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Abstract

Telomeres and other single-stranded regions of the genome require specialized management to 

maintain stability and for proper progression of DNA metabolism pathways. Human Replication 

Protein A and CTC1-STN1-TEN1 are structurally similar heterotrimeric protein complexes 

that have essential ssDNA-binding roles in DNA replication, repair, and telomeres. Yeast and 

ciliates have related ssDNA-binding proteins with strikingly conserved structural features to 

these human heterotrimeric protein complexes. Recent breakthrough structures have extended 

our understanding of these commonalities by illuminating a common mechanism used by these 

proteins to act as processivity factors for their partner polymerases through their ability to manage 

ssDNA.

Introduction

Telomere maintenance and replication are highly coordinated processes regulated by a suite 

of proteins to ensure proper telomere length homeostasis, which, if dysfunctional can lead 

to cancers and premature aging phenotypes. The critical job of managing single-stranded 

DNA (ssDNA) during telomere replication is largely performed by conserved heterotrimeric 

protein complexes. The nucleic acid sequence, length, and structure of telomeres across 

organisms varies, and as a result the protein players are exquisitely tuned to recognize 

and manage ssDNA. Recent breakthroughs have shown that these ssDNA-management 

proteins are extremely structurally similar across humans, yeast, and ciliates. Moreover, 

these heterotrimeric protein complexes appear to act as processivity factors by a common 

mechanism made possible by their shared architecture. Here we explore the structural 

similarities and differences that define these heterotrimeric protein complexes as a specific 

class of proteins. Furthermore, we propose that these proteins have evolved as specialized 
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activators and processivity factors for the enzymes responsible for replicating telomeres and 

the rest of the genome.

RPA-like protein complexes are essential managers of ssDNA

The protein complexes analyzed in this review are human CST (hCST) and RPA (hRPA), S. 
cerevisiae CST (ScCST) and RPA (ScRPA), and Tetrahymena CST (TtCST) and Teb (Figure 

1A; See figure for full names). These protein complexes are often described as RPA-like 

because of their similar domain structures and organization leading to shared functions.

A major activity of the CST protein complexes is to coordinate the switch between G-strand 

elongation by telomerase and C-strand fill-in. hCST terminates telomerase activity by 

binding ssDNA which occludes the binding site for telomerase to continue elongation [1,2]. 

Then, CST acts as a processivity factor for C-strand fill-in by polymerase-α-primase [3]. 

In addition to the human telomeric sequence, hCST binds other G-rich sequences across 

the genome [4]. Here, hCST binding to ssDNA aids in replication fork stalling events 

by blocking MRE11 from degrading the nascent strand, thus, promoting replication fork 

restart [5,6]. Loss of hCST is also implicated in overcoming Poly-(ADP)-ribose-polymerase 

(PARP) inhibitor resistance in BRCA1-deficient cells [7]. hCST binds the single-stranded 

portion of a DSB, blocking access to nucleases, thereby preventing end-resection and 

promoting repair via non-homologous end joining. Loss of CST restores end resection 

and homologous recombination as the predominant DNA repair pathway (Figure 1B) [7]. 

Comparatively, the ScCST complex (also known as tRPA) only is known to act at telomeres 

and is essential for cell viability [8–12]. ScCST recruits telomerase to the telomere, 

positively regulating its activity [13,14]. Like the human complex, it then facilitates the 

switch to C-strand fill-in by recruiting polymerase-α-primase [14,15]. It is not known if 

ScCST acts solely as a recruiter or by additional mechanisms to mediate telomerase and 

polymerase-α-primase activity. TtCst, also known as p75-p45-p19 or 7–4-1, binds telomeric 

ssDNA and activates polymerase-α-primase for C-strand fill-in in Tetrahymena [16,17].

RPA is highly abundant and the primary non-specific ssDNA-binding protein complex 

across eukaryotes. [18–20]. hRPA binding to telomeres during G2-phase has long 

been described as adversarial because induction of DNA-damage signaling may cause 

chromosome end-to-end fusions, leading to genome instability [21]. However, recently, 

hRPA has been shown to localize to telomeres during replication [22]. One possible 

beneficial function of hRPA at telomeres is to unfold G-quadruplexes which are a barrier for 

telomere replication [23,24]. hRPA binding also unfolds G-quadruplexes which aids in the 

activity of helicases that also disrupt these structures [23,24]. At sites of DNA replication 

across the genome, hRPA is important for recruiting replication machinery and facilitating 

the switch between polymerases [25–27]. Additionally, hRPA promotes homologous 

recombination as the DNA repair pathway by recruiting repair proteins, such as BRCA2 

which mediates the switch between RPA and RAD51 occupying the ssDNA[18,26,28–31] 

(Figure 1B). Like hRPA, ScRPA acts as the main ssDNA-binding protein in the cell. ScRPA 

stabilizes and protects exposed ssDNA and recruits important proteins to sites of DNA 

replication, repair and recombination pathways [32,33] In Tetrahymena, Teb is a telomere-

specific RPA-like protein complex that recruits telomerase to telomeric ssDNA and, in 
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partnership with the cofactor p50, acts as a processivity factor for telomerase elongation of 

telomeres [34,35]. Notably, the Tetrahymena Rpa (not included in Figure 1A) and Teb share 

their medium and small subunits for their full complexes, so while Teb1 is telomere-specific, 

Teb2 and Teb3 are not [36]. To our knowledge, this exchange is unique to Teb/ttRPA and not 

seen in any other CST or RPA-like complexes across these three organisms.

hCST and hRPA share a strikingly similar structural architecture

These protein complexes share extremely similar structural architecture composed of the 

three subunits. (Figure 2A). They are characterized by a large subunit that is composed 

of several oligonucleotide/oligosaccharide-binding folds (OB folds), only some of which 

engage with ssDNA. OB folds are common protein domains comprised of five or six 

beta-sheets that form a compressed beta-barrel capped by an α-helix and are canonical 

ssDNA-binders [43]. The large subunit of hCTC1 uniquely contains additional N-terminal 

OB folds that are currently functionally uncharacterized. The most C-terminal OB fold 

contains a zinc ribbon motif comprised of four cysteine residues in all the large subunits 

except Cdc13. The medium subunit contains an N-terminal OB fold, sometimes preceded 

by a phosphorylation domain, and either one or two C-terminal winged helix-turned-helix 

domains. The structures of hCST and TtCST show that the medium subunit undergoes 

a conformational change upon ssDNA binding where a flexible linker swings the wHTH 

domain(s) to contact the N-terminal region of the large subunit [16,37]. This conformational 

change could be important for the wHTH to be in place for important protein-protein 

interactions. The smallest subunit is comprised of a single OB fold. Complex formation is 

generally implemented through a triple-helix bundle assembled from the Cterminal helices 

of each of the three subunits (Figure 2B) [16,39,42]. The exception is hCST, in which STN1 

mediates complex formation by C-terminal helix-helix interactions with CTC1 and TEN1, 

with no direct interaction between CTC1 and TEN1 [37,44]. The first structure of hCST 

revealed various oligomerization states with up to ten monomers forming a ring structure, 

termed the decamer [37]. The functional relevance of this state is still to be determined.

The zinc ribbon motif appears to be a relatively conserved structural feature of these RPA-

like complexes, but the function is not fully understood (Figure 2C). Notably, the structure 

of S. cerevisiae Rpa1 does not show a zinc ion and a zinc ribbon motif is not described in 

the literature [42], however, we predict that this zinc ribbon motif does exist in Rpa1 based 

on structural and sequence homology. Whether the zinc ribbon motif is important for ssDNA 

binding is unclear; some of the ssDNA paths come near the zinc ribbon motif while others 

do not (Figure 2D–I). While mutagenesis data showed that deletion of the zinc ribbon motif 

had no effect on Teb binding ssDNA, strikingly, it was shown that the deletion drastically 

reduced its ability to act as a processivity factor for the telomerase enzyme [45]. It will be 

exciting to explore why this conserved zinc motif is important for processivity and if this is a 

conserved function across these proteins.

A defining function for these proteins is their ability to tightly bind ssDNA. They do so 

with a variety of interfaces that share some unifying features. The ssDNA always engages 

with the OB fold(s) of the large subunit, with the 5’ end of the DNA localized to the 

N-terminal region, but the number of OB folds making DNA contacts differs (Figure 2D–I) 
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[16,42,44–47]. Some, but not all, structures show ssDNA extending to the OB fold of the 

medium subunit. hCST binds an 18 nucleotide (nt) telomeric ligand with a reported KD 

ranging between 6–22nM with mostly hydrogen bonding to both the phosphate backbone 

and bases [4,37,44]. TtCST binds to d(GTTGGG)5 with a KD of 180nM [16]. The side 

chain interactions were not resolved in this Cryo-EM structure, but mutagenesis to three 

charged and aromatic residues reduced the binding affinity by 5-fold [16]. hRPA and ScRPA 

utilize aromatic residues to form base-stacking interactions with ssDNA with single-digit 

nM affinity [19,42,48,49]. hRPA has been shown to be a dynamic binder, with DBDs A and 

B being flexible while DBDs C, D and E are more static [50]. Teb OB-A binds to dGGGT 

with aromatic residues via base-stacking interactions and the full-length Teb binds tightly to 

dGGGTTGGGGTTG with a KD of 1.8nM [35,45]. The ssDNA-interaction surfaces of these 

proteins have allowed them to bind telomeres and other regions of ssDNA with high affinity 

and finely tuned specificity.

yCST is an elaboration on this theme

Interestingly, ScCdc13 is the most divergent of the large subunits of these CST and RPA-like 

complexes, while the yeast Stn1 and Ten1 subunits maintain extremely similar structure 

to the other Stn1 and Ten1 proteins [51]. Cdc13 contains several OB folds like the other 

members of the family, however it binds to the heterogenous yeast telomere sequence using 

just a single OB fold. Remarkably, it still binds an 11-nt ssDNA nearly 1000-fold more 

tightly than hCST with a KD of 2 pM [41]. Cdc13 also does not contain a zinc-ribbon motif 

and has a unique telomerase recruitment domain downstream of the N-terminal OB fold. 

Lastly, yCST is the only known member of this family that acts as a dimer at telomeres 

[15,52].

Structural information for ScCST is available only at the domain level, and we anxiously 

await a full complex structure (Figure 3A). OB-1 is solved as a dimer and with a small 

peptide derived from the putative binding region of polymerase-α-primase [15]. OB-2 and 

the DBD, bound to ssDNA, have both been solved individually [53,54]. In the absence of 

a structure of the heterotrimer, genetic and biochemical studies have provided insights into 

complex trimerization and other protein-protein interactions, suggesting commonalities with 

other members of the family particularly with the presence of the three-helix bundle [14,55].

A crystal structure of yeast CST from the distantly related Kluyveromyces lactis 
unexpectedly reveals a vastly different protein architecture than any other member of the 

CST and RPA family (Figure 3B) [56]. Using the structures of K. lactis and S. cerevisiae 
together, Ge et al. 2020 proposed an overall architecture for yeast CST (Figure 3C). This 

structure shows several interfaces that mediate dimerization, with a core ring of OB-2, OB-4 

and the wHTHs of Stn1 in the center. The DBDs from each monomer protrude outward 

from the ring in the same direction. The interaction site between OB-1 and polymerase-α is 

accessible at a single pole of the protein complex. Novel interactions include the OB fold 

of Stn1 interacting directly with wHTH-2 in the ring and Ten1 association with the protein 

complex is solely mediated by interaction with Stn1 OB with no interaction with Cdc13. 

The recruitment domain is not resolved in any of these structures but is likely accessible for 

interaction with the Est1, which is a subunit of yeast telomerase, or other protein-protein 
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interactions. A supplemental CryoEM structure would confirm this unique architecture is not 

due to crystal packing.

RPA-like proteins thread ssDNA into the active site of associated 

polymerase enzymes

Recent structures have revealed a common mechanism among RPA-like protein complexes 

that allow them to function as activators of polymerase enzymes by precise positioning 

of the 3’ end of ssDNA. Cryo-EM structures of hCST bound to polymerase-α-primase 

shows that hCST recruits and acts as a scaffold for polymerase-α-primase binding [44,57]. 

hCST first recruits polymerase-α-primase in an inactive interaction mode (Figure 4A) [57]. 

A transformation into a productive state is accompanied by a significant conformational 

change of polymerase-α-primase and the two enzymatic active sites are separated and bound 

to distinct sites on hCST which position them ideally for their respective activities (Figure 

4B). The 5’ end of ssDNA is bound to the C-terminal OB folds of CTC1 and the OB fold 

of STN1. The interaction between hCST and the POLA1 subunit of polymerase-α-primase 

form a tunnel for the ssDNA 3’ end to thread perfectly into active site of primase (Figure 

4C) [44]. The ssDNA is in position for primase to use as a template to synthesize and 

RNA primer before switching to DNA polymerase activity. Notably, TEN1 stabilizes the 

primase association with hCST which could be a conserved role for the smallest subunit of 

these protein complexes to participate in increasing processivity. While the first Cryo-EM 

structure of hCST showed it can form a complex of ten monomers in a ring structure, this 

oligomerization does not appear to be compatible with either hCST-polymerase-α-primase 

complex [37,44].

The structure of TtCst bound to (GTTGGG)10 ssDNA and in complex with polymerase-α 
shows a similar threading mechanism. In this complex the 5’ end of ssDNA is bound across 

the large subunit and rather than extending to Stn1, the 3’ end is threaded into the active 

site of polymerase-α (Figure 4D) [16]. TtCST in complex with primase was not captured, 

so presumably, this structure represents a snapshot after primase had synthesized an RNA 

primer and polymerase-α is poised for DNA synthesis. Additionally, it was observed that 

TtCst is tethered to the telomerase enzyme via p50, where p50 bridges telomerase to Ctc1 

[16,58]. Interestingly, in a second complex structure, Teb binds nascent telomeric ssDNA 

as it exits the telomerase enzyme (Figure 4E–F) [47]. Telomerase uses an RNA template to 

synthesize six-nucleotides of G-strand telomeric ssDNA at a time. Teb binding the exiting 

ssDNA could help position the new 3’ end for telomerase to continue elongation. Thus, 

it appears TtCst and Teb work together in Tetrahymena telomere replication, with Teb 

stabilizing the nascent G-strand ssDNA and TtCst then delivering the ssDNA to polymerase-

α-primase for C-strand synthesis. Taken together, these structures suggest this class of 

protein complexes perform their role as processivity factors by threading the 3’ end of 

ssDNA into the active site of an enzyme (polymerase-α, primase, telomerase, etc) and 

stabilizing it for the enzyme to generate duplex nucleic acid (Figure 4G). If this is the 

common mechanism across this class of protein complexes, we would expect hRPA to act in 

a similar way with its interacting polymerase partners.
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Conclusion

RPA-like protein complexes, including the human and yeast CSTs, have evolved as 

specialized polymerase cofactors at telomeres and other sites of ssDNA in the genome. 

Recent structures reveal that they not only share a similar structural architecture but 

that this architecture allows them to optimally position ssDNA into the active site of a 

polymerase enzyme (Figure 4G). Future work will have to determine if this threading 

mechanism represents how hRPA activates polymerases at sites of DNA replication, repair, 

and recombination. Another outstanding question is how malleable ssDNA is across the 

protein interaction interface and if the ssDNA can be repositioned upon polymerase binding. 

These structural studies reveal how a common protein architecture has created essential 

managers of ssDNA. All together, these contributions have provided a better understanding 

of how the cell maintains, replicates, and repairs its extensive genome.
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Highlights

• CST and RPA share similar protein structure architecture

• Human, Saccharomyces cerevisiae and Tetrahymena all have RPA-like 

protein complexes

• RPA-like proteins use an ssDNA threading mechanism to act as processivity 

factors
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Figure 1. 
CST, RPA, and similar protein complexes across organisms. (A) Domain maps of the 

protein complexes explored in this review. hCST [37] in blue and hRPA [38,39] in green. 

ScCST [15,40,41] in orange and ScRPA [42] in yellow. TtCST [16] in pink and Teb 

[34,36] in red. OB = oligonucleotide/oligosaccharide binding fold; wHTH = winged helix-

turn-helix; DBD = DNA-binding domain; P = phosphorylation domain; RD = recruitment 

domain. (B) Summary of hCST and hRPA functions at sites of ssDNA. Top left: hCST 

binds to the 3’ overhang of telomeres and terminates telomerase activity by blocking the 

binding site. hCST then facilitates the switch to C-strand fill-in by polymerase-α-primase 

(POLA, PRIM). Top middle: hCST aids in restarting stalled replication forks by recruiting 

polymerase-α-primase and blocking MRE11 from degrading nascent DNA. Top right: In 

BRCA1 deficient cells, hCST binds to single-stranded overhangs at double-stranded breaks 

which prevents end resection and facilitates fill-in by polymerase-α-primase. Ultimately this 
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promotes non-homologous end joining as the DNA repair pathway. Bottom left: hRPA can 

bind and unfold G-quadruplexes as well as induce the ATR-repair pathway at long stretches 

of ssDNA. Bottom middle: hRPA stabilizes ssDNA at replication forks and facilitates the 

switch from polymerase-α-primase to polymerase-δ on the lagging strand. Bottom right: 

At sites of DNA damage, hRPA binds to the ssDNA and recruits repair proteins such as 

BRCA2, RAD51 and RAD52 which lead to the homologous recombination repair pathway.
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Figure 2. 
Shared structural features of RPA-like protein complexes. (A) Schematic of general 

architecture of RPA and RPA-like complexes. Three potential ssDNA-binding OB-folds 

are part of the largest subunit (blue) with a zinc ribbon motif (red) in the most C-terminal 

OB fold. The medium subunit (green) contains an OB fold that participates in complex 

trimerization with the large subunit and the smallest subunit (purple). The medium subunit 

contains either one or two wHTH domains that may undergo a conformational change via 

a flexible linker upon ssDNA (yellow) binding. (B) Three-helix bundle formation mediates 

trimerization between the three subunits. Example structure is from hRPA (PDB 1L1O). 

(C) Structure alignment of the zinc-ribbon motif containing OB folds of the five protein 

complexes in this figure. hCST in blue, hRPA in green, ScRPA in yellow, TtCst in pink and 

Teb in red. Below is the structure of the zinc ribbon motif of hCTC1 with the coordinating 

cysteine residues highlighted in teal with dashed lines representing interaction with the zinc 
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ion in the center. An additional depiction of a zinc ribbon motif can be seen in RPA70 

in panel B.(D) Structure of hCST bound to ssDNA (PDB 8D0B) from a face view (left) 

and a top view (right). The ssDNA spans OB-F and OB-G of CTC1 and the OB fold of 

STN1. It should be noted that this structure of hCST was solved as a co-complex with 

polymerase-a-primase, which is not shown here, and hCST may engage with ssDNA in a 

different manner without this protein-protein interaction. (E) Structure of hRPA with bound 

ssDNA resolved (PDB 1JMC). The ssDNA spans DBD-A and DBD-B of RPA70. The 

structure does not include DBD-C or either of the other subunits. (F) ScRPA bound to 

ssDNA (PDB 6I52). The ssDNA is bound to DBD-C of Rpa1 and the OB fold of Rpa2. (G) 

TtCST bound to ssDNA (PDB 7UY7). The ssDNA is bound to OB-B and OB-C. In this 

structure, the ssDNA does not contact Stn1 as seen in hCST. It should be noted that this 

structure of ttCST was solved in complex with polymerase-a-primase, which is not shown 

here. (H) Teb bound to ssDNA (PDB 3U58). The structure is only of OB-A and OB-B of 

Teb1 and depicts ssDNA in contact with OB-A alone. (I) Teb complex bound to ssDNA 

(PDB 6D6V). The structure only includes OB-C of Teb1 where the ssDNA is bound and the 

OB domain of Teb2 and Teb3. The zinc-ribbon motif is highlighted in red in D-I structures. 

Structure images and alignments generated in UCSF ChimeraX. Dashed lines in a structure 

refer to unresolved amino acids.
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Figure 3. 
Piecing together the overall architecture of S. cerevisiae Cdc13-Stn1-Ten1. (A) Available 

structural information on S. cerevisiae Cdc13. Left: Dimerization of Cdc13 OB-1 and 

polymerase-α interaction site (PDB 3OIQ). N-terminal α-helices of OB-1 mediate the 

dimerization interface. The α-helix of a small polymerase-α peptide interacts with the 

Beta-barrel of the OB fold. Middle: OB-2 of Cdc13 (PDB 4HCE). Right: Cdc13 DBD 

bound to 11-nt ssDNA ligand 5’- GTGTGGGTGTG −3’ (PDB 1S40). (B) Structures of 

K. lactis Cdc13-Stn1-Ten1. Left: Cdc13 OB-2, DBD bound to 25-nt ssDNA ligand, and 

OB-4 (PDB 6LBR). The three domains form a horseshoe shape, allowing Cdc13 OB-2 and 

Cdc13 OB-4 to interact with each other. Middle: OB-2 and OB-4 of Cdc13 and the two 

winged-helix-turn-helix domains of Stn1 (PDB 6LBT). There are two unique hydrophobic 

interfaces (boxed) between Cdc13 OB-4 and each of the wHTHs that mediate a dimerization 

interaction. Right: Heterodimerization of OB fold domain of Stn1 and Ten1 (PDB 6LBU). 
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(C) Overall architecture of Cdc13-Stn1-Ten1 proposed by Ge et al. 2020 using the solved 

structures of K. lactis and S. cerevisiae together. The ring dimerization interface of K. lactis 
Cdc13 OB-2 and OB-4 and Stn1 wHTHs is the center of the protein complex. The K. lactis 
DBD bound to ssDNA is then docked in based on its relationship with OB-2 and OB-4. 

The K. lactis Stn1 OB fold interacts with Stn1 wHTH-2 in the center ring, leaving Ten1 

protruding from the center of the protein complex. The authors then used the S. cerevisiae 
dimerized OB-1 structure to show the possible interaction with the OB-2 domains in the 

ring. The polymerase-α interaction site with the OB-1 dimer is then accessible at one end 

of the protein complex. The flexible recruitment domain of Cdc13 would be accessible for 

interaction with Est1 on the outside of the dimerized protein complex. Structure images 

generated in UCSF ChimeraX. Dashed lines in a structure refer to unresolved amino acids.

Barbour and Wuttke Page 17

Curr Opin Struct Biol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
RPA-like protein complexes as processivity factors for polymerase enzymes. (A) hCST 

bound to polymerase-α-primase in the recruitment state. POLA1, POLA2 and PRIM2 make 

contacts with the OB folds of CTC1 (PDB 7U5C). (B) Polymerase-α-primase undergoes a 

sweeping conformational change into the active state in complex with hCST. PRIM1 and 

PRIM2 are stabilized by STN1 and TEN1 of hCST. POLA1 is bound to hCST in two 

distinct sites and POLA2 is in complex via interaction with POLA1 (PDB 8D0K). (C) hCST 

bound to polymerase-α-primase with telomeric ssDNA oriented to show the threading of 

ssDNA into the active site of primase (PDB 8D0K). This is the same complex as shown in 

Panel B, the POLA1 and POLA2 subunits are not shown to facilitate viewing the ssDNA (D) 

ttCST bound to the 5’ end telomeric ssDNA while the 3’ end is interacting with the active 

site of polymerase-α (PDB 7UY7). (E) ttTeb bound to telomeric ssDNA that is threaded into 

the active site of telomerase (PDB 6D6V). (F) ttTeb bound to telomeric ssDNA that forms a 
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duplex with the telomerase RNA (PDB 6D6V). (G) Proposed model for how these RPA-like 

complexes act as a processivity factors to polymerase enzymes. The ssDNA is bound to the 

large subunit OB folds and may also bind the medium subunit, where the 3’ end is then 

threaded into the active site of the polymerase where duplex DNA may be generated by the 

enzyme. Structure images generated in UCSF ChimeraX. Dashed lines in a structure refer to 

unresolved amino acids.
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