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ABSTRACT. Telomerase is the ribonucleoprotein reverse transcriptase involved in the maintenance of the
telomeres, the termini of eukaryotic chromosomes. The RNA component of human telomerase (hTR)
consists of 451 nucleotides with theHalf folding into a highly conserved catalytic core comprising the
template region and an adjacent pseudoknot domain (nucleotic@8). While the secondary structure

of hTR is established, there is little understanding of its three-dimensional (3D) architecture. Here, we
have used fluorescence resonance energy transfer (FRET) between fluorescently labelled peptide nucleic
acids, hybridized to defined single stranded regions of full length hTR, to evaluate long-range distances.
Using molecular modeling, the distance constraints derived by FRET were subsequently used, together
with the known secondary structure, to generate a 3D model of the catalytic core of hTR. An overlay of
a large set of models generated has provided a low-resolution structure8(6.8) that can readily be
refined as new structural information becomes available. A notable feature of the modeled structure is the
positioning of the template adjacent to the pseudoknot, which brings a number of conserved nucleotides
close in space.

Telomerase is the DNA polymerase responsible for the
maintenance of the telomeres, the nucleoprotein structures
that cap the ends of eukaryotic linear chromosomes. The
telomerase enzyme complex is a ribonucleoprotein that
minimally comprises an RNA component and a reverse
transcriptase protein componeit ).

The secondary structure of the 451 nucleotide human
telomerase RNA (hTR) has been established on the basis of
phylogenetic and biochemical footprinting analyses (Figure
1) (3, 4). Although there is considerable variability in the
sequence and length of telomerase RNAs across species,
there are numerous structural features that appear to be
conserved§, 6). Mutagenesis analyses have demonstrated
that the domain-spanning nucleotides2D8 of hTR are J2ai3 PSeudoknot
critical for catalytic activity 7), whereas the remaining RNA ~ PNAS o
(nt 209-451) is considered to be primarily involved in ‘\\%}r
protein—RNA interactions (CR4-CR5) and biogenesis of TN
hTR in vivo (box H/ACA domain) 8, 9). The template
region of the RNA comprises a short sequence complemen-
tary to the telomeric repeat and serves a catalytic role
directing the sequence of newly synthesised telomeric repeats
(10). The P1la and P1b helices are formed by long-range base-
pairing interactions that enclose the template and pseudoknot.

In particular, helix P1b is responsible for defining the 5 Ficure 1: Secondary structure of human telomerase RNA (hTR)
(adapted from refs 3 and 8 @nd4)). The underlined sequence

CR4-CR5

H/ACA box
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helices P2al and P2a present in hTR appear not to beNH,-CCCTCCGCAACCC-LysPNAL), NH,-CAGTTAGGG-
conserved. Functional analysis of the pseudoknot, andTTAG-Lys (PNA2), and NH-AATGAACGGTGGA-Lys
mutated derivatives, has demonstrated that stable base pairin¢PNA3), each of which was unique for its respective target
within a static P3 helix is a critical requiremerit?). It has site with no potential secondary binding site with either full
been proposed that both the pseudoknot and templatecomplementarity or a single mismatch.
elements are recognized by the hTERT protein component Fluorescence MeasurementSteady-state fluorescence
(5). emission spectra were collected at°@ on an Amico

It has been showin vzitro that hTR has the ability to ~Bowman Series 2 spectrofluorometer (Amico) using a 10
dimerizevia RNA interaction sites that include the P3 helix mm optical path quartz fluorescence cell (Hellma). Emission
(13), the P1 helix {4), and the J7b/8a loopl§, 16). spectra were collected between 510 and 700 nm unless
Complementation studies suggest that an hTR dimer mayotherwise stated wita 5 nmmonochromator slit width for
be functionally relevant in the telomerase compl&g, (L4). both the excitation and emission. Excitation wavelengths
However, there is no direct structural evidence for the hTR were 498 and 560 nm for fluorescein and TMR, respectively.
dimer in the telomerase complex. It has been observed thatThe absorbance of all solutions was below 0.015 at the
Tetrahymenaelomerase can function as a monome¥)( excitation wavelengths.
Suggesting that RNA dimer formation is not a genera| Determination of Dissociation ConstantBissociation
functional requirement for the telomerase mechanism. constants K4 were determined by incubating a fixed

Elucidation of the three-dimensional (3D) structure of hTR concentration of hTR (10 nM) Wlth. increasing concentrations
is an important step toward improving our understanding of ©f 1abeled PNA from 0.05 to @M in phosphate buffer (10
human telomerase. Approaches for the analysis of the globalmM Sodium phosphate (pH 7.0), 100 mM NaCl, and 1 mM
architecture of large RNA molecules are challenging. High- M9Cl). Following incubation at 20C for 12 h, excess PNA
resolution structure determination of large hTR components W&s removed by gel filtration using MicroSpin S-400 HR
by either X-ray crystallography or NMR spectroscopy has polumn_s (Amersham B|050|ences). E-mISSIOI’]. spectra were
thus far been elusive. However, detailed structures of smallimmediately recorded and the emission maxima measured

fragments of hTR have been determined by NMR spectros- & 925 nm or 585 nm for the fluorescein- and TMR-labeled

copy (L8—22). In this study, we developed and exploited a hTR complexe_s, respectively. Binding curves were obtained
methodology based on labeled hybridization probes and2nd the data fitted to eq 1

fluorescence resonance energy transfer (FRET) to map long- .

range distances within nucleotides 208 of full-length hTR 0 = [PNAJ/(K, + [PNA]) @)
in its monomeric state. These data were used in conjunction
with known constraints from the secondary structure to

generate a 3D structural model of the catalytic core of hTR.

This study reveals insights into the global architecture of

hTR and provides a basis for understanding the spatial
relationships between the folded elements of the RNA.

where 6 represents the fractional saturation of hTR (i.e.,
fraction of hTR bound to PNA), and [PNA] denotes the PNA
concentrationf and [PNA] were inputs to the nonlinear
regression, whered§; was an unconstrained output.

FRET ExperimenthTR (0.54M) was mixed with a 10-
fold molar excess of fluorescein-labeled PNA in phosphate

and 1 mM MgC}) followed by the addition of the second

RNA PreparationFull-length telomerase RNA was pre- unlabeled or TMR-labeled PNA (10-fold molar excess).
pared from BamHlI linearized pUC18-hH#H plasmid, which Following incubation at 20C for 12 h, the labeled hTR
carries hTR cDNA immediately downstream from the T7 complex was separated from excess PNA using the Mi-
promoter £3). hTR was denatured at FC for 5 min and croSpin S-400 HR columns and the fluorescence emission
snap-cooled on ice before use to minimize multimerization, spectrum immediately recorded as described above. The
as reported by others for the study of RNA structure in HIV-1 efficiency of energy transferE) was determined by the
(24) and telomerase€lg, 19). The integrity and purity of the  quenching of the donor fluorescence emission using the
transcripts was determined by agarose gel electrophoresidollowing equation 26, 27):
and staining with ethidium bromide.

PNA Synthesis and LabelinBNA oligomers were pre- E=1—(lpa/lp) (2)
pared by standard Fmoc metho@$§)(and singly labeled by . _ .
coupling withN-hydroxy succinimidy! esters of fluorescein wherelpa and_ID are the integrated fluorescence intensities
(FI) or tetramethyl-rhodamine (TMR) to either theamino of the QOnor in the presence and absence of thg acceptor,
group of aC-terminal lysine residue or directly to the 'eSpectively (integration of 10 nm around the maxima was
N-terminus of the PNAC-terminal labeling was achieved ~applied). The interfluorophore distande) (was then calcu-

on TGA resin preloaded with Fmoc-Lys(Mtt)-OH amino acid ated from

(Novabiochem) after the removal of the Mtt protecting group 16

in DCM/TFA/TIS (97:1:2). N-terminal labeling was per- R=R,(1IE—-1) (3)
formed on TGA resin preloaded with Fmoc-Lys(Boc)-OH . . . ) )

following PNA synthesis and removal of the terminal Fmoc WhereRy is the Faster critical distance at which the energy
group. HPLC purified PNAs were characterized by electro- transferk is 50% @6). R, was determined for each FRET
spray mass spectrometry, and the labeling exter@500) pair using

was verified by absorption measurements at 260, 498, and 40 16

560 nm. Sequences of the PNA hybridization probes were Ry=9.79 16 (n *°ppJpa) ' (in A) (4)
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where is the_refraCti\_/e indeX_Of the medium (1.33 for Table 1: Binding Affinities of PNA Probes for Native hTR
aqueous solutions)x? is the dipolar orientation factor

assumed to be 2/3 on the basis of the random tumbling of PNA target region Ka (NM)*
the fluorophoresgp is the quantum yield of the donor in Emi fe'rﬁgldagt(rﬁi?%) iggi 52-,8
the absence of acceptor, adgh is the spectral overlap PNA3 loop J2a/3 (nt 146 158) 5804 35

integral between the donor emission and acceptor absorption — . —
aDissociation constant&) were determined by fluorimetric titration

and was calculated as described previough @9). using PNA1nFl, PNA2nTMR, and PNA3nFI (see Experimental
Computer ModelingModeling was performed using the  Procedures for details). A typical data set is shownAdA2nTMR
molecular dynamics program CNS v1.20]. The initial in Supporting InformationKy values represent the mean of at least
tertiary model was interactively built from elementary WO independent experiments.
constituents, including helices, bulges, and loops, based on
the secondary structure previously publishgdy. Canonical long-range distance information between distal parts within
A-form RNA helices were used for the duplex regions, the core structure (nt 1 to 208) of full-length hTR (451 nt).
whereas the remaining elements were derived from similar The application of FRET requires the presence of a donor
RNA motifs present in the Structural Classification of RNA and an acceptor fluorophore in defined locations within the
(SCOR) database3(). On the basis of the structural structure. Although there are established strategies for directly
similarities between PNA/RNA and RNA/RNA duplexes, incorporating labels into small nucleic acid fragments, dual-
PNA probes were modeled as RN3Jj. All elements were  labeling of the RNA component of human telomerase
manipulated and subsequently assembled into a 3D structure@epresented a considerable challenge. DNA-hybridization
with QUANTA (Accelrys) and XFit 83). Simulated anneal-  probes have been previously employed in cross-linking
ing and energy minimization were performed with restraints studies to investigate the structure of large RNAs such as
of secondary structure, including hydrogen-bonding, base pairthe ribosome40, 41). We have adapted this approach and
and nucleobase planarity and dihedral angle restraints ( used fluorescently labelled 13mer peptide nucleic acids
B.v. 90, €, & andy) derived from the Nucleic Acid Database (PNA) as site-specific probes of hTR. More precisely, we
(34). utilized pairs of singly labelled PNA probes comprising a
In addition, the models were required to satisfy the donor (fluorescein) and acceptor (TMR). Each pair of probes
constraints of the experimentally determined FRET distances.was complementary to specific single stranded regions of
Additional end-to-end restraints were also used to enforce TR, enabling the FRET efficiency to be measured and the
A-form conformation of the helices during simulated an- associated distances to be determined.

nealing. The structures were calculated starting from ran- Design and Binding Characteristics of PNA Prob&he
domized conformations of the secondary structures, andpnAs were designed to target regions of hTR known to be
following standard CNS protocols for simulated annealing. single stranded from phylogenetic and biochemical mapping
The structures were ranked by lowest energy and the topanalyses 3, 4) and also shown to be accessible for
5% (i.e., 45 models), lacking major distanced(5 A) and  hybridization #2). The target regions were the extrenie 5
dihedral violations £ 5°), were selected as members of the eng of hTR (nt +13; targeted byPNA1), the template
final ensemble. These structures were then refined furtheryegion, adjacent nucleotides (nt-486; targeted bPNA2),
using the CHARMm forcefield, superimposed, and classified anq the pseudoknot loop J2a/3 (nt +4658; targeted by

to indicate the average position of helix axes in the global pNA3) (Figure 1). The PNAs were each synthesized and
structure. The resulting models were subjected to a final singly labeled at th€- or N-terminus with either fluorescein
refinement using the energey minimization with CNS t0 (gonor) or TMR (acceptor) fluorophores (Materials and
ensure correct geometry and stereochemistry. ldealizedyethods). We used PNA oligomers in this study owing to
geometric cylinders were fitted to the hTR secondary their superior hybridization affinity and sequence specificity
structures, and the RMSD of cluster midpoints were calcu- ygative to DNA @3, 44). The convention adopted here to
lated from the coordinates with Mathematica routines. Thesedesignate a particular PNA probe is based on the region
cylinders were displayed directly using PyMOL (http:// targeted plus the identity and point of attachmeit or
pymol.sourceforge.net), whereas representations of the mOdebterminus) of the fluorophore. For exampRINA2nTMR

backbone and basepairs were produced by the nuccyl scriptefers to the PNA complementary to the template domain
(http://www.biosci.ki.se/groups/ljo/software/nuccyl.html) be- 54 |apeled at thal-terminus with TMR.

fore display with PyMOL. The coordinate and restraints files
used to generate the final model is available from the Nucleic

The thermal stability of the PNA hybridization probes were

: . first investigated by UV-melting experiments with comple-
Acid Databased4) (entry id 2INA). mentary DNA, which indicated high thermal stability{
RESULTS AND DISCUSSION > 65 °C) for all PNA/DNA heteroduplexes with little

stabilization/destabilization effect from the fluorophores

Experimental DesigrFRET has been used in many fields (Supporting Information). The affinity of the PNA probes
of structural biophysics as a molecular ruler. The technique for native hTR was subsequently determined by fluorescence
is well suited to determine distances in the-1M0 A range titration of labeled PNA with hTR, whereby the hFRNA
and has been used extensively to investigate the folding ofcomplex was separated and quantitated for fluorescence
various complex RNA structures3%—38). In particular, (Materials and Methods). Our results indicated dissociation
FRET measurements have been combined with molecularconstantsiq) no higher than 300 nM (Table 1), suggesting
modeling to generate global structures of biological macro- that the PNAs have high binding affinities for their respective
molecules 89). In this study, we used FRET to determine targets.
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350 -
5 . — FI/TMR labeled TR Table 2: Energy Transfer and Distance Measurements
< o1 7N — — —Fllabeled hTR FRET pair 5 Ro (A)? R(A)2
%‘ 250 1 ,’ N unlabeled hTR PNA2nTMR/PNA3nFlI  0.61+ 0.07 61.3 56.9: 2.3
C PNA2nTMR/PNA3CcFI 0.73+0.04 61.4 52.6t 1.6
% 2001 PNA2nTMR/PNA1cFl  0.70+ 0.03 59.9 5174 1.2
© PNA2NnTMR/PNA1nFI 0.76+ 0.02 60.8 50.2- 1.0
S 1501 PNA2cTMR/PNA3NFI 0.49+ 0.03 61.3 61412
o PNALNTMR/PNA3NnFI 0.76+£ 0.01 61.3 50.6: 0.6
@ 1001 PNA1InTMR/PNA3cFI  0.64+0.01 61.4 55.8: 0.2
§ - PNA1cTMR/PNA3NnFI 0.50+ 0.05 61.3 61.3:1.8
T a Energy transfer efficiencie€}, Forster distancesRp), and inter-
0 fluorophore distance$j were determined as described in Experimental
500 Procedures. Averages were derived from at least two independent

Wavelength (nm) experiments.

Ficure 2: Fluorescence data for a typical FRET experiment using ; o
the PNA2nTMR/PNA3cFI molecular pair. The emission spectra (F)’fN,tAhZe T?\;l:;eptor probe. Ibn this c%se, 62}; a?jdlm.)n 0]]:
are as follows: fluorescein- and TMR-labeled hTR (donor-acceptor n (acceptor probe) caused a 65% reduction o

solid line) and fluorescein-labeled hTR (donor only, broken line). fluorescein fluorescence, with the concomitant increase in
The blank measurement (unlabeled hTR, dashed line) was usedTMR acceptor fluorescence, confirming the occurrence of
for background correction. Transfer efficiency valu& vere FRET. Similar experiments were performed for a series of
calculated using eq 2. FRET pairs and the energy transfer efficiendy) (was

It has been reported that hTR has a capacity to form dimersdetermined using eq 2 (Table 2). The interfluorophore
(13—16). This was an important issue for consideration in distancesR) were subsequently calculated for each FRET
FRET studies because it would complicate the interpretation pair using eq 3 (Table 2R, values were determined for
of data resulting from two pairs of FRET probes in a dimeric each donor/acceptor pair from eq 4 (Table 2), assuming for
RNA—RNA system. Our preparation of dual-labeled hTR all cases, a value af = 2/3 based on the low fluorescence
was predominantly monomeric, with very low levets1(0%) anisotropy f) (r < 0.15; data not shown), indicating free
of dimeric species, as judged by nondenaturing gel electro-rotational mobility of all of the fluorophores during the
phoresis (Supporting Information). We have also consideredlifetime of the excited state4{). Such an assumption has
the possibility of perturbation in the RNA structure induced been previously validated in a variety of experimental
by the PNA probes. However, previous studies have indicatedsystemsZ8). The calculated values & are also consistent
that hybridization ofPNA1 or PNA3 to hTR (pre and with reported values for the FI/TMR molecular padi( 49).
postassembly with hTERT) does not significantly alter the  hTR Modeling and Energy MinimizatioWe were inter-
catalytic activity of human telomeraséd), suggesting that  ested to know whether a molecular model could be con-
RNA retains its native conformation and can associate with structed that would satisfy the FRET measurements along
hTERT to produce a functional complex. Furthermore, the with the known secondary structure of hTR, without geo-
target site foPNAZ2 is the natural DNA substrate hybridiza- metrical violations or steric clashes. The overall strategy for
tion site, which must accommodate hybridization within a the modeling of hTR was as follows (see flow diagram in
functional, folded structure. To provide further support, we Figure 5, Supporting Information). The core structure of hTR
employed circular dichroism spectroscopy, which has beenwas first divided into elementary motifs, helices, internal
used extensively to characterize the tertiary folding of loops, and bulges. These elements were subsequently as-
complex RNA molecules4, 46). The circular dichroism  sembled, where appropriate, using similar examples from the
spectra we recorded for hTR and htRNA complexes, SCOR database() to generate an initial tertiary model of
respectively, were identical within experimental uncertainty the RNA. Structural constraints derived from both the FRET
limits (Supporting Information), which also supports a near analysis and the secondary structure were imposed by
native global structure for the preparation of monomeric hTR. applying a series of distances, bonds, angles, and torsional
Although we cannot rule out minor disturbances in the restraints. These were applied to a series of randomly
structure, our data, combined with the studies of othé2} ( generated starting conformations of secondary structure
suggests that there are no significant changes in the globalelements by simulated annealing using CNS. If no structural
structure of hTR upon hybridization with the PNAs. information was available about a nucleotide, it was defined

FRET AnalysisFRET is the process by which excited- as being in a free conformation, constrained only by its
state energy is transferred nonradiatively from the donor primary structure. The same strategy was used for internal
(fluorescein) to the acceptor (TMR) chromophore. This loops and bulges. Following energy minimization, the
process produces a decrease in the donor fluorescenceesulting structures were ranked by lowest energy and the
emission that can be readily measurdd)( hTR (0.5uM) top 5% (45 structures), which satisfied all of the input
was incubated with 10-fold molar excess of both the restraints including the FRET-derived distance constraints,
fluorescein and TMR-labeled PNAs. Following incubation, were selected for the structural analysis.
the dual-labeled hTR complex was purified by size-exclusion At the current level of resolution, the molecular modeling
chromatography, and the fluorescence spectra were im-results are most usefully compared in the context of helix
mediately recorded (details in Materials and Methods). Figure spatial arrangement and distribution. In order to assess the
2 shows typical data from a FRET experiment, using the degree of structural convergence of the models generated,
PNA2nTMR/PNA3cFI pair, revealing the associated changes they were superimposed, maximizing overlap of the helices
in fluorescein emission observed in the presence or absencgPla/b, P2al, P2a/b, and P3). Sets of structures were then
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modeling the PNA/RNA region are likely to have resulted
from the inherent flexibility and higher degree of freedom
of adjacent single-stranded linkers during the refinement
protocol.

Although the structural core of the models is conserved
from cluster | to cluster Il, there is a difference in the position
of the template/PNA2 element relative to the pseudoknot
(Figure 3a vs Supporting Information, Figure 6). In cluster
I, the template is more buried in the structure, close to the
P1b P3 interface. Steric hindrance in this region appeared
to be the cause of a generally higher energy of cluster Il
models. On the basis of the significant degree of similarity
in the positioning of helices within the clusters, we then
selected the lowest energy model of cluster | for further
refinement. The structure was subjected to two separate
rounds of energy minimization (each with 200 iterations),
which included electrostatic terms using the CHARMmM
energy fields. This produced a final structure (Figure 4),
which had no experimental restraints violation or van der
Waals clashes, and exhibited an average RMSD from ideal
geometries for the bonds and angles no greater than 0.003
A and 0.83, respectively. The final structure had an RMSD
from the original annealed model of 0.51 A and a calculated
free energy value of-2059 kcal/mol. Although this favorable
energy calculation does not in itself validate the model, it
strongly precludes the possibility of a structure that could
never form under normal conditions.

Comparison with the Pseudoknot NMR Structidaring

Pla Plb P3 P2b P2a P2al the preparation of this manusqript, the solution structure of
a 47 nt pseudoknot model derived from hTR was solved by
_ - o _ NMR (22). The construct used for that study suggested
Ficure 3: Superimposition of RNA helices in lowest energy refined functionally important tertiary interactions between loop

models. (a) Superimposition of helices of the catalytic core of . .
human telomerase RNA (cluster I, 21 models). For clarity, the J2b/3 and the major groove of helix P3, and between loop

helical elements are displayed as cylinders of appropriate lengthJ2&/3 and the minor groove of helix P222|. We found

but with diameter 50% that of an A-form RNA helix width. (b) that the pseudoknot structure predicted by our modeling
Variation in the position of helices between the superimposed compared favorably to that derived by NMR. The backbone
structures of cluster I. The variation is expressed as the mean RMSDRMSD between the two structures was calculated to be

(<RMSD>) in the position of a particular helix midpoint relative L .
to the corresponding helix in the lowest energx structure. The 5-8 At which is within the resolution of our model (65
)

average of the RMSD values for all helices (6.5 A) is represented 8.0 A) and provides some independent validation for our
by the dotted line. P2b was actually fitted to two helical segments study. Subsequently, we have further refined our working
whose displacements were averaged for presentation in this graphmodel to take account of the additional interactions described
. . » ) ) in the NMR structure. The refinement involved the single-
defined on the basis of both the positions and orientations stranded poly U sequence in loop J2b/3 (nt-292) and
of these helices and the PNA/RNA heterodup_lexes. Two setspoly A in loop J2a/3 (nt 174173), being repositioned into
of structures (clusters | and II), encompassing 75% of the the groove of the structure to form the base triplex interac-
ensemble emerged from this classification. The resulting tjons described by Feigon and co-workers (Figure;
superimposition for structures in cluster | (the most populated The packbone RMSD between the refined model of the
with 21 coordinate sets) is shown in Figure 3a. For clarity, pseudoknot and the NMR structure was calculated to be
the models are depicted as a collection of geometric 55 A1 This refinement resulted in the same overall topology
cylinders, each representing helices Pla/b, P2al, P2a/b, Opf the catalytic core of hTR and suggests that our model
P3 as indicated. The overlay revealed a consistent spatialcan accommodate further refinement as new structural
arrangement of the structural elements with a mean root-jnformation becomes available.
mean-square deviation (RMSD) value for the positions of  Foatires of hTR Core Architecturdhe final model

helix midpoints of 6.5 A (Figure 3b). Comparison of all  yerived from the combination of experimental FRET distance
structures, from clusters | and Il, revealed a slightly broader .,nstraints and modeling predicts several noteworthy fea-
distribution and angllg\lar displacement of the core helices o5 The FRET restraints produce hTR models with regions
(mean RMSD of 8.0 A). The global architecture and spatial ot onen structure. This is in part due to helices P1 and P2al
arrangement of core helices for both clusters was, however,
similar (Supporting Information, Figures 6 and 7). Positions " The RMSD caloulat . P eotidos 921 and

H _ e calculation was perrormea on nuc eotides an
of the helices formed byPNA1-3 and complementary 171-183 of hTR and excluded the loop containing nucleotides-122

sequences exhibited higher RMSD values _(13_A) compared 79, which are not native to hTR, and was a particular feature of the
with those of the core elements. This variation in the helices RNA used in the NMR studies.

—_
O
~—

< RMSD > (A)

Helix
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Ficure 4: Schematic representation of lowest energy model. (a) Refined 3D molecular model of nuclee@&sof human telomerase

RNA. The RNA backbones are represented as ribbons colored gray for linkers and PNA or distinctive colors for each helix. Base positions
in helices are indicated schematically by single colored sticks positioned by the nuccyl program. Nucleotides invariant among all vertebrates
are shown as red spheres. The green sphere corresponds to the position' efth@f3the RNA representing PNA2 and, thus, therd

of the DNA primer immediately after a repeat addition but prior to translocation. (b) Alternative view of structure afteroga®0n about

the vertical axis.

the RNA structure is typically more compact. A potential
explanation is the requirement for telomerase RNA to
accommodate the large catalytic subunit protein TERT and
also serve as a scaffold for numerous other associated
proteins b1). In this respect, the openness of the structure
may enhance RNA accessibility and facilitate assembly and
maturation of the telomerase holoenzyme complex. Another
outcome of the FRET measurements is the requirement for
the B end of the J2a/3 loop (and stem of helix P2al) to be
near to the P1 helix, contrary to the perspective given by
the conventional extended 2D map of hTR. This appears to
be accommodated by the acute bend (approximatety 70
between helices P2a and P2b induced by the asymmetry in
the intervening bulge, which comprises 2 nt on one side and
7 nt on the other. The structure also reveals that bending
angles between other pairs of helices help satisfy the FRET
distance constraints. The bulge connecting helices P2a and
P2al accommodates a bend-e#5°, and the bulge con-
necting Pla and P1b produces a bend-@f’.

The template/PNA2 helix extends between helices P1b and
P2al and lies at an angle of approximately #bthe adjacent
P3 helix of the pseudoknot in the lowest energy example
(Figure 4a). Although there is some variation in the angle
of the template/PNA2 helix within the cluster | models
(Figure 3a), it generally lies at an approximately @hgle
relative to helix P2al, as reflected in the refined structure
(Figure 4). With the template/PNAZ2 in this position, FRET
FiGURE 5: Comparison of refined pseudoknot with NMR model. restraints between PNA2 and PNA3 terminal groups con-
Superimposition of the backbone structure of hTR pseudoknot, strain the J2a/3 linker to depart on the opposite side of helix
derived by NMR spectroscopy (yellow), with that of our further 551 template/PNA2. It is also noticeable that the PNAL
refined model (orange). The loop spanning nt+220, shown in . . .
gray, is a particular feature of the RNA used in the NMR studies helical segment is constrained by the FRET measurements
(12) and was not included in the RMSD calculation. to sit at right angles to the adjacent helix P1a. Although this

appears unsupported by molecular contacts in th@(B

being connected by relatively long and malleable single- nucleotide domain of hTR, it may pack adjacent to other
stranded regions (J2a/3 and the template region), whichstructural elements present in the experiments (i.e., in
confer an inherent breathability to the core domain of hTR. nucleotides 209451), which were not subject to the current
This feature is unusual compared with other large RNA FRET measurements because of the lack of appropriate
components found in RNPs such as ribonuclegs@s\yhere hybridization sites for the PNA probes.
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In considering the molecular mechanism of human telom- support. S.B. is a BBSRC Career Development Research
erase, we believe the openness and the apparent structurdtellow.
flexibility of the RNA in the template region is significant.
The structure in Figure 1 shows a short RNA double helix SUPPORTING INFORMATION AVAILABLE

(labeled PNA 2) in the template region, where one strand Biophysical details ofPNAs1-3 binding to hTR. The

(in this case RNA) occupies the space that would normally i itimerisation state of hTR. CD spectra of hTR in the
be taken by the telomeric DNA substrate. TheBd of the  yresence and absence of hybridised PNA. A flow diagram
substrate (shown by the green sphere in Figure 4) is baseyg explain the molecular modelling approach. Details of the

paired with the Send of the catalytic template; thus, the ¢jyster Il models of hTR and the variation between clusters
complex is representative of a telomeric substrate that has| gng |1. This material is available free of charge via the

been extended by one hexanucleotide repeat immediatelynternet at http:/pubs.acs.org.

prior to either translocation or dissociation. Thise®d is

positioned close to the helix P1b but the connecting 8nt REFERENCES
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of this linker may help define the template boundary.
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