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RNA Conformation in Catalytically Active Human Telomerase
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Telomerase is the specialized reverse transcriptase responsible
for DNA synthesis at chromosomal termini.® The two core
components of human telomerase that are essential for catalytic
activity are human telomerase RNA (hTR)? and human telomerase
reverse transcriptase (WTERT).2 hTR contains the template for
reverse transcription and acts as a scaffold for assembly of the
telomerase holoenzyme. Two regions of the hTR primary sequence
that are conserved among vertebrates, CR2 and CR3, are predicted
to fold into a type of structure called a pseudoknot, in which the
single-stranded terminal loop of an RNA stem—loop is base-paired
with a single-stranded region elsewhere in the RNA molecule.* The
presence of a pseudoknot element in close proximity to the template,
within a template/pseudoknot domain, has been proposed as a
universal feature of telomerase RNAs from all species.® Conserva-
tion of this motif is suggestive of an important role in telomerase
function, and this has been supported by mutational analysis.®°
A minimal but nonfunctional model of the hTR pseudoknot, ~50
nucleotides in length and formed essentially from sequences CR2
and CR3 alone, doesfold into a pseudoknot.21°~*2 However, there
isalack of direct physical evidence to support the existence of a
pseudoknot in full-length wild-type (wt) telomerase RNA from
humans or any other species. Herein we provide biophysical
evidence to support the existence of a pseudoknot in full-length
hTR, but only as part of a cataytically competent telomerase
complex.

For our studies, we first synthesized a dual-labeled full-length
hTR construct, DL hTR, that was site-specifically modified with a
donor and an acceptor fluorophore suitable for Forster resonance
energy transfer (FRET) analysis specifically to report on pseudoknot
formation (Figure 1). In particular, formation of helix P3 and
therefore the hTR pseudoknot was predicted, on the basis of an
NMR structure of the minimal wt hTR pseudoknot and a molecular
model of the entire template/pseudoknot domain, to result in
formation of a high-FRET species (FRET efficiency close to 0.68)
(Figure 1&; for details of the interfluorophore distance calculation,
see the Supporting Information).*>* A scenario in which the hTR
pseudoknot was not present was predicted to result in formation of
alow- or zero-FRET species (Figure 1b). We assembled DL hTR
from three pieces of RNA; two were generated by runoff in vitro
transcription, and the third was produced by chemical synthesis.
DL hTR was prepared by enzymatic DNA-splinted RNA ligation
from three hTR fragments in one step (see the Supporting
Information).

Because of the low quantities of sample we were able to produce,
which precluded classical ensemble biophysical approaches, and
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Figure 1. Structure of DL hTR. The positions of fluorophores Alexa Fluor
488 (blue) and Alexa Fluor 594 (green) are indicated. (a) Overal secondary
structure. Helices P1—3 are labeled, and the pseudoknot is boxed. In this
case, the fluorophores are close enough to produce a high-FRET signal.
(b) Alternative hairpin conformation. In this case, a low- or zero-FRET
signd is expected. (c) Detailed view of the hTR pseudoknot. Conserved
regions CR1—3 and the pseudoknot stems and loops are labeled.

the potential for conformational heterogeneity, it was advantageous
to study DL hTR at the single-molecule level to establish the
conformation of the hTR template/pseudoknot domain. As aresult
of donor fluorophore photophysical effects, a peak centered at zero
FRET efficiency is ubiquitous in conventional single-pair FRET
experiments.* In order to avoid this zero-FRET peak and the
variations in detection efficiencies of populations with different
degrees of energy transfer, the technique known as two-color
coincidence detection with single excitation (TCCD-1lex) was
employed.*®> TCCD-1ex is based on an AND threshold and has
been shown to determine accurately the relative populations of
different FRET species. In this case, three independent measure-
ments involving two different RNA preparations were performed.
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Purified DL hTR in solution reproducibly displayed two popula
tions, centered around —1.50 and —0.25 on the TCCD scale (Figure
2a), which represent apparent FRET efficiencies of 0.18 and 0.44
after conversion to the conventional FRET scale (see the Supporting
Information). These two populations are consistent with two
extended conformations of the template/pseudoknot domain in
which a pseudoknot is not formed. Bulk analysis of the donor and
acceptor lifetimes in DL hTR showed that the FRET signals for
the two populations were due to genuine differences in energy
transfer efficiency from donor to acceptor, as opposed to quenching
effects caused by the fluorophore microenvironment (see the
Supporting Information).
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Figure 2. Representative examples of two-color coincidence detection
(TCCD) histograms for (a) DL hTR and (b) DL hTR-hTERT. The fitted
FRET subpopulations are shown.

We then expressed hTERT in the presence of the dual-labeled
hTR to assess the effect of DL hTR-hTERT complex formation
on RNA pseudoknot folding. The resulting complex was catalyti-
cally active (see the Supporting Information). DL hTR complexed
with hTERT was observed at the single-molecule level to establish
the conformation of the hTR template/pseudoknot domain in active
human telomerase. Three independent measurements were per-
formed. Two populations were observed at positions comparable
to those observed for DL hTR &aone (green and yellow Gaussian
peaks in Figure 2b), indicative of uncomplexed DL hTR. A third
population with ahigh FRET efficiency was observed around +0.73
on the TCCD scale (blue Gaussian peak in Figure 2b), indicative
of DL hTR-hTERT complex. The apparent FRET efficiency of
the third peak was 0.67, and this species formed on average 9.3 +
3.3% of the detectable population. The appearance of a high-FRET
population (FRET efficiency close to 0.68) indicated that assembly
with hTERT alters the conformation of hTR and is consistent with

formation of an RNA pseudoknot. However, we cannot rule out
the possibility that the new FRET population is due to an dternative
nonpseudoknot RNA conformation. The validity of the addition of
athird peak in the fitting was supported by a large decrease in the
reduced y? value as well as by F tests to compare fits of two versus
three Gaussian peaks. Both criteria showed that the best fit for the
DL hTR-hTERT sample was obtained using three peaks, whereas
the best fit for DL hTR in the absence of hTERT was obtained
with two peaks (see the Supporting Information). Additional bulk
FRET and time-resolved fluorescence data support the conclusion
that the differencesin DL hTR FRET efficiency arose from actual
differences in interfluorophore distance (see the Supporting Infor-
mation).

hTERT might induce hTR pseudoknot formation on binding, or
alternatively, hTR in solution might transiently adopt a pseudoknot
structure that may be bound and stabilized by hTERT. Therelatively
low proportion of DL hTR molecules exhibiting such high FRET
can be related to the relatively low efficiency of in vitro telomerase
reconstitution. Indeed, we have previously observed that after
purification, 12—15% hTR-hTERT complex is present with an
excess of uncomplexed hTR and hTERT molecules.*® The 9.3 +
3.3% size of the high-FRET subpopulation liesin the range expected
for the DL hTR-hTERT complex, considering that peaks of high
FRET efficiency are detected 40% less effectively than peaks in
the mid-FRET range.*®

These data provide the first direct physical evidence in support
of pseudoknot formation in full-length hTR. The study suggests
that the hTR pseudoknot is stable only when hTR is complexed
with hTERT to form a catalytically active telomerase ribonucleo-
protein.
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Supporting Information Available: General experimental protocols,
experimental details for the synthesisof DL hTR, experimental details
and data for the TRAP assay, details of the interfluorophore distance
calculation, and additional FRET data. This material is available free
of charge via the Internet at http://pubs.acs.org.
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