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ABSTRACT

STRUCTURAL STUDIES OF TETRAHYMENA THERMOPHILA

TELOMERASE

by

JOHN A. LOPER

Eukaryotic organisms contain linear chromosomes that are protected by
telomeres; long repeated sequences that act as a protecting buffer from the shortening
of chromosomes during each replication cycle, and as a signal that identify the ends
from double stranded breaks. Telomeres are maintained in most organisms by a
ribonucleoprotein called telomerase. While telomeres and telomerase have been
implicated in many human diseases, including cancer, very little is known about the
unique enzymatic mechanism of telomerase, making it difficult to develop medicinal

therapeutics.

The protein p65 is required for telomerase assembly in Tetrahymena
thermophila. Using RNase footprinting and single molecule FRET, we show that the
C-domain of p65 is not only required, but is sufficient for telomerase assembly,
paving the way for understanding possible p65 homologues in other organisms.

Preliminary crystals of complexes consisting of the RNA binding domain of the



catalytic subunit and the RNA component of 7. thermophila were also obtained.
Because the catalytic subunit is quite conserved between species, any structure
obtained from these crystals will prove valuable in understanding the RNA and

protein organization of telomerase.

For a more ambitious goal, a novel method was pursued to solve the structure
of telomerase: inserting telomerase RNA into ribosomal RNA, assembling the
telomerase complex on the ribosome, using the well known ribosome purification
methods and crystallization conditions, and thus using the ribosome as a
crystallization chaperone and scaffold. While crystals failed to diffract to a desired
resolution, considerable strides were made toward this method that could also be

extended to other ribonucleoproteins.
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Chapter 1

Introduction



1.0 Telomeres

The ends of chromosomes in eukaryotic organisms consist of telomeres;
G/T rich 5’ to 3’ nucleotide repeats that are organism sequence specific, with
lengths varying from 350 bp to 50 kb. While mostly double-stranded, telomeres
contain a single-stranded G-rich 3’ tail that acts as a primer for a unique
telomere extending enzyme, telomerase. Telomeres also form g-quadruplexes,
T-loops, and recruit a multitude of proteins to form a protective cap (Griffith et

al,, 1999; Sundquist and Klug, 1989; Williamson et al., 1989).

Linear chromosomes lead to issues with end-protection and end-
replication. The ends of chromosomes have the danger of being recognized as
double-strand breaks by repair machinery, and may result in end-to-end
chromosome fusions through recombination events. These ends are also
vulnerable to exonuclease activity. The end-replication problem was first
proposed by Olovnikov and Watson in the early 1970s (Olovnikov, 1971; 1973;
Watson, 1972). DNA polymerase synthesizes DNA in the 5’ to 3’ direction and is
unable to fill the gap left behind the 5’ most Okazaki fragment RNA primer on the
lagging strand (Levy et al,, 1992). This leads to progressively shortening ends

with each replication cycle, limiting the lifespan of the cells.



1.1 Telomerase

Telomerase assists in solving these issues due to linear chromosomes,
and was first discovered by Greider and Blackburn in the mid 1980s (Greider
and Blackburn, 1985). There are two key elements of telomerase: the catalytic
subunit telomerase reverse transcriptase (TERT), and the RNA component
(TER) that provides the template for reverse transcription along with other
important elements (Greider and Blackburn, 1989). This unique
ribonucleoprotein synthesizes tandem repeats found in telomeres by using the
template in TER and single stranded telomeric DNA as the primer, compensating
for the loss due to the end-replication issue (Blackburn et al., 2006). This
repeated sequence recruits the necessary proteins to form the protective cap,
distinguishing the ends from double stranded breaks and providing protection
from exoucleases (Stewart et al., 2012). The architecture and composition of this
cap is also quite varied between organisms. While most organisms use
telomerase for telomere maintenance, some have been found to use

recombination or transposition mechanisms (Pardue and DeBaryshe, 2008).

Along with the unique property of providing the template for reverse
transcription, telomerase exhibits repeat addition processivity (RAP) that was
first observed in Tetrahymena thermophila and humans (Fig. 2) (Greider, 1991;

Morin, 1989). Mutations in TERT can alter RAP in vitro, and while variance has



been observed between telomerase RAP in vivo and in vitro, it has been
suggested that RAP depends on telomere length, enabling cells to rapidly
elongate critically short telomeres (Chang et al., 2007; Teixeira et al., 2004).
Defects in RAP have been implicated with several diseases. The processivity and
fidelity of RAP also varies between organisms and growth conditions (Collins,

2009).

1.1.1 Telomerase RNA (TER)

While TER varies greatly in sequence and size between organisms, from
about 150 to 1500 nucleotides, it shares similar elements other than the
template (Fig. 1). A template boundary element (TBE) defines the limit of
reverse transcription and prevents read through that would add additional
unwanted nucleotides to each repeat (Box et al., 2008; Chen, 2003; Miller, 2000;
Tzfati, 2000). A pseudoknot that is stabilized by a triple-helix is suspected to
have a role in orienting the primer-template duplex in the active site of TERT
(Gilley, 1999; Qiao and Cech, 2008; Shefer et al.,, 2007; Theimer et al., 2005).
There is also a stem terminal element (STE) that stimulates activity through

interaction with TERT (Mitchell and Collins, 2000).



1.1.2 Telomerase Reverse Transcriptase (TERT)

The catalytic reverse transcriptase subunit TERT specifically binds to TER
and contains multiple ssDNA telomeric anchor sites (Lingner, 1997; Meyerson et
al,, 1997). Around 1000 amino acids and, unlike TER, mostly conserved from
humans to T. thermophila, TERT consists of four major domains: essential N-
terminal domain (TEN), RNA binding domain (RBD), reverse transcriptase
domain (RT), and the C-terminal extension (CTE). TERT was shown to be the
catalytic subunit in T. thermophila by reconstituting TER and TERT in vitro using

rabbit reticulocyte lysates (Collins and Gandhi, 1998).

A crystal structure of the flour beetle Tribolium castaneum TERT bound to
a RNA-DNA hairpin, mimicking the primer-template duplex, gave insight into the
molecular contacts near the active site (Mitchell et al., 2010). However, given the
complex telomerase and telomere maintenance in insects, no formal proof exists
that this structure represents the catalytic TERT subunit, but still provides the
basis for structural comparisons of TERTSs in other organisms (Osanai et al.,
2006; Sasaki and Fujiwara, 2003). A ring-like structure found in the beetle TERT
contains a thumb, palm, and fingers motifs, similar to other nucleic acid
polymerases and the human immunodeficiency virus (HIV) reverse

transcriptase. The active site contains three aspartic acids that form a catalytic



triad for nucleotide addition via a two-metal ion mechanism (Lingner, 1997;

Nakamura, 1997).

The TEN domain of TERT acts as an anchor site for ssDNA binding
upstream of the primer-template duplex and like RBD, directly interacts with
TER (Jacobs et al., 2006; O'Connor, 2005; Robart and Collins, 2011). Along with
the crystal structure of T. thermophila TEN being solved by Jacobs et al.,
photocrosslinking by Robart showed Trp187 on the surface of TEN is involved in
DNA binding. TEN has been implicated as a key domain for RAP, likely by
capturing and maintaining telomerase association with ssDNA during RAP

(Collins, 2011; Zaug et al., 2008).

1.2 Telomerase and Human Disease

Telomerase is active in germ lines and stem cells, inactive in somatic cells,
and improper activation could lead to cancer; at least 85% of human cancer cells
express TERT to achieve cellular immortalization, making telomerase an
attractive target for anti-cancer therapeutics (Kim et al., 1994; Phatak and
Burger, 2009). The first telomerase related disease identified was dyskeratosis
congenita (Collins et al., 1999). Symptoms first appear during childhood and

include developmental delay, premature hair loss, and organ failure, with bone



marrow failure as the main cause of mortality. Other diseases include aplastic
anemia, Hoyeraal-Hreidarsson syndrome, idiopathic pulmonary fibrosis, and
liver disease, all of which are related to mutations in the telomerase holoenzyme
and significantly shortened telomeres (Armanios, 2009). Additionally, telomeres
can reach a critically short length that leads to cell senescence and has been

implicated in aging (Jaskelioff et al., 2010).

1.3  Tetrahymena thermophila Telomerase

T. thermophila possesses the smallest known TER, 159 nucleotides, and
contains all the conserved motifs found between organisms, making it an ideal
target for characterizing the catalytic mechanism of telomerase (Greider and
Blackburn, 1989). Assembly of the telomerase holoenzyme begins with TER
transcription by RNA polymerase III, providing the 3’ polyuridine tail that
promotes binding of p65, a protein that is required for telomerase accumulation
in vivo (0'Connor and Collins, 2006; Witkin, 2004). P65 bends stem IV to
promote TERT binding and form the “catalytic core”, the minimal enzyme
components for in vitro catalysis, and also induces conformational changes in
stem loop IV that promotes catalytic activity (Fig. 1) (Akiyama et al., 2012; Singh

et al.,, 2012; Stone et al., 2007).



Other associated proteins - p19, p45, p50, p75, and Teb1 - are required
for telomere maintenance in vivo (Min and Collins, 2009; Witkin, 2004; Witkin et
al,, 2007). Addition of these proteins to the catalytic core greatly enhances RAP
(Fig. 1, Fig. 2). Using cryo-EM, most of the holoenzyme was solved at low
resolution and surprisingly demonstrated that p50 was the hub protein that
bridged p19, p45, p75, and Teb1 to the catalytic core, suggesting that p50 is a

critical component in vivo (Jiang et al.,, 2013).

While there have been many strides in the telomerase field, the exact
enzymatic mechanism of telomerase is largely unknown. How does telomerase
perform the unique enzymatic activity of repeat addition processivity, and how
relevant is this property in organisms? While biochemical studies may help
elucidate this question, high-resolution structures are needed of the components
of telomerase and of the holoenzyme itself. By studying the relatively simple T.
thermophila telomerase activity, assembly, and structure, it may yield
information that translates to other organisms, specifically human, and assist in

the development for telomerase and telomere therapeutics.



TERT

Catalytic Core
(low RAP)

p19, p45, p50, p75
Teb1

Holoenzyme _./!
(high RAP) €%

Figure 1. Tetrahymena thermophila telomerase RNA secondary structure and
holoenzyme assembly.



Telomere
DNA

Figure 2. Schematic of nucleotide addition processivity (NAP) and repeat
addition processivity (RAP), with TER RNA in purple, RNA template in red,
telomere DNA in black, active site as a yellow circle, last nucleotide added in the
template repeat in yellow, and first nucleotide added in the template repeat in
white.
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Chapter 2

The C-terminal Domain of p65 is Required and Sufficient for TER Rearrangement

and TERT Recruitment
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2.0 Introduction

2.0.1 p65

Ciliates require La domain proteins for assembly of telomerase in vivo
(Witkin, 2004). Often found in conjunction with RNA recognition motifs (RRM)
within N-terminal domains, La motifs bind 3’ poly-U tracts of mRNAs produced
by RNA polymerase III to assist in their folding and maturation (Bayfield et al.,

2010).

In Tetrahymena thermophila, La motif protein p65 is required for
telomere maintenance in-vivo, increases the binding affinity of the reverse
transcriptase component of telomerase (TERT) with telomerase RNA (TER) in-
vitro, and directly interacts with stem [ and IV of TER (O'Connor and Collins,
2006; Prathapam et al,, 2005; Witkin, 2004). Of its four domains, the N and C-
terminal domains have little sequence homology with known protein motifs,
while the La and RRM domains have been well characterized and likely bind TER
in the vicinity of the 3’ poly-U tract. P65 is also able to rescue TER mutants and

TERT assembly mutants, but not TERT activity mutants (Berman et al., 2010).

A single molecule FRET study demonstrated that p65 is responsible for

bending stem IV, allowing the recruitment of TERT, and confirmed the

17



importance of the evolutionary conserved GA bulge within stem IV, which has
also been shown to be flexible by NMR spectroscopy (Richards, 2006; Stone et al.,
2007). This raises the question of the exact mechanism of how p65 remodels

TER and which domains are directly involved.

2.0.2 FRET

Many researchers have implemented the use of Forster resonance energy
transfer (FRET) to study the motions and interactions of biomolecules in real
time. It consists of attaching donor and acceptor fluorescent dyes to the molecule
or molecules of interest and measuring efficiency of energy transfer between
dyes. This energy transfer occurs due to overlapping excitation and absorption
spectra of the dyes and a dipole-dipole interaction that can be observed by the
decreasing fluorescence of the donor dye and increasing fluorescence of the

acceptor dye.

The transfer efficiency is calculated using E = 1/(1 + (R/Ro)®), with E as
transfer efficiency, R as the distance between dyes, and Ro as the Forster radius.
The Forster radius is the distance between dyes when the transfer of energy is
50% efficient, typically 30-80 A. Transfer efficiency is affected by the orientation

of the dyes to one another, which can be alleviated by using flexible dye linkers,
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but still adds uncertainty to measured values (cite?). Because of this uncertainty,

converting measured FRET values directly to distance can be misleading.

Single molecule FRET (smFRET) allows measurements of single
molecules in real time (Ha et al., 1996). This opens the possibility of observing
short-lived states and heterogeneity of the molecule in question. Histograms can
also be easily built from many individual molecules that represent the
distribution of FRET states. A common smFRET strategy is to immobilize
molecules of interest to the surface of a microscope slide and excite by total
internal reflection fluorescence (TIRF) so that only molecules attached to the
surface fluoresce (Fig. 1). These immobilized molecules are observed using a
microscope with a fast CCD camera, and processed with software to track and
record the real time FRET states of hundreds of single molecules at once. The
efficiency of energy transfer is quantified using Ia / (Ia + Ip), with I being the
intensity of the acceptor dye and Ip being the intensity of the donor dye. For the
purpose of this study, dyes Cy3 and Cy5 were used, acting as donor (green
fluorescence) and acceptor (red fluorescence), respectively. For example,

molecules will appear green when further away, and red when closer together.
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2.1 Results

2.1.1 Role of the C-domain of p65 in Remodeling TER

It has been suggested that the C-domain of p65 increases TERT and TER
affinity, rather than the La/RRM domains, so an approach was taken to construct
four p65 constructs: full length p65 (p65FL), delta-N domain p65 (p652N), delta-C
domain p65 (p654€), and C-terminal domain p65 (p65¢™) (O'Connor and Collins,
2006). These constructs were first examined for their competency of binding
TER by native PAGE gel shift assays (Fig. 2). While all constructs bound TER,
p652N and p654¢ had reduced affinity, and p65¢™ had greatly reduced affinity
(Fig. 3 and 4). This suggests that domains other than the C-terminal domain of

p65 have an influence on p65’s affinity with TER.

Following the assay used in a previous smFRET p65 study, the shift in
FRET of each p65 construct binding to TER was measured (Stone et al.,, 2007).
The donor dye was placed at U139 and the acceptor dye at U10 of the native TER
sequence (Fig. 5). Dye labeled TER constructs were immobilized and excited
using a prism-based TIRF microscope (Fig. 6). The expected FRET shift of p65FL
was observed along with a similar shift for p652N using a slightly higher protein

concentration. No FRET shift was observed with p654¢, however a similar shift to
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p65FL was observed with high concentrations of p65¢TP, suggesting that not only
is the C-domain required, but also is sufficient for remodeling TER (Fig. 7). A
FRET shift due to high protein concentrations was discounted by continuing to
see no FRET shift with high concentrations of p654C¢. While the shift in FRET with
p65¢TD is slightly different from p65FL, it could be due to additional remodeling
affects by excluded domains. Interestingly when p654€ is added in-trans to
p65¢TD, the required p65¢™ concentration to produce the FRET shift is reduced,
suggesting p652¢€helps stabilize the RNA to promote RNA remodeling by p65¢TP,
These results show the essential role of the C-terminal domain of p65 in the

remodeling of TER for the promotion of TERT.

2.1.2 p65 C-terminal Domain Reorganizes Bases Within Stem-loop IV

To further understand the mechanism of p65 remodeling of TER, RNase
protection experiments were implemented to identify specific C-domain
interaction sites with TER. Due to the ability of full length TER to bind multiple
p65 proteins at the concentrations required for protection experiments, a TER
construct consisting only of stems I and IV was designed (Fig. 8). This TER

construct allowed higher p65 concentrations before higher-order complexes
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were formed. This shorter TER construct also provided sufficient resolution and

quantification to be run on a single gel.

Using RNase |, a single-stranded RNA nuclease that cleaves at unpaired
nucleotides, cleavage was performed on TER with no p65 present. Cleavage
products were found at known unpaired nucleotides. While there was cleavage
on the top strand of stem IV, no cleavage was observed on the bottom strand.
Due to increased cleavage occurring at p65 concentrations that do not appear to
form a complex in gel shift assays, a p65 concentration that showed very little to

no binding was used as a baseline.

The protection data using increasing concentrations of p65FL shows
binding across the GA bulge to the 4-nucleotide linker, and though no cleavage
was detected at the poly-U tract, the same result occurs with no protein (Fig. 9).
Surprisingly, hypersensitivity to cleavage was found in stem-loop IV. This result
is in direct conflict with the results of a recent paper that showed protection in
stem-loop IV using full-length TER (Berman et al., 2010). The experiment was
repeated using full-length TER and hypersensitivity in stem-loop IV was still
observed. This difference is unclear, but could be due to the slightly different

binding and cleavage conditions, along with protein production techniques.

p652N showed a pattern similar to p65FL, p652C€ increased sensitivity in
the top strand of stem IV and reduced sensitivity to stem-loop IV, and p65¢TP

was also similar to p65FL, but with reduced sensitivity of cleavage in stem-loop
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[V (Fig. 10). These results confirm the importance of the C-domain of p65 in
remodeling stem IV and also reveal that the remodeling exposes the nucleotides

of stem-loop IV.

2.2 Discussion

The C-terminal domain of p65 is sufficient and essential for the
remodeling of TER to recruit TERT. SmFRET results show the C-domain alone is
sufficient to induce a similar TER conformational change as p65FL. This can be
enhanced with in-trans addition of p654¢, while p654¢ alone fails to induce any
conformational change, suggesting a model that the C-domain is responsible for
TER remodeling and the La-RRM domains stabilize this interaction (Akiyama et

al, 2012).

NMR spectroscopy structures of stem-loop IV have shown that the
nucleotides are highly ordered when not in the presence of p65 (Chen et al.,
2006; Richards, 2006). Residues C132 and U138 form a noncanonical base pair
and C132, A133, and C134 have a base stacking interaction. These residues have
the greatest deprotection and hypersensitivity to RNase ONE cleavage,
suggesting that disrupting the interactions of these residues is key to remodeling

TER for TERT binding. A result from a recent study revealed that there are
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mutations in stem-loop IV that do not affect the binding ability of p65 but
prevent the promotion of TERT, further suggesting that disrupting these

residue’s interactions is key for promoting TERT (Robart et al., 2010).

Our results along with previous studies suggest that the N-domain is not
required for the in-vitro activity of p65 (0'Connor and Collins, 2006). The N-
domain may be involved in setting up additional contact sites or it may only be
required for in-vivo activity, perhaps providing a role other than complex

formation.

More recent studies have provided even further insight on the role of
p65’s C-domain. Along with discovering an atypical RRM within the C-domain, a
crystal structure consisting of most of the C-domain in complex with stem IV was
solved (Singh et al., 2012). Confirming smFRET results, binding of p65¢TP
induces a 105° bend in stem IV in a GA bulge dependent manor. This atypical
RRM within the C-domain was also found to be structurally homologous to other
La protein domains, and may suggest another general mode of RNA binding. An
electron microscopy structure of the holoenzyme was also recently solved,
demonstrating how p65’s C-domain bends stem-loop IV to make direct contact
with TERT (Jiang et al., 2013). These two studies further confirm the importance
of p65, especially its C-domain, in the hierarchical assembly of T. thermophila

telomerase.
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2.3 Methods

2.3.1 Dye Labeled RNA Construction

Construction of the dye labeled RNA was carried out as previously
described (Akiyama and Stone, 2009). Short synthetic RNA fragments of the 3’
and 5’ ends of TER containing reactive amine groups at U10 and U139 were
purchased (Dharmacon). Fragments with U10 or U139 were labeled with Cy5
and Cy3 fluorescent dyes, respectively, and purified by reverse phase HPLC. The
dyes contain a reactive N-hydroxysuccinimide-activated carboxylic acid that can
be covalently attached to the amine groups on the RNA. Full length TER was
transcribed in-vitro and cut to form the central TER piece by using chimeric 2’-
0-me RNA/DNA targeting oligos and RNase H. After PAGE purification, the two
dye labeled fragments and central unmodified fragment were assembled using
DNA-splinted ligation and PAGE purified once again. A DNA biotin-labeled

handle was annealed to the purified RNAs to prepare for smFRET.
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2.3.2 Protein Expression and Purification

Protein constructs were expressed from a pET28 vector supplied by the
Collins lab using BL21 DE3 Escherichia coli cells. p652N consists of amino acids
109-542, p654¢€ 1-340, and p65€T™ 302-542. After reaching mid-log growth phase
at 37°Cin 2xYT media, expression was performed using 0.8 mM IPTG at 16°C
and cells harvested after 4 hours. The fresh or flash frozen cells were
resuspended in buffer A (20 mM Tris pH 8.0, 200 mM NacCl, 1 mM MgClz, 40 mM
imidazole, 1 mM DTT, and 10% glycerol). 1 mM PMSF was added just before
passing the cells twice through a cell disruptor. The cell lysate was cleared by
centrifugation at ~36,000 x g and passed over Ni Sepharose 6 Fast Flow resin
(GE Life Sciences) by gravity flow. The resin was thoroughly washed with buffer
A that contained 500 mM NaCl until no protein was detected by Bradford assay.
After washing with a column volume of buffer A containing 100 mM Nac(l, the
protein was eluted with buffer A containing 100 mM NaCl and 500 mM
imidazole until no protein was detected. The elution was diluted to 100 mL with
buffer B (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM MgClz, 1 mM DTT, and 10%
glycerol), passed over a Q anion exchange column (GE Life Sciences), and protein
eluted with a 60 minute buffer B gradient to 1 M NaCl. The protein was
concentrated with a spin concentrator (Amicon) and passed over a Superdex

200 size-exclusion column (GE Life Sciences) in buffer C (20 mM Tris pH 8.0, 100
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mM NaCl, 1 mM MgClz, 1 mM DTT, and 10% glycerol) 10 mg at a time maximum.

The protein was aliquoted, flash frozen, and stored at -70°C.

2.3.3 FRET

Slide preparation was carried out as previously described (Bokinsky et al.,
2006; Ha, 2001). Dye labeled RNA with a biotin labeled DNA handle were
immobilized to a streptavidin coated PEGylated quartz slide, p65 constructs
flowed over, and left in a buffer containing 20 mM Tris pH 8, 100 mM Nacl, 0.1
mg/mL BSA, 0.1 mg/mL yeast tRNA, 2 mM trolox, 10% glucose, 10% glycerol, 1
ug/mL catalase, and 1 mg/mL glucose oxidase. Dyes were excited using a prism-
based TIRF microscope and FRET values measured using an Andor IXON CCD
camera. Histograms were generated from a 2 second observation time and 100
ms integration time. Molecules with a 0 FRET state were observed due to

bleached acceptor dyes and were excluded from the data.
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2.3.4 Electrophoretic Mobility Shift Assays

Mobility shift assays were carried out as previously described (O'Connor,
2005). TER was labeled by transcribing with T7 RNA polymerase (NEB) in the
presence of a-32P UTP and PAGE purified. In a buffer containing 20 mM Tris, pH
8.0, 100 mM NaCl, 1 mM MgCl2, 0.1 mg/mL BSA, 0.1 mg/mL yeast tRNA, 1 mM
DTT, and 10% glycerol, 100 pM of labeled TER was incubated with the
appropriate p65 construct/dilution for 20 minutes at 30°C. Samples were loaded
with a buffer containing 0.5X TBE and 4% glycerol onto a 5% 37.5:1
acrylaminde:bis-acrylamide gel. The gel was ran in 0.5X TBE at 200V for 3 hours
at 4°C. The gel was dried and imaged with a phosphor screen (Amersham) and
Typhoon scanner (GE). Imagequant was used for analysis and Origin for
calculating Kq using the equation F= [(Fmax)(c")]/[( Ka ")(c")], with F as fraction

bound, c for concentration, and n for the Hill coefficient.

2.3.5 RNase Protection Assays

TER constructs were transcribed using T7 RNA polymerase (NEB), DNase

treated (Ambion), phosphatase treated (NEB), and PAGE purified. The RNA was
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end-labeled using phosphonucleotide kinase (NEB) with 32P-labeled y-ATP
(Perkin-Elmer) and PAGE purified. In a buffer containing 20 mM Tris pH 8.0, 100
mM NacCl, 1 mM MgCl;, 0.1 mg/mL yeast tRNA, 1 mM DTT, and 10% glycerol,
appropriate p65 constructs were incubated at RT for 15 minutes with 5.0 ng/uL
labeled TER and 0.00067 U/uL RNase ONE. A recovery control was added,
reaction quenched with a phenol/chloroform mixture, and RNA precipitated
with ethanol. In a similar fashion, a reference ladder was made using RNase T1

(Ambion).

The RNA was run on a 10% 19:1 acrylamide:bis-acrylamide denaturing
sequencing PAGE gel and imaged with a phosphor screen (Amersham) and
Typhoon scanner (GE). Semi-automated footprinting analysis (SAFA) was used
for quantification (Das 2005 ref). Band intensities were normalized to the
amount of material in the recovery control and lanes from the low-protein (LP)
control lanes were compared to the high-protein lanes. The extent of protection
for protected residues was quantified using 1-(HP/LP). The extent of

hypersensitivity for deprotected residues was quantified using (HP/LP)-1.
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Figure 1. Schematic of the TIRF FRET system used for the study. Note that only
the FRET-labeled telomerase RNA attached to the coverslip is excited, drastically
reducing background fluorescence. The red and green fluorescent light are
separated using dichroic mirrors and captured by the CCD camera side by side.
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Figure 2. (A) Diagram showing the domain organization of the four p65
constructs used in the study: full length (p65FL), lacking the N-terminal domain
(p652N), lacking the C-terminal domain (p654€), and the C-terminal domain alone
(p65€TD). (B) SDS-page gel of the four constructs after expression and
purification from BL21 (DE3) E. coli cells.
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Figure 3. The affinities of increasing concentrations of (A) p65FLand (B) p652N
for binding 100 pM full length TER were measured by gel shift assay.
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Figure 4. The affinities of increasing concentrations of (A) p654¢ and (B) p65¢™

for binding 100 pM full length TER were measured by gel shift assay. The
asterisks indicate higher order complexes.
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analysis software (SAFA) to quantify cleavage at individual nucleotides. The
observed that the C-terminal domain binds to stem IV and that binding of p65

amount of protection or deprotection is scaled to the size of the circles. It is
destabilizes the nucleotides within stem-loop IV.



Stem IV

Figure 11. Model of p65 binding and remodeling of T. thermophila TER. The La-
RRM domain binds to the 3’ polyuridine tract of TER, bringing the C-domain near
stem IV for binding. Stem IV is bent and orientated in a proper conformation to
promote TERT binding. The stem-loop IV bases are also rearranged to further
promote TERT binding.
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Chapter 3

Progress Towards Telomerase Structure Determination by Tethered Ribosome

Crystallography

43



3.0 Introduction

While most of the reverse transcriptase component of telomerase (TERT)
structure from the beetle T. castaneum is known, very few high-resolution
structures of the protein components exist for T. thermophila telomerase (Gillis
et al., 2008; Mitchell et al., 2010). These include the RNA binding domain (RBD)
and N-terminal domain (TEN) of TERT, and part of the C-terminal end of p65
(Jacobs et al., 2006; Rouda and Skordalakes, 2007; Singh et al., 2012). For
telomerase RNA (TER), the structure of stem-loop IV, stem-loop IV bound to the
C-terminal end of p65, and helix Il template boundary element (TBE) are known

(Chen et al., 2006; Richards, 2006a; 2006b).

There are several methods for obtaining high-resolution structures of
macro-molecules. Nuclear magnetic resonance (NMR) is appropriate for non-
aggregating, highly soluble proteins less than ~35 kDa. For larger molecules,
electron cryo-microscopy (cryo-EM) is useful, but requires extensive averaging
due to a low signal to noise ratio, resulting in low-resolution structures.
Crystallography, one of the oldest methods for obtaining high-resolution
structures, uses the resulting diffraction pattern when a beam of x-rays passes
through a crystal formed by the molecule(s) of interest. From this pattern, the
electron density can be calculated, and if resolution is high enough, an atomic

model can be built into the density.
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Crystallography, however, is not a simple process. The molecule of
interest requires extensive purification for homogeneity. This purification
process becomes more difficult for complex molecules. Crystallization is the
most difficult step, requiring extensive screening of buffers, temperatures, and
techniques to induce crystallization. This process could also involve the removal
of flexible regions and surface residues so that the molecule may aggregate in
such a way that a repeating crystal lattice is formed. Sometimes no crystal can be
obtained (Chruszcz et al., 2010). If crystals are obtained, they must be
cryoprotected with increasing precipitant concentration to remove as much
water as possible before freezing. This step also requires screening for optimum

cryoprotectant solutions.

Diffraction data is collected by mounting the crystal on a goniometer and
passing short bursts of x-rays though the crystal as it rotates. Two types of data
are needed to reconstruct electron density: intensity and phase. Intensities are
found by diffraction patterns, but phase information is lost, also known as the
“phase problem”. Isomorphous replacement and anomalous scattering can be
used to solve this problem, but if the structure of a similar molecule is known,
molecular replacement can be used to find the initial phases and structure

refined until calculated intensities match observed intensities.

The ribosome has been studied extensively through the years and its

crystallization conditions are well known. This opens the possibility of inserting
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telomerase RNA (TER) into ribosomal RNA, and using the ribosome as a
purification chaperone and crystallization scaffold. The ribosomes can be easily
purified using established methods, and because of its large size relative to the
inserted RNA, it will dominate the properties that form the crystal (Fig. 1). The
following work details some of the first steps in developing this novel method

that can be extended to other RNPs and RNAs.

3.1 Results

3.1.1 E. coli Strain A7_cm_ts

To simplify purification and ensure homogeneity, an approach was taken
to create an E. coli strain that contain only ribosomes with the desired RNA
insertion. The strain A7_cm_ts is derived from a strain that has had all
chromosomal ribosomal RNA operons (rrn) deleted, and is instead supplied with
ribosomes from a plasmid containing a single rrn (Asai et al., 1999a; 1999b).
This plasmid is chloramphenicol resistant and temperature sensitive at 42°C. By
transforming a kanamycin plasmid containing a rrn with our insertion into this

strain, growing at 42°C, testing for chloramphenicol sensitivity and kanamycin
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resistance, a strain is obtained that will produce only ribosomes containing the

insertion.

3.1.2 Ribosome Construction

Helix 63 (H63) of the 23S ribosomal RNA was first chosen as the insertion
site. Eukaryotic ribosomal RNA contains a large insertion at H63, and before the
high-resolution structure of the ribosome was known, a tRNA was inserted to
find the location of H63 using cryo-EM (Spahn et al,, 1999). A study searching for
viable ribosomal RNA insertions identified not only H63, but also H25 as
candidates, so H25 was chosen as well (Yokoyama and Suzuki, 2008). The high-
resolution structure was also examined to verify an insertion at H63 or H25

would not obviously disrupt the expected ribosome crystal packing (Fig. 1).

A unique cut site, Spel, was placed within the stem loop at either H63 or
H25 in the plasmid pKK3535. Full length Tetrahymena thermophila TER was
cloned into this cut site, replacing the terminal loop of the helix. Three
adenosines were added to the 5’ end of TER to pair with the naturally unpaired
poly-uridine tail, possibly making the insertion less flexible for diffraction
purposes (Fig. 2). Because the termini are naturally unpaired, any structure

obtained may not reflect TER’s natural folding. Another construct, CIRCTER, was
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made for independent verification of correct folding. This is a circular
permutation construct that is attached to the ribosomal RNA at stem II. It was
previously shown that adding a short linker to the natural termini still results in
a functional molecule (Miller, 2002). Each insertion was transferred to plasmid
pCsacB7 for kanamycin resistance. After insertion, the plasmid was transformed
into A7_cm_ts, replacing the original plasmid, creating a strain that produced

only ribosomes containing a TER or CIRCTER insertion at H63.

While the strain containing the insertion at H63 was viable, its doubling
time was longer than wildtype for both TER and CIRCTER. The TER H25
insertion was first thought to be lethal, but was later determined that it severely
compromised cell growth rate, so only ribosomes containing the H63 insertion

were used. A CIRCTER H25 construct was not attempted.

3.1.3 Purification and Crystallization of Ribosomes Containing

Telomerase RNA Insertions

Cells were grown to stationary phase and ribosomes purified using a
sucrose gradient (Fig. 3). Mutant ribosome purity was confirmed by performing
PCR with primers that flank the insertion site. Growth was repeated if multiple

bands were observed. Both constructs appeared to have slightly weaker
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30S/50S association than WT ribosomes, but looked similar. Crystallization
screens were set up around known initial conditions for E. coli ribosome
crystallization, and small rod-like crystals appeared within 3-4 weeks in several
conditions, however only one of the crystals of the TER construct diffracted to
the poor resolution of ~30-40A (Fig. 4). After additional initial screening, a new
condition for TER was found at 4°C that produced faster growing and larger

crystals (Fig. 5). Unfortunately these crystals failed to diffract.

3.1.4 Addition of p65

The T. thermophila catalytic core telomerase protein p65 was expressed
and purified from E. coli. Initial binding studies were performed by adding a 5-
fold molar excess of p65 to TER and CIRCTER ribosomes immediately before the
final gradient, purified, and analyzed by SDS-page (Fig. 6). These ribosomes were
not dissociated and reassociated prior to final purification, and still contain the
ribosomal protein S1, which is very similar in size to p65. This made it unclear
whether p65 was binding to the telomerase RNA insertions. Running higher
percentage and larger gels also failed to resolve the difference. Interestingly,

there was a lower band for TER ribosomes that was also observed for p65 alone
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after purification from E. coli. This band was excised, analyzed by mass

spectrometry, and discovered to be p65 with a N-terminal deletion (Fig. 7).

3.2 Discussion

While there was diffraction for ribosomes containing the TER insertion,
resolution was too low for any meaningful density. Considering this crystal was
produced from an initial screen is exciting; along with screening additional
cryoprotection solutions, further well buffer optimizations may improve crystal
quality and size. There are, however, significant obstacles to overcome and

improvements to be made.

Previous efforts toward this project by Michael Pearson in Harry Noller’s
lab took a direction of co-expressing the catalytic core proteins p65 and TERT
(reverse transcriptase component) during ribosome production. This greatly
slowed cell growth, taking a week to reach stationary phase. Like TER RNA alone,
crystals were obtained, but did not diffract well enough. Because of the long
growth time, protein and RNA quality were unknown, so an approach of adding
p65 at the last purification step was taken. A telomerase activity assay was also
performed with the ribosomes, but showed unusual reverse transcriptase

activity, which could be caused by a multitude of factors. Spliceosomal U2 and
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U6 snRNA was also inserted at H63. Crystals were obtained and diffracted to
10.54, proving that this could be a viable method and warranted further

exploration.

While crystals can be grown with the TER insertion, the folded state of
the RNA may be misfolded or heterogeneous. Also, since the insertion likely
makes no important crystal contacts and doesn’t interfere with crystal packing,
insert homogeneity is not necessarily required for crystal growth, leading to
poor electron density in the area of insertion. To improve the positioning of
inserted RNA, the attached stem can be extended one base pair at a time to
rotate the molecule, or other insertion sites can be explored. This may also
resolve the unusual reverse transcriptase activity that was previously observed
when catalytic core proteins were constituently expressed. One method to find
new sites could be the use of Tn5 transposase in a similar fashion to Yokoyama

et al. This is fairly straightforward and would immediately select for viable cells.

Another approach for crystallization would be the dissociation of the
ribosomes and attempting crystallization with only one of the subunits,
depending on where the insertion is. This would ease purification by improving
yield and relieve the concern of the ribosomes dissociating during or after

purification.

Optimization of the A7_cm_ts strain may improve ribosome and crystal

quality. Along with the ribosomal operons, some tRNA genes were also deleted
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from the chromosome during construction of the original strain. These missing
tRNA genes are supplied with an additional plasmid and may be causing
regulation issues in the cell since they are not expressed using a rRNA or tRNA
promotor. When plated, colony sizes of A7_cm_ts vary considerably, possibly due
to the loss of either of the two plasmids. A solution would be to place the tRNA

genes on the rRNA plasmid in the rrn operon.

The result of p65 binding to the RNA insertion was unclear because of the
inability to resolve p65 from S1. A solution would be to perform a western blot
for p65. It’s possible that p65 is binding neither to TER or CIRCTER. What's clear
is that the N-terminal deletion clearly binds to the TER ribosomes with decent
affinity, suggesting that an N-terminal deletion construct of p65 should be used
for further studies, especially since the N-terminal is known to be “floppy”
(which citation?). Interestingly, another group experienced similar protease

digestion (Jiang et al., 2013).

Difficulties lie with sufficient protein production and crystal growth rates.
A significant quantity of protein is required in order to add a 5 molar excess of
p65 to the ribosomes before the final purification step. Expressing and purifying
this amount greatly hinders steady crystal trials. This can be circumvented by
taking a similar approach as the previous work, and introduce a plasmid that
will constitutively express p65 lacking the N-terminal. By not also constitutively

expressing TERT, near normal growth rate may return. The rate of crystal
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growth also hinders steady crystal trials due to the 3-4 week growth rate. While
faster growing crystals were found at 4°C, they failed to diffract, but further

optimization of well buffer and cryoprotectant conditions may prove fruitful.

Further exploration of crystallization conditions, insertion sites, and
additional catalytic core protein constructs may prove this method as an
invaluable tool for solving RNP or RNA structures that have failed to produce

crystals on their own.

3.3 Methods

3.3.1 Inserting a Unique Cut Site Into H63

To introduce a Spel cut site at H63, whole plasmid PCR was performed
using pkk3535 (Brosius et al., 1981) as the template, and primers
23S_H63_D8_aptamer_F and 23S_H63_D8_aptamer_R. This was purified using a
PCR purification silica gel spin column (Qiagen). 8 uL was mixed with 1uL New
England Biolabs (NEB) buffer 1 and 1 pL 1:100 dilution exonuclease III (1 unit)
(NEB). The mixture was incubated at room temperature for 5 minutes, placed on

ice for an additional 5 minutes, and transformed into E. coli strain 10-beta (NEB).
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Transformants were selected on LB-agar plates containing 50 pg/mL ampicillin
at 34°C. The resulting plasmid was digested with Spel (NEB) and ligated with T4
DNA ligase (NEB), resulting in the plasmid pkk3535_H63_spel. This plasmid

contains a single Spel cut site within the H63 stem loop.

23S_H63_D8_aptamer_F

GAGTAATTTACGTTTTGATACGGTTGCGGACTAGTGGATGGAGCTGAAATCAGTCG

23S_H63_D8_aptamer_R

GCAACCGTATCAAAACGTAAATTACTCGGACTAGTGGACCTCACCTACATATCAGC

3.3.2 Inserting a Unique Cut Site Into H25

Done in the exact fashion as H63, except primers 23S_H25_D8_aptamer_F
and 23S_H25_D8_aptamer_R were used, resulting in the plasmid
pkk3535_H25_spel. This plasmid contains a single Spel cut site within the H25

stem loop.

23S_H25_D8_aptamer_F

GAGTAATTTACGTTTTGATACGGTTGCGGACTAGTGCGTGTGACTGCGTACCTTTTG

23S_H25_D8_aptamer_R

GCAACCGTATCAAAACGTAAATTACTCGGACTAGTGCGTGCTCCCACTGCTTGTACG

54



3.3.3 Inserting Telomerase RNA Into H63

The plasmid pkk3535_H63_spel was digested with Spel (NEB) and gel
purified. T. thermophila TER RNA was PCR amplified using primers
F_23S_H63_TetRNA and R_23S_H63_TetRNA. The resulting product was purified
using a spin column, combined with the previously cut plasmid at a 1:1 molar

ratio, and joined using the exonuclease IIl method as before. This results in the

plasmid pkk3535_H63_TER.

F_23S_H63_TetRNA

GCACGCTGATATGTAGGTGAGGTCCAAAATACCCGCTTAATTCATTCAG

R_23S_H63_TetRNA

TCTTCGACTGATTTCAGCTCCATCCAAAAATAAGACATCCATTGATAAATAG

The circular permutation of TER was constructed as with TER, but by
using primers F1_23S_H63_circ_TetRNA and R1_23S_H63_circ_TetRNA. This
product was diluted 1000 fold and mixed with primers F1_23S_H63_circ_TetRNA
and R2_23S_H63_circ_TetRNA. The resulting PCR product was again diluted
1000 fold and mixed with primers F_insert_ H63_23S and R_insert_H63_23S. The
resulting PCR product was inserted into H63 as before, resulting in the plasmid

pkk3535_H63_CIRCTER.
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F1 23S H63 circ_TetRNA

GCACGCTGATATGTAGGTGAGGTCCAGAACTGTCATTCAACCCCAAAAATC

R1 23S H63 circ_TetRNA

GAATGAATTAAGCGGGTATGGATCCAAAAAAAAATAAGACATCCATTGATAAATA

F insert H63 23S

GGTGCCGTAACTTCGGGAGAAGGCACGCTGATATGTAGGTGAGGTCC

R insert H63 23S

AAACAGTTGCAGCCAGCTGGTATCTTCGACTGATTTCAGCTCCATCC

3.3.4 Inserting Telomerase RNA Into H25

Done in the exact fashion as with H63, except primers F_23S_H25_TetRNA
and R_23S_H25_TetRNA were used, resulting in the plasmid pkk3535_H25_TER.
Transformants took ~2-3 days at 34°C to become visible. A CIRCTER construct

was not attempted.

F_23S_H63_TetRNA

GCACGCTGATATGTAGGTGAGGTCCAAAATACCCGCTTAATTCATTCAG

R_23S_H63_TetRNA

TCTTCGACTGATTTCAGCTCCATCCAAAAATAAGACATCCATTGATAAATAG
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3.3.5 Construction of H63 Mutant Ribosome Strains

Both H63 TER and CIRCTER insertions were transferred to the
kanamycin resistant plasmid pCsacB7 (Asai et al., 1999b). This was performed
by PCR amplification of the pkk3535 plasmids containing the insertions using
primers 23S_H63_Bsu36I1_F and 23S_H63_Bsu36I_R and purified as before. The
plasmid pCsacB7 was digested using Bsu36I (NEB), gel purified, and combined
with the appropriate PCR product using exonuclease III as before, resulting in
plasmids pKAN_H63_TER and pKAN_H63_CIRCTER. These plasmids were
transformed into the strain A7_cm_ts. The plated cells were grown at 42°C,
tested for chloramphenicol sensitivity and kanamycin resistance, resulting in
strains producing only producing ribosomes containing TER or CIRCTER

insertions.

23S_H63_Bsu36I_F

AAGGGTTCCTGTCCAACGTTAATCGG

23S_H63_Bsu36I_R

AGACAGCCTGGCCATCATTACGCCATT
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3.3.6 Growth and Purification of Mutant Ribosomes

From a 5mL overnight starter culture, cells were grown in 2xYT at 37°C,
and shaken at 225 rpm in 2L Erlenmeyer beveled culture flasks. Once stationary
phase was reached, typically ~35 hours with an OD of ~4-5, the cells were
pelleted at 5,000 x g at 4°C. The cells were washed twice with buffer A (100 mM
KCl, 15 mM MgClz, 20 mM Tris-Cl pH7.5, 5 mM BME) and flash frozen in liquid
nitrogen if necessary. Contamination was tested at this point by performing PCR
on 0.5 uL of cells using primers 23S_H63_Bsu36I_F and 23S_H63_Bsu36I_R.

Purification was continued if only one band was observed.

The fresh or frozen pellets were resuspended in 35 mL buffer A, and lysed
by passing 3 times through a cell disruptor at 15,000 psi. The cell lysate was
clarified by centrifugation 3 times at 35,000 x g for 20 minutes in a JA20 rotor.
The cleared lysate was layered on top of a 35 mL 40% sucrose cushion
containing buffer B (500 mM KCl, 15 mM MgClz, 20 mM Tris-Cl pH7.5, 5 mM
BME) in a Ti45 ultracentrifuge tube. The tube was filled to the neck with buffer B
and the ribosomes were pelleted by centrifugation at 39,000 rpm for 20 hours in
a Ti45 rotor. The ribosome pellets were gently resuspended into 25 mL buffer
with a small stir bar while on ice, and then clarified again by centrifugation at
35,000 x g for 20 minutes in a JA20 rotor. The ribosomes were transferred to

Ti60 ultracentrifuge tubes, filled to the neck with buffer B, and pelleted again by
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centrifugation in a Ti60 rotor at 49,000 rpm for 3 hours. The pellet was quickly
washed twice with buffer A and left upside down at 4°C until the pellet became
clear, typically 10-15 minutes. The ribosomes were gently resuspended in 1 mL

buffer A as done before and frozen with liquid nitrogen if necessary.

10-35% sucrose gradients were made by carefully layering 19 mL of a
buffer A 10% sucrose solution on top of a 19 mL buffer A 35% sucrose solution
in SW-28 tubes. These tubes were gently laid on their side for 3 hours at RT the
day before and cooled to 4°C overnight. The ribosomes were diluted to 40
mg/mL with buffer A, and 15 mg was loaded onto each 10-35% sucrose gradient
and centrifuged for 17 hours at 22,000 rpm. The 70S peaks were conservatively
collect by pumping the gradients and monitoring the absorbance at 260 nm. The
peaks were pooled in a Ti45 tube and pelleted by centrifugation at 39,000 x g for
20 hours in a Ti45 rotor. The ribosome pellets were gently resuspended in 10
mL buffer A as before. The buffer was exchanged twice with 15 mL of buffer A
using a centrifugal concentrator and brought to a final concentration of 15
mg/mL. The ribosomes were aliquoted and flash frozen in liquid nitrogen until

used for crystallization.
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3.3.7 p65 Expression, Purification, and Binding

From a 5mL overnight starter culture, cells were grown in terrific broth,
at 37°C, and shaken at 225 rpm in 2L Erlenmeyer beveled culture flasks. After
reaching mid-log growth phase, expression was performed using 0.8 mM IPTG at
16°C and cells harvested after 4 hours. The fresh or flash frozen cells were
resuspended in buffer A (20 mM Tris pH 8.0, 200 mM NacCl, 1 mM MgCl;, 40 mM
imidazole, 1 mM DTT, and 10% glycerol). 1 mM PMSF was added just before
passing the cells twice through a cell disruptor. The cell lysate was cleared by
centrifugation at ~36,000 x g and passed over Glutathione HiCap Matrix resin
(Qiagen) by gravity flow. The resin was thoroughly washed with buffer A that
contained 500 mM NaCl until no protein was detected by Bradford assay. After
washing with a column volume of buffer A containing 100 mM NaC(l, the protein
was eluted with buffer A containing 100 mM NaCl and 50 mM glutathione until
no protein was detected. TEV was added to the elution and left overnight at 4°C
to remove the GST tag. The cleaved protein was diluted to 100 mL with buffer B
(20 mM Tris pH 8.0, 100 mM NaCl, 1 mM MgCl;, 1 mM DTT, and 10% glycerol),
passed over a Q anion exchange column (GE Life Sciences), and eluted with a 60
minute buffer B gradient to 1 M NaCl. The elution was once again passed through
the glutathione resin to remove any excess GST. The protein was concentrated

with a spin concentrator (Amicon) and passed over a Superdex 200 size-
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exclusion column (GE Life Sciences) in buffer C (20 mM Tris pH 8.0, 100 mM
NaCl, 1 mM MgClz, 1 mM DTT, and 10% glycerol) 10 mg at a time maximum. The
protein was aliquoted, flash frozen, and stored at -70°C. Binding studies were
performed by supplementing the protein solution with 15 mM MgCl; and adding
itto 15 mg of ribosomes in 5-fold molar excess for 15 minutes at RT immediately

before the sucrose gradient.

3.3.8 Crystallization

Crystallization was performed by sitting drop vapor diffusion using a
Crystal Phoenix automatic robot (Art Robbins Instruments) with 96 well plates.
The diffracting crystal was obtained using a well buffer containing 3.5%
polyethylene glycol 20,000 MW (PEG20K), 13% polypropylene glycol P 400, 0.2
M potassium thiocyanate (KSCN), and 0.1 M tris-acetate pH 7. Ribosomes at 15
mg/mL were combined with well buffer in 2:1, 1:1, and 1:2 ribosome:buffer
ratios. Total drop volumes were 0.3 pL or 0.4 pL. After 48 hours at 25°C, the
trays were transferred to 16°C, and crystals appeared within 3-4 weeks.
Cryoprotection was performed at 16°C by using 3 cryoprotectants containing 0.2

M KSCN, 0.1 M Tris-acetate pH 7, 10 mM Mg acetate, 13% polypropylene glycol P
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400, and 7%, 14%, or 21% PEG20K. The PEG20K concentration was increased

every 24 hours.

Crystals that formed at 4°C were laid in the exact fashion as before, but
with well buffer containing 2.2-5% PEG20K, 17-19% 1,6-hexanediol, 0.2 M KSCN,
and 0.1 M tris-acetate pH7. Crystals formed within two weeks and
cryoprotection was performed as before, using 3 cryoprotectants containing 5%
PEG20K, 10 mM Mg acetate, 0.1 M tris acetate pH7, 0.2 M KSCN, 15%, 20%, or
25% MPD, and 3%, 6%, or 9% PEG200. The MPD and PEG200 concentrations

were increased every 24 hours.
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Figure. 1. Visualization of the expected crystal packing of the ribosomes and the
available volume at H63 using Pymol and the symexp command. Red highlights
H63 of the blue ribosome, while green and orange indicate neighboring
ribosomes. PDB file provided by the Noller lab, UC Santa Cruz.
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Figure 2. Secondary structure of the two telomerase constructs, TER and
CIRCTER. (A) TER is attached through a stem introduced at the natural termini
and (B) CIRCTER is a circular permutation attached at helix II.
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Figure 3. 10-35% sucrose gradient profile of H63 TER ribosomes grown from
A7_cm_ts E. coli. CIRCTER ribosomes appeared identical. The ribosomes used for
crystallization were conservatively collected, as noted by the red dashes on the
trace. Other than increased 70S dissociation, gradient profiles appeared similar
to WT ribosomes.
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Figure 4. TER ribosome crystals that formed at 16°C and successfully diffracted
to ~30-40A. Crystallization conditions were 3.5% PEG20K, 13% PPG 400, 0.2 M
KSCN, and 0.1 M tris-acetate pH 7. Trays were left at 25°C for 48 hours before
placed at 16°C, and crystals appeared within 3-4 weeks.
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Figure 5. TER ribosome crystals that formed at 4°C, but did not diffract.
Crystallization conditions were 2.2-5% PEG20K, 17-19% 1,6-hexanediol, 0.2 M
KSCN, and 0.1 M tris-acetate pH7. Trays were left at 25°C for 48 hours before
placed at 4°C, and crystals appeared within 2 weeks.
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Figure 6. SDS-page gel of ribosomes that were incubated with 5-fold molar
excess p65 immediately before purification by sucrose gradient. Lanes 1-3:

CIRCTER ribosomes. Lanes 4-6: TER ribosomes. Lanes 8-10: p65 expressed and
purified from E. coli. The ribosomal protein S1 could not be resolved well enough

from p65 to clearly identify binding. Only TER appears to bind the N-terminal
truncation of p65.
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Figure 7. Mass spectrometry analysis of the gel excised “deltaN p65” band from
the previous SDS-page gel. (A) No protease digestion (B) Chymotrypsin digestion.
The C-terminal fragment found with no protease digestion suggests our protein
contains an N-terminal deletion.
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Chapter 4

Crystallization of a Minimal TERT-RBD and TER Complex
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4.0 Introduction

The reverse transcriptase catalytic subunit of telomerase (TERT) contains
four domains: N-terminal (TEN), RNA binding domain (RBD), reverse
transcriptase domain (RT), and C-terminal extension (CTE) (Fig. 1) (Hengesbach
etal.,, 2011). The RNA component of telomerase (TER) contains a template
boundary element (TBE) that defines the region reverse transcribed by TERT
(Fig. 1) (Lai, 2002; Lin et al., 2004). This is a site of strong RBD interaction that
prevents TERT from transcribing past the template, defining a central feature of

the mechanism of telomere synthesis.

RBD in Tetrahymena thermophila contains several conserved RNA
binding motifs, binds to TER with high affinity, and is the main telomerase
protein component that interacts with TER (Bosoy, 2002; Bryan et al., 2000; Lai
et al., 2001; Miller, 2000; O'Connor, 2005). The crystal structure of a large C-
terminal fragment of RBD showed the CP motif is adjacent to the T motif in an
electropositive groove, suggesting that this may be the site of interaction with
TBE (Rouda and Skordalakes, 2007). However, the structure does not include
RNA or the third domain CP2, so it’s not currently possible to define which

motifs interact with which RNA domains.
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Previous studies have shown several mutations in the CP2 motif can
cause defects in telomerase activity and template definition (Lai, 2002; Miller,
2000). Additionally, by using Fe(II)-EDTA site-directed hydroxyl radical probing
and electrophoretic mobility shift assays (EMSA), it was demonstrated the CP2
motif is a critical site of TBE interaction and is important for maintaining

template definition (Akiyama et al., 2013).

Unfortunately, no high-resolution structural information exists for the
CP2 motif. This is due to a required proteolysis step of RBD prior to
crystallization, cleaving a short portion of the N-terminus that includes the CP2
motif. To better understand how template definition is defined, and thus
construct a more complete understanding of how telomerase functions, the
following work attempts to obtain a high-resolution crystal structure of a

minimal CP2-containing RBD and TER complex.
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4.1 Results

4.1.1 Minimal TERT-RBD Protein Construction

Attempts to express full length RBD in E. coli led to poor yield, with the
majority of protein resulting in the insoluble portion, which is not ideal for the
high quantity required for crystallization trails. Expressing a RBD construct
lacking the N-terminus may have resulted in better yields and crystal formation,
explaining the reason for the shorter RBD construct for crystallization.
Coincidently, the cleaved RBD in the crystal structure had poor binding affinity
to TER, suggesting CP2 may play a critical role in TER binding (Akiyama et al.,

2013).

To find a compromise between solubility and sufficient TER binding,
several RBD constructs were created. Spaced evenly from amino acid 200 up to
the CP2 motif, 226, six proteins were constructed, expressed, and their solubility
analyzed (Fig. 2). While the construct beginning at 211 (RBD211) appeared to
have the highest solubility before purification, a higher yield of RBD217 was
obtained after nickel purification and was chosen for binding and crystallization

experiments (Fig. 3).

75



4.1.2 Minimal TER Construction

Previous studies have identified the bases at stem II as being critical for
proper boundary definition (Lai, 2002; O'Connor, 2005). Other work
demonstrated RBD directly contacts these bases and created several minimal
TBE constructs to more specifically probe CP2-TER interactions (Akiyama et al.,
2013). Following these minimal constructs, a minimal stem II construct
consisting of residues 13-42 of TER was created (slI) (Fig. 4). Binding studies
demonstrated that stem I may also participate in TERT binding, so a second
construct consisting of Stem I and II, with a GAAA tetraloop inserted for stem 1V,
was also created (sI-1I) (O'Connor, 2005). When constructs were analyzed by
size exclusion chromatography, sI-II was sized as predicted, but slI appeared to
form a higher order complex (Fig. 5). While binding affinities were lower than
full length TER, both constructs were able to bind full length RBD (unpublished
data). With the goal of producing a crystal structure that would show basic
interactions of TER with CP2, these constructs were used for further binding and
crystallization experiments. Using a minimal TER would also improve crystal

formation and electron density by minimizing flexible domains.
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4.1.3 Binding and Crystallization of Minimal Protein and RNA Constructs

To assess the binding affinity of RBD217 to each TER construct, the
protein and RNA were incubated in a 1:1 molar ratio and analyzed using a gel
filtration column. While it appears binding is occurring with both constructs,
RBD217 has a slightly higher affinity for sI-II, however not all RNA appeared to
be bound (Fig. 6). Increasing the protein to RNA ratio to 2:1 was able to
completely shift free RNA to the bound state for sI-1I, but had little affect on slI
(Fig. 7). Because of this, only the sI-II complex was used for crystallization trails.
The shifted RNA peak was conservatively collected and concentrated to ~3.0
mg/mL. Initial screening trays were laid using sitting drop method, placed at 4°C,

and possible crystals, visible as small spiked balls, appeared within several days

(Fig. 8).

4.2 Discussion

This work lays the foundation for obtaining a high-resolution structure of
the key interactions between RBD and TER. Not only was a minimal CP2-

containing RBD construct designed that was soluble and bound to a minimal TER

77



construct, but preliminary crystals were successfully obtained with initial

screening.

Not surprisingly, RBD217 did not bind as well to slI, suggesting stem I
contributes to RBD binding, agreeing with previous studies (O'Connor, 2005).
Interestingly, a 2:1 protein to RNA ratio is required to completely shift the sI-II
RNA peak. It’s difficult to say whether half the protein is incompetent to bind or
the complex contains two RBD217 proteins. If the former, modifying protein
expression and purification may show a binding ratio closer to 1:1. Cleaving the
his-tag prior to binding may also improve binding and/or crystal formation. It’s
also possible that we are simply under or overestimating one of the
concentrations. Additionally, using a narrower range sizing column would
increase the separation of the bound and unbound peaks, resulting in a more

homogenous complex for crystal formation.

Only initial trays were laid and no optimization was attempted.
Continuing to optimize with finer well conditions, more initial well conditions,
different temperatures, and using the initial crystals for seeding new trays may
prove fruitful. The fact that crystals were obtained with initial screens is very

promising and warrants further exploration.

CP2 is only conserved among ciliates, but CP2 could co-evolve with the
changing sequence of TBE, explaining the divergence a possible TBE binding

motif (Lin et al., 2004). A region in vertebrate TERT, the vertebrate-specific
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region (VSR), is in a similar position to CP2 in ciliates (Moriarty et al., 2002), and
could be analogous to CP2 in that in binds TBE. Obtaining a structure of how T.
thermophila RBD interacts with TBE would lead to a better mechanistic
understanding of the unique reverse transcriptase activity of telomerase, and

could be extended to telomerase in other species.

4.3 Methods

4.3.1 Minimal TERT-RBD Construction

Linear plasmids of each construct were produced by performing PCR on a
plasmid containing T. thermophila RBD fused to an N-terminal his-tag using
custom primers that would exclude the necessary portion of RBD. The linear
plasmid products were treated with T4 polynucleotide kinase (NEB) and T4 DNA
ligase to form circular plasmids that were transformed into 10-beta E. coli cells.
This resulted in plasmids containing RBD200, RBD205, RBD211, RBD217,
RBD222, and RBD226, with the second number denoting the first starting amino

acid each construct begins in respect to full length TERT.
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4.3.2 Minimal TERT-RBD Expression and Purification

Protein constructs were expressed using BL21 DE3 E. coli cells. After
reaching mid-log growth phase at 37°C in Terrific Broth media, the cells were
placed on ice for 1 hour. Expression was performed using 0.1 mM IPTG at 15°C
and cells harvested after overnight growth (~16 hours). The cells were
resuspended in buffer A (20 mM Tris pH 7.8, 200 mM NacCl, 1 mM MgCl;, 40 mM
imidazole, and 1 mM DTT). 1 mM PMSF was added just before passing the cells
twice through a cell disruptor at 15,000 psi. 120 U of TURBO DNase (Ambion)
was added to the cell lysate and incubated on ice for 15 minutes. The cell lysate
was cleared twice by centrifugation at ~36,000 x g for 30 minutes each at 4°C
and passed over Ni Sepharose 6 Fast Flow resin (GE Life Sciences) by gravity
flow. The resin was thoroughly washed with buffer A that contained 400 mM
NaCl until no protein was detected by Bradford assay. After washing with a
column volume of buffer A, the protein was eluted with buffer A containing 200
mM NaCl and 500 mM imidazole until no protein was detected. The elution was
diluted to 100 mL with buffer B (20 mM Tris pH 7.8, 200 mM NacCl, 1 mM MgCl,,
and 1 mM DTT), passed over a heparin ion exchange column (GE Life Sciences),
and protein eluted with a 60 minute buffer B gradient to 1 M NaCl. The protein
was concentrated with a spin concentrator (Amicon) and passed over a

superdex 200 size-exclusion column at 4°C (GE Life Sciences) in buffer C (20 mM
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Tris pH 8.0, 200 mM NacCl, 1 mM MgClz, 1 mM DTT, and 10% glycerol) 10 mg at a

time maximum. The protein was aliquoted, flash frozen, and stored at -70°C.

4.3.3 Minimal TER Construction

The stem II construct consisted of residues 13-42 of TER, while the stem
[1+IV construct contained residues 1-42, a GAAA tetraloop for stem IV, and
residues 101-107. TER constructs were transcribed using T7 RNA polymerase
(NEB), DNase treated (Ambion), phosphatase treated (NEB), and purified using a
superdex 200 size-exclusion column (GE Life Sciences). The RNA was end-
labeled using phosphonucleotide kinase (NEB) with 32P-labeled y-ATP (Perkin-

Elmer) and PAGE purified.

4.3.4 Binding Assay

Binding assays were performed by combining either a 1:1 or 2:1 protein
to RNA molar ratio for a total volume of 100 pL, supplementing the mixture with

NaCl to 200 mM, and letting rest at RT for 10 minutes. The complex was loaded
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on a Superdex 200 size-exclusion column (GE Life Sciences) using buffer C, and

analyzed at wavelengths 215, 254, and 280 nm.

4.3.5 Crystallization

Purification of the 2:1 RBD217 to sI-II molar ratio complex was
performed in similar fashion as with the binding assay except for the following
deviations: 20 pL of sI-Il was added to 600 pL 4.52 mg/mL RBD217, left at RT for
2-3 minutes, 280 pL of sI-II added, left at RT for an additional 10 minutes, passed
through the sizing column using buffer C with 10 mM DTT, and shifted RNA peak
conservatively collected. The purified complex was concentrated to ~3 mg/mL
using a spin concentrator (Millipore) and crystallization was performed by
sitting drop vapor diffusion using a Crystal Phoenix automatic robot (Art
Robbins Instruments) with 96 well plates. The trays were placed at 4°C, and at a
1:1 complex to buffer ratio with a total drop volume of 0.4 pL. Small crystals

appeared in 1-2 weeks in the following conditions:

1) 0.2 M Sodium chloride

0.1 M Sodium cacodylate pH 6.5

2.0 M Ammonium sulfate
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2) 1.0 M Sodium citrate

0.1 M Sodium cacodylate pH 6.5
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T. thermophila TERT
Conserved motif: T2 CP2 CP T 12 A B'C DE
W T T T T T T 1117
Domain: TEN RBD RT CTE
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A u GA u CA
AGAC AUC CAUU GAUA c
I T T U
UCUG UAG GUAA CUAU A

w cccecrc

23S rRNA

Figure 1. (A) Schematic outlining conserved motifs and domains of TERT. Note
the CP2-motif at the N-terminal end of RBD. (B) Schematic of TER with the TBE
outlined.
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RBD205 RBD211 RBD217
Control ~ 30°C  15°C  30°C  15°C  30°C  15°C

l's plls plls plls plls plls plis pl

Figure 2. SDS-page gel of three RBD constructs. Proteins were expressed at
either 30°C or 15°C, cells lysed, and supernatant (s) and pellet (p) analyzed by
SDS-page. The asterisk marks the RBD constructs. Note that while RBD111 had
the best solubility, RBD217 had the best yield after nickel purification.

85



Manualrun 10:10 UV 280nm Manualrun 10:10 U2 254nm

350

300

200

150

100

Figure 3. Trace of nickel and ion exchange purified RBD217 using a superdex
200 size exclusion column (GE Life Sciences).
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Stem |l

|
Stem |-l

Figure 4. Minimal TER constructs. (A) Stem II construct (sII) consists of stem II
and the TBE (blue). (B) Stem I-1I construct (sI-II) consists of stem II, TBE, and
stem I, with a GAAA tetraloop substitution for stem IV.
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Figure 5. Size exclusion traces of TER constructs (A) sIl and (B) sI-II alone. SII
appeared to be forming a higher order complex.
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Figure 6. Size exclusion traces of 1:1 RBD217 to TER construct binding. Both (A)
sll and (B) sI-II appeared to be half bound.
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Figure 7. Size exclusion traces of 2:1 RBD217 to TER construct binding. (A) SII
binding slightly improved while (B) sI-II appeared to be nearly completely

bound.
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Figure 8. Crystals formed at 4°C in conditions (A) 0.2 M Sodium chloride, 0.1 M
Sodium cacodylate pH 6.5, 2.0 M Ammonium sulfate and (B) 1.0 M Sodium
citrate, 0.1 M Sodium cacodylate pH 6.5. They appeared within a few days as
small spiked balls.
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