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Telomerase is a unique ribonucleoprotein complex that catalyzes
the addition of telomeric DNA repeats onto the 3’ ends of linear
chromosomes. All vertebrate telomerase RNAs contain a catalyti-
cally essential core domain that includes the template and a
pseudoknot with extended helical subdomains. Within these heli-
cal regions is an asymmetric 5-nt internal bulge loop (J2a/b) flanked
by helices (P2a and P2b) that is highly conserved in its location but
not sequence. NMR structure determination reveals that J2a/b
forms a defined S-shape and creates an ~90° bend with a surpris-
ingly low twist (~10°) between the flanking helices. A search of
RNA structures revealed only one other example of a 5-nt bulge,
from hepatitis C virus internal ribosome entry site, with a different
sequence but the same structure. J2a/b is intrinsically flexible but
the interhelical motions across the loop are remarkably restricted.
Nucleotide substitutions in J2a/b that affect the bend angle, direc-
tion, and interhelical dynamics are correlated with telomerase ac-
tivity. Based on the structures of P2ab (J2a/b and flanking helices),
the conserved region of the pseudoknot (P2b/P3, previously
determined) and the remaining helical segment (P2a.1-J2a.1 re-
fined using residual dipolar couplings and the modeling program
MC-Sym) we have calculated an NMR-based model of the full-
length pseudoknot. The model and dynamics analysis show that
J2a/b serves as a dominant structural and dynamical element in
defining the overall topology of the core domain, and suggest that
interhelical motions in P2ab facilitate nucleotide addition along the
template and template translocation.

lomeres are DNA-protein complexes that cap the ends of

linear chromosomes. During each round of cell replication,
telomeres shorten due to incomplete replication of telomere
DNA repeats, and shortening of telomeres below a critical length
leads to telomere fusions and cell senescence (1). Telomerase, a
unique reverse transcriptase first discovered in Tetrahymena
about two decades ago, is essential for maintaining the telomere
length and the stability of chromosomes in most eukaryote
species (2-4). A high level of telomerase activity is associated
with cell proliferation in most (~90%) cancers (5). The telomer-
ase holoenzyme is a large complex comprising a unique reverse
transcriptase protein (telomerase reverse transcriptase, TERT)
which contains the active site for nucleotide addition, an essential
RNA component [telomerase RNA (TR)] which contains the
template for telomere DNA synthesis (6), and several species-
specific proteins required for function in vivo such as assembly
and localization (7).

In addition to providing the template, the TR contains subdo-
mains (8, 9) required for catalytic activity, localization, TR 3’ end
processing, and accumulation (10). Telomerase deficiency due to
mutations in TR has been linked to several inherited human
diseases, such as dyskeratosis congenita, aplastic anemia, myelo-
dysplasia, and idiopathic pulmonary fibrosis (11). The minimal
components of vertebrate TR required for interaction with TERT
and catalytic activity in vitro are the core domain (12) (also called
the pseudoknot or pseudoknot/core domain) and the CR4/CRS5
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domain (Fig. 1) (13, 14). Although the size of TR varies from
~150 nt in ciliates to ~450 nt in vertebrates to more than
1,000 nt in the budding and fission yeasts (9, 15), the catalytically
essential core domain has a secondary structure that appears to
be conserved across all species. The conserved secondary struc-
ture elements of the core domain are a large loop containing
the template and 5’ template boundary elements, a pseudoknot
(P2/P3 in vertebrates), and a short loop-closing helix (P1 in
vertebrates) (9, 16, 17). Despite the importance of these RNA
elements for telomerase function, little is known about the overall
TR tertiary structure and how it interacts with TERT and contri-
butes to activity. TERT contains, in addition to the usual reverse
transcriptase motifs, additional RNA binding domains that inter-
act with both the CR4/CR5 and core domain (14, 18-20). TERT
binds to the P6.1 helix of CR4/CRS but its specific binding site on
the core domain other than the template has not been identified.
A structure of the putative TERT from the Tribolium castaneum
has revealed that it forms a ring-shaped structure around the
potential template-primer binding site similar to other reverse
transcriptases (21, 22), but other interactions with TR remain
to be elucidated.

In human telomerase RNA (hTR), the full-length P2/P3 pseu-
doknot can be divided into three subdomains, P2a.1-J2a.1-P2a
(P2ala), P2a-J2a/b-P2b (P2ab), and P2b-P3 and associated loops
(P2b-P3 pseudoknot), which comprise all the helical elements of
the core domain except for P1 helix (Fig. 1). Within P2/P3, the
three-dimensional structure of only the P2b-P3 pseudoknot has
been determined, and its dynamics have been extensively inves-
tigated (23, 24). This region of the TR contains almost all of the
highly conserved nucleotides in the full-length P2/P3. P2b-P3
forms a compact H-type pseudoknot with extensive tertiary inter-
actions between the loop nucleotides and the stems. Folding of
the pseudoknot, and in particular the pseudoknot tertiary inter-
actions, have been shown to be essential for function (23, 25, 26).
Detailed NMR dynamics analysis showed that P2b-P3 has little
global motion. P2a.1 and the adjacent internal loop J2a.l are
a mammalian specific extension to P2a (8, 27). P2ab is located
at the center of the P2/P3 pseudoknot, where the J2a/b bulge
loop is flanked by helices P2a and P2b. The location of J2a/b
is highly conserved in all vertebrate TRs and the asymmetric loop
in mammalian TRs is usually a 5-nt bulge loop. Its sequence
is pyrimidine-rich except for a relatively conserved G at the
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Fig. 1. The secondary structure of human telomerase RNA (hTR) (Upper) and the sequence and secondary structure of the hTR core domain with helical and
loop regions labeled (Lower). The hTERT (gray ellipse) interacts with both the hTR core and hTR CR4/CR5 domains. The P2/P3 pseudoknot contains three
subdomains: P2a.1-J2a.1-P2a (P2a1a) [colored blue-black-gold], P2a-J2a/b-P2b (P2ab) [colored gold-green-red], and the P2b-P3 pseudoknot [colored red-pink].

5 end (61% in vertebrates, 83% in mammalian TRs) (8, 27).
Previous biochemical studies of J2a/b and adjacent nucleotides
have shown that swapping the sequence or replacing it with its
counterpart from the mouse TR had relatively little effect on
telomerase activity (12, 28). Nevertheless, its conserved central
location in the P2/P3 pseudoknot suggests that it might play a role
in defining the overall topology of the core domain.

The secondary structure of the core domain constrains the
position of the template relative to the P2/P3 pseudoknot. Single
molecule FRET-assisted low-resolution modeling (29) and bio-
chemical cross-linking experiments (26) have provided evidence
that, in the free hTR, the template is positioned near to the P3
stem of the P2b-P3 pseudoknot. During each cycle of processive
telomere repeat synthesis, the template needs to move relative
to the TERT active site by 6 nt (for a complete TTAGGG verte-
brate telomere repeat) and subsequently translocate back to the
original position. Thus, the large pseudoknot might also encode
intrinsic conformational plasticity that would facilitate these
movements during each telomere DNA repeat addition cycle.
It has previously been proposed that a conformational switch
between a completely folded and partially unfolded pseudoknot
(hairpin) might play a role in translocation (30, 31). However,
current mutational data are consistent with a requirement for
a folded pseudoknot for optimal telomerase activity (23, 32).

To provide insight into the conformational constraints imposed
by the P2/P3 pseudoknot in positioning the template into the
active site of telomerase, we have investigated the role of the
secondary structure elements of the P2/P3 pseudoknot in defining
the topology of the core domain. We determined the solution
structure of P2ab and quantified the local and global dynamics
within and across the J2a/b loop by NMR. J2a/b induces a large
bend between the two helices that has a surprisingly limited in-
terhelical flexibility. Based on the structure and dynamics, we de-
signed a series of nucleotide substitutions in J2a/b to investigate
its functional roles in telomerase enzymatic activity. Activity as-
says of telomerase with nucleotide substitutions in J2a/b indicate
that the bend angle, direction, and flexibility induced by J2a/b are
important for function. In contrast to J2a/b, NMR analysis and
structure modeling of P2ala using a combined RDC-MC-Sym
approach indicate that the internal J2a.1 loop does not induce
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a significant bend or flexibility between P2a.1 and P2a. The sub-
domain structures of the P2/P3 pseudoknot were assembled to
determine an NMR based structure model of the entire helical
region of the hTR core domain. Our data show that J2a/b serves
as a dominant structural and dynamical element in defining the
overall topology of the core domain and suggest that interhelical
motions in P2ab facilitate nucleotide addition along the template
and template translocation.

Results

Determination and Overview of the Solution Structure of P2ab. To
assess the structural role of the J2a/b region in the overall core
domain, we designed an RNA construct of the P2a-J2a/b-P2b
subdomain (P2ab). The P2a stem was extended with one addi-
tional GC base pair to facilitate in vitro transcription, the
(C92-G122 base pair in P2b was replaced with a U-A base pair
to facilitate resonance assignments in the otherwise GC-contain-
ing stem, and P2b was capped with a closing UUCG tetraloop
(Fig. 24). Resonance assignments and structure calculations
are described in Materials and Methods and the SI Appendix. A
total of 785 NOE restraints (an average of 22 NOEs per nucleo-
tide), 230 dihedral angle restraints, and 76 residual dipolar
couplings (RDCs) were used in the structure calculation. It is im-
portant to note that during the refinement with RDCs, we first
performed an order tensor analysis to determine the degree of
alignment of the individual P2a and P2b helices (33). The analysis
showed that there was a significant difference between their
alignments, and therefore it was necessary to refine the structures
using two independent axial (D,) and rhombic (R) alignment
values for each helical domain, while one common pseudo
molecule representing the orientation of the alignment was
shared between the two helices. The fact that P2a and P2b had
different degrees of alignment indicates that the conformational
freedom in the J2a/b bulge results in interhelical motions. The
ensemble structures of P2ab should therefore be considered
as dynamically averaged rather than static solution structures
(discussed below).

The ensemble of the 20 lowest-energy structures is well deter-
mined with an rmsd to the mean of 1.14 + 0.26 A for all heavy
atoms (Fig. 2B and Table 1). P2a and P2b are well-defined A-form
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Fig. 2. Solution structure of hTR P2ab. (A) Sequence and secondary structure of the P2ab construct used in the solution NMR study. (B) Superposition of the
20 lowest-energy structures over all heavy atoms. (C) Stereoview of the lowest-energy structure, which shows the S-shaped conformation of the J2a/b loop.
(D) Space-filling rendering of the lowest-energy structure of P2ab. In all panels, P2a is gold, J2a/b is green, P2b is red, and the UUCG tetraloop is gray.

helices with an rmsd to the mean of 0.59 +0.19 A and 0.54+
0.11 A, respectively. J2a/b introduces a large bend between
P2a and P2b, with an average interhelical angle of 89 + 3° across
the major groove (Fig. 2C). The backbone of J2a/b displays an
overall S-shape conformation, with the change in helical direction
occurring at U86. The large interhelical bend together with the
local conformation of J2a/b creates an open interface between
P2a and P2b (Fig. 2D). The bend disrupts the stacking inter-
actions between the helices, weakening the stabilities of the
neighboring base pairs of J2a/b, U83-A126, and C89-G125, as evi-
denced by the disappearance of imino resonances of U83 and
G125 at 20 °C. The nucleotides at the ends of the bulge are well
defined, with G84 stacking above P2a, and C88 stacking below
P2b C89. Although the positions of the three other J2a/b residues
are less well defined due to the large local dynamics (Fig. 2B, see
below), C85 and U86 tend to form continuous stacking interac-
tions with G84, and C87 tends to stack with C88. Remarkably,
the S-shape conformation of the 5-nt bulge results in almost
no twist between P2a and P2b (10 + 10°) (Fig. 2B).

Table 1. Structure statistics for P2ab

NOE distance and dihedral constraints

Distance restraints

Total NOE 785
Intraresidue 335
Interresidue 450

Hydrogen bond 73

Total dihedral angle restraints 230
Total RDCs ("D, and 'Dyy) 76
Violations

Distance constraints, A 0.018 + 0.003

Dihedral angle constraints, ° 0.121 + 0.016

Dipolar couplings, Hz 0.222 + 0.026

Deviation from idealized geometry

Bond lengths, A 0.005 + 0.0003

Bond angles, ° 1.064 + 0.011
Impropers, ° 0.484 + 0.018
Average rmsd (A) from the mean
all heavy atoms 1.14 = 0.26
all heavy atoms without bulge (G8-C12) 0.86 + 0.20
No. of NOE violations > 0.2, A 0.75 + 0.85
No. of NOE violations > 0.5, A 0
No. of dihedral violations > 5, ° 0
No. of RDC violations > 2, Hz 0
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J2a/b Bulge Serves as a Highly Flexible Hinge for Interhelical Motions.
To investigate the range of motion between P2a and P2b induced
by the J2a/b bulge, we have analyzed NMR spin relaxation
rates in addition to RDCs. For these studies, we applied a domain
elongation strategy to P2ab, where P2a was elongated using a
stretch of unlabeled A-U or G-C base pairs with otherwise
13C, 1’N-labeled G/C or A/U nucleotides, respectively (E-P2ab)
(Fig. 34) (34). NMR spectra of the E-P2ab RNAs and none-
longated P2ab show excellent agreement between chemical shifts
in common, indicating that the elongation does not affect the
structure of P2ab (SI Appendix, Fig. S1). In contrast, the nonex-
changeable resonance intensities from nonconstant time 'H-13C
heteronuclear single quantum coherence (HSQC) spectra of the
E-P2ab constructs differ from P2ab and reveal the existence of
complex dynamics within this RNA. The elongated P2a helix
within E-P2ab was designed to dominate the overall molecular
tumbling, and as expected displays uniformly low peak intensities,
providing an internal dynamics reference (34). Peak intensities
from P2b within E-P2ab are in general higher than the reference
P2a, consistent with the order tensor analysis of the RDCs that
indicated that P2b is moving collectively relative to P2a (see SI
Appendix). In particular, J2a/b nucleotides have significantly
higher peak intensities, indicating a highly flexible interface
between P2a and P2b. Among the J2a/b residues, U86 exhibits
the most unrestricted motions and G84 is the least dynamic, con-
sistent with its stacking on top of P2a.

Quantitative characterization of the internal motions in P2ab
on the pico- to nanosecond timescale was obtained by model-free
analysis of N spin relaxation rates, R, R,, and {'H}-'>N hetero-
nuclear NOEs, measured for all observable imino resonances in
E-P2ab (SI Appendix, Table S2) (34-37). Two layers of motions
were observed that are faster than the overall molecular tumbling
rate (21.7 £ 1.6 ns): First, N-H bonds fluctuate locally across the
entire E-P2ab on the picosecond timescale (z, = 0.13 £ 0.05 ns)
with amplitudes S7 = 0.89 = 0.06 (S} varies between zero and one
for maximum and minimum motions); and second, P2b moves
collectively relative to P2a at a slower nanosecond timescale
(z, = 1.83 £0.19 ns) with larger amplitude motions (S? =
0.70 + 0.05) (Fig. 3B and SI Appendix, Table S3). Although the
spin relaxation provides dynamical information on the timescale
of pico- to nanoseconds (38), RDCs have a wider sensitivity
for dynamics up to micro- to millisecond timescales (33, 39,
40). The order tensor analysis of RDCs measured from the indi-
vidual domains showed an even larger amplitude of interhelical
motions, as characterized by 3, = 0.69 £ 0.04, where 9, =
Ipaa/Ipap Varies between zero and one for maximum and mini-
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Fig. 3. Dynamical characterization of P2ab. (A) Normalized resonance intensities of the elongated P2ab (E-P2ab) from nonconstant-time 2D "H-'3C HSQC
experiments. Sequence and secondary structure of E-P2ab is shown in the inset. The horizontal dashed line represents the value of 0.1. (B) Quantitative char-
acterization of P2ab dynamics by Modelfree analysis of >N spin relaxation data. Motional amplitudes (52,) at the picosecond to subnanosecond timescale in
P2a and P2b are shown in gold and dark red, respectively. Motional amplitudes (S%) at the nanosecond timescale in P2b are shown in red. Time constants (t) of
motions in P2a and P2b are shown in gold and red. Numerical values are given in S/ Appendix, Table S3. The horizontal dashed line represents the amplitude

(92, ) of interhelical motion from order tensor analysis of RDCs.
int

mum motions (33). Assuming a cone motional model, these va-
lues correspond to P2a moving relative to P2b with an amplitude
of ~39°. Given that J2a/b is a 5-nt bulge, it is surprising that the
motional freedom between P2a and P2b is so limited. As a
comparison, the 3-nt bulge transactivation response element
(TAR) RNA from HIV-1, whose dynamics have been systemati-
cally characterized, displays a much larger motional amplitude as
characterized by 9;,, = 0.45 £ 0.05 (41). Because the interhelical
freedom encoded in a 5-nt bulge would in general be expected to
be significantly larger than that in a 3-nt bulge (42), this inher-
ently restricted motional amplitude is surprising and suggests
that both the bend and the allowed range of motions of P2a
relative to P2b across the J2a/b bulge might be important for
telomerase activity.

Directional Bend and Flexibility of J2a/b Is Important for Telomerase
Activity. In order to test the importance of the J2a/b bulge struc-
ture and dynamics in telomerase catalytic activation, we system-
atically changed the length, strand location, and sequence of
J2a/b (Fig. 44). The effects of J2a/b on telomerase activity (nu-
cleotide addition) and processivity (telomere DNA repeat addi-
tion) were analyzed by direct telomerase activity assays (28, 43),
in which active telomerase was reconstituted in vitro in rabbit
reticulocyte lysate (RRL) using human TERT (hTERT) and in
vitro transcribed full-length hTR with various substitutions in
the J2a/b region. We successively shortened the length of the
J2a/b by deleting nucleotides symmetrically from the center of
the bulge. Deletion of the central nucleotide in J2a/b, residue
U86, reduced the telomerase activity by ~40% (Fig. 4). Further
deletion of bulge nucleotides decreased the activity accordingly,
to less than 20% (greater than a fivefold decrease) when the
bulge was deleted entirely. The processivity of the in vitro recon-
stituted telomerase also gradually decreased as the length of the
bulge became shorter (Fig. 4). To test if the orientation as well as
the size of the bulge loop is important for telomerase activity, the
bulge nucleotides were moved to the opposite strand. This
substitution had the most dramatic effect on telomerase activity,
reducing it to ~10% of WT with a decrease in processivity com-
parable to deleting the bulge completely (Fig. 4). Taken together
with the structure of P2ab, these results support the hypothesis
that the directional bend induced by J2a/b is important for prop-
erly orienting the TR for optimal catalytic activation.

To investigate whether the inherent dynamics encoded in
J2a/b are important for telomerase activity, we made additional
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tant to that of WT hTR. The error bars are the standard deviation calculated
from 2-3 independent reactions. (D) The effects of each J2a/b substitution on
the processivity of in vitro reconstituted human telomerase. The processivity
was determined as Ry, = 2In2/(2.303k), where k is the slope.
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nucleotide substitutions that would primarily affect the internal
dynamics while minimizing effects on the structure, and we tested
their effect on telomerase activity (Fig. 4). The entire J2a/b bulge
was substituted with five cytidines (J2ab-C5) or an additional two
cytidines were inserted on either side of U86 (J2ab-C + 2). J2ab-
C5 was expected to have similar dynamics to J2ab-WT, whereas
the additional two residues in J2ab-C + 2 were expected to in-
crease the interhelical freedom between P2a and P2b. J2ab-C5
has only a small decrease in activity and small increase in proces-
sivity, whereas telomerase with the J2ab-C + 2 substitution is
both more active and more processive than the wild type. These
results support the hypothesis that the overall bend and inherent
flexibility encoded in J2a/b are important for telomerase activity
and processivity.

Although the J2a/b sequence is not highly conserved among
42 vertebrate TRs, the consensus sequence for the 5-nt bulge
is Gg3 Y78 Yg7 Yo Yg7, Where Y is pyrimidine and the subscripts are
percent out of 23 mammalian TRs (15). To investigate the effect
of the 5-nt bulge sequence on activity, we made an additional sub-
stitution in which all five bulge nucleotides were G. A previous
study had shown that flipping the sequence of J2a/b 5’ to 3’ de-
creased activity slightly (12), similar to our J2ab-C5 substitution.
J2ab-G5 decreased the activity even more, to ~1/3 of WT, but
surprisingly the processivity was about the same as WT and
J2ab-C5. We therefore acquired 'H-'*C HSQC and RDC data
on a P2ab-GS5 construct, where J2a/b in P2ab was replaced with
five Gs in order to investigate its dynamics. 'H-'3C HSQC spectra
of P2ab-G5 were almost identical to P2ab (for P2a and P2b),
indicating that the bulge substitution did not affect the helical
structure, as expected. Consistent with this result, analysis of
measured RDCs (30 on P2a, 28 on P2b) gave perfect fits to the
individual stems. The RDC analysis showed that P2ab-GS5 has an
interhelical angle of 103 & 4°, about 14° larger than P2ab, and
approximately the same twist (4 & 15°). Contrary to our expecta-
tion that the G5 substitution would decrease the flexibility of
J2a/b due to the tendency of purines to stack on one another,
P2ab-G5 has the same global dynamics as P2ab (SI Appendix,
Table S5). Therefore the results on P2ab-G5 are consistent with
flexibility induced by the J2a/b bulge being important for facili-
tating template translocation, and therefore processivity. The G5
substitution significantly changed the purine content of J2a/b.
The decrease in telomerase activity for P2ab-G5 may be due
to a requirement for pyrimidines in the loop for proper folding
in the context of TERT association. Overall, the results of the ac-
tivity assays show that interhelical flexibility in P2ab induced by
J2a/b is correlated with processivity, and that J2a/b bending in a
defined direction is required for activity. The consensus sequence
of J2a/b may therefore have evolved for both these functions. We
hypothesize that the bend is important for correctly positioning
the template in the active site of TERT, whereas the flexibility of
P2a relative to P2b is important for releasing steric strain gener-
ated by processive addition of nucleotides on the RNA template
for each telomere repeat.

Mammalian-Specific P2a.1-J2a.1 Does Not Induce an Additional Bend
in the Pseudoknot. P2a.1 is connected to P2a by an asymmetric
J2a.1 internal loop that can base pair to form an irregular helix
with some bulge bases (Fig. 1). NMR spectra of a P2a.1-J2a.1-P2a
construct (P2ala) show resonance line broadening and missing
peaks throughout J2a.1, indicative of conformational exchange
among alternative base pairs (SI Appendix, Fig. S3). We therefore
developed a method to determine the structure of P2ala, called
RDC-MC-Sym, which uses a combination of NMR RDCs and
computational modeling with MC-Sym (44). An initial set of
P2ala structures were generated using MC-Sym, and were used
to extract initial sets of distance restraints for J2a.1 and flanking
base pairs. These were refined, using RDCs measured for P2a.1
and P2a and ideal A-form distances for these helices, following
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standard NIH-XPLOR protocols (see details in the SI Appendix).
The RDC-MC-Sym structure calculations produce different clus-
ters of similar structures, which all showed that P2a.1 is essentially
a linear extension of P2a. In the lowest-energy structure cluster,
there is a negligible (6 = 3°) bend and a twist of 135 £ 14° be-
tween the two helices across J2a.1. This amount of twisting would
correspond to about four base pairs, consistent with J2a.1 form-
ing an irregular helix. Other structure clusters display similar
bends (4 £1°-10£5°) and twists (110 £ 17°-132 4+ 15°) (SI
Appendix, Fig. S4). The J2a.1 region has observable structural
variations between clusters, consistent with our NMR observation
of conformational exchange in this region (SI Appendix, Fig. S4).
Despite the conformational flexibility within J2a.1, there are no
significant motions between P2a.1 and P2a, based on the high
value of 9iy = Iprai1/Ip2a = 0.85 +0.03 obtained from order
tensor analysis of the RDCs. Thus, in contrast to the bulge loop
J2a/b, which induces a large bend between P2ab and significant
dynamics between P2a and P2b, the asymmetric internal loop
J2a.1 does not induce a bend or significant dynamics between
P2a.1 and P2a.

The structure and dynamics results on P2ala are consistent
with phylogeny, biochemical results, and disease mutations in
this region of the pseudoknot. Nucleotide substitutions (12, 28)
and the C72G mutation associated with aplastic anemia (45) that
disrupt base pairs flanking J2a.1 decrease telomerase activity,
consistent with the expectation that they would increase the size
of J2a.1 and therefore increase flexibility and possible bending
between P2a.1 and P2a. P2a.1-J2a.1 is not present in nonmam-
malian vertebrates, which instead have a single long P2a helix.
Consistent with the absence of an internal loop in nonmammalian
vertebrates, J2a.1 does not induce additional flexibility or bend-
ing in this region of the hTR pseudoknot.

Structure of the Full-length Pseudoknot in the Core Domain. P2ab
is located in the center of the hTR core domain, flanked by
the catalytically essential P2b-P3 pseudoknot and P2a.1-J2a.1.
Based on the results on P2ab structure, dynamics, and importance
of J2a/b for activity reported here, we hypothesized that P2ab
may act as the dominant structural element in defining the overall
topology of the hTR core by directing the relative orientation
between the other two helical regions. To address this hypothesis
in more detail, we modeled the structure of the full-length P2/P3
pseudoknot containing all nucleotides except for the noncon-
served single strand region of J2a/3. With the structures of
P2ala, P2ab, and P2b-P3 pseudoknot (24) in hand, we applied
a domain approach to obtain a model structure of the entire
helical region of the core domain by linking the overlapping
ends of P2a.1a, P2ab, and P2b-P3 and refining them as a single
entity using the AMBER force field together with short-range
NOE restraints from the individual constructs (see details in
SI Appendix). The ensemble of the 20 lowest-energy structures
is well determined with an rmsd to the mean of 1.13 +0.22 A
for all heavy atoms (Fig. 54). We note that the AMBER refine-
ment maintained the major structural features from the indivi-
dual structural elements, such as bending, twisting, and the
triple helix in P2b-P3.

The model structure of full-length (P2/P3) pseudoknot re-
vealed that the overall topology of the core domain is defined
by the large bend across J2a/b (88 & 3° in the P2/P3 structures).
Stacking interactions of the terminal bulge residues play a critical
role in maintaining the interhelical bend (Fig. 5). The 3’ end of
the J2a/3 loop that is present in the P2b/P3 pseudoknot lies in the
minor groove, and the remainder of J2a/3 would be expected to
continue across the J2a/b bulge loop and along the minor groove
to connect with U147 at the end of P2a.1 and would be on the
outer surface of the core domain (Fig. 5B). The other strand of
P2a.1 connects to the single strand region containing the 10 nt
template and adjacent nucleotides (6 + 8). These 24 nt need

PNAS | November 2,2010 | vol. 107 | no.44 | 18765

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013269107/-/DCSupplemental/Appendix.pdf

Template

HCV IRES Domain Il D 3 5

P2a.1

1 hTERT .”‘
—

Fig. 5. Model structure of the hTR core domain. (A) Superposition of the 20 lowest-energy structures over all heavy atoms of the AMBER refined hTR P2/P3
pseudoknot (model includes all residues except J2a/3 nucleotides 148-168). (B) Model representation of the hTR core domain in complex with 10-nt telomeric
DNA. The lowest-energy structure of P2/P3 pseudoknot is shown together with a 10 base-pair hybrid A-form hTR template-primer DNA helix. Putative positions
of the template-adjacent single strand regions and J2a/3 nucleotides 148-168 are shown as gray lines, and the P1 helix as dark green lines. The template RNA is
shown in purple and the complementary telomeric DNA is shown in cyan. All other regions are colored as in Fig. 1. (C) Comparison of the structure of the 5-nt
bulge found in P2ab (Left) and the HCV IRES domain lla (Right; PDB ID code 1P5P). (D) Schematic representation of the core domain showing the proposed
change in the J2a/b bend during the telomere addition cycle. Helical regions of the core domain are shown as cylinders, the template and adjacent single strand
are shown as purple and gray lines, respectively, the telomere DNA is shown as cyan line, and TERT is shown as a gray ellipse with the active site depicted as a

yellow star.

to span the distance between the 5’ end of P2a.1 and 3’ end of the
pseudoknot. As both the P2b/P3 pseudoknot and P2ala are
~50 A long, the J2a/b bend creates a ~70 A end-to-end distance
between P2b/P3 and P2a.1 (Fig. 54). Assuming full base pairing
between the template and telomere DNA at the end of one cycle
of nucleotide addition, the 10 bp template would span ~26 A (in
both length and dlameter) and the template adjacent nucleotides
could span a maximum of ~83 A. Thus, the 24-nt single strand
containing the template region can span the distance between
the P2b/P3 pseudoknot and P2a.1 domains without significant
stretching. Without the J2a/b-induced bend in the full-length
pseudoknot, the end-to-end distance would be too long to satisfy
the steric requirements for template placement on TERT during
telomere addition and translocation.

Discussion
J2a/b Conformation Determines the Overall Helical Structure of the
hTR Core Domain. The core domain of human telomerase is essen-
tial for telomerase catalytic activation. We have shown that J2a/b,
a centrally located asymmetric bulge in the extended stem P2 of
the pseudoknot, directs the overall shape of the core domain by
introducing a large bend which brings the ends of P2 and P3
within 70 A of each other, despite the low level of sequence con-
servation in vertebrate J2a/b. The other helical elements of the
full-length pseudoknot, P2a.1 and the P2b/P3 pseudoknot, have
no significant effect on either static or dynamic bending.
P2b/P3 forms an H-type pseudoknot in which J2b/3 interacts
with the major groove of P3 to form a conserved U-A-U triple-
helix (Fig. 5 4 and B), which has been shown to be important for
catalysis (23, 24). Based on the effect of 2'H and 2O methyl
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ribose substitutions on activity, it has been proposed that A176
2’'0OH, in the last U-A-U triplet, contributes directly to catalysis
(26). In our model structure of the full-length pseudoknot, A176
2'0OH is on the inside surface of the bent RNA, facing toward
where the template would be, and would thus be positioned to
interact with TERT (Fig. 5B). The conserved single nucleotide
bulge, U177, which also contributes to activity, is also facing in
this direction (24). This region of the pseudoknot is more pro-
tected from chemical probing in vivo than the free TR is in vitro
(46). An engineered cis-telomerase, in which a 6 nt DNA primer
is linked to the 3’ end of the pseudoknot, has its maximal activity
with a linker length of 5 nt or longer, which corresponds to a max-
imal distance of 33 A between the end of the pseudoknot and the
5’ end of the TR template (47). This result is consistent with the
close proximity of the end of the pseudoknot to the template seen
in our model structure. The relative orientation of the helical
ends of the P2/P3 pseudoknot in our model structure, as well
as structural details of the internal loops, differ significantly from
a low-resolution FRET model (6.5-8.0 A) of the hTR core do-
main [Protein Data Bank (PDB) ID code 2INA] incorporating
distances between fluorescently labeled peptide nucleic acids hy-
bridized to single stranded regions of the hTR core domain (S/
Appendix, Fig. S5) (29). Finally, we note that the 70 A distance
between the two ends of the P2/P3 pseudoknot corresponds ap-
proximately to the diameter of the crystal structure of the puta-
tive TERT from Tribolium castaneum (21, 22), so that the arc of
the pseudoknot would fit nicely either parallel or perpendicular
to the primer-template binding site (SI Appendix, Fig. S6).
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Structurally Encoded Dynamics of J2a/b May Be Important for Activity.
The restricted interhelical motions fit very well with the template
displacement during nucleotide addition and template transloca-
tion during telomere repeat synthesis. As both P2b/P3 pseudo-
knot and P2ala have been shown to exhibit little interdomain
motion, the overall helical motion within the entire helical region
of the core domain must be dominated by the flexing of P2a and
P2b across J2a/b. Our dynamical characterization showed that
P2a is moving relative to P2b with an amplitude of ~39° assuming
a cone motional model. Applying this motional amplitude onto
our model structure, the end-to-end distance between tpe two
ends of the full-length pseudoknot can change by ~28 A. This
displacement agrees well with the ~17 A translocation of the
template during the synthesis of the telomeric DNA repeats.
Although these motions are for the free TR, the inherent and
limited flexibility of J2a/b lead us to hypothesize that these
motions may be functionally relevant. Thus, during every cycle
of telomeric DNA repeat synthesis, the interdomain motions
within the pseudoknot/template core domain may be correlated
with the movement of the template from the 3’ to 5’ end. Our
data support the hypothesis that the J2a/b-induced bend is an
important element in positioning the template into the active site
of hTERT, and that the limited flexing of the bend facilitates
movement of the template through the active site during proces-
sive nucleotide addition (Fig. 5D).

J2a/b Bulge Belongs to a Rare 5-nt Bulge Family. A surprising result of
the investigation into J2a/b dynamics was that the interhelical
dynamics were much smaller than those of the previously well-
studied 3-nt bulge TAR RNA from HIV-1 and the predicted
range of dynamics of 4-nt loops (41, 42). We therefore searched
for 5-nt bulges flanked by helices using RNA FRABASE (48). To
our surprise, in the entire PDB there is only one other set of struc-
tures of a 5-nt bulge, which is found in domain II of hepatitis C
virus (HCV) internal ribosome entry site (IRES). The 5-nt bulge
in HCV IRES has a completely different sequence than J2a/b, but
the structure is remarkably similar (Fig. 5C) (49). Five nucleotide
bulges may thus represent a rare RNA structure motif. It has
been proposed that the bend in domain II is a conserved struc-
tural feature of HCV-like IRESs that is structurally but not
sequence encoded (50). Mutations within domain II that affect
its overall shape also impair function. In telomerase, J2a/b is also
not conserved in sequence but is conserved in location. We
propose that J2a/b is a structurally encoded functional domain.
Because telomerase is highly active in most cancer cell lines
but not in somatic cells, it has attracted wide interest as a poten-
tial drug target. The unusual features of J2a/b make it an attrac-
tive target for small molecules that could bind the bulge and
affect the bend angle and dynamics. Indeed, small molecule
inhibitors of HCV that target the 5-nt bulge in HCV IRES have
been developed (51, 52).

Materials and Methods

NMR Sample Preparation and Spectroscopy. Unlabeled, uniformly '3C
>N-labeled, and base-specifically (G, C, A, and U) '3C, ">N-labeled RNA
samples (P2ab, P2ab-G5, E-AU-P2ab, E-GC-P2ab, and P2ala) were prepared
by in vitro transcription using T7 polymerase (53). NMR experiments were
carried out on Bruker DRX 500, 600, and Avance 800 MHz spectrometers
equipped with 5 mm triple-resonance cryogenic probes or QXI (HCP) probe
(500 MHz) at 283 K for exchangeable and at 293 K for nonexchangeable
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2. Greider CW, Blackburn EH (1985) Identification of a specific telomere terminal
transferase activity in Tetrahymena extracts. Cell 43:405-413.
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116:273-279.

4. Blackburn EH, Greider CW, Szostak JW (2006) Telomeres and telomerase: The path
from maize, Tetrahymena and yeast to human cancer and aging. Nat Med
12:1133-1138.
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proton spectra. NMR data for assignments and structure determination were
acquired and analyzed as described (53, 54). One-bond C-H and N-H RDCs
were measured on uniformly '3C, '>N-labeled P2ab, P2ab-G5, and P2a.1
samples in ~15 mg/mL Pf1 phage (ASLA Biotech, Ltd.) on 800 MHz spectro-
meter using 2D "H-'3C S3CT-HSQC and standard 'H-">N HSQC experiments
(41) (SI Appendix, Tables S1 and S4). NMR dynamic characterization of
P2ab were measured on E-AU-P2ab and E-GC-P2ab sample at 293 K on
600 MHz spectrometer (34). Spin relaxation data were analyzed using the
extended model-free formalism (35, 55) as implemented in Modelfree
(Version 4.16 for Linux) from Palmer and co-workers (37) (S/ Appendix,
Table S3). The lowest-energy P2ab structure where the P2a helix was
extended with 22 A-form base pairs was used as the input structure for
the analysis. Detailed descriptions of sample preparation, NMR experiments
and assignment methodology, and analysis of spin relaxation data are given
in the S/ Appendix.

Structure Calculations and Modeling. The structure of P2ab was calculated
using standard NIH-XPLOR protocols (56) as described previously (24, 57).
For refinement with RDCs, all 76 C-H and N-H RDCs were normalized to
C-H bond with bond length of 1.0 A. The optimal values for the magnitude
and asymmetry of the alignment tensor are D, = —20.7 Hz and —29.8 Hz and
R =0.19 and 0.25, for P2a and P2b domain, respectively. The force constants
for RDCs were gradually increased from 0.001 to 1.0 and 0.5 kcal-mol~'-Hz2
for P2a and P2b to account for the difference in the D, values. For modeling
of P2ala, we developed a method using a combination of NMR RDCs and
computational modeling with MC-Sym (44) (RDC-MC-Sym approach). The
MC-Sym program was used to generate structure models to provide short-
range distance restraints for the J2a.1 and neighboring residues, and NMR
RDCs were used to provide long-range angular restraints for the interhelical
orientation between P2a.1 and P2a. These complimentary angular and
distance restraints, together with ideal A-form restraints for P2a.1 and
P2a helices, were combined for structure calculations of P2ala using NIH-
XPLOR following standard protocols. Detailed procedures of the RDC-MC-
Sym calculations of P2ala are described in the S/ Appendix. A model of
the P2/P3 pseudoknot was generated by computationally linking the overlap-
ping ends of P2ala, P2ab, and P2b-P3 pseudoknot (24) structures
(SI Appendix, Fig. S7) and refining with AMBER software (58) as described
(59) and detailed in the S/ Appendix, using the ff99 force field (60). The
20 lowest-energy structures (ranked by total Amber energy) are reported
(Fig. 5A). The restraints and structure statistics for these 20 structures are
summarized in SI Appendix, Table S6. The coordinates of the P2ala and
P2/P3 model structures will be available upon request to the authors. For
all structural analysis, the interhelical bend and twist angles and errors were
computed by using EularRNA (61) as described previously (41).

In Vitro Reconstitution of Telomerase and Direct Telomerase Activity Assays.
Full-length WT and mutant hTRs were prepared as previously described
(23). Telomerase was reconstituted in RRL using the TNT quick coupled
transcription/translation system (Promega) as described (28, 43, 62) (see
details in the S/ Appendix). Telomerase activity was characterized as the total
intensity of the extended DNA products after correcting the background and
normalizing against the loading control. The activities of telomerases with
mutant hTRs are presented as relative activity to the WT. In order to quantify
the telomerase processivity, the intensities of each telomere repeat were
measured, corrected for the number of dGTP incorporated per repeat,
and normalized to the second telomere repeat whose intensity was set to
be 100. The normalized intensities were then plotted in logarithmic scale
against the telomere repeat number. The processivity was determined as
Ri/2 =2In2/(2.303k), where k is the slope (28, 63).
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