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ABSTRACT

Telomerase is a unique ribonucleoprotein (RNP) re-
verse transcriptase that utilizes its cognate RNA
molecule as a template for telomere DNA repeat syn-
thesis. Telomerase contains the reverse transcrip-
tase protein, TERT and the template RNA, TR, as its
core components. The 5-half of TR forms a highly
conserved catalytic core comprising of the template
region and adjacent domains necessary for telom-
ere synthesis. However, how telomerase RNA fold-
ing takes place in vivo has not been fully understood
due to low abundance of the native RNP. Here, us-
ing unicellular pathogen Trypanosoma brucei as a
model, we reveal important regional folding informa-
tion of the native telomerase RNA core domains, i.e.
TR template, template boundary element, template
proximal helix and Helix IV (eCR4-CR5) domain. For
this purpose, we uniquely combined in-cell probing
with targeted high-throughput RNA sequencing and
mutational mapping under three conditions: in vivo
(in WT and TERT ™/~ cells), in an immunopurified cat-
alytically active telomerase RNP complex and ex vivo
(deproteinized). We discover that TR forms at least
two different conformers with distinct folding topolo-
gies in the insect and mammalian developmental
stages of T. brucei. Also, TERT does not significantly
affect the RNA folding in vivo, suggesting that the
telomerase RNA in T. brucei exists in a conforma-
tionally preorganized stable structure. Our observed
differences in RNA (TR) folding at two distinct devel-
opmental stages of T. brucei suggest that important
conformational changes are a key component of T.
brucei development.

INTRODUCTION

The telomere is the nucleoprotein complex at the chromo-
some end and is essential for genome integrity and chro-
mosome stability. Telomerase, a multi-subunit ribonucleo-
protein (RNP) enzyme, is a key player for telomere main-
tenance and helps enable unlimited cell proliferation. Itis a
specialized reverse transcriptase with an integral RNA com-
ponent that extends the telomeric DNA by adding repet-
itive TG-rich sequence to the 3 termini (1). Telomerase-
mediated telomere maintenance counteracts the end repli-
cation problem due to the incomplete replication of the lin-
ear DNA ends by conventional DNA polymerases and in
turn helps prevent chromosome instability (2). The telom-
erase RNP functionally comprises two core components,
a catalytic protein known as telomerase reverse transcrip-
tase (TERT) and an integral RNA called telomerase RNA
(TR). These two components confer dual functionality to
telomerase RNP where TERT adds tandem TG-rich re-
peats to telomeres according to the template provided by
TR (3). TERT contains a reverse transcriptase (RT) domain
(4) which is anked by an N-terminal extension (TEN) do-
main and a telomerase RNA binding domain (TRBD) at its
N-terminus and a C-terminal extension domain (CTE) at
the C-terminus (5,6). In contrast to TERT, TR is the more
diverse component as it varies greatly in size and sequence
in different organisms (150 bp in ciliates to 1.2 kb in
yeast and >2 kb in the malaria pathogen Plasmodium falci-
parum) (7-11). Despite this diversity, TRs from different or-
ganisms share a common core secondary structure (12,13),
encompassing a single-stranded template domain which is
copied by the TERT protein to make telomeric repeats.
Most eukaryotic TRs share a conserved catalytic core at the
5 half of the RNA, consisting of a template domain, a tem-
plate boundary element (TBE) and a pseudoknot (PK). Ad-
ditionally, a template recognition element (TRE) is found
immediately at the 3 of the template domain which helps
to position it in the active site of TERT for repetitive use
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during telomere synthesis (14). In addition to the catalytic
core, TR also harbors unique species-speci ¢ structural fea-
tures at its distal end, such as eCR4-CR5 and H/ACA do-
mains in vertebrates (15). These additional domains tether
TR to different protein complexes and are essential for
telomerase regulation, cellular traf cking and biogenesis
(16). In yeast and human TRs, RNA regions outside the
catalytic core are dispensable for basal telomerase activ-
ity (17,18), except that human TR also requires interac-
tion between the eCR4-CR5 domain and TERT (19,20).
Recent cryo-EM models for both human and Tetrahymena
revealed that template-pseudoknot domains of their respec-
tive TR encircle TERT thus forming a ring like structure
(21,22). These species-speci ¢ TR features are essential for
telomerase function which signify the importance of inves-
tigating in vivo TR architecture from different species. Con-
sistent with the cryo-EM studies, single-molecule analysis
measuring real-time stoichiometry of RNA structural dy-
namics in the active RNPs indicated that protein-mediated
folding of TRs requires a high degree of conformational
exibility within the catalytic core of the enzyme for accu-
rate and ef cient telomerase assembly and catalysis (23-25).
Trypanosoma brucei is a deep-branching unicellular eu-
karyote that causes vector-borne sleeping sickness in hu-
mans, which leads to late-stage neurological disorders and
is frequently fatal if untreated. T. brucei is an extracellular
parasite with distinct developmental stages. Two prolifera-
tive forms of T. brucei are amenable to in vitro culture in lab-
oratory settings, one is from its insect host (Procyclic Form,
PF) and the other from its mammalian host (Bloodstream
Form, BF) (Figure 1A). BF T. brucei effectively evades its
mammalian host’s immune response by regularly switch-
ing its major surface antigens, Variable Surface Glycopro-
teins (VSGs). VSGs are expressed in a strictly monoallelic
manner from VSG expression sites (ESs) that are imme-
diately upstream of the telomere repeats (26). Extremely
shortened active ES-adjacent telomere in ToTERT /™ cells
leads to increased VSG switching frequency (26,27). In ad-
dition, telomere proteins have been shown to play critical
roles in regulation of VSG silencing and switching (28-36).
Telomeres are the docking site of these telomere proteins,
and proper telomere length maintenance is essential for
their functions. Extension of the telomere DNA by telom-
erase has been shown to be a major mechanism of telom-
ere maintenance in T. brucei (7,8,37). Therefore, studying
structure—function characteristics of T. brucei telomerase
RNP will provide important insights into telomere regula-
tion and pathogenicity in this deep branching eukaryote.
The RNA subunit of telomerase RNP facilitates the
processive synthesis of telomeric repeats (38). The T. bru-
cei telomerase RNA, TbhTR, is an RNA polymerase II-
transcribed, 900 nucleotide long trans-spliced transcript,
which is quite unique compared to ciliate, metazoan and
fungal TRs (7,8,39). TbTR contains an atypical cytosine
rich sequence permutation in its template, 5 CCCUAAC-
CCUA 3, which is conserved in TRs from kinetoplastids
(7,40,41). TbTR also contains a stem-loop domain, distant
from the template, termed Helix IV, that is equivalent to
but structurally distinct from the human TR CR4/5 do-
main (eCR4-CR5) (42), and a novel C/D box domain (8)
that replaces the box H/ACA domain of human TR (43,44).

Initial experiments studying TbTR architecture through
in vivo RNA footprinting or chemical probing of in vitro
reconstituted TbTR identi ed the template domain as a
single-stranded region that is available for base pairing with
the chromosomal termini (7,13,39,44). This unstructured
template domain is anked by template boundary element
(TBE) at the 5 end and helix 111/ template proximal he-
lix (TPH) at the 3 end in the form of stem-loop helices
(7,13,39,44) (Supplementary Figure S1A). TBE is deemed
necessary for in vitro telomerase activity when reconstituted
with the ThTERT protein (39). Although a triple helical
pseudoknot structure in eukaryotic TRs at the 3 termini of
template is required to facilitate RNP assembly and activity
(45), no such tertiary fold was identi ed in the in vitro recon-
stituted ThTR (39,44). Despite this broad conservation in
the in vitro folded secondary structure, the native structural
fold of TbTR and its in-cell interaction with ThTERT dur-
ing telomere extension remain unknown. The spectrum of
association of TR that dictate the positioning of unpaired
template nucleotides in the active site of TERT and proces-
sive synthesis of telomeric repeats (Repeat Addition Pro-
cessivity, RAP) predominantly relies on TR catalytic core
domains (14,46). Importantly, the template- anking pseu-
doknot and TBE domains in mammalian TR catalytic core
render structural and functional association to the TERT
domains, suggesting that non-template RNA domains play
critical roles in RNP assembly and/or a proper de nition
of template boundaries (19,21,22,47-50). As stated above,
TbTR also contains a Helix 1V domain that is equivalent to
human TR eCR4-CR5 (13). STE in yeast and human TRs
acts as a protein interaction site which is essential for the
RNP maturation and activity (16,19). Indeed, patients har-
boring mutant eCR4-CR5 have decreased telomerase ac-
tivity due to its inability to properly interact with TCABL,
which is critical for facilitating interactions between human
TERT protein and eCR4-CR5 domain of human TR (51).
Similarly, a functional study on in vitro reconstituted ThTR
suggested that Helix 1V (eCR4-CR5) stimulates or enhances
T. brucei telomerase activity (39). Nevertheless, our knowl-
edge of in vivo folding of ThTR Helix IV and its interaction
with ThTERT is still obscure and the above ndings support
the rationale to accurately map ThTR catalytic core and He-
lix 1V structure to de ne the connectivity requirements of
RNA in the T. brucei telomerase native complexes. In ad-
dition, studying the molecular structure of telomerase in
a human pathogen with two distinct developmental stages
(PF and BF) (Figure 1A) provides a unique opportunity
to identify important stage-speci ¢ determinants of telom-
erase fold and function that could be relevant to developing
therapeutics for parasite infections.

Understanding how the TR structural domains are uti-
lized by TERT as functional modules for telomere synthe-
sis is central to de ning telomerase RNP architecture. It is
particularly important to study this in the native cellular en-
vironment because, apart from TERT interventions, other
proteins, metabolites and ion homeostasis could play a key
role in the successful folding of a functional TR. Despite
a thorough understanding of structural RNA connectivity
within its native complex using single-molecule and cryo-
EM analysis (21-25), targeted evaluation of telomerase
RNA conformation in living cells is still missing. Study-
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ing RNA folding in living cells is particularly challenging
for low-abundance RNA (52) such as TR because the esti-
mated number of RNP complexes per cell is only between
35 and 250 (23,53). To circumvent this problem and di-
rectly analyse TbTR architecture in vivo, we used a novel ap-
proach by coupling structure-speci c in vivo chemical mod-
i cation, targeted primer ampli cation and next-generation
sequencing to de ne the conformation of the ThTR cat-
alytic core. The added advantage of chemical probing fol-
lowed by mutational pro ling over traditional methods to
assess RNA architecture is that it not only enables us to an-
alyze low-abundant RNAs and yields high resolution sec-
ondary structure models but also bypasses the use of man-
ual sequencing with lower accuracy. We compared two dif-
ferent chemical probes, 2-methylnicotinic acid imidazolide
(NAI) and dimethyl sulfate (DMS), in our ‘chemical prob-
ing read by mutational pro ling’ experiments. First, to de-
termine structural changes of the RNA in the presence or
absence of TbTERT, we compared and assessed the na-
tive RNA folding in WT and TbTERT ™/~ (37) strains of
T. brucei BF cells (in vivo studies). To further determine
if proper assembly of the catalytic components of telom-
erase is required for RNA folding and function, we af nity
puri ed the active telomerase RNP complex from T. bru-
cei BF cell extracts using an anti-FLAG antibody against
the FLAG-tagged ThTERT and probed the RNA structure
using mutational pro ling. Additionally, we also extracted
protein-free RNA from T. brucei BF cells (ex vivo studies)
and used in vitro transcribed ThTR catalytic core domains
for structure mapping experiments. Thus, comparing alter-
ations in ThTR secondary structure by probing in vivo WT
and TOTERT™/~, WT immunopuri ed, and ex vivo depro-
teinized and in vitro transcribed RNAs, we elucidated op-
timal RNA folding that would only occur in the context
of normal physiology of T. brucei telomerase. Our current
study further indicates that TbTR exists in at least two dis-
crete conformational states in the insect and mammalian
host, which could have functional implications for telom-
ere synthesis, sub-telomeric virulence gene expression, and
the parasite survival.

MATERIALS AND METHODS

Culture of T. brucei bloodstream form (BF) and procyclic
form (PF) cells

Trypanosoma brucei lister strain 427 was used in this
study. All BF cells were cultured in HMI-9 media sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS) at 37°C and 5% CO,. Trypanosoma brucei Lister
427 strain expressing the T7 polymerase and Tet repressor
(also known as the single marker or SM strain) (54) was
cultured in medium supplemented with 2 g/ml of G418;
TOTERT*/F2H* cells with 2 g/ml of G418 and 0.1 g/ml
of puromycin; ToTERT /= cellswith 2 g/ml of G418, 0.1

g/ml of puromycin and 5 g/ml of hygromycin. WT PF
cells were cultured at 27°C in SDM-79 media supplemented
with 10% heat-inactivated FBS. Cells expressing TOoTERT-
eGFP were cultured at 27°C in SDM-79 media contain-
ing 10% heat-inactivated FBS and supplemented with 15

g/ml of G418, 50 g/ml of hygromycin and 2.5 g/ml
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of phleomycin. TOTERT-eGFP expression was induced by
adding 1 g/ml of doxycycline to the medium.

Tagging the endogenous ThTERT allele

A C-terminal 924 bp fragment of the TOTERT gene (Gen-
Bank ID: NT165288.1), a fragment encoding 3C-FLAG-
HA-HA (F2H), the / tubulin intergenic sequence, the
puromycin resistance (PUR) gene and a 450 bp DNA frag-
ment containing the sequence immediately downstream
of the TOhTERT gene was inserted into pBluescript SK
plasmid in this order to generate the tagging construct
of TbTERT, pSK-TbTERT-3C-F2H-PUR-tar. SM cells
were transfected by Xhol digested pSK-TbhTERT-3C-F2H-
PUR-tar to generate the ToTERT*F2H* strain. Positive
clones were validated by western and southern analyses.

pCO57-ThTERT-eGFP was generated by cloning the full
length TOTERT ORF (GenBank ID: NT165288.1) into
pCO57 vector, which is derived from pLew82 vector at Ndel
site, producing a plasmid where eGFP is fused with the
TbTERT at the C-terminus. This plasmid was digested by
Not I and transfected into ‘29-13’ procyclic cells which con-
stitutively express the T7 RNA polymerase integrated at an
rDNA spacer. Positive clones were validated by western blot
analyses.

Generation of TOTERT C-term antibody and western blot-
ting

The TbTERT expression construct containing a C-terminal
cDNA fragment of the gene (Gene ID: AY904042, nu-
cleotides 2887-3576) was initially cloned into pET-15b plas-
mid and then subcloned into vector pET30a for His-tagged
expression of C-terminal TbTERT in Escherichia coli. Ini-
tially 3 mg of protein were expressed with 75% purity and
then scaled up to obtain 10 mg of protein with 85-90% pu-
rity. This protein was used to immunize New Zealand Rab-
bits to produce anti TOTERT-C-term-His antibody (Gen-
script, USA). Western blotting was carried out using 4-
12% polyacrylamide Bis-Tris Glycine gels (Life Technolo-
gies) and the polyclonal antibody against ThTERT C-
term was used as a primary antibody with 1:500 dilution.
Horseradish Peroxidase (HRP) conjugated anti-rabbit sec-
ondary antibodies (Abcam, ab6721) were used at 1:10000.
Detection was carried out using Pierce ECL Plus Chemilu-
minescence substrate kit (ThermoFisher Scienti ¢, 32106).

In vivo RNA chemical probing read by mutational pro ling

For in vivo probing of TbTR, PF (5-6 x 108 cells/40 ml) and
BF (5-6 x 108 cells/300 ml) were harvested by centrifuga-
tion and resuspended in bicine buffered medium (300 mM
Bicine pH 8.3, 150 mM NacCl, 5 mM MgCl,) followed by
treatment with 100 mM of NAI for 15 min or (1:10) ethanol
diluted DMS for 5 min at 37°C. The DMS reaction was
neutralized by addition of 20% -mercaptoethanol. Follow-
ing treatments, total RNA was extracted by Trizol (Ther-
moFisher Scienti ¢, 15596018) and treated with DNase be-
fore cleaning up using an RNA clean and concentrator kit
(Zymo Research, R1013).
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Ex vivo RNA chemical probing read by mutational pro ling

For WT ex vivo TbTR probing, total RNA was extracted
by Trizol and DNase digestion before ethanol puri ca-
tion. Extracted RNA were treated with NAI (100 mM)
for 15 min and DMS (1:10 ethanol diluted) for 5 min at
37°C. DMS reaction was neutralized by addition of 20%

-mercaptoethanol. Following treatments, modi ed RNA
was puri ed using an RNA clean and concentrator kit
(Zymo Research, R1013).

Epitope-tag based puri cation of endogenous telomerase
RNPs

Immunoprecipitation was performed to purify the endoge-
nous telomerase complex from BF ThTERT*F2H* cells.
Approximately 6 < 10 cells/300 ml were harvested and
lysed in 300 | of immunopuri ed (IP) lysis buffer (25 mM
Tris-HCI pH 7.5, 150 mM KCI, 25 mM NaCl, 1 mM EDTA,
10 mM MgCl,, 0.5% IGEPAL CA630, 1x protease cocktail
inhibitor and 40 units of Ribolock RNase inhibitor). Lysate
was cleared of debris by centrifugation at 3000 rpm for 5
min at 4°C and incubated with pre-washed 50 | of Pierce
Anti-DYKDDDDK magnetic beads (A36797) at 4°C for
2 h with rotation. Following incubation, the beads were
washed twice by ice cold IP buffer and once with ice cold
DEPC water. Post washing, the beads were resuspended in
100 | of bicine buffer (300 mM Bicine pH 8.3, 150 mM
NaCl, 5 mM MgCl,) and were subjected to either 100 mM
NAI or DMS (1:10 ethanol diluted) for 15 and 5 min, re-
spectively at 37°C. Modi ed RNA was Trizol extracted and
was subjected to ‘chemical probing read by mutational pro-

ling’, as described below. Bound complex was analysed for
the presence of ThTERT by western blot using a custom
anti TOTERT C-term antibody. Brie y, 4 | of total 100 |
of sample was loaded into 4-12% Novex Tris-glycine gel (In-
vitrogen, XP04120BOX). Western blot was performed us-
ing anti TOTERT C-terminus antibody diluted at 1:500 and
HRP conjugated secondary anti-Rabbit antibody at the di-
lution of 1:10 000. Detection was carried out using Pierce
ECL Plus Chemiluminescence kit (ThermoFisher Scien-
ti ¢, 32106). Imaging was done using Bio-Rad ChemiDoc
MP system. Expression was also validated by anti-FLAG
antibody. The presence of TbTR in the IP complex was con-

rmed by cDNA sequencing. The telomerase activity of the
puri cation product was analyzed by telomerase activity as-
say.

Af nity puri cation of the telomerase complex from PF
cells expressing ThTERT-eGFP was done by harvesting 5-
6 x 108 cells/40 ml followed by their lysis in the above-
mentioned lysis buffer. Lysate was cleared of debris by cen-
trifugation at 3000 rpm for 5 min at 4°C and incubated
with 50 | of pre-washed Protein-G Dynabeads (Invitro-
gen, 10003D) for 1 h with rotation at 4°C to get rid of any
non-speci ¢ binding between the lysate and beads. After
pre-clearance, lysate was further incubated with 2.4 g of
anti-GFP antibody (Invitrogen, A-11122) for 8-10 h with
rotation at 4°C. Post incubation, the lysate was further incu-
bated with 50 | of pre-washed Protein-G Dynabeads (In-
vitrogen, 10003D) with rotation for 2 h at 4°C. Bead wash-
ing was performed as described above and the bound telom-
erase RNP were further subjected to the NAI and DMS

treatment for ‘chemical probing read by mutational pro I-
ing’. Western blot was performed as described above to as-
sess the presence of TOTERT in the complex while cDNA
sequencing con rmed the presence of TbTR in the bound
complex. Telomerase activity assay was performed to assess
the activity of immunopuri ed telomerase RNP from PF of
T. brucei.

Immunoprecipitation was also performed to purify the
endogenous telomerase RNP complex from WT BF and
PF cells with an anti-ThTERT antibody. Approximately
6 % 108 cells (BF and PF) were harvested and lysed in 300

| of ice-cold lysis buffer (25 mM Tris-HCI pH 7.5, 150 mM
KCI, 25 mM NaCl, 1 mM EDTA, 10 mM MgCl,, 0.5%
CHAPS, 1x protease cocktail inhibitor and 40 units of Ri-
bolock RNase inhibitor). Lysate was cleared of debris by
centrifugation at 3000 rpm for 5 min at 4°C. About5 ¢
of TOTERT C-term antibody was incubated with 50 | of
Protein-G Dynabeads for 2 h with rotation at 4°C. Lysate
was incubated with antibody bound beads for 3 h with rota-
tion at 4°C. After incubation, the beads were washed thrice,
twice with 500 | of ice-cold lysis buffer followed with 500

| of ice cold RNAse free water. The beads were then resus-
pended in 50 | of RNAse free water.

Library construction, sequencing and data processing

Chemical probing read by mutational pro ling was per-
formed using Gene-speci ¢ reverse primers (Supplemen-
tary Table S1) and SuperScript Il (ThermoFisher Scien-
ti ¢, 18064014) under error prone conditions, as described
previously (55). cDNA generated were further puri ed us-
ing the AxyPrep Mag PCR clean-up beads (MAG-PCR-
CL-50) and were subjected to the second strand synthe-
sis (NEBNext Second Strand Synthesis Module, E61115S).
For library preparation, we designed primers speci ¢ to
the 5 and 3 ends of ThTR template and template adja-
cent domains (TBE, template proximal and distal elements,
TPH and TDH, respectively) and Helix IV (eCR4-CR5) do-
main (Supplementary Table S1) and PCR ampli ed these
regions using NEB Q5 HotStart polymerase (M0493L). A
secondary PCR was performed to introduce TrueSeq bar-
codes (55). Quanti cation of the libraries was done using
Qubit dsDNA HS Assay Kit (ThermoFisher, Q33230) and
the library quality was checked using an Agilent Bioana-
lyzer. These TrueSeq libraries were sequenced as necessary
for their desired length, primarily as paired end 2 < 161 read
multiplex runs on MiSeq platform. We used the ShapeMap-
per2 algorithm (56) to determine the mutation frequency in
both chemically modi ed (NAI and DMS treated) and con-
trol (DMSO and ethanol treated) RNA samples. Further,
ShapeMapper2 (56) was also used to calculate chemical re-
activity for each RNA nucleotide using the following equa-
tion:

R = mutr,, — mutry,

where R is the chemical reactivity, mutry, is the mutation rate
calculated for chemically modi ed RNA, and mutr, is the
mutation rate calculated for untreated control RNA sam-
ples. We used this chemical reactivity to inform a minimum
free energy structure using Superfold (57) and visualized
the model using VARNA (58) and StructureEditor module
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of RNAstructure (59). RNA arc models were generated by
using R-chie (60). Comparative and differential TbTR cat-
alytic core reactivity plots were generated using the Graph-
Pad software package.

Telomerase activity assays

To determine the activity of the epitope-tag puri ed T. bru-
cei telomerase complex (both BF and PF), we performed
a modi ed version of exponential isothermal ampli ca-
tion of telomere repeat (EXPIATR) assay (61). Essentially,
a master mix was assembled on ice consisting of Nick-
ing Telomerase Substrate (NTS) and Nicking probe (NP)
primers (Supplementary Table S1), 1x EXPIATR buffer
(30 mM Tris-HCI, pH 8.3, 1.5 mM MgCl,, 100 mM KClI,
1 mM EGTA, 0.05% v/v Tween20), 200 M dNTPs, Bst
2.0 Warmstart DNA polymerase (0.96 units) and Nt.BspQ1
NEase (5 units). About 17 | of master mix was aliquoted
to PCR tubes containing 3 | of Anti-FLAG (BF cells)
or Anti-GFP (PF cells) beads bound T. brucei telomerase
RNP, RNase A treated or heat-inactivated telomerase RNP
bound beads, telomerase positive control (TPC8) (0.5 M)
as positive control and IP buffer as negative control. Telom-
erase activity was assayed by initial incubation of tubes at
28°C for 45 min for Nicking telomerase substrate (NTS)
extension followed by ampli cation of resultant telomerase
products at 55°C for 30 min. The ampli ed product was an-
alyzed on 12% Native PAGE gel by loading 10 | of reaction
mixture.

To determine the T. brucei telomerase activity from whole
cell lysate of WT cells (both BF and PF), we performed
PCR-based TRAP assay. For PCR ampli cation, we pre-
pared master mix containing 2 pmole of -32P end-labeled
TS primer (TRAP-TS) (Supplementary Table S1), reverse
primer (TRAP-RP) (Supplementary Table S1), 20 mM Tris-
Cl (pH 8.0), 1.5 mM MgCl,, 0.05 mM dNTP, 0.05% Tween
20, 1 mM EGTA (pH 8.0) and 63 mM KCI. About5 | of
immunoaf nity puri ed samples with TOTERT C-term an-
tibody were used for each PCR. For negative control, sam-
ples were incubated with 0.5 g RNAse A for an hour be-
fore being used in the PCR reaction. Telomerase mediated
primer extension was carried out at 30°C followed by PCR
ampli cation. Products were analyzed on 12% nondenatur-
ing PAGE gel. To measure and compare the telomerase ac-
tivities from BF and PF cells, we performed quantitative
analysis measuring band intensities from three independent
samples (n = 3) using ImageQuant TL Toolbox v8 2.0 soft-
ware provided by Typhoon™ FLA 9500. We quanti ed in
two ways. First, we measured the intensity of the whole lane
and second, we measure the intensities of the region corre-
sponding to the higher molecular weight (MW) and lower
MW products (Supplementary Figure S2H).

Statistical analysis

Most of the statistical analyses were performed using the
R software package unless otherwise stated. Pearson cor-
relation test was used to evaluate correlation between NAI
and DMS probed replicates (n = 2) across all test samples.
Box- and -whisker plots were generated to display the mean
DMS reactivity of paired and unpaired adenine and cyto-
sine obtained from NAI probed model. Each box represents
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the 25-75th percentiles of data, line within the box repre-
sents median, with whiskers depicting the range of mini-
mum and maximum value. Determination of signi cance
was determined using two sample Welch t-test and two-
sided P-values were calculated for each sample. In Figure
6C, relative telomerase activity levels were calculated for
BF and PF cells using BF telomerase activity level as a ref-
erence. Average value was calculated from three indepen-
dent experiment results. Unpaired Student t-tests were per-
formed to calculate the P values. Probability level of 0.05
was chosen for statistical signi cance.

RESULTS

Structure analysis of TbTERT-free and bound states of
TbTR by mutational pro ling

Both DMS and NAI are known to readily penetrate the
cells (62,63), thereby modifying RNA nucleotides not in-
volved in H-bonding or protected by any protein molecule.
While SHAPE reagent NAI acylates the 2 -hydroxyl group
of exible nucleotides thus modifying the backbone of
RNA, DMS adds a methyl adduct on the Watson-Crick
side facing nitrogenous bases of unpaired adenine and
cytosine. Nevertheless, modi cations from both processes
can be recorded by mutational pro ling followed by high-
throughput sequencing (56,64). Therefore, for the sake of
simplicity, we report NAI and DMS mapping of RNA
structures here as ‘chemical probing read by mutational
pro ling’. Both NAI and DMS probing were performed
in duplicates to determine the reproducibility of our RNA
probing assays. Quality of the models obtained from the
NAI probed assays (both replicates) were assessed using
the ‘scorer’ algorithm from RNAstructure (59). Results re-
ported here are based on NAI reactivities. Furthermore,
we used DMS reactivities to validate our reported RNA
models obtained from NAI probing. Since DMS is biased
in modifying only the Watson—Crick base pairing face of
unpaired adenine and cytosine, we mapped the DMS re-
activities collected for adenine and cytosine (A/C) on the
paired and unpaired adenine and cytosine (A/C) obtained
from NAI probed models followed by performing Welch
two sample t-test and calculating their mean reactivities.
A higher mean DMS reactivity value for unpaired A/C as
compared to one obtained for paired A/C suggests that
mutational pro ling obtained from DMS probing is indeed
complimenting the results obtained by NAI probing.

To develop an accurate, well validated model of native
TbTR catalytic core, we probed T. brucei BF RNA in live
WT and ThTERT = cells (in vivo), immunopuri ed (IP)
and deproteinized (ex vivo) (Figure 1B) samples. Simulta-
neously, we also performed ‘chemical probing read by mu-
tational pro ling’ analysis on TbTR catalytic core in live PF
WT cells and IP active telomerase RNP from PF cells to ex-
amine any speci c structural rearrangement that ThTR un-
dergoes at different developmental stages (Figure 1A). Ad-
ditionally, we also extended our mutational pro ling anal-
ysis to understand the folding arrangement of the Helix 1V
domain (7) from T. brucei BF WT and ThTERT~/~ strains.
This domain is equivalent to the eCR4-CR5 domain from
human TR and is deemed critical for the binding of the
TERT protein (19,39).
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Figure 1. (A) Life cycle of T. brucei between its insect host and mammalian host. Both proliferative forms of T. brucei i.e. Procyclic Form (PF) and
Bloodstream Form (BF) are amenable to in vitro culture settings and are used in the present study. (B) Schematic of TbTR-targeted RNA-seq strategy
using chemical probing by the mutational pro ling approach. Chemical modi cations of in-cell, immunopuri ed or deproteinized TbhTR were measured
by NAI and DMS reactivity in BF and PF T. brucei cells. Nucleotides modi ed by chemical probes (NAI or DMS) are marked with green dots, whereas
unmodi ed nucleotides due to base-pairing interactions (solid or dotted line in RNA cartoon) or protection from bound protein(s) are marked with red
dots. After various chemical treatment, a common experimental pipeline was followed for mutational pro ling and secondary structure modeling of ThTR,
as shown in the box at the bottom. Error prone reverse transcriptase reaction was done in the presence of manganese ion to facilitate incorporation of
non-complementary nucleotides in the read-through cDNAs. Mapped reads from RNA sequencing were analyzed by ShapeMapper2 (see Materials and

Methods section) followed by free energy minimization to model ThTR conformation.
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Because ribosomal RNAs (rRNAs) are highly abundant
and well characterized, as a control, we rst determined
the T. brucei 5S rRNA structure, both in vivo and ex vivo,
by DMS chemical probing read by mutational pro ling
and compared it to data from subsequent TbTR experi-
ments. Previously, DMS probing successfully reported in-
cell structures of large RNAs in massively parallel RNA-
seq experiments with a high signal-to-noise ratio (64—66).
We observed a similar mutation rate for T. brucei 5S rRNA
(0.44%) and ThTR catalytic core (0.65%) when treated with
DMS under the in vivo condition, indicating that we are able
to obtain highly quantitative structure information for both
RNAs at single-nucleotide resolution. Additionally, we ob-
served strong correlation of the RNA structure signal for in
vivo T. brucei 5S rRNA with the reported S. cerevisiae 5S
rRNA tertiary structure (PDB ID: 4V88) (Supplementary
Figure S1B and S1C), which further validated our experi-
mental procedure.

To determine the folding of ThTR catalytic core in its na-
tive environment, we treated live T. brucei (BF and PF) cells
with DMS and NAI followed by RNA extraction and chem-
ical probing read by mutational pro ling (in vivo analysis)
(Figure 1B, left). To identify speci ¢ TbTR-TbTERT inter-
action sites on ThTR, we also extracted total RNA from
the NAI and DMS treated ThTERT/~ cells (Figure 1B,
left), which exhibit progressive telomere shortening at a rate
of 3 to 6 bp/population doubling (37). In addition, to de-
termine if TOTERT is minimally required for TbTR fold-
ing and could in uence TbTR architecture, we af nity pu-
ri ed endogenous telomerase RNP complexes from T. bru-
cei cells expressing FLAG/GFP-TbTERT at its endogenous
locus and chemically probed it (Figure 1B, middle). To de-
termine the folding pattern of TbTR in the protein-free en-
vironment, we extracted the total RNA from BF stages of
T. brucei (ex vivo) (Figure 1B, right) and treated puri ed ex
vivo RNA with DMS and NAI, followed by mutational pro-

ling. We also performed the NAI probing on in vitro tran-
scribed ThTR (Supplementary Figure S5B) and compared
that to our in vivo assays to understand the effect of in-cell
native environment on ThTR conformation. TbTR models
solved from all the above-mentioned conditions were sub-
sequently compared.

Our in vivo chemical probing read by mutational pro I-
ing analysis of two independent replicates (n = 2) of BF
WT parasites revealed substantial similarity in chemical
reactivity pro les (Figure 2A and Supplementary Figure
S2A) for the ThTR catalytic core domains with high re-
producibility (Pearson correlation coef cient r = 0.92 for
NAI and r = 0.84 for DMS probing) (Figure 2A and Ta-
ble 1). Based on the obtained chemical reactivity pro le, we
determined the folding architecture of TbTR catalytic core
for the NAI probed samples and compared both the mod-
els using the algorithm embedded in scorer (67). Our sta-
tistical analysis demonstrated that the catalytic core from
two independent BF WT samples fold in an identical pat-
tern with the positive predictive value (PPV = 98.94%)
and sensitivity (Sens = 100%) (Figure 2A). Sensitivity is
the maximum expected accuracy of RNA structure deter-
mined by the fraction/percentage of known base pair cor-
rectly predicted in minimum free energy (MFE) structure
where the known base pairs are determined by compar-
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ative sequence analysis. Positive predictive value (PPV) is
the fraction/percentage of base pairs in the predicted MFE
structure where the known structure is determined by com-
parative sequence analysis (67). Next, we validated our NAI
probed model with reactivities obtained after DMS prob-
ing. As stated above, we mapped the DMS reactivities of
only paired and unpaired A/C on the model obtained af-
ter applying constraints from NAI reactivity. Our validation
analysis reports higher mean DMS reactivity of unpaired
A/C than paired A/C for both replicates (Figure 2A) (Ta-
ble 1). Higher mean DMS reactivity of unpaired A/C than
paired A/C indicates that our data from DMS probed mu-
tational pro ling correlates strongly with our NAI probed
samples. We extended a similar analysis on two independent
samples each for the following: in vivo TOTERT ™/, in vivo
PF WT, BF IP, PF IP, and BF WT ex vivo. Repeat assays
for each of these samples resulted in highly reproducible
and similar reactivity pro les for NAI probed TbTR cat-
alytic core models (Figure 2 and Table 1). Higher DMS re-
activity for unpaired A/C than paired A/C further validates
our models based on NAI mutational pro ling (Figure 2
and Table 1). NAI probing of two replicates of ToTERT ~/~
samples also resulted in similar reactivity pro les (Supple-
mentary Figure S2B), high reproducibility (r = 0.96) and
almost identical folding pattern with PPV = 98.94% and
Sens = 98.84% (Figure 2B). Simultaneously, DMS probing
was also highly reproducible with r = 0.88 and high mean
DMS reactivity of unpaired A/C over paired A/C for both
samples, further corroborate our NAI probed model (Fig-
ure 2B and Table 1).

TbTR forms a pre-organized structure for TOTERT interac-
tion

To determine the native domain architecture of TbTR cat-
alytic core, we rst compared the in vivo studies in BF WT
and TbTERT /™ cells. Base pairing interactions and over-
all folding of in vivo TbTR catalytic core from ToTERT~/~
cells appear similar to that from WT cells (Figure 3A,B;
Supplementary Figure S3A and S3B). However, subtle dif-
ferences in reactivities were also observed.

The overall architecture of the ThTR catalytic core do-
main is similar to the ciliate TR (68) and the previously
proposed ThTR model by us and others (7,13,39,44), where
the template domain is sandwiched between two highly or-
dered stem loop helix structures, TBE at the 5 end and a
Template Proximal Helix or TPH (previously referred to as
Helix 111) at the 3 end (39). TBE of invivo ThTR (from both
WT and ThTERT /" cells) formed a long stem loop helix
stabilized by 11 Watson-Crick and 3 wobble base pairings
(Figure 3A,B). The apical end of TBE formed a hexanu-
cleotide loop (5 -UCUCGU-3) (310-315 nt) (Figure 3A,B)
in contrast to the pentaloop (5-GUAAU-3) structure of
Tetrahymena TR TBE domain (69). RNA-protein interac-
tions that affect the exibility of nucleotides at the TERT
binding site could be determined by comparing WT in vivo
(protein-bound) to TOTERT " in vivo (TbTERT-free) re-
activities. Our chemical probing read by mutational pro-

ling results suggest that the nucleotides in this TBE loop
were extensively modi ed in both WT and TbTERT " in
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Figure 2. Statistical analysis for TbTR catalytic core domains. Scatter plot with Pearson correlation coef cient, Box- and -whisker plot of mean DMS
reactivity for unpaired and paired adenine and cytosine and RNA arc plot with scorer result for two independent samples for the NAI probed TbTR
catalytic core models from (A) BF WT in vivo, (B) BF ThTERT ™/~ in vivo, (C) BF WT immunopuri ed, (D) PF WT invivo and (E) PF WT immunopuri ed
samples. Statistical analysis demonstrates that chemical probing with NAI between two independent samples are highly reproducible thus resulting in
similar secondary structure models which are further complemented with DMS reactivity mapping on paired and unpaired adenine and cytosine residues.
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Table 1. Statistical analysis between DMS probed ThTR catalytic core obtained from two independent (n = 2) samples. Pearson correlation coef cient
demonstrate that our DMS probing between replicates are highly reproducible. Two sample Welch t-test between NAI and DMS probed samples results
in higher mean DMS reactivity for unpaired A/C and lower for paired A/C. This illustrate that our DMS probing substantiate the models obtained after
NAI probing.

Two sample Welch t-test between NAI and DMS probed sample

Sample 1 Sample 2
Pearson correlation
coef cient for
DMS probed
samples Mean DMS Mean DMS Mean DMS Mean DMS
(Replicatel versus df (degree P-value reactivity reactivity df (degree of P-value Reactivity reactivity
Sample Replicate 2) t-value of freedom)  (two sided) (A/C paired)  (A/C unpaired) t-value freedom) (two sided) (A/C paired) (A/C unpaired)
BF WT in vivo 0.84 -7.1 58.79 1.8 x 1079 0.2 2.38 -6.4 65.01 1.6 x 10~8 0.27 1.93
TbTERT/"in vivo 0.88 7.7 67.47 59 x 10711 0.21 1.68 9.6 67.21 3.0 x 10714 0.16 1.91
BF WT immunopuri ed 0.83 -10.2 69.04 2.1 x 10715 0.14 1.33 6.8 87.73 8.4 x 10710 0.41 1.04
PF WT in vivo 0.78 -4.1 68.64 95 x 1073 0.25 0.83 -4.4 69.58 34 x 1075 0.2 1.01
PF WT immunopuri ed 0.74 -3.32 110.83 0.0011 0.45 0.73 -4.85 105.26 42 % 1076 0.47 1.05
BF WT ex vivo 0.81 -6.86 9375 7.2 x 10710 0.35 113 -5.91 97.22 4.9 x 1078 0.38 1.0

vivo samples, indicating that these nucleotides were not in-
volved in any base pairing or ThTERT interactions in the
native state. However, TBE stem nucleotides 299G, 301G,
325C, 326U and 328G exhibited increased NAI reactivities
in the TOTERT ™/~ in vivo sample compared to the WT in
vivo and immunopuri ed samples (Figures 3A,B and 4B),
suggesting that these are the potential TOTERT interaction
sites within the TBE domain.

Immediately 3 of TBE is the invariant 11-nt template
domain 5 -CCCUAACCCUA-3 (339-349 nt) which is iter-
atively used by ThTERT to add TG-rich nucleotides dur-
ing telomere extension (7,39) (Figure 3A,B). High acces-
sibility of NAI to the template domain and adjacent nu-
cleotides for both WT and TbTERT ™/~ in vivo samples sug-
gest that this region of TbTR is mostly single-stranded, de-
void of any intra- or inter-molecular interactions (Figure
3A,B). However, nucleotides 334A, 339C, 342U, 347C and
348U were nonreactive to NAI treatments in in vivo sam-
ples from both WT and TbTERT/~ cells (Figure 3A,B).
Particularly, nucleotides 342U and 347C were rarely modi-

ed in all the sampling conditions tested. This indicates that
some of these nucleotides are likely engaged in long-range
or transient interactions which are not detectable by our
current method. Overall, comparing mutational pro ling of
the in vivo TbTR samples from WT and ToTERT ~/~ cells, it
appears that most of the nucleotides comprising the ThTR
template domain and its 3 adjacent region is devoid of any
RNA-protein interaction. This is in contrast to human TR,
where limited modi cations of template domain nucleotides
suggest them being buried within the telomerase RNP com-
plex (70,71).

TbTR mutational pro ling also detected an additional
TbTR domain as a stem-loop structure, proximal to the 3
end of template domain, hereby referred to as TPH (Fig-
ure 3A,B). Occurrence of TPH as a helical structure in our
in vivo TbTR catalytic core is consistent with the previ-
ous studies on ThTR (helix 111) (39,44). The TPH struc-
ture, solved from in vivo probing of ThTR samples (in both
WT and TbTERT /™ cells), is 27 nucleotides long (366
392 nt), has an UU (368U, 390U) internal bulge and cul-
minates in a pentanucleotide loop GCAAU (377-381 nt)
(Figure 3A,B). Covariation analysis (Figure 3A and Supple-
mentary Figure S4) and iterative folding of six trypanosome
TR sequences identi ed TPH as a conserved, thermody-
namically stable helical structure, which is also supported

by the lack of detectable modi cations in vivo in the helical
stem by mutational pro ling (Figure 3A,B). The majority
of the NAI modi cations in TOTR TPH were restricted to
the apical loop nucleotides (377-381 nt) (Figure 3A,B and
Supplementary Figure S3A). Additionally, increased NAI
reactivity for nucleotides 372G and 391G (Figure 3B) was
observed within the ToTR TPH domain from ToTERT~/~
cells. However, absence of any modi cation on 372G and
391G in BF WT in vivo samples suggest that either these nu-
cleotides act as TOhTERT interaction sites or the increased
NAI accessibility is due to TbTR conformational changes
in the absence of TOTERT.

The native TbTR catalytic core structure in WT and
TbTERT ™/~ in vivo samples is connected with distal ThTR
domain, TDH, by a long stem helical structure, referred
here as the main stem helix (219-293 nt and 403-476 nt)
(Figure 3A and B). Signals originating from primer bind-
ing sites (219-239 nt and 501-522 nt) were not considered
for calculations. Nucleotide exibilities resulting from NAI
reactivities in this main stem helix are mostly con ned to
internal bulge and loop regions rather than in stem regions
in in vivo samples from both WT and ThTERT /" cells,
suggesting that the loop regions could provide structural

exibility in this linker for folding and cross-talks between
the ThTR catalytic core and the distal domain. Addition-
ally, loss of base pairing was observed within the main stem
helix of TOTERT ™~ in between nucleotides 282-293 and
403-411 (Figure 3B). Nucleotides 282-293 are present at
5 end of TBE while nucleotides 403-411 are present at
the 3 end of TPH and are found to be base paired in
the BF WT samples (Figure 3A). This loss of base pair-
ing in TOTERT ™/~ cells results in the opening of a basal
junction/stem of main stem helix. (Figure 3B). Previously,
we reported a stem-loop region that can potentially form at
the distal end of ThTR catalytic core by RNA-SHAPE anal-
ysis of the in vitro transcribed ThTR and termed it as tem-
plate distal helix (TDH) (38). Our chemical probing read by
mutational pro ling in WT and TobTERT ™/~ in vivo sam-
ples reveals that TDH could exist as a terminal helix-loop
structure (479C nt - 522G nt) in the catalytic core, despite
the lack of covariation within TRs of other trypanosome
species (Figure 3A, B and Supplementary Figure S4). Fu-
ture mutational and functional analysis will be necessary to
determine the importance of TDH in the catalytic core of
TbTR in vivo.
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Figure 3. In vivo architecture of the ThTR catalytic core. (A) Upper panel represents secondary structure model of the in vivo ThTR catalytic core (219-
522 nt) with template and template-adjacent domains derived from WT BF cells using the chemical probing and mutational pro ling. Nucleotides are
either orange or red colored based on their accessibility to NALI in this study. Lower panel represents normalized NAI reactivity pro le of the in vivo
TbTR catalytic core. Black color represents NAI reactivity <0.4, orange represents NAI reactivity between 0.4 and 0.8 while Red represents NAI reactivity
>(.8 for nucleotides. Nucleotides complementary to boxed residues in the template domain are being added during ssDNA synthesis at telomeres. Black
circles represent the conserved nucleotides, and blue asterisks represent nucleotides phylogenetically covariant across TRs from various Trypanosoma
species (Supplementary Figure S4). (B) Secondary structure model (upper panel) and NAI reactivity pro le (lower panel) of in vivo TbTR sample from BF

ThTERT/~ cells. Domain annotation and color coding is the same as described in (A).
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Figure 4. Domain organization of ThTR in the immunopuri ed active telomerase complex. (A) Western blot con rming expression of FLAG epitope
tagged ThTERT in BF T. brucei (left panel) cells. Telomerase activity of the bead-bound T. brucei telomerase RNP was assessed by telomerase primer
extension assay (right panel). Activity was abolished when the bead-bound RNP was subjected to either RNase A or heat treatment. (B) Secondary
structure model (upper panel) and NAI reactivity pro le (lower panel) of TbTR from the immunopuri ed active telomerase complex. Domain annotation
and color coding is the same as described in Figure 3. (C) Overlapped normalized NAI reactivity for TbTR catalytic core between the in vivo BF WT (red)
and immunopuri ed (blue) ThTR samples. The reactivity pro le was found to be similar for both samples. However, subtle differences in reactivity pro le
were recorded for certain nucleotides. (D) Overlaid arc model for TbTR catalytic core between the in vivo BF WT (red) and the immunopuri ed (blue)
samples. The ThTR arc models for both samples are almost mirror images of each other, suggesting the conservation of ThTR catalytic core architecture

in these samples.

TbTR catalytic core architecture remains unperturbed in
epitope-tag puri ed, active telomerase complex

To determine whether in vivo assembly and activity of the
catalytic core of TbTR can be puri ed and quantitively
measured in a cell-free system, we af nity puri ed the
telomerase RNP complexes from T. brucei BF cells express-
ing FLAG-TbTERT from its endogenous locus using an
anti-FLAG antibody. The presence of TOTERT in the puri-

ed product was con rmed by western blotting using a cus-
tom anti-TbTERT C-terminus polyclonal antibody (Fig-

ure 4A, left). Telomerase activity was detected in the im-
munopuri ed (IP) telomerase complex by telomerase activ-
ity assay but not in the samples which were either heat in-
activated or treated with RNase A (Figure 4A, right). To
further understand the architecture of BF ThTR catalytic
core in the active telomerase RNP complex, we treated the
puri ed RNP with NAI (Figure 4B) and DMS and per-
formed RNA chemical probing read by mutational pro I-
ing. Chemical probing for the FLAG-ThTERT from two
independent samples resulted in the highly overlapped and
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reproducible NAI (r = 0.93) and DMS (r = 0.83) reactiv-
ity pro les (Figure 2C, Table 1 and Supplementary Fig-
ure S2C). Furthermore, TbTR catalytic core folds identi-
cally in both replicates probed by NAI with PPV = 96.59%
and Sens = 90.32% (Figure 2C). Higher mean DMS reac-
tivity for unpaired A/C than paired A/C further validates
our NAI probed ThTR catalytic core model obtained after
immunoprecipitation of endogenous telomerase ribonucle-
oprotein from T. brucei BF (Figure 2C and Table 1). Identi-
cal chemical reactivity pro les between in vivo samples from
WT cells and immunopuri ed samples, with only subtle dif-
ferences in the nucleotide accessibility (Figure 4C,D), sug-
gest that the folding architecture of the endogenous ThTR
catalytic core in BF cells remained virtually unperturbed af-
ter immunopuri cation.

To assess the broad impact of cellular environment upon
TbTR, we compared RNA structure from live cells (in
vivo studies) with that obtained from the immunopuri-

ed telomerase complex. Within the ThTR TBE domain,
slight differences in reactivities were observed between WT
immunopuri ed TbTR and in vivo TbTR samples, espe-
cially in the basal stem of WT immunopuri ed ThTR TBE,
where a 296G-330C pairing stabilized the stem as opposed
to 294U-332A identi ed in in vivo samples from WT and
TbTERT ™/~ cells (Figures 4B and 3A,B). The template do-
main in the TbTR immunopuri ed sample (Figure 4B) re-
tained its open conformation as observed in the in vivo sam-
ples (Figure 3A,B). However, differences in nucleotide ac-
cessibility for NAI was observed for the nucleotides 334A
at the 5 of the template and 342U within the template as
these nucleotides were found to be moderately accessible
to NAI in the immunopuri ed telomerase complex (Fig-
ure 4B). Interestingly, no NAI reactivities were observed in
TbTR nucleotides 290C, 401C, 403G, 424U, 431A (Figure
4B) in the main stem helix of the immunopuri ed sample,
which is different from the in vivo samples from WT (Fig-
ure 3A) or TOTERT /= cells (Figure 3B). This raised the
possibility that in the absence of cellular environment, lo-
cal rearrangements in ThTR secondary structures in the im-
munoprecipitated RNP might result in such reduced chem-
ical accessibility. We did not observe any considerable vari-
ations in nucleotide reactivity pro le of the TPH and TDH
domains of ThTR in the immunoprecipitated sample when
compared to the in vivo samples (Figure 4B-D and Supple-
mentary Figure S3C). Based on these observations, it ap-
pears that the endogenous ThTR remains conformationally
unaltered in an af nity-puri ed, active telomerase complex
(Figure 4D).

Deproteinized RNA retains its thermodynamically stable fold
which mimics ThTR in BF cells

Usually, structural content of an RNA correlates strongly
with RNP interactions. This relationship explains why large
RNA:s like telomerase RNA could provide a unique plat-
form for scaffolding of complex RNP assemblies. To in-
vestigate how the native functional fold of TbTR differs in
the protein-free conditions, we isolated RNA from T. brucei
BF cells by organic extraction (ex vivo), which should pre-
serve the secondary structure of TbTR in protein free en-
vironments. Our mutational pro ling experiments revealed

highly reproducible NAI (r = 0.88) and DMS (r = 0.81) re-
activity pro les for two independent ex vivo samples from
BF WT cells (Supplementary Figure S5A and Table 1).
Higher mean DMS reactivity of unpaired A/C than base
paired A/C validates our model obtained after NAI prob-
ing (Supplementary Figure S5A and Table 1). Further-
more, the two NAI probed models also fold identically with
PPV = 92.22% and Sens = 96.51% (Supplementary Fig-
ure S5A). The ex vivo ThTR adopts a highly branched sec-
ondary structure, similar to the in vivo sample from WT cells
and the immunopuri ed sample (Figure 5A). Although the
reactivity pattern (Figure 5B,C) and structural folds of the
protein-bound and deproteinized RNAs are nearly iden-
tical for the domains in the 5 half of ThTR, some no-
table differences were still observed in nucleotide reactiv-
ity. First, nucleotides 299G, 301G, 325C, 326U and 328G
in the basal stem of TBE of the ex vivo TbTR have similar
reactivities as those of in vivo WT RNA or immunopuri-

ed RNA, but their reactivities are different from those of
invivo ToTR samples from ThbTERT /= cells. This suggests
that the ex vivo RNA structure mimics a thermodynami-
cally stable ThTR that can fold independently of TOTERT
in vivo, and the differences in RNA nucleotide reactivities
between in vivo samples from ThTERT ™/~ and the ex vivo
sample are indicative of subtle structural rearrangements
of these nucleotides thus resulting in the inaccessibility to
NAI in the ex vivo form of ThTR. Next, the template do-
main nucleotides 341C, 343A, 346C, 350C and 360C were
less accessible to NAI in the ex vivo TbTR sample (Figure
5A) compared to the in vivo samples. Finally, the main stem
helix and TDH of ex vivo ThTR (Figure 4A) show extensive
nucleotide exibility compared to the in vivo ThTR sample
from WT cells or the immunopuri ed sample (Figures 3A
and 4B). A new internal bulge (254-258 nt, 439-441 nt) was
introduced in the main stem helix of the ex vivo TbTR based
on nucleotide reactivities (Figure 5A). Furthermore, vari-
able folding patterns of the TbTR TDH, along with chem-
ical modi cations of nucleotides (493-499) in the internal
bulge of TDH were witnessed in the ex vivo ThTR sample.
Modi cations for these nucleotides, which were absent in
the in vivo TbTR samples (from both WT and ThTERT '~
cells) (Figure 3A,B) suggest that they are now accessible to
NAI (Figure 4A) in the protein-free environment. Addition-
ally, NAI probing of in vitro transcribed ThTR, followed by
mutational pro ling (Supplementary Figure S5C), showed
that the TbTR catalytic core can attain its energetically fa-
vorable conformation independent of the protein molecules
thus corroborating our ndings from ex vivo samples (Fig-
ure 5). Similar to samples from ToTERT/~, ex vivo TbTR
samples from BF WT and in vitro transcribed samples also
shows exibility within nucleotides 282-293 and 403-411,
resulting in high to moderate NAI reactivity (Figure 5A
and Supplementary Figure S5C) that culminates in the form
of a bulge at the basal stem of the main stem helix. Over-
all, our data revealed that the deproteinized ThTR (ex vivo
or in vitro) retains/adopts similar conformation as the na-
tive TbTR irrespective of the cellular environment; how-
ever, nesample-speci c rearrangements within these mod-
els also suggest protein(s) footprints on ThTR within na-
tive telomerase RNP complex which should shield the nu-
cleotide accessibility to chemical probes.
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Figure 5. Secondary structure model of deproteinized (ex vivo) ThTR catalytic core. (A) Secondary structure model (upper panel) and NAI reactivity
pro le (lower panel) of TbTR (ex vivo) from WT BF cells. In this case, targeted ampli cation of ThTR and deep sequencing was done using RNA isolated
by organic solvent-based extraction method. Domain annotation and color coding is the same as described in Figure 3. TbTR TDH domain in the ex vivo
sample folds differently than that in the in vivo ThTR samples. (B) Overlapped normalized NAI reactivity pro le for ThTR catalytic core between in vivo
(red) and ex vivo (purple) samples. (C) Overlapped normalized NAI reactivity pro le for TbTR catalytic core between immunopuri ed (blue) and ex vivo

(purple) samples.

TbTR catalytic core adopts a different conformation in the
insect stage of T. brucei

To explore whether the ThTR catalytic core folds into an
identical structure in the non-infective insect stage (Figure
1A), we treated PF cells in replicates with both NAI and
DMS and further interrogated the ThTR structure by mu-
tational pro ling. Chemical probing of two independent PF
samples showed highly overlapping NAI reactivity pro les
with the reproducibility of r = 0.78 for both NAI and DMS

probed samples (Figure 2D, Table 1 and Supplementary
Figure S2D). The TbhTR catalytic core from two indepen-
dent, NAI-probed PF samples attains similar conformation
with PPV =89.13% and Sens = 85.42% (Figure 2D). Higher
mean DMS reactivity for unpaired A/C as compared to
paired A/C (Figure 2D and Table 1) for both replicates fur-
ther corroborate the models obtained after NAI probing of
PF cells. Interestingly, in PF cells, TbTR catalytic core do-
mains exhibit a different structural landscape in vivo. Par-
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