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Physical Connectivity Mapping by Circular Permutation of Human
Telomerase RNA Reveals New Regions Critical for Activity and

Processivity
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Telomerase is a specialized ribonucleoprotein complex that extends the 3’ ends of chromosomes to counteract telomere shorten-
ing. However, increased telomerase activity is associated with ~90% of human cancers. The telomerase enzyme minimally re-
quires an RNA (hTR) and a specialized reverse transcriptase protein (TERT) for activity in vitro. Understanding the structure-
function relationships within hTR has important implications for human disease. For the first time, we have tested the physical-
connectivity requirements in the 451-nucleotide hTR RNA using circular permutations, which reposition the 5’ and 3’ ends. Our
extensive in vitro analysis identified three classes of hTR circular permutants with altered function. First, circularly permuting
3’ of the template causes specific defects in repeat-addition processivity, revealing that the template recognition element found
in ciliates is conserved in human telomerase RNA. Second, seven circular permutations residing within the catalytically impor-
tant core and CR4/5 domains completely abolish telomerase activity, unveiling mechanistically critical portions of these do-
mains. Third, several circular permutations between the core and CR4/5 significantly increase telomerase activity. Our extensive
circular permutation results provide insights into the architecture and coordination of human telomerase RNA and highlight
where the RNA could be targeted for the development of antiaging and anticancer therapeutics.

Linear eukaryotic chromosomes terminate in repeated DNA se-
quences, called telomeres, which are bound by specific pro-
teins to protect the ends from degradation and detrimental end
joining. However, these termini present an end-replication prob-
lem that most eukaryotes overcome by utilizing the ribonucleo-
protein (RNP) complex telomerase. Telomerase comprises an
RNA (hTR in humans) and a reverse transcriptase (TERT), which
catalyzes telomere addition. It has been shown that telomeres
shorten with aging, and telomerase upregulation occurs in ~90%
of human cancers (1). Furthermore, mutations in telomerase
components have been linked to a variety of short-telomere syn-
dromes, such as dyskeratosis congenita, pulmonary fibrosis, and
aplastic anemia (2). Thus, understanding the structure-function
relationships of human telomerase RNA is crucial to combat a
range of human ailments.

During the telomerase catalytic cycle, a short region of the
telomerase RNA, known as the template, pairs with the lagging-
strand telomeric 3’ overhang. The template is then used to direct
the iterative addition of the telomeric repeats (TTAGGG in hu-
mans), catalyzed by an active site within the TERT protein. Once
TERT reaches the end of the RNA template, the DNA substrate is
realigned so that additional repeats can be added (3). This ability
of the RNA-protein enzyme complex to translocate underlies the
enzyme’s repeat-addition processivity (RAP). In addition to hTR
and TERT, additional accessory proteins bind telomerase in vivo
(4). Many studies have been done to identify important regions
within hTERT and hTR that are required for function (5). Thus
far, however, the ways the RNA coordinates its roles have yet to be
clearly elucidated.

Despite being critical for cell growth, telomerase RNAs are
evolving incredibly rapidly and vary substantially in structure
from species to species. Nevertheless, a few structural elements are
conserved (6, 7) (Fig. 1A). Telomerase RNAs contain an essential
core domain with (i) a single-stranded template that directs spe-
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cies-specific repeat addition (8), (ii) a template boundary element
(TBE) that defines the 5" end of the template (9-12), (iii) a pseu-
doknot (PK) with catalytically important base triples (13-16), (iv)
a core-enclosing helix (CEH) (6, 7), and (v) an area of required
connectivity (ARC) that connects the pseudoknot to the template
via single-stranded junctions and secondary structures in the CEH
and TBE (6). Although these elements appear in >97% of identi-
fied telomerase-RNA secondary structures (6), their particular
structure and function may vary. For instance, template boundary
definition in human telomerase requires the core-enclosing helix
P1b, located 10 nucleotides 5" of the template (10), as well as a
particular nucleotide in the template itself (17). In contrast, ro-
dent telomerase RNAs lack a core-enclosing helix (and ARC), with
template boundary definition provided by a 5" trimethylguanos-
ine cap and/or runoff transcription (7, 10), while most species of
yeast use a helix adjacent to the template that provides a steric
block to further reverse transcription by TERT (10-12, 17). So,
even though all telomerases contain template boundary elements
to achieve the same function, they have evolved different struc-
tures and mechanisms to do so.

Although the core alone is sufficient to reconstitute telomerase
activity in vitro in budding yeast, many other species, including
human, require an additional three-way junction element. In hu-
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FIG 1 Circular permutations 3’ of the template cause specific defects in repeat-addition processivity. (A) Schematic of hTR structure illustrating the conserved
core, CR4/5, and scaRNA domains. The location where the wild-type 5" and 3’ ends were fused is indicated (dashed line). (B) Sequence of the template (boxed)
and adjacent 3’ region binding to the telomeric DNA substrate primer. Below are the locations of the repositioned ends in the circular permutants. Sequence
substitutions are lowercase. (C) In vitro telomerase activity assays were performed showing circular permutations 3" of the template (above). The relative activity
was binned into the following categories: —, no detectable telomerase activity, ~0%; +, low but detectable activity, <~50%; + +, slightly inhibited
activity, >~50%; + + +, wild-type activity, ~100%; and ++ + +, greater than wild-type activity, >~100%. Circular permutants with repeat-addition

processivity defects are indicated by an “r.” Immunopurified [**S]methionine-labeled hTERT is shown below.

man telomerase RNA, this is the CR4/5 region (Fig. 1A). The core
and CR4/5 are sufficient to reconstitute telomerase activity in
vitro, even when provided as separate RNA fragments, with each
RNA domain binding TERT independently (18, 19). Three-way
junction regions, such as CR4/5, have also been identified in the
ciliate Tetrahymena thermophila (20) and the yeasts Schizosaccha-
romyces pombe and Kluyveromyces lactis (21, 22), although the
corresponding region is not essential for telomerase activity or
basic functionality in vivo in Saccharomyces cerevisiae (23, 24).
Finally, human telomerase requires a scaRNA domain (small
Cajal body-specific RNA) containing a box H/ACA motif. In hTR,
this domain provides important RNA processing, trafficking, and
3'-end stability functions in vivo (18, 25, 26). In yeasts, similar
roles are provided by the Sm, and/or Lsm complex binding at the
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3" end (11, 27). Thus, as with the template-boundary element,
telomerase RNAs have evolved distinct ways to accomplish 3"-end
processing and protection.

A multitude of studies have been done using substitution, de-
letion, and insertion mutations to uncover structure-function re-
lationships in human telomerase RNA, but circular permutations
(CPs) have yet to be used. Circular permutations involve relocat-
ing the 5" and 3’ ends of the RNA to novel locations, introducing
a break in the phosphate backbone. These unique mutations have
proven to be highly informative in the exploration of structure-
function relationships in both T. thermophila (20) and S. cerevisiae
(6). Specifically, in Tetrahymena, circular permutations identified
a template recognition element (TRE) in the single-stranded re-
gion 3’ of the template (28). The TRE contributes to repeat addi-
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tion processivity and is thought to be alternately compressed and
extended during the catalytic cycle as part of an accordion model
(29). In S. cerevisiae, circular permutations identified essential
connections (the area of required connectivity [ARC]) between
the pseudoknot and template via the core-enclosing helix and
template boundary element. The mechanistic role for the ARC in
budding yeast is still under study; it may be required for RNA
folding, TERT binding, template positioning, and/or template
translocation. Whether human telomerase RNA shares important
features, such as those mentioned above, with well-studied model
system telomerase RNAs has yet to be determined.

We have examined where physical connections are important
in human telomerase RNA. We tested 36 circular permutations of
the full-length 451-nucleotide hTR for function in reconstituted
telomerase activity assays. We observed phenotypes ranging from
complete abolishment to a significant increase in telomerase ac-
tivity. Notably, we found circular permutations 3’ of the template
specifically inhibited repeat-addition processivity, similar to mu-
tations in the TRE region in ciliates. This provides the first evi-
dence that the TRE is a functionally conserved element in telome-
rase RNA across two distantly related species, increasing the
number of highly conserved core elements to six. In contrast,
backbone connectivity was dispensable for function at 12 posi-
tions tested, four of which significantly increased telomerase ac-
tivity. Furthermore, circular permutations that abolished telome-
rase activity cluster in conserved regions near the catalytically
important base triples of the pseudoknot and helix P6.1 of CR4/5.
These results from an extensive number of hTR circular permu-
tants expand our fundamental understanding of telomerase RNA
structure, function, and coordination while also identifying re-
gions that could be targeted to develop treatments for cancer and
short-telomere syndromes.

MATERIALS AND METHODS

Cloning of circular permutations. We ordered a DNA fragment (Gen-
Script) containing two tandem copies of the hTR gene directly linked
between positions 451 and 1 and cloned this fragment into vector pUCI19.
We used this plasmid as a template for PCR to generate circular permu-
tants, using a dedicated set of PCR primers for each (28). For each circular
permutant, the corresponding PCR product was cloned into pUC19, and
its sequence was confirmed via Sanger sequencing. Each circular permu-
tant was designed to have at least three guanosines present at the 5" end for
efficient T7 transcription and a FokI site at the 3’ end to linearize the
plasmid DNA for runoff transcription. One to two untemplated uridine
nucleotides may be added to the 3" end by T7 RNA polymerase. Plasmid
DNA was prepared for transcription by FokI digestion, followed by phe-
nol-chloroform extraction and ethanol precipitation.

Reconstitution of human telomerase in a rabbit reticulocyte lysate
transcription-translation system. We provided the rabbit reticulate ly-
sate with two plasmids: one encoding 3X-FLAG-hTERT (30) and the
other encoding hTR, each at a final concentration of 20 ng/pl. The tran-
scription-translation reactions were carried out using standard condi-
tions (Promega) at 30°C for 90 min. Telomerase was immunopurified as
previously described (31) and resuspended in 50 mM Tris-HCI (pH 8.0),
50 mM KCI, 1 mM MgCl,, 1 mM spermidine, 5 mM -mercaptoethanol,
and 30% glycerol. To verify the hTERT protein was translated and equiv-
alent amounts were purified, we ran 2.5 pl of immunopurified beads on a
denaturing 7.5% polyacrylamide gel and imaged on a Typhoon 9410 scan-
ner (GE).

Direct telomerase primer extension assays. Telomerase activity was
measured using a published protocol (32, 33). One-third of the total re-
action was run on a 10% acrylamide—7 M urea—1X Tris-borate-EDTA gel
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at 90 W for 90 min. Gels were imaged using a Typhoon 9410 scanner. Data
were quantified with ImageQuant TL software; however, various levels of
background radiation prohibited accurate analysis. We therefore chose to
have five raters blindly bin the data from two or three independent bio-
logical replicates. Binning telomerase activity has been reported previ-
ously (20) and is supported by a recent study (33).

RESULTS

To test the effects of circularly permuting human telomerase RNA
(hTR) on RNP enzyme activity, we expressed the new hTR alleles,
along with affinity-tagged TERT in an in vitro transcription-trans-
lation system. One reason we chose an in vitro telomerase RNP
reconstitution system as opposed to in vivo expression was to
avoid likely complications in RNA biogenesis and stability due to
repositioning the 3’-end scaRNA domain inherently caused by
circularly permuting the gene (6, 18, 25, 26, 34). We then assayed
reconstituted telomerase activity by direct primer extension to
obtain detailed information about enzyme functionality. We
named each circularly permuted allele based on the hTR nucleo-
tide that follows the position of permutation; for example, CP58
has a 5’ end at position 58 (and its 3" end terminates with nucle-
otide 57). No extra nucleotides were inserted between the last
nucleotide (i.e., nucleotide 451) and the first (Fig. 1A).

Circular permutations upstream of the template cause re-
peat-addition processivity defects. The T. thermophila telome-
rase RNA requires connectivity between the 3’ end of the template
and the pseudoknot to promote efficient repeat-addition proces-
sivity via the TRE (28). To test whether a similar element exists in
human telomerase RNA, we made circular permutations 3’ of the
template. We found that repositioning the 5 end to position 58 or
63 caused profound repeat-addition processivity defects (Fig. 1B
and C, lanes 3 and 5). Specifically, in these replicate samples, telo-
meric DNA products corresponding to repeats 1 and 2 were equiv-
alently abundant to wild type, whereas repeat 3 was reduced, and
there were no detectable four-repeat or longer products (Fig. 1C).
Biological replicates of these circular permutants similarly showed
a RAP defect, though in this case weak repeats up to 5 were detect-
able. The defect caused by the circular permutations 3’ of the
template is RAP specific, since it is distinct from the uniform re-
duction in products of many other mutants with decreased activ-
ity (e.g., Fig. 1C, lane 8). We conclude that connectivity between
the template and the pseudoknot, 3’ of the template, is important
for repeat-addition processivity.

To investigate what aspect of the putative TRE region in hu-
man telomerase is important for repeat-addition processivity, we
first substituted nucleotides 58 to 63 with the corresponding con-
servative purines (Fig. 1B, CP58s and CP63s). These sequence-
substituted circular permutants exhibited RAP defects similar to
their unsubstituted counterparts (Fig. 1C, compare lanes 3 and 4
to lanes 5 and 6). These data suggest that the precise sequence in
the junction between the template and pseudoknot is not essential
for residual repeat-addition activity in these circular permutants.
To test whether deleting the nucleotides between the template and
pseudoknot further disrupts telomerase activity, we made a circu-
lar permutation with the 5’ end at nucleotide 63 and the 3" end at
nucleotide 57, deleting nucleotides 58 to 62 (Fig. 1B, CP58-62A).
This mutant exhibited a significant decrease in adding the firstand
second repeats, suggesting that deleting nucleotides 58 to 62 fur-
ther impaired telomerase activity (Fig. 1C, lane 7), although a
biological replicate showed a repeat-addition defect similar to
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FIG 2 Circular permutations throughout the pseudoknot cause a wide range of phenotypes. (A) Secondary structure of hTR with the pseudoknot region
indicated. (B) Detailed structure of the pseudoknot, based a previously published study (35). Wild-type nucleotide numbers are indicated. Circular permutations
are indicated by arrowheads and are named by the corresponding nucleotide at the new 5" end. (C) In vitro telomerase assays exhibit various levels of activity. LC,
internal radiolabeled recovery and loading control. The level of activity was binned as in Fig. 1. Inmunopurified [**S]methionine-labeled FLAG-hTERT shown
below. Protein samples in lanes 1 to 14 and lanes 15 to 18 were run on two separate gels in parallel, as indicated by the dashed line.

CP58 and CP63. In summary, our data demonstrate that a con-
nection between the 3’ end of the template and pseudoknot is
important for repeat-addition processivity.

Circular permutations near the pseudoknot base triples
abolish telomerase activity. The pseudoknot of the conserved
catalytic center of hTR comprises over half of the core domain,
and contains base triples at the junction between the paired stems
(Fig. 2A and B) (14, 35, 36). In budding yeast, analogous base
triples have been shown to contribute directly to catalysis through
an unknown mechanism and are located within cross-linking dis-
tance from the template (13). Solved nuclear magnetic resonance
structures of pieces of the human pseudoknot reveal that the
5-nucleotide bulge, J2a/b, introduces a significant bend in the
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pseudoknot, serving as a hinge within this larger structure (37).
Previous data indicate that not all connections within the pseudo-
knot are essential, since a three-piece telomerase RNA that dis-
rupts connections in loop II of the human pseudoknot has been
shown to reconstitute telomerase activity (38).

To determine what connections within the pseudoknot of hTR
are functionally important, we made 16 circular permutations in
this region. Circular permutations in specific subregions of this
structure were well tolerated, while others completely abolished
telomerase activity. The range of these phenotypes highlight re-
gions that are particularly sensitive to backbone disruption, as we
describe below.

First, circular permutations near the base triples in loop I
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(J2b/3) show the most severe phenotypes. Specifically, circular
permutations at positions 99 and 107 completely abolish any de-
tectable telomerase activity (Fig. 2C, lanes 7 and 8). These muta-
tions are located near a well-studied hTR mutation linked to the
disease dyskeratosis congenita (PKkc) (39).

Second, circular permutations on either side of stem I (P2a.1,
J2a.1, P2a, J2a/b, and P2b) showed decreased, but detectable, tel-
omerase activity (Fig. 2C, lanes 2 to 6 and lanes 9 to 14). Of par-
ticular note, circular permutations surrounding the J2a/b bulge
(37) decreased activity (Fig. 2C, lanes 3 to 6 and lane 9), suggesting
that backbone connectivity may be required to adopt a particular
bend at this region of the pseudoknot in the RNP and increasing
the potential flexibility by disrupting backbone interactions
within this region is deleterious.

Third, mutations within loop II (J2a/3) were well tolerated
with essentially wild-type phenotypes (Fig. 2C, lanes 15 to 17).
This is consistent with phenotypes observed in the three-piece
system (38), as well as in yeast telomerase RNA (6), suggesting
backbone connectivity within loop II is largely dispensable. Inter-
estingly, the circular permutation at nucleotide 173 leads to robust
activity (Fig. 2C, lane 18), even though it is located within newly
proposed base triples (35).

Previous data showed deletion of the J2a/b bulge decreased
telomerase activity (37), presumably by preventing hinging. To
test whether breaking the phosphate backbone with a circular per-
mutation would be able to overcome stiffening caused by J2a/b
deletion, we tested a circular permutation missing nucleotides 84
to 88 (CP89A). This circular permutant had very weak but detect-
able telomerase activity (Fig. 2C, lane 6), suggesting that disrupt-
ing the backbone does not overcome the defect observed in the
J2a/b deletion mutant. Furthermore, CP89A has a more severe
defect than CP89 (Fig. 2C, compare lanes 5 and 6), indicating that
the bulge nucleotides may contribute to enzyme function beyond
permitting the large bend in the pseudoknot.

Circular permutations in CR4/5 abolish telomerase activity.
It has been shown that human telomerase activity requires not
only the conserved core domain but also the CR4/5 domain (Fig.
3A and B) (18, 19). Within the CR4/5 domain, the loop and base of
helix P6.1 have been shown to be especially important (40-42).
Using our circular-permutation analysis, we found that disrupt-
ing the backbone between CR4/5 and the core is tolerated to dif-
ferent degrees. Relocating the ends to within the central portion of
CR4/5 completely abolished telomerase function (Fig. 3C, lanes 4,
5,and 9). Other circular permutations in CR4/5 had intermediate
effects: those in the 5" portion were better tolerated than in the 3’
portion (Fig. 3C, compare lanes 3 and 4 to lanes 6 and 7). These
results confirm that the CR4/5 domain is fundamentally impor-
tant for catalytic function.

Several circular permutations in the native 5’ region and 3’
scaRNA domain increase telomerase activity. The wild-type 5’
end of hTR contains several runs of at least three guanosines and
has been proposed to form G-quadruplexes that may compete
with formation of P1 (43). The formation of helix P1b has been
shown to aid in proper template-boundary definition (10). We
tested the effect of circular permutations in the 5" region of hTR
(Fig. 4A and B). Notably, circular permutations at positions 15
and 25 caused increased telomerase activity (Fig. 4C, lanes 2 and
3), whereas circular permutations closer to the core, at positions
32 and 38, completely abolished telomerase activity (Fig. 4C, lanes
4 and 5). Circular permutant 44 (CP44) showed decreased but
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detectable telomerase activity, with no apparent template bound-
ary definition defects (Fig. 4C, lane 6). Together, these data indi-
cate that disrupting RNA connectivity near the 5" end of hTR is
beneficial, while circular permutations nearer the core are detri-
mental.

The observed defects of 5'-region circular permutations could
result from disrupting P1. If so, we would expect circular permu-
tations on the opposite of the helix to have similar phenotypes.
However, circular permutations at positions 186 and 195 have
detectable telomerase activity (Fig. 4C, lanes 9 and 10), unlike the
circular permutants 32 and 38 (Fig. 4C, lanes 4 and 5). This sug-
gests that the loss of telomerase activity is not likely caused by
disrupting connectivity of P1b to adjacent regions but is specific to
the 5" end. Interestingly, a circular permutation just two nucleo-
tides 5" of 186, CP184, has no detectable telomerase activity (Fig.
4C, lane 8), indicating that circular permutations between the
pseudoknot and helix P1b have strikingly different effects on tel-
omerase activity.

Invivo, the scaRNA domain is required for RNA stability, pro-
cessing, and trafficking (18, 25, 26, 34). However, this region is
dispensable for function in vitro (18). We found that several cir-
cular permutations in this region were well tolerated. Strikingly,
circularly permuting at 381 increased activity (Fig. 4C, lane 12).
Circular permutation at position 412 had essentially wild-type
activity (Fig. 4C, lane 14), while a circular permutation at position
395 had slightly decreased activity (Fig. 4C, lane 13). It is interest-
ing that two of these circular permutants have phenotypes in vitro,
even though this domain is dispensable.

DISCUSSION

In order to gain insights into the architecture of human telome-
rase RNA, we undertook a large-scale circular permutation anal-
ysis to determine regions where physical connectivity is, and is
not, required for core enzyme activity. By repositioning the ends
of the RNA, we interrupted the covalent linkage of the backbone
and potentially increase local flexibility. Using reconstituted RNP
enzyme and direct telomerase activity assays, we tested 36 circular
permutants and found distinct classes of phenotypes that high-
light several functionally important regions in the RNA (Fig. 5).
This approach revealed 12 positions where backbone connectivity
is dispensable for robust telomerase activity, highlighting substan-
tial tolerance of hTR to backbone disruption. These positions re-
side in rapidly evolving portions of vertebrate telomerase RNAs
(44). In contrast, circular permutations that greatly decrease or
abolish telomerase function tended to cluster in the most con-
served parts of the core and CR4/5 domains (Fig. 5). In addition to
identifying mutations that alter overall activity, we found mutants
3" of the template that alter the pattern of telomerase activity
product formation, indicating decreased repeat-addition proces-
sivity (Fig. 5, CP58 and CP63). Strikingly, this shows that human
telomerase RNA shares a functionally conserved template recog-
nition element (TRE) with the distantly related ciliated protozoan,
Tetrahymena thermophila. Together, our results provide an infor-
mative map of functional connectivity requirements between and
within structural elements of this disease-relevant RNA.

This inaugural circular-permutation analysis of hTR allows us
to compare these phenotypes with telomerase RNA circular per-
mutants of the well-studied T. thermophila (20) and S. cerevisiae
species (6). Although circular permutations may cause defects be-
yond breaking the phosphate backbone, such as cotranscriptional
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telomerase preparation is shown below.

RNA misfolding or TERT binding, they have proven useful in
discovering functionally important RNA regions. Circular per-
mutations in T. thermophila revealed a TRE that is required for
repeat-addition processivity (28) and the accordion model of
template translocation (29), while circular permutations in S.
cerevisiae reveal an area of required connectivity (ARC) that may
coordinate the pseudoknot base triples and TERT-binding site(s)
with the template in the active site (6). Our data suggest that hu-
man telomerase RNA shares both functional connectivity similar-
ities and differences with this protozoan and fungus, as we high-
light below.

RNA 3’ of the template contributes to repeat-addition pro-
cessivity. Circularly permuting hTR 3’ of the template, at posi-
tions 58 and 63, allows telomerase to add three to five detectable
repeats, but beyond this point these circular permutants did not
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catalyze more detectable rounds of synthesis (Fig. 1). The ability of
telomerase to synthesize the first three to five telomeric repeats is
not strictly dependent on the sequence of the nucleotides between
positions 58 and 63 (Fig. 1). The lack of a sequence requirement
for nucleotides 3’ of the template is similar to previous results
using a multipartite reconstitution system that adds a single repeat
(45). These phenotypes are reminiscent of ciliate TRE circular
permutants, which also exhibit a decrease in repeat-addition pro-
cessivity in vitro (28). Thus, we propose that human telomerase
RNA has a functionally analogous, conserved TRE required for
repeat-addition processivity. This is the first evidence that a TRE
3’ of the template may be a sixth functionally conserved element
of some telomerase RNA cores.

In T. thermophila, the TRE is proposed to function together
with the region 5’ of the template to promote repeat-addition

January 2016 Volume 36 Number 2


http://mcb.asm.org

RNA Connectivity in Human Telomerase Function

C dlreular <+ © VAN — N
permutaon = 2§ § 8 I £ 83y 3oy
lane 1 2 3 4 5 6 7 8 9 10 112121314
12- ,, e
10- . F"'“
g3 =\_,
7 4 -
// 240—//A—Uc\\\ 7-
B y g:g 330
’ c—G 6—
/ c—G
/ C—G .
// ﬁc_GcG 8 5_ .
y c—GA_ =
’ 230—C—G 340 S
’ C—G c 4—
y =ge @
/! ea 2 "
Vi (;-UUCAG i 9 3_ —
// Uc 3;0 G 1
’ G |
// : 220 - ‘( - =_
/ c—aaA® ) -
// G:g ! -
/b‘ g—g 1\ 1 — — -
B g5 i ;
Iﬁu;cu(;(;ccc YlcaecceycccGGGGAC—GAAGA GGAACGG—CACACAUGE
PGE0T YFeTqTarTrTSs \ [ \
A(l)(l)(liG GGUGGGGAGGGUCC 370 380 45’
ue AY 3é 2A5 8 L LC_
u38 32 15>§ Y s ‘
o g Pod lane 1 2 3 4 5 6 7 8 91011 121314
10—
v & 4 relative activity + + + ©  * O T T s
lu »U c 2 4 + + 4+ + I i
44 G o + + +
4
<|‘;| ” IP’d TERT
somm =™ (SoMet) ™ . - - - e e e e -
lane 1 2 3 4 5 6 7 8 9 10 11 12 1314

FIG 4 Several circular mutations in the 5" end and scaRNA domain cause increased telomerase activity. (A) Structure of hTR with the region of interest boxed.
(B) Sequence of the 5" end and scaRNA regions. Wild-type nucleotide numbers are indicated. (C) In vitro telomerase activity assay. The relative telomerase
activity is indicated as in Fig. 1. The data in lanes 7 to 14 were run on the same gel; the dashed lines indicate where intervening lanes were cropped from the gel.

Below is immunopurified [**S]methionine-labeled hTERT.

processivity via the accordion model (29). Whereas circular per-
mutations 5’ of the template in ciliates exhibit repeat-addition
processivity defects (29), we found that circularly permuting 5 of
the template significantly decreased overall telomerase activity,
without an obvious repeat-addition defect. Thus, there appear to
be some functional differences between ciliate and human telome-
rase RNA. However, in both the ciliate and the human circular
permutants, disrupting connectivity 3’ of the template causes
more severe defects than disrupting connectivity 5" of the tem-
plate.

Interestingly, S. cerevisiae telomerase lacks detectable repeat-
addition processivity and exhibits weak nucleotide addition pro-
cessivity under standard in vitro assay conditions (23, 46, 47).
Additionally, circular permutations in the analogous region 3’ of
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the template cause no detectable defects in vitro (6). Furthermore,
S. cerevisiae and most other yeast telomerase RNAs contain at least
one helical structure between the template and the pseudoknot,
while a phylogenetic analysis of ciliate, vertebrate, and all other
telomerase RNAs has shown that there are no naturally occurring
helices in the corresponding region (6). Thus, perhaps the lack of
robust repeat-addition observed in most yeast species is related to
the presence of a helix within the TRE region.

Circular permutations in the pseudoknots of different spe-
cies show similar phenotypes. Circular permutations have now
been tested in human (the present study), ciliate (20), and bud-
ding yeast (6) telomerase RNAs, and the analogous circular per-
mutants show strikingly similar phenotypes, suggesting structural
and functional homology. The pseudoknot is one of five phyloge-
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netically conserved elements of the telomerase core and contains
conserved base triples that contribute to catalysis (6, 7, 13—16). In
yeast, stem I of the pseudoknot is largely dispensable for function
(7), and we find that circular permutations in human telomerase
RNA stem I cause substantially decreased, yet detectable, enzyme
activity (Fig. 2). In contrast, mutations in stem II of yeast telome-
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rase show more severe phenotypes. These phenotypes are proba-
bly due to disrupted base-triple formation and/or TERT binding
(6, 7, 13). The base triples in yeast and human telomerase RNA
have been shown to contribute to catalysis (13, 16, 36). Consistent
with disruption of base triples causing significant defects, circular
permutations in loop I of the pseudoknot (J2b/3), which contains
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the third strand of the base triples, completely abolish human
telomerase activity (Fig. 2) (6). On the other hand, circular per-
mutations in loop II (J2a/3) of the pseudoknot are well tolerated,
causing no defects in human or, as we showed in vitro and in vivo,
in S. cerevisiae (Fig. 2) (6).

There is a bulge spanning nucleotides 84 to 88 in hTR that has
been reported to introduce an important bend in the human pseu-
doknot (37). Although circular permutations in this region should
provide nearly unrestricted flexibility, we found that all circular
permutations tested in this region significantly decrease telome-
rase activity (Fig. 2). Specifically, circular permutations at the be-
ginning (CP84), middle (CP86), end (CP89), or opposite of the
bulge (CP126) all decrease telomerase activity. Furthermore, a
circular permutant with a deletion of the bulge nucleotides also
exhibits decreased activity (Fig. 2, CP89A). Thus, it seems likely
that RNA backbone connectivity in this bulge is important for
adopting a specific bend observed in this RNA; circular permuta-
tions could introduce too great a range of motion if this is impor-
tant for pseudoknot function.

Completely inactivating hTR circular permutations cluster
near the 3’ end of the pseudoknot and in the CR4/5 domain. We
identified seven circular permutations that completely abolish tel-
omerase activity. These positions cluster in specific elements
within the core domain and CR4/5 regions essential for telome-
rase activity. The first group of circular permutations are at 32, 38,
99, 107, and 184 (Fig. 2 and 4; Fig. 5). In three-dimensional space,
given their locations in the secondary structure and what is known
from pseudoknot structures, these positions may not be far apart.
One possibility is that these circular permutations disrupt or de-
stabilize base-triple formation. Alternatively, these circular per-
mutations could cause significant pseudoknot misfolding or dis-
ruption of TERT binding. Interestingly, the circular permutation
at position 173 has wild-type activity, even though there is a base-
triple interaction with nucleotide 99, where circular permutation
is completely inactivating (Fig. 2) (14, 35). Furthermore, other
circular permutations in this vicinity do not completely abolish
telomerase activity, including CP171, CP186, CP195, and CP44.
Together, these data provide insights into the overall coordination
within this region, which generally corresponds with the essential
ARC delineated in S. cerevisiae (6). While the activity of human
circular permutants CP186 and CP144 indicates that the hTR
ARC region analogous to that in yeast is not strictly required, the
decreased activity of these mutants suggests that this region is
indeed important, as was observed in T. thermophila (20, 29).
Perhaps the more active human and ciliate telomerases compared
to yeast is evidence that these enzymes are more robust and are
more protected from mutational disruption of conserved ARC
function(s).

The second group of inactivating circular permutations
(CP292, CP308 and, to a lesser extent, CP266), are in CR4/5, and
cluster near the catalytically important P6.1 helix (Fig. 3). These
mutations could affect the essential CR4/5 TERT-binding func-
tion (18) or RNA conformational changes. For instance, the
medaka fish CR4/5 binds to the RNA-binding domain of TERT
and undergoes a dramatic rearrangement of the three-way junc-
tion compared to unbound RNA (40). In contrast, circular per-
mutations at the 5 and 3’ borders of CR4/5 (CP242 and CP328)
show strong or detectable activity (Fig. 3), consistent with the
previously described two-piece RNP-enzyme reconstitution sys-
tems (18, 19). Furthermore, circular permutations at 253 and 319

January 2016 Volume 36 Number 2

Molecular and Cellular Biology

RNA Connectivity in Human Telomerase Function

also exhibit detectable activity (Fig. 3), consistent with the mini-
mally mapped essential CR4/5 region (14). Overall, our circular
permutation results demonstrate that RNA backbone disruptions
within the flanks of the CR4/5 domain are less disruptive than
those in or just before P6.1 helix.

Four circular permutations increase telomerase activity. We
found that circular permutations at positions 15, 25, 171, and 381
reproducibly increase telomerase activity. These circular permu-
tations are located in the native 5° domain (Fig. 4, CP15 and
CP25), loop II (J2a3) of the pseudoknot (Fig. 2, CP171), and the
scaRNA domain near the natural 3" end of hTR (Fig. 4, CP381).
General explanations for increased activity in these circular per-
mutations include improved RNA folding, including altering
cotranscriptional RNA folding pathways, destabilizing inactive fi-
nal folds, and/or altering RNA conformational dynamics that oc-
cur throughout the catalytic cycle of nucleotide- and repeat-addi-
tion processivity. Additionally, circular permutations could
increase the binding affinity of the RNA to TERT, either by them-
selves or via RNA folding changes.

Previous proposals about the function of hTR suggest more
specific hypotheses. For instance, it has been suggested that the
guanosine-rich 5 end of hTR may form inhibitory G-quadruplex
structures that compete with formation of a noninhibitory helix
P1 (43). Thus, it is possible that the circular permutations at po-
sitions 15 and 25 (which break up the cotranscription of consec-
utive runs of guanosines) disrupt the ability of inhibitory RNA
G-quadruplexes to form.

Interestingly, we found that circular permutations near the 5'-
end cause nearly opposite phenotypes compared to previously
tested deletion mutants in this region (10). The first 14 or 24
nucleotides of hTR are dispensable for activity in vitro, but the
equivalent circular permutations that put these nucleotides at the
3" end increase activity (Fig. 4). Reciprocally, deletion of the first
31 or 43 nucleotides increases activity (10), while moving them to
the 3’ end by circular permutation inhibits or abolishes activity
(Fig. 4). Further highlighting differences between deletions and
circular permutations, the 43-nucleotide deletion exhibited tem-
plate boundary defects (10), while no boundary defects are exhib-
ited by the circular permutant at position 44 (Fig. 2 and 4).

Alternatively, it has been proposed that the 5" G-quadruplexes
and/or the scaRNA domain may promote human telomerase
dimerization (48). It is possible that activity-increasing circular
permutations in these regions promote a conformation more
amenable to dimerization. However, the functional importance of
human telomerase dimerization in vivo remains a topic of debate.

The regions described above where circularly permuting hTR
increased activity are noteworthy, since they show that increasing
physical flexibility may ameliorate intrinsic negative constraints
on the RNA. Also, our circular permutation analysis shows that
most regions (85%) within human telomerase RNA accommo-
date repositioning the ends while retaining detectable activity.
This mutational tolerance illustrates perturbability of hTR at these
locations, given that circularly permuting alters cotranscriptional
folding and the break in the phosphodiester backbone can change
structure and dynamics even if the RNA does still fold appropri-
ately. The permutable portions of hTR may already be flexible
(and thus breaking backbone connectivity does not increase local
motion), be structured but dispensable for activity, or else could
have a structure that is not abolished by permutation within it.
The fact that the majority of circular permutants we tested retain
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detectable activity shows that hTR function is sufficiently robust
to not be eradicated by the perturbation of circularly permuting
and highlights the unique regions where circular permutation
completely abolishes activity.

In conclusion, our extensive circular permutation analysis of
human telomerase RNA has identified many areas of interest that
merit further mechanistic investigation in the future. The results
yield insights into the conserved structure-function relationships
within the telomerase RNP in humans and permit us to discern
similarities and differences between the best-studied telomerase
RNAs of model organisms. We have identified seven specific lo-
cations where RNA connectivity is essential within the human
telomerase RNA. This knowledge could potentially be used as the
basis for designing antisense DNA oligonucleotides as telomerase-
targeting therapeutics for treating cancers (49), based on endoge-
nous RNase H cleavage at these sites, to inhibit the telomerase
aberrantly expressed in the vast majority of human cancer cells.
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