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Telomerase catalyzed synthesis of telomere DNA provides the foundation for DNA-protein

structures called telomeres. Telomeres are required to evade DNA processing which may

result in nucleolytic degradation and fusion of linear chromosomes. Human telomerase

contains a protein reverse transcriptase (hTERT), telomerase RNA (hTR), and several

additional proteins.[1] hTR provides the template sequence for hTERT during a novel

reverse transcription reaction that produces short telomere DNA repeat sequences.[2]

Additionally, hTR provides a flexible scaffold for the assembly and function of telomerase

associated proteins[3] and has recently been suggested to contribute to enzyme catalysis.[4]

Many pathogenic mutations have been mapped to hTR;[5] however the precise mechanisms

of these mutations remain unclear.

In vitro reconstitution of hTR with hTERT into a catalytically active enzyme requires two

separable RNA domains harboring several conserved structural motifs, including an RNA

pseudoknot (PK) fold.[5–10] NMR studies of wild-type and mutant minimal PK constructs

have revealed tertiary interactions in the folded pseudok-not that form a conserved triple

helix, as well as a partially folded hairpin.[10–15] Single molecule experiments have used

mechanical force to probe the folding/unfolding of a minimal PK construct[11], and a

modified two color coincidence detection assay (TCCD-lex) to reconstruct the distribution

of RNA conformations for a larger hTR PK domain construct in solution.[16] Due to the

large size of the native hTR PK domain, analyses of its folding properties have thus far been

largely limited to truncated variants of the natural RNA sequence. To circumvent this
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challenge we employ a single molecule Förster resonance energy transfer (smFRET)

assay,[17] which measures the efficiency of excitation energy transfer between a donor (Cy3)

and acceptor (Cy5) dye, to analyze the folding and dynamics of the minimal and a larger

functional hTR PK domain. Using a combination of smFRET together with high resolution

NMR measurements, we have dissected the contribution of Mg2+, RNA triplex formation,

and the native hTR sequence to PK domain folding and stability.

We initially designed a minimal hTR PK construct (minPKWT) similar to the hTR fragments

used in previously reported NMR studies (Figure 1a).[13] FRET-labeled minPKWT was

annealed to a biotinylated DNA handle, surface immobilized on a streptavidin coated

microscope slide, and imaged using prism-type TIRF microscopy. The minPKWT with U92-

Cy3 and U184-Cy5 modifications yielded a dominant RNA population centered at FRET =

0.45 (Figure 1b), a value consistent with the analogous NMR structure (Supplementary

Figure 1).[13] We then altered the position of the donor Cy3 dye to U105, which shifts the

FRET distribution to a higher value as predicted for the folded minPKWT (FRET = 0.87,

Figure 1c). Taken together with additional control experiments (Supplementary Figure 2),

these results demonstrate the smFRET system accurately reports on the folding of

minPKWT.

Next, we analyzed the impact of Mg2+ ions on minPKWT folding and dynamics. The

dominant FRET distribution in the absence of Mg2+ centered on FRET = 0.44. However,

close inspection of the time traces revealed rapid structural dynamics in the absence of Mg2+

between the PK fold and an alternative high FRET conformation in the majority (56%,

n=312) of molecules (Figure 2b and Supplementary Figure 3). These structural dynamics are

consistent with a transient sampling of the previously reported P2 hairpin.[13] In contrast,

addition of 1 mM Mg2+ suppressed these structural dynamics completely at the time

resolution of our measurements (Figure 2a, right panel and Supplementary Figure 4). We

next analyzed the structural impact of the pathogenic GC(107-108)AG mutation that is

genetically linked to the blood disorder Dyskeratosis Congenita (DKC).[19] In the absence of

Mg2+, the minimal hTRDKC PK domain (minPKDKC) yielded a FRET distribution for the

PK fold (FRET = 0.50) as well as multiple alternative conformations (FRET = 0.62 and

0.75, Figure 2c, left panel), in accord with the significant destabilization of the native PK

fold expected for these mutations.[13–15] Introduction of a compensatory GA(182-183)CU

mutation that rescues the Watson-Crick basepairs affected by the DKC mutant largely

recovered the FRET distribution for the native PK fold in the presence or absence of Mg2+

(Supplementary Figure 5). Surprisingly, addition of 1 mM Mg2+ completely suppressed the

DKC mutant folding defect (Figure 2c, right panel). Analysis of single molecule trajectories

in the absence of Mg2+ revealed very slow structural dynamics for minPKDKC between the

PK fold and alternative conformations in the majority (64%, n=214) of molecules (Figure 2d

and Supplementary Figure 3). Importantly, the occurrence of alternative conformations in

our experiments was not dependent on the presence or absence of Mg2+ during the initial

folding of the RNA (Supplementary Figure 6).

In previous work, the K. lactis PK was reported to require Mg2+ for compaction into the

conserved triplex structure,[20] similar to DNA triplexes.[21] However, triplex formation in

the hTR PK cannot strictly require Mg2+ since the structure that identified the tertiary

interactions was solved in the absence of Mg2+.[13] This structure revealed an H-type

pseudoknot with P2 and P3 stems stabilized by tertiary interactions with the two loops to

form a central triplex containing five base triples flanking a junction A173-U99 Hoogsteen

basepair.[13] Our smFRET approach does not permit differentiation between a PK lacking

tertiary interactions and a PK plus triplex structure. Therefore, we investigated the folding of

a PK with UU(99-100)CC substitutions (minPKC99C100), which disrupt the tertiary
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interactions by abolishing the junction base pair and one base triple but would still in

principle allow the P2 and P3 stems to form.[14, 22]

In the absence of Mg2+, FRET distributions generated with minPKC99C100 centered on a

value consistent with a folded PK (FRET = 0.48) (Figure 3a, left panel). Indeed, NMR

experiments with a similar construct bearing the UU(99-100)CC mutant in the absence of

Mg2+ indicated that the P2 and P3 stems are partially formed, but the tertiary triplex

interactions are disrupted (Supplementary Figure 7). In striking contrast, FRET distributions

of minPKC99C100 in the presence of 1 mM Mg2+ shifted to a substantially higher FRET

value (FRET = 0.69) (Figure 3a, right panel, and Supplementary Figure 8), indicative of an

alternative RNA conformation.

Taken together, these experiments reveal that both minPKWT and minPKDKC exhibit

structural dynamics in the absence of Mg2+, albeit with markedly different kinetics (Figure

3b, left panel): minPKWT is predominantly in the PK state, but transiently samples an

alternative conformation (AC). Note, the structure drawn for AC is not intended to represent

the actual conformation and is based upon secondary structure calculations (Supplementary

Figure 9). In contrast, minPKDKC shows a significantly destabilized PK fold and exhibits

structural inter-conversion with AC on much slower time scales, as indicated by a

significantly higher energy transition state. The stability of the PK fold for minPKC99C100 is

very similar to minPKWT (Supplementary Figure 8). In the presence of 1 mM Mg2+ (Figure

3b, right panel), both minPKWT and minPKDKC are stabilized in the PK fold. In contrast,

minPKC99C100 is stabilized in the AC. Moreover, near physiological Mg2+ levels stabilize

both minPKWT and minPKDKC folding into the PK structure, raising the question of how the

pathogenic DKC mutation disrupts telomerase activity in vivo. Lastly, experiments with

minPKC99C100 demonstrate that destabilization of the RNA triplex increases the probability

of the minimal PK domain to become misfolded under physiological conditions.

A powerful attribute of smFRET is the ability to analyze RNA folding within the larger

native hTR PK domain. Using DNA-splinted RNA ligation, we generated a smFRET

construct comprising hTR nucleotides 39-201 with U92-Cy3 and U184-Cy5 modifications

(Figure 4a and Supplementary Figure 10). This nearly full-length hTR PK WT domain

(fullPKWT) can be reconstituted with the CR4/CR5 RNA domain and hTERT protein in

rabbit reticulocyte lysates to produce catalytically active telomerase enzyme.[23] When

compared to an in vitro transcribed fullPKWT, the smFRET fullPKWT supported ~60% of

wild type levels of catalytic activity and showed a slight reduction in repeat addition

processivity (Supplementary Figure 11).

In the absence of Mg2+, we observed a dominant misfolded population of RNA molecules

centered on FRET = 0.1 and no detectable folding of fullPKWT, as evidenced by the absence

of a population centered at FRET ≈ 0.5 (Figure 4b). This result contrasts with our

observations of minPKWT folding in the absence of Mg2+ (Figure 2a) and reveals the

folding requirements for fullPKWT are more stringent, as expected for a larger RNA.

Interestingly, in a near physiological buffer (1 mM Mg2+) ~50% of the fullPKWT molecules

fold into a conformation consistent with a folded PK domain (FRET = 0.48) (Figure 4b and

Supplementary Figure 12). To further validate the designation of the 0.48 FRET state as the

folded fullPKWT, we measured the FRET distribution for a fullPKWT construct containing

the GC(107-108)AG DKC mutation (fullPKDKC). Interestingly, whereas small amounts of

Mg2+ were sufficient to rescue the folding defects of minPKDKC, we observed no PK

domain folding for fullPKDKC in the near physiological buffer (1 mM Mg2+) (Figure 4c).

Moreover, whereas the fraction of folded fullPKWT molecules continued to increase at

elevated Mg2+ concentrations (Figure 4d), only 20% of fullPKDKC folded into a PK

conformation at the highest Mg2+ tested (100 mM Mg2+). Taken together, these results
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support the assignment of the 0.48 FRET state to the native PK fold and reveal that within

the context of the fullPKDKC, physiological levels of Mg2+ are not sufficient to suppress the

folding defects incurred by the GC(107-108)AG DKC mutation, suggesting that the

pathogenic phenotype observed for this mutation is due to an RNA folding defect

(Supplementary Figure 13).

In summary, our results directly demonstrate the hTR PK domain has the intrinsic ability to

form alternative conformations distinct from the native pseudoknot fold. Experiments with

the minPK suggest a model for PK domain folding, wherein the P2 and P3 stems of the hTR

PK form in a Mg2+-independent manner together with a Mg2+-induced stabilization of

tertiary triplex interactions. The unique capability of smFRET to probe fullPK folding

exposed for the first time the extreme ruggedness of the hTR folding landscape, and

highlights the potentially critical importance of Mg2+ in stabilizing the native PK fold.

Moreover, the inability of the fullPKDKC construct to fold under near physiological

conditions provides unique insights into the structural basis of this pathogenic RNA

mutation. Recent experiments analyzing the folding of the RNA pseudoknot in Tetrahymena

thermophila telomerase RNA demonstrated a requirement for telomerase proteins to achieve

the native pseudoknot fold.[24] The propensity of the hTR PK domain to fold under near

physiological conditions reported here highlights an important difference in the intrinsic

stabilities of the human and Tetrahymena RNA pseudoknot domains.[16] Finally, the system

established in this study will provide an essential experimental framework for future

investigation of hTR PK structure and dynamics within the functional telomerase

ribonucleoprotein complex.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design and validation of a minimal hTR pseudoknot smFRET construct. a) Schematic

diagram of smFRET minPK construct. Nucleotide numbering corresponds to the native full-

length hTR sequence. b) FRET distribution for minPKWT (U92-Cy3/U184-Cy5). c) FRET

distribution for minPKWT (U105-Cy3/U184-Cy5). Data in (b) and (c) were acquired in the

presence of telomerase imaging buffer containing 1 mM Mg2+.
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Figure 2.
Mg2+-dependent folding and dynamics of minimal hTR pseudoknot domain. a) FRET

distribution for minPKWT in the absence (left panel) or presence (right panel) of 1 mM

Mg2+. b) Representative single molecule FRET trace of minPKWT in the absence of Mg2+.

The abrupt loss of signal intensity at the end of the trace is due to photobleaching of the dye.

Hidden Markov Modeling (HMM)[18] of the FRET trajectories yielded idealized state traces

(magenta) which were used to calculate transition rates between observed FRET states

(Supplementary Figure 3). c) FRET distribution for minPK DKC in the absence (left panel)

or presence (right panel) of 1mM Mg2+. d) Representative single molecule trace of

minPKDKC in the absence of Mg2+.
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Figure 3.
a) FRET distribution for minPKC99C100 in the absence (left panel) or presence (right panel)

of 1 mM Mg2+. b) Schematic energy landscapes. AC: alternative conformation, PK:

pseudoknot fold, ++: transition state. Mg2+-dependent folding and dynamics of minimal

hTR pseudoknot domain. Dashed lines represent states not directly detected in our

experiments.
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Figure 4.
Mg2+-dependent folding of the nearly full-length hTR PK domain. a) Schematic illustration

of the fullPKWT smFRET construct sequence with FRET dye attachments and DNA handle

attached as described for the minPK WT. b) FRET distributions for fullPKWT as a function

of [Mg2+].c) FRET distributions for the fullPKDKC as a function of [Mg2+]. d)

Quantification of pseudoknot formation at varying Mg2+ concentrations. The fraction of

fullPKWT (blue) or fullPKDKC (red) exhibiting PK folding. Error bars represent the standard

deviation of experiments done in triplicate.
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