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ABSTRACT OF THE DISSERTATION 

 

Structural and Functional Characterization of the Tetrahymena Telomerase Holoenzyme 

 

by 

 

Henry Chan 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2017 

Professor Juli F. Feigon, Chair 

 

 This dissertation describes the structural characterization of the telomerase holoenzyme from 

the ciliate Tetrahymena thermophila using a combination of X-ray crystallography, cryogenic 

electron microscopy, and nuclear magnetic resonance spectroscopy. Telomerase is the 

ribonucleoprotein complex that iteratively reverse transcribes telomeric repeats to the ends of 

linear chromosomes in actively replicating eukaryotic cells. Previous biochemical and genetic 

studies of Tetrahymena telomerase holoenzyme identified the components TERT (the reverse 

transcriptase), TR (the internal RNA template), and six other accessory proteins (p65, Teb1, p50, 

p75, p45, and p19). Of these, p50, p75, p45, and p19 were largely uncharacterized and possessed no 

known homology to other proteins. A major focus of this work was to study p75-45-p19 which was 

known to form a trimeric complex. In the course of this work, crystal structures of p19 and the p45 

C-terminal domain were solved and shown to be structurally homologous to the Ten1 and Stn1 

proteins of the Replication Protein A (RPA)-like telomeric Ctc1-Stn1-Ten1 (CST) complex that is 

found in plants, vertebrates, and yeast, leading to the conclusion that p75-p45-p19 is Tetrahymena 

CST. In addition, the ongoing structural characterization of the p75 protein is discussed, in which a 
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specific interaction between p75 and p50 is identified. The work in this thesis also contributed to 

the overall structural characterization of the entire holoenzyme through an electron microscopy 

(EM) collaboration with the Zhou lab where negative stain and cryogenic EM (cryo-EM) structures 

of Tetrahymena telomerase were solved to 25 and 9 Å resolution respectively. These EM structures 

led to the characterization and unambiguous placement of all of the then known subunits including 

the placement of a homology model of the p75-p45-p19 trimeric core, based on the structure of p19 

and the structure of the RPA trimeric core, into the cryo-EM structure, further confirming the 

characterization of p75-p45-p19 as Tetrahymena CST. The cryo-EM structure also led to the 

identification of two new subunits Teb2 and Teb3 by mass spectrometry, which were determined 

to form another trimeric RPA-like subcomplex, TEB, with Teb1. The identification and 

characterization of these TEB proteins led to the discovery that Teb2 and Teb3 are shared subunits 

with Tetrahymena RPA and of a new RPA-like protein, Rlp2, which forms an alternative complex 

with Teb3. 
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Overview 

Actively replicating eukaryotic cells face two challenges at the ends of their linear chromosomes 

which threaten the integrity of their genome. The first is that the ends of their chromosomal DNA 

are vulnerable to degradation and fusion by DNA acting enzymes (Figure 1.1a). The second is that 

multiple rounds of DNA replication lead to progressive shortening of their linear chromosomes, 

also known as the ‘end replication problem’ [1] (Figure 1.1b). To address these problems, 

chromosome ends are packaged into protective structures called telomeres and their length is 

maintained in part by the enzyme telomerase [2-5]. 

Telomeres are comprised of the telomeric DNA at the ends of linear eukaryotic chromosomes 

and telomeric DNA binding proteins [2, 6-8]. Telomeric DNA are hundreds to several thousand 

base-pairs of tandem G-rich repeats that are processed to end in a single stranded 3’ overhang [9, 

10]. These non-coding repeats act as a buffer against the end replication problem and can allow the 

cell to replicate until the ‘Hayflick limit’ is reached [11-14]; the point at which telomeric DNA 

becomes too short leading to cellular senescence and/or apoptosis [15]. The double stranded and 

single stranded telomeric repeats are packaged into telomeres by specific telomeric DNA binding 

protein complexes that protect telomeric DNA from degradation by DNA-exonucleases and non-

homologous end joining (NHEJ) by DNA repair enzymes [16, 17] (Figure 1.1a).  Telomeres also 

participate in regulating the maintenance of its own telomeric DNA length through the recruitment 

or inhibition of telomerase [7, 8]. 

Telomerase is the ribonucleoprotein enzyme complex that uses an internal telomerase RNA (TR) 

[18] and a telomerase reverse transcriptase (TERT) [19] for the reverse transcription of telomeric 

repeats (GGTTAG in humans and GGGTTG in Tetrahymena) to the 3’ ends of linear chromosomes, 

thus reversing the progressive shortening that occurs during DNA replication (Figure 1.2). 

Together, TERT and TR comprise the ‘catalytic core’ of telomerase, which are the minimum 

components necessary for telomeric repeat addition in vitro [20, 21]. 
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Figure 1.1. Telomere end protection and end replication problem. (a) Telomeres are 
protective nucleoprotein structures located at the ends of linear chromosomes. Unprotected 
chromosome ends are subject to degradation by DNA exonucleases as well as chromosome end to 
end fusion by DNA repair enzymes. (b) Initiation of DNA synthesis requires an RNA primer due to 
the requirement of DNA polymerase for a free 3’ hydroxyl for DNA synthesis. The end gaps left by 
the RNA primers cannot be filled in and lead to a shortened daughter strand at the 5’ end. Repeated 
replication of shortened strands lead to progressively shorter chromosomes in daughter cells. 
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Figure 1.2. Extension of telomeric 3’ overhang by telomerase. Telomerase lengthens telomeres 
through the reverse transcription of the telomerase RNA template onto the 3’ single stranded ends 
of linear chromosomes. After the successful extension of a single telomeric repeat, telomerase shifts 
register by one whole repeat in a process known as translocation. After this step, which is 
considered the enzymatic bottleneck for repeat addition processivity, extension can reinitiate. 
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Due to the direct correlation between telomeres and telomerase and the ability of the cell to 

maintain sustained or ‘immortal’ replication, research in telomeres and telomerase is of active 

interest to the study of cancer (90% of cancers have upregulated telomerase activity) and cellular 

aging [22-27]. Additionally, mutations in telomerase proteins, telomerase RNA, and telomere 

associated proteins are linked to a wide variety of inherited diseases; such as dyskeratosis 

congenita and other progeria-like diseases of rapid aging [7, 22, 28-30].  

Overview of Tetrahymena and human telomerase-telomere interactions 

Human telomeres are packaged by the shelterin complex which is comprised of: RAP1, TRF1 and 

TRF2 which bind double-stranded telomeric DNA (dstDNA) as homodimers, the single-stranded 

telomeric DNA (sstDNA) binding POT1, and TPP1 and TIN2 which serve as mediators for shelterin 

assembly and telomerase recruitment [2, 31-35] (Figure 1.3a). Telomerase is recruited primarily 

by a direct interaction between the TEN (TERT essential N-terminal) domain and TPP1 [35-37]. 

Human TERT and TR, along with the H/ACA RNP complex, important for TR biogenesis and 

maturation, form the human ‘telomerase RNP core’ [8, 38-43]. After sufficient telomere extension, 

the CST complex (formed from Ctc1, Stn1, and Ten1) is recruited by TPP1:POT1 for the recruitment 

of DNA polymerase-alpha primase (pol-α) for complementary strand synthesis [44-46]. CST is also 

thought to act as a terminator for telomerase activity [45, 47]. 

 Telomerase activity was first detected in Tetrahymena thermophila [48, 49], a ciliated single 

celled eukaryotic organism that possesses a germline micronucleus and a somatic macronucleus 

[50]. This somatic macronucleus which performs the transcriptional duties for the cell can possess 

~20,000 telomere capped mini-chromosomes, making Tetrahymena an excellent model organism 

for studying telomerase and source of endogenous enzyme [50]. Tetrahymena telomeric DNA are 

packaged at their 3’ singled stranded overhang by the four protein complex Pot1, Tpt1, Pat1 and 

Pat2 [51-53] (Figure 1.3b). These proteins protect the chromosome ends and prevent runaway  
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Figure 1.3. Overview of Human and Tetrahymena telomerase and interaction at telomeres. 
(a) Human telomeres are packaged by the six protein component shelterin comprising: RAP1, 
dstDNA binding TRF2 & TRF1, hub and recruitment proteins TIN2 & TPP1, and dstDNA binding 
POT1. The telomerase RNP core comprising TERT, TR, and the H/ACA RNP is recruited to the 
3’overhang by a direct interaction between the TERT TEN domain and TPP1. After sufficient 
telomere repeat elongation, CST is recruited by TPP1-POT1 for termination of telomerase activity 
and stimulation of pol-α primase for C-strand synthesis. (b) Tetrahymena sstDNA is packaged by the 
Pot1-Tpt1-Pat1-Pat2 complex. TEB (Teb1-Teb2-Teb3) binding to sstDNA facilitates the association 
and recruitment of telomerase to telomeres. The central hub p50 bridges the interaction to the RNP 
core (TERT-TR-p65) via a direct interaction with the TERT TEN domain. Tetrahymena CST (p75-
p45-p19) is constitutively associated to the holoenzyme via an interaction with p50 and facilitates 
recruitment of pol-α primase. 
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telomere elongation by telomerase [52]. The Tetrahymena telomerase holoenzyme is comprised of 

one telomerase RNA (TR), one telomerase reverse transcriptase (TERT), and eight other accessory 

protein subunits [54-58] (Figure 1.3b), two of which Teb2 and Teb3 were discovered in the course 

of this work. Previously, these accessory proteins were not thought to have direct orthologues to 

human telomerase. However, the work presented in this thesis and recent work from the Feigon lab 

indicates otherwise. p65 is the TR chaperone that assists in assembly of the Tetrahymena 

telomerase RNP core, comprising TERT, TR and p65 [56, 59, 60]. Recruitment to telomeres is 

mediated by TEB:p50, which we propose to be the functional orthologue of POT1:TPP1 [54, 56, 61-

63]. We identified TEB to be an RPA-like trimeric complex, comprising Teb1, Teb2 and Teb3, that is 

specific for sstDNA. It bridges the RNP core to telomeres via an interaction with p50, which 

associates with TERT via an interaction with the TERT TEN domain [54, 55, 61, 63]. The remaining 

proteins p75-p45-p19 were known to form a trimeric complex that was determined here to be 

Tetrahymena CST by solving the crystal structure of p19 and the p45 C-terminal domain. These 

proteins are involved in DNA polymerase -primase (pol-α) recruitment [54, 64]. Unlike most other 

organisms, the Tetrahymena telomerase ‘holoenzyme’ appears to be ‘constitutively’ assembled with 

its recruitment and sstDNA binding factors as well as the CST complex [61, 65]. 

Motivation 

Telomerase has long been a challenging target for structural and molecular biology. The 

components that constitute a stable ‘holoenzyme’ have historically been difficult to define, while 

apparent divergence amongst different organisms in the accessory proteins (components other 

than TERT and TER) make parallel studies in model organisms difficult to interpret and generalize 

relative to humans. In addition, telomerase proteins are notoriously difficult to express and purify 

and are often conformationally flexible or prone to aggregation when purified to concentrations 

relevant for structural biology. Thus, many structural aspects of the mechanism of telomerase 

activity, translocation, function, and recruitment remain unexplained. The goal of my thesis work 
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was to determine the structure and function of Tetrahymena telomerase accessory proteins p19, 

p45, and p75.  This work also led to the discovery of the TEB complex and insights into how these 

complexes interact with p50, the central hub of Tetrahymena telomerase interaction with 

telomerase subcomplexes as well as recruitment to telomeres. 

Thesis Synopsis 

The work presented in this thesis seeks to structurally characterize the Tetrahymena telomerase 

holoenzyme, with an emphasis on the accessory proteins, primarily using a combined structural 

biology approach with electron microscopy (EM), x-ray crystallography, and nuclear magnetic 

resonance (NMR) spectroscopy.  

Chapter 2 presents the published manuscript which describes the first EM structure of a 

telomerase holoenzyme [55]. This work, performed primarily by postdocs Jiansen Jiang and 

Edward Miracco, determined the 25 Å negative stain EM structure of the Tetrahymena telomerase 

holoenzyme with the locations of each of the then known subunits (TERT, TR, p65, Teb1, p50, p75, 

p45, p19) as determined by affinity labelling. This work was in collaboration with the Zhou lab (for 

EM) and the Collins lab (for Tetrahymena strains and activity assays). My contribution to this work 

was the localization of the TR Stem-loop2 (SL2) in the 25 Å negative stain EM structure of the 

holoenzyme. MS2 coat protein was used to pulldown telomerase holoenzyme at a modified SL2 

hairpin on the TR. The MS2 coat protein dimer was visible by negative stain 2D class averages and 

facilitated placement and orientation of known elements of the TR relative to the SL2 along with the 

TERT TRBD-RT-CTE ring relative to the TERT TRBD, which binds SL2, into the 25 Å map. A detailed 

description of the protocol used is described after the paper reprint. 

Chapter 3 presents the published manuscript describing the 9 Å cryo-EM structure of the 

Tetrahymena telomerase holoenzyme in collaboration with Professor Hong Zhou and postdoc 

Jiansen Jiang (for EM) [54]. In this work, a model, which utilized the unambiguous docking of 

crystal, NMR, and homologous structures into the EM density was, built for 8 of the 9 proteins 
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subunits and the TR of the holoenzyme. This work led to the discovery of two new proteins by EM 

and mass spectrometry, Teb2 and Teb3, which form an RPA-like heterotrimer with Teb1. The 

previously uncharacterized p75, p45, and p19 proteins were identified as Tetrahymena CST. 

Important contacts and interactions proposed by the model were validated by activity assays 

performed by our collaborators in the Collins lab. My contributions to this work was preparing the 

holoenzyme samples for cryo-EM and for the mass spectrometry which was performed in 

collaboration with the Loo lab, for which I assisted in the data analysis. In addition, I solved crystal 

structures of p19 and the p45 C-terminal domain, leading to their identification as the Ten1 and 

Stn1 subunits of Tetrahymena CST.  

Chapter 4 describes ongoing structural investigation into the Tetrahymena telomerase protein 

p75. Identification of the previously uncharacterized p75, p45, and p19 subunits as Tetrahymena 

CST greatly improved our understanding of these accessory proteins. Namely, the comparisons of 

the p19 and p45 crystal structures to other known Ten1 and Stn1 structures aided greatly in 

gaining this insight, while docking models of the 9 Å cryo-EM structure provided an unprecedented 

view into the architecture of the trimeric complex. However, the largest subunit of the CST complex 

(Ctc1 in vertebrates, p75 in Tetrahymena) remains the most mysterious. Based on the proposed 

homology of p75 to Ctc1, the N-terminal domain of p75 (p75N) was identified and purified for 

study by NMR. Additionally, inspired by EM and biochemical data, a small fragment of p50 that 

binds to p75N was identified which could explain in part the interaction of CST with the 

holoenzyme. This p75N:p50 complex will aid in the structural investigation of this interaction by 

NMR and crystallography.  

Chapter 5 describes the identification and partial characterization of a new RPA protein in 

Tetrahymena, Rlp2 (RPA like protein 2). As discussed above, we identified two new RPA32-like and 

RPA14-like subunits, Teb2 and Teb3, in Tetrahymena telomerase holoenzyme as part of the RPA-

like telomerase TEB complex. In lieu of other RPA32 and RPA14 homologs in the Tetrahymena 
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proteome and their expression levels relative to other telomerase proteins, it was proposed and 

confirmed that Teb2 and Teb3 were shared subunits between the RPA70-like Teb1, Rpa1, and Rlp1, 

to each form distinct RPA-like heterotrimers TEB, RPA, and RTT respectively [66]. Separately, Rlp2 

was identified as an RPA32 homolog that binds to Teb3 but not to Teb1. Preliminary domain and 

interaction characterization for Rlp2 is described. 

Chapter 6 presents the published review on the structural biology of Tetrahymena and human 

telomerase [56]. It reviews the current literature with an emphasis on Tetrahymena telomerase 

structures in the context of relating to and understanding human telomerase structure and 

function. Owing to the divergence of the Tetrahymena telomerase proteins from human telomerase 

proteins, analogous functions and interactions were previously difficult to identify. However, 

recently solved high resolution structures and the 9 Å cryo-EM structure of Tetrahymena 

telomerase reveal that the majority of telomerase subunits, subdomains, and subcomplexes have 

direct analogs. In addition, the constitutively assembled nature of the Tetrahymena telomerase 

holoenzyme provides an unprecedented opportunity to study analogous interactions which are 

transient in vertebrates, as illustrated in Figure 1.3. Parallel findings and trends among different 

organisms present in the RNP core, CST subcomplex, telomere binding, and telomerase recruitment 

proteins are discussed. [My written contributions to this review are the Introduction, the section on 

DNA handling and telomerase recruitment, the CST section, and Future prospects. Figures 

contributed are 1, 6 & 7, and partial contribution to Figure 5.] 
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The architecture of Tetrahymena telomerase holoenzyme 

(Localizing Stem-loop II of Tetrahymena Telomerase) 
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CONTRIBUTION TO: 

THE ARCHITECTURE OF TETRAHYMENA TELOMERASE HOLOENZYME 

Introduction 

In Jiang & Miracco et al. 2013 Nature [1], the negative stain electron microscopy structure of 

Tetrahymena telomerase is reported at 25 Å resolution. In this work the authors were able to 

determine the relative locations of six out of seven of the known protein subunits through fab 

labelling of an engineered 3x FLAG tag on the C-termini of TERT, p65, Teb1, p75 and p19, and on 

the N-terminus of p50 [2]. The C-terminus of p45 was also labelled but 2D class averages failed to 

identify a convergent position for the fab. To localize the RNA subunit, an optimized hairpin that 

binds to the bacteriophage MS2 coat protein [3, 4] was introduced, via replacement at the 

endogenous locus, to the end of Stem-loop II (SL2) on TER (Figure 2.6) by our collaborators in the 

Collins lab. This mutation was previously shown to not interfere with telomerase activity in vivo 

and in vitro [5]. 

The MS2 coat protein binds the MS2 hairpin (MS2-hp) as a 30 kDa dimer that is distinguishable 

by negative stain EM. By comparing the negative stain 2D class averages of the MS2 bound 

telomerase with that of free telomerase, the relative location of the MS2 hairpin and thus SL2 can be 

determined. To obtain a homogenous and MS2 labelled sample, the purification was performed 

using ZZtag-TEVsite-FLAGtag-MS2 coat protein to pull down telomerase. The V75E, A81G MS2 coat 

protein mutant which allows dimerization but suppresses capsid formation was used [6].  

Results 

The purification of MS2-telomerase was ~1/2 - 1/4 of a normal yield and much less pure (Figure 

2.7). However, the negative stain EM images of the sample yielded 2D class averages of sufficient 

quality to identify and locate the MS2 coat protein dimer bound to the telomerase RNA (Figure 2.8) 

relative to the holoenzyme. Interestingly, in many of the class averages, p75, p45 and p19 appear to 

be sterically hindered by the MS2 coat protein and cause the p75-p45-p19 subcomplex to adopt an 
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alternative conformation relative to the holoenzyme or be completely displaced. The results and 

implications are discussed in detail in Jiang & Miracco et al. 2013 Nature [1]. 
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Figure 2.6. MS2-hp addition to Tetrahymena TR stem-loop II. (a) Wild-type Tetrahymena 
telomerase RNA. (b) Tetrahymena telomerase RNA with residue A28 (*) replaced by a 19 residue 
hairpin (red) optimized for MS2 coat protein binding. 
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Figure 2.7. Silver stained 4-12% SDS PAGE gels of MS2 purified telomerase. MS2 purified (left) 
compared to TERT-FZZ purified (right) telomerase. The molecular weight standard used is the 
Benchmark unstained ladder from Invitrogen. 
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Figure 2.8. Localization of stem-loop II of Tetrahymena telomerase TR. (a) Representative 
negative stain EM class averages of purified MS2 bound telomerase. C-terminus of p75 is denoted 
with a black arrow and the MS2 coat protein dimer is indicated with a white arrow. (b) Typical 2D 
class average of telomerase with no MS2 or fab labelling and final 25Å 3D reconstruction with 
TERT (blue), TR (black), p65 (green), and Teb1C (orange) modelled in. SL2 is located ‘behind’ 
TERT. 
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Methods 

12 liters of Tetrahymena culture at ~400,000 cells/ml (~75g pellet) were harvested by 

centrifugation (4,000 g), lysed by detergent, and clarified by ultracentrifugation (150,000 g) to 

generate ~300 mls of soluble lysate. MS2-hp telomerase was pulled down from the lysate by 

overnight end over end incubation of 300 ul of “MS2 resin” (ZZtag-tevsite-FLAGtag-MS2 bound IgG 

resin). Resin was collected and washed 3 times “fast” and 3 times “slow” (10 minute incubations in 

wash buffer rotating end over end). FLAGtag-MS2 bound telomerase was “eluted” from the resin 

using 500 ul of wash buffer with 10 ug of TEV protease with end over end rotation for 1 hour. The 

cleavage eluate is further purified by binding to 50 ul of FLAG resin, 3 fast and 3 slow washes, and 

elution with 50 ul of 1mg/ml FLAG-peptide.  

To generate “MS2 resin,” Histag-ZZtag-TEVsite-FLAGtag-MS2 was first purified by nickel affinity 

and size exclusion chromatography from recombinant expression in E. coli. 10 ug of purified Histag-

ZZtag-TEVsite-FLAGtag-MS2 which represents ~5x stoichiometric excess of theoretical telomerase 

yield (~10 ug) was bound to 300 ul of IgG resin. This amount and method was chosen to optimize 

pulldown of MS2-hp telomerase while preventing oversaturation of the IgG with free MS2 which 

could compete with MS2-telomerase in the final FLAG purification step. 
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Introduction  

 The realization that the p75-p45-p19 subcomplex in Tetrahymena telomerase is a CST complex 

was insightful albeit somewhat surprising [1, 2]. This chapter will discuss the discovery and 

characterization of p75-p45-p19 as a CST complex along with ongoing work and unpublished data 

on the characterization of p75 and its interaction with p50. 

CST is a telomere associated protein complex that was first identified in Saccharomyces 

cerevisiae as the heterotrimeric complex comprising Cdc13-Stn1-Ten1 [3-5]. In S. cerevisiae, CST 

plays many roles in telomere maintenance including the recruitment and inhibition of telomerase 

for G-strand synthesis as well as the recruitment of DNA polymerase-alpha (pol-α) primase 

complex for C-strand synthesis [6, 7]. It is also the major single stranded telomeric DNA (sstDNA) 

capping complex in S. cerevisiae, taking the role of POT1-TPP1 in humans [8]. Due to the low 

sequence homology of the CST proteins, these proteins were initially thought to be unique to yeast. 

However, more recent biochemical, genetic, and structural data have identified this protein 

complex in vertebrates and plants [9-11]. In humans, CST (Ctc1-Stn1-Ten1) has also been shown to 

be recruitment factors for DNA pol-α primase for C-strand synthesis and to inhibit telomerase 

recruitment by blocking the interaction of the TERT-TEN domain with TPP1 [3, 5, 12-15]. 

 Despite a lack of sequence homology for these proteins between different phyla, CST proteins 

are conserved structurally. A breakthrough in understanding the structural biology of these 

proteins was the realization that the trimeric CST is structurally similar and possesses similar 

domain organization to the trimeric replication protein A (RPA) complex [16] (Figure 4.1). 

Particularly the Stn1 and Ten1 proteins appear to be the most well conserved and crystal structures 

of domains of human and yeast Stn1 & Ten1 confirmed their structural homology to RPA32 & 

RPA14 respectively, and to each other [17-19] (Figure 4.2). The largest subunit (Ctc1 in humans, 

Cdc13 in yeast, p75 in Tetrahymena) is the most divergent and to date, only individual domain 

structures of Cdc13 have been solved to atomic resolution [20-24].  
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Figure 4.1. Domain organizations of trimeric human RPA and trimeric CST proteins. S. 
cerevisiae, human, and T. thermophila CST proteins are compared. Well studied interactions are 
indicated and domains without solved structures are labelled with red text. 
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Figure 4.2. Structural superposition of RPA and CST proteins. (a) human RPA32N:RPA14 with 
human Stn1N:Ten1; (b) human Stn1N:Ten1 with Schizzosaccharomyces pombe Stn1N:Ten1 and 
Tetrahymena Stn1N:Ten1; (c) human RPA32C terminal WH superposed onto the C-terminal WH 
domain of the Stn1C tandem WH domain; (d) human Stn1C WH-WH domain with the separated N 
and C terminal WH domains from S. cerevisiae and Tetrahymena. 
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Results 

 The crystal structures of p19 and of p45 C-terminal domain are structurally homologous to 

human and yeast Ten1 and Stn1 C-terminal, indicating that p19 and p45 are the Tetrahymena 

equivalents of Ten1 and Stn1 [1]. A co-crystal structure of the p19:p45 N-terminal domain (p45N) 

complex has also been reported, further confirming the homology [2]. As p75-p45-p19 were known 

to form a trimeric complex [25, 26], it follows that p75 is the large subunit of Tetrahymena CST. 

This was supported by fitting a model of the p75C-p45N-p19 trimeric core, based on the RPA 

trimeric core structure and the crystal structures of p19 and p45N, into the 9 Å cryo-EM map 

(Figure 4.3) [1, 2, 27]. As no structure of a trimeric CST has ever been solved, the data and fitting 

provided in this 9 Å structure provided the first glimpse of a trimeric CST [28, 29]. Interestingly, 

these fittings and the EM map suggested the presence of only 3 OB folds in p75, though its proposed 

homology to the largest subunit of RPA suggests it should contain four. It is possible that the most 

N-terminal domain is flexible with respect to the core and therefore is invisible in the 3D cryo-EM 

reconstruction.   

P75 N-terminal domain expression and purification 

 Full length p75 remains recalcitrant to soluble recombinant expression in E. coli so we 

attempted to produce the N-terminal domain of p75 (p75N). A range of domain limits were 

proposed based on a secondary structure prediction of p75 [30] and the minimum secondary 

structure requirement for OB-folds (5 beta strands and 1-2 alpha helices) [31] (Figure 4.4a). These 

were cloned into an MBP-p75N-GFP construct for the purpose of expression testing and based on a 

qualitative assessment of the fluorescence of the soluble fraction of a small scale expression, the 

p75N(1-203) and p75N(33-203) constructs were chosen for initial expression (Figure 4.4b). Both 

constructs were expressed in E. coli and were purified at scale for NMR; however, p75N(33-203) 

precipitated after TEV cleavage from the MBP and GFP solubility tags, indicating that the N-terminal 

motif of p75N is necessary for solubility of the free domain. 15N-labelled p75N(1-203) was purified  
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Figure 4.3. Docking model of p75-p45-p19 trimeric core. (a) Region of Tetrahymena telomerase 
9A cryo-EM map comprising the CST (p75C, p45N, p19) trimeric core with a model of the CST 
trimeric core modeled in. Model is based on the p19-p45N crystal structure [5DOI] and the (b) 
human RPA trimeric core crystal structure [1L1O]. 
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Figure 4.4. Construct determination of p75 N-terminal OB. (a) Construct design for expression 
testing of p75N based on secondary structure prediction by JPRED. (b) Results of expression testing 
based on GFP fluorescence of clarified soluble fraction under long-wave UV light. Example of 
representative qualitative assessment for fluorescence is shown in top panel and indicated with *, 
** or ***. 
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to high purity and concentration (30mg/ml) by nickel affinity and size exclusion chromatography. A 

2D [15N, 1H]-HSQC with relatively strong and dispersed peaks was obtained, indicating this 

construct was well folded (Figure 4.5a). However, only 162 out of a possible 197 (82%) amide 

peaks were counted, suggesting that the construct could possess an excess flexible tail. p75N 

constructs (1-163, 183, 190, 230) were purified and 2D [15N, 1H]-HSQC spectra were collected 

(Figure 4.5). Based on these data, construct p75N(1-183) (hereto referred as p75N) was used for 

further structure determination. 

NMR assignments of free p75N domain 

 Conventional triple resonance backbone assignment experiments (HNCACB, CBCA(CO)NH, 

HNCA, HN(CO)CA) on 15N13C labelled p75N failed to yield spectra with sufficient signal to noise to 

interpret, despite the quality of the 2D [15N, 1H]-HSQC spectra. This could be due to intrinsic 

conformational flexibility of the protein occurring at a timescale that can cause the signal to relax 

and decay too quickly. This issue appears to be common for telomeric OB-fold proteins as it was 

previously experienced with Tetrahymena p19 as well as with the Est3 protein from S. cerevisiae, 

whose structure revealed homology to the human TPP1 OB-fold [32]. To compensate, backbone 

assignments were determined using the trHNCACB, trHN(co)CACB, trHNCA, trHN(co)CA, trHNCO, 

and trHN(ca)CO spectra collected on an 800 MHz Bruker instrument with ‘triply labelled’ 2H13C 15N-

p75N [33, 34](Figure 4.6). Conventional sidechain assignment experiments (HCCH-TOCSY, HCCH-

COSY) on 1H13C15N-p75N failed to yield spectra of sufficient quality to obtain interpretable spectra. 

Thus a strategy to assign the protein by starting with assigning the protonated methyls in a ‘triple 

labelled’ sample (based on Otten 2010 [35]) is currently being pursued. 

Interaction of p75N with p50 

Based on the p75-p45-p19 modeling and analysis of the cryo-EM density data, the C-terminal 

domain of p75 possesses a zinc ribbon (Figure 4.3a). Analysis of the primary sequence of p75  
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Figure 4.5. 2D [15N, 1H]-HSQC spectra of p75N constructs (a) 1-203, (b) 1-230, (c) 1-190, (d) 1-
183, and (e) 1-163. (f) Overlay comparison of 2D [15N, 1H]-HSQC of p75N(1-190) vs p75N(1-183). 
 
 
  



 78 

 

Figure 4.6. Assigned 2D [15N, 1H]-TROSY of triply labelled p75N(1-183). 
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suggests that this zinc ribbon motif resides in residues 396-418, placing the N-terminus of p75 C-

terminal OB near residue 350 based on the domain limits of other RPA70C homologs relative to the 

zinc ribbon [27, 36]. As OB-folds are generally 100-200 residues in size, this strongly suggests that 

p75 possesses only 3 OB-folds and furthermore that p75N interacts with p50, bridging the entire 

CST complex to the RNP core (Figure 4.7a). To study this interaction, a peptide consisting of 

residues 213-265 of the p50 protein was cloned onto the C-terminus of MBP (Figure 4.7b). These 

residues of p50 were chosen based on a previous study with negative stain EM fab labelling and 

radioactive pulldown data [26, 37] and the 9 Å cryo-EM structure [1] that suggested residue 252 of 

p50 could be found near the N-terminal region of p75 (Figure 4.7c). To investigate the potential 

interaction between p50(213-265) and p75N, 2D [15N, 1H]-HSQC spectra of titrations of unlabeled 

MBP-p50(213-265) with 15N-p75N were obtained.  The MBP tag on p50(213-265) was retained 

because long stretches of unstructured peptide are likely to aggregate when purified and 

concentrated (Figure 4.8). The titration data showed an initial broadening and disappearance of 

many peaks at sub-stoichiometric ratios of p50(213-265) to p75N and re-appearance of peaks (at 

new chemical shifts) at 1:1 and above, although with broader linewidths. This suggested an 

interaction with the MBP-p50(213-265) that was saturating at 1:1. The general line broadening of 

the p75N (21.7 kDa) signals is likely due to the higher molecular weight of the complex (49.1 kDa of 

MBP-p50(213-265)). Therefore, TEV protease was added directly to the samples in the NMR tube to 

remove the MBP. This gave improved 2D [15N, 1H]-HSQC spectra of p75N in complex with p50(213-

265) (27.7 kDa) with narrower linewidths due to release of the MBP (43 kDa) (Figure 4.9). These 

spectra indicate that the interaction occurs at approximately a 1:1 stoichiometry and is in the slow 

exchange regime on the NMR timescale. The reverse labelling scheme (15N-p50(213-265) with 

unlabeled p75N) was employed and 2D [15N, 1H]-HSQC spectra were measured which are consistent 

with the above data (data not shown). 
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Figure 4.7. p50 interaction with p75N. (a) Schematic representation of Tetrahymena CST with 
proposed domain limits and motifs on p75. (b) Construct design for p50(213-265) based on (c) 
approximate location of p50 residue 252 (*) relative to the proposed subunit docking model of the 
holoenzyme. 
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Figure 4.8. Titration series of unlabeled MBPp50(213-265) into 100uM 15N-p75N as 
measured by 2D [15N, 1H]-HSQC. 
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Figure 4.9. Titration series of unlabeled p50(213-265) cleaved from MBP by TEV protease 
into 100uM 15N-p75N as measured by 2D [15N, 1H]-HSQC. 
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Attempts to measure the affinity of MBP-p50(213-265) to p75N by ITC failed to produce results 

with sufficient signal to noise, suggesting that the interaction could be mediated primarily by 

hydrophobic contacts and is thermodynamically driven by entropic/entropy changes. There could 

also be a competition between MBP-p50(213-265) interacting with p75N vs. other p50 peptides. 

These explanations are consistent with the observation that when cleaved and purified from MBP, 

free p50(213-265) will aggregate in a concentration and temperature dependent manner. Notably, 

this aggregation is markedly suppressed in the presence of stoichiometric amounts of p75N. 

To determine the minimal p50 peptide that can still fully bind to p75N, a series of truncation 

mutants were made to p50(213-265) and binding by 2D [15N, 1H]-HSQC p75N chemical shift 

perturbation was determined (Figure 4.10). Based on these data, p50(228-250) was determined to 

be the minimal binding core of p50 to p75N, confirmed by NMR titration spectra which show all 

major chemical shifts observed from p50(213-265) and binding in the slow exchange regime at 1:1 

stoichiometry (Figure 4.11). As expected, reducing the size of the p50 peptide improved the quality 

of the spectra of 15N-p75N:p50 complex; however, the spectral quality was increased even when 

compared with the apo 15Np75N spectra, as evidenced by a more uniform distribution of peak 

intensity and greater peak dispersion. As a result, several previously unassigned backbone residues 

from the apo 2H13C 15N-p75N protein could be assigned in the 2H13C 15N-p75N:p50(228-250) 

complex, despite the increase in molecular weight from the 2.7 kDa peptide. This is possibly due to 

the peptide contributing to the conformational stability of p75N, versus the apo p75N which is 

suspected to be conformationally heterogeneous at a timescale unfavorable for NMR. 

The reverse labelling scheme for the minimal peptide (13C15Np50(228-250) with unlabeled 

p75N) was also employed for the purpose of assignment and structure determination of the 

peptide. Comparison of the 2D [15N, 1H]-HSQC of the minimal p50 peptide with and without 

unlabeled p75N reveal dramatic chemical shifts for nearly every residue of p50(228-250) with the 

exception of the two most C-terminal residues (Figure 4.12a). In addition, despite the line  
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Figure 4.10. Overlay of 2D [15N, 1H]-HSQC spectra of N15p75N bound to different p50 
constructs at 1 to 1 stoichiometry at 100uM.  
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Figure 4.11. Overlay of 2D [15N, 1H]-HSQC spectra of 15N-p75N free vs 15N-p75N bound to 
p50(228-250) at 1 to 1 stoichiometry at 100uM.  
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Figure 4.12. Interaction of p75N with p50(228-250). (a) Overlay of 2D [15N, 1H]-HSQC spectra of 
13C15N-p50(228-250) free vs 13C15N-p50(228-250) bound to unlabeled p75N at 1 to 1 stoichiometry 

at 500 uM. Chemical shifts from the sidechain amides are indicated by a dashed box. (b) Backbone 

assignment coverage of p50(228-250) apo (red) vs. bound to p75N (blue).  
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broadening that occurred from association with the 21.7 kDa p75N domain, six missing and 

unassigned peaks from the free peptide were visible and assignable in the complex. The amount 

and size of the chemical shift perturbations of the free peptide vs. the p75N bound peptide support 

the validity and specificity of this interaction. This is further supported by obvious chemical shift 

changes in the amide side chain region of the spectra (Figure 4.12b). 

DNA Pol-α primase interaction with p75N 

One of the proposed functions of CST is the recruitment of DNA pol-α primase for 

complementary strand synthesis after telomeric extension of the 3’ end by telomerase [12-14]. In S. 

cerevisiae, structural evidence for this is given by a co-crystal structure of Cdc13 N-terminal domain 

with a 35 aa peptide from the N-terminal regulatory region of Pol1, the catalytic subunit of the pol-

α complex [21]. To determine if an analogous interaction in Tetrahymena exists, fragments of from 

the N-terminal region Tetrahymena Pol1 were tested for binding to p75N by NMR (Figure 4.13). 

These preliminary data suggest that residues 85-125 of Tetrahymena Pol1 participate in an 

interaction with p75N for recruitment of pol-α primase. However, the NMR data does not suggest 

that the binding of the Pol1 peptide is tight as even a 1:6 titration of the peptide does not result in 

line-broadened peaks returning in the HSQC. It remains possible that this peptide is interacting 

non-specifically with p75N. It should be noted however that the shifted peaks from this interaction 

do not overlap with the majority of the shifted peaks in the interaction with p50(228-250), 

described above. 

Conclusions/Future directions 

The identification of p75, p45, and p19 as Tetrahymena CST greatly enhanced our 

understanding of the Tetrahymena telomerase holoenzyme structure. Thus far, high resolution 

crystal or NMR structures have proved invaluable in generating docking models for the 

‘intermediate’ resolution cryo-EM structure of Tetrahymena telomerase. However, the largest and 

most divergent subunit of CST (p75 and Ctc1) remains the most uncharacterized structurally 
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Figure 4.13. Interaction of p75N with DNA Pol1. (a) Tetrahymena DNA Pol1 constructs tested for 
binding to 15N-p75N by 15N-HSQC. (b) Representative binding of Pol1 peptide (65-125) to 15N-
p75N at 1 to 1 stoichiometry at 100uM. 
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[29, 38]. In addition, how CST interacts with p50 (TPP1 in humans) remains a subject of extreme 

interest.  

Here, we have determined domain limits for the N-terminal domain of p75, the largest subunit 

of Tetrahymena CST and the minimal binding core from p50 that interacts with this construct. An 

atomic resolution structure of p75 and its complex with p50 is simultaneously being pursued by 

cryo-EM studies of the telomerase holoenzyme and NMR and crystallography studies of p75N with 

the p50 peptide binding core.  

Crystallography of P75N 

 A multitude of constructs for the crystallization of the p75N domain were attempted but all 

failed to yield hits. These are listed in Table 4.1. 

Methods 

Unless otherwise stated, all protein samples were expressed in ½ liters of M9 minimal media 

expression. Protein was purified using a 5 ml IMAC nickel affinity column followed by TEV protease 

cleavage in dialysis. Reverse IMAC was employed to remove HisMBP and TEV protease. Size 

exclusion chromatography was performed on a 330 mL S75 column. ‘Triple labelled’ (2H15N13C) 

p75N was produced from ½ liters of D2O, 2g of 13C glucose, 0.5g of 15N NH4 and the standard M9 

minimal media protocol with standard reagents (not perdeuterated). For size exclusion 

chromatography and data collection the following buffer conditions were determined to be optimal 

by micro dialysis button test: 20 mM Tris pH 7.5, 50 mM NaCl2, 1 mM TCEP, 3 mM NaN3. 8% D2O 

was used for all NMR samples. For 3D backbone assignment spectra, protein samples were 

prepared to 0.5 – 0.8 mM. For titration and binding studies protein samples were prepared to 0.1 

mM.  
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Construct Label Rationale 

p75N(1-183) -- minimal p75N construct as determined by NMR 

p75N(1-183) Se-met 
p75N is very soluble, seleno-methionine 
labelling can decrease solubility which can 
facilitate crystallization 

p75N(1-183)Δ10,13,17L -- 
Changing these three residues on alpha helix of 
p75N caused it to dimerize which can facilitate 
crystallization 

MBP-3xAla-p75N(1-183) -- 
same MBP fusion construct that yielded crystals 
for p19 

MBP-3xAla-p75N(3-183) -- changing the linker could alter crystal packing 

MBP-3xAla-p75N(5-183) -- "" 

MBP-3xAla-p75N(7-183) -- "" 

MBP(LLLL)-3xAla-
p75N(1-183) 

-- 
MBP(LLLL) variant dimerizes and was shown to 
crystallize more readily than WT MBP 

 

Table 4.1. p75 N-terminal domain constructs attempted for crystal trials.  
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Introduction 

 The discovery of two new RPA related proteins, Teb2 and Teb3, and the trimeric RPA related 

complex, TEB, in Tetrahymena telomerase led to several insights [1]. One is that POT1, the human 

equivalent to Teb1, is more closely related to RPA70 than previously thought; a hypothesis which is 

discussed at length in Chan et al. 2017 [2] (Chapter 6) and supported by recent crystal structures of 

POT1 [3, 4]. Another, was that Teb2 and Teb3 were actually shared subunits between Tetrahymena 

RPA and Tetrahymena telomerase TEB (Figure 5.1), a hypothesis confirmed by our recent 

publication in collaboration with the Collins lab [5]. In the work leading up to that publication, a 

new RPA32-like protein in Tetrahymena was discovered and briefly studied for the purpose of 

future structural determination. This chapter will present the preliminary unpublished data on this 

new protein, now called Rlp2, and discuss potential future directions. 

Results 

 In previous work performed by the Collins lab, two RPA70 homologs were identified in 

Tetrahymena and characterized [6]. However, the corresponding RPA32 and RPA14 subunits that 

would complete the orthologous heterotrimer were not found. Thus, when Teb2 and Teb3 were 

discovered, in our previous cryo-EM and mass spec studies [1], to be RPA32 and RPA14 homologs it 

was thought that these could be the missing RPA32/RPA14 homologs and that they were shared 

between the three RPA70 homologs, Teb1, Rlp1, and Rfa1, to form three distinct RPA-like 

heterotrimers. Though existing expression profiling and microarray data supported this proposal 

[7, 8], it is surprising given that the sequence similarity between these proteins, Teb1, Rlp1, and 

Rfa1, is relatively low and they are all expected to interact with Teb2-Teb3 similarly, as predicted 

by the RPA heterotrimer. 

 Thus a psi-BLAST was performed on the Tetrahymena proteome querying Teb2 and Teb3 in an 

effort to identify any other possible RPA homologs. Surprisingly, the Teb3 search did not yield any 

significant hits, further supporting the hypothesis that it is the RPA14 homolog. We note that the  
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Figure 5.1. Schematic of RPA trimeric complexes in Tetrahymena. Teb2 and Teb3 subunits are 
shared between Tetrahymena TEB, RTT, and RPA with different large subunits. The homologous 
human RPA comprising RPA70, RPA32, and RPA14 is shown for comparison. 
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RPA14-like p19 was not identified as a hit. This was expected due to the high sequence divergence 

of CST proteins. However, RPA proteins are well conserved and are readily identifiable based on 

sequence similarity across species (Teb2 and Teb3 possess significant sequence similarity to 

RPA32 and RPA14 respectively). However, psi-BLAST of Teb2 identified a single protein with 

sequence similarity and the appropriate size and predicted secondary structure elements 

consistent with an RPA32, which will heretofore be referred to as Rlp2 (RPA like protein 2). 

 When expressed in E. coli and co-lysed with pellets expressing Teb1C and Teb3, Rlp2 could be 

purified via nickel affinity chromatography. The size exclusion profile and resultant SDS-PAGE 

suggested it forms a well-folded dimer of Rlp2-Teb3 that does not bind to Teb1C. 

Domain limits of Rlp2 

 RPA32-like proteins generally possess two domains. An N-terminal OB-fold that interacts with 

an RPA70C-like OB-fold and an RPA14-like OB-fold to form a RPA heterotrimeric core; and a C-

terminal winged-helix (WH) motif. Based on the secondary structure prediction of Rlp2, domain 

limits for the Rlp2 C-terminal WH were proposed (Figure 5.2ab) with 229-283 representing the 

minimal construct. Attempts to express and purify the C-terminal WH were successful but neither 

Rlp2(229-283) nor the larger construct of Rlp2(209-283) yielded a well folded-domain, as 

determined by NMR (Figure 5.2cd). 

 A range of domain limits for the Rlp2 N-terminal OB-fold was expressed and purified (Figure 

5.3a) and co-lysed with Teb3. Out of the tested constructs only Rlp2(18-228) and Rlp2(53-228) 

expressed and purified as a monodispersed peak on SEC bound to Teb3. The expression tests of 

these proposed domain limits are consistent with a multiple alignment of Rlp2, hRPA32, and Teb2, 

suggesting that the C-terminus of the Rlp2 N-OB was determined but the N-terminus could 

potentially be further trimmed (Figure 5.3b). Interestingly, these constructs did not appear to form 

a dimer of dimers based on the SEC profile suggesting that the dimerization of Rlp2-Teb3 is 

facilitated by the C-terminal domain of Rlp2. 
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Figure 5.2. Structural characterization of C-terminal domain of Rlp2. (a) Sequence and 
secondary structure prediction of Rlp2. Highlighted in blue is the putative winged-helix (WH) 
domain which has the minimum secondary structure requirements illustrated in (b) the structure 
of the human RPA32 C-terminal (WH). (c) Overlay of the 15N-HSQCs of the putative minimal 229-
293 Rlp2 WH and an extended 209-293 construct. (d) Comparison of 15N-HSQC Rlp2(209-293) 
with that of Teb2 C-terminal WH. These spectra strongly suggest that the recombinantly expressed 
Rlp2 C-terminal domain does not form a well-folded WH domain. 
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Figure 5.3. Rlp2 N-terminal domain construct design. (a) Table of Rlp2 N-terminal constructs 
tested for soluble expression and Teb3 binding. (b) Multiple alignment of hRPA32, TtTeb2, and 
TtRlp2 performed by Clustal Omega [9]. 
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Conclusions and future directions 

 The data presented in this chapter contributed to analysis of the pull down LC/MS/MS data 

presented in Upton et al. 2017 [5]. Briefly, Teb3 was tagged at the endogenous locus and purified 

from cell extract. Rlp2 was identified as one of the components bound to Teb3. However, it remains 

to be determined if Rlp2 exists in the cell as a dimer with Teb3 or if it forms a heterotrimeric 

complex with Rlp1 which was also pulled down with Teb3.   

That these OB-folds are apparently interchangeable in the formation of these RPA-like 

complexes is a subject of extreme interest to structural biology and the understanding of protein-

protein interactions. It will be interesting to note the differences between the interaction interfaces 

between Teb3-Teb2 vs. Teb3-Rlp2. Optimal crystal constructs will likely require trimming the N-

terminus of the N-terminal OB fold of Rlp2 to generate the minimum OB fold that can still bind to 

Teb3. Removal of the putative C-terminal dimerization domain may or may not be necessary as 

dimerization can often facilitate crystal packing. It also remains to be determined if Teb3-Rlp2 can 

interact with Tetrahymena Rlp1 or Rpa1 to form the trimeric complex and whether or not the 

excess C-terminal or N-terminal domains are required or inhibit formation of the heterotrimer. 

These complexes, if they form, also warrant structural investigation for reasons stated above as 

well as for general understanding of RPA complexes. 
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