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ABSTRACT

JUSTIN A. DAVIS. The Role of Protein-Protein and RNA-Protein Interactions in Telomerase
Regulation in the Protozoan Parasite, Trypanosoma brucei. (Under the direction of DR.
KAUSIK CHAKRABARTI)

Telomeres are the DNA-protein complexes found at the ends of eukaryotic linear
chromosomes. Telomeres pose a unique challenge to eukaryotic cells as they are unable to fully

replicate their DNA all the way to the ends. If this problem is not resolved, cells would lose
DNA after every cell division and telomeres would shorten. Over time this leads to significant
telomere loss and genome instability. This issue is resolved by the ribonucleoprotein telomerase.
Telomerase is the enzyme responsible for maintaining telomere length. The telomerase enzyme
is composed of two main components: the telomerase reverse transcriptase protein, which
catalyzes the extension of telomeric ends, and the telomerase RNA that provides the template for
telomere synthesis. The telomerase RNA also forms a large structural scaffold upon which many
accessory proteins can bind to form the complete telomerase holoenzyme. These interacting
proteins and regulatory mechanisms are well studied in human, yeast and Tetrahymena systems.
Telomerase interacting proteins and regulatory mechanisms have not been well studied in several
ancient eukaryotes including clinically relevant human parasites like Trypanosoma brucei (T.
brucei). T. brucei is a protozoan parasite that causes African sleeping sickness in humans. T.
brucei, like many eukaryotic microbial pathogens, relies on constant high levels of telomerase
activity to sustain the high proliferative capacity necessary to establish a successful infection in
its human host. The aim of this dissertation is to highlight novel mechanisms of telomerase
regulation in the ancient eukaryote, T. brucei. Chapter 1 is a published review synthesizing what

is known about telomerase structure and regulation across model eukaryotes with emerging



views in parasitic protozoa. Chapter 2 describes a published study where we identified the first
global interactome of telomerase in the bloodstream form T. brucei parasites using telomerase
reverse transcriptase (TERT) as a bait in a mass spectrometry-based proteomics approach.
Chapter 3 is an unpublished study where we identified the global interactome of the procyclic
form T. brucei TERT and PTMs on semi-purified T. brucei telomerase using a mass
spectrometry-based mapping approach. Chapter 4 describes an unpublished study where we
studied the role of different structural domains in the T. brucei telomerase RNA and their
relationship with the above interactors in telomerase RNA stability and telomerase catalytic

activity.
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CHAPTER 1: INTRODUCTION

Sections of this chapter have been published:

Davis, J. A., & Chakrabarti, K. (2022). Telomerase ribonucleoprotein and genome integrity—An
emerging connection in protozoan parasites. Wiley Interdisciplinary Reviews: RNA, 13(5),

e1710.

1.1 Telomeres and Telomerase

Telomeres are the protective DNA-protein complexes found at the ends of eukaryotic
chromosomes. Telomeres are maintained by the enzymatic activity of the ribonucleoprotein
telomerase (Fig. 1A). Proper telomere maintenance is critical for the maintenance of genome
integrity (Shay & Wright, 2019). In general, telomerase has two essential components: the
telomerase RNA (TR), which contains a short template for telomeric DNA synthesis; and the
catalytic protein telomerase reverse transcriptase (TERT) that catalyzes the extension of the
telomere using TR as a template (Greider & Blackburn, 1989). There are a set of evolutionarily
conserved proteins that bind to, and protect telomeric DNA inside of cells forming a structure
known as the shelterin complex (Xin et al., 2008). The six main proteins that form the shelterin
complex are—Telomere Repeat binding Factor 1 (TRF1), Telomere Repeat binding Factor 2
(TRF2), Protection of telomere 1 (POT1), Repressor/Activator protein 1 (RAP1), TRF1-and
TRF2-Interacting Nuclear Protein 2 (TIN2), and TPP1 (Xin et al.,2008). The shelterin
complexes' role is to protect telomeres from degradation inside the cell and to prevent the cell

from recognizing telomeres as DNA damage.



The core protein component of the telomerase holoenzyme is the TERT. The minimum
components required for telomerase activity are TERT and TR. TERT is the most highly
conserved component of the telomerase holoenzyme across a range of species and uses its
reverse transcriptase activity to extend telomeres (Kumar et al., 2018). The TERT protein is
composed of four domains: Telomerase “essential” N-terminal (TEN) domain, TR binding
domain (TRBD), Reverse Transcriptase (RT) domain and C-Terminal Extension (CTE) also
known as the Thumb domain that are conserved across eukaryotes (Fig. 2).

The TR provides the template that the TERT protein uses to catalyze the extension of
telomeres (Greider and Blackburn, 1989). The TR forms a large structural scaffold for the
binding of accessory proteins that form the complete telomerase holoenzyme. Unlike the TERT,
TR is highly divergent across species, differing in size, sequence and structure (Fig. 3). The
smallest TR was reported in ciliates, and was found to be around 150-200 nucleotides (nt) long
(Amanda & Romero, 2002). Vertebrate TRs generally range from 310 to 560 nt long while yeast
TRs range between 780 and 1820 nt long (Gunisova et al., 2009; Xie et al., 2008). Non-yeast
fungal TRs have also been identified and studied and were found to be over 2000 nt in length (Qi
et al., 2013). Plant TRs are closer to the size of ciliate and vertebrate TRs and generally range
from 200-300 nt long (Song et al., 2019). These significant size variations demonstrate the
diversity of TR length across eukaryotes. The TR contains several key structural domains:
Template region, Template Boundary Element (TBE), Pseudoknot (PK) and the Stem Terminus
Element (STE) (Helix IV in kinetoplastid TR) (Dey & Chakrabarti, 2018; Egan & Collins,
2012a; Podlevsky et al., 2016). In vertebrate TR, the homologous domain to kinetoplastid Helix
IV is called the CR4/5 domain (Chen et al., 2000; Kim et al., 2014). The Helix IV (CR4/5)

domain is a broadly conserved domain across a variety of eukaryotic clades. The template is a



single stranded region in the TR that hybridizes with telomeric DNA (Greider, 1991). The TERT
protein will use this sequence in the template region to add telomeric repeats and extend
telomeric DNA sequences. The template region and key TR structural domains, required for

catalytic activity, form a conserved region in the TR called the ‘catalytic core’.

1.2 Telomerase Interactions

The minimum requirements for telomerase activity in vitro are the TERT protein and its
corresponding TR molecule (Masutomi et al., 2000). The TR molecule forms a large structural
scaffold upon which many accessory proteins can bind to form the complete telomerase
holoenzyme in vivo. These interacting proteins have been extensively characterized in
Tetrahymena, yeast and mammalian systems. These accessory proteins are important for the
activity and regulation of telomerase in living organisms. Given that the TR molecule is the most
divergent component across species, the interacting partners of telomerase change depending on
the species examined (Wang et al., 2019). In Tetrahymena thermophila (T. thermophila), a free-
living ciliate, a combination of electron microscopy (EM) and cryogenic EM (cryo-EM)
reconstruction of the telomerase complex revealed many accessory protein interactors including:
p65, p75, p45, pl9, p50, Tebl, Teb2, and Teb3 (Tablel) (Jiang et al., 2015; Jiang et al., 2013).
The holoenzyme components, p75, p19, and p45 form a sub complex. While p65 has a direct
interaction with Tetrahymena telomerase RNA (TeTR), the p75-p45-p19 subcomplex is
connected to TERT-TR-p65 core by a bridging interaction with p50. These proteins have been
shown to be required for telomerase stability and activity (Witkin & Collins, 2004). Teb1-Teb2-
Teb3 are paralogs of the single-stranded DNA (ssDNA) binding protein replication protein A

(RPA) from mammalian cells. RPA is a major player in a variety of cellular DNA repair



pathways and serves to bind ssDNA and activate the ATR kinase (Choi et al., 2010). These
proteins also form a sub complex and are required for the stability of the telomerase
holoenzymes interaction at telomeres (Jiang et al.,2015). The cryo-EM structure of the yeast
telomerase holoenzyme remains to be solved but interacting partners of telomerase in yeast have
been identified through genetic studies, mass spectrometry analysis and other biochemical
methods. The interacting proteins identified to date include: Popl, Pop6, Pop7, Estl, Est3, Ku
70/80, Smd2, Smb1, and Smd3 forming the Sm7 complex (Lemieux et al., 2016; Wang et al.,
2019). Telomere replication proteins Estl and Est3 are required for telomerase activity. The
exact function of Estl is unknown and it is not homologous to any other known telomerase
associated protein. Estl interacts with the TR directly via an RNA recognition motif (RRM), but
it has also been shown that Est1 can bind to telomeric DNA. Estl functions to tether yeast
telomerase to telomeres (Evans & Lundblad, 2002; Zhou et al., 2000). Est3 is required for
telomere replication and it has been shown to be involved in the unwinding of RNA/DNA
duplexes to allow for telomere elongation by telomerase (Sharanov et al., 2006). The
Saccharomyces cerevisiae (S. cerevisiae) TR, TLC1 contains a P3 like domain that is similar to
P3 domains found in RNase P/MRP. This P3-like domain in TLC1 functions as the binding site
for the Pop6/7 heterodimer and the Pop1l protein. Pop6/7 and Popl are required for telomerase
activity by stabilizing the TLC1 molecule as well as stabilizing Estl and Est3 interactions in the
telomerase holoenzyme (Lemieux et al.,2016). The Ku70/80 heterodimer participates in the DSB
repair pathway via- nonhomologous end joining (NHEJ). Ku70/80 has been shown to bind with
TLC1 and knockout of Ku70/80 lead to progressive telomere shortening in S. cerevisiae.
Ku70/80 interaction with TLC1 enables telomerase to act at both broken and normal

chromosome ends (Stellwagen et al., 2003). Small nuclear proteins, Smdl, Smd2, and Smd3 are



involved in pre-mRNA splicing and bind to a conserved Sm binding site on small nuclear RNA
(snRNA) molecules (Rymond, 1993). These proteins bind to TLC1 at the 3° end and form the
Sm7 complex. This complex is required for the processing of TLC1 including, 5’-capping and
3’-end processing, and essential for telomerase activity and stability (Vasianovich et al., 2020).

The cryo-EM structure of human telomerase has been solved. This cryo-EM analysis along
with previous mass spectrometry analysis identified several accessory proteins that form the
human telomerase holoenzyme. These proteins are: Dyskerin, NHP2, GAR1, NOP10, and
TCABL1 (Cohen et al., 2007; Nguyen et al., 2018). The human telomerase RNA (hTR) contains
an H/ACA box small nucleolar RNA (snoRNA) domain. Dyskerin, NHP2, GARL1, and
NOP10are all H/ACA box binding proteins that interact with the hTR by interacting with the
H/ACA consensus sequences. These H/ACA core proteins are required for the processing of hTR
and telomerase biogenesis in vivo (Nguyen et al.,2018). The mutations in dyskerin and other
holoenzyme components, can lead to telomere shortening disease in humans, such as,
dyskeratosis congenita (Vulliamy et al., 2001). TCABL is a component of the telomerase
holoenzyme and required for telomerase activity via an RNA activity switch, where TCABL can
control regional folding in the hTRCR4/5 domain to regulate telomerase activity in vivo (Chen et
al., 2018). TCABL has also been shown to be required for telomerase localization and
recruitment to telomeres. Specifically, TCABL1 is required for telomerase accumulation in cajal
bodies (Venteicher et al., 2009).

In human parasites, interacting partners of telomerase have not been extensively
characterized through cryo-EM or mass spectrometry analyses. Extensive characterization of
protein interactors in human parasites could provide novel insight of RNA and protein

coevolution and telomerase regulation in deep branching eukaryotes.



1.3 Trypanosoma brucei Biology

Trypanosoma brucei (T. brucei) is a parasitic protozoan that causes a disease called African
trypanosomiasis, also known as African sleeping sickness in humans. The phylogeny of T. brucei
parasites is quite complex and there are three distinct subspecies of T. brucei. The three
subspecies are: Trypanosoma brucei gambiense, Trypanosoma brucei rhodesiense and
Trypanosoma brucei brucei. Trypanosoma brucei brucei does not infect humans and causes a
disease in cattle and other livestock called nagana. Trypanosoma brucei gambiense and
Trypanosoma brucei rhodesiense are the subspecies responsible for causing African sleeping
sickness in humans (Steverding, 2017). African sleeping sickness is a vector borne disease that is
common in sub-Saharan Africa where the insect vector, the Tsetse fly (Glossina spp.) is
ubiquitous. T. brucei parasites have a two-host life cycle where they shuttle between vertebrate
and invertebrate hosts (Fig. 2B). In the insect vector, the parasite differentiates into a
developmental stage called the procyclic form. When the parasites are in their mammalian hosts,
they differentiate into another developmental stage called the bloodstream form. The
bloodstream form of the parasite is responsible for causing the symptoms of African sleeping
sickness.

The symptoms of African sleeping sickness in its early stages can appear to be flu like
symptoms and they include: fever, headaches, and joint pain. In the later stages of the disease,
the parasite has spread to the nervous system and you start to have manifestations of various
neurological symptoms like: behavioral changes, confusion and poor coordination (Welburn et
al., 2001). There is no cure for African sleeping sickness and the disease is always fatal if left

untreated and the current drug treatments suffer from high toxicity and varying side effects



(Kennedy, 2013). To compound these issues, there is also no vaccine available to prevent the
transmission of this disease in its endemic regions. Taken together, these problems highlight the
importance of studying the basic biology of T. brucei parasites to glean knowledge that may be
instrumental in the development of new therapeutics for the treatment of African sleeping

sickness.

1.4 Telomerase in Trypanosoma brucei

In eukaryotic phylogeny, Kinetoplastids (e.g. T. brucei) represent a unique clade of lower
eukaryotes exhibiting extraordinary features of RNA metabolism, such as trans-splicing (Sutton
& Boothroyd, 1986), polycistronic transcription (Respuela et al., 2008), and RNA editing
(Simpson et al., 2000). Remarkably, the kinetoplastid parasite T. brucei telomerase RNA (TbTR)
has several unique features that suggest a mechanistically different process of telomerase-
mediated telomere maintenance in the flagellates compared to yeast, mammalian, and
Tetrahymena models (Gupta et al., 2013; Podlevsky et al., 2016; Sandhu et al., 2013). The TbTR
gene was found to be present on chromosome 11 and encode an approximately 900 nt long
transcript transcribed by RNA polymerase 11 (Gupta et al., 2013; Sandhu et al., 2013). This size
is like yeast but certainly larger than vertebrate TRs. The ThTR was found to be processed
through an RNA maturation process called trans-splicing. This process leads to the addition of a
50 nt spliced leader (SL) RNA sequence to the 5° ends of the mature TOTR transcript. The
average length of telomeres in T. brucei Lister 427 strain is approximately 15 kB long (Dreesen
& Cross, 2008). The deletion of ThTR leads to progressive telomere shortening at a rate of
approximately 3-5 bp every generation (Sandhu et al., 2013). This result demonstrated the

requirements of the TR for telomere synthesis in T. brucei. The secondary structure model of



TbTR suggests that the template domain is single stranded, which would allow it to bind to
telomeres and provide the necessary template for telomere synthesis (Podlevsky et al., 2016;
Sandhu et al., 2013). To further validate that the TbTR provides the template for telomere
synthesis in T. brucei, mutations were introduced in the template domain of the TbTR, and it was
observed that the corresponding mutations were incorporated into telomeric repeat sequences
(Sandhu et al., 2013). This confirmed that the TbTR provides the critical templating function that
controls telomere synthesis in T. brucei. In addition to having a unique, ciliate-like shorter stem-
loop at the 3° end of the template instead of a typical PK domain (Podlevsky et al., 2016; Sandhu
etal., 2013), the 5° and 3’ ends of the TbTR contain consensus sequences of C and D box
domain, which is a hallmark of C/D box snoRNAs (Gupta et al., 2013). A computational model
(Gupta et al., 2013) of TbTR suggests that the C and D consensus sequences partially bind with
each other. It was also demonstrated that NOP58, a protein of the C/D snoRNA family, binds to
TbTR (Gupta et al., 2013). The presence of a novel C/D box domain in TbTR suggests a
mechanistic difference in the processing and biogenesis of TbTR compared to higher eukaryotes
whose TRs contain an H/ACA box domain.

The protozoan parasite T. brucei completes its life cycle through discrete developmental
stages, providing a potentially undiscovered pocket of distinct mechanisms of the regulation of
stage-specific telomerase activity. The population doubling (PD) time between the two
proliferative stages of T. brucei, the bloodstream form (BF, mammalian infective stage) and
procyclic form (PF, insect stage) are significantly different, for example, the PD of BF cells is
shorter (6.5 h) than that in PF cells (12-24 h) in laboratory culture conditions. However, the
relationship between the T. brucei PD and telomerase activities in different life cycle stages are

yet to be determined. Considering the phylogenetic diversity of TR functional domains, this



flagellate TR from T. brucei contains two distinct structural domains that are required for the
reconstitution of telomerase activity (Podlevsky et al., 2016). Like yeast and metazoan TRs,
these domains are located about 350 nt apart within the RNA. Whether the in-cell structural and
functional properties of TbTR show stage-specific differences, owing to differences in
telomerase activity, would be of considerable interest. Because of this, it is possible that T.
brucei could show novel TR folding, telomerase activity, and changes in the rate of telomere
synthesis. Indeed, our recent experiments utilizing selective 20-hydroxyl acylation analyzed by
primer extension and mutational profiling (SHAPE-MAP) to investigate TbTR folding in the BF
and PF stages, revealed developmental differences in the ThTR structure (Dey et al., 2021) (Fig.
4). This stage-specific RNA structural rearrangement within telomerase RNP in T. brucei
influences telomerase activity and could potentially regulate PD and chronicity of parasite

infection.
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Figure 1. Telomere-telomerase complex in eukaryotes and T. brucei biology. (A)
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Figure 2. TERT domain distribution and sequence alignment across eukaryotes.
(@). Schematic of TERT protein showing conserved domains and motifs in H.
sapiens, T. thermophila, and T. brucei. TERT structures from H. sapiens and predicted
TERT structure from Trypanosoma cruzi (T. cruzi) obtained by AlphaFold (Jumper et
al., 2021). The cryo-EM structure of H. sapien TERT was obtained from Nguyen et
al., 2018. Dark blue represents a very high model confidence (pLDDT >90), light blue
confident (90 >pLDDT >70), yellow low confidence (70 >pLDDT >50), orange very
low confidence (pLDDT <50). (b). Sequence alignment showing the conserved reverse
transcriptase (RT) and telomerase RNA binding (TRBD) domains in representative
species. Conserved residues of TERT between T. brucei, L. major, S. cerevisiae, H.
sapiens, T. thermophila, and P. falciparum are shown for both domains. The sequence
alignment was performed using a combination of MUSCLE and Jalview. Dots between
sequence alignments represent deletions of residues/regions across species. Bars at the
bottom represent the degree of conservation of given amino acid residues. Amino acids
are colored based on their chemical properties blue-hydrophobic, red-positively
charged, magenta-negative charge, green-polar, pink-cysteines, orange-glycine’s,
yellow-prolines, cyan-aromatic, and white-nonconserved
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Figure 3. Structural diversity of telomerase RNAs across eukaryotes. (a). Telomerase
RNA secondary structure in parasitic protozoa. Secondary structure of telomerase RNA
catalytic core from T. brucei, L. major (predicted), and P. falciparum (predicted). The 5’
end of the telomerase RNA contains important structural domains required for telomerase
activity termed the catalytic core. The 3’ end of the telomerase RNA contains domains
required for telomerase RNA biogenesis including C/D snoRNA domains present in T.
brucei and L. major. (b). Simplified phylogeny showing the structural variation of the 3’
end of telomerase RNA in represented eukaryotic clades. A conserved Helix 1V (eCR4/5)
domain is present in the representative taxa. The CR4/5 domain is not universally
conserved in metazoans. It is only present in vertebrates and lower metazoans (Logeswaran
etal., 2021). In plants, a 3’ TR domain was found to stimulate in vitro telomerase activity
along with template pseudoknot (Song et al., 2019), like CR4/5 in vertebrates, but this
structure is yet to be fully characterized. Flagellate telomerase RNA contains a C/D
snoRNA domain and the mammalian telomerase RNA contains a H/ACA box snoRNA
domain. The presence of a C/D box domain in flagellate telomerase RNA represents a
divergence in the biogenesis pathway of the telomerase RNA in deep branching eukaryotes.
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Figure 4. Developmental differences in T. brucei telomerase RNA secondary structure.
(a). Bloodstream form (BF) T. brucei telomerase RNA secondary structure highlighting key
structural elements. (b). Procyclic form (PF) T. brucei telomerase RNA secondary structure
highlighting key structural elements. The main structural changes occurring are in the
template region of the telomerase RNA between the two developmental stages. The structural
rearrangements of the T. brucei telomerase RNA was determined by mutational profiling and
high-throughput sequencing (Dey et al., 2021).
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CHAPTER 2: PROTEOMIC ANALYSIS DEFINES THE INTERACTOME OF
TELOMERASE IN THE PROTOZOAN PARASITE, TRYPANOSOMA BRUCEI

This chapter has been published:

Davis, J. A., Reyes, A. V., Saha, A., Wolfgeher, D. J., Xu, S. L., Truman, A. W., ... &
Chakrabarti, K. (2023). Proteomic analysis defines the interactome of telomerase in the
protozoan parasite, Trypanosoma brucei. Frontiers in Cell and Developmental Biology, 11,

1110423.

2.1 Introduction

Telomeres are the nucleoprotein structures found at the ends of eukaryotic chromosomes.
Conventional DNA polymerases are unable to fully replicate the ends of linear DNA molecules,
which leads to progressive telomere shortening after every cell division (Shay and Wright,
2019). This problem is solved by the ribonucleoprotein enzyme, telomerase. Proper maintenance
of the telomeric end is critical for maintaining genome integrity in eukaryotes. The telomerase
enzyme has two essential components: the telomerase RNA (TR), which provides the template
required for telomeric DNA synthesis (Greider and Blackburn, 1989); and the catalytic protein
telomerase reverse transcriptase (TERT) that catalyzes the de novo synthesis of the telomere G-
rich strand. The action of telomerase counteracts progressive telomere shortening after every cell
division.

TERT and TR are the minimum components required for the telomerase activity in vitro.

(Chen et al., 2000; (Collins, 2006). TR can form a large structural scaffold upon which

many accessory proteins can bind to and form the complete telomerase holoenzyme in vivo.
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These accessory proteins are required for in vivo telomerase activity and regulation (Wang et
al., 2019). Interacting partners of the TERT protein have been extensively characterized in
yeast, human, and Tetrahymena systems, but they have not been extensively studied in
parasitic protozoa including clinically relevant human parasites, such as Trypanosoma brucei
(T. brucei). T. brucei is the parasite that causes African sleeping sickness in humans. During
its life cycle, T. brucei will shuttle between an insect vector and a mammalian host. During
this time, the parasite will differentiate into distinct developmental stages: Bloodstream form
(BF) parasites proliferate in the mammalian host, and Procyclic form (PF) parasites
proliferate in the midgut of the insect vector. Unlike human somatic cells, which tightly
regulate telomerase activity, T. brucei telomerase is constantly active, enabling continued cell
division in their hosts, leading to a chronic infection. BF T. brucei also has the advantage of
evading its host immune response through antigenic variation. During this process, T. brucei
regularly switches to express different Variant Surface Glycoproteins (VSGS), its major
surface antigen. T. brucei has a very large VSG gene pool, but only one VSG gene is
expressed at any given time. VSGs are expressed exclusively from VSG expression sites
(ESs), which are large polycistronic transcription units located at subtelomeric loci of the
parasite’s genome within 2 kb of telomeres (De Lange & Borst, 1982). Therefore, telomerase
activity is critical to maintain the integrity of these VSG genes (Fig 1B). In cells where the
TERT protein has been deleted (TbOTERT—/—), extremely short telomeres adjacent to the
active ES leads to an increase in VSG switching frequency (Dreesen & Cross, 2006; Hovel-
Miner et al., 2012). Telomeric binding proteins have also been shown to affect VSG silencing
and switching (Afrin et al., 2020; Benmerzouga et al., 2013; Jehi et al., 2016; Jehi et al.,

2014; Nanavaty et al., 2017; Rabbani et al., 2022; Yang et al., 2009). Telomerase mediated
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telomere maintenance in T. brucei is required for the maintenance of subtelomeric VSG
genes. Because of this, studies of telomerase function and regulation in T. brucei could give
novel insights into the pathogenicity of this parasite.

The RNA component of T. brucei telomerase (TbTR) has a unique structure and sequence
composition compared to higher eukaryotes (Sandhu et al., 2013; Podlevsky et al., 2016; Dey
et al., 2021). Our recent study on ThTR suggests mechanistic differences in telomere
maintenance between T. brucei and higher eukaryotes (Dey et al., 2021; Rabbani et al., 2022)
underscoring the importance of investigating the functional interactome of T. brucei
telomerase. Previous proteomic studies on ciliated single-cell protozoan Tetrahymena
identified several RNA binding proteins, including p65 that copurifies with TR and TERT
and promotes proper folding of TR for telomerase holoenzyme assembly and activity
(Berman et al., 2010; He et al., 2021; Singh et al., 2012; Upton et al., 2017; Witkin &
Collins, 2004). Although homologs of p65 have not been found outside ciliate ancestry, the
complex of dyskerin, NHP2, NOP10, and GARL1 that bind the H/ACA domain of human TR
are thought to be the functional analog of the p65 chaperone in human telomerase (Berman et
al., 2010; Roake & Artandi, 2020). Indeed, these H/ACA binding proteins are known to
facilitate human TR folding by enabling the human CR4/5 domain to adopt a particular
conformation that interacts with TERT (Chen et al., 2018; Egan and Collins, 2012).
Interestingly, in TbTR, the human H/ACA type snoRNP binding domain is replaced by a
unique C/D box snoRNA domain (Gupta et al., 2013). In addition, TCAB1, another
telomerase RNA-binding protein, was previously discovered as a part of human telomerase
complex by mass spectrometry, which is important for intracellular trafficking (Venteicher et

al., 2009) and regulating the folding of CR4/5 domain of human TR and telomerase
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activation. However, even though TbTR possesses stage-specific structural changes in an
active telomerase complex (Dey et al., 2021), major interactors in this complex remain
unidentified.

In addition to the canonical function of the TERT protein to protect telomeric ends of
chromosomes, emerging evidence also suggests that telomerase can contribute to oxidative
stress response in a telomere-independent manner. TERT has been shown to shuttle to
mitochondria under increased oxidative stress and influence processes related to DNA
damage and cell death (Indran et al., 2011; Santos et al., 2004). There are 5 respiratory chain
complexes in human mitochondria that can regulate redox processes and hTERT enhances
complex I activity (Ale-Agha et al., 2021). Beyond this, very little is known about the
involvement of mitochondrial proteins in TERT function. Interestingly, T. brucei protein
TbUMSBP2 (Klebanov-Akopyan et al., 2018), which binds to single stranded G-rich
sequence at the replication origins of the mitochondrial DNA of trypanosomatids, colocalizes
with telomeres at the nucleus, but whether this activity is coordinated by telomerase mediated
DNA repair is not known.

To gain a global view and mechanistic insight into telomerase function and regulation in
T. brucei, we identified the interacting factors of T. brucei telomerase reverse transcriptase
(TbTERT) expressed in the Bloodstream Form (BF) cells using an affinity-purification based
mass spectrometry approach. We identified previously known and novel interactors of
TbTERT and validated several key interactions. Studying the interactome of TOTERT lays

the foundation for future studies of telomerase regulation in T. brucei.
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2.2 Materials and Methods
Culture of bloodstream form (BF) T. brucei cells

T. brucei Lister strain 427 was used throughout this study. All BF cells were grown in HMI-9
media supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) at 37°C and 5% CO2.
T. brucei Lister 427 strain expressing the T7 polymerase and Tet repressor (single marker, AKA
SM) (Wirtz et al., 1999) was grown in media containing 2 ug/mL of G418; TOTERT-FLAG-HA-
HA (F2H) cells grown with 2 ng/mL of G418, 0.1 ug/mL Puromycin; TOTR AC/D box mutant
cells were grown with 2 pg/mL of G418, 4 pg/mL of Hygromycin, 2.5 pg/mL of Phleomycin, 5
pg/mL of Blasticidin, 0.1 pg/mL of Puromycin and 0.1 pg/mL of Doxycycline to constitutively

induce the TbTR mutations.

Plasmids
The TbTR WT gene without 3’ C/D box region (nt 841-943) together with 400 bp upstream
and 380 bp of downstream TbTR flanking sequences were cloned into the pLew111 plasmid to

generate pLew111-TbTR AC/D box plasmid.

Generation of the BF T. brucei AC/D box mutant strain

To generate the TOTR AC/D box mutant strain, pLew111-ThTR AC/D box plasmid (nt 841—
943 deleted) was digested with Notl and targeted to an rDNA spacer in the SM/TbTR—/— cells
under the phleomycin selection. Clones were confirmed by northern analysis. Xhol digested
pSK-TbTERT-3C-FLAG-HA-HA-PUR plasmid (Dey et al., 2021) was subsequently transfected
into the same cells under the puromycin selection to generate the SM/TbTR AC/D box/

TbTERT+ / F2H strain. Clones were confirmed by western and Southern blotting.
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Immunopurification of T. brucei telomerase complexes

Immunoprecipitation of T. brucei telomerase was performed using a custom made anti-
TbTERT antibody (Dey et al., 2021) to purify native telomerase complexes from BF Wild-type
(WT) and BF TbTR AC/D box cells. Approximately, 5 x 108 cells/300 mL were collected by
centrifugation at 1900 RPM for 6 min. Following centrifugation, cells were lysed by
homogenization in 500 uL of 1X immunopurified (IP) lysis buffer (25 mM Tris-HCI pH 7.5, 150
mM KCI, 1 mM EDTA, 10 mM MgCI2, 12% glycerol, 0.5% IGEPAL CA630, 1X protease
cocktail inhibitor, and 20 units of Ribolock RNase inhibitor). Lysate was then cleared of cell
debris by centrifugation at 3000 RPM for 5 min at 4°C. The lysate was then pre-cleared by
incubated with 50 pL of pre-washed Dynabeads protein G (10003D) for 1 h at 4° C on rotation.
Pre-cleared lysates were then incubated overnight at 4°C on rotation with 5 pg of a custom anti-
TbTERT antibody and an IgG antibody was added to the control (Dey et al., 2021). The next
day, 50 pL of pre-washed Dyna beads protein G was added to the lysate antibody mixture and
incubated at 4°C for 2 h on rotation. After incubation, the beads were collected in a magnetic
stand and washed twice in x1 IP lysis buffer. After washing, the bound protein was eluted off the
beads by boiling in 100 pL of 1X SDS-PAGE dye for 5 min at 95° C. Eluted proteins were then
stored in —80° C until further use. Each experiment was performed in biological triplicate (3 IPs
and 3 1gG controls). Bound complexes were assayed for the presence of TOTERT by using an
anti-FLAG antibody as the BF WT cells were TboTERT-FLAG-HAHA tagged. Briefly, 4 uL of
100 pL of sample was loaded onto 4%— 12% Novex Tris-glycine gel (Invitrogen,
XP04120BOX). Western blotting was done using an anti-FLAG antibody, diluted 1:500, and the

VeriBlot for IP Detection Reagent (HRP, ab131366) diluted to 1: 10,000. Detection was then
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done using Pierce ECL Plus Chemiluminescence kit (Thermo Fisher Scientific, 32,106). Imaging
was then done using Bio-Rad ChemiDoc MP system.

Immunopurification was also performed using Pierce AntiDYKDDDDK magnetic beads
(A36797). Approximately 6 x 108 cells/300 mL were harvested and lysed in 300 puL of
immunopurified (IP) lysis buffer (25 mM Tris-HCI pH 7.5, 150 mM KCI, 25 mM NaCl, 1 mM
EDTA, 10 mM MgCI2, 0.5% IGEPAL CA630, 1x protease cocktail inhibitor and 20 units of
Ribolock RNase inhibitor). Lysate was cleared of debris by centrifugation at 3,000 rpm for 5 min
at 4°C and incubated with pre-washed 50 pL 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. The beads were then resuspended in 50 pL. of

RNAse free water.

LC-MS/MS analysis

Proteins were separated by SDS-PAGE and Gel segments were cut and subjected to in-gel
digestion using trypsin. Peptides were desalted using C18 ZipTips (Millipore). Peptides were
analyzed on a Q-Exactive HF hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher)
equipped with an Easy LC 1200 UPLC liquid chromatography system (Thermo Fisher). Peptides
were first trapped using trapping column Acclaim PepMap 100 (75 uM x 2 cm, nanoViper 2Pk,
C18, 3 um, 100A), then separated using analytical column Acclaim PepMap RSLC (75 um x 25
cm, nanoViper, C18, 2 um, 100A) (Thermo Fisher). The flow rate was 300 nL/min, and a 120-
min gradient was used. Peptides were eluted by a gradient from 3% to 28% solvent B (80% (v/v)
acetonitrile/0.1% (v/v) formic acid) over 100 min and from 28% to 44% solvent B over 20 min,

followed by a short wash at 90% solvent B. For DDA acquisition, the precursor scan was from
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massto-charge ratio (m/z) 375 to 1,600 and the top 20 most intense multiply charged precursors
were selected for fragmentation. Peptides were fragmented with higher-energy collision

dissociation (HCD) with normalized collision energy (NCE) 27.

LC-MS/MS data and statistical analysis

The resulting raw data files were searched against a concatenated library (TbruceiTREU927
release 32 databases with 11,202 entries) using MaxQuant (Tyanova et al., 2016).
Carbamidomethyl Cysteine was set as a fixed modification. Oxidation of methionine and N-
terminal acetylation were set as variable modifications. Tolerance for precursor ions was set to
4.5 ppm and 20 ppm for fragment ions. A maximum of two missed cleavages was allowed.
MaxQuant was set to match in between runs and report LFQ. All other parameters were at the
default setting. The proteinGroups.txt file generated by MaxQuant was further processed using
Perseus. Reverse and possible contaminants were removed from the protein groups. Samples
were separated into an experimental group consisting of the pull downs of isotype matched IgG
(control) and a group consisting of the TOTERT Immuno-Precipitation pull downs (3 IPs and 3
IgG controls). Protein groups were filtered to contain at least three quantifications in one
experimental group. The remaining missing quantifications were imputed with random numbers
from a normal distribution (width 0.3, shift = 1.8). A two-sided Student’s t-test was performed

across replicates between each experimental group.

MS bioinformatics analysis
The mass spectrometry proteomic data was analyzed by a range of approaches. The volcano

plot was generated using GraphPad Prism software version 9.3.1. The STRING database was
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used for classifying proteins based on functional categories and gene ontology (GO) terms.
Protein-protein interaction network analysis was done using STRING version 11.5

(https://string-db. org/) and visualized by using the Cytoscape software version 3.9.1.

Structure-guided predictions

Proteins identified by mass spectrometry contained several hits that have very little primary
sequence identity with proteins from other phyla, so their functional orthologs were not entirely
evident from simple sequence homology. To identify whether structural homology exists
between the local folds of these proteins and those reported in other organisms, we obtained
predicted structure models of these T. brucei proteins from AlphaFold (Jumper et al., 2021)
using their Uniprot IDs and then queried these ‘PDB’ entries using programs PDBeFold
(Krissinel & Henrick, 2004) and DaliLite (Holm & Rosenstrom, 2010). The top scoring and only
relevant hit with a DaliLite Z score cut-off of >2 is considered as biologically informative

structural neighbor of the protein of interest.

Western blotting and SDS-PAGE analysis

All TOTERT western blots were done using either an anti-FLAG antibody (1:500) or a
custom anti-TbTERT C terminus antibody (1: 500) unless otherwise indicated. Nucleolar protein
58 (NOP58) was detected using an anti-NOP58 antibody (Thermo Fisher Scientific, PA5-54321)
diluted 1:500 and an anti-Rabbit HRP conjugated secondary antibody diluted to 1:10,000. To
qualitatively check protein levels, 4 uL of IP eluate was separated on a 4%—12% Novex Tris-

glycine gel and stained with Coomassie Brilliant Blue R-250 Dye (Thermo Scientific, 20,278)
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for 30 min. The gel was then destained until bands were visible in destain solution (40% MeOH,

10% acetic acid).

TbTR detection and telomerase activity assay

TbTERT IP was performed as described in the methods. To detect the presence of TbTR in
the IPed complex, total RNA was isolated from the protein G magnetic beads using the TRIzol
reagent (Thermo Fisher Scientific, 15596026) following the manufacturers protocol. 100 ng of
isolated RNA was then used for cDNA synthesis utilizing the SuperScript 11 reverse transcriptase
(Thermo Fisher Scientific, 18064022) following the manufacturers protocol. The generated
cDNA was then used for gqRT-PCR analysis using TbTR specific primers (Fwd: CTGTGG
AAATTTGTCGTAAGTG, Rev: AGTAGGGTTAGGGATCGT ATAG).

To determine the activity of the Immunopurified T. brucei telomerase complex, a modified
version of the exponential isothermal amplification of telomere repeat (EXPIATR) assay was
performed (Dey et al., 2021; Tian & Weizmann, 2013) Briefly, A master mix was prepared on
ice consisting of Nicking Telomerase Substrate (NTS,
GTGCGTGAGAGCTCTTCCAATCCGTCGAGC AGAGTT), Nicking Probe (NP,
AGCAGGAAGCGCTCTTCCTGC TCCCTAACCCTAACCC), 1X EXPIATR buffer (30 mM
Tris-HCI, pH 8.3, 1.5 mM MgCI2, 100 mM KCI, 1 mM EGTA, 0.05% v/v Tween20), 200 uM
dNTPs, Bst 2.0 Warm start DNA polymerase (0.96 units) and Nt. BspQ1 NEase (5 units). 17 uL
of the master mix was aliquoted to PCR tubes containing, 3 pL of anti-FLAG bead bound T.
brucei telomerase, RNase A treated or heat-inactivated telomerase RNP bound beads, telomerase
positive control (TPC8, GTGCGTGAGAGCTCTTCCAATCCGTCGAGCAGAGTTAGG

GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT AGGG) (0.5 pM) and blank
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beads as a negative control. Telomerase activity was initiated by initial incubation of tubes at 28°
C for 45 min for Nicking telomerase substrate (NTS) extension followed by amplification of
resultant telomerase products at 55° C for 30 min. The amplified products were then analyzed on

12% Native PAGE gel by loading 10 pL of the reaction mixture.
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2.3 Results

Affinity-purification mass spectrometry (AP-MS) of BF T. brucei telomerase reverse
transcriptase

Characterizing the global interactors of a protein of interest can be done through affinity-
purification mass spectrometry (AP-MS). Identifying the interactome of a protein is key in
understanding its function in the cell and how it is regulated. To identify the global protein
interactors of T. brucei telomerase, we utilized AP-MS to identify the global interactome of
TbTERT at the BF stage. We first immunopurified (IP) TOTERT using a custom anti-TbTERT
antibody along with its associated proteins and performed LC-MS/MS (Fig. 5A). For immuno-
affinity purification, 500 ul of lysate containing 1 mg of total protein was used per IP sample.
TbTERT was pulled down from the lysate using a custom anti-C terminus TbTERT antibody
(Dey et al., 2021). In addition to verifying the specificity of the custom antibody for binding to
TbTERT, the presence of some non-specific cross-reactive bands were also observed. The
presence of the immunopurified TOTERT was confirmed using western blotting and SDS-PAGE
analysis (Fig. 5B-D). Immunoblot analysis (anti-FLAG antibody) of the IP fractions from
TbTERT-F2H cells showed that TOTERT was enriched in the pulldown products from anti-
TbTERT C terminus antibody IPs but not from control groups. The anti-TbTERT C-terminus
antibody IP samples were then subjected to SDS-PAGE and in-gel protease digestion, followed
by mass spectrometry as described in ‘Materials and Methods’. To further validate the presence
of telomerase components in the IP, RNA was extracted from IP beads and subjected to gRT-
PCR analysis to confirm the presence of the telomerase RNA in the complex (Figure 5E). To
determine if the immunopurified telomerase complex was catalytically active, we performed a

telomerase activity assay (EXPIATR) using the IPed complex (Figure 5F). The result confirmed
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that the immunopurified T. brucei telomerase complex was catalytically active. To independently
validate our proteomic screen, another set of affinity enrichment of TOTERT protein using an
anti-FLAG antibody was performed in duplicates in TbOTERT-F2H cells (two biological
replicates) and screened for known TbTERT interactors. Both the TOTERT IP-MS and TOTERT
FLAG pulldown MS data were compared. Since TbTERT and several other proteins that were
previously linked to telomerase were identified in both FLAG and C-terminus IP mass spec data
sets (Fig. 6; Supplementary Table S1) it was apparent that the ribonucleoprotein complex

identified by this approach is biologically relevant to telomerase function.

Proteomic analysis of BF T. brucei Telomerase Reverse Transcriptase (TbTERT)

We identified 1,056 proteins with 2 or more peptides. After stringent filtering of this
dataset for those proteins highly enriched (Log2(fold change) > 1.9) in the IP vs. control
(Supplementary Table S1), 66 high-confidence proteins remained. To study the interactome of
TbTERT, the relative abundance (log2(fold change)) and statistical significance -log10(P-value)
of the proteins from the IP samples and controls were calculated (3 IP samples and 3 IgG
controls samples) (Fig. 6A). This resulted in the enrichment of 56 proteins for the anti-TbTERT
IP samples (Supplementary Table S2). The protein samples that were significantly enriched in
the IP samples versus the controls (Student’s t-test, -log10(P-value) > 1.3) included both nuclear
and mitochondrial proteins that have previously been shown to interact with TERT or play a role
in telomere maintenance, such as T. brucei telomerase reverse transcriptase (TbTERT,
Th927.11.10190), yeast telomerase cell cycle turnover-related (anaphase promoting complex)
proteins, CDC16 (Th927.6.2150) and CDC27 (Th927.10.10330) homologs (Ferguson et al.,

2013; Sealey et al., 2011), mitochondrial stress-response protein, human HSP60 homolog
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(Th927.11.15040) which is known to accumulate with hTERT in the same fractions of human
mitochondria (Sharma et al., 2012), Splicing factor 3B subunit 1 (SF3B1) homolog
(Th927.11.11850) involved in various cellular functions including DNA damage response (te
Raa et al., 2015) and telomere maintenance (Wang et al., 2016), damage specific DNA binding
protein 1 (DDB1) homolog (Th927.6.5110), involved in ubiquitin-mediated TERT protein
degradation (H. Y. Jung et al., 2013), and several other proteins involved in telomerase and
telomere metabolism (selected proteins shown in Fig. 6A; Table 1).

To highlight the connectivity of candidate TOTERT interactors, we used the STRING
database and Cytoscape to generate a functional protein-protein interaction network of TOTERT
(Fig. 6B; Supplementary Figure S1). To further determine the functions of proteins in the
network, STRING GO analysis was done, and proteins were grouped by biological process, and
cellular component (Fig. 7A, B). The terms for biological process that were enriched included,
telomere maintenance by telomerase, cell cycle control, DNA repair, and response to stress.
Enriched cellular component terms included box C/D snoRNP complex, DNA replication factor
C, anaphase-promoting complex, and cullin-RING ubiquitin ligase complex. Notably, proteins
that are important for telomerase RNA biogenesis, processing and trafficking were significantly
enriched in these GO terms.

An independent set of IP-MS using an anti-FLAG antibody to IP TbTERT also validated
many of the proteins identified in the mass spec run described above from the anti-C terminus
TbTERT IP because these proteins were identified with both IP approaches. A false discovery

rate (FDR) of 1% was used as cut off for this data (Supplementary Table S3).

Known and novel interactors are part of the active telomerase RNP in T. brucei
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Homologs of telomerase-associated proteins which are known regulators of telomerase
functions were found to be part of the IP telomerase complex in T. brucei. Typically, three types
of known telomerase-associated proteins were reported to co-purify with TERT. The foremost of
the three are the telomerase RNA-binding proteins that are involved in TR biogenesis, trafficking
and TR-TERT assembly. These include, for example, dyskerin in vertebrates (Mitchell &
Collins, 2000; Mochizuki et al., 2004), Sm proteins in yeasts (Tang et al., 2012), and La-motif
proteins, such as p65, in ciliates (Singh et al., 2012). Interestingly, dyskerin binding H/ACA
domain of human TR is replaced by a novel C/D box domain in T. brucei (Gupta et al., 2013).
Several unique C/D box snoRNA binding proteins (snoRNPs) were identified in our TboTERT
immunopurified complex which are described in the next section. In addition, a T. brucei La
protein, Th927.10.2370, which shows 24% amino acid sequence identity and a Z-score of 8.6
with Tetrahymena thermophila, TR binding protein p65 was also identified in the IP-MS.
Telomerase RNP assembly also requires molecular chaperones, such as AAA+ family of
ATPases, known as Pontin and Reptin, which can directly interact with TERT and play critical
roles in telomerase RNP accumulation (Venteicher et al., 2008). Both the Pontin (Th927.4.1270)
and Reptin (Th927.4.2000) homologs, annotated as RuvB-like DNA helicases in the T. brucei
genome database, were also identified by this TOTERT AP-MS analysis. Additionally, another
AAA+ ATPase protein, a yeast CDC48 homolog, Th927.10.5770, was also identified. CDC48,
which was previously identified in a molecular complex that recognized and bound ubiquitinated
proteins (Schuberth et al., 2004), was also found to be associated with yeast telomerase as a
novel regulator of telomere length homeostasis. Notably, TERT turnover is dependent on
ubiquitin-proteasome mediated degradation process (Jung et al., 2013) and therefore proteins that

are important for ubiquitination were previously identified in the telomerase complexes, such as
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several isoforms of E3 ubiquitin ligases (Lin et al., 2015). Interestingly, several ubiquitin-family
proteins were also identified in the IP-MS data including ubiquitin ligases, although the roles of

these proteins in T. brucei telomerase biology remains uncertain until the ubiquitination status of
TbTERT is determined.

Mammalian studies have identified chaperone proteins p23 and HSP90 as two important
proteins that are physically and functionally associated with telomerase activity (Holt et al.,
1999). The proteomic mapping also identified a mammalian HSP90 homolog, Th927.3.3580,
with enrichment of several unique peptides in TOTERT IP samples identified by MS. Poly(A)-
specific ribonuclease (PARN) is a 3’-exoribonuclease that is known to play important role in the
maturation of telomerase RNA (Moon et al., 2015). A T. brucei homolog of PARN,
Th927.9.13510 was identified in this proteomic mapping data that may relate with the fact that T.
brucei telomerase RNA is a Pol Il transcript (Sandhu et al., 2013) that may require PARN
processing for maturation. All these known telomerase homologs of T. brucei are listed in
Supplementary Table S1. In terms of proteomic identification, it should be noted that several of
the above proteins were identified in the range of low scoring functions or higher FDR %,
however, these proteins are identified in all four of the biological replicates analyzed by AP-MS
and therefore could be biologically relevant. Importantly, all the above proteins identified were
part of the IP sample that was able to extend T. brucei telomeric repeats using synthetic
TTAGGG as substrates in activity assays (Figure 5F), indicating that the proteins in this IP are

potentially part of an active telomerase complex.

The unique C/D box domain in T. brucei telomerase RNA is bound by snoRNPs
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In contrast to hTR, the telomerase RNA in T. brucei contains a unique C/D snoRNA-like
domain (Fig. 8A bottom). Core C/D box RNPs, like NOP58, have previously been shown to
interact with TbTR (Gupta et al., 2013). NOP58 is a 57 KDa protein that contains a coiled-coil
(CC) domain and a NOP domain (Fig. 8A top). NOP58 is highly conserved across eukaryotes
and plays important roles in ribosomal RNA (rRNA) processing (Barth et al., 2008). In our AP-
MS analysis of TOTERT, we identified three core C/D box binding proteins: NOP58, NOP56,
and Fibrillarin (NOP1) (Table 2; Supplementary Table S3). To validate the interaction with
NOP58, we performed a co-immunoprecipitation (Co-IP) assay of TOTERT and detected
TbTERT and NOP58 through western blotting (Fig. 8B top). For further confirmation of this
interaction, we performed Co-IPs of TOTERT in both WT and AC/D box mutant cell lines. In the
WT cells, NOP58 is present in the IP product, while in the AC/D mutant cells, the interaction
with NOP58 is greatly diminished (Fig. 8B bottom). This data supports the fact that the C/D box

motif is important for the interaction between TbTR and NOP58.

2.4 Discussion

Eukaryotic microbes, such as T. brucei, rely on constitutive telomerase activity to sustain
their proliferation in their hosts and to maintain the integrity of their sub-telomeric virulence
genes. Studying these interacting partners of telomerase in T. brucei is necessary to characterize
the mechanism of telomerase mediated telomere maintenance in these parasites. Like any other
RNA component of telomerase, T. brucei telomerase RNA in the holoenzyme acts as a structural
scaffold that accessory proteins can bind to (Dey and Chakrabarti, 2018). Interacting proteins of
telomerase in T. brucei have not been extensively studied. We have utilized a mass spectrometry
approach to identify and characterize endogenous interactions of TOTERT in BF T. brucei cells.

However, characterization of dynamic RNA-protein interactions like the one in telomerase
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complex comes with a challenge that several of these interaction partners could be only
transiently bound and therefore may not represent the complex interactions in its entirety.
Nonetheless, this affinity purification based proteomic characterization of T. brucei telomerase
RNP complex provides a global view of the cellular protein interactome landscape that can be
used for in-depth functional characterization of telomerase complex proteins in parasites.

Some potential limitations of this study are the use of affinity purification methods. These
methods are good at isolating strong interactions of our bait protein TOTERT, but as mentioned
above, weaker, or more transient interactions may be missed by this analysis. Also, proteins of
low abundance, such as TERT, could be difficult to enrich in affinity purified complexes even by
targeted approaches like RNA-targeted APEX based proteomic approach recently employed for
human telomerase (Han et al., 2020). For that reason, it is possible that several TbTR and
TbTERT associated proteins that are identified in this proteomic screen showed low level of
enrichment in the IP complex, as evident from MS. Since IP experiments using MS provide a
sensitive and accurate way of characterizing protein complexes, the quality of antibody may also
play a role in isolating and analyzing specific interactions. The custom anti-TbTERT polyclonal
antibody used in the IP experiments was cross-reactive to other proteins (data not shown),
however, the binding specificity to the endogenous bait protein TOTERT was successfully
confirmed using Co-IP and Western blot as TOTERT was detected as a single, discrete band.
Additionally, detection of the telomerase-associated proteins in all biological replicates added
confidence to the current approach.

Our proteomics experiments also identified proteins that have no known relationship with
telomerase and therefore these hits could be false positives or newly discovered interactors of

TbTERT. For example, an RNA cytidine acetyltransferase, NAT10 homolog (Th927.5.2530)
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was found enriched in all proteomic datasets. NAT10 was previously shown to have
predominantly nucleolar localization, association with human telomerase, and is primarily
involved in telomerase RNA biogenesis (Fu & Collins, 2007). One more example is the putative
NOT1 deadenylase (Th927.10.1510), part of the CCR4-NOT deadenylase complex, which plays
important regulatory roles both at the transcriptional and post-transcriptional levels, such as
heterochromatic repression of sub-telomeric genes in fission yeast (Cotobal et al., 2015) and
rapid deadenylation of m6Acontaining RNAs by the CCR4-NOT deadenylase complex in
mammalian cells (Du et al., 2016). Given that a majority of expressed virulence genes (VSGS) in
T. brucei are sub-telomeric (Saha et al., 2020) and human telomerase RNAs are known to
contain m6A signatures (Han et al., 2020), the role of Th927.10.1510 remains unexplored but
relevant to T. brucei telomere biology.

In our proteomics screen, several mitochondrial proteins were highly enriched, including
TbUMSBP2, which has been shown to associate with telomeres in T. brucei (Klebanov-Akopyan
et al., 2018). This protein’s canonical function is the replication and segregation of 7. brucei’s
mitochondrial DNA, but it has been shown to also play a role in chromosome end protection in
T. brucei (Klebanov-Akopyan et al., 2018). Significantly enriched GO terms from the analysis of
the TOTERT interactome included telomere maintenance via telomerase, cell cycle control, and
chaperone binding. Similar terms and protein interactors have been previously observed for
Saccharomyeces cerevisiae telomerase (Lin et al., 2015). Telomere maintenance via telomerase is
consistent with TOTERT’s known role in extending telomeres (Dreesen & Li, 2005). Enrichment
of proteins involved in cell cycle control highlight potential factors involved in the cell cycle
specific regulation of TOTERT. Specifically, APC3 and CDC16 were significantly enriched in

the TOTERT interactome. APC3 and CDC16 are core components of the anaphase-promoting
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complex (APC), which is a 1.5 MDa ubiquitin ligase complex that regulates sister-chromatid
separation and the cells exit from mitosis (Peters, 2006). In S. cerevisiae, the APC has been
shown to degrade the telomerase recruitment subunit, Estlp to regulate telomere maintenance
(Ferguson et al., 2013). Whether an analogous mechanism exists in T. brucei remains to be
explored.

Chaperone proteins such as Dnal, which is a major co-chaperone for HSP70 and HSP60
were also found to be significantly enriched in the TOTERT interactome. Both DnaJ and HSP60
have previously been found to associate with human telomeres (Nittis et al., 2010). HSP60 is a
predominately mitochondrial chaperone, where it works to maintain protein homeostasis
(Bayisotto et al., 2020). In human cells, TERT has been previously reported to localize to the
mitochondria and guard cells against oxidative stress (Ahmed et al., 2008). Human TERT has
also been shown to associate with HSP60 and act independently of the TR in the mitochondria
(Sharma et al., 2012). TOTERT’s association with HSP60 suggests a pool of T. brucei telomerase
may also be localized in the mitochondrion.

In addition to proteins involved in cell cycle control and chaperones, core C/D snoRNP
proteins, NOP58, NOP56, and Fibrillarin (NOP1) were also identified in the TOTERT
interactome. Our co-IP western blot data validates the interaction of NOP58 with the T. brucei
telomerase complex. NOP58 interacts with NOP56 and NOP1 to form a subcomplex, which
participates in rRNA processing (Barth et al., 2008). Core C/D box binding proteins, like
NOP58, have been previously shown to interact with the TbTR (Gupta et al., 2013). Our study
supports these findings and shows that NOP58 interacts with the C/D box motif in the TbTR.
The C/D box motif in TbTR is unique and lacking in higher eukaryotes. The TR in Leishmania

also contains a C/D box motif (\Vasconcelos et al., 2014). The conservation of the C/D box motif
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in the TR of these parasites could indicate a novel mechanism for telomerase biogenesis and
processing, mediated by C/D box binding proteins, in these kinetoplastid parasites.

The work described here provides the first analysis of the TOTERT interactome. We have
identified previously known and novel interactors of TOTERT. We were able to confirm
NOP58’s interaction with the T. brucei telomerase complex, which supports earlier studies
(Gupta el al., 2013). Taken together our study lays the foundation for future studies into the
mechanism of telomerase mediated telomere maintenance in T. brucei. Future improvements are
needed to develop a telomerase RNA -tagged proteomic mapping approach in T. brucei to
validate endogenous interactions identified by this method and detect new RNA-specific
interactions. Future studies should also benefit from investigating interactomes from other T.
brucei developmental stages since it appears from our recent study that T. brucei telomerase
function is developmentally regulated (Dey et al., 2021). Therefore, characterizing stage-specific
interactomes can provide novel insights into regulatory mechanisms that can affect rate of

proliferation and telomerase activity in T. brucei.
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Figure 5. Affinity-purification mass spectrometry of bloodstream form T.

brucei telomerase reverse transcriptase. (A) Experimental workflow for proteomic
analysis. BF T. brucei cells expressing a FLAG tagged version of TboTERT were grown
and TOTERT complexes were purified using a custom anti-TOTERT C terminus antibody.
An 1gG isotype antibody was used as a control. Purified TOTERT complexes were then
digested with trypsin. These peptides were then analyzed by LC-MS/MS. (B) Western blot
confirming the presence of immunopurified TOTERT. IP samples were obtained and run on
SDS-PAGE gels and immunoblotted with anti-FLAG antibody to

detect TOTERT. (C) Western blot confirming the presence of TOTERT. IP samples were
obtained and run on SDS-PAGE gels and immunoblotted with an anti-TOTERT C terminus
antibody to detect TOTERT. (D) SDS-PAGE analysis of immunopurified TboTERT. A small
aliquot was also resolved on SDS-PAGE and stained with Coomassie stain to qualitatively
check TbTERT protein levels. (E) RT-gPCR detection of TbTR from

Immunopurified TOTERT complexes. (F) Telomerase activity of the bead-bound telomerase
enzyme was analyzed by telomerase primer extension assay.
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Figure 6. Proteomic analysis of BF T. brucei telomerase reverse transcriptase.

(A) Volcano plot was performed with an x-axis representing the difference in logarithmic
protein intensities between the TOTERT immunoprecipitation elution and the isotype
matched 1gG control (Elution and Control experimental groups). The y-axis is the negative
log of the two-sided Student’s t-test. The volcano plot serves as a visual representation of the
protein groups that are significantly enriched between the elution and control groups. These
enriched groups contain the bait protein TOTERT and several candidates interacting with a p-
value < 0.05. (B) Protein-protein interaction network of relevant TOTERT hits identified by
MS. Network was generated using the STRING database and visualized using Cytoscape.
Colors of nodes represent the protein’s biological function. The thickness of the lines
denotes the strength of the interaction (confidence PPI, threshold: 0.4, medium confidence).
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Figure 7. GO analysis of T. brucei TERT interactome. STRING GO analysis (A) Enrichment
by Biological process. The top 15 enriched GO terms are shown. (B) Enrichment by Cellular
component. The top 9 enriched GO terms are shown.
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terminus; Western blot antibodies: anti-FLAG and anti-NOP58. (B), bottom Co-IP using
both WT and AC/D box mutant cells. IP antibody: anti-TOTERT C terminus; western blot

antibodies: anti-FLAG and anti-NOP58.
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Table 1. Significantly enriched proteins identified in TOTERT complex.

Protein Accession number Spectral counts Unique peptides (UniProtKB)
THTERT Q383RO 10 5
HSP60 Q3817 6 5
Dna] Q38C15 19 5
APC3 Q389U4 21 6
€DC16 Q584U1 30 12
SE3BL Q38276 26 14
DDBL Q58613 21 13

Table 2. Core C/D snoRNPs identified in TOTERT complex.

Protein Accession number (UniProtKB) Spectral counts Unique peptides
NOP58 Q38F23 25 12
NOP56 Q58075 24 10
Fibrillarin/NOPI Q3B8EO 8 3

Supplementary table 3 T. brucei TERT interacting partners — known homologs

Genel/Protein Gene ID UniProt | Unique | *DaliLite minusLog10(P-value)
D Peptides | 7_score flog2 Fold Change
TbTERT Ab | FLAGIP-
IP-MS MS
Heat shock Th927.3.3580 Q57TW94 E 3.0 1.62/-064 | 12/-0.72
protein 90
(H5P90),
putative
AAA family Tb927. 105770 | Q38B27 33 494 0.226/0.113 | 0.14/-0.61
ATPase,
CDC48
hemolog of
S.cerevisiag)
RuvB-like DNA | Tb927.4.1270 Q581v4 17 419 0.136/-0.09 | 0.73/ 23
helicase,
(PONTIN)
putative
RuvB-like DNA | Tb927.4.2000 Q583.J3 13 394 1.58/-0.82 | 0.02/-0.04
helicase,
(REPTIN)
putative
Nucleolar Th927.9.5320 Q38F23 12 26 0.27/0.75 1.08/2.25
protein 58
(NOP38),
putative
Poly(A)-specific | Th927.9.13510 | Q38076 11 32.8 0.87/13 0.65/2.2
ribonuclease
PARN, putative
Replication Tb927.11.9130 | Q384B5 10 20.8 0.11/-018 | 0.34/0.56
factor A protein

Nucleolar Th927.8.3750 Q58075 10 272 0.4/-015 0.8/ 1.90
protein 56
(NOP56),
putative
Telomerase Th927.11.10190 | Q383R0 5 229 3.0/1.98 0.38/0.49
Reverse
Transcriptase
(ThTERT)

La protein Th927.10.2370 | Q38C07 3 86 0.19/-0.63 0.09/-0.49
(p65) homolog,
putative
Fibrillarin, Tb927.10.14630 | Q388CY9 3 335 0.26/0.27 0.78/1.97
putative
*Significant similarities” have a Z-score above 2; they usually correspond to similar folds when searched
against entire PDB matches.

Figure 9. Table of interacting proteins identified in BF TbTERT. S1 and
S2 tables can be found in the supplemental of Davis et al., 2023.
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CHAPTER 3: PROTEOMIC COMPOSITION OF TELOMERASE IN THE PROCYCLIC
FORM OF TRYPANOSOMA BRUCEI AND POST-TRANSLATIONAL MODIFICAITON
PROFILE OF TERT

3.1 Introduction

Chromosomes in eukaryotic organisms are linear. Because of this, they contain
specialized structures at their ends termed telomeres. Telomeres are composed of both double-
stranded and single-stranded DNA regions and are bound by telomeric binding proteins (de
Lange, 2018). Telomeres pose a unique challenge to cells as endogenous DNA polymerases are
unable to fully replicate the DNA all the way to the end. This “end-replication problem” leads to
the progressive loss of DNA after every cell division and telomeric shortening. The end-
replication problem is solved by the actions of the enzyme telomerase. Telomerase is an RNA-
protein enzyme that consists of two main components: the telomerase reverse transcriptase
(TERT) protein that catalyzes telomeric extension, and the telomerase RNA (TR) that provides
the template for telomere synthesis (Greider & Blackburn, 1985, 1989). The actions of
telomerase help cells preserve their telomere length and maintain genome integrity.

A key mechanism of protein regulation inside cells is the addition of post-translational
modifications (PTMs) onto proteins. These modifications in cells can range from diverse
chemical groups to whole proteins. These modifications help fine tune protein regulation inside
the cell across a variety of molecular pathways. The telomerase protein has also been shown to
be regulated by PTMs. PTMs of TERT protein have been well studied in human TERT
(hTERT). The two most well studied modifications with regards to hTERT regulation are
phosphorylation and ubiquitination. Phosphorylation of hTERT has been shown to regulate the
enzymes catalytic activity as well as its cellular localization (Kang et al., 1999; Kharbanda et al.,

2000). Some of the writer enzymes of hTERT Phosphorylation have also been identified and
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studied. The AKT kinase has been previously shown to phosphorylate hTERT at serine 227 to
direct its nuclear localization (Chung et al., 2012). Another phosphorylation site that has been
identified and studied in hTERT is tyrosine 707. This residue has been shown to be
phosphorylated by the SRC kinase under oxidative stress to promote hTERT translocation from
the nucleus to the cytoplasm (Haendeler et al., 2003). Ubiquitination is another modification on
hTERT that has been identified and studied. Several writers of hnTERT ubiquitination have also
been identified. The E3 ubiquitin ligase, Makorin RING finger protein 1 (MKRN1) has been
shown to ubiquitinate TERT, likely to mark hTERT for degradation through the ubiquitin
proteasomal system (Kim et al., 2005). More recent studies have also demonstrated that
ubiquitination controls hTERT protein levels in a cell cycle dependent manner (H.-Y. Jung et al.,
2013). During G2/M phase, the Dyrk2 associated EDD-DDB1-VprBP E3 ligase complex
catalyzes the addition of poly ubiquitin chains onto hTERT. hTERT then undergoes degradation
and telomerase activity is inhibited (H.-Y. Jung et al., 2013).

Trypanosoma brucei (T. brucei) is a protozoan parasite that causes African sleeping
sickness in humans. T. brucei has a two-host life cycle where it will shuttle between an insect
(Glossina spp.) and a human host. During this time the parasite will transition between distinct
developmental stages. The procyclic form (PF) found in the insect’s mid-gut and the bloodstream
form (BF) found in the human bloodstream. T. brucei, like many eukaryotic pathogens, relies on
constant telomerase activity to sustain the high levels of cell division necessary to establish a
successful infection in its human host. PTMs and protein-protein and RNA-protein interactions
are just a few of the modes of regulation employed by T. brucei to regulate protein function.

Identifying interacting proteins of a protein of interest can provide novel insight into that proteins
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function and regulation. The interactome of BF TbTERT has been reported (Davis et al., 2023),
but the PF TbTERT interactome remains to be identified.

PTMs play a key role in regulating a variety of molecular pathways inside cells including
telomerase regulation. PTMs have been identified in T. brucei previously and have been found to
play important regulatory roles (Zhang et al., 2021; Zhang et al., 2020). These modifications in
T. brucei have been found on protein belonging to a variety of molecular pathways including,
RNA-binding proteins, metabolic proteins and histones (Zhang et al., 2020). This suggests in T.
brucei, like other eukaryotes, PTMs play a key role in regulating a variety of cellular processes.
PTMs on telomerase have not been extensively identified across eukaryotes and there have been
no PTMs identified on T. brucei TERT (TbTERT). In this work, we have utilized a mass
spectrometry-based approach to identify the global interactome of PF TOTERT and novel PTM
sites on TOTERT in an unbiased manner. One major advantage was to use a cell line which
contains GFP-tagged TERT under the control of a doxycycline inducible promotor. This allowed
us to induce the overexpression of TOTERT-GFP by addition of doxycycline. This combined
with using an anti-GFP antibody, allowed us to greatly increase the amount of TOTERT protein
we can pull down from our IP samples. In our global interactome analysis of PF TObTERT we
identified similar core telomerase interacting proteins that were previously identified in the BF
TbTERT interactome (Davis et al., 2023). This conservation highlights the essentiality of core
telomerase interacting proteins across 7. brucei’s life cycle. We have also employed mass
spectrometry to map PTMs on PF TbTERT and were able to identify 30 novel modified sites
throughout the TOTERT protein. We were also able to identify a novel N-terminal acetylation
site in TOTERT that has not been identified in any other eukaryote. Our study provides the first

reported interactome of telomerase from T. brucei insect stages and the first detailed list of PTMs
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on ThTERT and lays the foundation for future mechanistic studies to probe the biological role of

these modifications in TOTERT regulation.
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3.2 Materials and Methods
Culture of procyclic form (PF) T. brucei cells

T. brucei Lister strain 427 was used throughout this study. All PF cells were grown in
SDM-79 media supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) at 27°C. PF
T. brucei cells expressing a TERT-GFP fusion protein were grown in media containing 20
pg/mL of G418, 40 pg/mL of Hygromycin, 2.5 pg/mL of phleomycin and 1 pg/mL of

doxycycline was used to induce overexpression of the TERT-GFP fusion protein.

Immunopurification of T. brucei telomerase complexes

Immunopurification of telomerase complexes from PF ThTERT-GFP cells was done by
collecting 5-6x10"8 cells/ 60 mL by centrifugation at 800XG for 10 minutes. Following
centrifugation, cells were lysed by homogenization in 300 pL of 1X immunopurified (IP) lysis
buffer (25 mM Tris-HCI pH 7.5, 150 mM KCI, 1 mM EDTA, 10 mM MgCl2, 0.5% IGEPAL
CA630, 1X protease cocktail inhibitor, and 20 units of Ribolock RNase inhibitor, 1X sodium
fluoride and 1X sodium orthovanadate). Lysate was then cleared of cell debris by centrifugation
at 3000 RPM for 5 min at 4°C. Cleared lysates were then incubated with 2.4 pg/mL of anti-GFP
antibody (Invitrogen, A-11122) overnight at 4 C on rotation. Following overnight incubation, the
lysate-antibody mixture was further incubated with 50 pl of pre-washed protein-G Dynabeads
(Invitrogen, 10003D) for two hours on rotation at 4 C. The beads were then washed twice in IP
wash buffer (25 mM Tris-HCI pH 7.5, 150 Mm KCI, 1 mM EDTA, 10 Mm MgCI2, 1X protease
inhibitor cocktail, 20 units of Ribolock RNase inhibitor, 1X sodium fluoride and 1X sodium
orthovanadate) and once in 1X PBS. Beads were then resuspended in 50 uL of 1X PBS and

stored in -80 C until further use.
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Western blotting and SDS-PAGE analysis

Western blotting was carried out using 4-12% polyacrylamide Bis-Tris Glycine gels
(Life Technologies) and the polyclonal antibody against TOTERT C-term was used as a primary
antibody with 1:500 dilution. Horseradish Peroxidase (HRP) conjugated anti-rabbit secondary
antibodies (Abcam, ab6721) were used at 1:10000. Detection was carried out using Pierce ECL
Plus Chemiluminescence substrate kit (Thermo-Fisher Scientific, 32106). To qualitatively check
protein levels, the IP eluate was separated on a 4%-12% Novex Tris-glycine gel and stained with
Coomassie Brilliant Blue R-250 Dye for 30 min. The gel was then destained until bands were

visible in destain solution (40% MeOH, 10% acetic acid).

MS sample preparation

On bead samples were submitted to the IUSM Center for proteome analysis where
proteins were denatured in 8 M urea, 100 mM Tris-HCI, pH 8.5 and reduced with 5 mM tris(2-
carboxyethyl) phosphine hydrochloride (TCEP, Sigma-Aldrich Cat No: C4706) for 30 minutes
at room temperature. Samples were then alkylated with 10 mM chloroacetamide (CAA, Sigma
Aldrich Cat No: C0267) for 30 min at room temperature in the dark, prior to dilution with 50
mM Tris.HCI, pH 8.5 to a final urea concentration of 2 M for Trypsin/Lys-C based overnight
protein digestion at 37 °C (0.5 pg protease, Mass Spectrometry grade, Promega Corporation, Cat
No: V5072.).
Peptide purification and labeling

Digestions were acidified with trifluoroacetic acid (TFA, 0.5% v/v) and desalted on
Pierce C18 spin columns (Thermo Fisher Cat No: 89870) with a wash of 0.5% TFA followed by

elution in 70% acetonitrile 0.1% formic acid (FA).
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Nano-LC-MS/MS

Mass spectrometry was performed utilizing an EASY-nLC 1200 HPLC system (SCR:
014993, Thermo Fisher Scientific) coupled to Exploris 480™ mass spectrometer with FAIMSpro
interface (Thermo Fisher Scientific). 1/5" of each fraction was loaded onto a 25 cm lonOpticks-
TS column (lonopticks Aurora Ultimate TS 25cm) at 350 nL/min. The gradient was held at 5%
B for 5 minutes (Mobile phases A: 0.1% formic acid (FA), water; B: 0.1% FA, 80% Acetonitrile
(Thermo Fisher Scientific Cat No: LS122500)), then increased from 4-30%B over 98 minutes;
30-80% B over 10 mins; held at 80% for 2 minutes; and dropping from 80-4% B over the final 5
min. The mass spectrometer was operated in positive ion mode, default charge state of 2,
advanced peak determination on, and lock mass of 445.12003. Three FAIMS CVs were utilized
(-40 CV; -55 CV; -70CV) each with a cycle time of 1.3 s and with identical MS and MS2
parameters. Precursor scans (m/z 375-1500) were done with an orbitrap resolution of 120000, RF
lens% 40, automatic maximum inject time, standard AGC target, minimum MS2 intensity
threshold of 5e3, MIPS mode to peptide, including charges of 2 to 7 for fragmentation with 30
sec dynamic exclusion. MS2 scans were performed with a quadrupole isolation window of 1.6
m/z, 30% HCD CE, 15000 resolution, standard AGC target, automatic maximum IT, fixed first
mass of 110 m/z.
Mass spectrometry Data Analysis

Resulting RAW files were analyzed in Proteome Discover™ 2.5 (Thermo Fisher
Scientific) with a T. brucei reference proteome FASTA (downloaded from Uniprot 8658 entries)
plus common contaminants (73 entries) (Orsburn, 2021). SEQUEST HT searches were
conducted with a maximum number of 3 missed cleavages; precursor mass tolerance of 10 ppm,

and a fragment mass tolerance of 0.02 Da. Static modifications used for the search were
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carbamidomethylation on cysteine (C). Dynamic modifications included oxidation of methionine
(M), and acetylation, methionine loss, or methionine loss plus acetylation on protein N-termini.
Percolator False Discovery Rate was set to a strict peptide spectral match FDR setting of 0.01
and a relaxed setting of 0.05. In Raw data were also analyzed using Peaks X Pro studio
(Bioinformatics solutions Inc) to identify more potential post translational modifications (Cracco
etal., 2022; Tran et al., 2019). PEAKS database search was done against T. brucei reference
proteome FASTA (downloaded from Uniprot 8658 entries) using parent mass error of 10.0 ppm,
fragment mass error of 0.02, specific trypsin with [D][P] cleavage with carbamidomethyl (C) as
static and oxidation (M), phosphorylation (STY), and N-term acetylation as variable
modification with a maximum of 3 variable PTMs per peptide. This search was followed by
PEAKS PTM searching for over 317 potential PTMs with FDR estimation enabled, de novo
score threshold of 15% and peptide hit threshold of -logP=30. A Spider search for mutations was

also performed. Data were filtered for a peptide FDR<1%.

MS bioinformatic data analysis

The proteomic data generated by mass spectrometry was analyzed using a variety of
approaches. The STRING database was used for classifying proteins based on functional
categories and gene ontology (GO) terms. Protein-protein interaction network analysis was done
using STRING version 11.5 (https://string-db.org/) and visualized by using the Cytoscape

software version 3.9.1.
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3.3 Results
Affinity-purification mass spectrometry to determine proteomic composition of PF
TbTERT

Studying the interactors of a protein of interest can be a great way to gain novel insights
into a protein’s function and regulation. The interactome of TOTERT has been reported in the BF
stage of this parasite (Davis et al., 2023). Telomerase activity appears to be developmentally
regulated in T. brucei. Previous work has shown differences in TR structure and telomerase
activity between the two developmental stages (Dey et al., 2021). To determine if there are
developmental differences in TbTERT interactions, we have utilized an affinity-purification
mass spectrometry-based approach to identify the global interactome of TOTERT in the PF
developmental stage of T. brucei. We first immunopurifed (IP) TOTERT from PF T. brucei cells
expressing a TOTERT-GFP fusion protein under the control of a doxycycline inducible promoter.
1 pg/mL of doxycycline was added to the culture media prior to TOTERT IP. This IP was done
using an anti-GFP antibody to partially purify the TOTERT and its associated proteins. The
presence and abundance of the TOTERT protein was confirmed by SDS-PAGE analysis and
western blotting (Fig. 10). Western blotting analysis confirmed the presence of the TbOTERT-GFP
protein in the IP elution’s tested. The IP samples were then subjected to on-bead protease

digestion followed by mass spectrometry as described in the “materials and methods”.

Proteomics analysis of PF T. brucei telomerase reverse transcriptase

We identified approximately 1019 proteins in the PF TOTERT interactome with 7 or
more unique peptides. Stringent filtering of this list for proteins was based on, reproducibility
(two out of three biological replicates), unique peptide number (< 7) known relevance to

telomere maintenance and core proteins that were previously identified in the BF TOoTERT
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interactome (Davis et al., 2023). To characterize the PF TbTERT interactome in more detail, we
used the STRING database and cytoscape to generate a protein-protein interaction network of PF
TbTERT (Fig. 11A). STRING GO analysis was then performed to assign functionality to the
proteins identified in this interactome. Proteins were grouped by biological process and cellular
component (Fig. 11B). The terms that were enriched for biological process included, response to
stress, DNA repair, DNA replication and DNA metabolic process. Enriched cellular component
terms included, DNA replication factor C complex, box C/D RNP complex, protein

acetyltransferase complex and the chromosome.

Affinity-purification mass spectrometry to map T. brucei TERT PTMs

Mapping PTMs on a protein of interest can be done using affinity-purification mass
spectrometry (AP-MS). MS has the added advantage of not only identifying what the PTM is,
but also has the potential to identify the specific amino acid residues that are being modified.
Identifying PTMs on a protein of interest is an important first step in understanding the potential
roles PTMs play in regulating that protein’s function. To map PTMs on TbTERT, we have
utilized an AP-MS approach to identify PTM sites on the TOTERT protein in the PF
developmental stage of this parasite. We did this by first performing an immunopurification (IP)
of the TOTERT protein from PF T. brucei cells expressing a fusion protein of TboTERT and GFP.
This was done using an anti-GFP antibody to partially purify the TOTERT protein, which was
then subjected to LC-MS/MS analysis. For immune-affinity purification, 500 ul of lysate was
used per IP sample. The presence of the immunopurified TOTERT was confirmed using SDS-
PAGE analysis and western blotting (Fig. 10). Western blotting analysis (anti-TbTERT antibody)

of the IP elutions from PF TbTERT-GFP cells, revealed that the TOTERT protein was
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successfully enriched in the elution’s tested (Fig. 10B). IP samples used for analysis were kept
bound to the magnetic beads used following IP and subjected to on-bead digestion followed by
LC-MS/MS analysis outlined in the “materials and methods” section.

From our MS analysis, we have obtained ~62% TbTERT sequence coverage from our PF
TbTERT-GFP IP samples. Our experiments were done in biological triplicate (n= 3) with 52-56
TbTERT peptides identified in a typical experiment. As a result, we were able to identify 30
novel modified sites on TbTER. The identified modifications included: N-terminal acetylation,
2-amino-3-0xo-butanoic acid, oxidation, carbamylation, dehydration, deamidation, dihydroxy,

carboxymethyl and amidination (Fig. 14).

Co-/post-translational processing of T. brucei telomerase reverse transcriptase

Our MS analysis revealed a list of PTMs that compose both spontaneous modifications
(oxidation) and ones that require an enzyme for their addition to proteins (N-terminal
acetylation). We have identified the PF TbTERT protein to undergo N-terminal acetylation,
which is one of the most abundant post-translational modifications found in eukaryotes (Ree et
al., 2018). N-terminal acetylation can proceed through two main pathways: the terminal
methionine can be directly acetylated, or the methionine can be cleaved, and the second amino
acid undergoes acetylation (Arnesen, 2011; Ree et al., 2018). Our mass spectrometry analysis
revealed that the TbTERT protein undergoes N-terminal acetylation (Fig. 12). The mass
spectrometry analysis identified no peptides where the terminal methionine was directly
acetylated. This indicates that there was complete excision of the terminal methionine followed

by acetylation of the second amino acid residue alanine (Fig. 12). All N-terminal peptide reads



identified by mass spectrometry showed terminal methionine cleavage followed by alanine

acetylation.
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3.4 Discussion

Protozoan parasites like T. brucei rely on constant telomerase activity to sustain high
levels of cell division, which is necessary for the parasite to establish a chronic infection inside
its host. Studying core interacting proteins in T. brucei telomerase is necessary to highlight
potential novel mechanisms of telomerase regulation in these parasites. T. brucei undergoes a
complex life cycle where it will differentiate into distinct developmental stages in its insect and
human hosts respectively. Because of this, T. brucei allows for the study of the telomerase
interactome across the parasite’s life cycle. Here, using a mass spectrometry-based approach, we
have identified the interactome of telomerase in the PF stage of T. brucei and identified the first
PTMs of TERT in these parasites.

Some potential limitations of this study include the use antibody-based pulldown
methods and the use of an overexpression system. No cross-linking of protein complexes were
performed during these experiments meaning weaker or more transient interactions may be
missed by this analysis. This may be one reason why there were no significant differences
between BF and PF interactomes with regards to highly enriched candidate interactors. Also, the
use of an overexpression system to express PF TOTERT above endogenous levels may lead to
changes in abundance and turnover rates of proteins because of more protein present in the cell,
compared to endogenous levels. However, shared interactions between the two developmental
stages of T. brucei lead to confidence in the presented approach to reliable detect TERT
interacting proteins.

Our proteomics screen of the PF of T. brucei showed many conserved candidate
interactors compared to the BF TERT interactome (Fig. 11). These interactors included proteins
involved in DNA replication/repair, chaperones, and core C/D snoRNP. Similar pathways have

also been identified in the BF TERT interactome and TERT interactomes from yeast (Davis et
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al., 2023; Lin et al., 2015). Several chaperones were also identified in our analysis including the
mitochondrial chaperone HSP60. HSP60 has been previously identified as an interactor of
human TERT (Sharma et al., 2012). This interactor was also previously identified in the BF
TERT interactome (Davis. et al., 2023). This conservation may indicate that a pool of TOTERT
localizes to the mitochondria in both T. brucei developmental stages. This dual-stage localization
may also indicate a noncanonical role for TOTERT protein in the mitochondria that is important
for the biology of both developmental stages. There is precedent for this where human TERT has
been shown to localize to the mitochondria under oxidative stress and play a noncanonical role
beyond telomere maintenance (Ahmed et al., 2008; Sharma et al., 2012).

Core C/D box snoRNPs were also identified in our PF ThTERT interactome. These
proteins included core C/D box binding proteins like NOP58 and fibrillarin (NOP1) (Fig. 11).
These proteins have also been previously identified to interact with TOTERT in the BF
developmental stage of this parasite (Davis et al., 2023; Gupta et al., 2013). This conservation of
interactions between the BF and PF developmental stages suggests C/D box snoRNPs play
important roles in TR processing and biogenesis in both developmental stages of T. brucei.

We also used our IP samples to map PF TbTERT PTMs in an unbiased manner. We were
able to identify 30 novel modification sites in TOTERT (Fig. 14). These are the first PTMs of
telomerase reported in T. brucei and they occur throughout the TOTERT protein and localize to
important TERT functional domains (Fig. 13). These modifications included a novel N-terminal
acetylation site (Fig. 12). This is the first report of N-terminal acetylation of telomerase in any
eukaryote. N-terminal acetylation is one of the most common PTMs observed in eukaryotes and

has been implicated in protein stability, folding and cellular localization (Ree et al., 2018).
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Common PTMs like phosphorylation could not be identified in this analysis. There are a
few possible explanations for this observation. One, PF TbTERT does not undergo extensive
phosphorylation so sites could not be identified. PTMs generally exist in low stochiometric ratios
that make detection by mass spectrometry a challenge. Because of this, enrichment strategies are
usually employed to look at one PTM at a time to maximize chances of detection. Our study
provides an unbiased list of PF TbTERT PTMs that were able to be detected without enrichment.

The work described here provides the first analysis of the PF TbTERT interactome and
provides the first list of PTMs identified on TOTERT. Our study lays the foundation for future
studies of telomerase regulation in T. brucei. Future improvements are needed to refine the
interactome present here. More transient interactions may be missed by this analysis and future

studies will benefit from using a cross-linking approach to stabilize TERT interaction in vivo.
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Figure 10. Affinity purification of PF TbTERT-GFP. (A) SDS-PAGE gel analysis of
PF TOTERT-GFP IP elution’s. A small aliquot of IP elution’s was analyzed by SDS-
PAGE and stained with Coomassie stain to qualitatively check TOTERT-GFP protein
levels. (B) Western blotting analysis to confirm the presence of immunopurified
TbTERT-GFP. TOTERT-GFP was pulled down using an anti-GFP antibody and

immunoblotted using an anti-C terminus TOTERT antibody.
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Figure 11. Interactome analysis of PF TOTERT. (A) Protein-protein interaction
network of the relevant interactors of TbTERT identified by MS. Protein interaction
network was generated using the STRING database and visualized using cytoscape. (B)
STRING Gene ontology (GO) analysis of the PF ThTERT interactome. Top graph
shows terms related to biological process and bottom graph shows term related to
cellular component. The top four hits are shown and a minimum fold change of one was

used as a cut-off.
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Figure 12. PF TbTERT-GFP is N-terminally acetylated. (A) Comparison of normal lysine
acetylation versus N-terminal acetylation. Lysine acetylation is a dynamic and reversible
modification while N-terminal acetylation is irreversible. (B) MS2 spectrum showing N-
methionine excision and N-acetylation of the proceeding alanine residue. +42 Da addition
confirms the addition of an acetyl group to the terminal alanine.
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Figure 13. Map of PTMs on PF TbTERT. Map of the Identified modifications in this study
occur throughout the different functional domains of the TbTERT protein. TEN: telomerase
N-terminal domain, TRBD: telomerase RNA-binding domain, RT: reverse transcriptase
catalytic domain, CTE: C-terminal extension domain.
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Figure 14. Table of modifications and modified sites
identified in the PF TbTERT protein.
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CHAPTER 4: ROLES OF THE NOVEL TELOMERASE RNA DOMAINS (C/D BOX AND
HELIX IV) IN TERT INTERACTION AND TELOMERASE REGULATION IN
TRYPANSOMA BRUCEI

4.1 Introduction

Telomeres are the DNA-protein complexes found at the ends of eukaryotic linear
chromosomes. Telomeres, and their associated binding proteins, form protective caps on the ends
of chromosomes to protect genome integrity. Telomeres also function to prevent the 3’ telomeric
DNA overhang from being recognized as DNA damage inside the cell (Marcand, 2014). If
telomeric DNA is falsely recognized as DNA damage, it can lead to the activation of the non-
homologues end joining (NHEJ) pathway and telomeric fusions. These fused chromosomes can
break and become damaged when the cell tries to replicate its DNA leading to DNA damage and
genome instability. Telomeric shortening is also a prominent threat to genome integrity that
eukaryotic organisms face. This telomeric shortening arises from the fact that DNA polymerases
are unable to fully replicate the chromosomes completely to the ends. The actions of the RNA-
protein enzyme telomerase solve the cells “end-replication problem” by maintaining telomere
length (Chan & Blackburn, 2004). The telomerase enzyme consists of two main components
necessary for telomerase activity in vitro. The two components are: the Telomerase Reverse
Transcriptase (TERT) protein, which is the catalytic protein component, and the Telomerase
RNA (TR) that provides the RNA template for telomere synthesis (Greider & Blackburn, 1985,
1989).

The TERT protein is highly conserved across a variety of eukaryotic species (Davis &
Chakrabarti, 2022). The TR is the most divergent component of the telomerase enzyme across
eukaryotes. The TR molecule acts as a structural scaffold in the telomerase holoenzyme and can

differ in both size, structure, and sequence composition across different eukaryotic species (Dey
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& Chakrabarti, 2018). RNAs, like proteins, can have important structural domains that carry out
distinct functions (Fig. 3). The key structural domains found in the TR are the Template region,
Template Boundary Element (TBE), Pseudoknot (PK) and the Stem Terminus Element (STE)
(Egan & Collins, 2012). In mammalian cells, the STE is referred to as the CR4/5 domain (Chen
et al., 2000; Kim et al., 2014). The CR4/5 domain is a well conserved feature of TR structure
across a variety of eukaryotes (Davis & Chakrabarti 2022). The template region, and important
TR structural domains, form a conserved region in the TR called the catalytic core. These core
regions and motifs are required for telomerase catalytic activity inside the cell. These distinct
RNA structural elements carry out specific roles with regards to telomerase regulation in vivo.
The TBE elements are a highly conserved domain across eukaryotic TRs and are found near the
template region. The TBE functions to demarcate the template region from the rest of the TR
molecule. This domain functions to inhibit telomerase from adding nucleotides outside the
template domain. This is critical as it preserves the correct sequence of the telomeric repeat and
prevents mutations from being introduced into the telomeric sequence (Chen & Greider, 2003).
The CR4/5 domain in the TR forms an important binding site in the TR molecule and is required
for TERT binding to the TR (Mason et al., 2003). This interaction is critical for the proper
assembly of a functional telomerase holoenzyme inside the cell. In addition to important
structural domains, several TRs also contain important sequence motifs that serve as hotspots for
interactions with RNA-binding proteins. A well-studied example of this is the H/ACA box small
nucleolar RNA (snoRNA) domain found in mammalian TR. The canonical function of H/ACA
box snoRNAs is in the processing and modifications of ribosomal RNAs (rRNAs) (Watkins &
Bohnsack, 2012). The H/ACA box domain exists in the TR as a sequence motif that can bind

core H/ACA box binding proteins. These proteins include: dyskerin, NHP2, GAR1 and NOP10.
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These core H/ACA box binding proteins function to regulate TR processing and telomerase
biogenesis and assembly in mammalian cells (Nguyen et al., 2018).

Trypanosoma brucei (T. brucei) is the protozoan parasite that causes African sleeping
sickness in humans. This parasite has an intricate life cycle where it will transition between an
insect host, the Tse Tse fly (Glossina spp.), which is the vector for the disease and a human host.
During this time the parasite will transition between distinct developmental stages. The main two
developmental stages include: the procyclic form (PF) found in the insect’s midgut, and the
bloodstream form (BF) found in the host’s bloodstream. The BF form of this parasite is
responsible for causing the symptoms associated with African sleeping sickness. T. brucei relies
on constant telomerase activity to sustain high levels of cell division to establish a successful
infection in its host. Telomerase regulation, including the structure and function of the TR, have
been well studied in mammalian, yeast and Tetrahymena systems. Telomerase regulation is less
understood in protozoan parasites like T. brucei. Recent studies have begun to illuminate aspects
of telomerase regulation in T. brucei. The secondary structure of the TR catalytic core in T.
brucei has been determined (Dey et al., 2021; Podlevsky et al., 2016; Sandhu et al., 2013). These
studies showed that T. brucei TR (TbTR) contains conserved and novel structural domains.
These include a conserved catalytic core, and a homolog of the mammalian CR4/5 domain
termed the Helix IV region in kinetoplastid parasites. The TR in T. brucei also contains novel
elements like the presence of a C/D box snoRNA domain and a novel template distal helix
domain (Dey et al., 2021; Gupta et al., 2013). The C/D box domain present in T. brucei replaces
the H/ACA box domain observed in mammalian TRs. The C/D box domain is also found in
closely related kinetoplastid parasites like Leishmania (Vasconcelos et al., 2014). The C/D box

domain in ThTR has been shown to bind core C/D box binding proteins like NOP58, Fibrillarin
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(NOP1) and NOP56 (Davis et al., 2023; Gupta et al., 2013). The novel interactions and structural
domains found in the TbTR suggest mechanistic differences in telomerase regulation in T. brucei
compared to other eukaryotes and the species-specific functions of the Helix 1V and C/D box
domain are unknown in T. brucei.

To gain mechanistic insight into TR function and regulation in T. brucei, we have
systematically deleted important structural domains in the ThTR to probe the roles these domains
play in regulating TR stability and telomerase catalytic activity. We have also begun to apply the
glmS ribozyme-based system to generate conditional knockdown mutants in T. brucei. This
system has been previously used in T. brucei to generate robust knockdown of expression of
select target genes (Cruz-Bustos et al., 2018). We have begun to apply this system to tag and
target the NOP58 gene to create a NOP58 conditional knockdown mutant in T. brucei. The goal
of this system will be to downregulate NOP58 gene expression and probe the effects on TbTR
stability and folding using a combination of our RNA stability assays and SHAPE technology.
We have highlighted the roles of important TR structural domains like the C/D box in telomerase
regulation in these parasites. Understanding novel aspects of telomerase regulation in T. brucei
lay the foundations for future studies to develop therapeutics that target novel telomerase
regulatory pathways that only exist in T. brucei as a novel approach to treat African sleeping

sickness in humans.
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4.2 Materials and Methods

Culture of bloodstream form (BF) T. brucei cells

T. brucei Lister strain 427 was used throughout this study. All BF cells were grown in
HMI-9 media supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) at 37°C and
5% CO2. T. brucei Lister 427 strain expressing the T7 polymerase and Tet repressor (single
marker, AKA SM) (Wirtz et al., 1999) was grown in media containing 2 pg/mL of G418,;
TbTERT-FLAG-HA-HA (F2H) cells grown with 2 pg/mL of G418, 0.1 ug/mL Puromycin;
TbTR AC/D box, ATemplate, AHelix IV and ATBE mutant cells were grown with 2 pg/mL of
G418, 4 pg/mL of Hygromycin, 2.5 pg/mL of Phleomycin, 5 pg/mL of Blasticidin, 0.1 pg/mL of
Puromycin and 0.1 ug/mL of Doxycycline to constitutively induce the TOhTR mutations. ATERT
cells were grown with 2 pg/mL of G418, .1 pg/mL of Puromycin and 5 pg/mL of Hygromycin.
ATR cells were grown in the presence of 2 pg/mL of G418, 5 pg/mL Hygromycin and 5

pg/mL of Blasticidin.

Actinomycin D based RNA stability assay and qPCR

BF WT and mutant T. brucei cells were grown as described above. Cells were then
treated with 10 pg/mL of actinomycin D to inhibit transcription and cells were collected every
two hours for six hours (t= 0 hrs. untreated, t= 2, t= 4 hrs. and t= 6 hrs.). Following cell
collection, total RNA was then extracted from the cells at the different time points using the
TRIzol reagent (Thermo Fisher Scientific, 15596026) following the manufacturers protocol.
Total RNA was then treated with TURBO DNase to remove any genomic DNA contamination
per the manufactures protocol. 100 ng of total RNA from WT and mutant cells was then used for

cDNA synthesis using the SuperScript 11 reverse transcriptase (Thermo Fisher Scientific,
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18064022) following the manufacturers protocol. The generated cDNA was then used for gRT-
PCR analysis using TbTR specific primers (Fwd: CTGTGGAAATTTGTCGTAAGTG, Rev:
AGTAGGGTTAGGGATCGTATAG). Decay curves were then plotted using the GraphPad
Prism software. TR half-life was then calculated as the intercept on the X-axis at 50% decay of

the TR molecule.

Immunopurification of T. brucei telomerase complexes for functional assays
Immunopurification of WT, AC/D box, ATemplate, AHelix IV and ATBE complexes was
performed using Pierce Anti-DYKDDDDK magnetic beads (A36797). Approximately 6 x 108
cells/300 mL were harvested and lysed in 300 puL of immunopurified (IP) lysis buffer (25 mM
Tris-HCI pH 7.5, 150 mM KCI, 25 mM NaCl, 1 mM EDTA, 10 mM MgCI2, 0.5% IGEPAL
CA630, 1x protease cocktail inhibitor and 20 units of Ribolock RNase inhibitor). Lysate was
cleared of debris by centrifugation at 3,000 rpm for 5 min at 4°C and incubated with pre-washed
50 uL of Pierce Anti-DYKDDDDK magnetic beads (A36797) at 4°C for 2 h with rotation.
Following incubation, the beads were washed three times in ice cold IP buffer and once with ice

cold DEPC water. The beads were then resuspended in 50 uL of RNAse free water.

Telomerase activity assay

To determine the activity of the Immunopurified T. brucei telomerase complexes from
WT and mutant cells, a modified version of the exponential isothermal amplification of telomere
repeat (EXPIATR) assay was performed (Dey et al., 2021; Tian & Weizmann, 2013) Briefly,
reactions were prepared on ice consisting of Nicking Telomerase Substrate (NTS,

GTGCGTGAGAGCTCTTCCAATCCGTCGAGC AGAGTT), Nicking Probe (NP,
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AGCAGGAAGCGCTCTTCCTGC TCCCTAACCCTAACCC), 1X EXPIATR buffer (30 mM
Tris-HCI, pH 8.3, 1.5 mM MgCI2, 100 mM KCI, 1 mM EGTA, 0.05% v/v Tween20), 200 uM
dNTPs, Bst 2.0 Warm start DNA polymerase (0.96 units) and Nt. BspQ1 NEase (5 units). 17 uL
of the master mix was aliquoted to PCR tubes containing, 3 pL of anti-FLAG or protein G bead
bound T. brucei telomerase complexes, telomerase positive control (TPCS8,
GTGCGTGAGAGCTCTTCCAATCCGTCGAGCAGAGTTAGG
GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT AGGG) (0.5 uM) and blank
beads as a negative control. Telomerase activity was initiated by initial incubation of tubes at 28°
C for 45 min for Nicking telomerase substrate (NTS) extension followed by amplification of
resultant telomerase products at 55° C for 30 min. The amplified products were then analyzed on
12% Native PAGE gel. Densitometric analysis of the gel was carried out using the ImageJ
software (National Institutes of Health, Maryland, USA) and relative telomerase activity was
measured as the intensity of telomerase extension ladders. Mutant telomerase activity was
normalized to the WT. Reactions were performed in biological duplicate (n= 2) and a one-way
ANOVA test was then performed with Dunnett’s multiple comparisons test to evaluate the

statistical significance of the data. The P-values are reported in the figure legend.

Generation of T. brucei NOP58-gImS-HA cells

The pMOTag-gImS/M9-HA plasmids were kindly provided by the Docampo lab at the
University of Georgia. The pMOTag-gImS-HA plasmid was used as a template and PCR was
done to amplify the glmS-HA containing regions using Phusion high fidelity DNA polymerase.
This amplified region was then purified from a 1% agarose gel using the GeneJET gel extraction

kit following the manufactures protocol. This purified DNA was then used in a subsequent PCR
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using NOP58 ultramers to add homology arms for integration. These PCR reactions were then
scaled up (500 ul) and donor DNA was purified using phenol-chloroform extraction followed by
ethanol precipitation. This donor DNA was then used to transfect BF cells similar to (Cruz-
Bustos et al., 2018). Transfected cells were grown in the presence of 5 ug/mL of hygromycin to

select for positive clones. Tagging of the endogenous NOP58 gene was then assayed by PCR.
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4.3 Results
RNA stability in Telomerase RNA domain deletion mutants in T. brucei

The telomerase RNA (TR) molecule consists of various structural domains. These RNA
structural domains, like protein domains, are distinct regions in RNA molecules that can perform
different functions. RNA molecules, like the TR, need to be stabilized inside the cell so they can
perform their biological roles. We first wanted to determine which TR structural domains are
required for stability inside the cell and which were not. We tested this by generating mutant T.
brucei cells that lack different TR structural domains. We then performed an RNA stability assay
in WT and mutant cells to measure TR half-life. Our preliminary studies have indicated that
knockdown of Telomerase RNA (TR) domains may result in differential accumulation of TR in
T. brucei cells. To determine if these differences in RNA levels were due to changes in TR
stability, we measured the decay of TR following inhibition of transcription with actinomycin D.
We treated cells using the antibiotic actinomycin D, which is an intercalating agent that blocks
RNA transcription, and took time points every two hours to measure TR abundance at each time
point by qPCR. We generated TR mutants that had deletions of the: template region (Atemplate),
template boundary element (ATBE), C/D box domain (AC/D box) and the Helix IV (AHelix IV)
domain. From our RNA stability assay, we determined the in vivo half-life of the WT TR in T.
brucei to be approximately 6 hours (Fig. 15). The stability of coding versus noncoding RNA can
vary widely inside the cell (Clark et al., 2012). The stability of the TbTR molecule is comparable
to the stability of other long noncoding RNAs but certainly shorter than the previously observed
telomerase RNA half-life in fission yeast (Hu et al., 2020). This assay was repeated in the TR
mutant cells, and we found the TR stability was greatly reduced in the, AC/D box (t1/2~ 1.2 hrs),
Atemplate (t1/2= 2 hrs), and the AHelix IV (t1/2= 1.8 hrs) mutant cells (Fig. 15). The only TR

mutant tested that did not have a significant effect on TR stability was the ATBE mutant (t1/2~
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5.8 hrs) whose TR half-life was comparable to WT cells (Fig. 15C). Taken together, these results
highlight there are structural domains within the TR that are essential for its stability and ones

that are dispensable for its stability inside the cell.

The telomerase RNA in T. brucei is stable independent of its interactions with the telomerase
reverse transcriptase protein

The TERT protein is not an essential gene in T. brucei (Dreesen & Li, 2005). Previous
work has shown that the binding of the TERT protein in T. brucei has no role in the folding of
the TR (Dey et al., 2021). We wanted to ask a related question and determine if TERT protein
binding was required for TR stability inside the cell. We generated mutant T. brucei cells where
the TERT protein is deleted (ATERT). To determine the stability of the TR in these mutant cells,
we repeated the actinomycin D based RNA stability assay as described above. We found that the
half-life of the TR was not signifcantly affected in the ATERT (t1/2= 6 hrs) (Fig. 16). These
results demonstrate that in T. brucei, the TERT’s interaction with the TR is not required for TR

stability in vivo.

Deletion of the C/D box domain and Helix IV lead to a reduction in telomerase catalytic
activity

The TR molecule is an integral part of the telomerase complex, which is essential for the
enzyme’s catalytic activity. We next wanted to test if deletion of TR structural domains affects
telomerase catalytic activity. Telomerase activity in vitro was detected using a variation of the
EXPIATR protocol (Dey et al., 2021; Tian & Weizmann, 2013) following immunopurification

of T. brucei telomerase complexes from WT and mutant cells. Telomerase activity was
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measured from WT, ATR, AC/D box and AHelix IV cells. Telomerase complexes from WT cells
exhibited normal enzymatic activity (Fig. 17). This is in contrast to the AC/D box deletion cells,
which exhibited a significant reduction in telomerase activity compared to the WT samples (Fig.
17). We then repeated this analysis in the AHelix IV cells and saw a significant decrease in
telomerase catalytic activity from these cells (Fig. 17). Telomerase specific activity was
confirmed by runing a negative control (blank beads) and no detectable telomerase activity was
detected. The TbTR domain deletion mutants also served as an internal control to demonstrate
that observed activity is depenedt on the TbTR molecule. These controls together deomonstrate
that the observed primer extesions were due to the actions of the telomerase enzyme. Together,
these results illustrate that deletion of structural domains within the TR molecule have

implications for telomerase catalytic activty in vitro.

Conditional knockdown of T. brucei NOP58 to study RNA chaperone function

Conditional gene knockdowns can be a strong molecular biology tool to study the
functions of proteins. Conditional knockdown using the gImS ribozyme system has been
demonstrated to work effectively in T. brucei cells (Cruz-Bustos et al., 2018). Where, the
endogenous gene is tagged at the 3° end with an HA tag and the glmS ribozyme. Gene
knockdown can be triggered when glucosamine is added to the growth media to induce ribozyme
activty. This leads to degredation of the target MRNA and downregulation of gene expression.
We have begun to apply this system in our lab to generate conditonal knockdown mutants in T.
brucei (Fig. 18A). We have succesful used the pMOTag-glmS-HA plamsid as a template to

amplify the gImS-HA specific region and used this to generate NOP58 donor DNA (Fig. 18B).
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We have performed preliminary transfections of BF T. brucei cells with this donor DNA and saw

no integration into the genome (Fig. 18B).
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4.4 Discussion

The activity of telomerase is critical to the success of a variety of eukaryotic microbes,
including clinically relevant human parasites like T. brucei. T. brucei relies on constant
telomerase activity to establish a successful chronic infection in its human host. The TR
molecule is very divergent compared to its human counterpart and suggests mechanistic
differences in telomerase regulation in T. brucei compared to humans. These discrepancies make
telomerase a tempting target for the development of novel therapeutics targeting the TR, but the
mechanisms of telomerase regulation are poorly understood in these parasites. We have
systematically deleted structural domains in the TbTR to gain novel insight into their roles in the
regulation of telomerase in these parasites.

We first tested which TR structural domains are required for TR stability inside the cell.
The domains assayed were the C/D box domain, Template region, TBE and the Helix IV region.
Deletion of the TBE did not significantly affect the stability of the TR inside the cell (Fig. 15C).
However, the other structural domains assayed, the C/D box domain, template domain and the
Helix 1V region all lead to a significant reduction in the stability of the TR in vivo. Thus, our
results highlight essential and nonessential domains for TR stability in T. brucei. This allows us
to generate a view of the TR in T. brucei where the TBE element is dispensable for TR stability
inside the cell. Deletion of the C/D box, template region and Helix IV all lead to a reduction of
TR stability, but we predict this loss of stability proceeds through distinct mechanisms depending
on which domain is deleted. We also assayed if the TERT protein itself is required for TR
stability in T. brucei. We found that deletion of the TERT protein does not lead to a significant
reduction in TR stability in T. brucei. These results support earlier studies in T. brucei and other
eukaryotes that TERT binding is not required for the proper folding of the TR in vivo (Dey et al.,

2021; Richards et al., 2006). This data suggests that, in T. brucei, the TERT protein may not be
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essential for the stability or folding of the TR in vivo. Because of this, we hypothesize that the
template domain, which is essential for catalytic activity, Helix-1V, and the CD Box domain in T.
brucei are essential structural elements required for stability, which would facilitate constant
telomerase activity observed in these parasites.

To this end, we also wanted to determine if different structural domains in the TR are
required for telomerase catalytic activity. We assayed telomerase activity in the AC/D box and
AHelix IV cells and found a reduction of telomerase activity in both the AC/D box cells and
AHelix IV cells. The Helix IV domain in T. brucei is a homolog of the CR4/5 domain found in
mammalian cells (Chen et al., 2000; Kim et al., 2014). This domain has been well studied in
mammalian cells and has been shown to be required for TERT binding and activity (Chen et al.,
2002; Robart & Collins, 2010). Our results suggest that the Helix 1V region in TbTR plays a
similar role in TERT binding and deletion of that domain leads to impaired TERT binding to the
TR and a significant reduction in telomerase catalytic activity. The deletion of the AC/D box
domain leads to a reduction in telomerase activity likely through a different mechanism. The C/D
box in T. brucei replaces the H/ACA box in mammalian cells. These sequence motifs serve as
prominent binding sites for core C/D and H/ACA snoRNPs in T. brucei and humans respectively
(Davis et al., 2023; Egan & Collins, 2012b; Fu & Collins, 2003; Gupta et al., 2013). We
hypothesize that the observed reduction in telomerase activity in the AC/D box mutant cells,
arises from the destabilization of the TR in the absence of the C/D box domain.

Taken together, our results lead us to propose a model for the role of the novel C/D box
snoRNA domain in ThTR regulation shown in Figure 19. In this model, the end of the ThTR
molecule is capped by core C/D box snoRNPs binding to the C/D box domain. The binding of

these C/D snoRNPs protect the end of the ThTR inside the cell from being degraded by
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endogenous exonucleases (Fig. 19). In contrast to WT, in AC/D box mutant cells, deletion of this
domain leads to a loss of interaction with the C/D snoRNPs leading to loss of end protection and
rapid degradation of the TbTR inside the cell. Loss of binding between C/D snoRNPs in the
absence of the C/D box has been previously reported (Davis et al., 2023) and we confirmed a
drastic reduction in the stability of the TObTR in AC/D box cells with our RNA stability assays.
With our current understanding we cannot conclude if this degradation process proceeds through
a specific exonuclease, like the CCR4-NOT complex, which has been recently shown to be a part
of the T. brucei telomerase complex (Davis et al., 2023), or if it is a more general exonuclease
driven process (Fig. 19). This proposed mechanism is consistent with previously reported end-
protection mechanisms found in other long non-coding RNAs that have snoRNA ends (Yin et al.,
2012).

Previously, we have shown that NOP58, a putative RNA chaperone is important for
binding to T. brucei TR CD Box domain, potentially for proper biogenesis and folding of RNA
(Figure 8). TR chaperones, like p65, have been identified in ciliates and have been shown to be
required for proper TR folding. To understand if NOP58 acts as a chaperone for the T. brucei
TR, we have taken an initiative to create a conditional knockdown of NOP58 protein using the
glmS ribozyme system. We were successfully able to generate enough donor DNA for
preliminary transfections. We performed a first round of transfections and observed no
integration into the T. brucei genome (Fig. 18B). We will look to optimize these assays in the
future by altering cell number and amount of donor DNA used as BF T. brucei cells are
notoriously hard to transfect and show low transfection efficiency. This system will eventually
be used to interrogate NOP58 role in TbTR stability and folding using our RNA stability assays

to determine stability of the TR after NOP58 downregulation. We will also seek to answer if
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NOP58 binding is required for proper ThTR folding inside the cell. NOP58 expression will be
downregulated, and RNA SHAPE technology will be used to determine if structural changes are
occurring in the ThTR molecule when NOP58 expression is reduced. These studies will provide
novel insight into the role of C/D box snoRNPs in telomerase regulation beyond what is
presented here.

The work described here provides the first detailed analysis for the roles of various
conserved and novel structural domains in the regulation of the ToTR molecule. We were able to
identify structural domains within the TbTR molecule that were either essential or nonessential
for the stability of the TbTR molecule inside the cell. Our analysis also revealed that the TERT
protein plays no role in stabilizing the TOTR molecule. This is consistent with previous studies in
T. brucei and other eukaryotes that the TERT protein also plays no role in the folding of the TR
(Dey et al., 2021; Richards et al., 2006). Our work also highlights that destabilization of the
TbTR leads to a reduction in telomerase catalytic activity. These observations lead us to propose
a role for the novel C/D box domain in TbTR regulation. In our model, the C/D box motif at the
end of the TbTR molecule are bound by core C/D snoRNPs to form a protective cap on the TR to
protect it from endogenous exonuclease degradation inside the cell. Taken together our results
highlight novel aspects of telomerase regulation in T. brucei that do not exist in other eukaryotes
whose TRs contain and H/ACA box domain. Our work provides the foundation for future studies
on unique mechanisms of T. brucei telomerase regulation that can potentially be the target of

novel therapeutics to treat this parasitic disease.



76

4.5 Figures
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Figure 15. Role of various structural domains in T. brucei telomerase RNA stability. (A) TR
degradation rates in WT versus AC/D box mutant cells. (B) TR degradation rates in WT versus
ATemplate cells. (C) TR degradation rates in WT versus ATBE cells. (D) TR degradation rates in
WT versus AHelix IV cells. Dots and Error bars represent the mean and SEM respectively from

three technical replicates (n= 3).
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Figure 16. TbTR is stable independent of its interactions with the TERT protein. TR
degradation rates in WT versus ATERT cells. Dots and Error bars represent the mean and SEM
respectively from three technical replicates (n= 3).
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Figure 17. Loss of the C/D box and Helix IV domains lead to a reduction in T. brucei
telomerase catalytic activity. (A) Telomerase activity in WT and mutant cells was
assayed by telomerase primer extension assay. (B) Quantification of telomerase activity
in (A), values were normalized to WT. Mean and standard deviation were derived from
two independent experiments (n= 2). WT vs. AC/D box p-value=.0052, WT vs. AHelix
IV p-value=.0011 by Dunnett’s multiple comparison test.
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Figure 18. Generation of NOP58-gImS-HA conditional knockdown cell line. (A)
Experimental workflow used to generate NOP58-gImS-HA T. brucei cells. (B, top) PCRs to

amplify plasmid specific region and generate NOP58 donor DNA. (B, bottom) PCR to check
for integration and tagging of the endogenous NOP58 locus.
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Figure 19. Putative role of the novel C/D box snoRNA domain in TbTR regulation.
In WT cells, the C/D box domain is bound by core C/D snoRNPs. This binding forms a
protective cap on the end of the TbTR molecule to block degradation by endogenous
exonucleases inside the cell. This leads to a stabilization of the TbTR molecule inside
the cell. In AC/D box mutant cells, the interactions with the core C/D box snoRNPs are
lost. This loss of binding leads to uncapping of the end of the TbTR molecule and
exposes the TR to exonuclease degradation. This leads to rapid degradation and
destabilization of the TbTR molecule inside the cell.
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CHAPTER 5: CONCLUSIONS

In this dissertation, we have highlighted and characterized novel mechanisms of
telomerase regulation that exist in the deep branching eukaryote, T. brucei. We have done this
using a combination of proteomic and molecular biology techniques. We have reported the first
global interactome of telomerase in T. brucei and have followed up on important protein
interactions. We found that the telomerase complex in T. brucei Bloodstream Form (BF) is
composed of conserved and novel protein interactors (Davis et al., 2023). These interactors
include a core group of C/D snoRNPs like NOP58 (Fig. 8). These novel associations with core
C/D box binding proteins are unique to T. brucei telomerase and absent in mammalian
telomerase. Other core C/D snoRNPs were also identified in this study including NOP56 and
fibrillarin (NOP1). These proteins have canonical roles in ribosomal RNA biogenesis and
processing (Barth et al., 2008). These processes include addition of chemical modifications on to
ribosomal RNAs that have been shown to regulate ribosomal RNA folding and function
(Watkins & Bohnsack, 2012). Whether these proteins perform similar functions on the TbTR
remains to be explored. We have also identified the interactome TOTERT in PF T. brucei cells.
We found that core interacting proteins of telomerase were conserved between the two
developmental stages (Fig. 11). These proteins include protein chaperones, like HSP60, and core
C/D snoRNPs. The GO analysis of the PF TbTERT interactome also highlighted many of the
same pathways that were enriched in the BF interactome. These include processes involved in
DNA replication/repair and RNA metabolism. The presence of core telomerase interacting
proteins in both developmental stages of T. brucei highlights their importance in telomerase

regulation and function in both BF and PF T. brucei cells. This global analysis gave us insights
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into protein-protein and RNA-protein interactions that make up the telomerase holoenzyme in T.
brucei.

Secondary structure determination of RNA is a valuable approach and a good starting
point for in-depth mechanistic studies. Mapping RNA structure allows for identification of
structural domains that are important for RNA function. Previously, Chakrabarti lab determined
the secondary structure of telomerase RNA in T. brucei based on comparative genomics,
sequence co-variation and in vivo mutational mapping (Dey et al., 2021; Sandhu et al., 2013).
However, functional characterization of various domains in the T. brucei telomerase RNA
structure remained unresolved. Therefore, to study the roles of various structural domains within
the TR, their role in TR stability and telomerase catalytic activity, we used the following
molecular and biochemical approaches. The approaches we used to determine this were a
combination of RNA stability assays and telomerase activity assays. Using these approaches we
found the C/D box, Helix IV and the template domains were all required for TbTR stability
inside the cell while the TBE domain was dispensable (Fig. 12). We were also able to
demonstrate that destabilization of the TbTR lead to a significant reduction in telomerase
catalytic activity (Fig. 14). This data, and our initial interactome study, lead us to propose a
mechanism for the C/D box domain in stabilizing the TbTR inside the cell. In our proposed
model, the C/D box domain is bound by core snoRNPs, like NOP58, that form a protective cap
to block the RNA from being degraded by endogenous exonucleases inside the cell. Subsequent
deletion of the C/D box domain, lead to a loss of interaction with the core C/D snoRNPs and the
protective cap was lost. This then led to rapid degradation of the TbTR molecule inside the cell

(Fig. 15). This work provided novel mechanistic insight into telomerase regulation in T. brucei.
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Telomerase activity is regulated through a variety of mechanisms including protein-
protein and RNA-protein interactions. Another mechanism of telomerase regulation that has been
reported is the addition of posttranslational modifications or PTMs. PTMs of TERT have been
identified in human and yeast systems, but no modifications of telomerase have been reported in
T. brucei. To address this knowledge gap, we immunopurified TOTERT from PF cells and
mapped the PTMs on the enzyme using mass spectrometry. We were able to identify 30 novel
modified sites in TOTERT including a novel N-terminal acetylation site. This N-terminal
acetylation has not been reported on telomerase in any other eukaryotes.

This dissertation has highlighted and studied novel pathways of telomerase regulation in
T. brucei. These novel insights and understandings have expanded our knowledge of telomerase
biology in parasitic protozoa like T. brucei. Future directions will look to follow-up and further
refine the work presented in this dissertation. It will be interesting to try and identify if the
degradation of the TbTR proceeds through a specific exonuclease or is a more general
exonuclease driven process. It would also be interesting to repeat similar experiments in
Leishmania. Leishamnia is a closely related parasite to T. brucei and the Leishmania TR also
contains a C/D box domain. It would be easy to speculate that a similar mechanism may exist in
Leishmania for TR end-protection and stabilization. This could represent a conserved mechanism
in kinetoplastid parasites for TR stability and biogenesis. This novel mechanism could eventually
be targeted for therapeutic development as it is unique to these parasites and absent in their
human hosts. Other future experiments could focus on the functional roles for the telomerase
modifications presented in this thesis. These specific residues, like the N-terminal acetylation
site, could be mutated to address the biological roles these modifications play with respect to

telomerase regulation in these parasites.
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