
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would represent an assembly intermediate that is close to RNP matura-
tion. This proposed role of the dimer would account for the low abun-
dance of the dimer in our sample and the telomerase activity defects
resulting from disrupting dimerization. The requirement to pass
through a dimeric state during assembly is reminiscent of the HIV RT.
The homodimer of the catalytic p66 subunit of HIV RT serves as an
immediate precursor to the mature p66/p51 heterodimer, in which one
p66 protomer is converted into the p51 subunit by proteolytic cleavage
(43). Like our telomerase dimer, the p66 homodimer also exhibits en-
zymatic activity (44, 45).

Although both the P4.2 stem and the P4.2/P5 junction (nucleotides
329 and 330) of hTR are involved in dimerization, disrupting the P4.2/
P5 junction did not significantly affect dimer formation (Fig. 4B and
fig. S13). Notably, nucleotides 327-329 within this junction are known
to participate in triplex formation with the H-box and a region down-
stream of the mature 3’ end of h'TR during early telomerase assembly
(46). During this process, the binding of the H/ACA proteins disrupts
the triplex, enabling 3’ end processing of hTR and promoting efficient
telomerase assembly. The mutations we introduced in the P4.2/P5
junction likely partially destabilize this triplex, potentially enhancing
telomerase assembly. This improved assembly could counterbalance
the downstream effects of impaired dimerization, which may explain
why we did not observe a substantial effect on dimer formation in
P4.2/P5 junction mutants.

The interaction between the 5 GAR1 and the 5’ G-quadruplex of
hTR may also play a role in telomerase maturation. GAR1 has been
identified as a G-quadruplex ligand sensitizing gene (47). In the
absence of GAR1, the G-quadruplex is more susceptible to stabilization
by small molecules. This implies that GAR1 interaction might contrib-
ute to resolving the G-quadruplex rather than stabilizing it. The un-
winding of the G-quadruplex may happen during telomerase
maturation, explaining its potential absence in the previous telome-
rase monomer structure (9).

Residue Lys™™* of GAR1, which faces histone H2B in the dimer struc-
ture (Fig. 6H), has been reported to be SUMOylated in a previous
proteomic study (48). Arginine methylation of the N-terminal RG
domain of GAR1 has also been identified (49). Such posttranslational
modifications would perturb the dimerization interface, potentially
providing a mechanism to convert the dimer to the monomer.

Given that the dimer is catalytically active (Fig. 2A), we cannot
exclude the possibility that dimerization also has a role in telomere
extension. One model suggests that a telomerase dimer, with two active
sites, could extend either two telomeres simultaneously or a single
telomere cooperatively (15, 28). Our in vitro data, which show that the
two catalytic cores operate independently, are more consistent with
the former mechanism. However, substantial evidence indicates that
the catalytic activity of human telomerase requires only a single TERT
and hTR (I8-20). Although live-cell imaging of human telomerase
cannot infer its oligomeric state because of the substoichiometric labeling
of TERT, the observed diffusion coefficient of TERT-containing par-
ticles in cells is consistent with a molecular mass of 600 kDa (50). As
discussed earlier, this 600-kDa species likely corresponds to the mo-
nomeric holoenzyme. Telomerase holoenzymes from unicellular eukary-
otes are also unequivocally monomeric for TERT and TERs (51, 52).
Furthermore, the P4.2 stem of hTR, which is critical for dimerization,
is highly variable in sequence and length among vertebrates (#0). TERs
from some fish species lack this stem altogether (53). These observa-
tions suggest that dimerization is not a conserved feature of telome-
rase and, from an evolutionary perspective, would argue against a
general role for the dimer in telomere extension.

Our work unveils the architectural diversity of human telomerase
and provides an invaluable platform for further studies of telomerase
modulation, assembly, and function in the dimer context. The identi-
fication of the dimeric state and its functional role could have broad
implications for telomere-related diseases and therapeutic strategies.
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Materials and methods

Expression of human telomerase

Human telomerase was reconstituted in Expi293F cells (Thermo Fisher,
Cat# A14527) by cotransfection with pcDNA3.1-ZZ-TEV-twin-Strep-SUMO*-
TERT and pcDNA3.1-U3-hTR-HDV (8, 32). TEV is the tobacco etch
virus protease cleavage site, SUMO* is the SUMOstar protease cleav-
age site (LifeSensors, Cat# SP4110), and HDV is the hepatitis delta virus
ribozyme. Whole-cell extracts were prepared by three hypotonic freeze-
thaw cycles, snap-frozen in liquid nitrogen, and stored at —70°C
until used.

Reconstitution of human telomerase with DNA and

TPP1-POTI-TIN2 (TPT)

Telomerase lysates were incubated with streptavidin agarose resin
(Thermo Fisher, Cat# 20361), prebound to a 5’ biotinylated 2’-O-methyl
oligonucleotide for 3 hours at room temperature. After washing the
resin with wash buffer [20 mM HEPES NaOH pH 8.0, 150 mM NacCl,
2 mM MgCl,, 0.2 mM EGTA, 10% glycerol, 0.1% IGEPAL CA-630, 1 mM
dithiothreitol (DTT), and 0.2 mM phenylmethylsulfonyl fluoride (PMSF)],
sample was eluted with a competitor oligonucleotide (sequence:
CTAACCCTAACTGATGACAGGTCTAGAAC, where ddC stands for di-
deoxycytosine). Next, MagStrepXT resin (IBA LifeSciences, Cat#
2-4090-002) was added to the eluate and incubated for 2 hours at 4°C.
The resulting resin was washed three times with wash buffer and then
incubated with 10 pM telomerase DNA primer [either (TTAGGG)s or
(TTAGGG)5TTA and 100 pM dGpCpp, a nonhydrolyzable analog
of dGTP, (Jena Bioscience, Cat# NU-431S)] for 45 min at room tem-
perature. After washing, purified TPP1-POT1-TIN2 (TPT) was added
to the resin at a final concentration of 0.15 mg/ml in 1 column volume
(CV) of MagStrepXT beads and incubated for 1 hour at 4°C. TPT was
expressed in Spodoptera frugiperda (Sf9) (Sf9, Oxford Expression
Technologies Ltd, Cat# 600100) and purified as previously described
(23). Complexes were eluted from the resin by overnight cleavage with
SUMOstar protease (LifeSensors, Cat# SP4110) at 4°C. Fractions were
analyzed on the SDS-PAGE gel followed by silver staining (Invitrogen
Cat# LC6070).

Cloning of mutant hTR, TERT, dyskerin, and NHP2

Mutant constructs were generated as described previously (23). Briefly,
we used NEBaseChanger to design mutagenesis primers (see table S3).
Mutants of pcDNA3.1-U3-hTR-HDV, pcDNA 3.1 ZZ-TEV-twin-Strep-
SUMO*-TERTAPAL, pcDNA3.1-ZZ-TEV-3xFlag-TERTAPAL, pcDNA3.1-
3xFlag-dyskerin (Addgene, Plasmid# 126870), or pcDNA3.1-3xFlag-NHP2
(Addgene, Plasmid# 126871) (21, 32) were generated using NEB Q5
Site-Directed Mutagenesis Kit (NEB, Cat# E0554). Catalytically dead
mutants pcDNA3.1-ZZ-TEV-twin-Strep-SUMO*-TERT D712A/D868A/
D869A and pcDNA3.1-ZZ-TEV-3xFlag-TERT D712A/D868A/D869A
were generated by QuikChange site-directed mutagenesis. SmBiT and
LgBiT luciferase fragment constructs were amplified from plasmids
kindly provided by L. James’s laboratory and inserted at the N ter-
minus of pcDNA3.1-ZZ-TEV-twin Strep-SUMO*-TERT and pcDNA3.1-
ZZ-TEV-3xFlag-TERT. Correct mutations and cloned constructs were
confirmed by DNA sequencing, and plasmid stocks for transfec-
tion were prepared using PureLink HiPure plasmid midiprep kit
(Invitrogen, Cat# K210005).

Telomerase activity assays

Telomerase primer extension assays were performed in 50 mM Tris-
acetate pH 8.0, 4 mM MgCl,, 250 pM deoxythymidine triphosphate (dTTP),
250 uM deoxyadenosine triphosphate (dATP), 5 pM unlabeled de-
oxyguanosine triphosphate (dGTP), 0.1 pM «->*P-dGTP (3000 Ci/mmol,
10 mCi/ml) (Hartmann Analytic Gmbh, Cat# FP204), 500 nM (TTAGGG)s,
and 5 mM DTT. Reactions were carried out at 30°C for 45 min and
stopped with 50 mM Tris HCI pH 7.5, 20 mM EDTA, and 0.2% SDS.
Following nucleic acid extraction with phenol:chloroform:isoamyl

Science 10 JULY 2025

RESEARCH ARTICLE

alcohol (25:24:1) (Thermo Scientific, Cat# 17908), sample was precipi-
tated using ethanol with a 3?P-labeled 24-nucleotide DNA as a recovery
control (RC). The primer extension products were run on a 10.5% de-
naturing polyacrylamide (19:1) Tris-borate-EDTA (TBE) gel at 500 V
for 2 hours and 15 min. The gel was subsequently dried at 80°C for
60 min and exposed to a phosphorimager screen overnight. The screen
was scanned by an Amersham Typhoon Biomolecular Imager (Cytiva)
and quantified using ImageQuant (Cytiva).

Expression and purification of the dual-tagged telomerase

Human telomerase with two tags was reconstituted in Expi293F
cells (Thermo Fisher, Cat# A14527) by cotransfection with pcDNA3.1-
ZZ-TEV-twin-Strep-SUMO*-TERT, pcDNA3.1-ZZ-TEV-3xFlag-TERT,
and pcDNA3.1-U3-hTR-HDV. Whole-cell extracts were prepared by
three hypotonic freeze-thaw cycles. Telomerase lysates underwent
2'-0O-methyl oligonucleotide purification to yield OE as described
above. DYKDDDK Fab-Trap Agarose resin (Chromotek, Cat# ffa)
was added to the eluate and incubated overnight at 4°C. After
washing with wash buffer, the sample was eluted off the beads with
0.5 mg/ml Flag peptide (Thermo Fisher, Cat# A36805). Next, the
Flag eluate was incubated with MagStrepXT resin (IBA LifeSciences,
Cat# 2-4090-002) for 2 hours at 4°C. The resulting resin was washed
three times with wash buffer. The sample was eluted from the resin by
overnight cleavage with SUMOstar protease (LifeSensors, Cat#
SP4110) at 4°C. Fractions were analyzed by negative staining and
telomerase activity assays. Purifications of the dual-tagged WT dimer
(168 ml of input lysate from 1 liter of cell suspension; fig. S5A), the
APAL dimer (168 ml of input lysate from 1.2 liters of cell suspension;
fig. SIOE), and the dimer with one copy of WT TERT and one copy of
the catalytically inactive TERT (196 ml of input lysate from 1.5 liters
of cell suspension; fig. S11A) were performed using the method de-
scribed in this section.

Expression and purification of single-tagged human telomerase with
the P4.2 switch and P4.2 comp. hTR mutants

Human telomerase was expressed in Expi293F cells (Thermo Fisher,
Cat# Al14527) by cotransfection with pcDNA3.1-ZZ-TEV-twin-Strep-
SUMO*-TERT and pcDNA3.1-U3-hTR-HDV harboring either the P4.2
switch (P4.2 switch) or compensatory (P4.2 comp.) mutations (see
table S3). Cell lysates were prepared by three hypotonic freeze-thaw
cycles, snap-frozen in liquid nitrogen, and stored at —70°C until used.
Lysates (84 ml from 500 ml of cell suspension) were subjected to
2’-0-methyl oligonucleotide purification by incubation with strep-
tavidin agarose resin (Thermo Scientific, Cat# 20361), prebound to a
5’ biotinylated 2'-O-methyl oligonucleotide, as described above.
MagStrepXT resin (IBA LifeSciences, Cat# 2-4090-002) was added to
the oligo purification eluate and incubated for 2 hours at 4°C. The
resin was washed three times with wash buffer. Telomerase was eluted
by overnight cleavage with SUMOstar protease (LifeSensors, Cat#
SP4110) at 4°C. The final elution sample was analyzed by immunoblot-
ting, activity assay, DMS chemical probing and negative stain EM
(figs. S15 and S16).

Split nanoluciferase assay

Human embryonic kidney (HEK) 293T cells (ATCC, Cat# CRL-3216,
RRID:CVCL_0063) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMax (Thermo Fisher, Cat# 10566016), supple-
mented with 10% fetal bovine serum (FBS), 100 pg/ml streptomycin,
and 100 units/ml penicillin. Cells were seeded at an approximate den-
sity of 20,000 cells per well in a 96-well plate (Greiner, Cat# 655098).
After 24 hours, cells were cotransfected with pcDNA3.1-U3-hTR-HDV,
and two pcDNA3.1-TERT plasmids, one containing the SmBiT and the
other containing the LgBiT, with a total of 300 ng DNA used per well
(fig. S4). In each transfection combination, one TERT was Flag-tagged,
and the other was twin-Strep-tagged. Transfection was performed with
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Lipofectamine 3000 (Thermo Fisher, Cat# L3000001) in OptiMem re-
duced serum medium (Gibco, Cat# 31985062) for 24 hours. The
Nano-Glo live cell reagent (Promega, Cat# N2011) was added to the
wells, and bioluminescence was measured with the Glomax Discover
plate reader (Promega, Cat# GM3000). Bioluminescence is obtained
when the LgBiT and SmBiT fragments of nanoluciferase are in close
proximity. Bioluminescence values were normalized to the un-
transfected control (fig. S4B). Transfection and assays were performed
in triplicate.

Glycerol gradient centrifugation

Human telomerase was reconstituted in Expi293F cells (Thermo
Fisher, Cat# A14527) by cotransfection of pcDNA3.1-ZZ-TEV-3xFlag-
TERT, pcDNA3.1-ZZ-TEV-twin-Strep-SUMO*-TERT, and pcDNA3.1-U3-
hTR-HDV for 48 hours. Cell extract was prepared through three cycles
of hypotonic freeze-thaw lysis, snap-frozen in liquid nitrogen, and
stored at —70°C until use. The resulting lysate (112 ml from 630 ml of
cell suspension) was subjected to 2’-O-methyl oligonucleotide purifica-
tion as described above. The eluate from this purification was incu-
bated with prewashed MagStrepXT resin for 2 hours at 4°C. Telomerase
was eluted at 4°C by overnight cleavage of the ZZ-TEV-twin-Strep tag
with SUMOstar protease (LifeSensors, Cat# SP4110).

The eluate (20 pl) from the Strep-Tactin purification was then ap-
plied onto a 200-pl 10-30% glycerol gradient (Beckman Coulter, Cat#
343775), pre-equilibrated overnight at 4°C. The sample was spun at
4°C and 55,000 rpm for 90 min using a TLS55 rotor (Beckman Coulter).
Sample was fractionated into 20-pl aliquots. Fractions were analyzed
by telomerase activity assays and immunoblotting (fig. S12). For im-
munoblotting, a 4-15% Criterion TGX gel (Bio-Rad, Cat# 5671085) was
used to resolve the fractions; and anti-TERT (1:1000, Abcam, Cat# 32020,
lot 1041820-24) was used as primary antibody. Goat anti-rabbit Alexa-
Fluor 680 (1:5000, Abcam, Cat# ab175773, lot GR222353-8) was used as
a secondary antibody.

Total TERT levels for each glycerol gradient fraction were calculated
for each fraction using ImageJ. The activity in each fraction was quan-
tified with ImageQuant (Cytiva) and normalized against the signal
of the recovery control (RC). This allowed the overall activity per
TERT to be obtained. These experiments were not performed in tri-
plicate owing to the discontinuation of the TERT antibody from
Abcam (Cat# 32020, lot 1041820-24). An alternative TERT antibody
from Proteintech (Cat# 27586-1-AP, lot 00132796) did not give quan-
tifiable signals for TERT.

Parallel gradients were also run for gel filtration standards (1.8 mg/ml,
Bio-Rad, Cat# 1511901) and the anaphase-promoting complex (0.5 mg/ml,
a kind gift from J. Yang and D. Barford) (fig. S12B).

Preparation of dual-tagged telomerase with P4.2 stem and P4.2/P5
junction hTR mutants

To test the contribution of hTR in telomerase dimerization, Expi293F
(Thermo Fisher, Cat# A14527) cells were cotransfected with pcDNA
3.1-ZZ-TEV-twin Strep-SUMO*-TERT, pcDNA 3.1-ZZ-TEV-3xFlag-TERT,
and WT or mutant pcDNA 3.1-U3-hTR-HDV (Fig. 4, A and B). Cells
were harvested after 48 hours, and lysates were prepared by three
freeze-thaw cycles. For each reconstitution, we used 14 ml of input
lysate from 150 ml of cell suspension. Lysates were subjected to oligo-
nucleotide purification, as described above, to yield OE. OE was incu-
bated with MagStrepXT resin (IBA LifeSciences, Cat# 2-4090-002) for
2 hours at 4°C. The resin was washed with wash buffer three times
(see above), and telomerase was cleaved off the resin using SUMOstar
protease (LifeSensors, Cat# SP4110) overnight at 4°C. Elution fractions
were analyzed by immunoblotting against Flag-tag antibody (1:1000,
Proteintech, Cat# 66008-4-1g, lot 100276477) (see below). Telomerase ac-
tivity assays, immunoblotting, and Northern blotting were also per-
formed for the crude lysates (fig. S13). Expression, lysis, and purification
for all samples were performed in triplicate.
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Preparation of dyskerin and NHP2 mutants

To test dyskerin and NHP2 contribution in telomerase dimerization,
Expi293F (Thermo Fisher, Cat# A14527) cells were cotransfected with
pcDNA3.1-ZZ-TEV-twin-Strep-SUMO*-TERT, pcDNA3.1-U3-hTR-HDV,
and pcDNA 3.1 with WT or mutant 3xFlag-tagged dyskerin or NHP2
construct. Cells were harvested after 48 hours, and lysates were pre-
pared by three freeze-thaw cycles. For each reconstitution, we used
14 ml of input lysate from 100 ml of cell suspension. Lysates were
subjected to oligonucleotide purification, as described above, to yield
OE. After normalizing the final volume of OE, samples were analyzed
by immunoblotting to compare the incorporation of overexpressed
3xFlag-dyskerin or 3xFlag-NHP2 into telomerase (Fig. 5, C to F, and
fig. S17). Immunoblotting was also performed for the crude lysates.
Expression, lysis, and purification were performed in triplicate for all
WT and mutant dyskerin and NHP2.

Immunoblotting

Fractions of dual-tagged WT telomerase were resolved on a 3-8%
Tris-Acetate NuPAGE gel (Invitrogen, Cat# EA0375PK2) in Tris-Acetate
buffer and transferred onto a nitrocellulose membrane. The mem-
brane was incubated for 1 hour at room temperature with 5% nonfat
milk in phosphate-buffered saline (PBS) supplemented with 0.1%
Tween-20 (PBST) before an overnight incubation at 4°C with anti-
Flag (1:1000, Proteintech, Cat# 66008-4-Ug, lot 10027647). Following
the washing, the membrane was incubated with goat anti-mouse
Alexa-Fluor 680 secondary antibody (1:5000, Abcam, ab175775, lot
GR3273649-2) in PBST for 1 hour. Scanning of the membrane was
performed on a Li-COR Odyssey Imager, and the quantification was
performed using ImagelJ.

For the dyskerin and NHP2 mutant telomerase, the lysates and elu-
tion fractions from the oligo purification (OE) were resolved on a
4-12% Bis-Tris NuPAGE gel (Invitrogen, Cat# NP0321BOX) then trans-
ferred onto a nitrocellulose membrane and incubated with 5% nonfat
milk in PBST for 1 hour. The membrane was first incubated with a
primary antibody overnight at 4°C (1:1000 rabbit anti-dyskerin, Santa
Cruz Biotechnology, Cat# sc-48794, lot E0214; or 1:20000 mouse anti-
alpha tubulin, Proteintech, Cat# 66031-1-Ig, lot 10004185; or 1:1000
rabbit anti-NHP2, Proteintech, Cat# 15128-1-AP, lot 00059015).

For the dual-tagged APAL dimer and catalytically inactive telomer-
ase samples, 4-12% Bis-Tris NuPAGE gels were used to resolve lysates,
Flag elution and Strep-Tactin elution fractions. Anti-TERT (1:1000,
Abcam, Cat# 32020, lot 1041820-24) was used as a primary antibody
for the dual-tagged APAL telomerase dimer experiments. During this
study, the TERT antibody was discontinued by Abcam. For the catalyti-
cally inactive telomerase samples, we used rabbit anti-TERT from
Proteintech (1:1000, Cat# 27586-1-AP, lot 00132796), which gives lower
signals than the Abcam TERT antibody, and rabbit TCABI1 antibody
(1:1000, Proteintech, Cat# 14761-1-AP, lot 60343).

Membranes were washed three times and incubated with a second-
ary antibody (1:5000 goat anti-rabbit Alexa-Fluor 680, Abcam, Cat#
ab175773, lot GR222353-8; or 1:5000 goat anti-mouse Alexa-Fluor 680,
Abcam, Cat# ab175775, lot GR3273649-2) before being washed again
and imaged on a Li-COR Odyssey Imager. All immunoblots were
performed in triplicates, and quantification was done in ImagelJ.

Northern blotting

Total RNA was extracted from the crude lysates of WT hTR and hTR
mutants, coexpressed with ZZ-TEV-3xFlag-TERT and ZZ-TEV-twin-
Strep-SUMO*-TERT, using TRIzol (Thermo Scientific, Cat# 15596026).
The purified RNA samples were resolved on a 5% formamide poly-
acrylamide (19:1) TBE gel and then transferred onto a Hybond N+
nylon membrane (Cytiva, Cat# RPN303). The membrane was cross-
linked using a Stratalinker UV cross-linker for 2 min. Following a
20-min incubation with Church’s buffer [0.5 M phosphate buffer
pH 7.2, 1% bovine serum albumin (BSA), 1 mM EDTA, and 7% SDS]
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supplemented with 15% formamide at 50°C, the membrane was incu-
bated with >?P-end labeled DNA primers probes specific for the CR4/5
and PK/t domains of hTR overnight at 50°C. The membrane was
washed twice with 4x SSC and 0.1% SDS, and twice with 2x SSC and
0.1% SDS. The dried membrane was exposed to a phosphorimager
screen overnight and imaged on an Amersham Typhoon Biomolecular
Imager (Cytiva).

Lentivirus plasmid transfection in HEK293T cells

HEK293T cells (ATCC, Cat# CRL-3216, RRID:CVCL_0063) were cul-
tured in DMEM with GlutaMax (Gibco, Cat# 10566016), supplemented
with 10% FBS, 100 pg/ml streptomycin, and 100 units/ml penicillin. To
generate lentivirus, HEK293T cells were transfected with the packag-
ing plasmid (psPAX2), the envelope plasmid (pMD2.G), and transgene
constructs expressing hTR mutants, which were cloned into the
DUETO011 backbone. The WT transgene construct was a kind gift from
K. Collins and X. Zhang (University of California, Berkeley) (31).
Following a 24-hour incubation, the media was replaced, and cells
were allowed to grow for another 24 hours. After this incubation pe-
riod, the supernatant containing viral particles was filtered using a
0.22-pum filter, aliquoted, and stored at —70°C until further use.

Lentivirus transduction of HCT116 hTR knockout (KO) cells

HCT116 hTR KO cells were a kind gift from K. Collins and X. Zhang
(University of California, Berkeley). To transduce HCT116 hTR KO cells,
2 ml of lentivirus was thawed and combined with 8 ml of prewarmed
DMEM with GlutaMax (Gibco, Cat# 10566016) supplemented with 10%
FBS, 100 pg/ml streptomycin, and 100 units/ml penicillin. The lentivi-
rus and DMEM mixture was supplemented with 6 pg/ml of polybrene
to enhance transduction efficiency and was then added to the HCT116
hTR KO cells. After 24 hours, the media was replaced. The media was
replaced again 72 hours posttransduction, and the cells were selected
with hygromycin B at 300 pg/ml for 7 days. Following the selection
period, the cells were passaged using DMEM with GlutaMax (Gibco,
Cat# 10566016) supplemented with 10% FBS, 100 pg/ml streptomycin,
and 100 units/ml penicillin.

Extraction of genomic DNA from HCT116 cells

HCT116 cell pellets (~50 pl) were suspended in 500 pl of radioimmu-
noprecipitation assay (RIPA) buffer (SERVA, Cat# 39244.1), to which
6.25 pl of RNase A (Thermo Fisher, Cat# 12091021) (20 mg/ml) was
added, followed by an incubation at 37°C for 30 min. After this in-
cubation period, 10 pl of proteinase K (20 mg/ml) was introduced to
the reaction, which was then incubated overnight at 50°C. The reac-
tion mixture was extracted with phenol:chloroform:isoamyl alcohol
(Thermo Scientific, Cat# 17908) and precipitated using isopropanol.
The resulting DNA pellet was washed twice with 75% ethanol and air-
dried before resuspension in TE buffer (10 mM Tris HCI pH 7.4 and
1 mM EDTA pH 74) with constant rotation overnight.

Telomere restriction fragment assay

Between 3 and 10 pg of purified genomic DNA was digested with
FastDigest Alul (Thermo Fisher, Cat# FD0014) and Mbol (Thermo Fisher,
Cat# FD0814) restriction enzymes at 37°C overnight. The digested DNA
fragments were separated on a 0.7% agarose gel in 1x TAE buffer for
approximately 23 hours at 35 V. The gel was vacuum dried for 1 hour
at 50°C. The dried gel was denatured using denaturation buffer (0.5 M
NaOH, 1.5 M NaCl) for 30 min at 50°C. After denaturation, the gel was
washed with 4x SSC buffer supplemented with 0.1% SDS for 10 min
and then blocked with Church’s buffer for 30 min at 50°C. Following
the blocking step, 32p_end-labeled telomeric repeat probes [(TTAGGG)4,
(CCCTAA)4] and a 1 kb plus DNA ladder (Thermo Fisher, Cat# 10780718)
probe were added. The probes were hybridized overnight at 50°C. The
gel was washed three times with 4x SSC and 0.1% SDS at 40°C. The
gel was then exposed to a phosphorimager screen for at least 24 hours
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before being imaged using an Amersham Typhoon Biomolecular
Imager (Cytiva).

Negative staining EM sample preparation

Telomerase sample of interest was prepared without cross-linker and
applied (3 pl per grid) on 400 mesh copper grids (Electron Microscopy
Sciences, Cat# G400-Cu) with a homemade amorphous carbon film on
nitrocellulose. Prior to sample application, negative stain grids were
glow discharged using a Sputter coater discharger (model Edwards
S150B). Sample was incubated on the grid for 90 s before undergoing
1 min incubation with 2% w/v uranyl formate (UF) by gentle agitation.
Automatic data collection was done using Tecnai F20 transmission
electron microscope (200 KV) with a Falcon 3 direct electron detector
in linear mode. Collection was performed in EPU software and at a
physical pixel size of 2.02 A per pixel, with a total electron dose of
41.7 electrons per A% over a total exposure time of 2 s. We collected
4664 micrographs for the dual-tagged WT telomerase dimer (fig. S5,
C to F); 1419 micrographs for the dual-tagged APAL dimer (fig. S10, G
to I); 1257 micrographs for the single-tagged P4.2 switch mutant
(fig. S16, A and B); and 1102 micrographs for the single-tagged
P4.2 comp. mutant (fig. S16, C and D).

Negative stain EM data processing

Data processing was performed in RELION 5.0 (54, 55). CTFFIND4.1
was used to estimate contrast transfer function (CTF) parameters of
the micrographs (56). Data for each complex were processed separately
as detailed below.

The dual-tagged WT telomerase dimer: A total of 149,089 particles
were first picked with Laplacian-of-Gaussian (LoG) blob detection in
RELION (57). The particles were binned by 4, extracted with a 60>
pixel box and subjected to multiple rounds of 2D classification. We
then unbinned a subset of 20,105 particles for generating 2D refer-
ences to improve particle picking. Four 2D references from 863 par-
ticles were selected as 2D references for reference-based picking. The
second round of picking yielded 50,123 particles, which were binned
by 4, extracted with a 602 pixel box and subjected to 25 rounds of 3D
classification with eight classes and a regularization parameter 7 of 4.
We used the cryo-EM reconstruction of the full dimer as an initial
model for this 3D classification. Six of the classes resembled the di-
mer particles observed in cryo-EM data and were thus pooled for 2D
classification. Representative 2D class averages are shown in fig. S5E.

The dual-tagged APAL dimer: To avoid model bias, we picked particles
using 2D references of the monomeric telomerase RNP. A total of
110,700 particles were picked, binned by 4, extracted with a 60> pixel
box, and subjected to several rounds of 2D classification. Representative
2D class averages are shown in fig. SIOH. Although the particles were
picked with 2D references of the telomerase monomer, the majority
resembled the dimeric particles.

The P4.2 switch mutant: To generate 2D references for picking, we
picked 207,603 particles using LoG blob detection in RELION. Particles
were binned by 4 and extracted with a 60 pixel box. After several
rounds of 2D classification, we unbinned a subset of 4516 particles for
2D classification. Four 2D references from 1493 particles were selected
as 2D references for reference-based picking. A total of 230,944 par-
ticles were repicked using these 2D references, binned by 4, extracted
with a 602 pixel box, and subjected to several rounds of 2D classifica-
tion. 2D classes of monomeric telomerase RNP from 14,547 particles
are shown in fig. S16B.

The P4.2 comp. mutant: A total of 278,349 particles were picked using
the 2D references from the P4.2 switch mutant, binned by 4, and ex-

tracted with a 602 pixel box. After several rounds of 2D classification,
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we obtained 2D class averages of monomeric telomerase RNP from
94,006 particles, which are shown in fig. S16D.

DMS chemical probing and data analysis

RNA structures in telomerase complexes reconstituted with WT hTR,
and P4.2 switch and comp. hTR mutants were obtained using DMS-
MaPseq (58). For DMS probing, the RNA was allowed to react with
DMS at a final concentration of 1% for 5 min at 37°C. DTT was added
to a final concentration of 0.5 M to quench the reaction. To remove
the protein components after DMS probing, we added an equal vol-
ume of triazole and chloroform, mixed well, and centrifuged the
sample for 15 min. The supernatant was mixed with an equal volume
0of 100% ethanol. RNA Clean & Concentrator Kits (Zymo Research, Cat#
R1016) were used for RNA purification following the manufacturer’s
protocol. Reverse transcription was done using SuperScript II Re-
verse Transcriptase (Thermo Fisher, Cat# 18064014 at 42°C for 90 min
(59). To remove the SuperScript II enzyme, an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was added to the reaction
mixture, followed by centrifugation for 15 min. The aqueous phase was
collected and subjected to further purification using a MicroSpin S-200
HR column (Cytiva, Cat# 27512001) in accordance with the manufac-
turer’s instructions.

Polymerase chain reactions with 10 cycles were performed with
the reverse primer (5'-GCGGGGACTCGCTCCGTTCCTCTT-3’) and
the forward primer (5'-GGGTTGCGGAGGGTGGGCCTG-3’) using
KOD Xtreme Hot Start DNA Polymerase (Novagen, Cat# 71975). Two
independent biological replicates for each sample were generated.
The purified DNA samples were subjected to Nanopore library con-
struction by following the manufacturer’s instructions for the native
barcoding kit (NBD-24). Raw reads from DMS probing data were
base called and demultiplexed using Dorado (https://github.com/
nanoporetech/dorado). The resulting reads were mapped using
minimap2 (60) with the following parameters: minimap2 -t 8 -ax
splice --secondary=no -G 12000. The mutation rate at each nucleo-
tide was calculated by dividing the number of mutations by the
number of reads at that location to generate the overall DMS reac-
tivity profiles (fig. S15E). DMS reactivity profiles were then normal-
ized by scaling each reactivity value by the median of the top 10%
most reactive positions (61).

Cryo-EM sample preparation and data collection

Purified telomerase-DNA-TPT sample was cross-linked with
bis(sulfosuccinimidyl)suberate (BS3) cross-linker (Thermo Fisher, Cat#
A39266) on ice for 1 hour at 0.5 mM final BS3 concentration. The reac-
tion was then stopped with quench buffer (200 mM Tris pH 8.0,
150 mM NacCl, 2 mM MgCl,, 0.05% IGEPAL CA-630, and 1 mM DTT)
and buffer-exchanged into cryo-EM buffer (20 mM HEPES NaOH pH
8.0, 150 mM NacCl, 2 mM MgCls, 0.05% IGEPAL CA-630, 1.0% trehalose,
and 1 mM DTT) before cryo-EM grid preparation. Cross-linked
telomerase-DNA-TPT complex was applied (3 pl per grid) onto a C-flat-
T-50 4/2 grids (Protochips, Cat# CF-4/2-4Cu-T-50). The grids were pre-
coated inhouse with a 5- to 6-nm-thick layer of homemade continuous
carbon film and glow-discharged using a Sputter coater discharger
(model Edwards S150B). Following a 2-min incubation, the grids were
blotted for 5 to 6 s at 4°C and 100% humidity and vitrified in liquid
ethane using an FEI Vitrobot MK IV. Data collection was performed
on Thermo Fisher Titan Krios transmission electron microscope oper-
ated at 300 KV and equipped with a Gatan K3 direct electron detector
camera and a GIF Quantum energy filter using 20 eV slit width. EPU
software (Thermo Fisher) was used for automatic collection in count-
ing mode. The physical pixel size of 1.059 A was used with a total
electron dose of ~48 electrons per A2 over a total exposure time of 2.5 s
and a defocus range of —0.8 to 2.4 pm. Doses were fractionated into
48 movie frames. A total of 66,992 movies were collected in four sepa-
rate sessions.
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Cryo-EM data processing
Data processing was performed using RELION 4.0, RELION 5.0, and
CryoSPARC v4.1.2 (fig. S2) (54, 57, 62). Movie frames were gain- and
drift-corrected, dose-weighted, and summed into single micrographs
using motion-correction program implemented within RELION 4.0
(57). All 3D classification after the signal subtraction steps (except for
those without alignments) and refinements in RELION were per-
formed with the Blush algorithm (55). CTF parameters were estimated
for the motion-corrected micrographs using CTFFIND-4.1 (56). A total
of 66,992 movies were corrected as described above [dataset 1 (23,681
micrographs), dataset 2 (22,330 micrographs), dataset 3 (10,832 mi-
crographs), dataset 4 (10,149 micrographs)].

3D refinements were performed using independent data half-sets.
Reported resolutions are estimated at the gold-standard Fourier shell
correlation (FSC) = 0.143 criterion between the two half-maps. FSCs
were calculated using a soft mask. We also corrected for the modula-
tion transfer function of the detector and applied a B-factor sharpen-
ing, as determined by RELION or a user-defined value.

Cryo-EM data processing of the telomerase dimer

For dataset 1, particle picking was performed using a reference-based
autopicking. We first used 2D references generated from previous
work (23) and then generated new references through multiple rounds
of 2D classification. Particles were picked again using the new 2D
references. Picked particles from dataset 1 were binned by 8 and ex-
tracted using a 56 pixel box size. Two rounds of 2D and 3D classifica-
tions were done together with the dataset 2 using a consensus
monomeric telomerase map as a reference (map not deposited) (23).
During the classification, a subset of telomerase dimer particles was
obtained and refined to yield a 11.8-A reconstruction, which was used
as an initial dimer reference for subsequent classification.

All binned particles from dataset 1 were subjected to an initial round
of 3D classification using a dimer map as a reference. We then per-
formed a second round of 3D classification using an angular sampling
of 15° for 25 iterations and 7.5° for another 25 iterations, regularization
parameter 7T of 4 and a dimer map as a reference. The best dimer
classes were selected for a reference-free 2D classification, from which
a total of 598,022 particles were selected, unbinned, and imported into
CryoSPARC.

For dataset 2, particle picking was done using a Topaz trained model
(63) implemented within RELION 4.0. Selected particles with figure-
of-merit (FOM) cutoff values of —1.5 were binned by 8 and extracted
using a 56 pixel box size. Particles from dataset 1 and dataset 2 were
subjected to two rounds of 2D and 3D classifications to obtain a telom-
erase dimer map as described above. After obtaining the dimer refer-
ence, all binned particles from dataset 2 underwent two rounds of 3D
classification with a dimer map as a reference. The best 3D classes of
telomerase dimer were selected for a reference-free 2D classification
to further remove bad particles. A total of 824,473 particles were se-
lected, unbinned, and imported into CryoSPARC.

For dataset 3 and dataset 4, particle picking was performed using
a reference-based autopicking with 2D references of the monomeric
telomerase obtained from dataset 1. The picked particles were binned
by 8 and extracted using a 562 pixel box size. The binned particles
underwent a first round of 3D classification to remove junk particles,
followed by a second round of 3D classification using an angular sam-
pling of 7.5° and regularization parameter 7" of 4. The second round
of 3D classification used a dimer map as a reference as described for
dataset 1 and dataset 2. The best dimer 3D classes were selected for a
reference-free 2D classification, from which a total of 239,908 (dataset
3) and a total of 208,882 (dataset 4) particles were selected, unbinned,
and imported into CryoSPARC.

In CryoSPARC, a subset of particles (193,181 particles) from da-
tasets 1, 2, 3, and 4 was used to generate six ab initio reconstruction
maps with C2 symmetry. The whole particle set was then classified
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into six volumes using the heterogeneous refinement algorithm with
C2 symmetry and maps from the prior ab initio reconstruction step
as initial models (62). The class with the best features containing
505,039 particles was subjected to the nonuniform refinement (64)
to yield a reconstruction of telomerase dimer at 6.2-A resolution.
The particles were exported as a particle stack using PyEM (65) for
further processing in RELION 4.0 and RELION 5.0. To investigate
the heterogeneity of the full telomerase dimer, we performed 3D
variability analysis (3DVA) on the 6.2-A dimer map in CryoSPARC
(66). The 3DVA results showing the global heterogeneity are pre-
sented in movie S1.

The exported particle stack was refined in RELION to give a recon-
struction at 7.1-A resolution without any symmetry applied. The map
was aligned to the C2 symmetry axis, symmetrized in RELION, and
used as a reference for a 3D refinement with C2 symmetry. This yielded
a reconstruction of the full telomerase dimer at 4.4-A resolution. This
reconstruction was well aligned on the H/ACA RNPs but poorly aligned
on the catalytic cores. Thus, we used this refinement for the subse-
quent signal subtraction procedures but not for model fitting or de-
position to the Electron Microscopy Data Bank (EMDB). Particles from
this refinement were subjected to C2 symmetry expansion.

Cryo-EM data processing of the individual H/ACA RNP protomer

To improve the resolution of the individual H/ACA RNP lobes and
regions responsible for dimerization, we used the 4.4-A dimer recon-
struction to perform signal subtraction with recentering on the sym-
metry expanded particles. The box size of the signal subtracted
particles was downsized to 2802 pixels to speed up computation. The
signal-subtracted particles were refined and then classified into four
classes using a local classification with 5° local angular search steps.
One class with 322,295 particles had well-defined high-resolution
features and was further refined to 3.0-A resolution. To resolve the
dimerization interface between the 5° H/ACA heterotetramer of one
H/ACA RNP and the P4/5 linker of hTR of the second H/ACA RNP,
a mask that included only these regions was used for alignment-free
focused 3D classification with a regularization parameter 7 of 10. A
subset of 260,466 particles, which showed the best-resolved P4/5
linker region, was refined to 3.0-A resolution. We then performed
CTF refinement (beam tilt, trefoil, and fourth-order aberrations,
anisotropic magnification, per-particle defocus and per-micrograph
astigmatism) (67), followed by a 3D refinement. The resulting par-
ticles yielded a final 3.0-A resolution map of an individual H/ACA
RNP with the bound P4/P5 linker from the other protomer. Although
the resolution of the map after CTF refinement did not improve, the
quality of the map was improved. This reconstruction was used for
model building, refinement, and validation of telomerase H/ACA
RNP protomer.

Cryo-EM data processing of the H/ACA RNP dimer

To analyze the dimerization interface between the two H/ACA RNPs,
we performed signal subtraction with recentering on the non-
symmetry-expanded particles. We generated a mask around the two
H/ACA RNPs to remove the signal from both catalytic cores. The box
size of the signal-subtracted particles was downsized to 2807 pixels to
speed up computation. The signal-subtracted particles were refined to
4.0-A resolution with C2 symmetry using a C2 symmetry axis-aligned
and symmetrized dimer reference. We then performed a 3D classifica-
tion with local searches and a C2 symmetry relaxation. A subset of
130,095 particles was used for 3D refinement (4.1-A resolution), fol-
lowed by alignment-free 3D classification with regularization param-
eter T of 8 and a mask around the 3’ GAR1-dimerization interface. A
subset of 88,419 particles, which showed the most complete density
for both 3’ GAR1 subunits, was refined to 3.9-A resolution. This recon-
struction was used for model building, refinement, and validation of
the telomerase H/ACA RNP dimer.
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Cryo-EM data processing of telomerase catalytic cores
To analyze the catalytic core, we used the 4.4-A dimer reconstruction
to perform signal subtraction around one telomerase catalytic core
with recentering on the symmetry-expanded particles. The box size of
the signal-subtracted particles was downsized to 280 pixels to speed
up computation. The signal-subtracted particles were refined and then
classified into four classes using 25 iterations with angular sampling
of 1.8° and regularization parameter 7 of 4. The best class with 273,757
particles had well-defined features and was further refined to 3.4-A
resolution. We then performed CTF refinement (beam tilt, trefoil, and
fourth-order aberrations, anisotropic magnification, per-particle
defocus, and per-micrograph astigmatism) (67), followed by a 3D refine-
ment. This yielded a final map of individual telomerase catalytic core
at 3.3-A resolution. This reconstruction was used for model building,
refinement, and validation of telomerase catalytic core monomer (C2).

Additionally, we wanted to determine whether the DNA is bound
in both catalytic cores of the telomerase dimer. To resolve the two
catalytic cores independently, signal subtraction was performed
around each catalytic core in a 7.1-A dimer map, with recentering on
the non-symmetry-expanded particles. Subsequently, a 3D classifica-
tion into four classes using 25 iterations with angular sampling of 3.7°
was carried out, resulting in one class with high-resolution features.
For catalytic core from protomer 1 (catalytic core 1), we selected a
subset of 138,966 particles. For catalytic core from protomer 2 (cata-
lytic core 2), a subset of 133,259 particles was selected. We refined these
two subsets, followed by CTF refinement (beam tilt, trefoil, and fourth-
order aberrations, anisotropic magnification, per-particle defocus, and
per-micrograph astigmatism), and final 3D refinement. This approach
yielded reconstructions at 3.8-A resolution for catalytic core 1 and at
3.6-A resolution for catalytic core 2.

Finally, to confirm the presence of DNA in both catalytic cores within
a single telomerase dimer particle, we examined the particle subsets
used to obtain the maps of telomerase catalytic cores 1 and 2. We
searched for dimer particles present in both subsets using https://github.
com/sami-chaaban/starparser. We then performed local 3D refinement on
the shared particles using 1.8° angular sampling. This approach yielded
maps of telomerase catalytic cores 1 and 2 at 4.1- and 3.9-A resolution, re-
spectively, with both reconstructions showing DNA density in the active site.

Model building and refinement

To facilitate model building, all maps were converted into MTZ format
using REFMACS5.8 (68, 69) to allow map blurring and sharpening in
COQOT (70). The published models of the catalytic core bound to TPP1
[Protein Data Bank (PDB) ID 7QXA] and H/ACA RNP (PDB ID 80UE)
(23, 27) were used as initial models for model building. These models
were fitted into the corresponding maps by rigid-body fitting in COOT.
Manual adjustments of the models were performed in COOT to im-
prove the map fit. The P4.2/5 and P1 linkers of h'TR were first manually
built in COOT using the 3.9-A H/ACA RNP dimer map. The resulting model
was used as a starting model for DRRAFTER (26). After DRRAFTER, the
RNA geometry was further improved using ERRASER2.0 (77) and man-
ual adjustments in COOT.

Model refinement was performed in reciprocal space using Servalcat
and REFMACS5.8 (68, 72) with protein secondary structure restraints
and nucleic acid restraints calculated using PROSMART and LIBG,
respectively (69, 73). Phenix 1.20 was used to calculate model-versus-
map FSCs and EMRinger scores (74). Geometries were assessed using
the MolProbity server (http://molprobity.biochem.duke.edu/) (75).
Tables S1 and S2 provide a summary of the refined models.

The refined models of the H/ACA RNP dimer and the catalytic cores
were rigid-body fitted into the 6.2-A consensus dimer map. The result-
ing models were used as an input for DRRAFTER modeling of the full
hTR within the dimer. Due to the limited resolution of the map, no
model refinement was performed. Instead, the top 10 DRRAFTER
models of hTR and fitted models of the protein subunits of both the
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catalytic core and the H/ACA RNP are provided in a Pymol session
(data S1). The G-quadruplex structure in the 5’ region of hTR was
modeled by DRRAFTER; and the ensemble of the structures with the
lowest energy are included in a Pymol session (data S3).

DRRAFTER modeling of RNA in telomerase dimer

DRRAFTER was used for the modeling of hTR regions with higher
disorder (26). In each case, 2000 to 5000 models were obtained, and
a set of the lowest energy models were selected to represent the en-
semble of conformations. The secondary structure was enforced, with
ideal A-form helices used as a template as well as the parallel confor-
mation of the G-quadruplex for residues 1-17 of hTR (76). For the H/
ACA RNP dimer region, the cryo-EM map around the RNA of interest
(residues 1-31, 195-247, and 322-370) was isolated by creating a 12-A
zoning around the RNA and removing segments associated with mod-
eled protein using Segger in ChimeraX (77). Within the H/ACA RNP
dimer, only one of the RNA chains was modeled, assuming the other
is a symmetry copy. Four sets of ensemble models of the H/ACA RNP
dimer region were created. One was created using 15-A restraints from
the initial placed positions, and another with 30-A restraints. Little
difference was observed between these two ensembles, suggesting
confidence in the global placement of helices. Furthermore, observing
density between P4.1 stem of hTR and the proposed G-quadruplex
(GQ) density, we attempted to model that density in a variety of meth-
ods. First, we did not enforce any base pairing in the region, resulting
in an unstructured RNA chain modeled into the density. We named
this model “unordered.” Second, to obtain models with a more ener-
getically favorable RNA fold in line with literature (72), we enforced
base pairing between nucleotides in that region (data S3). We used a
published G-quadruplex model (PDB ID 1RAU) as a template (78). Two
additional model ensembles were created, one forcing a base pairing
between U5 and G345 of hTR, and another between C7 and G345 of
hTR (data S3). For the full telomerase dimer map, a similar method
was used with first isolating the cryo-EM map around the RNA to be
modeled (residues 1-40, 185-210, 219-250, and 320-355). Secondary
structure was enforced, and template helices and quadruplex were
used as above, but there were no restraints placed on initial positions.
Additionally, both RNA chains were modeled separately. The lowest
energy models of each RNA chain were selected and combined to cre-
ate an ensemble of full dimer models (data S1).

Q-score calculations for the 5’ leader sequence of hTR

From all sets of model ensembles, the best 5" GQ model was selected on
the basis of the highest Q-score (model number 6 with 15-A restraints).
Additionally, the unordered model for the same region was generated
without enforcing base pairing as described above. The best 5 GQ model
(ordered 5'GQ), the unordered model, and the 5" hairpin (PDB ID 7V9A)
(10) were compared to determine the most suitable conformation of the
5’ hTR leader sequence (residues 1-17) on the basis of the map-vervus-
model Q-scores using the 3.9-A H/ACA RNP dimer map. The backbone
and overall Q-scores were calculated in UCSF Chimera and ChimeraX
(77,79, 80). In ChimeraX, a Q-score plugin (courtesy of T. Croll) was used
to visualize the backbone Q-scores for individual residues (fig. S20) (79).
Q-scores for unordered model, ordered 5° GQ, and 5’ hairpin generated
in Chimera are also included in data S2.

Map and model visualization

Maps were visualized in both Chimera and ChimeraX. Illustrations
were prepared using Chimera, ChimeraX (77), Pymol (www.pymol.org),
and Adobe Ilustrator.
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