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ABSTRACT

Telomerase is a unique reverse transcriptase that has evolved specifically to
extend the single stranded DNA at the 3’ ends of chromosomes. To achieve this,
telomerase uses a small section of its integral RNA subunit (TR) to reiteratively copy a
short, canonically 6-nt, sequence repeatedly in a processive manner using a complex and
currently poorly understood mechanism of template translocation to stop nucleotide
addition, regenerate its template, and then synthesize a new repeat. In this study, several
novel interactions between the telomerase protein and RNA components along with the
DNA substrate are identified and characterized which come together to allow active
telomerase repeat addition. First, this study shows that the sequence of the RNA/DNA
duplex holds a unique, single nucleotide signal which pauses DNA synthesis at the end of
the canonical template sequence. Further characterization of this sequence dependent
pause signal reveals that the template sequence alone can produce telomerase products
with the characteristic 6-nt pattern, but also works cooperatively with another RNA
structural element for proper template boundary definition. Finally, mutational analysis is
used on several regions of the protein and RNA components of telomerase to identify
crucial determinates of telomerase assembly and processive repeat synthesis. Together,

these results shed new light on how telomerase coordinates its complex catalytic cycle.
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CHAPTER 1
INTRODUCTION: AN OVERVIEW OF THE TELOMERASE

RIBONUCLEOPROTEIN ENZYME

Reproductions with permission in part from:

Brown, A.F., J.D. Podlevsky and J.J.-L. Chen (2013) Telomerase: A eukaryotic DNA

polymerase specialized in telomeric repeat synthesis. In Nucleic Acid Polymerases-1st

edition, M. Trakselis and K. Murakami, eds., Springer Press. p.215-236.



Introduction
1.1 History and significance of the telomerase enzyme

More than three-quarters of a century ago, Muller and McClintock found that the
linear chromosomes of eukaryotic organisms required an essential terminal capping
structure necessary for genomic stability (McClintock, 1941; Muller, 1938). While
chromosomes lacking these capping structures, termed ‘telomeres’, were unstable and
deleteriously affected cell survival, chromosomes with intact telomere structures were
stable and mainatained genomic integrity (McClintock, 1941). Over time the function of
telomeres for chromosome stability, partioning, masking from double-stranded DNA
repair, and cellular proliferation was elucidated (Blackburn, 2001; Lange, 2002). The
function of telomeres for cellular proliferation was of particular interest due to the
apparent inherent limitation of conventional DNA polymerases for the replication of the
chromosome termini (Lingner et al, 1995; Olovnikov, 1973; Watson, 1972). This end-
replication problem, if left unabated results in chromosome uncapping, exposure of
chromosome ends to double-stranded DNA repair machinery, genomic instability, and
related deleterious effects upon cellular survival [reviewed in (de Lange, 2009)].

The cellular solution to the progressive loss of telomeric DNA and eventually
genetic material is the unique DNA polymerase called telomerase (Greider & Blackburn,
1985; Greider & Blackburn, 1987). Telomerase is a reverse transcriptase that has become
specialized for the addition of telomeric DNA repeats to the ends of chromosomes to
offset the loss after each replication. Unlike traditional RTs, the telomerase enzyme is

made up of two components required for activity: the telomerase reverse transcriptase



(TERT, also known as TRT, Est2) protein and the integral telomerase RNA (TR, also
known as TER, TERC, TLC1). The TERT protein component is the catalytic unit
responsible for DNA polymerization, while the TR provides the template for repeat
addition. Together these two components make up the minimal catalytic core of
telomerase, though in vivo a variety of accessory proteins are known to associate with
one or both components for proper telomerase biogenesis, localization, and regulation
(Egan & Collins, 2010; Fu & Collins, 2003; Kiss et al, 2010; Venteicher & Artandi,
2009).

Control of telomerase activity to maintain telomere length is very important, with
mis-regulation leading to a number of diseases and disorders in humans and other
species. In humans, the expression of telomerase is tightly regulated, being turned off in
most somatic cells and only expressed in germ-line and stem cells (Hiyama & Hiyama,
2007). Without telomerase, somatic cells are effectively limited in their replicative
capability and repeated replications will eventually lead to entering a stage of senescence
and ultimately cell death (Hayflick & Moorhead, 1961). Overcoming this limit, most
often through the reactivation of telomerase, is an important step to the development of
cancer. As a result, nearly 90% of human cancers show an up-regulation of telomerase
(Kim et al, 1994). In the opposite extreme, mutations in telomerase or accessory proteins
that reduce telomerase activity in cells that normally express it can lead to a number of
human diseases such as Aplastic Anemia, Idiopathic Pulmonary Fibrosis, and
Dyskeratosis Congenita (Podlevsky & Chen, 2012).

Despite its short RNA template, telomerase is known to add long tracts of DNA to

the ends of telomeres with a single binding event (Greider & Blackburn, 1987; Shippen-



Lentz & Blackburn, 1990). This processive addition is achieved through two distinct
steps: the enzymatic addition of multiple nucleotides composing a single repeat to the 3’
end of the DNA (nucleotide addition processivity) followed by a regeneration of the
template without full dissociation for multiple additions of the template sequence (repeat
addition processivity). This two-step processes is unique among polymerases and
requires a novel mechanism. First, the telomeric DNA must anneal to the 5’ end of the
RNA template in the TERT active site (Figure 1.1). With the RNA/DNA properly
positioned, DNA polymerization occurs, reverse transcribing the short RNA template
onto the 3’ end of the DNA. At the end of the template, telomerase undergoes a unique

template translocation event to regenerate the template for addition repeat synthesis

(Figure 1.1).
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Figure 1.1: The unique telomerase catalytic cycle. Telomerase functions
as a conventional reverse transcriptase by synthesizing single-stranded
DNA onto the ends of a telomeric DNA primer (blue) from an intrinsic
RNA template (orange), nucleotide addition. Apart from conventional
polymerases, upon reaching the end of the template, telomerase has the
capacity to regenerate the template by a complex mechanism of template
translocation. Following this, an additional round of nucleotide addition
then proceeds generating longer telomerase products (violet).
Unsuccessful template translocation terminates the synthesis of additional
telomeric repeats by product release.
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1.2 Telomerase Reverse Transcriptase

The protein component of telomerase, TERT, has retained several structural
features of prototypical reverse transcriptases as well as evolved its own specialized
structural features. These conserved structural features of telomerase are commonly
divided into four domains: the telomerase essential N-terminal (TEN) domain, the
telomerase RNA binding domain (TRBD), the reverse transcriptase (RT) domain, and the

C-terminal extension (CTE).
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Figure 1.2: Structural organization of the catalytic TERT protein. (a)
TERT is composed of four structural domains: telomerase essential N-
terminal (TEN, blue) domain, telomerase RNA-binding domain (TRBD,
green), reverse transcriptase (RT, red), and the C-terminal extension
(CTE, grey). The TEN and TRBD are telomerase-specific, essential for
template translocation, and not found among conventional polymerases.
Important motifs are colored similarly in the encompassing domains. (b)
The crystallized Tribolium castaneum TERT showing major protein
domains. The Tribolium castaneum TERT protein forms a ring structure
unseen in other polymerases.



The enzymatic core of TERT has retained many evolutionarily conserved
structural motifs with conventional reverse transcriptases. This RT domain makes up a
structural and functional homolog of the “fingers” and “palm” domains of traditional RTs
and is divided into seven conserved motifs: 1, 2 and A, B, C, D, and E (Figure 1.2A).
Like other RTs, the fingers domain (motifs 1 and 2) of TERT has been shown through
biochemical methods to be involved in binding incoming nucleotides and positioning the
RNA template (Bosoy & Lue, 2001; Gillis et al, 2008; Wyatt et al, 2010). Meanwhile, the
palm domain (motifs A, B, C, D, and E) contains the catalytic active site for
polymerization as well as a primer grip region for holding of the telomeric DNA. Similar
to conventional RTs, the TERT active site contains three absolutely conserved aspartic
acids (one in motif A and two in motif C) that catalyze nucleotide addition by a two-
metal ion mechanism (Gillis et al, 2008; Lingner et al, 1997; Nakamura et al, 1997).
Mutation of any of these three conserved aspartic acids leads to completely inactive
telomerase in vitro and telomere shortening in vivo (Bryan et al, 2000; Counter et al,
1997; Harrington et al, 1997; Nakayama et al, 1998; Weinrich et al, 1997; Wyatt et al,
2010). Additionally, an invariant lysine residue in motif D is thought to act as a general
acid to activate the pyrophosphate leaving group of the incorporated nucleotide
triphosphate (Sekaran et al, 2010). Mutation of this lysine in telomerase leads to severely
reduced telomerase activity in vitro (Bryan et al, 2000; Miller et al, 2000; Sekaran et al,
2010). The primer grip region of motif E has been shown through biochemical assays to
be important for single stranded DNA binding and telomere maintenance (Peng et al,
2001; Wyatt et al, 2007). The crystal structure of T. castaneum TERT shows an

interaction between the primer grip loop and the 3° end of the DNA strand of the



RNA/DNA duplex bound in the active site, presumably facilitating proper alignment of
the duplex for nucleotide addition (Mitchell et al, 2010).

Diverging from traditional RTs, the TERT RT domain also contains several
telomerase specific motifs to perform functions unique to telomerase. One such
conserved feature is a large insertion in the traditional fingers domain of reverse
transcriptases, dubbed the insertion in fingers domain (IFD). Mutation studies in IFD
have identified this domain as essential for telomerase repeat addition processivity and
telomere maintenance (Lue et al, 2003). Structurally, this domain appears to be important
for proper arrangement of the protein and does not make direct contact with the DNA or
RNA (Gillis et al, 2008; Mitchell et al, 2010). Another telomerase specific motif, named
motif 3 due to its location between motifs 2 and A, has been shown to be more directly
involved in repeat addition. Mutational analysis of this conserved motif showed
independent effects on both the repeat addition processivity and rate of repeat addition of
the telomerase enzyme (Xie et al, 2010). Composed of a long a-helix and a flexible linker
region, motif 3 is positioned to make direct contact with the RNA/DNA duplex bound to
the active site. Taken together, the structural and biochemical data support a role of motif
3 in facilitating the strand separation and template realignment of the RNA/DNA duplex
during template translocation (Xie et al, 2010).

Also characteristic of TERT proteins is a long N-terminus that contains two
telomerase specific domains; the telomerase N-terminal domain (TEN) and the
telomerase RNA binding domain (TRBD). The TEN domain contains a high affinity
DNA “anchor” site which specifically binds single-stranded telomeric DNA (Finger &

Bryan, 2008; Jacobs et al, 2006; Lue & Li, 2007; Romi et al, 2007; Sealey et al, 2010).



This binding of the DNA upstream of the 3” end in the active site is known to prevent
complete disassociation of the DNA from the enzyme during processive repeat addition
and thus increases repeat addition processivity (Wyatt et al, 2010). Separate from its
known DNA binding capability, several residues inside the TEN domain have been found
to be important for telomerase function. A conserved leucine residue (L14 in T.
thermophilia) has been shown to have an effect on the rate of repeat addition in ciliates
even when the primer is tethered to the enzyme, showing an additional role of the TEN
domain in repeat addition outside of primer retention (Eckert & Collins, 2012; Qiao et al,
2010; Zaug et al, 2008). In human TERT, mutation of the L14 or L13 residues resulted in
a drastic decrease in activity without altered RAP, though a double mutation of L14 and
L13 did show reduced RAP, reinforcing the importance of a leucine residue for
processivity. The TEN domain also contains a low-affinity RNA interacting domain
(R1D1) which shows interactions with the TR template/pseudoknot domain, though the
significance of this interaction is currently unknown (Lai et al, 2001; Moriarty et al,
2004; Podlevsky & Chen, 2012). The high-affinity RNA interacting domain (RID2) is
contained in the TRBD and is responsible for the major interaction between TERT and
the TR (Moriarty et al, 2004). As a result, the TRBD is a universally conserved domain
of TERT proteins. The TRBD can be broken down into three separate conserved regions:
CP, QFP, and T motifs. Together, these three motifs form a highly helical structure in
both T. thermophila and T. castaneum crystal structures and make up the major RNA
binding pocket (Figure 1.2B) (Gillis et al, 2008; Rouda & Skordalakes, 2007). In addition
to its importance for RNA binding, the T motif has been shown to play a role in repeat

addition processivity of the telomerase reaction, likely due to its interactions with the



RNA backbone of the RNA/DNA duplex when bound to the active site (Drosopoulos &
Prasad, 2010; Mitchell et al, 2010). While not universally conserved, different lineages
appear to contain an additional motif in the TRBD, the VSR in humans and CP2 in
ciliates, which appear to be important for RNA binding in these species (Lai et al, 2002;
Moriarty et al, 2002).

While the C-terminus of the TERT protein, called the C-terminal extension
(CTE), contains very little sequence homology to traditional RTs, the structure and
function of the domain remains similar to the “thumb” domain of retroviral RTs (Figure
1.2B). Functionally, the CTE has been shown to have an effect on telomeric DNA
binding and telomerase activity and processivity (Hossain et al, 2002). Structurally, the
CTE undergoes long range protein-protein interactions with the TRBD domain to form
the characteristic ring-like shape of the TERT protein (Gillis et al, 2008). It has also been
proposed that the CTE might have interactions with telomerase RNA, bound to the
TRBD, to strengthen the interface between the two domains and promote proper protein

folding (Bley et al, 2011).

1.3 Telomerase RNA

Unlike conventional RTs, the telomerase enzyme includes an integral RNA
component necessary for enzyme activity. In addition to providing the RNA template for
telomere extension, the TR also contains various other motifs necessary for telomerase
activity. Unlike the well conserved TERT protein, the TR is remarkably divergent among
different phylogenetic lineages (Figure 1.3). While different species contain different TR

motifs, two in particular are universally conserved: the template pseudoknot domain and



three-way junction or stem-terminal element (Figure 1.3) (Blackburn & Collins, 2010;
Brown et al, 2007; Chen & Greider, 2004; Chen et al, 2002; Chen et al, 2000; Lin et al,
2004). Together, these two domains make up the necessary components for telomerase
enzymatic activity in vitro, even when added in trans with the TERT protein (Mitchell &
Collins, 2000; Tesmer et al, 1999). In humans, the TR contains a third major domain
known as the H/ACA domain (Figure 1.3B) (Chen et al, 2000; Mitchell et al, 1999a;
Mitchell et al, 1999b). This domain is homologous to that of small nucleolar (sno) and
small cajal body-specific (sca) RNAS, containing two stem-loops separated by box H and
box ACA moieties (Jady et al, 2004). In the TR, a complex of four proteins (dyskerin,
NOP10, NHP2, and GAR1) bind to the H/ACA domain and are required for proper
biogenesis and localization (Egan & Collins, 2010; Mitchell et al, 1999a; Vulliamy et al,
2001).

The secondary and tertiary structure of the TR has provided many useful insights
into telomerase function. The template/pseudoknot domain functions to properly position
the RNA template into the active site and define the template boundary. Biochemical and
structural studies have shown that the pseudoknot forms into a short triple helix which is
important for proper telomerase activity (Chen & Greider, 2005; Ly et al, 2003; Qiao &
Cech, 2008; Shefer et al, 2007; Theimer et al, 2005). The exact mechanism of the triple
helix towards telomerase activity remains poorly understood, though the template and
pseudoknot are always very close to each other in the secondary structure (Chen et al,
2000). NMR structural determination has revealed that the P2a and P2b stems between
the triple helix and the template adopt a sharp kink, due to a conserved five nucleotide

bulge junction, which might facilitate proper positioning of the template (Zhang et al,
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2011; Zhang et al, 2010). In the templating region, the 5’ end is used as template for
telomeric repeat synthesis, while a smaller non-templating section at the 3’ end is used as
a realignment region where the extended DNA anneals at the start of each repeat
synthesis. Upstream of the template is a structural template boundary element (TBE)
which defines the 5’ end of the template sequence. In humans, the TBE is composed of
helix P1b with the single stranded RNA between the 5’ end of the template and the stem
determining the template length (Chen & Greider, 2003b). Mutations that disrupt P1b and
lengthen or shorten the linker region has been shown to alter the normal repeat sequence
(Chen & Greider, 2003b; Theimer & Feigon, 2006). Also upstream of the template
pseudoknot domain in human TR is a guanosine-rich 5’ end which is believed to form a
G-quadruplex structure. The formation of this G-quadruplex structure and association
with the HEXH box RNA helicase RHAU has been shown increase TR accumulation
within cells (Lattmann et al, 2011; Sexton & Collins, 2011).

Another conserved feature of telomerase RNA important for proper enzymatic
activity is a template distal stem-loop moiety (Figure 1.3). In vertebrate this moiety is the
CR4/5 domain composed of a three way junction of helices made from conserved stems
P5, P6, and P6.1 (Blackburn & Collins, 2010; Brown et al, 2007; Chen et al, 2002; Chen
et al, 2000). The presence of this three way junction structure is necessary for telomerase
activity both in vitro and in vivo, with disruptions of the stems or even the mutation of
only two conserved residues in L6.1 enough to eliminate telomerase activity (Bley et al,
2011; Chen et al, 2002). Cross-linking studies have suggested that interactions between
the CR4/5 and both the TRBD and CTE of TERT are necessary for proper protein folding

(Bley et al, 2011). A three-way junction structure similar to the CR4/5 domain of
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vertebrates has also been found as a conserved feature of budding yeasts through
phylogenetic analysis and is also important for telomerase activity in vitro and in vivo
(Brown et al, 2007). Ciliates, while not possessing a three-way junction structure, have a
conserved stem-loop 1V which is important for TR-TERT interactions and proper

telomerase function (Figure 1.3A) (Blackburn & Collins, 2010).
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Figure 1.3: The conserved core of the highly divergent TR. Known
secondary structure diagrams for ciliate (A), vertebrate (B), yeast (C), and
filamentous fungus (D). Conserved pseudoknot domain and distal stem
loop moieties (green) are highlighted in each group. Template (red)
regions along with the template boundary elements (TBE, blue) are also
shown. Additionally, known accessory protein binding sites denoted by
boxed regions (purple).

Outside of the telomerase elements required for enzymatic activity, telomerase
RNA also contains a variety of structural motifs for proper biogenesis, processing, and
localization of the RNA. In vertebrate TR, the 3’ end contains a conserved H/ACA

domain. Two copies of a protein complex composed of dyskerin, NOP10, NHP2, and
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GARI bind to this domain and facilitate proper RNA maturation, 3’ processing, and RNP
biogenesis in cells (Kiss et al, 2010; Li, 2008; Mitchell et al, 1999a; Vulliamy et al,
2006). Two additional conserved moieties are found in a stem-loop of the H/ACA
domain, a Cajal body localization (CAB box) important for proper RNA localization and
biogenesis promoting (B1O box) moiety (Egan & Collins, 2012; Mitchell et al, 1999a;
Reichow et al, 2007; Venteicher & Artandi, 2009).

Mutations in the TR gene that affect active telomerase levels in the cell have been
linked to a number of human telomere-mediated diseases such as Aplastic Anemia,
Idiopathic Pulmonary Fibrosis, and Dyskeratosis Congenita (Alder et al, 2008; Alder et
al, 2011; Armanios et al, 2007; Dokal, 2003; Du et al, 2009; Fogarty et al, 2003; Marrone
et al, 2004; Tsakiri et al, 2007; Vulliamy, 2002; Vulliamy et al, 2006; Yamaguchi et al,
2003). These disorders appear to be caused by haploinsufficiency and the lone functional
TR allele does not allow for sufficient TR accumulation, leading to reduced telomerase
levels and telomere shortening (Armanios et al, 2005). Disease mutations tend to locate
within the three functional domains: template-pseudoknot, CR4/5, and H/ACA domains
(Podlevsky et al, 2008). Mutations in these regions can disrupt RNA base-pairing and/or
RNA structure that are important for enzymatic activity or RNA processing and
accumulation. Such a decrease in telomerase activity or RNA accumulation levels has
been experimentally observed for many of the noted disease mutations (Alder et al, 2008;
Alder et al, 2011; Armanios et al, 2007; Cristofari et al, 2007; Fu & Collins, 2003; Ly et

al, 2005; Theimer et al, 2003; Theimer et al, 2007).
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1.4 Telomerase Mechanism
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Figure 1.4: A working model for the telomerase template translocation
mechanism. (a) Schematic of human telomerase bound to a telomeric
DNA primer (blue). The TR alignment region (green) is base-paired with
the 3’-end of the telomeric DNA primer (blue) to form 5 base pairs
adjacent to the active site (red arrow). The TR template (orange) is
constrained by flanking sequences bound to the TERT protein, while the
5’ region of the telomeric DNA is bound to the TEN domain (gray).
TERT (gray) catalyzes the addition of six deoxyribonucleotides to the 3’
end of the DNA primer by reverse transcribing the TR template sequence
(step 1). After nucleotide addition, a new repeat is generated. After
reaching the end of the template, the duplex dissociates from the active
site (step 2). Outside the active site, the RNA/DNA duplex undergoes
template translocation involving strand separation (step 3) and template
realignment (step 4a) to reform 5 base pairs (step 5). This reannealed
duplex can then bind back to the active site for further nucleotide addition.
Unsuccessful realignment of the DNA primer to the RNA template
eventually results in complete dissociation of the DNA product from the
enzyme (step 4b). Strand separation and template realignment (steps 3 and
4a) are postulated as reversible, with multiple binding/separation steps
possible.

Due to the unique role of telomerase compared to other polymerases, a novel

mechanism for telomeric repeat synthesis has evolved. While other RTs bind pre-
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annealed RNA/DNA duplex and use a long RNA template to synthesize DNA in a
processive manner, telomerase uses single stranded DNA as substrate and uses an
internal, short RNA template to add multiple repeats of a repetitive sequence in a
processive manner. The repetitive nature of telomerase extension lends itself to be
represented as a repeat cycle with 5 distinct steps; nucleotide addition, duplex

disassociation, strand separation, template realignment, and duplex binding (Figure 1.4).

Nucleotide Addition

The mechanism for polymerization of incoming nucleotides is similar to other
RTs and employs a two metal ion mechanism. The three invariant aspartic acid residues
in the palm domain of TERT coordinate two magnesium ions in the active site (Gillis et
al, 2008). Free nucleotides are bound by the nucleotide binding pocket between the
fingers and palm domain of the TERT protein and positioned in the active site (Gillis et
al, 2008). The RNA/DNA duplex is positioned in the active site by cooperation of many
regions of TERT with motif T, motif 3, the fingers domain, and the CTE implicated in
proper duplex alignment (Gillis et al, 2008; Mitchell et al, 2010; Xie et al, 2010). When a
proper base pairing of the bound nucleotide and the first free templating residue of the
RNA/DNA duplex is made, the polymerization reaction occurs and a pyrophosphate is
released. Once polymerization is complete, the RNA/DNA duplex must be moved
through the active site to place the 3’ end of newly extended DNA into the active site.
This translocation of the duplex during nucleotide addition has been proposed to be
facilitated by both the flanking single stranded DNA and RNA through possible

secondary structure formation in the DNA and stretching or compaction of the bound
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RNA (Berman et al, 2011, Jarstfer & Cech, 2002). Furthermore, there is evidence in both
human and yeast that the length of the extended RNA/DNA duplex is maintained at a
constant, short length of five to seven base pairs by unpairing at the 5’ end of the DNA
for every new base pair made at the 3 end (FOrstemann & Lingner, 2005; Qi et al, 2012).
This is supported by the T. castaneum crystal structure where the central cavity of the
protein is large enough to accommodate a duplex of seven to eight base pairs (Gillis et al,
2008). The unpairing of base pairs at the 5’ end of the DNA also appears to have
functional significance in duplex translocation through the active site during processive
nucleotide addition. When the template region of the TR is deleted and telomerase is
supplied a preannealed RNA/DNA duplex as substrate, telomerase could only extend a
short 5 base pair duplex processively if a short 5’ single stranded DNA overhand was
present and showed a higher affinity to the duplex with the overhang (Qi et al, 2012).
Together, this data suggests that the TERT protein binds unpaired single stranded DNA at
the 5 end to pull the duplex through the active site after nucleotide addition to prepare
for the next addition.
Duplex Dissociation

Once telomerase reaches the end of its short template, the duplex must dissociate
from the active site, the two strands of the duplex must be separated, and then the two
strands must be realigned at the beginning of the template for subsequence repeat
additions. To achieve this, there are two major models that telomerase could follow; the
DNA could remain bound to the active site while the RNA is separated and repositioned
relative to the DNA or the RNA/DNA duplex could dissociate together and reposition

outside the active site. Recently, biochemical data has supported the latter model by
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showing that the active site of telomerase becomes unoccupied and accessible to a short
external RNA/DNA duplex during repeat synthesis (Qi et al, 2012). This suggests that
full dissociation of the RNA/DNA duplex from the active site is the first step of template
translocation. This is also supported by a comparison between the crystal structures of T.
castaneum TERT with and without an RNA/DNA duplex bound in the active site. It is
predicted that the separation of the duplex in the active site would require a significant
conformation change to break not only the hydrogen bonds of the duplex, but also the
protein-nucleic acid contacts holding the duplex in the active site. However, breaking
only the protein-nucleic acid contacts would require far less energy and is more
consistent with the relatively minor changes in the protein seen between the two crystal
structures (Gillis et al, 2008; Mitchell et al, 2010). Furthermore, correlation between
repeat addition rate in mutated telomerases and duplex turnover rates with duplex
substrates hints that duplex dissociation may be the rate-limiting step of template
translocation (Qi et al, 2012). In support of full duplex dissociation occurring before
strand separation, it has been observed in several species that the stability of the
telomerase with a bound primer is dependent on the sequence of the primer, but did not
correlate with base pairing between the DNA primer and RNA template (Finger & Bryan,
2008; Hammond & Cech, 1998; Wallweber et al, 2003). This suggests that protein
nucleic acid contacts play an important role in stabilizing the RNA/DNA duplex.
Strand Separation

Once the RNA/DNA duplex dissociates from the active site, the RNA and DNA
strands must separate from each other and then realign so that the DNA 3’ end is back at

the beginning of the template region through base pairing with the template alignment
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region. The method the enzyme employs to separate the two strands in a rapid manner
remains elusive, though it has been noted that if the duplex is maintained at a short length
of five to six base pairs, the duplex would separate spontaneously at 37°C in a reasonable
time scale compared to known repeat addition rates (Qi et al, 2012). Using the nearest
neighbor thermodynamic parameters, the off rate (kofr) of the 6 bp RNA/DNA duplex
(CUAACC/GGTTAG), can be approximated near 3ms™ at 37°C, which gives a half-life
(T12) of 0.2ms (Sugimoto et al, 1995; Turner, 2000)(Qi et al, 2012).
Template Realignment

Once the two strands are separated, the DNA could completely dissociate from
the protein, leading to a termination of repeat addition, or it could re-anneal back to the
template alignment region of the RNA to prepare for another addition. The ratio of DNA
dissociated to template realignment is called the translocation efficiency and is the
determinant of telomerase repeat addition processivity. To limit DNA dissociation in
telomerase with high repeat addition processivity, the telomeric DNA sequence remains
bound the TEN domain of TERT even while not bound to the central cavity near the
active site (Finger & Bryan, 2008; Jacobs et al, 2006; Wyatt et al, 2007; Zaug et al,
2008). This interaction tethers the telomeric DNA to the protein during translocation,
where the DNA must dissociate from the active site for repeat synthesis. In addition to, or
perhaps in concert with, the TEN domain anchor site, two telomerase accessory proteins,
POT1 and TPP1, have been shown to greatly decrease the probability of DNA
dissociation through direct interactions with both the single stranded DNA and TERT
protein (Latrick & Cech, 2010; Wang et al, 2007). The POT1-TPP1 complex has also

been implemented in telomerase recruitment to telomeric DNA which may be related to
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its processivity promoting function (Latrick & Cech, 2010; Zhong et al, 2012). While the
DNA is held onto the protein, the free 3’ end can once again find the free RNA template
and base pair with the template realignment region. Proper repositioning of the template
and DNA to prevent reannealing to the templating region is aided by steric forces of the
TR scaffold which stretch and compress in the regions flanking the template (Berman et
al, 2011). Once positioned, the efficiency of realignment is determined in part by the
length of commentary sequence in the realignment region with longer sequences
producing more processive enzymes (Chen & Greider, 2003a).
Duplex Binding

Once the DNA realigns with the RNA template, the duplex is then free to rebind
to the active site for another round of repeat addition. Since the newly formed duplex is
very short (five nucleotides in humans), it would naturally be very unstable at 37°C.
Rapid binding of the duplex to stabilize it with protein-nucleic acid contacts before it
dissociates would then be important for efficient template translocation. In support of
this, experiments using both duplex substrates and short eight nucleotide primers lacking
upstream protein interactions to hold them to TERT during translocation showed a strong
correlation between binding affinity of the substrates and the repeat addition processivity
of various TERT mutants (Qi et al, 2012; Xie et al, 2010). A strong binding affinity was
shown to correlate with high translocation efficiency, decreasing the number of products
which dissociate after repeat addition without going through another cycle (Qi et al,
2012). This suggests that the duplex binding affinity of TERT is a major determinant of
repeat addition processivity. It has also been noted that repeat addition processivity can

be stimulated by the concentration of dGTP, whether by enhancing the rate of addition as
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in human or the translocation efficiency in Chinese hamster telomerase (Maine et al,
1999). Experiments in T. thermophila show that this dGTP dependent processivity is not
due to its role as the first nucleotide incorporated at the beginning of nucleotide addition
and is unlikely to affect DNA primer retention, leaving the exact mechanism of
processivity stimulation unknown (Hardy et al, 2001). With the newly realigned duplex
bound back the TERT active site, it is then in proper position to undergo nucleotide

addition again to add another telomeric repeat.

1.5 Conclusion

As more becomes known about telomerase, its unique role in Eukaryote biology is
becoming clearer. In the transition from circular to linear chromosomes, life likely used
an ancestral single-copy RT gene to extend each chromosome 3’ end to counter act
progressive DNA loss upon replication. Over time, that ancestral RT evolved to become
highly specialized in its role of maintaining chromosome ends that would eventually form
the unique telomere complex. The most notable adaptation is the internalization of the
RNA template for DNA polymerization in the form of an integral telomerase RNA
component. While little is known about this ancestral TR due to its highly divergent
nature through evolution, discovery of new TRs from different phylogenetic groups is
slowly increasing our understanding of TR evolution. In all TRs discovered to date, a
core structure has been found composed of a RNA pseudoknot secondary structure in
close special proximity to the templating region as well as a structural feature used to
define the 5” end of the template (Figure 1.3). While the exact function of the pseudoknot

structure remains elusive, its presence and importance in telomerases from such diverse
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groups such as ciliate, yeasts, and vertebrates strongly suggests that this structure evolved
early in the ancestral TR and plays such a vital role in telomerase that it has been
universally conserved since. Outside the template pseudoknot domain, another important,
yet less conserved, feature of telomerase is a template distal stem-loop moiety important
for RNP assembly and telomerase activity. In vertebrates and both budding and fission
yeasts, this takes the form of a three-way junction structure (Figure 1.3). While sequence,
structural, and even mutational studies have shown strong homology between the three-
way junction structure of these groups as well as its importance to telomerase activity and
telomere maintenance, this structure appears far less universal in TR structures and
functions. While the TR from both budding yeasts K. lactis and S. cerevisiae contains the
conserved TWJ structure, it appears to be dispensable for telomere maintenance in S.
cerevisiae while essential in K. lactis like with vertebrates (Brown et al, 2007; Zappulla
et al, 2005). Despite this, the wide conservation of this structure and the functional
similarities between yeasts and vertebrates suggests that a TWJ structure was an
important feature of an ancestral TR before the branching of yeast and vertebrate
lineages. In the earlier branching ciliates, no TWJ junction structure is found, but a
conserved and functionally important stem-loop IV shows some similarity. Like the TWJ
in vertebrates, stem-loop IV in ciliates provides a high affinity binding location to the
TERT protein and is required for RNP assembly (Robart et al, 2010). However, unlike
vertebrate TWJ, stem-loop 1V appears to have little to no effect on the catalytic function
of telomerase in the holoenzyme (Robart et al, 2010). In an evolutionary context, it is
unclear if the TWJ structure in yeasts and vertebrates evolved from a structure more

similar to the ciliate stem-loop 1V after ciliate branched off, or if a loss-of-function
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removed the TWJ structure of the ancestral TR from ciliates. While the pool of identified
and characterized TRs is continually growing, ultimately there is a great need in the field
to expand the reach of this pool into more diverse phylogenetic groups. With more TRs
from a larger variety of specie groups, we will be able to expand our knowledge of TR
evolution.

Unlike the TR, the TERT protein has remained much more conserved, though
many adaptations have been made to become specialized for its unique biological role.
Classically, reverse transcriptases are associated with viruses which use them to replicate
their RNA genomes into a DNA intermediate during infection. Structural and functional
studies of viral RTs over the decades since their first discovery in 1970 have created a
solid understanding of a “traditional” reverse transcriptase. More recently, reverse
transcriptases have been found in not only viruses, but also in bacterial and eukaryotic
genomes. In eukaryotes, a large and diverse group of RT’s are associated with
retrotransposons which are self-replicating genetic elements found all throughout
eukaryotic genomes. In humans, retrotransposon derived sequences make up about 50%
of the entire genome and are thought to play vital roles in gene regulation (Belfort et al,
2011). While a diverse group, telomerase shares quite a few similarities with other
eukaryotic RTs which could shed clues on its evolutionary origin. While most
retrotransposons use an endonuclease activity to insert its genomic material in the middle
of the genome, several RTs such as the Penelope-like element (PLE) and long
interspersed element-1 (LINE-1) have been shown to act in a endonuclease-independent
mechanism at free DNA 3’ ends in @ manner similar to telomerase and even have been

shown to associate with and act on telomere ends (Kopera et al, 2011). In Drosophila, due
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to a loss of telomerase at some point in its evolution, several non-telomerase
retrotransposons have come together to compensate for telomerase loss and created a
novel method to maintain telomere ends (Pardue & DeBaryshe, 2011). Together, these
observation suggest a common ancestral RT in early eukaryotes that diverged and
specialized into retrotransposons and telomerase independently to fulfill distinct
functional roles.
1.6 Projects

While our knowledge of the telomerase enzyme grows each year, there are still
many gaps in our understanding that need to be filled. As a ribonucleoprotein complex
which acts on single stranded DNA, there are many independent parts of telomerase that
must come together to perform its important function. This study aims to identify and
characterize several novel interactions and pieces of telomerase important for activity,
processivity, and assembly of the active enzyme.

In chapter 2, the interaction between telomerase and the duplex formed from the
RNA template and telomeric DNA are characterized. Particularly, we examine how the
sequence of the RNA/DNA duplex affects duplex usage and nucleotide addition. Using a
template free telomerase system, duplexes with different permutations of the telomeric
sequence are examined. Several duplex modifications are also used to find the factors in
the duplex sequence which affect its usage by the telomerase enzyme.

In chapter 3, the role of the template sequence in the native template containing
telomerase is explored. Template sequence permutations and mutations are also
introduced into the native in vivo reconstituted telomerase enzyme to examine how

duplex sequence recognition affects the native enzyme and what role it plays in the
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telomerase reaction. We also explore how other known RNA interactions work in relation
to the novel sequence dependence found in this study.

In chapter 4, mutational analysis is employed to characterize several novel
residues in the TERT protein and RNA components. A well conserved adenosine residue
found in the junction of the TWJ region of many TRs was determined through structural
studies to likely be important for binding of the TWJ to the TRBD region of the TERT
protein. Mutations of this residue in multiple species showed that this conserved residue
is indeed important for telomerase activity in all species tested and appears to be a
conserved mechanism for TWJ binding. Several mutations found in the TERT protein
and shown to be linked to disease in humans were also studied. Specifically, two motif T
mutations were discovered to be linked to Hoyeraal Hreidarsson syndrome due to
decreases in telomerase processivity. We investigated the motif T domain using alanine
screening to determine the motif’s role in processivity. We then characterized one of the
disease mutant residues, K570, to determine a possible mechanism for it defects in
processivity.
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CHAPTER 2
TELOMERASE RECOGNIZES THE SEQUENCE OF THE RNA/DNA DUPLEX TO
REGULATE NUCLEOTIDE ADDITION
Reproduced with permission in part from:

Qi, X,, Xie, M., Brown, A. F., Bley, C. J., Podlevsky, J. D., & Chen, J. J.-L. (2012).

RNA/DNA hybrid binding affinity determines telomerase template-translocation
efficiency. The EMBO Journal, 31(1), 150-61. doi:10.1038/emb0j.2011.363
and

Brown, A. F., Qi, X., Chen, Y., Podlevsky, J. D., Mingyi, X., & Chen, J. J.-L. (2014). A

Self-Regulating Template in Human Telomerase. PNAS. (In review)
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2.1 Introduction

The ends of human chromosomes are composed of precise repetitions of a 6-
nucleotide (nt) sequence synthesized by the specialized reverse transcriptase (RT),
telomerase (Meyne et al, 1989; Moyzis et al, 1988). The telomerase core enzyme is
minimally composed of the catalytic telomerase reverse transcriptase (TERT) and the
integral telomerase RNA (TR) components. Human TR (hTR) is a 451-nt RNA
containing an exceedingly short 11-nt template which encodes for the telomeric DNA
repeat GGTTAG (Figure 2.1, left). The resulting highly repetitive tract of DNA is bound
in a sequence-specific manner by the shelterin complex which protects natural
chromosome termini from end-to-end fusions and other DNA damage responses (Palm &
de Lange, 2008; Sfeir & de Lange, 2012). High fidelity synthesis of telomeric DNA
repeats by telomerase is crucial for maintaining telomere function and chromosome
stability. Appending the termini of telomeres with even single-nucleotide variations in the
telomeric DNA repeat sequence is sufficient for compromising the protective function of
the shelterin complex, culminating in deleterious genome instability and cell death
(Guiducci et al, 2001; Kim et al, 2001; Li et al, 2004; Marusic et al, 1997; Stohr &
Blackburn, 2008; Stohr et al, 2010; Vulliamy et al, 2006).

While TR sequences are highly divergent across taxa, the TR template itself is
highly conserved (Chen et al, 2000; Xie et al, 2008). Within vertebrates, the template
sequence is conserved as a specific register with the 5° boundary defined physically by a
long-ranged based-paired region known as helix P1 (Figure 2.1) (Chen & Greider,
2003b). Extensive evidence has demonstrated the importance of the specific TR template

sequence for telomerase enzymatic function, whereby alterations in the template
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sequence alone changes the rate and processivity of telomeric DNA repeat synthesis
(Drosopoulos et al, 2005; Forstemann et al, 2003; Gilley & Blackburn, 1996; Gilley et al,
1995; Qi et al, 2012). Additionally, telomerase has been shown to exhibit differential
activity toward telomeric DNA primers with permuted sequences (Maine et al, 1999).

During telomere repeat synthesis, telomerase catalyzes nucleotide addition to the
DNA primer which forms a duplex with the RNA template within the active site. Each
nucleotide addition creates a discrete RNA/DNA duplex sequence inside the binding
pocket of the catalytic TERT subunit. It has remained elusive how the telomerase active
site handles this growing and dynamically changing RNA/DNA duplex during processive
telomeric DNA repeat synthesis. In this study, we investigated how the human telomerase
active site utilizes its specific RNA template during nucleotide polymerization. By
employing a telomerase-free telomerase system and specific assay conditions, we
discovered that hTR is embedded with a single-nucleotide signal to pause nucleotide
addition at an exact position, defining a template boundary without the canonical P1
defined structural boundary.
2.2 Material and Methods
Oligonucleotides and RNA/DNA hybrid substrates

All RNA and DNA oligonucleotides were purchased from Integrated DNA
Technologies (IDT). The sequences of oligonucleotides used in each experiment are
shown in the text or figures. The RNA/DNA duplexes were prepared by adding the RNA
and complementary DNA oligos at a final concentration of 100 uM in 1x annealing

buffer (L00mM Tris—HCI pH 7.5, 500mM NaCl and 50mM EDTA). Duplex formation
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was facilitated by incubation at 70°C for 3 min, followed by slowly cooling to room
temperature.
Reconstitution of telomerase

Reconstitution of human telomerase in vitro was carried out in RRL as previously
described (Xie et al, 2010). Briefly, hnTERT was expressed from pNFLAG-hTERT using
the TnT® T7 Quick coupled transcription/translation kit (Promega) according to the
manufacturer’s instruction. The hTR fragments, PK-TF (nt 64-184) and CR4/5 (nt 239-
328), were transcribed in vitro, gel purified and added at a final concentration of 1 uM to
assemble with hTERT in RRL.
Template-free telomerase activity assay
To analyze TF telomerases, 1 uL in vitro reconstituted TF telomerase was assayed in a 10
uL reaction containing 1X duplex reaction buffer (50 mM Tris- HCI, pH8.0, 50 mM KCl,
2 mM MgClz, 2 mM DTT and 1 mM spermidine), 50 uM pre-annealed RNA/DNA
duplex, 2 uM dGTP, 0.165 pM a-32P-dGTP (3000Ci/mmol, 10 mCi/ ml, Perkin-Elmer)
and 0.5 mM dATP as indicated. The reaction was incubated at 20°C for 60 min and
terminated by phenol/chloroform extraction, followed by ethanol precipitation. The DNA
products were resolved on an 18% polyacrylamide/8 M urea denaturing gel, dried,
exposed to a phosphorstorage screen and imaged on a Bio-Rad FX-Pro phosphorimager.
The AMV RT duplex assay was identical to the TF telomerase duplex assays with the
exception of substituting TF telomerase with 0.5 unit of AMV RT enzyme (Promega) and
the products were analyzed directly by denaturing polyacrylamide gel electrophoresis.
The size markers for template free duplex assay were prepared in a 10 uL reaction

containing 1X reaction buffer (100 mM sodium cacodylate, pH 6.8, 1 mM CoCl, and 0.1
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mM DTT), 10 uM oligonucleotide as indicated, 10 units of terminal deoxynucleotidyl
transferase (TdT, Affymetrix) and 0.165 pM a-32P-dGTP (3000Ci/mmol, 10 mCi/ml,
Perkin-Elmer). The reaction was incubated at 30°C for 5 seconds and terminated by
addition of 10 uLL 2X formamide loading buffer (10 mM Tris-HCI, pH 8.0, 80%
formamide, 2 mM EDTA, 0.08% bromophenol blue and 0.08% xylene cyanol).
Duplex competitive inhibition assay

One microliter of in vitro reconstituted template-free telomerase was assayed in a
10 uL reaction containing 1X duplex reaction buffer, 50 uM non-extendable duplex
substrate (competitive inhibitor) as substrate, 2 uM dGTP, 0.165 pM a->2P-dGTP
(3000Ci/mmol, 10mCi/ ml, Perkin-Elmer). 50 uM of extendable P1 substrate was also
added to reactions as indicated (+ on gel). The reaction was incubated at 20°C for 60min
before termination with phenol/chloroform extraction followed by ethanol precipitation.
The DNA products were resolved on an 18% polyacrylamide/8M urea denaturing gel,
dried, exposed to a phosphorstorage screen and imaged on an FX-Pro phosphorimager

(Bio-Rad).

2.3 Results

The duplex sequence defines nucleotide addition pausing.

To investigate how the telomerase active site interacts with different duplexes, we
employed a human telomerase lacking the template region from hTR (Qi et al, 2012) and
examined telomerase activity with pre-annealed RNA/DNA duplexes as substrates
(Figure 2.1, right). This template-free (TF) telomerase was assayed with six permuted

RNA/DNA duplexes, P1-P6, that represent the six distinct sequence registers formed
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Figure 2.1: Schematic comparison of native (left) and template-free

(right) human telomerases. In the native telomerase, the RNA

template is tethered to the 5’ P1 helix and the 3’ pseudoknot

structures. The TF telomerase was reconstituted in vitro with h\TERT

and a 5’ truncated hTR (Atemp) that lacks the template and the P1

helix. Substrates for the activity assay are single-stranded DNA for

native telomerase or a pre-annealed RNA/DNA duplex for TF

telomerase.
during nucleotide addition for the synthesis of a GGTTAG repeat (Figure 2.1B, left).
Interestingly, TF telomerase exhibited distinct extension patterns and diverse activities
with each permuted duplex. In the presence of *?P-dGTP, the DNA primers from all
duplex substrates were extended by only one nucleotide (Figure 2.2, lanes 1, 3, 5, 7 and
11), aside from P5 which was nearly inactive (Figure 2.2, lane 9). With the addition of
dATP to the reaction, P1, P2, and P6 were extended by three nucleotides, reaching the
end of the 3-nt RNA template as expected of a conventional RT (Figure 2.2, lanes 2, 4
and 12). Unexpectedly, TF telomerase was only able to extend P3 by two nucleotides and
P4 by a single nucleotide (Figure 2.2, lanes 6 and 8). The same premature pausing was
also seen with longer templates only when the telomeric sequence was used (Figure

S2.1). The differences in the extension pattern between these permuted duplexes suggest

that the duplex sequence alone determines the pausing site during nucleotide addition.
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Figure 2.2: A single nucleotide in the RNA/DNA duplex signals a pause
in nucleotide addition with template-free telomerase. (left) Sequences of
permuted telomeric RNA/DNA duplexes P1-P6 or P4 substitution
variants. (right) Activity assay of in vitro reconstituted TF telomerase with
various duplex substrates. Substrates were extended by the enzyme with a-
32P-dGTP in the presence (+) or absence (-) of 0.5 mM dATP as denoted
above the gel. An o-3P end-labeled 18-mer oligonucleotide was used as a
loading control (l.c.).

A single base pair in the duplex defines the nucleotide addition pause site.

We further examined which base pair(s) in the duplex signals for this

unanticipated nucleotide addition pausing. Transversion substitutions were introduced for

each base pair in the P4 duplex and each variant was assayed with TF-telomerase (Figure

2.3A, left). All P4 substitutions retained the pause signal with the exception of P4e,

which had the first rA:dT base pair changed to rU:dA. P4e permitted the addition of a

second nucleotide, shifting the pause site from +1 to +2 (Figure 2.3A, lane 12). However,

P4e did not allow the addition of the third nucleotide, pausing nucleotide addition prior to

reaching the end of the RNA template. We suspected that the neighboring rA:dT base

pair in the duplex potentially became a new pause signal. Indeed, transversion
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substitutions at both rA:dT base pairs completely abolished the sequence-defined pausing
regardless of sequence permutation tested (Figure 2.3B). Thus, the first rA:dT base pair
formed in the duplex induced a pause in DNA synthesis after incorporating three

additional base pairs.
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Figure 2.3: A single rA:dT base pair in the RNA/DNA duplex signals a
pause in nucleotide addition with template-free telomerase. (A) Gel image
courtesy of Xiaodong Qi. (A-B, left) Sequences of RNA/DNA duplexes
used. (A-B, right) Activity assay of in vitro reconstituted TF telomerase
(upper panel) and AMV RT (lower panel) with various duplex substrates.
Substrates were extended by the enzyme with a-*2P-dGTP in the presence
(+) or absence (-) of 0.5 mM dATP as denoted above the gel. An o-32P
end-labeled 18-mer (A) or 5-mer (B) oligonucleotide was used as a
loading control (I.c.). The DNA primer TAGGGTTA (Ma) extended by
one 32P-dGTP with terminal deoxynucleotidyl transferase (TdT) were
included as size markers.
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To discern the functional groups in the rA:dT base pair necessary to induce the
pause in nucleotide addition, we designed variants of duplex P4 with specific functional
groups modified in the first rA:dT base pair (Figure 2.4, top). The TF telomerase assays
revealed that transition substitutions, rA:dU, rG:dC, or rP:dT (rP = 2-6-diamino-purine-
ribose), which altered individual functional groups in the major and minor grooves of the
duplex, had only slight effects on the position of pause site (Figure 2.4, lanes 5-10).
However, the transversion substitution of the first rA:dT base pair in P4 to rU:dA (P4-
UA) showed a noticeable shift in the pause site (Figure 2.4, lane 3-4). This result suggests
that any ribonucleotide purine:deoxyribonucleotide pyrimidine base pair, rR:dY, is
sufficient to signal pausing. Thus, it appears that the telomerase active site does not
recognize specific functional groups in the signaling rA:dT base pair. Moreover,
extensive mutagenesis of surface residues in the duplex binding pocket of TERT,
predicted by homology modeling with the Tribolium castaneum TERT crystal structure,
failed to identify specific residues responsible for sensing the rA:dT pause signal in
template free (Figure S2.2). To see if RNA in the nearby pseudoknot could play a role,
we also tested various pseudoknot truncations for an effect on pause signaling, but no
such change was observed (Figure S2.3). The apparent lack of specificity for nucleic acid
functional groups, together with our inability to discern specific sensing residues in

TERT, suggests an indirect readout of the rR:dY pause signal by the TERT protein.
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pair makes up the sequence defined boundary. (above) Sequences of
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Substrates were extended by the enzyme with a-3?P-dGTP in the presence
(+) or absence (-) of 0.5 mM dATP as denoted above the gel. An a->2P

end-labeled 18-mer oligonucleoti

de was used as a loading control (l.c.).
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P5 inactivity results from catalysis deficiency

In addition to the distinct extension patterns, the six permuted RNA/DNA
duplexes also exhibited markedly different activities with TF-telomerase (Figure 2.2).
Among the six duplexes, P5 consistently displayed little to no activity with TF-
telomerase. This is consistent with a previous report that Chinese hamster telomerase
failed react with a DNA primer ending in the exact register as P5, GGTTAG (Maine et al,
1999). The inactivity of the P5 duplex with TF telomerase presumably results from the
inability of telomerase to either bind the P5 duplex or catalyze nucleotide addition onto
this substrate. To discern the relative binding affinity of P5 to the telomerase active site,
we performed a competitive inhibition assay with the six permuted telomeric duplexes as
inhibitors competing against a single duplex substrate for binding to the telomerase active
site (Figure 2.5). The RNA template for these telomeric duplex inhibitors was blocked
with an rG residue, preventing incorporation of dGTP and therefore could not be
extended when bound to the telomerase active site. Thus, the inhibition of telomerase
activity with the non-telomeric substrate correlates with telomerase binding affinity for
the duplex inhibitors. Interestingly, all duplex permutations showed fairly similar levels
of inhibition and did not correlate with observed activities of the P1-P6 duplexes (Figure
2.5). While a direct measurement of relative Kq values of each duplex is needed to
confirm these results, they suggest that P5 inactivity may result from inefficient catalysis,
such as improper positioning of DNA 3’-OH within the catalytic site rather than

decreased affinity to the active site.
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Figure 2.5: Competitive inhibition assay of P1-P6 duplex substrates. In

vitro reconstituted TF telomerase with non-extendable duplex competitor

variants (P1g-P6g) with or with P1 substrate. Substrates were extended by

the enzyme with a-*2P-dGTP. A 2P end-labeled 15-mer oligonucleotide

was used as a loading control (l.c.). Quantitation of the relative activity in

the presence of competitor is displayed below the gel.
Duplex length and DNA overhang effect nucleotide-addition processivity

In addition to the sequence of the duplex effecting nucleotide addition
processivity, previous work has shown that the length of a duplex can have drastic effects

on activity of duplex substrates through enzyme turnover as well as altering nucleotide

addition processivity (Qi et al, 2012). When examine the nucleotide addition processivity
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of short RNA/DNA duplexes, a 5 bp duplex substrate could only be extended by a single
nucleotide regardless of the template length provided (Figure 2.6A, lanes 1-3). In
contrast, a 6bp hybrid substrate can be extended 2 nt (Figure 2.6A, lanes 4-6). We suspect
the longer duplex might transiently generate a single-stranded DNA or RNA overhang at
the duplex end distal the active site. The potential effects of overhangs in the RNA/DNA
hybrid substrates on nucleotide-addition processivity were assayed with substrates
containing a Sbp hybrid and either a 3’ RNA or 5’ DNA overhang (Figure 2.6B). The
duplex substrates with 5" DNA overhangs were extended by the addition of two
nucleotides in the presence of dTTP, while the substrate with the 3’ RNA overhangs
failed to extend beyond a single nucleotide (Figure 2.6B, lanes 4, 6, 8 and 10). This
suggests that a putative TERT active site proximal anchor site binds the 5" DNA
overhang on the 5-bp RNA/DNA hybrid to facilitate nucleotide-addition processivity. In
addition, the Kn®® of the 5-bp substrates with the 2-nt 5' DNA overhang is ~5 uM,
substantially lower than the 15 uM for the substrate with a single nucleotide DNA
overhang (Figure 2.6C). Thus, the presence of a DNA residue at the —7 position is
important for binding affinity of the 5-bp RNA/DNA hybrid to the active site (Figure

2.6C).
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Figure 2.6: Effect of the RNA/DNA hybrid length and overhangs on Km
rate and nucleotide-addition processivity. (A) In vitro reconstituted
template-free telomerase was assayed on ice for 30 min using telomeric
DNA/RNA hybrids of 5 bp (lanes 1-3) or 6 bp (lanes 4-6). The RNA
template sequence contains 1, 2, or 3 cytosines as indicated above the gel.
DNA size markers (5, 6 and 7 nt) were generated by 3’-end labeling of
DNA oligonucleotides (5°-TAGGG, 5’-TAGGGG, and 5’-TAGGGGG)
with terminal deoxynucleotidyl transferase and o-32P-dGTP. A *2P end-
labeled 18-nt DNA oligonucleotide was used as the loading control (l.c.).
(B) Effects of overhangs of RNA/DNA hybrid substrates on nucleotide-
addition processivity. The RNA/DNA hybrid substrates contain a 5 bp
duplex and a 1-2 nt overhang at either the 5° DNA (5+d1 and 5+d2) or the
3> RNA (5+r1 and 5+12) end. A *?P end-labelled 15 nt DNA
oligonucleotide was used as a loading control (l.c.). (C) Km of RNA/DNA
hybrid substrates with and without overhangs. Sequences and structures of
the RNA/DNA hybrid substrates are shown. Diagram of RNA/DNA
hybrid substrate indicating nucleotides important for nucleotide-addition
processivity (NAP) and K.
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Processivity factors POTI and TPP1 don’t effect RNA/DNA duplex usage

It has been well established that the telomerase accessory proteins POT1 and
TPP1 have a drastic stimulatory effect on telomerase processivity (Latrick & Cech, 2010;
Wang et al, 2007). The primary mechanism for this effect has been suggested to be due to
delaying the dissociation of single stranded DNA products during processive repeat
addition (Latrick & Cech, 2010). However, since the affinity of telomerase to its
RNA/DNA duplex has been shown to be correlated with telomerase processivity, it is
possible that these accessory proteins might affect how telomerase handles RNA/DNA
substrates. To test this, we purified recombinant hPOT1 and hTPP1 and tested them with
both the native and template free telomerase assay for any stimulatory effect on activity
and processivity. As expected, when added to the native telomerase reaction, TPP1
showed a slight increase in processivity, but when both POT1 and TPP1 were added the
processivity increased dramatically (Figure 2.7, lanes 1-3). However, no discernable
effects were observed when repeated with template free telomerase using a pre-annealed
RNA/DNA duplex substrate (Figure 2.7, lanes 4-6). This suggests that the processivity

effects of POT1 and TPP1 are independent of interactions with the RNA/DNA duplex.
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Figure 2.7: Effect of POT1-TPP1 on duplex binding to template-free telomerase.
(A) SDS-PAGE analysis of purified POT1 and TPP1 proteins. The hPOT1
protein was purified from baculovirus infected sf9 cells as described previously
(Lei et al., 2004). The hTPP1 protein fragment (a.a. 89-334) was expressed in E.
coli cells and purified as described previously (Wang et al., 2007). Molecular
weight (in kilodaltons, kDa) of protein marker (lane 1) is indicated to the left side
of the gel and the size of POT1 (71kDa) and hTPP1N (27kDa) are indicated to
the right side. (B) Effects of POT1-TPP1 on the activity of template-containing
and template-free telomerases. Direct telomerase assay was performed in the
presence of 1 uM TPP1 (lanes 2 and 5) or 1uM POT1-TPP1 (lanes 3 and 6) with
telomerase in vivo reconstituted from either template containing hTR (lanes 1 to
3) or template-free hTRA1-63 (lanes 4 to 6). The template-containing telomerase
was assayed with single-stranded DNA primer, while the template-free
telomerase was assayed with a 7 bp RNA/DNA hybrid substrate. A 32P end-
labeled 15-nt DNA oligonucleotide was used as the loading control (l.c.). (C) The
K of template-free telomerase to the 7 bp RNA/DNA hybrid substrate in the
absence or presence of POT1-TPP1. The template-free telomerase activity assay
was performed with a substrate concentration of 0 to 450 puM in the absence
(lanes 1 to 8) or presence (lanes 9 to 16) of 1uM of POT1-TPP1. The activity was
normalized and plotted against the substrate concentration and the K" was
determined by the best fit to the Michaelis—Menten equation. Average K" and
standard deviations were calculated from two independent experiments.
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2.4 Discussion

Our results shed new insights into the telomerase catalytic site, specifically how
telomerase handles the RNA/DNA duplex during nucleotide addition. While the process
of template translocation to regenerate the template has been a hot area of study,
relatively little attention has been given to the process of nucleotide addition. Taken
together, the data produced here can be used to create a more detailed model of the
initiation, continuation, and termination of nucleotide addition in telomerase. In this
model, a previously annealed RNA/DNA duplex composed of the TR template and the 3’
end of the telomeric DNA will bind to the active site, facilitated though interactions
between a template proximal DNA anchor site and the unpaired single stranded DNA 5’
of the duplex. After each nucleotide addition occurs, these single stranded DNA
interactions help translocate the RNA/DNA duplex through the active site, repositioning
the newly formed 3’ end into the active site so that subsequent nucleotide addition can
occur. Nucleotide addition will then continue until telomerase detects an rR:dY base pair
in the correct position relative to the active site (4 nucleotides away). Once this is
detected, nucleotide addition terminates by a pausing in polymerization due a defect in
the catalysis of the P5-like duplex.

While this data can only support this model in the context of the template free
telomerase system, the fact that the sequence dependent pause corresponds to the exact
sequence register of the native telomerase is strong evidence for the relevance of this
mechanism in the template containing enzyme. A functional sequence dependent
boundary mechanism is one explanation for why the template sequence register

5’-GGTTAG-3" is so well conserved (Chen & Greider, 2003b; Podlevsky et al, 2008). It
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also would explain why previous experiments which disrupt the P1 defined structural
template boundary only showed an increase in template boundary read through instead of
a complete elimination of template definition (Chen & Greider, 2003b). This data
introduces a completely novel mechanism for regulating nucleotide addition and defining

a template boundary not seen before in telomerase or other polymerases.
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CHAPTER 3

NATIVE TELOMERASE USES A TEMPLATE DEPENDENT PAUSING SIGNAL TO
PRODUCE HOMOGENEOUS TELOMERIC ENDS

Reproduced with permission in part from:

Brown, A. F., Qi, X., Chen, Y., Podlevsky, J. D., Mingyi, X., & Chen, J. J.-L. (2013). A

Self-Regulating Template in Human Telomerase. PNAS. (In review)
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3.1 Introduction

Unique from traditional reverse transcriptases, the catalytic protein component of
telomerase (TERT) has coevolved with an integral telomerase RNA component (TR),
which contains, in part, the RNA template used to extend telomeres. This coevolution of
protein and RNA has produced a reverse transcriptase which has become specialized in
adding short DNA repeats onto single stranded telomere ends. However, we have
recently shown that the telomerase active site has retained the ability to bind double
stranded RNA/DNA duplex like a conventional reverse transcriptase and that this ability
is essential to repeat addition processivity in human telomerase (Qi et al, 2012). Our
investigation revealed that a telomerase enzyme without the templating region of the TR
could bind and extend an external RNA/DNA duplex with both a telomeric and non-
telomeric sequence. However, while telomerase RNA from diverse species have evolved
to be drastically different in size and primary sequence, most RNA’s have conserved a
similar template sequence, encoding for a canonical GGTTAG or similar repeat in most
studied species (Podlevsky et al, 2008). One theory for this conservation of template
sequence is the coevolution of telomerase with important telomere binding proteins
which are specialized to bind T/G rich DNA and help cap the chromosome ends
(Shakirov et al, 2009). Apart from the function of the telomere, there has been evidence
that specific templating residues play a greater role in the biochemistry of telomerase
then just acting as a template for nucleotide addition. Mutation of the RNA template in
Tetrahymena thermophila revealed that specific templating residues effected enzyme
fidelity and product dissociation not explainable by its ability to base pair with the DNA

primer (Gilley & Blackburn, 1996; Gilley et al, 1995). In human telomerase, mutation of
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the RNA template found that changes in the template sequence could lead to significant
changes in nucleotide addition rate which, again, could not be attributed solely to the base
pairing of the RNA template with the DNA primer (Drosopoulos et al, 2005).

The importance of a well-defined telomere sequence is highlighted by numerous
studies that show even single-nucleotide variations in the repeat sequence is enough to
compromise the protective function of the telomeres, culminating in deleterious genome
instability and cell death (Guiducci et al, 2001; Kim et al, 2001, Li et al, 2004; Marusic et
al, 1997; Stohr & Blackburn, 2008; Stohr et al, 2010; Vulliamy et al, 2006). Since
telomerase only uses a short region of its TR as a template, proper definition of the
template ends is crucial for proper telomere synthesis. TRs from different phylogenetic
groups have evolved slightly different methods to define their template ends, but is
usually a RNA structural elements, or template boundary elements (TBE), which
prevents polymerization past the template boundary (Podlevsky & Chen, 2012). In
humans, the TBE is composed of a helix formed upstream of the template, called helix
P1. The length of the single stranded RNA between the 5’ end of the template and the P1
helix has been shown to define the template end and prevent read through (Chen &
Greider, 2003b).

In previous work (chapter 2), we showed that when separated from other protein-
RNA or protein-DNA interactions, template-free telomerase will pause during nucleotide
addition at the native telomeric end sequence of GGTTAG. These observations suggest
that telomerase can read the sequence of the telomeric repeat during synthesis to regulate
its biochemical function. In this study, we seek to investigate how this unique sequence

dependent pause in nucleotide addition functions in the context of the native, template
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containing telomerase. We show that the observed sequence dependent pause site works
cooperatively with the structurally defined template boundary to preclude incorporation
of non-telomeric nucleotides from residues outside the template region. Additionally, this
sequence-defined pausing mechanism prevents premature arrest of nucleotide synthesis
and is the predominate mechanism for generating the characteristic 6-nt ladder banding-
pattern of telomeric DNA products in vitro. In the absence of the pausing signal,
telomerase stalls nucleotide addition at multiple sites along the template, generating DNA
products with diverse repeat registers at the termini. Our findings demonstrate a unique
self-regulating mechanism of the human TR template for high fidelity synthesis of DNA

repeats.

3.2 Material and Methods
In vitro reconstitution of human telomerase.

The hTERT protein was expressed in rabbit reticulocyte lysate (RRL) from
PNFLAG-hTERT plasmid DNA using the TnT T7 Quick coupled kit (Promega)
following the manufacturer’s instruction. The hTR pseudoknot (32-195 nt) and CR4/5
(239-328 nt) fragments were in vitro transcribed, gel purified and assembled with hTERT
in RRL at a final concentration 1.0 uM.

In vivo reconstitution of human telomerase.

293FT cells were grown in DMEM medium (Corning) supplemented with 10%
FBS, 1X Penicillin-Streptomycin-Amphotericin B mix (Lonza) and 5% CO2 at 37°C to
80-90% confluency. Cells in a 6-well plate were transfected with 0.4 ug of pcDNA-

NFLAG-hTERT, 1.6 ug of pBS-U1-hTR (Cristofari et al, 2007) and 6 uL of Fugene HD
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transfection reagent (Promega) following manufacturer’s instruction. Cells were
harvested 48 hours post transfection and homogenized in lysis buffer (10 mM Tris—HCI
pH 7.5, 200 MM NaCl, 1 mM EGTA, 0.5% CHAPS, 1 mM MgCl,, 10% glycerol, 5 mM
B-mercaptoethanol and 1x complete protease inhibitor cocktail (Roche)). Fifty microliters
of cell lysate was combined with 5 uLL Anti- FLAG® M2 Magnetic Beads (Sigma) pre-
washed with 1X TBS buffer (50 mM Tris-HCI pH 7.4 and 150 mM NaCl), and incubated
at 4°C with gentle rotation for 1 hour. The beads were washed three times with 500 pL of
1X TBS buffer and once with 100 uL. 1X telomerase reaction buffer (50 mM Tris-HClI,
pH 8.0, 50 mM KCI, 3 mM MgCl, 2 mM DTT and 1 mM spermidine).
Telomerase activity assay

For analyzing native telomerase, 5 uL. immuno-purified in vivo reconstituted
telomerase on beads was assayed in a 10 uL reaction containing 1X telomerase reaction
buffer, 1 uM DNA primer, 1 mM dTTP, 1 mM dATP, 2 uM dGTP, and 0.165 pM a-32P-
dGTP (3000Ci/mmol, 10 mCi/ml, Perkin-Elmer). The reaction was incubated at 30°C for
60 min and terminated by phenol/chloroform extraction followed by ethanol
precipitation. The telomerase assay was also performed with 2 pmol of 5’ *2P-end labeled
primer (TTAGGG); without the addition of a-*PdGTP. The DNA products were
resolved on a 10% polyacrylamide/8 M urea denaturing gel, dried, exposed to a
phosphorstorage screen and imaged on a Bio-Rad FX-Pro phosphorimager. The size
markers for telomerase assays were prepared in a 10 pL reaction containing 1X reaction
buffer (100 mM sodium cacodylate, pH 6.8, 1 mM CoCl; and 0.1 mM DTT), 10 uM
oligonucleotide as indicated, 10 units of terminal deoxynucleotidyl transferase (TdT,

Affymetrix) and 0.165 pM a-32P-dGTP (3000Ci/mmol, 10 mCi/ml, Perkin-Elmer). The
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reaction was incubated at 30°C for 5 seconds and terminated by addition of 10 puL 2X
formamide loading buffer (10 mM Tris-HCI, pH 8.0, 80% formamide, 2 mM EDTA,
0.08% bromophenol blue and 0.08% xylene cyanol).
Northern blotting

RNA was extracted from 5 pLL immuno-purified in vivo reconstituted telomerase
on beads with 50 pLL 1X SDS elution buffer (25 mM Tris-HCI, pH8.0, 200 mM NaCl, 5
mM EDTA and 1% SDS) followed by phenol/chloroform extraction and ethanol
precipitation. Extracted RNA was resolved on a 4% polyacrylamide/8 M urea denaturing
gel, electrotransferred and UV crosslinked to a Hybond-XL membrane (GE Healthcare).
The hTR riboprobe and hybridization were performed as previously described (Xie et al,
2010).
POT1 exonuclease protection assay

The hPOT1 protein was purified from baculovirus infected sf9 cells as described
previously (Lei et al, 2004; Qi et al, 2012). Prior to exonuclease addition, *?P-end-labeled
DNA oligonucleotides were incubated at a concentration of ~10 nM in 1x PE reaction
buffer (50 mM Tris-HCI, pH 8.3, 50 mM KCI, 2 mM DTT, 3 mM MgCl,, and 1 mM
spermidine) with purified hPOT1 protein at a concentration of 4uM at room temperature
for 15 minutes. After incubation, 5 U of Exonuclease T (5U/uL, NEB) in 1 x PE reaction
buffer was mixed with the prebound oligonucleotides and POT1 and incubated at room
temperature for another 10 minutes. Reaction was terminated by ethanol precipitation.
Resuspended products were resolved on a 10% polyacrylamide/8 M urea denaturing gel,
dried, exposed to a phosphorstorage screen and imaged on a Bio-Rad FX-Pro

phosphorimager.
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3.3 Results

Native telomerase exhibits sequence-defined pausing

Within the full-length hTR, the sequence-defined pause site would coincide with
the physical template boundary. To uncouple and separate the potential sequence-defined
pause from physical template boundary in native telomerase, we reconstituted telomerase
in 293FT cells with full-length hTR that contains permuted template sequences which
would separate the sequence-defined pause site from the physical boundary. Telomerases
containing permuted template sequences, hTR T1-T6, were immuno-purified from 293FT
cells and assayed for activity with permuted 7-mer DNA primers which anneal to the
same position on the template relative to the physical boundary (Figure 3.1, left). The T1-
T6 templates were each flanked at 5* and 3’ by guanosine residues to further define each
template region and prevent incorporation of non-telomeric nucleotides from outside the
template with the omission of dCTP from the reaction. In accordance with the TF-
telomerase results, all template-permuted telomerases demonstrated major sequence-
defined pausing at a position three nucleotides following the first rA:dT base pair (Figure
3.1, white and red arrowheads). In T2-T6, minor bands corresponding to pausing at the
physical boundary were visible (Figure 3.1 and Figure 3.2, blue arrowheads). In the
presence of dCTP, minor bands corresponding to products derived from incorporation of
non-telomeric DNA from outside the template were visible, indicating that the structure-
defined template boundary, when uncoupled from the sequence-defined pause, is
insufficient to prevent template boundary bypass (Figure 3.1, compare even and odd
lanes). The inadequacy of the structure-defined template boundary and the predominate

pause at the sequence-defined pause site were consistently observed. Since different
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permutations of primers were used with each of the permuted template telomerases, we
assayed the same mutants with a single permutation of the telomeric primer (5°-
GGTTAGGG-3’) to ensure that the primers were not the cause of the altered banding
patterns (Figure 3.2). As expected, regardless of the primers initial alignment position on
the template, all mutants showed a major band at the +4 position, corresponding to the
native template boundary end sequence GGTTAG (Figure 3.2, short primer). Only minor
bands corresponding to the P1 structurally defined boundary were seen. To be thorough,
we tested all six template permutations with all six primer permutations and observed the
same template dependent stops in all combinations (Figure S3.1). The same experiment
was repeated using a long 18-mer primer to ensure single stranded DNA binding would
not affect the results, but the same banding patterns were observed (Figure 3.2, long
primer). As was done with the template free system, extensive mutagenesis of the TERT
interior surrounding the duplex binding pocket in search of a TERT interaction
responsible for duplex sensing were tested for disruption of the sequence defined stop in
the T4 mutant (Figure S3.2). Unfortunately, none of the mutants tested showed a

significant difference in the pausing site.
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Figure 3.1: In vivo reconstituted telomerases with permutated templates
exhibit sequence-defined nucleotide addition pausing. (left) Sequences of
the DNA primer and the hTR template variants used. The sequence-
defined pausing sites before (white arrowhead) or after (red arrowhead)
template translocation are denoted. The pausing sites at structure-defined
template boundary are also denoted by blue arrowhead. (right) Activity
assay for telomerase with template permutations. Telomerases
reconstituted in 293FT cells with full-length hTR containing permuted
template sequences were assayed with similarly permuted DNA primers in
the presence (+) or absence (-) of 0.5 mM dCTP. The DNA primer
AGGGTTA extended by one a-3?P-dGTP with TdT was included as a size
marker (M4). The vector-only transfected cells (Vec, lanes 15-16) were
included as a negative control. Northern blot (courtesy of Josh Podlevsky)
for hTR co-immuno-purified with FLAG-tagged TERT is shown under the
activity gel. T7-transcribed hTR (451 nt) was included as a size marker
(M).
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Figure 3.2: Native telomerases with permutated templates exhibit
sequence-defined nucleotide addition pausing. (left) Sequences of the
DNA primers and the TR template variants assayed. Permuted templates
(T1-T6) are flanked by guanosine (g) substitutions and the remaining TR
(black line) sequence is shown. The sequence-defined pausing site (white
arrowhead) and the physical template boundary (blue arrowhead) are
denoted. (right) Activity assay for telomerase template permutation
mutants. In vivo reconstituted telomerases with full-length hTR containing
permuted templates were assayed with single-stranded DNA primers. A
32p end-labeled 7-mer or 15-mer oligonucleotide was used as a loading

control (l.c.).

Telomerase generates the characteristic 6 nt ladder banding-pattern of DNA

products presumably by releasing products at the template boundary during processive

DNA repeat synthesis. However, in light of the coincidence in position of the sequence-

defined pause site and physical template boundary, we investigated which mechanism is

principally responsible for DNA product release. We employed our uncoupled sequence-

defined pause site and physical template boundary template permutated hTR variants and

performed a unique product release assay. Telomerases reconstituted in vivo with hTR
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Figure 3.3: Products from sequence defined boundary are fully
released from enzyme during repeat synthesis. (left) Sequences of the
DNA primer and the hTR template variants used. The sequence-
defined pausing sites before (white arrowhead) or after (red
arrowhead) template translocation are denoted. The pausing sites at
structure-defined template boundary are also denoted by blue
arrowhead. (right) Analysis of bound and released DNA products. In
vivo reconstituted telomerases (T1-T6) were immobilized on anti-
FLAG beads and assayed with a 7-mer DNA primer. DNA products
released were separated from those bound to the immobilized enzyme
and analyzed by gel electrophoresis. A 6-mer 3P end-labeled
oligonucleotide was added to the reaction mix prior to separation from
the beads and a secondary 7-mer 2P end labeled oligonucleotide was
added during phenol/chloroform extraction. Intensity traces of released
(red) and bound (blue) products from the T6 template mutant are
shown to the right of the gel. The DNA primer GGTTAGG extended
by one a-*2P-dGTP with TdT was included as a size marker (Ms).

variants, T1-T6, and FLAG-tagged hTERT were immobilized on beads and assayed with
a 7-mer DNA primer, 5’-GGTTAGG-3’ (Figure 3.3, left). Following the telomerase
extension reaction, DNA products remained bound to the immobilized telomerases were

separated from the released products and analyzed. The results showed that telomerase
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released DNA products predominately at the sequenced-defined pause site, and also
evidently at the structure-defined boundary (Figure 3.3, lanes 7-12). Therefore,
nucleotide addition arrest induced by either mechanism is sufficient for product release.
Notably, lower molecular weight products had a higher release rate (Figure 3.3, right, T6
trace lines), likely due to less sufficient interactions between the short DNA primer and
TERT DNA anchor sites (Finger & Bryan, 2008; Wyatt et al, 2007).
Processive repeat synthesis does not require sequence-defined pausing

Precise product release is an important component of processive telomeric DNA
repeat addition. Since sequence-defined pausing leads to product release, we explored
whether it also contribute to repeat addition processivity of telomerase. A telomerase
template mutant 48u49u, which had the pausing signal completely eliminated, was
analyzed for repeat addition processivity and DNA extension patterns (Figure 3.4). When
boundary bypass is prevented by the absence of dCTP, template variants, T2 and T6,
arrested nucleotide addition at the sequence-defined pause site (Figure 3.4, lanes 5 and 7).
In contrast, the 48u49u mutant paused at multiple sites along the template, producing an
evenly distributed banding pattern (Figure 3.4, lanes 11 and 12) (Drosopoulos et al,
2005). This suggests that the sequence-defined pausing mechanism prevents premature
stalling during nucleotide addition and promotes pausing specifically at the sequence-
defined site. Thus, the sequence-defined pausing is the predominate mechanism for
generating the characteristic 6 nt ladder banding-pattern of telomerase products.
Surprisingly, the 48u/49u mutant had a higher level of repeat addition processivity than

the wild-type enzyme, suggesting that sequence-defined pausing is not essential for

65



telomerase repeat addition processivity (Figure 3.4, lane 11). Similar results were also

observed when the P1 linker was extended instead of deleted (Figure S3.3).
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Figure 3.4: Activity assay of in vivo reconstituted telomerases that lack
the sequence-defined pausing signal or the P1-defined physical boundary.
(left) Sequences of the DNA primer and the hTR template variants T1, T2,
T6, 49u and 48u49u. The sequence-defined pausing site is denoted (red
hexagon). The P1-defined physical boundary is denoted with blue
arrowhead. The asterisk (*) denotes that the 49u and 48u49u mutants
contain additional mutations (55u and 54u55u, respectively) in the primer
alignment region to permit processive repeat addition. (right) Telomerase
reconstituted in vivo with hTR variants containing either permuted (T1, T2
and T6) or mutated (49u* and 48u49u*) templates were assayed with the
18-mer 2P end-labeled DNA primer (TTAGGG)s in the presence (+) or
absence (-) of 0.5 mM dCTP. The sequence- and structure-defined pause
sites are denoted by red and blue arrowheads, respectively. The secondary
structure of full-length hTR (1-451) with P1 and truncated hTR (39-451)
without P1 are shown above the gel.

In vertebrate TR, a long-range base paired region, termed helix P1, defines the

physical template boundary by limiting access to the template flanking sequence (Chen &
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Greider, 2003b). The complete removal of the P1 helix did not impair telomerase
processivity, when boundary bypass was prevented by the omission of dCTP from the
reaction, and the template variants, T2 and T6, paused nucleotide addition at the expected
positions (Figure 3.4, lanes 13, 15, 17, 19 and 21). However, in the presence of dCTP, the
addition of non-telomeric nucleotides from outside the template boundary drastically
impaired telomerase processivity (Figure 3.4, lanes 14, 16, 18, 20 and 22). Therefore,
while important for defining the template boundary, tethering the template to the P1 helix
is however not necessary for telomerase repeat addition processivity so long as the non-
telomeric nucleotide incorporation is prevented.
POTL1 requires exact telomeric repeats at the 3’ end of DNA to protect from exonucleases
With such a unique sequence dependent mechanism to produce uniform telomeric
ends, it is likely that there is an important biological function for these uniform ends. As
expected from our findings, telomerase-positive cells have been shown to have a higher
frequency of the GGTTAG register at chromosome termini compared to other
permutation registers (Sfeir et al, 2005). Since a primary biological function of the short
telomeric repeats at the ends of chromosomes is to bind shelterin proteins to protect the
ends, we looked at the POT1 shelterin protein for its interactions with telomeric ends of
different sequence registers. It has already been shown that POT1 binds with high
specificity to the 10 nucleotide permutation of telomeric sequence 5-TTAGGGTTAG
(Lei et al, 2004). If the telomere end is even a single nucleotide short of this register,
POT1 will not bind well to the extreme termini of the chromosome leaving a 10 nt
overhang at the 3’ end that could be recognized by DNA damage response proteins.

However, if the extreme chromosome termini is a few nucleotides longer than the POT1
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binding sequence, it is unknown if POT1 can protect a short overhang beyond its binding
site. To test this, we assayed POT1 bound to telomeric oligonucleotides of various
lengths for its ability to protect the oligonucleotides from exonuclease digestion (Figure
3.5). As expected from previous data, the 11-mer oligonucleotide which was one
nucleotide short of the POT1 binding sequence was not protected from the exonuclease
due to no POT1 binding (Figure 3.5, lanes 13-15). With all other oligonucleotides tested,
POT1 was able to protect only a single nucleotide past its canonical binding sequence and
any overhang longer was chewed back by the exonuclease (Figure 3.5, lanes 1-12). These
results show that POT1 has very limited ability to protect telomere ends behind its
canonical binding site and even a couple nucleotides beyond can lead to exposed DNA

ends.
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Figure 3.5: Protection of telomeric DNA ends through POT1 protection.
32p_end-labeled oligonucleotides (above) were incubated were incubated
either with or without hPOT1 (+ or -) and further incubated either with or

without Exonuclease T (+ or -). Blue background of oligonucleotides
show expected POT1 binding site. An 18-mer *2P-end-labeled

oligonucleotide was added after the reaction was completed to act as a
loading control (l.c.).

3.4 Discussion

Telomerase synthesizes telomeric DNA repeats by iteratively copying the intended
template sequence from an integral RNA component. The template region from the vastly
larger TR must be precisely defined to avoid incorporation of non-telomeric nucleotides

from the template flanking region. The sequence-defined pausing mechanism we have
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discovered in human telomerase provides new insights into the template boundary
definition mechanism for vertebrate telomerase. In our current working model of the
telomerase catalytic cycle, the single-residue sequence-defined pause signal functions
synergistically with the structure defined template boundary. Following the processive
addition of six nucleotides to the DNA primer, the first rA:dT base pair in the duplex
signals a pause in DNA synthesis at the end of the template region which is redundantly
safeguarded by the P1 helix (Figure 3.6, step a). This pausing permits RNA/DNA duplex
dissociation from the active site (Figure 3.6, steps b-d). Our model explains the high
fidelity by which telomerase synthesizes exact 6-nt DNA repeats, allowing complete

product release and template translocation selectively at the end of template.

(b)
\GTTAG (a) TITAG Duplex (©)
Nucleotide Al Dissociation Product
Addition Release
Template
PK P1
(d)

Template Translocation

Figure 3.6: A model of the telomerase sequence-defined catalytic cycle. A
duplex of the RNA template and DNA primer is bound to telomerase.
Nucleotide addition (step a) proceeds, specified by the template sequence.
After addition of three nucleotides past the pause signal (red), nucleotide
addition is arrested. Duplex disassociation (step b) leads to an unbound
duplex with 5> DNA overhang bound to the TERT anchor site. The strand-
separation of RNA/DNA duplex results in either complete DNA product
release (step ¢) or template translocation (step d) that aligns and
regenerates the template/primer duplex bound by TERT, ready for further
nucleotide addition (return to step a).

In a processive telomerase reaction, RNA/DNA duplexes formed immediately
prior to and following template translocation have the sequence register GGTTAG, which

is identical to the P5 duplex (chapter 2). In the context of TF telomerase, we previously
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showed that the P5 duplex is inactive, despite the presence of a DNA 5’ overhang.
However, the processive addition of DNA repeats by native telomerase indicates that the
P5 duplex formed after template translocation is extended. Moreover, telomerase
reconstituted with full-length template-permuted hTR T5 is active with the DNA primer
GGGTTAG which forms a P5-like duplex with the RNA template (Figure 3.2).
Therefore, in the context of native telomerase, additional mechanisms are required for
telomerase to extend the P5 duplex following template translocation. When comparing
TF and template-containing telomerases, the principle difference is the tethering of the
RNA template to the core enzyme. It has been previously proposed for Tetrahymena
telomerase that changes in the tension of the 5’ and 3’ template-flanking RNA regions
during nucleotide addition facilitates proper template translocation (Berman et al, 2011).
However, human telomerase variants lacking the P1 helix retained processive repeat
addition when template boundary bypass was prevented (Figure 3.4, lane 13). This is
consistent with a previous report that mouse telomerase with a longer template is
processive despite the lack of a P1 helix (Chen & Greider, 2003b). These observations
suggest that the 3’ template-flanking RNA linker is responsible for telomerase activity
with the P5 duplex. Potentially, this 3’ template-flanking linker is in a stretched state
following template/primer realignment, which then promotes correct positioning or stable
binding of the P5 duplex to the telomerase active site, reinitiating nucleotide addition. It
is also conceivable that differences in the template-flanking regions prior to and
following template translocation induce conformational changes in telomerase for
extending the P5 duplex. Future studies are necessary to explore each of these putative

mechanisms for P5 activity in native telomerase.
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Comparative studies of the sequence-defined pausing in telomerases from various
species also provides insights into the fundamental differences in TR template boundary
elements between vertebrates/invertebrates and other species. Sequence-defined pausing
is conserved in vertebrate and invertebrate telomerases, while not found in ciliate or
fungal telomerases (Figure S3.4). The lack of this sequence-defined pausing mechanism
in ciliate and fungal telomerases is presumably offset by their distinct and more robust
structure-defined template boundaries. Ciliate and fungal TR templates have boundaries
rigidly defined by protein binding and immediately adjacent helical structures,
respectively (Lai et al, 2002; Miller et al, 2000; Qi et al, 2013; Tzfati et al, 2000).
Vertebrate and invertebrate TR templates are tethered by a flexible linker to the distal P1
helix (Chen & Greider, 2003b; Li et al, 2013). The vertebrate/invertebrate P1-tethering
mechanism appears less stringent in defining the template boundary which necessitates
an ancillary mechanism, such as sequence-defined pausing, to facilitate precise synthesis
of telomeric DNA repeats.

The sequence-defined pausing mechanism potentially explains the higher degree
of TR template sequence conservation in vertebrate and invertebrate species (Chen et al,
2000; Podlevsky et al, 2008; Qi et al, 2013). The sequence-defined pause generates the
exact GGTTAG register at the chromosome termini, evident by the characteristic 6-nt
ladder banding pattern of telomerase-generated DNA products in vitro. Consistent with
this finding, a previous study reported that telomerase-positive cells exhibit a markedly
higher frequency of the GGTTAG register at chromosome termini (Sfeir et al, 2005),
implying there is a biological significance for the terminal GGTTAG sequence in vivo.

Moreover, the telomeric DNA motif bound and protected by the single-stranded

72



telomeric DNA binding protein, POT1, also ends with GGTTAG (Lei et al, 2004).
Leaving even a couple nucleotide overhang past the POT1 binding site can expose the
single stranded DNA to harmful proteins such as exonucleases (Figure 3.5) The
conservation of terminal register GGTTAG as the product of telomerase DNA synthesis
and as the moiety bound by POT1 implies a functional connection and potential co-
evolution between telomerase and POT1, whereby telomerase synthesizes DNA with the
specific terminal repeat for precise binding by POT1.

Our findings shed light on the mechanism behind the conservation of the
vertebrate TR template for synthesizing the specific GGTTAG sequence register (Chen et
al, 2000) and the acutely deleterious effects from template mutations that impair the
sequence-defined pausing mechanism (Drosopoulos et al, 2005; Stohr et al, 2010). The
fidelity of telomeric repeat synthesis by telomerase is crucial for telomere function and
genome stability in germ line and stem cells as well as in cancer. This sequence-defined
pausing mechanism is a novel attribute of human telomerase to self-define the template
region from adjacent sequences, ensuring the synthesis of exact GGTTAG repeats with

exquisitely high fidelity, thereby contributing to genome stability.
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CHAPTER 4

NOVEL PROTEIN AND RNA RESIDUES AND INTERACTIONS IMPORTANT FOR
TELOMERASE ACTIVITY AND PROCESSIVITY

Reproduced with permission in part from:
Huang J., Brown A. F., Wu J., Xue J., Bley C. J., Rand D. P., Wu L., Zhang R., Chen J.
L., & Lei M. (2014) Structural Basis for Protein-RNA Recognition in Telomerase. Nature

structural & molecular biology. (In Press)
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4.1 Introduction

While the telomerase enzyme functions to catalyze the polymerization of DNA
using an RNA template like a traditional reverse transcriptases, its very specific
biological role has caused telomerase to evolve several unique differences that set it apart
from any other known reverse transcriptase. One of the most significant of these
differences is that telomerase has evolved into a ribonucleoprotein which minimally
requires both the catalytic protein component (TERT) and the template containing RNA
subunit (TR) to function (Greider & Blackburn, 1987). In addition to providing the
template for DNA synthesis, the TR subunit of telomerase contains multiple structural
domains important for catalytic activity, localization in the cell, and assembly of
important assembly proteins (Podlevsky & Chen, 2012). Unlike the relatively well
conserved TERT protein, the TR is wildly divergent sequence, size, and structure
between different phylogenetic groups (Podlevsky et al, 2008). Despite this divergence,
several conserved structures have been identified in a variety of distantly related species
that are important for telomerase function. These include a pseudoknot-template domain,
composed of a pseudoknot RNA structure with a unique triple helix in close spatial
proximity to the templating region, and a distal stem-loop moiety, usually consisting of a
three-way junction structure (Chen & Greider, 2004; Qi et al, 2013). To accommodate
this new RNA subunit, the TERT protein had to co-evolve with the RNA and develop
new domains to recognize and bind specific conserved structural regions of the divergent
RNA.

Another significant difference between telomerase and conventional reverse

transcriptases is the novel property of telomerase to reiteratively copy a short region of its
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RNA template in a processive manner. This distinctive property of telomerase is known
as its repeat addition processivity. While this property has been fairly well studied in
vitro, it was previously unclear how significant it was in vivo. While telomerase from
nearly all phylogenetic groups currently known have been shown to be processive, there
are several key examples of telomerase which have little to no processivity in vitro such
as yeasts K. lactis and S. cerevisiae and vertebrates such as mouse (Cohn & Blackburn,
1995; Fulton & Blackburn, 1998; Prowse et al, 1993). Recently, several novel human
TERT mutations have been linked to human diseases and the primary defect caused by
these mutations were found to be in its repeat addition processivity (Alder et al, 2011;
Gramatges et al, 2013). These findings indicate that unlike yeasts or rodents, human
telomerase required high repeat addition processivity to properly maintain telomere
length in vivo.

In this study, we set out to use mutagenesis of the TERT and TR subunits to
characterize various novel protein and RNA residues for their role in telomerase activity.
In particular, we identify and characterize a universally conserved adenosine residue in
the junction of the TWJ in vertebrate and fungal TRs. We also employ mutagenesis of the
human motif T in hTERT to elucidate the role of motif T in repeat addition processivity

observed with the disease mutants T567M and K570N.

4.2 Material and Methods
Native Telomerase activity assay
To test the activity and processivity of the telomerase mutants, we expressed each

of them in vitro and quantified function using a direct telomerase activity assay as
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previously described (Xie et al, 2010). All telomerase variants were reconstituted using
the TnT (transcription and translation) Quick Coupled rabbit reticulocyte lysate system
(Promega) following manufacturer’s instructions. Briefly, recombinant N-FLAG tagged
hTERT was expressed in 10 pL of TNT lysate at 30°C for 60 minutes. To obtain active
telomerase, in vitro transcribed hTR pseudoknot (nt 32—195) and CR4-CR5 (nt 239-328)
fragments were each added to a concentration of 1 uM and incubated at 30°C for 30
minutes. To assay the activity and processivity of each telomerase variant, a 10 pl
reaction was carried out using 3 pl of in vitro reconstituted telomerase in the presence of
1x PE buffer (50 mM Tris-HCI, pH 8.3, 50 mM KCI, 2 mM DTT, 3 mM MgCly, and 1
mM spermidine), 1 uM DNA primer, 0.5 mM dTTP, 0.5 mM dATP, 5 uM dGTP, and
0.165 pM a-32P-dGTP (3000Ci/mmol, 10 mCi/ml, Perkin-Elmer) at 30°C for 1 h.
Reactions were terminated by phenol-chloroform extraction followed by ethanol
precipitation before being resolved on a 10% denaturing polyacrylamide gel.

Template free telomerase activity assay

The hTERT protein was expressed in rabbit reticulocyte lysate (RRL) from pNFLAG-
hTERT plasmid DNA using the TnT T7 Quick coupled kit (Promega) following the
manufacturer’s instruction. The template free hTR pseudoknot (64- 184 nt) and CR4/5
(239-328 nt) fragments were in vitro transcribed, gel purified and assembled with hnTERT
in RRL at a final concentration 1.0 uM. For the direct assay, 1 uL in vitro reconstituted
TF telomerase was assayed in a 10 uL reaction containing 1X duplex reaction buffer (50
mM Tris- HCI, pH8.0, 50 mM KCI, 2 mM MgCl,, 2 mM DTT and 1 mM spermidine), 50
uM pre-annealed RNA/DNA duplex, 2 uM dGTP, 0.165 uM o-32P-dGTP (3000Ci/mmol,

10 mCi/ ml, Perkin-Elmer) and 0.5 mM dATP as indicated. The reaction was incubated at
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20°C for 60 min and terminated by phenol/chloroform extraction, followed by ethanol
precipitation. The DNA products were resolved on an 18% polyacrylamide/8 M urea
denaturing gel, dried, exposed to a phosphorstorage screen and imaged on a Bio-Rad FX-
Pro phosphorimager.
Medaka, S. pombe, and N. crassa telomerase in vitro reconstitution and telomerase
activity assay

The medaka, S. pombe and N. crassa telomerases were in vitro reconstituted as
previously described (Bley et al, 2011; Qi et al, 2013). The TERT protein was
synthesized in rabbit reticulocyte lysate (RRL) using the TnT Quick Coupled
Transcription/Translation System (Promega) and then assembled with 1 uM of in vitro
transcribed RNA fragments in the RRL. Medaka TERT was assembled with medaka TR
fragments PK (1-150) and CR4/5 (170-220), S. pombe TERT was assembled with S.
pombe TR fragments T/PK (nt 83-957) and TWJ (nt 1037-1082), while N. crassa TERT
was assembled with N. crassa TR RNA fragments T/PK (nt 225- 1515, A463-
1288/GGAC, A256-433/GAAA) and TWJ (nt 1813-1877). The telomerase assay was
carried out with 2 pL of in vitro reconstituted telomerase in a 10 uL of reaction. For S.
pombe telomerase assays, the reaction contained 1X reaction buffer [50 mM Tris- HCI
(pH 8.0), 0.5 mM MgCl,, 1 mM spermidine, 2 mM DTT], 100 uM dATP, 100 uM dCTP,
100 uM dTTP, 5 uM dGTP, 0.165 uM a-32P-dGTP (3000 Ci/mmol, 10 mCi/ml,
PerkinElmer) and 1 uM DNA primer 5’-GTTACGGTTACAGGTTACG-3". For N.
crassa and Medaka telomerase assays, the reaction contained 1X reaction buffer, 1 mM
dATP, 1 mM dTTP, 5 uM dGTP, 0.165 uM a->?P-dGTP (3000 Ci/mmol, 10 mCi/ml,

PerkinElmer) and 1 uM DNA primer 5’-(TTAGGG)3-3". The reactions were incubated at
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30°C for 60 min and terminated by phenol/chloroform extraction, followed by ethanol
precipitation. Telomerase extended products were resolved on a denaturing 8M urea/10%
polyacrylamide gel. The dried gel was exposed to a phosphor storage screen and analyzed

with a Bio-Rad FX Pro Molecular Imager.

4.3 Results
The TRBD-CRA4/5 recognition mechanism is common to species from yeast to human
One major obstacle to our understanding of the telomerase enzyme and how the
protein and RNA work together to synthesis new telomere ends is the low abundance of
high quality structural information. While a full length TERT-TR co-crystal remains
elusive in the telomerase field, recent structural studies have been able to isolate specific
regions of the TERT and TR to produce high resolution structures of these fragments.
Most recently, a collaborator has been able to obtain a co-crystal of the TERT TRBD
motif of the Medaka fish telomerase bound to the three-way junction CR4/5 domain of its
TR using x-ray crystallography (Figure 4.1). Using this high resolution crystal structure,
many different protein and RNA interactions were identified between the two fragments.
While some of these interactions had been previously identified as important for RNA-
Protein binding, many were new with no biochemical data as to their role or importance

to the telomerase enzyme (Bley et al, 2011).
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P6

Figure 4.1: Overview of the CR4/5-TRBD complex structure. (A) Stereo

view of the overall structure of the CR4/5-TRBD complex. TRBD and

CRA4/5 are colored in blue and green, respectively. TRBD interacting

residues U182, G189, and A199 in the CR4/5 are denoted in red.

Among the novel protein-RNA interactions found between the TRBD and CR4/5
domain, the significance of the interaction with the RNA residue A199 was of particular
interest. This is because structure-based sequence analysis of all vertebrate CR4/5 and
yeast TWJ domains clearly shows that junction J6/6.1 invariably contains only a single
nucleotide, adenine (A199 in medaka CR4/5) (Figure S4.1). Furthermore, the guanine
residue at the 5 terminus of junction J5/6.1 (G213 in medaka CR4/5) is also highly
conserved across species from yeast to human (Figure S4.1). This observation strongly
suggests that formation of an unusual A+G pair at the junction between stems P6 and P6.1
is a conserved feature of all CR4/5 and TWJ of TRs, and that the TRBD-CR4/5

recognition mechanism revealed in the medaka crystal structure is very likely common to

all species whose TR contains a CR4/5 or TWJ structure. To test this hypothesis, we
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examined the interaction between TRBD and TWJ from the telomerase of the medaka
fish and the fission yeast Schizosaccharomyces pombe. Wild-type S. pombe TRBD binds
to S. pombe TWJ with an affinity comparable to that of the medaka TRBDCR4/ 5
interaction (Huang et al, 2014). Substitution of the junction nucleotide A199 in medaka
or A1060 of S. pombe TWJ with any other nucleotide either severely impaired its binding
to the TRBD or disrupted the folding of TWJ (Huang et al, 2014). To demonstrate the
effects of these substitutions in the activity of the enzymes, we reconstituted medaka and
S. pombe telomerase from in vitro generated TERT protein and TR fragments (T/PK and
TWJ) and examined telomerase activities using a direct primer extension assay. In
Medaka telomerase, substitutions in the previously identified U182 and G189 produced
moderate reductions in telomerase activity in vitro while the A199 substitutions produced
a much more drastic decrease (Figure 4.2A). Titrations of the different CR4/5 RNA
fragments shows that the decreases in activity is related to defects in the binding of the
fragments (Figure S4.2). Substitutions in the analogous A1060 residue in S. pombe also
caused greatly impaired in vitro telomerase activities, suggesting that the junction
adenine is important for the proper assembly of an active yeast telomerase RNP complex
(Figure 4.2B). To expand these results, we also examined the TWJ of the filamentous
ascomycete Neurospora crassa using in vitro reconstituted TERT and TR in our direct
telomerase assay. Like with Medaka and S. pombe, substitution of the junction
nucleotide A1848 with any other nucleotide also led to decreased telomerase activities in
vitro, although to a lesser extent compared to that of the previous two (Figure 4.2C).
Notably, an A to G mutation of the junction nucleotide A1130 in TR from the budding

yeast Kluyveromyces lactis resulted in growth defect and shortened telomere length,
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indicating that this linker nucleotide is also crucial for telomere function in cells (Brown

et al, 2007).
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Figure 4.2A: Telomerase primer-extension assay of wild type and mutant
Medaka (O. latipes) telomerases. Activities of mutants are normalized to
wild type and show below the gel as relative activities. 1 ug of in vitro
transcribed RNA of each TWJ fragment as run on a 4% PAGE gel and
visualized below the gel.
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below the gel.

86



Mutation of Motif T residue K570 displays defects in duplex translocation

Recently, a collaborator identified two disease mutations were in the motif T
region of the human TRBD: T567M and K570N (Gramatges et al, 2013; Xin et al, 2007).
Analysis of these mutations reviled that the primary defect caused by these mutations is
in the repeat addition processivity of telomerase. Unlike previous processivity linked
disease mutations which were in the catalytic RT domain, these mutations were in a
region primarily attributed to binding the TR (Alder et al, 2011). However, these results
were consistent with previous finds that found that a conserved region inside motif T also
effects rate of repeat addition (Drosopoulos & Prasad, 2010). While these suggest that
motif T has an involvement in repeat addition processivity, the mechanism by which this

involvement occurs is still unknown.
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Figure 4.3: Alanine screening of human motif T with template free
telomerase. Alanine substitution TERT mutants were reconstituted in vitro
with template free hTR fragments. RNA/DNA duplex used in the assay is
shown above the gel. L.C. was a *’P-end-labeled 18-mer DNA primer.

87



To investigate possible roles of this motif in the telomerase reaction, we examined
its location in the T. castaneum TERT crystal structure in relation to the bound
RNA/DNA duplex in the active site (Mitchell et al, 2010). The position of motif T in this
structure makes it unlikely that it can directly interact with the single stranded DNA to
facilitate template translocation efficiency without significant conformational change.
However, it is easy to imagine that the small motif could interact with the 5’ single
stranded RNA template. In an attempt to elucidate any potential interactions between this
motif and the single stranded RNA template, we created alanine substitution mutants of
the motif T residues and tested them for activity in our template-free telomerase system
with an RNA/DNA duplex with a long 5 RNA overhang (Figure 4.3). While various
mutations showed different levels of telomerase activity, interestingly the K570A mutant,
similar to the K570N disease mutant previous described, had dramatically decreased
nucleotide addition processivity. Like the K570N disease mutant, the K570A substation
also displayed dramatically decreased repeat addition processivity when tested with
native template containing telomerase, regardless of the primer used in the assay (Figure
4.4). Although the K570 mutant does not appear to be significantly worse than the wild
type enzyme at reaching the end of the first repeat, which requires nucleotide addition
processivity, the connection between decreased repeat addition processivity in the

template free system and repeat addition processivity in the native system is interesting.
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Figure 4.4: Activity assay of K570A telomerase mutant with all 6 permutations of
telomeric DNA primer. Primers used were all three full repeats of the telomeric sequence
with the permutation as indicated below the gel. A 15-mer 2P end-labeled
oligonucleotide was included as a loading control (LC).

To see if any potential single stranded RNA interactions were sequence specific

or required a certain length of RNA overhang, we tested the K570A mutant with identical
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RNA/DNA duplexes but with varying template length or sequence (Figure 4.5). While
the longer template did allow slightly higher nucleotide addition processivity compared
to the short template, all K570A mutant reactions had drastically impaired processivity
compared to the wild type enzyme with the same substrate. The consistent impairment in
nucleotide addition processivity suggests that the K570 residue could be important for
duplex translocation through the active site and/or proper positioning of the duplex in the
active site. Our previous work has shown that the sequence of the duplex can also
produce a drastic difference in nucleotide addition processivity (see chapter 3). To test
how the sequence of the duplex affects the activity and processivity of the K570A
mutant, we tested it with all six circular permutation duplexes in the template free system
(Figure 4.6). In contrast to wild type TERT, the K570A mutant did not show any
differences in activity or processivity with any of the duplex sequences. This suggests
that the mechanism of motif T facilitating duplex translocation is unique from the

sequence dependent pause seen with the wild type protein.
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Figure 4.5: Effects of template length and sequence on K570A mutant.
Template free telomerase composed of either wild type or K570A mutant
TERT was assayed with three 7 bp RNA/DNA duplexes with varying
template length and sequence (shown above gel). Addition of 0.5 mM
dATP and dTTP is denoted below the gel (+). A *2P-end-labeled 5-mer
was used as a loading control (LC).
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Figure 4.6: K570A TERT mutant shows defects in nucleotide addition
processivity using circularly permuted duplex substrates. Template free
telomerase composed of either wild type or K570A mutant TERT was
assayed with all 6 circular permutations of the telomeric 7 bp RNA/DNA
duplex sequence (shown above the gel). Addition of 0.5 mM dATP is
denoted below the gel (+). A 32P-end-labeled 5-mer was used as a loading
control (LC).

4.4 Discussion

While our knowledge of the telomerase enzyme and its unique mechanism has
grown drastically over the last few decades, there are still a larger number of things we
still do not understand. This project aims to fill in these gaps though characterizing the

functional role of several different TERT and TR residues through mutational analysis.
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Using the medaka TRBD and CR4/5 co-crystal to predict important interactions, we
confirmed several residues in the medaka CR4/5 are vital for proper recognition and
binding by the TERT protein. While the junction residue, A199, is absolutely conserved
in TWJ structures from other TRs, the bulge residues, U182 and G189 , which mediate
the specific interaction between medaka CR4/5 and TRBD are only conserved in closely
related species, such as the fugu fish Takifugu rubripes (Podlevsky et al, 2008; Xie et al,
2008). This is consistent with previous observations that fugu T/PK and CR4/5 domains
can reconstitute telomerase activity with medaka TERT (Xie et al, 2008). In contrast, S.
pombe TWJ contains a much shorter stem P6 with no bulged nucleotide, suggesting that
S. pombe TRBD must recognize TWJ through some features that are different from U182
and G189 of medaka CR4/5. Collectively, the structural and biochemical analyses
suggest that CR4/5 (TWJ) is bound by TRBD through two types of interactions. The
helical conformation of stems P6 and P6.1 and the conserved adenine at the junction
J6/6.1 define the overall shape of CR4/5 (TWJ) essential for the TRBD-CR4/5 binding in
all vertebrates and yeasts. The species-incompatibility of the TRBD-CR4/5 (TWJ)
interaction presumably results from the co-evolution of the protein and RNA components
of telomerase along different eukaryotic lineages.

When structural information is not available, which is usually the case with
human telomerase, mutagenesis can still be used to elucidate valuable data on the
function of different regions of telomerase. By characterizing disease mutants, several
novel residues have been discovered to be important for telomerase repeat addition
processivity and show that this unique property of telomerase is important for in vivo

function (Alder et al, 2011; Gramatges et al, 2013). In particular, several disease
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mutations in the motif T domain of TERT have been shown to effect telomerase
processivity (Gramatges et al, 2013). Through biochemical analysis of these mutants in
our template free system, we found that the defects of the K570A mutant in repeat
addition processivity is linked to an inability to possessively add nucleotides to an
RNA/DNA duplex or to distinguish sequence of the bound duplex substrates. This
interaction seems to be duplex specific and not dependent on sequence or length of the
RNA overhang. Previously, correlation between duplex binding and enzyme processivity
in telomerase has been shown with motif 3 mutants, but this is the first instance of a
mutation where duplex translocation has been tied to repeat addition processivity. Taken
together, these results have shed new light on how telomerase uses numerous unique

protein and RNA interactions to regulate its complex catalytic cycle.

4.5 References

Alder JK, Cogan JD, Brown AF, Anderson CJ, Lawson WE, Lansdorp PM, Phillips Ja,
Loyd JE, Chen JJ-L, Armanios M (2011) Ancestral mutation in telomerase causes defects
in repeat addition processivity and manifests as familial pulmonary fibrosis. PLoS
genetics 7: 1001352

Bley CJ, Qi X, Rand DP, Borges CR, Nelson RW, Chen JJ-L (2011) RNA-protein
binding interface in the telomerase ribonucleoprotein. Proceedings of the National
Academy of Sciences of the United States of America 108: 20333-20338

Brown Y, Abraham M, Pearl S, Kabaha MM, Elboher E, Tzfati Y (2007) A critical three-
way junction is conserved in budding yeast and vertebrate telomerase RNAs. Nucleic
acids research 35: 6280-6289

Chen JJ-L, Greider CW (2004) An emerging consensus for telomerase RNA structure.
Proceedings of the National Academy of Sciences of the United States of America 101:
14683-14684

Cohn M, Blackburn EH (1995) Telomerase in yeast. Science (New York, NY) 269: 396-
400

94



Drosopoulos WC, Prasad VR (2010) The telomerase-specific T motif is a restrictive
determinant of repetitive reverse transcription by human telomerase. Molecular and
cellular biology 30: 447-459

Fulton TB, Blackburn EH (1998) Identification of Kluyveromyces lactis telomerase:
discontinuous synthesis along the 30-nucleotide-long templating domain. Molecular and
cellular biology 18: 4961-4970

Gramatges MM, Qi X, Sasa GS, Chen JJ, Bertuch AA (2013) A homozygous telomerase
T-motif variant resulting in markedly reduced repeat addition processivity in siblings
with Hoyeraal Hreidarsson syndrome. Blood 121: 3586-3593

Greider CW, Blackburn EH (1987) The telomere terminal transferase of Tetrahymena is
a ribonucleoprotein enzyme with two kinds of primer specificity. Cell 51: 887-898

Huang J, Brown AF, Wu J, Xue J, Bley CJ, Rand DP, Wu L, Zhang R, Chen JL, & Lei
M (2014) Structural Basis for Protein-RNA Recognition in Telomerase. Nature structural
& molecular biology. (In Press)

Mitchell M, Gillis A, Futahashi M, Fujiwara H, Skordalakes E (2010) Structural basis for
telomerase catalytic subunit TERT binding to RNA template and telomeric DNA. Nature
structural & molecular biology 17: 513-518

Podlevsky JD, Bley CJ, Omana RV, Qi X, Chen JJ-L (2008) The telomerase database.
Nucleic acids research 36: D339-343

Podlevsky JD, Chen JJ-L (2012) It all comes together at the ends: telomerase structure,
function, and biogenesis. Mutation research 730: 3-11

Prowse KR, Avilion aa, Greider CW (1993) Identification of a nonprocessive telomerase
activity from mouse cells. Proceedings of the National Academy of Sciences of the United
States of America 90: 1493-1497

Qi X, Li Y, Honda S, Hoffmann S, Marz M, Mosig A, Podlevsky JD, Stadler PF, Selker
EU, Chen JJ (2013) The common ancestral core of vertebrate and fungal telomerase
RNAs. Nucleic Acids Res 41: 450-462

Xie M, Mosig A, Qi X, Li Y, Stadler PF, Chen JJ-L (2008) Structure and function of the
smallest vertebrate telomerase RNA from teleost fish. The Journal of biological
chemistry 283: 2049-2059

Xie M, Podlevsky JD, Qi X, Bley CJ, Chen JJ-L (2010) A novel motif in telomerase

reverse transcriptase regulates telomere repeat addition rate and processivity. Nucleic
acids research 38: 1982-1996

95



Xin ZT, Beauchamp AD, Calado RT, Bradford JW, Regal JA, Shenoy A, Liang Y,
Lansdorp PM, Young NS, Ly H (2007) Functional characterization of natural telomerase
mutations found in patients with hematologic disorders. Blood 109: 524-532

96



REFERENCES

Alder JK, Chen JJ-L, Lancaster L, Danoff S, Su S-c, Cogan JD, Vulto I, Xie M, Qi X,
Tuder RM, Phillips Ja, Lansdorp PM, Loyd JE, Armanios MY (2008) Short telomeres are
a risk factor for idiopathic pulmonary fibrosis. Proceedings of the National Academy of
Sciences of the United States of America 105: 13051-13056

Alder JK, Cogan JD, Brown AF, Anderson CJ, Lawson WE, Lansdorp PM, Phillips Ja,
Loyd JE, Chen JJ-L, Armanios M (2011) Ancestral mutation in telomerase causes defects
in repeat addition processivity and manifests as familial pulmonary fibrosis. PLoS
genetics 7: €1001352

Armanios M, Chen JJ-L, Chang Y-PC, Brodsky Ra, Hawkins A, Griffin Ca, Eshleman
JR, Cohen AR, Chakravarti A, Hamosh A, Greider CW (2005) Haploinsufficiency of
telomerase reverse transcriptase leads to anticipation in autosomal dominant dyskeratosis
congenita. Proceedings of the National Academy of Sciences of the United States of
America 102: 15960-15964

Armanios MY, Chen JJ-L, Cogan JD, Alder JK, Ingersoll RG, Markin C, Lawson WE,
Xie M, Vulto I, Phillips Ja, Lansdorp PM, Greider CW, Loyd JE (2007) Telomerase
mutations in families with idiopathic pulmonary fibrosis. The New England journal of
medicine 356: 1317-1326

Belfort M, Curcio MJ, Lue NF (2011) Telomerase and retrotransposons: reverse
transcriptases that shaped genomes. Proc Natl Acad Sci U S A 108: 20304-20310

Berman AJ, Akiyama BM, Stone MD, Cech TR (2011) The RNA accordion model for
template positioning by telomerase RNA during telomeric DNA synthesis. Nature
structural & molecular biology 18: 1371-1375

Blackburn EH (2001) Switching and signaling at the telomere. Cell 106: 661-673

Blackburn EH, Collins K (2010) Telomerase: An RNP Enzyme Synthesizes DNA. Cold
Spring Harbor perspectives in biology

Bley CJ, Qi X, Rand DP, Borges CR, Nelson RW, Chen JJ-L (2011) RNA-protein
binding interface in the telomerase ribonucleoprotein. Proceedings of the National
Academy of Sciences of the United States of America 108: 20333-20338

Bosoy D, Lue NF (2001) Functional analysis of conserved residues in the putative
"finger" domain of telomerase reverse transcriptase. J Biol Chem 276: 46305-46312

Brown Y, Abraham M, Pearl S, Kabaha MM, Elboher E, Tzfati Y (2007) A critical three-

way junction is conserved in budding yeast and vertebrate telomerase RNAs. Nucleic
acids research 35: 6280-6289

97



Bryan TM, Goodrich KJ, Cech TR (2000) Telomerase RNA bound by protein motifs
specific to telomerase reverse transcriptase. Mol Cell 6: 493-499

Chen JJ-L, Greider CW (2003a) Determinants in mammalian telomerase RNA that
mediate enzyme processivity and cross-species incompatibility. The EMBO journal 22:
304-314

Chen JJ-L, Greider CW (2003b) Template boundary definition in mammalian telomerase.
Genes & Development: 2747-2752

Chen JJ-L, Greider CW (2004) An emerging consensus for telomerase RNA structure.
Proceedings of the National Academy of Sciences of the United States of America 101:
14683-14684

Chen JJ-L, Greider CW (2005) Functional analysis of the pseudoknot structure in human
telomerase RNA. Proceedings of the National Academy of Sciences of the United States
of America 102: 8080-8085; discussion 8077-8089

Chen JJ-L, Opperman KK, Greider CW (2002) A critical stem-loop structure in the CR4-
CR5 domain of mammalian telomerase RNA. Nucleic acids research 30: 592-597

Chen JL, Blasco Ma, Greider CW (2000) Secondary structure of vertebrate telomerase
RNA. Cell 100: 503-514

Cohn M, Blackburn EH (1995) Telomerase in yeast. Science (New York, NY) 269: 396-
400

Counter CM, Meyerson M, Eaton EN, Weinberg RA (1997) The catalytic subunit of
yeast telomerase. Proc Natl Acad Sci U S A 94: 9202-9207

Cristofari G, Adolf E, Reichenbach P, Sikora K, Terns RM, Terns MP, Lingner J (2007)
Human telomerase RNA accumulation in Cajal bodies facilitates telomerase recruitment
to telomeres and telomere elongation. Molecular cell 27: 882-889

de Lange T (2009) How telomeres solve the end-protection problem. Science (New York,
NY) 326: 948-952

Dokal I (2003) Dyskeratosis congenita: its link to telomerase and aplastic anaemia. Blood
Reviews 17: 217-225

Drosopoulos WC, Direnzo R, Prasad VR (2005) Human telomerase RNA template

sequence is a determinant of telomere repeat extension rate. The Journal of biological
chemistry 280: 32801-32810

98



Drosopoulos WC, Prasad VR (2010) The telomerase-specific T motif is a restrictive
determinant of repetitive reverse transcription by human telomerase. Molecular and
cellular biology 30: 447-459

Du H-Y, Pumbo E, Ivanovich J, An P, Maziarz RT, Reiss UM, Chirnomas D, Shimamura
A, Vlachos A, Lipton JM, Goyal RK, Goldman F, Wilson DB, Mason PJ, Bessler M
(2009) TERC and TERT gene mutations in patients with bone marrow failure and the
significance of telomere length measurements. Blood 113: 309-316

Eckert B, Collins K (2012) Roles of the telomerase reverse transcriptase N-terminal
domain in the assembly and activity of Tetrahymena telomerase holoenzyme. The
Journal of biological chemistry 287: 12805-12814

Egan ED, Collins K (2010) Specificity and stoichiometry of subunit interactions in the
human telomerase holoenzyme assembled in vivo. Molecular and cellular biology 30:
2775-2786

Egan ED, Collins K (2012) An Enhanced H/ACA RNP Assembly Mechanism for Human
Telomerase RNA. Molecular and Cellular Biology 32

Finger SN, Bryan TM (2008) Multiple DNA-binding sites in Tetranymena telomerase.
Nucleic acids research 36: 1260-1272

Fogarty PF, Yamaguchi H, Wiestner A, Baerlocher GM, Sloand E, Zeng WS, Read EJ,
Lansdorp PM, Young NS (2003) Late presentation of dyskeratosis congenita as
apparently acquired aplastic anaemia due to mutations in telomerase RNA. Lancet 362:
1628-1630

Forstemann K, Lingner J (2005) Telomerase limits the extent of base pairing between
template RNA and telomeric DNA. EMBO reports 6: 361-366

Forstemann K, Zaug AJ, Cech TR, Lingner J (2003) Yeast telomerase is specialized for
C/A-rich RNA templates. Nucleic acids research 31: 1646-1655

Fu D, Collins K (2003) Distinct biogenesis pathways for human telomerase RNA and
H/ACA small nucleolar RNAs. Molecular cell 11: 1361-1372

Fulton TB, Blackburn EH (1998) Identification of Kluyveromyces lactis telomerase:
discontinuous synthesis along the 30-nucleotide-long templating domain. Molecular and
cellular biology 18: 4961-4970

Gilley D, Blackburn EH (1996) Specific RNA residue interactions required for enzymatic
functions of Tetrahymena telomerase. Molecular and cellular biology 16: 66-75

Gilley D, Lee MS, Blackburn EH (1995) Altering specific telomerase RNA template
residues affects active site function. Genes & development 9: 2214-2226

99



Gillis AJ, Schuller AP, Skordalakes E (2008) Structure of the Tribolium castaneum
telomerase catalytic subunit TERT. Nature 455: 633-637

Gramatges MM, Qi X, Sasa GS, Chen JJ, Bertuch AA (2013) A homozygous telomerase
T-motif variant resulting in markedly reduced repeat addition processivity in siblings
with Hoyeraal Hreidarsson syndrome. Blood 121: 3586-3593

Greider CW, Blackburn EH (1985) Identification of a specific telomere terminal
transferase activity in Tetrahymena extracts. Cell 43: 405-413

Greider CW, Blackburn EH (1987) The telomere terminal transferase of Tetrahymena is
a ribonucleoprotein enzyme with two kinds of primer specificity. Cell 51: 887-898

Guiducci C, Cerone MA, Bacchetti S (2001) Expression of mutant telomerase in
immortal telomerase-negative human cells results in cell cycle deregulation, nuclear and
chromosomal abnormalities and rapid loss of viability. Oncogene 20: 714-725

Hammond PW, Cech TR (1998) Euplotes telomerase: evidence for limited base-pairing
during primer elongation and dGTP as an effector of translocation. Biochemistry 37:
5162-5172

Hardy CD, Schultz CS, Collins K (2001) Requirements for the dGTP-dependent repeat
addition processivity of recombinant Tetrahymena telomerase. The Journal of biological
chemistry 276: 4863-4871

Harrington L, Zhou W, McPhail T, Oulton R, Yeung DS, Mar V, Bass MB, Robinson
MO (1997) Human telomerase contains evolutionarily conserved catalytic and structural
subunits. Genes Dev 11: 3109-3115

Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell strains. Exp
Cell Res 25: 585-621

Hiyama E, Hiyama K (2007) Telomere and telomerase in stem cells. British journal of
cancer 96: 1020-1024

Hossain S, Singh S, Lue NF (2002) Functional analysis of the C-terminal extension of
telomerase reverse transcriptase. A putative "thumb" domain. The Journal of biological
chemistry 277: 36174-36180

Huang J, Brown AF, Wu J, Xue J, Bley CJ, Rand DP, Wu L, Zhang R, Chen JL, & Lei

M (2014) Structural Basis for Protein-RNA Recognition in Telomerase. Nature structural
& molecular biology. (In Press)

100



Jacobs Sa, Podell ER, Cech TR (2006) Crystal structure of the essential N-terminal
domain of telomerase reverse transcriptase. Nature structural & molecular biology 13:
218-225

Jady BE, Bertrand E, Kiss T (2004) Human telomerase RNA and box H/ACA scaRNAs
share a common Cajal body-specific localization signal. The Journal of cell biology 164:
647-652

Jarstfer MB, Cech TR (2002) Effects of nucleotide analogues on Euplotes aediculatus
telomerase processivity: evidence for product-assisted translocation. Biochemistry 41:
151-161

Kim MM, Rivera MA, Botchkina IL, Shalaby R, Thor AD, Blackburn EH (2001) A low
threshold level of expression of mutant-template telomerase RNA inhibits human tumor
cell proliferation. Proc Natl Acad Sci USA 98: 7982-7987

Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, Coviello GM,
Wright WE, Weinrich SL, Shay JW (1994) Specific association of human telomerase
activity with immortal cells and cancer. Science (New York, NY) 266: 2011-2015

Kiss T, Fayet-Lebaron E, Jady BE (2010) Box H/ACA small ribonucleoproteins.
Molecular cell 37: 597-606

Kopera HC, Moldovan JB, Morrish TA, Garcia-Perez JL, Moran JV (2011) Similarities
between long interspersed element-1 (LINE-1) reverse transcriptase and telomerase. Proc
Natl Acad Sci U S A 108: 20345-20350

Lai CK, Miller MC, Collins K (2002) Template boundary definition in Tetrahymena
telomerase. Genes & Development: 415-420

Lai CK, Mitchell JR, Collins K (2001) RNA Binding Domain of Telomerase Reverse
Transcriptase. Society 21: 990-1000

Lange TD (2002) Protection of mammalian telomeres. Oncogene: 532-540

Latrick CM, Cech TR (2010) POT1-TPP1 enhances telomerase processivity by slowing
primer dissociation and aiding translocation. The EMBO journal 29: 924-933

Lattmann S, Stadler MB, Vaughn JP, Akman Sa, Nagamine Y (2011) The DEAH-box
RNA helicase RHAU binds an intramolecular RNA G-quadruplex in TERC and
associates with telomerase holoenzyme. Nucleic acids research: 1-15

Lei M, Podell ER, Cech TR (2004) Structure of human POT1 bound to telomeric single-

stranded DNA provides a model for chromosome end-protection. Nature structural &
molecular biology 11: 1223-1229

101



Li H (2008) Unveiling substrate RNA binding to H/ACA RNPs: one side fits all. Current
opinion in structural biology 18: 78-85

Li S, Rosenberg JE, Donjacour AA, Botchkina IL, Hom YK, Cunha GR, Blackburn EH
(2004) Rapid inhibition of cancer cell growth induced by lentiviral delivery and
expression of mutant-template telomerase RNA and anti-telomerase short-interfering
RNA. Cancer Res 64: 4833-4840

Li Y, Podlevsky JD, Marz M, Qi X, Hoffmann S, Stadler PF, Chen JJ (2013)
Identification of purple sea urchin telomerase RNA using a next-generation sequencing
based approach. RNA 19: 852-860

Lin J, Ly H, Hussain A, Abraham M, Pearl S, Tzfati Y, Parslow TG, Blackburn EH
(2004) A universal telomerase RNA core structure includes structured motifs required for
binding the telomerase reverse transcriptase protein. Proceedings of the National
Academy of Sciences of the United States of America 101: 14713-14718

Lingner J, Cooper JP, Cech TR (1995) Telomerase and DNA end replication: no longer a
lagging strand problem? Science (New York, NY) 269: 1533-1534

Lingner J, Hughes TR, Shevchenko a, Mann M, Lundblad V, Cech TR (1997) Reverse
transcriptase motifs in the catalytic subunit of telomerase. Science (New York, NY) 276:
561-567

Lue NF, Li Z (2007) Modeling and structure function analysis of the putative anchor site
of yeast telomerase. Nucleic acids research 35: 5213-5222

Lue NF, Lin Y-c, Mian IS (2003) A Conserved Telomerase Motif within the Catalytic
Domain of Telomerase Reverse Transcriptase Is Specifically Required for Repeat
Addition Processivity. Society 23: 8440-8449

Ly H, Blackburn EH, Parslow TG (2003) Comprehensive structure-function analysis of
the core domain of human telomerase RNA. Molecular and cellular biology 23: 6849-
6856

Ly H, Calado RT, Allard P, Baerlocher GM, Lansdorp PM, Young NS, Parslow TG
(2005) Functional characterization of telomerase RNA variants found in patients with
hematologic disorders. Leukemia and Lymphoma 105: 2332-2339

Maine IP, Chen SF, Windle B (1999) Effect of dGTP concentration on human and CHO
telomerase. Biochemistry 38: 15325-15332

Marrone A, Stevens D, Vulliamy T, Dokal I, Mason PJ (2004) Heterozygous telomerase

RNA mutations found in dyskeratosis congenita and aplastic anemia reduce telomerase
activity via haploinsufficiency. Analysis 104: 3936-3942

102



Marusic L, Anton M, Tidy A, Wang P, Villeponteau B, Bacchetti S (1997)
Reprogramming of telomerase by expression of mutant telomerase RNA template in
human cells leads to altered telomeres that correlate with reduced cell viability. Mol Cell
Biol 17: 6394-6401

McClintock B (1941) The Stability of Broken Ends of Chromosomes in Zea Mays.
Genetics 26: 234-282

Meyne J, Ratliff RL, Moyzis RK (1989) Conservation of the human telomere sequence
(TTAGGG)n among vertebrates. Proc Natl Acad Sci USA 86: 7049-7053

Miller MC, Liu JK, Collins K (2000) Template definition by Tetrahymena telomerase
reverse transcriptase. The EMBO journal 19: 4412-4422

Mitchell JR, Cheng J, Collins K (1999a) A box H/ACA small nucleolar RNA-like
domain at the human telomerase RNA 3' end. Mol Cell Biol 19: 567-576

Mitchell JR, Collins K (2000) Human telomerase activation requires two independent
interactions between telomerase RNA and telomerase reverse transcriptase. Molecular
cell 6: 361-371

Mitchell JR, Wood E, Collins K (1999b) A telomerase component is defective in the
human disease dyskeratosis congenita. Nature 402: 551-555

Mitchell M, Gillis A, Futahashi M, Fujiwara H, Skordalakes E (2010) Structural basis for
telomerase catalytic subunit TERT binding to RNA template and telomeric DNA. Nature
structural & molecular biology 17: 513-518

Moriarty TJ, Huard S, Dupuis S, Autexier C, lol MOLCELLB (2002) Functional
Multimerization of Human Telomerase Requires an RNA Interaction Domain in the N
Terminus of the Catalytic Subunit. Society 22: 1253-1265

Moriarty TJ, Marie-Egyptienne DT, Autexier C (2004) Functional Organization of
Repeat Addition Processivity and DNA Synthesis Determinants in the Human
Telomerase Multimer. Molecular and Cellular Biology 24: 3720-3733

Moyzis RK, Buckingham JM, Cram LS, Dani M, Deaven LL, Jones MD, Meyne J,
Ratliff RL, Wu JR (1988) A highly conserved repetitive DNA sequence, (TTAGGG)n,
present at the telomeres of human chromosomes. Proc Natl Acad Sci USA 85: 6622-6626
Muller H (1938) The Remaking of Chromosomes.

Nakamura TM, Morin GB, Chapman KB, Weinrich SL, Andrews WH, Lingner J, Harley

CB, Cech TR (1997) Telomerase catalytic subunit homologs from fission yeast and
human. Science (New York, NY) 277: 955-959

103



Nakayama J, Tahara H, Tahara E, Saito M, Ito K, Nakamura H, Nakanishi T, Ide T,
Ishikawa F (1998) Telomerase activation by hTRT in human normal fibroblasts and
hepatocellular carcinomas. Nat Genet 18: 65-68

Olovnikov AM (1973) A theory of marginotomy. The incomplete copying of template
margin in enzymic synthesis of polynucleotides and biological significance of the
phenomenon. Journal of theoretical biology 41: 181-190

Palm W, de Lange T (2008) How shelterin protects mammalian telomeres. Annu Rev
Genet 42: 301-334

Pardue ML, DeBaryshe PG (2011) Retrotransposons that maintain chromosome ends.
Proc Natl Acad Sci U S A 108: 20317-20324

Peng Y, Mian IS, Lue NF (2001) Analysis of telomerase processivity: mechanistic
similarity to HIV-1 reverse transcriptase and role in telomere maintenance. Molecular
cell 7: 1201-1211

Podlevsky JD, Bley CJ, Omana RV, Qi X, Chen JJ-L (2008) The telomerase database.
Nucleic acids research 36: D339-343

Podlevsky JD, Chen JJ-L (2012) It all comes together at the ends: telomerase structure,
function, and biogenesis. Mutation research 730: 3-11

Prowse KR, Avilion aa, Greider CW (1993) Identification of a nonprocessive telomerase
activity from mouse cells. Proceedings of the National Academy of Sciences of the United
States of America 90: 1493-1497

Qi X, Li Y, Honda S, Hoffmann S, Marz M, Mosig A, Podlevsky JD, Stadler PF, Selker
EU, Chen JJ (2013) The common ancestral core of vertebrate and fungal telomerase
RNAs. Nucleic Acids Res 41: 450-462

Qi X, Xie M, Brown AF, Bley CJ, Podlevsky JD, Chen JJ-L (2012) RNA/DNA hybrid
binding affinity determines telomerase template-translocation efficiency. The EMBO
journal 31: 150-161

Qiao F, Cech TR (2008) Triple-helix structure in telomerase RNA contributes to
catalysis. Nature structural & molecular biology 15: 634-640

Qiao F, Goodrich KJ, Cech TR (2010) Engineering cis-telomerase RNAs that add
telomeric repeats to themselves. Proceedings of the National Academy of Sciences of the
United States of America 107: 4914-4918

Reichow SL, Hamma T, Ferre-D'Amare AR, Varani G (2007) The structure and function
of small nucleolar ribonucleoproteins. Nucleic Acids Res 35: 1452-1464

104



Robart AR, O'Connor CM, Collins K (2010) Ciliate telomerase RNA loop 1V nucleotides
promote hierarchical RNP assembly and holoenzyme stability. RNA (New York, NY) 16:
563-571

Romi E, Baran N, Gantman M, Shmoish M, Min B, Collins K, Manor H (2007) High-
resolution physical and functional mapping of the template adjacent DNA binding site in
catalytically active telomerase. Proceedings of the National Academy of Sciences of the
United States of America 104: 8791-8796

Rouda S, Skordalakes E (2007) Structure of the RNA-binding domain of telomerase:
implications for RNA recognition and binding. Structure (London, England : 1993) 15:
1403-1412

Sealey DC, Zheng L, Taboski MA, Cruickshank J, Ikura M, Harrington LA (2010) The
N-terminus of hTERT contains a DNA-binding domain and is required for telomerase
activity and cellular immortalization. Nucleic Acids Res 38: 2019-2035

Sekaran VG, Soares J, Jarstfer MB (2010) Structures of telomerase subunits provide
functional insights. Biochimica et biophysica acta 1804: 1190-1201

Sexton AN, Collins K (2011) The 5' guanosine tracts of human telomerase RNA are
recognized by the G-quadruplex binding domain of the RNA helicase DHX36 and
function to increase RNA accumulation. Molecular and cellular biology 31: 736-743

Sfeir a, de Lange T (2012) Removal of Shelterin Reveals the Telomere End-Protection
Problem. Science 336: 593-597

Sfeir AJ, Chai W, Shay JW, Wright WE (2005) Telomere-end processing the terminal
nucleotides of human chromosomes. Molecular cell 18: 131-138

Shakirov EV, Song X, Joseph Ja, Shippen DE (2009) POT1 proteins in green algae and
land plants: DNA-binding properties and evidence of co-evolution with telomeric DNA.
Nucleic acids research 37: 7455-7467

Shefer K, Brown Y, Gorkovoy V, Nussbaum T, Ulyanov NB, Tzfati Y (2007) A triple
helix within a pseudoknot is a conserved and essential element of telomerase RNA.
Molecular and cellular biology 27: 2130-2143

Shippen-Lentz D, Blackburn EH (1990) Functional evidence for an RNA template in
telomerase. Science (New York, NY) 247: 546-552

Stohr BA, Blackburn EH (2008) ATM mediates cytotoxicity of a mutant telomerase
RNA in human cancer cells. Cancer Res 68: 5309-5317

Stohr BA, Xu L, Blackburn EH (2010) The terminal telomeric DNA sequence determines
the mechanism of dysfunctional telomere fusion. Mol Cell 39: 307-314

105



Tesmer VM, Ford LP, Holt SE, Frank BC, Yi X, Aisner DL, Ouellette M, Shay JW,
Wright WE (1999) Two inactive fragments of the integral RNA cooperate to assemble
active telomerase with the human protein catalytic subunit (hnTERT) in vitro. Molecular
and cellular biology 19: 6207-6216

Theimer Ca, Blois Ca, Feigon J (2005) Structure of the human telomerase RNA
pseudoknot reveals conserved tertiary interactions essential for function. Molecular cell
17: 671-682

Theimer Ca, Feigon J (2006) Structure and function of telomerase RNA. Current opinion
in structural biology 16: 307-318

Theimer Ca, Finger LD, Trantirek L, Feigon J (2003) Mutations linked to dyskeratosis
congenita cause changes in the structural equilibrium in telomerase RNA. Proceedings of
the National Academy of Sciences of the United States of America 100: 449-454

Theimer Ca, Jady BE, Chim N, Richard P, Breece KE, Kiss T, Feigon J (2007) Structural
and functional characterization of human telomerase RNA processing and cajal body
localization signals. Molecular cell 27: 869-881

Tsakiri KD, Cronkhite JT, Kuan PJ, Xing C, Raghu G, Weissler JC, Rosenblatt RL, Shay
JW, Garcia CK (2007) Adult-onset pulmonary fibrosis caused by mutations in
telomerase. Proceedings of the National Academy of Sciences of the United States of
America 104: 7552-7557

Tzfati Y, Fulton TB, Roy J, Blackburn EH (2000) Template boundary in a yeast
telomerase specified by RNA structure. Science (New York, NY) 288: 863-867

Venteicher AS, Artandi SE (2009) A Human Telomerase Holoenzyme Protein Required
for Cajal Body Localization and Telomere Synthesis. Science 323

Vulliamy ST (2002) Aplastic anaemia and telomerase RNA mutations Time to do the
right things right : Nigerian health care For personal use . Only reproduce with
permission from The Lancet Publishing Group . The Lancet 360: 2002-2002

Vulliamy T, Marrone a, Goldman F, Dearlove a, Bessler M, Mason PJ, Dokal 1 (2001)
The RNA component of telomerase is mutated in autosomal dominant dyskeratosis
congenita. Nature 413: 432-435

Vulliamy TJ, Marrone A, Knight SW, Walne A, Mason PJ, Dokal | (2006) Mutations in
dyskeratosis congenita: their impact on telomere length and the diversity of clinical
presentation. Blood 107: 2680-2685

Wallweber G, Gryaznov S, Pongracz K, Pruzan R (2003) Interaction of human
telomerase with its primer substrate. Biochemistry 42: 589-600

106



Wang F, Podell ER, Zaug AJ, Yang Y, Baciu P, Cech TR, Lei M (2007) The POT1-TPP1
telomere complex is a telomerase processivity factor. Nature 445: 506-510

Watson JD (1972) Origin of concatemeric T7 DNA. Nature: New biology 239: 197-201

Weinrich SL, Pruzan R, Ma L, Ouellette M, Tesmer VM, Holt SE, Bodnar AG,
Lichtsteiner S, Kim NW, Trager JB, Taylor RD, Carlos R, Andrews WH, Wright WE,
Shay JW, Harley CB, Morin GB (1997) Reconstitution of human telomerase with the
template RNA component hTR and the catalytic protein subunit hTRT. Nat Genet 17:
498-502

Wyatt HDM, Lobb Da, Beattie TL (2007) Characterization of physical and functional
anchor site interactions in human telomerase. Molecular and cellular biology 27: 3226-
3240

Wyatt HDM, West SC, Beattie TL (2010) INTERTpreting telomerase structure and
function. Nucleic acids research 38: 5609-5622

Xie M, Mosig A, Qi X, Li Y, Stadler PF, Chen JJ-L (2008) Structure and function of the
smallest vertebrate telomerase RNA from teleost fish. The Journal of biological
chemistry 283: 2049-2059

Xie M, Podlevsky JD, Qi X, Bley CJ, Chen JJ-L (2010) A novel motif in telomerase
reverse transcriptase regulates telomere repeat addition rate and processivity. Nucleic
acids research 38: 1982-1996

Xin ZT, Beauchamp AD, Calado RT, Bradford JW, Regal JA, Shenoy A, Liang Y,
Lansdorp PM, Young NS, Ly H (2007) Functional characterization of natural telomerase
mutations found in patients with hematologic disorders. Blood 109: 524-532

Yamaguchi H, Baerlocher GM, Lansdorp PM, Chanock SJ, Nunez O, Sloand E, Young
NS (2003) Mutations of the human telomerase RNA gene (TERC) in aplastic anemia and
myelodysplastic syndrome. Blood 102: 916-918

Zappulla DC, Goodrich K, Cech TR (2005) A miniature yeast telomerase RNA functions
in vivo and reconstitutes activity in vitro. Nature structural & molecular biology 12:
1072-1077

Zaug AJ, Podell ER, Cech TR (2008) Mutation in TERT separates processivity from
anchor-site function. Nature structural & molecular biology 15: 870-872

Zhang Q, Kim N-K, Feigon J (2011) Telomerase and Retrotransposons: Reverse
Transcriptases That Shaped Genomes Special Feature Sackler Colloquium: Architecture
of human telomerase RNA. Proceedings of the National Academy of Sciences of the
United States of America 2011: 1-8

107



Zhang Q, Kim N-K, Peterson RD, Wang Z, Feigon J (2010) Structurally conserved five
nucleotide bulge determines the overall topology of the core domain of human telomerase
RNA. Proceedings of the National Academy of Sciences of the United States of America
107: 18761-18768

Zhong FL, Batista LFZ, Freund A, Pech MF, Venteicher AS, Artandi SE (2012) TPP1

OB-Fold Domain Controls Telomere Maintenance by Recruiting Telomerase to
Chromosome Ends. Cell 150: 481-494

108



APPENDIX A

SUPPLEMENTARY DATE FOR CHAPTER 2

109



Telomeric P

' 9@
DNA 5'-GGGTTAGG'/ s
NIRNEY

Duplex
substrate

RNA 3-CCAAUCCCUUUUUUUUUG-5' S1
TN
3-GUUGUGGCUUUUUUUUUG-5' S2
N0
3-GUUGUGGCAAUCCCAAUG-5' S3
I |
Telomeric
S1 S2 S3 Duplex
+ + + + + + ++ + 32PdGTP
-+ + -+ + - + + JdATPATTP
M- - + M2 - - + - - + dCTP
G
— A
— s T
_——— T
G
“.

1.2 3

110

4 567 8 9

Figure S2.1: A telomeric template is sufficient for sequence defined pausing. (top)
Sequences of RNA/DNA duplexes used. (bottom) Activity assay of in vitro reconstituted
TF telomerase (upper panel) with various duplex substrates. Substrates were extended by
the enzyme with a-*2P-dGTP in the presence (+) or absence (-) of 1 mM dATP, dTTP, or
dCTP as denoted above the gel. An a-32P end-labeled 5-mer oligonucleotide was used as
a loading control (l.c.). The DNA primers GGGTTAGG (M) or GCAACACC (My)
extended by one *?P-dGTP with terminal deoxynucleotidyl transferase (TdT) were
included as size markers.
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Figure S2.2: Alanine screening of hTERT residues with potential duplex interactions.
Activity assays of various hnTERT mutants reconstituted in vitro with template free
telomerase RNA fragments for direct assay analysis. All reactions were performed with 5
uM dGTP and 0.5 mM dATP. A 15-mer *?P-end-labeled oligonucleotide was included as
a loading control (LC).

111



PK 1 (64-184) PK 2 (73-184)

CACCGUUCAUUCUAGAGCAAAC , ¢ ACCGUUCAUUCUAGAGCAAAC 5
C 150 160 170 AA 180 C 150 160 170 AA 180
u u. | u |
-y e adbyaggy Wy G
CCGCGUCEE  COAAAAGGCGGGEGACUUUCAGU CCGCGUCCG CGAAAAGGCGGGCGACUUUCAGUCG
SoeeuAdSE ddbibuddddadddld, o § o Selblbudéddadsdis, o §
70 CCG 80 8[?_90 ‘WU Uy Uc CCG 80 cucso mou Uuu c
PK 3 (78-184) PK 4 (84-184)
cACCGUUCAUUCUAGAGCAAAC 5 CACCGUUCAUUCUAGAGCAAAC ,
UC 150 160 170 AA 180 C 150 160 170 A 180
po cugm 120 AiA'lllUCI;lIJ??('S?U 3 140 CU0 2 aadbycaceu
GCOCRUCCE COAAAAGOCEASCaACUDICALNLS ccodéuccd EGAAAAGGCGGGCGACMJl'.lérzjstﬂzé
éélﬂuug%éé&sé&:uéu 110 3 éééég(’;ééﬂ.:‘;u o 3
1
@ GEwo WOUU vu® 81?90 ‘ODUU i
PK 5 (64-147) PK 6 (73-131)
Aa Aa
u Ay Ay
u M cu 1% 120 ARRGUEAGCU 130 120 AAAGUCAGCU
c G c | ”“&'i' | DL
CEGCEUCCE  CGAAAAGGEGGGEGACULUCAGUCS CGAAAAGGEGGGEGACUUUCAGUCS
SELEHTE] ERORRTREERTTE, e R
70 GG w0 CEw mu Uyu® CeG e Lo ‘oo,U Uyu®
PK 7 (78-131) PK 8 (84-131) &
AL A
A A
120 w0 AAAGucAceu 1% 0 AARGUCAGCU
CGA?A?GGCGGGCGA]C[IJLIHIJJ:AI\&JJJ:& CGA“AAGGCG?GCGAICUU“‘S é”%
T didadedle, v §
cCa0 u c
= cum 'muUUUc u 100 Yuu

PK Fragment PK1 PK2 PK3 PK4 PK5 PK6 PK7 PK8 N/A

Duplex CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4 CP1 CP4

T S S — — — — — -

o
—
.

Figure S2.3: Effect of pseudoknot truncations on sequence dependent pausing. hnTERT
was in vitro reconstituted with various pseudoknot fragments (shown above gel).
Resulting telomerase mutants were assayed with duplex substrates P1 or P4 in the
presence of both a-32P-dGTP and 1 mM dATP. A 15-mer *?P-end-labeled oligonucleotide
was included as a loading control (LC).
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Figure S3.1: Native telomerases with permutated templates exhibit sequence-defined
nucleotide addition pausing. Figure courtesy of Mingyi Xie. (top) Sequences of the DNA
primers and the TR template variants assayed. Permuted templates (T1-T6) are flanked
by guanosine (g) substitutions and the remaining TR (black line) sequence is shown. The
sequence-defined pausing site (white arrowhead) and the physical template boundary
(blue arrowhead) are denoted. (bottom) Activity assays for telomerase template
permutation mutants. In vivo reconstituted telomerases with full-length hTR containing
permuted templates were assayed with single-stranded DNA primers. A 32P end-labeled
7-mer or 15-mer oligonucleotide was used as a loading control (l.c.).
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Figure S3.2: Alanine screening of hTERT residues with potential duplex interactions.
Activity assays of various hTERT mutants reconstituted in vitro with telomerase RNA
fragments for direct assay analysis with telomeric primer 5’- (TTAGGG)3 -3”. A 15-mer
2p_end-labeled oligonucleotide was included as a loading control (LC).
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Figure S3.3: Activity assay of in vitro reconstituted telomerases that lack the sequence-
defined pausing signal or the P1-defined physical boundary. (right) Structure of
pseudoknot structures used and sequences of the hTR template variants T1, T2, 49u and
48u49u (AA). (left) Telomerase reconstituted in vitro with hTR with variants templates
and/or P1 linker were assayed with the 18-mer DNA primer (TTAGGG)3z in the presence
(+) or absence (-) of 0.5 mM dCTP. The secondary structure of full-length hTR (1-451)
with P1 and truncated hTR (39-451) without P1 are shown above the gel. A 32P end-
labeled 15-mer oligonucleotide was used as a loading control (I.c.).
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Figure S3.4: Evolutionary conservation of telomerase sequence-defined pausing. (A-C,
left) Sequences of the DNA primers and the TR template variants assayed for S.
purpuratus, N. crassa and T. Thermophilia, respectively. Sequence of permuted
templates (T1-T6) are shown. (A-C, right) Sequence-defined pausing sites before (white
arrowhead) and after (red arrowhead) template translocation are denoted. Activity assay
for telomerase template permutation mutants. Substrates were labeled by the enzyme with
0-32P-dGTP. A *2P end-labeled 18-mer oligonucleotide was used as a loading control

(I.c.).
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P5 P6 P6 ¢P6.1 P6.1 P5

Homo sapiens CCCG  CCUGG AGGCCGCGGUCGGCCCG GGGCUUC ucce GAGGCACCCACUGCCACCGCGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Tupaia glis belangeri CCCG - CCUAG AGGCCGCGGUCGGCCCG GGGCUUC ucce GAGGUGCCCAUUGCCGCCGCGAAGAGUUAGGCUCUGUCAGCCG  CGGG
Oryctolagus cuniculus CCCG- - CCUG AGGCCGCGGUCGGCCCG GGGCUUC UCCG  GAGGUGCCCAAUGCCGCCGCGARGAGUUAGGCUCUGUCAGCCG  CGGG
Cavia porcellus CccG - CcCU AGGCCGCGGCCGGLGLG GGGCUUC ccuG GAGGCGCCCAUGGCCGCCGCGAAGAGUUCGUCUCUGUCAGCUG  CGGG
Chinchilla brevicaudata CCCG- - CCCA GGGCCACGGCUGGCGCG GGGCUUC uccG GGAGCGCC AUGGCCGCCGCGAAGAGUUCGUCUCUGUCAGCCG  CGGG
Geomys breviceps CCCG- - CCUG AGGCCACGGCCGGCCCG GGGCCUC UGCG GAGGUGCCCAUUGCCGCCGCGAAGAGUUAGGCUCUGUCAGCCG - CGGG
Microtus ochrogaster CCCG- - CCUUG AGGCCGCGGUUGGCCU - - GGAGUUC UccG GA CUCCGCUGCCGCCGCGAAGAGUUCGUCUCUGUCAGCCG - - CGGA
Cricetulus griseus CCCG- - CCUG AGGCCGCGGUCGGCCU - - GGAG- UC cuce GG CUCCGCUGCCGCCGCGAAGAGCUAGACUCUGUCAGCCG - CGGG
Mus musculus CCCG--CCUAC AGGCCGCGGCCGGCCU - - GGGG-UC UUAG GA CUCCGCUGCCGCCGCGAAGAGCUCGCCUCUGUCAGCCG - - CGGG
Mus spretus CCCG- - CCUAC AGGCCGCGGCCGGCCU - GGGG- UC UUAG GA CUCCGCUGCCGCCGCGAAGAGCUCGCCUCUGUCAGCCG - CGGG
Mus musculus castaneus CCCG - CCUAC AGGCCGCGGCCGGCCU - GGGG UC UUAG GA CUCCGCUGCCGCCGCGAAGAGCUCGCCUCUGUCAGCCG - CGGG
Rattus norvegicus CC  CGCCUGG AGGCCGCGGACGGCCU - GGGG UC UUAG AA CUCCGCUGCCGCCGUGHAAGAGCUAGUCUCUGUUAGCUA  CGGG
Mustela putorius furo UcCC- - GCCUGG AGGCCGCGGUCGGCCCG GGGCUUC ucce GAGGCACCCAUUGCCGUCGCGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Procyon lotor CCCG - CCUGG AGGCCGCGGUCGGCCCG GGGCUUC ucce GAGGCACCCAUUGCCGUCGCGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Felis catus CCCG- - CCUAG AGGCCGCGGUCGGCCCG GGGCUUC ucee GAGGCACCCAUUGCCGUCGCGRAGAGUUGGGCUCUGUCAGCCG - CGGG
Bos taurus CCCG CCuG AGGCCGCAGUCGGCCCG GUGCUUC ucce GAGGUGUCCAUUGCCGCCGUGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Sus scrofa CCCG  CCuG AGGCCGCGGUCGGCCCG GGGCUUC ucece GAGGCGCCCAUUGCCGCCGCGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Suncus murinus CCCG - cccc AGGCCGCGGUCGGUCCG - GGCUUC uuce GAAGUCCC GUUGCCGUCGCGAAGAGUUCGCCUCUGUCAGCCG  CGGG
Equus caballus CCCG  CCUGG AGGCCGCGGUCGGCCCG GGGCUUC ucece GAGGCGCCCAAUGCCGCCGCGAAGAGUUGGGCUCUGUCAGCCG  CGGG
Dasypus novemcinctus UCCG- - CCUAG AGGCCGCGGUCCGCCCG GGGCUUC uccG GAGGCACCCARUGCAGCCGCGAAGAGUUAGGCUCUGUCAGCCG - CGGA
Dasyurus hallucatus CCCACGUAG AGGCGGCGG CCGUCUCGGGGCCCCUG  CGUG - CGGGGCGCCCACUGCGGCCGCCAAGAGCUCGUCUCUGUCAGCCU - CGGG
Elephas maximus CCCG- - CCUGG AGGCCGCGGUCGGCCUG GGGCUUC ucce GAGGUUCCCGCUGCCGCCGCGAAGAGUUGGGCUCUGUCAGCCG - CGGG
Trichechus manatus CCCG- - CCUGG AGGCCGCGGUCGGCCUG- GGGCUUC UccG GAGGUUCCCAUUGCCGCCGCGAAGAGUUAGGCUCUGUCAGCCG - CGGG
Gallus gallus CCCG- - CUCGCG UGGCCGCGGUCGGCC GGC ACCC GCCAUUGCCGCCGCGAAGAGUUCGCCUCUGUCAGCCU - - CGGC
Anodorhynchus hyacinthinus GCCG- - CACUUCACGG - - AGGCCGCGGUCGGCC GGU Gucc GCCACUGCCGCCGCGAAGAGUUCGUCUCUGUCAGCCU - - CGGC
Chelydra serpentina CCCG- - CCCCGGUG AGGCCGCGGUCAGCC GGC ucGc GCCACUGCUGCCGCGAAGAGUUCGUCUCUGUCAGCCU - - CGGG
Bombina japonica CCCC AUUUGUCG AGGCCGCAGUCAGUC UUGUUCUUAUACG CUGCUGUUGCGRAGAGUUCGUCUCUGUCAGCCUCCGGGG
Xenopus laevis CCCCGGUCUGUCUGUCUGGGGCCGCGGUCGGCA UCAU CUGCUGUCGCGAAGAGUUCGUCUCUGUUAGCCCUUGGGG
Ceratophrys ornata CUUC- CACUUACG AGGCCGCGGUCUACC GCUGUCAC UGGUAGUCGCGAAGAGUUCGUCUCUGUCAGCCUUGGGAG
Pyxicephalus adspersus CGCC-UUCCUAUG AGGCCGCAGUCUGCC AAUACCCC GGGCAGCCGCGAAGAGCUCGUCUCUGUCAGCCUUUGGCG
Dermophis mexicanus CCUC-GCUCUAU AGGCCGCGGUCAGCUC - - GGGCCCC - - AGCUCCGGCAGGGGUUCCACUGCUGCCGCGAAGAGUUCGCCUCUGUCAGCCUU - GAGG
Herpele squalostoma CCUC- GCUCACC AGGCCGCGGUCAGCCC - GGGCCCU - - GGCUCUGCUAGGGCGUCCAAUGCUGCCGCGAAGAGUUCGUCUCUGAUUGCCUU - GAGG
Typhlonectes natans CCUC-GCUCCUU AGGCCGCGGUCAGUCC- - GGGCCCU - - UGCUCUGGCAUGAGGUCCAUUGCUGCCGCGAAGAGUUCGUCUCUGUCAGCCUU - GAGG
Oryzias latipes ARAC GCCGCGGUCAGCUCG GCUGCUGCGAAGAGUUCGUCUCUGUU GUUU
Gasterosteus aculeatus GAAU UUCCUGCCGUGGUCGGCUUGU GCUGCCGCGRAGAGUUCGUCUCUGUU GCUC
Takifugu rubripes GAGC CCUGUUGUGGUCAGUCCG GCUGCC AGAGUUGGUCUCUGCU GCUC
Tetracdon nigroviridis GAGC CCGGUUGCGGUCAGUCUG GCUGCCGCGRAGAGUUGGUCUCUGCC GCUC
Danio rerio uuGu ACGCGGACAGUUUG ACUGCCGCCRAGAGUUCGGCUCUGCU GCAC
Rhizoprionodon porosus AGCC- - ACUCC GGGCCGCGAUCAGCCC - GGGCUUU CCCUACUUU - GGGGCCCARUGCUGUCGCGAAGAGUUCGGCUCUGUCAGCCC - GGCU
Mustelus canis AGCC- -ACUCC GGGCCGCGGUCAGCCCG GGGCUUUCCCCCCCACCAUGGGGGCCCARUGCUGCCGCGAAGAGUUCGGCUCUGUCAGCCC  GGCU
Dasyatis sabina AGCC- - GUUU AGGCCGCGGUCAGCGC  CGGUUUC CACGCCAGUGU GGGGCUUGAUGCUGUCGCGAAGAGUUCGUCUCUGUUAGCCU - GGCA
Rhinoptera bonasus AGCC- - GAGU AGGCCGCGGUCAGCGC - CGGCUUC CACGCCAGUGU GGGGCUUGAUGCUGUCGCGAAGAGUUCGUCUCUGUCAGCCU - GGCA
Saccharomyces cerevisiae UUUGA GAUUUUUCAAGAUGGUUUUUUUAGGU - - AUCUAUUAAAACUACUUUGAUGAUCBAUACG/ - /CGUGUGU UCAUU
Saccharomyces paradoxus UUCGA GAUUUUUCAGGAUGGAUUUUUUUAGGUAU - CUAUCAAAACUAUUCUGAUGAUCBAUACA/ - /UGUGUGU UCAUU
Saccharomyces kudriavzevii AUUGA GAUUU- UCUUGAAUGGGUUCAUUUAGAUAUUUCUC - UUUAGCCAUUUU - UGAUBAUCAA/ - /UGUGUGU UCACU
Saccharomyces cariocanus UAUGA GAUUUUUCAG-GAUGGAUUCUUUUAGGUAUCUAUCGAAACCAUUCUGAUGAUCBAUACA/ - /UGUGUGU UCAUU
Saccharomyces bayanus UUuGG GAUCU - UCUUGGAUGGAUUCAUUUAUGUAUUUAUUUGCUCAUUUUUGAGGAUCRAUACA/ - /UGUGUGU UCACU
Saccharomyces pastorianus UUuGG GAUCUUCUUGGAUGGAUUUGUUUACAUAUUUCUUUACUCAUUUUUUGAGGAUCRAUACA/ - /UGUGUGU UCACU
Saccharomyces mikatae UUUGA GAUUUUUCAA - AAUAGAUUAUUUUAGACAU - CCUACUUUAAUCAUUUUUGAUGRAUCAA/ - /CGUGUGU UCAGU
Kluyveromyces lactis UGGUG GAUCUU- GAAAAGACCCUCGGAAGACAGGGCCACA UCGA-C--GAUCBAUAUU/ - /UAUAUGU CACCA
Kluyveromyces wickerhamii UAAUG GAUCC - CAACAAGCCUUUCGGUU - AUAAGGCUGAAUU CGGGUCRAUAUU/ - /UAUAUGU CAUUG
Kluyveromyces nonfermentans CAAUG GAUCUC GCAAAGAU- - UCGGAU- - UCARAUUCU UUG CAGA AUAUU/ - /UAUAUGU CAUUG
Kluyveromyces marxianus AUGUG GGUCCUG AAAAGACUUUCGAAAGAUUGAGUCG U AARGGACUBAUAUU/ - /UAUAUGU CAUUA
Kluyvercmyces dobzhanskii UGGUA AAUCUC GAAARGAUCCUCGGAAGAUAGGUUCACAUCGA CGAl AUAUU/ - /UAUAUGC UACGA
Kluyveromyces aestuarii CGGUG ARUCUC GCAAAAARA UCGGAU- - UCAAAUUUU- UU AGAGAUUBAUAUU/ - /UAUAUGU CAGCG
Candida albicans AUCUAA GGGCUUCCCGAAU UGUGGAUAGUUUCBAUACU/ /GGUAUGU UGGGU
Schizosaccharomyces pombe CGUGAR GAUCCA UGGAUCBAAGCUU UUGCUUGU uUcGC
Neurospora crassa GUCGG GACCCAUCUU GAGUUGGAGUCAAAGUUUCGUACUUGU CUGGC
Figure S4.1: Sequence alignments of the CR4/5 (TWJ) domain of TR. Sequence

alignment of the vertebrate CR4/5 domains and the fungi TWJ domains, based on predicted
secondary structures. Conserved RNA secondary structures are denoted. The conserved
nucleotide A at the junction J6/J6.1 as well as its interacting nucleotide G are highlighted in

orange.
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Figure S4.2: Titration of medaka CR4/5 RNA fragments. Medaka TERT was
reconstituted with various concentrations of WT or mutant medaka CR4/5 fragments
ranging from 0 to 500 nM. Concentrations of the pseudoknot fragment and all other
reaction conditions were kept constant between trials. A ?P-end-labeled 15-mer
oligonucleotide was used as a loading control (LC).
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Abbreviation Meaning

bp base pair

CR4/5 Conserved Region 4 and 5

CTE C-terminal extension

DKC Dyskeratosis Congenita

IFD insertion in fingers domain

l.c. loading control

NAP nucleotide addition processivity
nt nucleotide

POT1 protection of telomeres 1

RAP repeat addition processivity
RID RNA interacting domain

RT Reverse transcriptase

sca small cajal body-specific

sno small nucleolar

TBE template boundary element
TEN telomerase N-terminal

TERT Telomerase Reverse Transcriptase
TF template-free

TR Telomerase RNA

TRBD telomerase RNA binding domain
TWIJ Three way junction

VSR vertebrate specific region
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