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SUMMARY
Long non-coding RNAs can often fold into different conformations. Telomerase RNA, an essential compo-
nent of the telomerase ribonucleoprotein (RNP) enzyme,must fold into a defined structure to fulfill its function
with the protein catalytic subunit (TERT) and other accessory factors. However, the mechanism by which the
correct folding of telomerase RNA is warranted in a cell is still unknown. Here we show that La-related protein
Pof8 specifically recognizes the conserved pseudoknot region of telomerase RNA and instructs the binding
of the Lsm2-8 complex to its mature 30 end, thus selectively protecting the correctly folded RNA from exonu-
cleolytic degradation. In the absence of Pof8, TERT assembles with misfolded RNA and produces little telo-
merase activity. Therefore, Pof8 plays a key role in telomerase RNA folding quality control, ensuring that
TERT only assembles with functional telomerase RNA to form active telomerase. Our finding reveals a mech-
anism for non-coding RNA folding quality control.
INTRODUCTION

RNAmolecules have an amazing structural flexibility. This struc-

tural adaptability can lead to difficulties for RNA, especially long

non-coding RNA (lncRNA), to fold into a single functional struc-

ture—a dilemma known as the RNA folding problem (Schroeder

et al., 2004). RNAs easily misfold and become stably trapped in

inactive conformations. In a living cell, RNA molecules also

encounter similar folding problems. If misfolded RNAs are not

removed from the cell, these non-functional RNAs will assemble

with their binding proteins, thus interfering with their binding of

correctly folded RNAs and causing a dominant-negative effect.

One solution to preventing this catastrophic event is provided

by protein factors known as RNA chaperones (Pannone et al.,

1998; Wolin, 2016). They can rescue some RNAs that are trap-

ped in unproductive folding states or impede the formation of

misfolded structures. In addition, DExD/H-type RNA-dependent

ATPases/helicases were found to catalyze RNA-RNA rearrange-

ments by unwinding many short helices to promote spliceoso-

mal ribonucleoprotein (RNP) assembly and dynamic remodeling

(Semlow et al., 2016). However, lncRNAs that have alternative

conformations close in folding energy are difficult to resolve us-

ing RNA chaperones or helicases. How lncRNAs with correct

and functional conformations are distinguished from their non-

functional counterparts in the cell is still largely unknown. We

set out to address this question with an essential lncRNA: telo-

merase RNA.
This is an open access article under the CC BY-N
Telomerase is an RNP consisting of a protein reverse transcrip-

tase and an RNA subunit (Greider and Blackburn, 1987). The telo-

merase RNP uses its telomerase reverse transcriptase (TERT)

subunit to copy a template sequence within its intrinsic RNA sub-

unit, thus adding telomeric DNA repeats to the ends of chromo-

somes (Schmidt and Cech, 2015). The telomere maintenance

function of telomerase protects cells from genomic rearrange-

ment and proliferative senescence (Nandakumar and Cech,

2013; Wu et al., 2017). Although telomerase RNAs vary greatly

in size (ranging from150–200 nt for ciliates and 300–500 nt for ver-

tebrates to more than 1,000 nt for budding and fission yeasts),

they appear to have conserved structural domains (Chen et al.,

2000a; Podlevsky and Chen, 2016). Comparative phylogenetic

and structural analyses have identified two common ancestral

core domains in both vertebrates and fungi: the template-pseudo-

knot (T-PK) core domain and the three-way-junction (TWJ) struc-

ture (Podlevsky and Chen, 2016; Qi et al., 2013). The pseudoknot

(PK) structure contains a triple helix formedby tandembase triples

(AUU) and is essential for telomerase activity (Theimer et al., 2005).

The TWJ structure of vertebrate telomerase RNAs (called the

CR4/5 domain) comprises three conserved base-paired re-

gions—stems P5, P6, and P6.1. It specifically binds to the RNA

binding domain of TERT (TRBD) and is essential for the assembly,

as well as the enzymatic activity, of telomerase (Huang et al.,

2014). Evidently, misfolding of the telomerase RNA, especially in

the catalytically essential T-PK and TWJ regions, leads to defi-

ciency in telomerase RNP assembly and activity.
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Specific RNA binding proteins in all three phylogenetic groups

have been identified in telomerase holoenzyme. Most of these

factors are involved in telomerase RNA processing, maturation,

transportation, and promoting the assembly of telomerase

RNP (Collins, 2006). Consistent with the variations in length

and sequence of telomerase RNAs among species, substantial

differences have been noticed in the processing of the primary

telomerase RNA transcripts into mature forms. Human telome-

rase RNA (hTR) contains a box H/ACA motif (Mitchell et al.,

1999), a two-hairpin structure connected by a single-stranded

hinge region (H box) and a 30 single-stranded tail containing

the sequence ACA. The H/ACA hairpin assembles with a four-

protein complex composed of pseudouridylase dyskerin,

NOP10, NHP2, and GAR1 to ensure proper accumulation of

hTR in vivo (Tseng et al., 2018). Consistent with the H/ACA

domain being critical for hTR stability, several mutations in this

region have been identified in patients with dyskeratosis conge-

nita and have caused defects in processing and localization of

hTR. Stabilizing factors of telomerase RNA were also identified

in fission yeast, Schizosaccharomyces pombe. The mature

form of fission yeast telomerase RNA (TER1) generated via spli-

ceosome-mediated cleavage has a U-rich sequence at its 30 end
(Box et al., 2008), which is associated with the Sm-like complex

Lsm2-8. The Lsm2-8 complex is important for preventing the

mature TER1 30 end from exonuclease activity and is believed

to promote the binding of TER1 RNA to the Trt1 protein (Tang

et al., 2012). Furthermore, Pof8, a member of the Lupus La anti-

gen-related protein (LARP) family was identified as an Lsm2-8-

associated protein required for the recruitment of Lsm2-8 to

TER1 RNA and in turn the assembly of TER1 RNA with the cata-

lytic subunit Trt1 (Mennie et al., 2018; Páez-Moscoso et al.,

2018; Collopy et al., 2018). Similar to the other two LARP family

proteins associated with telomerase RNA, p65 from Tetrahy-

mena thermophila (Witkin and Collins, 2004) and p43 from Eu-

plotes aediculatus (Aigner et al., 2000), Pof8 contains a La motif

and two RNA recognitionmotif (RRM) domains, with the C-termi-

nal RRM domain being an extended helical RRM (xRRM)

domain, homologous to the p65 xRRM (Figure 1A). However,

the mechanism by which the recruitment of Lsm2-8 to the 30

end of TER1 RNA promotes TER1-Trt1 interaction is unclear.

Extensive studies of Tetrahymena p65 indicate that p65 binds
Figure 1. Pof8 Recognizes the Conserved Pseudoknot (PK) Region of

(A) Domain architecture of S. pombe (Sp) Pof8 compared with T. thermophila

Numbers above the sequence indicate predicted domain boundaries. The mutat

are labeled under the sequence.

(B) Domain composition of the telomerase RNA TER1. Individual domains are la

(C) EMSA analysis evaluating bindings between Pof8 and TER1 variants: Tris-bo

(D) 50-32P-labeledmPKRNA alone and themPKRNA-Pof8 complexwere incubate

by incubation of denatured mPK RNA with iodine. Symbols next to gel bands sh

Nucleotide positions and the location of secondary structure elements are show

(E) Superposition of the results from (D) on the secondary structure of mPK RNA.

Pof8.

(F) EMSA analysis evaluating the binding between Pof8 and mPK RNA mutants

(G) Southern blot analysis measuring telomere lengths using EcoRI-digested gen

strains from successive restreaks on agar plates. For the telomere length ana

Technologies was used. Wild-type cells are denoted as WT in the blot. pol1+ ind

(H) Co-immunoprecipitation (coIP) assays evaluating bindings between Pof8 and

Error bars represent the SD from three technical replicates (n = 3).
to telomerase RNA and induces conformational changes that

consequently enhance TERT and telomerase RNA assembly

(Prathapam et al., 2005; Stone et al., 2007). It remains unclear

whether compositional conservation in Tetrahymena and the

fission yeast telomerase holoenzyme means mechanistic con-

servation of p65 and Pof8 in telomerase biogenesis.

Here, we set out to investigate the mechanism by which Pof8

carries out its critical cellular function in telomerase RNP biogen-

esis.We found that different from Tetrahymena p65 and Euplotes

p43 that bind to stem 4 at the 30 end of the telomerase RNA, Pof8

specifically recognizes the conserved PK in the T-PK core

domain of TER1. As a result of this RNA binding, Pof8 recruits

the Lsm2-8 complex to the mature 30 end of TER1 via direct pro-

tein-protein interaction and protects RNA from exonucleolytic

degradation. The PK region of telomerase RNA is catalytically

essential (Theimer et al., 2005) (Qiao and Cech, 2008). Studies

in Tetrahymena (Mihalusova et al., 2011) and human (Deshpande

and Collins, 2018; Theimer et al., 2003) systems showed that the

PK is prone to fold into alternative conformations; therefore, it

could act as an indicator of correct folding for the whole TER1

RNA. Pof8 recognizes the critical PK region and licenses the

Lsm2-8 complex to protect only the correctly folded RNAs. In

contrast, TER1 RNAs with a misfolded PK region are not pro-

tected and consequently degraded by the RNA exosome.

When pof8+ is deleted from the cell, telomerase RNPmostly con-

tains TER1 RNA with misfolded PK and produces little telome-

rase activity. Therefore, Pof8 plays a key role in telomerase

RNA folding quality control, working with the Lsm2-8 complex

to select and then protect the correctly folded TER1 RNA to

assemble with Trt1, forming active telomerase thereafter. Our

finding reveals a new mechanism for non-coding RNA folding

quality control.

RESULTS

Pof8 Recognizes the Conserved PK Region of
Telomerase RNA
To uncover the roles that fission yeast Pof8 plays in telomerase

RNA biogenesis, we first aimed to elucidate how Pof8 binds to

the telomerase RNA. Because of the large size of TER1 RNA, it

does not fold homogenously in vitro and form aggregate with
Telomerase RNA

(Tt) telomerase subunit p65 and E. aediculatus (Ea) telomerase subunit p43.

ions in the Pof8 RRM1 and xRRM domains for studying Pof8-TER1 interaction

beled in the schematic.

rate-EDTA (TBE), TWJ, T-PK, and mPK.

dwith or without iodine. The Seq lanes contained sequencemarkers generated

ow some of the most obvious protections (red square) upon protein binding.

n next to the gels.

The red square indicates protection from cleavage by iodine in the presence of

based on the protection sites identified from the footprinting experiment.

omic DNA visualized by the telomere DNA probe for the indicated ter1 mutant

lysis Southern blots presented in all figures, the 1 kb plus marker from Life

icates the EcoRI-digested pol1+ DNA fragment used as a loading control.

TER1 mutants. The interaction between Pof8 and TER1 WT is set to be 100%.
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Pof8 protein (Figure S1A). This makes the full-length TER1 un-

suitable for using electrophoretic mobility shift assays (EMSAs)

to evaluate Pof8-TER1 interaction. We began to address this

question by testing the binding of Pof8 to three structural re-

gions of TER1, namely, the T-PK core region, TWJ structure,

and template-boundary arm (Figure 1B). As shown in Figure 1C,

the mobility shift of radiolabeled TER1 was monitored over a

range of Pof8 concentrations. Among the three TER1 RNA var-

iants, only the T-PK core region caused a mobility shift, sug-

gesting that the Pof8 binding sites reside in this region. To

further characterize the mode of the Pof8-TER1 interaction,

we created a minimized pseudoknot (mPK) RNA based on the

prior strategy used in constructing the hTR mPK for structural

characterization (Theimer et al., 2005) (Figure 1C). As shown

in Figure 1C, mPK of TER1 folds homogenously and binds to

Pof8 with an affinity similar to that of the T-PK core RNA. To

identify the sites of Pof8 binding in the PK with nucleotide res-

olution, we carried out phosphorothioate footprinting experi-

ments (Dalby et al., 2013). In vitro-transcribed mPK RNA with

phosphorothioate nucleotide analogs randomly incorporated

were subjected to iodine-mediated cleavage in the presence

or absence of the purified recombinant Pof8 protein. Protein

contact sites on the RNA molecule are protected from iodine-

mediated chemical cleavage and thus can be identified by the

decrease of the cleavage products on the sequencing gel (Fig-

ures 1D and S1B). The most stable protection sites are clus-

tered in two regions of the PK (Figure 1E): the stem 2 helix

(U811-816, U818) and the triple helix (U823-825, C889, A891-

892). In the stem 2 helix, protection sites surround the

conserved AU bulge. In the triple-helix region, the protection

sites concentrate on the bottom U stretch.

Because changes of iodine reactivity in phosphorothioate

footprinting experiments may result from dynamics in the

RNA-protein contact or protein-induced RNA conformational

changes, we validated those two identified regions critical for

Pof8 binding by performing EMSAs with mPK RNA mutants.

As shown in Figure 1F, disruption of either the stem 2 or the tri-

ple-helix region in mPK (with mutant m1 or m3, respectively),

leads to decreased binding between mPK RNA and Pof8,

whereas a mutation introduced to other regions of mPK, such

as m2, has little effect on mPK-Pof8 binding. In addition, dis-

rupting both P2 and triple-helix regions simultaneously (m1&3

and m1&4) further decrease the binding affinity between mPK

and Pof8, suggesting both stem 2 and triple-helix regions

contribute to the interaction as indicated by the phosphoro-

thioate footprinting experiments. A compensatory mutant, m4,

designed to retain the triple-helix formation with different nucle-

otides still decreases its binding to Pof8, although to a lesser

degree than m3, suggesting that a certain degree of sequence

specificity contributes to binding of Pof8 to the triple-helix re-

gion. We next introduced these telomerase RNA mutations

into fission yeast and tested how they affect telomere mainte-

nance. As shown in Figure 1G, mutations that decrease Pof8-

TER1 binding in vitro caused telomere shortening in vivo, with

their telomere length similar to that of pof8D cells. Our Pof8

immunoprecipitation assays indicated that Pof8-TER1 interac-

tion was decreased for the preceding telomere-shortening

mutants in the cell (Figure 1H). These results signify the impor-
4 Cell Reports 33, 108568, December 29, 2020
tance of functional Pof8-TER1 interaction in telomere

maintenance.

Both RRM and xRRM Domains in Pof8 Are Required for
TER1 RNA Binding
Pof8 belongs to the LARP family of proteins based on its

sequence similarity to Tetrahymena p65, Euplotes p43, and hu-

man LARP7 (Eichhorn et al., 2018). Pof8 was predicted to

contain a La motif, an abutting RRM, and a C-terminal xRRM

domain. Extensive studies of Tetrahymena p65 indicated that

its C-terminal xRRM is responsible for specific telomerase

RNA recognition and facilitating telomerase RNP assembly

(Singh et al., 2012). To reveal whether Pof8 has an xRRM

domain, we determined the crystal structure of the Pof8 xRRM

domain using SAD (single-wavelength anomalous dispersion)

at a 1.4 Å resolution. As shown in Figures 2A and 2B, the Pof8

xRRM domain displays an expected b1-a1-b2-b3-a2-b4-a3 to-

pology, similar to that of Tetrahymena p65 and human LARP7

xRRM domains (Figure S2A). Importantly, residues involved in

RNA binding in p65 and hLARP7, such as in b2 in b3 and in a3,

are also structurally conserved in fission yeast Pof8 (Figure S2A).

When we mutated some of these residues (Y330A, D332R, and

R343A), the binding affinity between Pof8 and mPK decreased

significantly (Figure 2C), indicating that the RNA binding surface

in other xRRM domains contributes to telomerase RNA binding

in Pof8. However, unlike the xRRM domain of p65, which is

necessary and sufficient for telomerase RNA binding, the iso-

lated xRRM domain of Pof8 failed to bind mPK (Figure S2B).

This suggests that other domains in Pof8 also contribute to

RNA binding. When the RRM1 domain was included,

Pof8RRM1+xRRM can bind to mPK as strongly as full-length Pof8

(Figure S2B). Moreover, mutations of the conserved residues in

RRM1 (T191A, Y195A, and F197E/V198E) decreased Pof8-

mPK interaction in EMSA (Figure 2D). Accordingly, S. pombe

strains bearing mutations that affect Pof8-mPK interaction,

either in RRM1 (pof8-T191A and pof8-Y195A) or in xRRM

(pof8-D332R), have telomeres as short as those of the pof8D

strain (Figure 2E), confirming the functional importance of

TER1 RNA binding by both RRM1 and xRRM domains in Pof8.

Pof8 Binds to 30 End Uridylates of TER1 RNA through Its
Direct Interaction with the Lsm2-8 Complex
Both p65 and p43 bind to the run of uridylates at the 30 end of the

ciliate telomerase RNA. We therefore decided to determine

whether Pof8 also directly binds to the 30 end uridylates of

TER1 RNA. Biotinylated RNA representing the 30 end sequence

of TER1, AUUU, AUUUUU, or AUUUUUU (Tang et al., 2012)

was incubated with Pof8 or the well-established poly-U binding

protein complex Lsm2-8. After the binding is complete, bio-

tinylated RNA (and its binding proteins) was pulled down using

streptavidin-coated beads and the proteins were detected by

SDS-PAGE. To our surprise, none of the RNA sequence was

able to pull down Pof8, whereas the Lsm2-8 complex was pulled

down by AUUUUU and AUUUUUU, but not AUUU (Figure 3A).

This result agrees with a previous structural study of the Lsm2-

8 and oligo-U complex, in which a minimum of four Us are

needed to ensure strong oligo-U interaction (Zhou et al., 2014).

However, this experiment also indicates that unlike p65 and



Figure 2. Both RRM and xRRM Domains in Pof8 Are Required for TER1 RNA Binding

(A) Overall structure of Pof8 xRRM. RNA binding interface residues tested in EMSAs were represented in a ball-and-stick model (PDB: 6U7V).

(B) Molecular surface of Pof8 xRRM showing the TER1 binding patch in red.

(C) EMSA analysis evaluating bindings between mPK RNA and Pof8 mutants in xRRM.

(D) EMSA analysis evaluating bindings between mPK RNA and Pof8 mutants in RRM1.

(E) Southern blot analysis to measure telomere length using EcoRI-digested genomic DNA visualized by the telomere DNA probe for the indicated pof8 mutant

strains from successive restreaks on agar plates. pol1+ indicates the EcoRI-digested pol1+ DNA fragment used as a loading control.
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Figure 3. Pof8 Binds to 30 End Uridylates of TER1 RNA through Its Direct Interaction with the Lsm2-8 Complex

(A) In vitro streptavidin pull-down assays evaluating the binding of poly-U to Lsm2-8, Pof8, or both. Input: 1/5 of the samples before their incubation with poly-U.

(B) CoIP assays evaluating association of Pof8 with Lsm2-8 subunits and Lsm1-7 subunits. Cdc2 was shown as the loading control. Input: 1/30 of the input WCE

(whole-cell extract).

(C) Schematic representation summarizing the crosslink pairs identified between Pof8 and Lsm2-8.

(D) Bio-layer interferometry (BLI) sensorgrams monitoring dissociation (koff) and association (kon) constants and binding affinity (KD) in real time between Lsm2-8

and Pof8 N-terminal mutants using Octet-Red96.

(legend continued on next page)
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p43, fission yeast Pof8 cannot bind to the 30 end uridylate stretch

by itself. We then speculated whether Pof8 associates with the 30

end uridylates via the Lsm2-8 complex. When Pof8 and Lsm2-8

were simultaneously incubated with biotinylated AUUUUU and

AUUUUUU (but not AUUU), Pof8 can be pulled down, together

with Lsm2-8/biotinylated RNA captured by streptavidin beads

(Figure 3A). This result suggests a direct interaction between

Pof8 and Lsm2-8 that connects Pof8 to the 30 end uridylates.

Supporting this notion, in our co-immunoprecipitation assay, in-

teractions between subunits of Lsm2-8 and Pof8 were detected

in the cell lysate in both the presence and the absence of RNase

treatments, indicating the independence of the Pof8-Lsm2-8

interaction on TER1 RNA (Figure 3B). Our in vitro glutathione

S-transferase (GST) pull-down assays using purified Pof8 and

Lsm2-8 proteins confirmed the direct interaction between Pof8

and Lsm2-8 (Figure S3A).

To map the protein-protein interface between Pof8 and Lsm2-

8 and identify separation-of-function mutants that selectively

disrupt the interaction, we purified the Pof8-Lsm2-8 complex

and subjected it to MICro-MS (mapping interfaces via crosslink-

ing-mass spectrometry) strategy we developed previously (Liu

et al., 2015). The tryptic digest of the DSSO (disuccinimidyl sulf-

oxide)-crosslinked Pof8-Lsm2-8 complex was analyzed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS). Fig-

ure S3B illustrates a representative tandem mass spectrometry

(MS/MS) analysis for unambiguous identification of DSSO-

crosslinked peptides and the crosslinked Lys residues there-

after. By mapping all crosslinked residues identified to Pof8

and each subunit of Lsm2-8, we found that crosslinks are highly

enriched between the extreme N-terminal domain of Pof8 and

the Lsm8 subunit of the Lsm2-8 complex (Figure 3C). This result

indicates that the Lsm2-8 binding site on Pof8 most likely lies in

its extreme N-terminal region. Our phylogenetic analysis of

fission yeast Pof8 proteins shows an exceedingly conserved

N-terminal patch in Pof8 from residue 1 through residue 10 (Fig-

ure S3C). We thus hypothesized that these 10 residues comprise

the Pof8 contact site with Lsm2-8. To test this hypothesis, we

constructed several Pof8 mutants, Pof8D1–10, Pof8-F2R, Pof8-

L7R, and Pof8-K18E, to evaluate how these mutations affect

Pof8 and Lsm2-8 interaction. As shown in Figure S3D, deletion

of or mutations in the speculated Lsm2-8 binding region

(Pof8D2–10, Pof8-F2R, and Pof8-L7R) diminished Pof8-Lsm2-8

interaction, whereas mutations outside the region (such as

Pof8-K18E) had little effect. In-depth quantitative analysis using

Octet (Figure S3E) indicated a 7- to 16-fold decrease of the bind-

ing affinity caused by the mutations in the extreme N-terminal

10-residue region of Pof8 (Figure 3D). Next, we introduced these

separation-of-function mutations into S. pombe cells to examine

how they affect Pof8-Lsm2-8 interaction in vivo and how they

affect telomere length. As expected, completely disrupted

Pof8-Lsm2-8 interactions were observed in pof8D2–10 and

pof8-F2R cells, but not in pof8-K18E cells (Figure 3E). Mean-
(E) CoIP assays evaluating binding between Lsm2-8 and Pof8 N-terminal mutan

(F) Telomere length analysis of pof8 N-terminal mutant strains from successive

simultaneously digested pol1+ DNA fragment serves as the loading control.

(G) Direct telomerase primer extension assay on endogenous telomerase RNPs i

internal control.
while, cells bearing disruptingmutationsmaintain very short telo-

meres similar to pof8D cells (Figure 3F). Direct examination of

telomerase activity from Trt1 immunoprecipitates prepared

from extracts of cells with pof8D or pof8+ mutations revealed

lower telomerase activity in cells with defective Pof8-Lsm2-8

interaction, similar to that of the pof8D cells (Figure 3G). These

results indicate that Pof8 works with Lsm2-8 as a protein com-

plex to support proper telomerase activity andmaintain telomere

length homeostasis.

Pof8 and Lsm2-8 Bind to TER1 RNA Cooperatively
Pof8 was identified as a constitutive component of the telome-

rase holoenzyme, playing an important role in the hierarchical as-

sembly (Collopy et al., 2018; Mennie et al., 2018; Páez-Moscoso

et al., 2018). The Lsm2-8 complex barely binds to TER1 in pof8D

cells even in the presence of overexpressed TER1, whereas effi-

cient binding was observed in wild-type cells (Páez-Moscoso

et al., 2018). It was thus proposed that Pof8 binds to TER1

RNA first and then recruits the Lsm2-8 complex to TER1.

Lsm2-8 consequently promotes the assembly of TER1 RNA

with the catalytic subunit Trt1. Therefore, we expected that

Pof8 mutants disrupting the binding between Pof8 and Lsm2-8

would only affect the association of Lsm2-8 with TER1, but not

Pof8 with TER1, because the TER1 binding site in Pof8 is still

intact. Surprisingly, monitoring TER1-Pof8 and TER1-Lsm2-8

binding in pof8 mutant strains defective in the Pof8-Lsm2-8

interaction by measuring the levels of TER1 RNA immunoprecip-

itated from Pof8 and Lsm8, respectively, revealed drastically

reduced association of TER1 with both Pof8 and Lsm2-8 (Fig-

ure 4A). In addition, EMSA ruled out the possibility that the N-ter-

minal region of Pof8 is the potential binding site for TER1,

because Pof8RRM1+xRRM binds to TER1 RNA as strongly as full-

length Pof8 in vitro (Figure S2B). These findings indicate that

Pof8 and Lsm2-8 need each other to cooperatively assemble

with TER1 RNA, possibly to compete with the Sm complex off

the TER1 30 end uridylates, thereby protecting TER1 from exonu-

cleolytic degradation. Considering Trt1 as themajor protein part-

ner of TER1, we wonder whether it plays a role in Pof8-TER1

binding. As shown in Figure 4B, compared with wide-type cells,

Pof8-TER1 binding remained unchanged in trt1D cells (Fig-

ure 4B). Interestingly, the TER1 amount in the cell is also at the

wide-type level in trt1D cells. These results indicate that the

recruitment of catalytic subunit Trt1 to TER1 is the downstream

event of the cooperative binding of the Pof8-Lsm2-8 complex to

TER1. Our finding provides the biochemical basis for the require-

ment of Pof8 for TER1-Lsm2-8 interaction observed previously.

It implies that the facilitating role of Lsm2-8 in the Trt1-TER as-

sembly comes from its cooperation with Pof8. Agreeing with

the non-requirement of Trt1 for TER1 stability, we measured

TER1 stability in vivo and revealed that loss of Pof8 or Pof8-

Lsm2-8 interaction, but not loss of Trt1, significantly accelerated

the TER1 RNA degradation rate (Figure 4C). This result confirms
ts. Cdc2 was shown as the loading control. Input: 1/30 of the input WCE.

restreaks on agar plates. Total genomic DNA was digested by EcoRI. The

mmunopurified from indicated WCEs using polyclonal anti-Myc antibodies. IC,
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Figure 4. Pof8 and Lsm2-8 Bind to TER1 RNA

Cooperatively

(A) CoIP assays evaluating association of TER1 to

the Pof8 and Lsm2-8 complex under the pof8

mutant background. Error bars represent the SD

from three technical replicates (n = 3).

(B) CoIP assays evaluating binding between TER1

and Pof8 under the trt1D background. Error bars

represent the SD from three technical replicates (n =

3).

(C) RNA stability experiment evaluating TER1 RNA

degradation rates in WT, pof8D, pof8D2–10, and

trt1D cells. Mid-log phase S. pombe cells were

treated by 300 mg/mL of transcriptional inhibitor

phenanthroline for the indicated time. TER1 RNA

levels at each time point were determined by

quantitative PCR. Error bars represent the SD from

three technical replicates (n = 3).
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that the Trt1-TER1 RNA assembly happens downstream of the

binding of Pof8-Lsm2-8 to TER1.

Telomerase RNP in Pof8-Deficient Cells Is
Misassembled
As shown previously, overexpression of TER1 could rescue its

RNA level in pof8D cells but still cannot produce active telome-

rase (Páez-Moscoso et al., 2018). Moreover, the Lsm2-8 com-

plex is not associated with this inactive telomerase RNP. This

suggests that Pof8 functions through a more active role, in addi-

tion to stabilizing TER1 RNA and maintaining a certain RNA level

in the cell. However, it is not clear whether Pof8 is required for

Trt1-TER1 association per se or contributes to the production

of the active Trt1-TER1 telomerase RNP enzyme. To address

this question, we employed an established TER1 overexpression
8 Cell Reports 33, 108568, December 29, 2020
system using the endogenous TER1 pro-

moter (Webb and Zakian, 2015) and evalu-

ated the binding between Trt1 and TER1

by measuring the TER1 RNA level from

Trt1 immunoprecipitates of the pof8+ and

pof8D cell extract using Northern blot.

Whereas the binding between Trt1 and

TER1 in pof8D cells was rescued to the

wide-type level (Figure 5A), we observed

lower telomerase activity from Trt1 immu-

noprecipitates and a shorten telomere

length similar to that of pof8D cells (Figures

5B and 5D). This result suggests that in the

absence of Pof8 in the cell, even with

rescued binding between Trt1 and TER1

via providing abundant TER1 RNA, assem-

bled telomerase RNP fails to be active.

This suggests that Pof8 not only regulates

the quantity of TER1 RNA but perhaps also

controls the quality of TER1 RNA. Without

Pof8 in the cell, misfolded TER1RNAmight

still be able to bind to Trt1; however, this

binding cannot produce active telomerase

RNP. Extensive studies on the Pof8 coun-
terpart in Tetrahymena, p65, indicate that p65 binds to telome-

rase RNA and induces its conformational changes that conse-

quently enhance TERT and telomerase RNA assembly

(Prathapam et al., 2005; Stone et al., 2007). To test whether

this is also the case for Pof8, we added purified recombinant

Pof8 to cell lysate from pof8D cells with overexpressed TER1

and measured the telomerase activity. We found that recombi-

nant Pof8 failed to rescue the telomerase activity of immunopuri-

fied telomerase RNP from pof8-deficient cells, suggesting that

Pof8might facilitate telomerase RNP biogenesis via other means

(Figure 5C). Moreover, unlike p65 (Prathapam et al., 2005), the

addition of recombinant either Pof8 or the Pof8-Lsm2-8 complex

was unable to enhance the telomerase activity reconstituted

from the in vitro rabbit reticulocyte lysate (RRL) system

(Figure S4).



Figure 5. Telomerase RNP in Pof8-Deficient

Cells Is Misassembled

(A) Representative Northern blot analysis of TER1

following immunoprecipitation (IP) of Myc-tagged

Trt1 protein from pof8+ and pof8D cells with or

without TER1 overexpression. The quantification of

TER1 from Trt1-Myc immunoprecipitates was

shown under the blots. Error bars represent the SD

from three technical replicates (n = 3). TER1oe,

overexpression of TER1.

(B) Representative direct telomerase primer

extension assay on endogenous telomerase RNPs

immunopurified from indicated WCEs using poly-

clonal anti-Myc antibodies. The quantification of

telomerase activity from telomerase RNPs was

shown under the blots. Error bars represent the SD

from three technical replicates (n = 3).

(C) Telomerase activity by direct telomerase primer

extension assay after adding back recombinant

Pof8 to the WCE of pof8D cells bearing overex-

pressed TER1.

(D) Telomere length analysis of pof8D cells with

overexpressed TER1 from successive restreaks on

agar plates. Total genomic DNA was digested by

EcoRI. The simultaneously digested pol1+ DNA

fragment serves as the loading control.

Article
ll

OPEN ACCESS
Pof8 Selects Correctly Folded TER1 for Telomerase
Assembly
Pof8specifically binds to thePK regionofTER1andprotectsTER1

fromexonucleolyticdegradation through theLsm2-8complex.We

speculated that only the correctly folded RNA can be recognized

by Pof8 and thus be protected. Therefore, in the absence of Pof8

in the cell, Trt1 assembles with TER1 of mixed conformations,

which leads to telomerase RNP with little activity. To test this hy-

pothesis, we employed SHAPE (selective 20-hydroxyl acylation
and profiling experiment) chemistry (Merino et al., 2005) in the

next-generation sequencing platform (Lucks et al., 2011) to

analyze thesecondarystructureof the regions inTER1thatarecrit-

ical for Trt1 binding and telomerase catalytic function: PK, tem-

plate, and TWJ. Endogenous telomerase complexes were en-

riched by Trt1 immunoprecipitation from cell extracts prepared

from either the pof8+ or the pof8D strain and subsequently treated

withNAI (2-methylnicotinicacid imidazolide) (Spitale etal., 2013) to

acylate flexibleRNA20-OH residues, followedby isolation ofmodi-

fied RNA and reverse transcription using primer sets targeted to
Cell
PK, template, and TWJ regions, respec-

tively. Reverse transcription (RT) stops at

the nucleotide before the modified nucleo-

tide. A cDNA library was constructed and

deep sequencing was performed (experi-

ment flow illustrated in Figure S5A).

Sequencing data were used to derive a

reactivity score at each nucleotide of the

targeted region of TER1 using RT stop

counts (Ritchey et al., 2017). These reac-

tivity scores were plotted on the linear

sequence (Figures 6B and S5B) and used

to derive a secondary structure model of
targeted TER1 regions (Figures 6A, 6C, and S5C). For both tem-

plate and TWJ regions, SHAPE reactivity profiles were similar for

TER1RNA inbothpof8+ andpof8Dcells (FigureS5B). Thesecond-

ary structures in these two regions also fit with the previously pro-

posed secondary structural model (Podlevsky et al., 2016). How-

ever, for the catalytically critical PK structure, where Pof8 binds,

SHAPE reactivity profiles of TER1 RNA in pof8+ cells were clearly

different from TER1 RNA in pof8D cells (Figure 6B). Specifically,

comparing pof8D to pof8+ cells, reactivities increased at several

nucleotides in stem 2 (U811, U812, A814, and G820) and stem 3

(G831-U833 and U837-U838) but decreased at several nucleo-

tides in loop 2 (876-885) and stem2 (C842 andC846). Fitting these

SHAPE data to the previously proposed secondary structure

model, we found that part of stem 2 (811-820) is most likely to

become unpaired based on the higher reactivity in U811, U812,

and A814. Interestingly, in loop 2, the nucleotides showing

decreased reactivity might pair with stem 2 (Figures 6A and 6C).

Weproposed a secondary structuremodel for the TER1PK region

in pof8D cells (Figures 6A and S5C) based on its SHAPE profile;
Reports 33, 108568, December 29, 2020 9



Figure 6. Pof8 Selects Correctly Folded TER1 for Telomerase Assembly

(A) Secondary structure models of TER1 PK from pof8+ and pof8D cells based on their SHAPE reactivity profiles.

(B) Affinity-purified endogenous telomerase RNPs were subject to chemical modification and mapping of residue flexibility using SHAPE reactivity profiling.

Relative reactivities comparing the TER1 PK region from pof8+ and pof8D cells and the nucleotides of reactivity affected by Pof8 are shown. Red-filled rectangles

and blue-filled rectangles indicated nucleotides with increased and decreased reactivity, respectively, in pof8D cells. Error bars represent the SD of SHAPE

reactivity profiling values obtained from three biological replicates (n = 3). x axis, nucleotide position of TER1 sequence.

(C) SHAPE reactivity and reactivity difference for the TER1 PK region derived from two telomerase RNPsweremapped onto the TER1 secondary structure at each

nucleotide position. The increased reactivity difference is plotted in red, and the decreased reactivity difference is in blue. Reactivities from SHAPE reactivity

profiling higher than 0.8, from 0.4 through 0.8, and lower than 0.4 are plotted in red, orange, and light blue, respectively. The specific RNPs compared are

indicated on the right of each structure.

10 Cell Reports 33, 108568, December 29, 2020
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Figure 7. Model of the Recognition and Pro-

tection Mechanism for Pof8-Mediated Telo-

merase RNA Folding Quality Control

Long non-coding RNA TER1 folds in multiple con-

formations in the cell. Pof8 recognizes the correctly

folded PK region of TER1 RNA and instructs the

Lsm2-8 complex to selectively protect them from

exosome-mediated degradation. The PK region of

telomerase RNA is a catalytically essential and hard-

to-fold region, thus acting as an indicator of correct

folding of the whole TER1 RNA.
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however,webelieve thatTER1 inpof8Dcellsmight exist inmultiple

alternative conformations. A region in stem 2 (U811, U812, and

A814) that shows increased SHAPE activities in pof8D cells is

one of the two identified Pof8 binding sites. Although we cannot

rule out the possibility that this SHAPE activity changemight result

from the loss of Pof8 protection in pof8D cells, other non-Pof8

binding regions also have increase SHAPE activity (such as

G831-U833 and U837-U838 in stem 3), supporting the existence

of alternative TER1 structures in pof8D cells. The role of Pof8 in

the cell is therefore to selectively recognize correctly folded

TER1 indicated by its PK region and to protect TER1 from exonu-

cleolyticdegradation through itscooperativeactionwith theLsm2-

8 complex to protect its mature 30 end (Figure 7).

DISCUSSION

A New Role for La Family Proteins in Telomerase
Biogenesis
Previouswork showed the importance of Pof8-TER1RNA interac-

tion in facilitating the binding of the Lsm2-8 complex and Trt1 to

TER1 RNA (Collopy et al., 2018; Mennie et al., 2018; Páez-Mos-

coso et al., 2018). However, the exact mechanism was unclear.

Different from the previous work showing that Pof8 and Lsm2-8

bind to TER1 separately and Pof8-Lsm2-8 interaction is TER1
Cell
RNA dependent (Collopy et al., 2018; Men-

nie et al., 2018), our MICro-MS coupled

with mutagenesis analyses revealed direct

interaction between Pof8 and Lsm2-8. This

direct interaction makes Pof8 and Lsm2-8

bind to TER1 in a cooperative manner to

achieve TER1 recognition (via a Pof8-TER1

PK interaction) and protection (via a Lsm2-

8 and 30 UUU end interaction) simulta-

neously. This recognition and protection

mechanism represents a new role of the

extensively studiedLa familyproteins (Tetra-

hymena p65 and Euplotes p43) in telome-

rase RNP assembly: selecting and stabiliz-

ing the correctly folded telomerase RNA in

thecell to formRNPwith the telomerasepro-

tein subunit (Figure7).Tetrahymenap65and

Euplotesp43 havebeen identified asconsti-

tutive components of the telomerase holo-

enzyme in the ciliate model organisms. The

compositional conservation in Tetrahymena
and the fission yeast telomerase holoenzyme indeed suggests

some functional conservation of p65 and Pof8 in telomerase

biogenesis. Both p65 and p43 have a C-terminal xRRM that binds

to stem 4 at the 30 end of the telomerase RNA (Aigner et al., 2003;

O’Connor andCollins, 2006). Extensivework onp65 indicates that

the binding of p65 to TER RNA induces a bend in TER stem 4,

which in turn facilitates the assembly of the telomerase protein

subunit with the TER RNA (Prathapam et al., 2005; Stone et al.,

2007). Tetrahymena p65 increases the telomerase activity when

added into the telomerase RNP complex (O’Connor and Collins,

2006; Prathapam et al., 2005). Although this work was under revi-

sion, a crystal structure of Pof8-xRRM was published, agreeing

with our crystal structure. Extensive structural comparisons of

xRRM domains in Pof8, p65, and LARP7 identified many

conserved structural features for RNA binding (Basu et al., 2020).

Different from p65, Pof8 binds to the PK region of TER1 RNA,

and the binding requires both the RRM1 and the xRRM domains

in Pof8. Moreover, we did not observe an increase in telomerase

activity when Pof8 was added to Trt1-TER1 RNP. However, both

p65 andPof8 are essential for the stability of telomeraseRNA (Wit-

kin and Collins, 2004). The LaM-RRM in p65 and Lsm2-8 directly

associated with Pof8 both have the ability to cover the 30 UUU
end to prevent telomerase RNA from being degraded by the exo-

some. This demonstrates the functional conservation for both p65
Reports 33, 108568, December 29, 2020 11



Article
ll

OPEN ACCESS
andPof8 inprotecting the30 endbut structuraldivergence forusing
different structural motifs to achieve this task. It remains likely that

p65 also carries out the role of selecting correctly folded TERRNA

using its xRRMmotif, in addition to its role in facilitating the assem-

bly of TERT with TER RNA.

Biological Significance of Pof8 Binding to the PK Region
of Telomerase RNA
Previous studies have revealed the essential functions of the PK

region of telomerase RNA in telomerase function (Qiao and

Cech, 2008; Theimer et al., 2005). However, there has been no

direct protein binding partner of the PK so far. Through direct

binding assays and structure-based probing, we identified

Pof8 as a novel binder of the PK. Both RRM1 and xRRMdomains

of Pof8 are required for its interaction with the PK. Accordingly,

two distinct regions of the PK, stem 2 and the triple helix, are

identified as the direct binding sites of Pof8. Solution NMR has

indicated that the PK region could exist in multiple conforma-

tional states, such as PK-hairpin equilibrium (Theimer et al.,

2003). PK presents one of the most challenging regions in

TER1 to fold properly. Therefore, its correct folding may reflect

the correct folding of thewhole TER1. Through its specific recog-

nition of correctly folded TER1 PK, Pof8 can recognize functional

TER1 from a heterogeneous pool of conformations. Unlike other

La-related family proteins (Maraia et al., 2017; Martino et al.,

2015), Pof8 cannot bind to the 30 oligo-U sequence, and we

found that Pof8 interacts with Lsm2-8 via direct protein-protein

interaction. Through this interaction, Pof8 brings the Lsm2-8

complex to the correctly folded TER1 RNA to protect its 30

end. As a result, the misfolded and potentially harmful TER1

will not be recognized by Pof8 or protected by the Lsm2-8 com-

plex. They will subsequently be degraded by the exosome, leav-

ing only functional TER1 RNA to be assembled with telomerase

protein subunit Trt1 to form the active telomerase RNP enzyme.

A New Mechanism for Non-coding RNA Folding Quality
Control
Almost all RNAs are subject to surveillance pathways that target

defective RNAs for degradation. For structured non-coding RNA,

themisfolded population in the cells needs to be removed to avoid

its interference. However, how misfolded RNAs are recognized

and removed remains unclear. Previous studies on the TRAMP

(Trf4/Air2/Mtr4p polyadenylation) complex provide one possible

mechanism (B€uhler et al., 2008; Jia et al., 2011; LaCava et al.,

2005). It was suggested that the TRAMP complex preferentially

polyadenylates the misfolded forms of several tRNAs compared

with their correctly folded counterparts, because the mutant

tRNAscontainalterations thatdisrupt conservedstemsand/or ter-

tiary contacts needed to form the canonical three-dimensional

structure. Themutant tRNAsmay be less compact andmore likely

than wild-type tRNAs to have single-stranded RNA exposed for

binding by a TRAMP component—the Air2 zinc knuckles. In

another case, the Ro 60 kDa protein, first described as an autoan-

tigen in patients with rheumatic disease, binds misfolded variant

pre-5S rRNA and U2 small nuclear RNAs (snRNAs) in vertebrates

(Chen et al., 2000b; O’Brien and Wolin, 1994). Structural and

biochemical studies have revealed that Ro forms a ring that binds

the single-stranded 30 ends of misfolded RNAs in its central cavity
12 Cell Reports 33, 108568, December 29, 2020
and adjacent helices on its surface (Chenet al., 2013). Romaybea

scavenger, binding toRNAs that aremisfolded, and thus unable to

assemble with their native RNA binding proteins. In both the

TRAMP complex and Ro, the misfolded RNAs are proposed to

non-specifically bind to the scavenger factors andbedegradedaf-

ter the association. However, there could be some unknown

consensus sequence elements recognized by these RNA

scavengers.

In this study, we discovered a newmechanism for non-coding

RNA folding quality control, namely, the recognition and protec-

tion mechanism. The RNA folding quality-control factor, Pof8 in

this case, recognizes correctly folded TER1 RNAs and instructs

the Lsm2-8 complex to selectively protect them from exosome-

mediated degradation. The PK region of telomerase RNA is a

catalytically essential and hard-to-fold region, thus acting as

an indicator of correct folding of the whole TER1 RNA. Pof8 rec-

ognizes this critical region and licenses the Lsm2-8 complex to

protect the 30 end uridylates of the correctly folded RNAs. The

advantage of this mechanism is the specificity by which the

RNA folding quality-control factor distinguishes the folding

states of their targets. It can selectively choose a certain confor-

mation that is maximally functional for the downstream steps.

Could Pof8 or its human homolog LARP7 be a general non-

coding RNA folding quality-control factor? Given the coupling

of the structural recognition module with the 30 end protection

module, our recognition and protection mechanism of non-cod-

ing RNA folding quality control is likely to be adapted across

various non-coding RNAs. For example, xRRM in LARP7 was

found to recognize the SL4 stem-loop structure of 7SK RNA in

a unique manner (Eichhorn et al., 2018). Meanwhile, the La mod-

ule at the N-terminal part of LARP7 binds to the UUU-30-OH of

7SK. Thus, in the case of LARP7, the recognition and protection

modules are combined into one protein, still carrying out the

same function as the Pof8-Lsm2-8 complex. 7SK RNA is a

long, structured RNA, and LARP7 has been shown to be essen-

tial for its stability. Interestingly, LARP7 requires both SL4 and

UUU-30-OH for binding 7SK RNA in vivo. Therefore, LARP7 is

likely to function as the RNA folding quality-control factor for

7SK RNA. Moreover, recent studies found that LARP7 interacts

simultaneously with the U6 snRNA (via LaM-RRM1 and UUU-30-
OH binding) and U6-specific C/D box small nucleolar RNAs

(snoRNAs) (via xRRM and 30 terminal hairpin binding) (Hasler

et al., 2020; Wang et al., 2020). LARP7 was proposed to facilitate

U6 and snoRNA pairing. In addition, it is possible that LARP7 se-

lects correctly folded snoRNA, which is later assembled with its

substrate U6 snRNA for productive 20-O methylation. A family of

C/D box snoRNAs was identified in complexes with LARP7, and

they might share a similar structural motif that acts as a recogni-

tion structure for LARP7 to distinguish its folding states.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Ni-NTA QIAGEN 30450

Glutathione HiCap Matrix QIAGEN 30930

Biotin OXchem AX8021635-10 g

Complete proteinase inhibitor Roche 05056489001

Anti-Flag M2 affinity gel Sigma-Aldrich A4596; RRID: AB_10062709

Anti-Myc Sigma-Aldrich C3956-.2MG; RRID: AB_439680

Anti-Flag Sigma-Aldrich A8592-.2MG; RRID: AB_439702

Anti-Cdc2 Abcam ab5467; RRID: AB_2074778

Anti-Pof8 This study N/A

Biocytin Sigma-Aldrich B4261-250MG

N+ Membranes GE Healthcare Amersham Hybond 45 000 927

NAI (Spitale et al., 2013) N/A

Streptavidin agarose resin Thermo Scientific 20353

Ampure XP beads Beckman Coulter A63880

CircLigase Epicenter CL4115K

Potassium citrate tribasic monohydrate Sigma-Aldrich C8385-1KG

Poly(ethylene glycol) 3350 Sigma-Aldrich 88276-1KG-F

Potassium Iodine Mallinckrodt 1123-02-125 g

BSA RPI A30075-100.0

Critical Commercial Assays

RNA extraction kit Promega Z3100

Deposited Data

Atomic coordinates and structure factors This study PDB: 6U7V

Experimental Models: Organisms/Strains

E. coli XL10-Gold Competent Cells STRATAGENE 200314

E. coli Rosetta (DE3) Novagen 70954-3

E. coli BL21(DE3) NEB C2527I

List of S. pombe Strains used in this study This study Table S2

Oligonucleotides

List of oligonucleotides used in this study This study Table S3

Recombinant DNA

List of plasmids used in this study This study Table S4

Software and Algorithms

HKL-2000 (Otwinowski and Minor, 1997) https://www.hkl-xray.com/how-

reference-hkl-hkl-2000-

and-hkl-3000

Ccp4 (Winn et al., 2011) https://www.ccp4.ac.uk/index.php

Coot (Emsley and Cowtan, 2004;

Emsley et al., 2010)

https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

PHENIX (Afonine et al., 2012;

Terwilliger, 2003)

http://www.phenix-online.org/

Pymol Schrödinger https://pymol.org/2/

Galaxy (Ritchey et al., 2017) https://usegalaxy.org/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Feng Qiao

(qiao@uci.edu).

Materials Availability
Plasmids and cell lines generated in this study are available from the Lead Contact without restriction upon request.

Data and Code Availability
The atomic coordinates and structure factors reported in this paper have been deposited in the Protein Data Bank (PDB). The acces-

sion number for the structures reported in this paper is PDB: 6U7V.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli Rosetta (DE3) and BL21(DE3)
For protein expression, E. coliRosetta (DE3) or BL21 (DE3) was grown in LB at 37�C in a shaker incubator at 220 rpm until reaching an

OD600 nm between 0.3 and 0.4. After being transferred into the cold room for 30 min (4�C cold shock), the target protein was induced

by the addition of Isopropyl-1-thiol-b-D-galactopyranoside (IPTG) to a final concentration of 0.2mM (16�C) or 0.4mM (30�C). Expres-
sion took place at 16�C for 16 hr or at 30�C for 5 hr.

E. coli XL10-Gold
For cloning, XL10-Gold competent cells were transformed according to the manual provided by the manufacturer and grown on LB

agar plates at 37�C overnight.

S. pombe
For in vivo assay, the indicated mutants are transformed together with epitope tag and selection marker. The strains are then sub-

jected to telomere length analysis and Co-IP assay.

METHOD DETAILS

Protein expression and purification
Plasmids containing designed protein constructs, either wild-type or mutant, were transformed into Rosetta-BL21 (DE3) cells.

0.2 mM IPTG was added to log-phase cell culture to induce protein expression overnight at 16�C. Cells were harvested at

5000 rpm for 10 min and disrupted by sonication in lysis buffer (25 mM Tris-HCl at pH 8.0, 350 mM NaCl, 15 mM imidazole,

5 mM b-mercaptoethanol, 1 mM PMSF, 2 mM benzamidine). The supernatant was incubated with Ni-NTA (QIAGEN) resin for 1 h.

After washing, the bound protein was eluted from the beads with elution buffer containing 300 mM imidazole. Some proteins

were cleaved from the tag and further purified with ion exchange and/or gel filtration steps.

Crystallization, data collection and structure determination
Crystals of Pof8 xRRM were grown by hanging drop vapor diffusion at 17-18�C with two conditions. 18.5%–20.0% PEG3350,

100 mM Na Nitrate and 50 mM HEPES pH 7.5 or 17.5% PEG3350 and 150-200 mM KI, pH 8.6. Se-Met derivative crystals of

Pof8 xRRM were produced with 19%–21.5% PEG3350, 90-110 mM Na Nitrate and 50 mM HEPES pH 7.5. The crystals were grad-

ually transferred into cryo-protectant solution containing additional 15%–20% glycerol and flash-frozen in liquid nitrogen for data

collection under 100K. MAD dataset with three wavelengths at the peak, the inflection point and remote from the absorption edge

were collected at the SSRL beamline 7-1 and ALS BL 5.0.1. Diffraction date set was collected to 1.42 Å resolution for the peak,

1.45 Å resolution for the inflection point, and 1.97 Å resolution for remote and processed with HKL-2000. Se sites detection, density

modification, and partial built model were calculated with SHELX C/D/E. The model of the crystal structure of Pof8 xRRMwasmanu-

ally built using Coot and refine using Refmac5. The crystals of Se derivative belong to space group P3121 with unit cell parameters of

a = b = 57.7 Å, c = 71.0 Å; a = b = 90.0�, g = 120.0�. Each asymmetric unit contains a monomer of Pof8 xRRM. All structure figures

were generated by using program PyMol. Final statistics of data collection and refinement for the structures are shown in Table S1,

and the atomic coordination and structural factors are available in the Protein Data Bank (PDB: 6U7V).

Yeast strains, gene tagging, and mutagenesis
Fission yeast strains used in this study are listed in Table S2. Single mutant strains were constructed by one-step gene replacement of

the entire ORF with the selectable marker (Sato et al., 2005). Double and triple mutant strains were produced by mating, sporulation,

dissection, and selection followed by PCR verification of genotypes. Genes were fused to specific epitope-tags at the C terminus by

homologous recombination; the pFA6a plasmidmodules were used as templates for PCR. Point mutations weremade by site-directed
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mutagenic PCRusing the high fidelity polymerasePfu (Agilent). All mutationswere confirmedbyDNAsequencing (Eton, SanDiego,CA).

The pJK148-integrating vector was used to express ter1-WT and mutants from the leu1 locus using the endogenous ter1 promoter.

GST/Streptavidin pull-down assay
GST/Streptavidin pull-down assays were performed as previously described (Kim et al., 2017). Briefly, 15 mg GST fusion protein or

Biotin-oligo U was incubated with 20 mL glutathione Sepharose resin (QIAGEN)/streptavidin resin (Thermo scientific) in 30 mL pull-

down buffer (50 mM Tris-HCl at pH 8.0, 200 mM NaCl, 10 mM b-ME, 0.1% Tween-20). Then the beads were washed and incubated

with the target protein (20 mg in 100 mL pull-down buffer for 1 h at 4�C. The bound protein was resolved by 10%SDS-PAGE and visu-

alized by Coomassie blue staining.

Telomere length analysis
S. pombe cells grown in 5 mL YEAU overnight were harvest for genomic DNA extraction. EcoRI-digested genomic DNA was sepa-

rated on 1% agarose gel at 70 V for 18.5 h, and then the gels were incubated in 0.25 M hydrochloric acid for 15 min followed by 0.5 M

sodium hydroxide, 1.5 M sodium chloride buffer for 30 min and 0.5 M Tris-HCl (pH 7.0), 5 M sodium chloride for 30 min. DNA was

transferred to Amersham Hybond-N+ membrane (GE Healthcare Life Sciences) via capillary blotting and cross-linked to the mem-

brane. The telomeric probe was prepared as previously described (Hu et al., 2016). Hybridizations were carried out with 6 million

cpm of probe in Church-Gilbert buffer at 55�C. Blots with both telomeric and pol1+ probe were exposed to PhosphorImager screens

that were visualized using a Typhoon scanner (GE Healthcare).

Crosslinking-Mass spectrometry analysis
As previously described in Liu et al. (2015), crosslinking was performed by addition of DSSO to Pof8/Lsm2-8 protein complex for

30 min and quenched with 2 mL 1M Tris-HCl (pH 8.0) for 15 min. The cysteine residues were reduced with 4 mM TCEP and alkylated

with 20 mM iodoacetamide in dark, followed by terminating alkylation reaction with 20 mM cysteine for 30 min. The crosslinked pro-

teins were digested overnight at 37�Cwith trypsin (2%, w/w) and chymotrypsin (5%, w/w), separately. The crosslinked peptides were

then analyzed by LC-MS.

Co-immunoprecipitation
Frozen cell pellets were cryogenically disrupted with FastPrep MP with three pulses (60 s) of bead-beating in ice-cold lysis buffer

(50 mM HEPES at pH 7.5, 140 mM NaCl, 15 mM EGTA, 15 mM MgCl2, 0.1% NP40, 0.5 mM Na3VO4, 1 mM NaF, 2 mM PMSF,

2 mM benzamidine, Complete proteinase inhibitor [Roche]). Centrifuge clarified whole cell extracts were adjusted to 13 mg/ml.

300 mL cell extracts were incubated with either anti-Flag M2 affinity gel (Sigma), or anti-Myc antibody (Sigma-Aldrich) plus Protein

G beads for 2-4 h at 4�C. The beads were resuspended in SDS loading buffer, boiled, and subjected to western blotting. Western

blot analysis was performed using monoclonal anti-Flag (M2-F1804, from Sigma), monoclonal anti-Myc (Sigma-Aldrich), and anti-

Cdc2 (y100.4, from Abcam). 20 mg whole cell extract were used for input control.

TER1 immunoprecipitation assay
Frozen cell pellets were cryogenically disrupted in TMG buffer (10 mM Tris pH 8.0, 1mMMgCl2, 100 mM NaCl, 1 mM EDTA pH 8.0,

10% glycerol, 1 mM DTT, 1 mM PMSF, 0.5% Tween-20, Complete proteinase inhibitor [Roche]). Cell extracts were incubated with

either anti-Myc antibody (Sigma-Aldrich) plus Protein G beads (Roche), or anti-Pof8 antibody plus Protein G beads for 2-4 h at 4�C.
RNA was purified using RNA extraction kit (Promega) and reverse transcribed using M-MLV Reverse Transcriptase (Promega) and

subsequently analyzed by quantitative PCR analysis or Northern blot.

Biolayer interferometry (BLI) and Kd Calculation
BLI were performed in black 96-well plates (Greinerbio-one, Germany) on OctetRED96 instrument (ForteBio, USA) as described

before (Kim et al., 2017). Prior to use, biosensors were soaked in binding assay (BA) buffer (20 mM Tris-HCl, pH 8.0, 350 mM

NaCl, 0.2% NP-40, 0.5 mM DTT, 0.1% BSA) for at least 10 min. BLI assays consisted of six steps, all performed in BA buffer: initial

base line (30 s), loading (120 s), Quenching (120 s), base line (60 s), association (30 s) and dissociation (90 s). Each biotinylated protein

was immobilized on each streptavidin biosensor tip. For the loading step, protein concentrations were adjusted to yield signal inten-

sity in the range of 2 to 3 nm. To quench free streptavidin, 4 mg/ml of biotin analog, biocytin (Sigma), was used in BA buffer.

Biotinylated protein-loaded sensors itself was measured as a control to subtract from experimental values before data processing.

Sensorgrams were fit using global/1:1 binding model by ForteBio Data analysis version 9.0, from which the equilibrium dissociation

constant (Kd) and association (kon) and dissociation (koff) rate constants were calculated.

Electrophoretic mobility shift assay
About 0.1 nM 50 end 32P-labeled TER1 RNAwasmixed with Pof8 proteins of specified concentrations in 10 mL reaction buffer (10mM

Tris-HCl [pH 8.0], 300 mMNaCl, 5 mMDTT, 50 ng/ml BSA, 0.01%NP40, 25 ng/ml tRNA, 2 mMMgCl2, 10 ng/ml heparin). The mixtures

were then incubated at room temperature for 20 min. The protein-RNA complex was resolved by 5% non-denaturing polyacrylamide

gel and imaged with a Typhoon phosphorimager.
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Phosphorothioate footprinting assay
A ratio of 1 mM NTPs to 0.08 mM ATP [aS], UTP [aS], CTP [aS] or GTP [aS] (Trilink) was used to generate phosphorothioate

substituted RNAs. The nucleotide analogs were randomly incorporated into the minimal TER1 RNA construct using T7 polymerase.

The RNAswere purified and 50 end-labeled. RNAswere refolded and split between tubes containing Pof8 or an equal volume of buffer

and complexed at room temperature for 20min. The Pof8/TER1 RNA complex was then purified by anti-Pof8 antibody coated protein

G beads at room temperature for 30 min. Footprinting reactions were initiated by the addition of 0.3 or 1 mM I2, and reactions were

subsequently quenched at 3min in an equal volume of 100mM b-mercaptoethanol. Sequencing reactions were prepared by carrying

out I2-mediated cleavage of the substituted RNAs at 65�C for 3 min. RNAs were phenol chloroform extracted, precipitated by ethanol

and suspended in 10 mL H2O and 10 mL 2x formamide loading dye (0.5X TBE, 93.5% formamide, 30 mM EDTA, 0.5% xylene cyanol

and bromophenol blue). Samples were heated to 95�C for 1 min, and equal scintillation counts for each sample were loaded onto a

10% polyacrylamide sequencing gel. Gels were dried and visualized by Typhoon scanner (GE Healthcare).

Telomerase activity assay
The recombinant S. pombe Trt1 protein was synthesized in rabbit reticulocyte lysate (RRL) and assembled with 0.5 mM TER1 full-

length WT transcribed in vitro and other recombinant proteins simultaneously (Qi et al., 2013). Reactions were carried out with

2 mL of in vitro-reconstituted S. pombe telomerase in a 10 mL reaction mixture containing 1x telomerase reaction buffer (50 mM

Tris-HCl pH 8.0, 100 mM KCl, 1 mM MgCl2, 1 mM spermidine, 2 mM DTT, 0.2 mM dATP, dCTP and dTTP, 2 mM dGTP, 0.33 mM
32P-dGTP (3000 Ci/mmol, 10 mCi/ml, PerkinElmer) and 5 mM DNA primer 50-GTTACGGTTACAGGTTACG-30.

Telomerase activity assay by using in vivo telomerase was performed according to Páez-Moscoso et al. (2018). Briefly, telomerase

was immunoprecipitated on protein G beads (Roche) coatedwith anti-Myc (Sigma-Aldrich) for Trt1. Beads were incubated in 10 mL of

50mMTris-acetate at pH 8.0, 100mMpotassium acetate, 1mMmagnesium acetate, 5% (v/v) glycerol, 1mMspermidine, 1mMDTT,

0.2 mM dATP, dCTP, dTTP, 2 mM 32P-dGTP and 5 mM DNA primer (50-GTTACGGTTACAGGTTACG-30). Reactions were incubated

for 90 min at 30�C and stopped by the addition of proteinase K (2 mg/ml in 0.5% (w/v) SDS, 10 mM EDTA pH 8.3, 20 mM Tris-HCl pH

7.5) plus 1000 cpm 87-mer labeled with 32P-ATP as the loading control at 42�C for 15 min. All primer extended products were ex-

tracted with phenol:chloroform:isoamyl alcohol (25:24:1) and ethanol precipitated. Extracted DNA was electrophoresed in 10%

(v/v) polyacrylamide (19:1) sequencing gel containing 7 M urea for 1.5 h at 80 W. Gels were dried and exposed to PhosphorImager

screens, and analyzed with a Typhoon scanner.

SHAPE reactivity profiling
TER1 RNAwas enriched fromWT and pof8D cells by Trt1-Myc immunoprecipitation using anti-Myc antibody (Sigma-Aldrich) coated

Protein G beads, modified by 100 mMNAI (Spitale et al., 2013) at 37�C for 15 min and purified using RNA extraction kit (Promega). 1-

2 mg RNA in water was annealed with pre-mixed TER1-specific RT-primers located at pseudoknot, template and TWJ regions (10

pmol primer total) by incubating at 70�C for 5 min, 4�C for 2 min. Reverse transcription was performed using Superscript IV (Invitro-

gen) following the manufacturer’s instruction and stopped by heating to 85�C for 5 min. 1 mL RNase H (New England Biolabs) and

0.5 mL RNase A (Roche) was added to the RT reaction and incubated at 37�C for 1 h to degrade RNA. cDNA was purified using Am-

pure Xp beads (BeckmanCoulter) following the protocol from themanufacturer. Briefly, RT product wasmixedwith 1 volumeAmpure

Xp beads, 3 volumes 2.5 M NaCl, 20% PEG8000, and 1 volume isopropanol and incubated at room temperature for 15 min. Ampure

Xp beads were captured bymagnets for 15min, rinsed 3 times with freshly made 80% ethanol, air-dried for 5min, and eluted in 15 mL

H2O. Purified cDNA was ligated to a 30-adaptor (/5Phos/NNNAGATCGGAAGAGCGTCGTGTAG/3Bio/) using CircLigase (Epicenter)

by mixing 6.8 mL cDNA with 0.2 mL 100 mM 30-adaptor, 103 buffer (0.5 MMOPS pH 7.5, 0.1 M KCl, 50 mMMgCl2, and 10 mM DTT),

1 mL 50mMMnCl2, 1 mL 1mMATP and 8 mL 50%PEG8000. Themixture was incubated at 65�C for 2 h, and then at 85�C for 15min to

inactivate CircLigase. Ligation products were recovered by Ampure XP beads and subjected to sequential PCR as follows. cDNA

was first amplified using TER1 specific primers with 50- and 30- adaptor sequences (50-CAGACGTGTGCTCTTCCGATC-30; 50-CTA-
CACGACGCTCTTCCGATCT- 30) and Phusion polymerase (98�C, 20 s; 64�C, 20 s; 72�C, 90 s, for 10-13 cycles; New England Bio-

labs). PCR products were mixed with 1.8X volume Ampure XP beads to enrich PCR products > 100 bp. Illumina TruSeq forward

primer and indexed reverse primers were used for 8-12 rounds of PCR (98�C, 20 s; 64�C, 20 s; 72�C, 90 s) and the final PCR product

was recovered by Ampure XP beads using 1:1.8 sample:beads ratio. Multiplexed sequencing libraries were mixed and subjected to

single-end read sequencing on Illumina HiSeq 4000 instruments at UCI Genomics High-Throughput Facility.

Determination of SHAPE reactivity
The quality of the purified libraries was evaluated by Bioanalyzer and quantified by qPCR. Libraries were sequenced using an Illumina

Hiseq system with single-end reads of 100 bp. After the libraries have been sequenced, all computational steps were performed by

StructureFold software(Ritchey et al., 2017), which is provided as a series of easy-to-use modules in Galaxy (https://usegalaxy.org/),

a fully open and curated web-based platform for data-intensive bioinformatics analyses. Briefly, adapters were removed computa-

tionally and reads were iteratively mapped to the S. pombe reference TER1 cDNA sequence using Bowtie for calculation of RT stop

counts (RTSC) of each nucleotide. Final NAI reactivity is derived from RTSC files of (+) and (�) NAI libraries, as implemented in Struc-

tureFold platform. During calculation of reactivity, the natural log (ln) of RT stop counts on each nucleotide is normalized by the tran-

script’s abundance and length. The top 2% of data points with highest reactivity are removed as outliers and the average value of the
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remaining top 8% of the data is calculated. Each data point in the dataset (including the top 2%) is then divided by this average value

to obtain the normalized data.

RNA decay
Mid-log phase S. pombe cells (OD �0.4) were treated with 300 mg/ml transcriptional inhibitor phenanthroline for the indicated time.

Rapid harvesting of cells is accomplished by brief centrifugation (15 s at 6,000-10,000 rpm), removal of the medium supernatant by

aspiration, and rapid freezing of the cell pellet. RNAwas isolated from the frozen cell pellets using hot phenol and digested by DNase I

(Roche) to remove DNA contamination. TER1 RNA levels at each time point were determined by quantitative PCR or Northern blot.

QUANTIFICATION AND STATISTICAL ANALYSIS

All assays except BLI experiment were repeated three times (n = 3) as described in the figure legends. The BLI experiments were

repeated twice (n = 2) and representative results were shown. The EMSA in Figures 1C, 1F, 2C, and 2D, Northern blot in Figure 5A,

and telomerase activity assay in Figure 5B were quantified using ImageQuantTL software. The results from Figures 4A–4C, 5A, and

5B were plotted and fit using GraphPad Prism 5. The calculated SHAPE reactivity in Figures 6B and S5B were described in details in

the Method Details section. The error bars represent the standard deviation as described in figure legends.
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