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ABSTRACT

Autosomal dominant dyskeratosis congenita (DKC) has been linked to mutations in the RNA component of telomerase, the
ribonucleoprotein responsible for telomere maintenance. Recent studies have investigated the role of the GC (107-108) — AG
mutation in the conserved P3 helix in the pseudoknot domain of human telomerase RNA. The mutation was found to signifi-
cantly destabilize the pseudoknot conformation, resulting in a shift in the thermodynamic equilibrium to favor formation of a
P2b hairpin intermediate. In the wild-type sequence, the hairpin intermediate was found to form a novel sequence of pyrimidine
base pairs in a continuous stem capped by a structured pentaloop. The DKC mutant hairpin was observed to be slightly more
stable than the wild-type hairpin, further shifting the pseudoknot-hairpin equilibrium to favor the mutant P2b hairpin. Here we
examined the solution structure of the DKC mutant hairpin to identify the reason for this additional stability. We found that the
mutant hairpin forms the same stem structure as wild-type and that the additional stabilization observed using optical melting
can be explained by the formation of a YNMG-type tetraloop structure, with the last nucleotide of the pentaloop bulged out into
the major groove. Our results provide a structural explanation for the increased stability of the mutant hairpin and further our
understanding of the effect of this mutation on the structure and stability of the dominant conformation of the pseudoknot
domain in this type of DKC.
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INTRODUCTION activity (Autexier et al. 1996; Gilley and Blackburn 1999;
Tesmer et al. 1999; Tzfati et al. 2003).

Telomerase has been the focus of intense study due to its
upregulation in many cancer cell lines and its role in pre-
venting chromosomal instability (Blackburn 2001). In ad-
dition to links to certain human cancers, mutations in the
RNA component of human telomerase (hTR), and thus
telomerase activity, have also been linked to certain inher-
ited human disorders such as autosomal dominant dyskera-
tosis congenita (DKC; Vulliamy et al. 2001a) and aplastic
anemia (Vulliamy et al. 2002). DKC is a rare, inherited
disorder characterized by abnormal skin pigmentation, leu-
koplakia, and nail dystrophy (Dokal 2000). The character-
istic symptoms of DKC result from defects in highly pro-
liferative tissues (such as bone marrow, skin, and nails) and
could ensue from a telomere maintenance disorder
(Mitchell et al. 1999b; Montanaro et al. 2002). Telomere
lengths in patients with DKC (Vulliamy et al. 2001b) and
some patients with ideopathic aplastic anemia (Ball et al.
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toms in DKC patients in successive generations is consistent
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Telomerase is the ribonucleoprotein complex responsible
for adding telomeric DNA repeats at the ends of linear
chromosomes. Telomeric DNA repeats are eroded over suc-
cessive rounds of DNA-templated DNA synthesis, and their
presence prevents the loss of essential genetic information
during genome replication. The telomerase complex con-
sists of an RNA component (TR), a catalytic protein com-
ponent (TERT), and a variety of accessory proteins (Kel-
leher et al. 2002; Harrington 2003). Although the length of
the telomerase RNA varies significantly between vertebrates
(400-500 nt), yeast (1000-1500 nt), and ciliates (150-200
nt; Chen et al. 2000), TR appears to contain a common core
secondary structure for these evolutionarily distant organ-
isms, including an RNA template for telomere addition and
a hairpin (H)-type pseudoknot motif required for catalytic
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Solution structure of the DKC P2b hairpin

quences observed in mice heterozygous for TERT
(mTERT™") or TR (mTR™~; Hathcock et al. 2002; Liu et al.
2002).
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DKC has both autosomal and X-linked inheritance pat-
terns (Dokal 2000). The X-linked form of DKC results from
a variety of mutations in the gene encoding dyskerin, a
protein involved in pseudouridylation of ribosomal RNA,
which has also been shown to bind to the H/ACA domain
of telomerase RNA (Mitchell et al. 1999b). The autosomal
dominant form of DKC is correlated with mutations in
human telomerase RNA, not dyskerin, in three families with
DKC inheritance (Vulliamy et al. 2001a). One mutation
involves deletion of the terminal 78 nt of the hTR RNA (451
nt), eliminating the H/ACA and CR7 domains (Fig. 1A)
required for nucleolar localization, 3’-end processing, and
RNA stability (Mitchell et al. 1999a; Dragon et al. 2000),
whereas another is a point mutation (C408G) also involving
the CR7 domain. Recent studies have shown that these mu-
tations result in unstable hTR RNAs which do not accumu-
late in the cell (Fu and Collins 2003). The third mutation is
a two-base substitution [GC (107-108) — AG] in the pseu-
doknot domain which is required for activity (Autexier et
al. 1996; Tesmer et al. 1999) and involved in hTERT bind-
ing (Mitchell and Collins 2000). Some patients with aplastic
anemia are also heterozygous for mutations in hTR, one of
which occurs in the same region of the pseudoknot as the
DKC mutation (Vulliamy et al. 2002). Fu and Collins
(2003) also showed that the pseudoknot domain mutation
does not affect accumulation of hTR RNA, but instead
compromises the catalytic function of the mutant telomer-
ase complex.

The GC (107-108) — AG mutation occurs in the con-
served P3 helix in the pseudoknot domain of human telo-
merase RNA. The P2b-P3 pseudoknot from human telo-
merase RNA, previously proposed to be in equilibrium with
an alternate conformation in vitro and in vivo (Antal et al.
2002), was shown to exist in equilibrium with the P2b hair-
pin folding intermediate in vitro (Fig. 1A, inset; Theimer et
al. 2003). The hairpin stem has an unexpected and unique
run of four consecutive pyrimidine base pairs. The terminal
pentaloop of the wild-type hairpin forms a modestly stabi-
lizing pentaloop structure in which the first three nucleo-
tides of the loop stack on the 5' side of the loop, with the
last two nucleotides less ordered. The mutant P2b hairpin
was found to be slightly more stable than the wild-type
(Theimer et al. 2003). Although the structural basis for this
increased stability was not identified, this small increase in

FIGURE 1. (A) Secondary structure of the human telomerase RNA,
with the domains identified as described in Chen et al. (2000). Inset:
Conformational equilibrium between the P2b-P3 pseudoknot and P2b
hairpin conformations. (B) Secondary structure representation of the
HPwt RNA representing nt 94-120 from the wild-type P2b hairpin.
The DKC mutation in the P2b helix (HPdc) is indicated in red. (C)
Solution structure of the HPwt hairpin (PDB accession code: INA2;
Theimer et al. 2003). Nucleotides are colored red (U), green (C),
orange (A), and cyan (G). (D) Observed changes in chemical shift
(Appm) between HPwt and HPdc are plotted by residue number and
include H1' (red), H6/8 (blue), and H5/2 (green) resonances.
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P2b hairpin stability combined with the significant decrease
in stability of the mutant P2b-P3 pseudoknot results in a
shift in equilibrium to strongly favor the P2b hairpin con-
formation for the mutant sequence. A related NMR study,
using a trans pseudoknot construct, also reported a struc-
tural equilibrium between pseudoknot and hairpin, but
with the shift in equilibrium for the mutant pseudoknot
attributed to hyperstablization of the mutant hairpin (Co-
molli et al. 2002). The shift in equilibrium is consistent with
the observed decrease in telomerase activity for this muta-
tion in vitro and in vivo (Comolli et al. 2002; Fu and Collins
2003) and with the shortened telomeres observed in pa-
tients with this mutation (Vulliamy et al. 2001b). These
studies led to a proposal that the pseudoknot domain acts as
a molecular switch in telomerase function (Comolli et al.
2002; Theimer et al. 2003).

To address the molecular basis for the observed increase
in stability of the mutant P2b hairpin, we used UV melting
and NMR spectroscopy to determine the thermodynamic
properties and solution structure of a minimal RNA con-
struct containing the DKC GC (107-108) — AG mutation,
using heteronuclear multidimensional NMR spectroscopy.
Here we identify the structural basis for the increased sta-
bility of the mutant hairpin observed in previous studies
(Comolli et al. 2002; Theimer et al. 2003) as the formation
of a pentaloop structure which mimics the YNMG family of
tetraloops (Proctor et al. 2002) with no changes in the stem
base-pairing compared to wild-type. We also show that the
mutant hTR pentaloop is nearly identical in stability to a
comparable tetraloop sequence. Finally, this pentaloop
structure provides corroborating evidence of a structural
basis for the recently proposed YNMG family of tetraloops
(Proctor et al. 2002), and potentially extends the family to
include YNMG(N) pentaloops.

RESULTS

Comparison of the wild-type and mutant P2b hairpins

The secondary structure of the wild-type P2b hairpin
(HPwt) from human telomerase RNA (hTR) is given in
Figure 1B with the GC (107-108) —-AG mutation (HPdc)
identified in red. The solution structure of the wild-type
hairpin, which contains three consecutive UeU and one
UeC base pairs toward the top of the 12-bp stem (Theimer
et al. 2003), is shown in Figure 1C. As described previously,
NMR and thermodynamic evidence was consistent with
formation of identical helical stems for the wild-type and
mutant sequences, suggesting that the increased stability
observed for the mutant hairpin derives from changes in the
stacking of nucleotides in the pentaloop (Theimer et al.
2003). Consistent with this expectation, chemical shift map-
ping of the upper stem and pentaloop between the wild-
type and mutant sequences shows significant chemical shift
differences only for loop nucleotides and G110, the 3’
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nucleotide of the closing C105-G110 base pair (Fig. 1D).
Chemical shift differences in the poly-pyrimidine tract (99—
102 and 112-115) between the mutant and wild-type hair-
pins were less than 0.05 ppm for the H1’ or aromatic pro-
tons, consistent with identical structures. Because there was
no additional information to be obtained from solving the
poly-pyrimidine tract in the context of the mutant pen-
taloop, a minimal NMR construct, DCloop, was designed to
contain nt 103-111 from the mutant hairpin closed by a
sequence of three GeC bp for optimal hairpin stability and
in vitro transcription efficiency (Fig. 2A). Comparison of
the pattern of H5-H6 TOCSY crosspeaks (Fig. 2B) and
NOESY spectra (data not shown) for HPwt, HPdc, and the
DCloop RNAs show the same chemical shift differences for
the loop and closing base pair of the DCloop and HPdc
RNAs compared to HPwt. Additionally, this spectrum
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FIGURE 2. (A) Secondary structure of the minimal DCloop hairpin
construct used for NMR studies using the numbering convention
from HPwt. (B) 500 MHz 2D "H-"H TOSCY spectra (50-msec mixing
time) comparing H5-H6 correlations for HPwt (black), HPdc (blue),
and DCloop (red) RNAs at 20°C. Asterisks (*) are used to indicate
H5-H6 correlations from the poly-pyrimidine tract nucleotides. (C)
First derivative UV melting profile of the DCloop hairpin (200 mM
NaCl), with every 10th data point obtained at 260 and 280 nm shown
as blue and red circles, respectively. The calculated fit to the data is
indicated by solid (260 nm) and dashed (280 nm) lines.



Solution structure of the DKC P2b hairpin

TABLE 1. Thermodynamic parameters obtained at 1 M NaCl

Observed Predicted®
RNA _AHtotaI _AGtota/ _AHtota/ _AGtota/
HPdc 100.4 £ 1.1 10.8 £ 0.1 75.0 10.9
DCloop 53.4+1.0 7.4+03 51.2 5.5
UCAG 51.6 £1.5 7.2+0.2 51.2 5.5

AH is model-dependent van’t Hoff enthalpy. AH and AG are re-
ported in kcal/mole. AG is calculated at 37°C and compared to
nearest-neighbor predictions for stacking (Xia et al. 1998), loop free
energies, and tetraloop stabilization (Mathews et al. 1999). Param-
eters are the average of five independent measurements, and errors
are standard deviations from repeated experiments.

?Prediction is based on the nearest-neighbor rules for stacking of
the Watson-Crick bp in the stem and a +5.6 kcal/mole loop free-
energy penalty for capping a helix with a 4- or 5-nt hairpin loop
(Mathews et al. 1999).

shows the overlap of pyrimidine tract aromatic proton
chemical shifts with the mutant loop aromatic chemical
shifts (Fig. 2B) which was eliminated in the DCloop con-
struct.

Thermodynamic stability of the DCloop pentaloop

The thermodynamic stability derived from the mutant and
wild-type hairpin pentaloop structures could not previously
be calculated, because thermodynamic parameters for the
poly-pyrimidine helix had not been explicitly determined.
However, because the DCloop construct contains only Wat-
son—Crick base pairs, the thermodynamics of which are
extremely well characterized (Xia et al. 1998; Mathews et al.
1999), the thermodynamic contribution of the mutant pen-
taloop structure could be accurately determined. The opti-
cal melting profile of DCloop RNA at 200 mM NaCl reveals
one intense transition (Fig. 2C), with a melting temperature
(t,,) of 87.6°C and an enthalpy of —53.4 kcal/mole. The t,,
of the unfolding transition was unaffected by annealing
conditions and independent of RNA concentration, consis-
tent with its identification as the unfolding of a unimolecu-
lar hairpin. The observed stability of the DCloop hairpin
was compared to thermodynamic predictions at 1 M NaCl
for the nearest-neighbor stacking interactions of the Wat-
son—Crick bp (Xia et al. 1998) and an entropic loop penalty
of +5.6 kcal/mole for closing the pentaloop (Table 1;
Mathews et al. 1999). The DCloop pentaloop structure
therefore contributes —2.2 kcal/mole in enthalpy and —1.9
kcal/mole free energy [AG(37°C)] to the stability of the
DCloop hairpin, which is comparable to the stability ob-
tained from stabilizing tetraloop structures (Mathews et al.
1999; Proctor et al. 2002). Given the energetic contribution of
the pentaloop structure to the stability of the DCloop hairpin
and, by extension, the HPdc hairpin, it is possible to calculate
that the pyrimidine tract contributes —23.1 kcal/mole in en-
thalpy and —1.0 kcal/mole in total free energy [AG(37°C)]

to the stability of the P2b extended helical structure com-
pared to the alternative, formation of a symmetric 8-nt
internal loop (~ +3 kcal/mole; Mathews et al. 1999). The
large AH contribution derives from the additional nearest-
neighbor stacking interactions between the pyrimidine base
pairs as well as stacking interactions with the Watson—Crick
base pairs surrounding the poly-pyrimidine tract, although
the total stacking energy is less than would be predicted for
a similar number of Watson—Crick base pairs.

Solution structure of the DCloop hairpin

The structure determination of the DCloop hairpin used
283 NOE distance restraints, for an average of 18.8 NOE
restraints per nucleotide, 86 dihedral angle restraints, and
14 residual dipolar couplings (Table 2). Superposition of
the 20 lowest energy structures was performed over all
heavy atoms except the bulge nucleotide, U109, and an
RMSD to the mean of 0.63 + 0.22 A was observed for the
ensemble (Fig. 3A). The DCloop hairpin has a well defined
structured loop on a 5-bp A-form helical stem, consistent
with the experimentally observed thermodynamic stability.
The anti-U105 and syn-G108 nucleotides form a non-Wat-
son—Crick base pair that stacks on the closing C104eG110
base pair (Fig. 3B). The second loop nucleotide, C106, is
positioned in the minor groove of the loop with the H5-H6
edge facing the sugar moiety of U105 and the Watson—Crick
face exposed to solution. The third loop nucleotide, A107,

TABLE 2. Structural statistics for Dcloop

Experimental data used for structure
calculations
NOE-derived distance restraints

Intra-nucleotide NOEs 157

Inter-nucleotide NOEs 125

Hydrogen bond for paired residues 16
Dihedral restraints 86
Residual dipolar couplings

'Deyy (H2) 14
Additional restraints

Base pair planarity restraints 6

RMS deviation from experimental restraints®

Distance restraints (A)® 0.025 + 0.001
Dihedral restraints (°)¢ 0.096 + 0.027
Dipolar couplings (Hz) 0.308 £ 0.157

Deviations from idealized geometry®

Bonds (A) 0.004 + 0.0001
Angles (°) 0.992 + 0.004
Impropers (°) 0.399 + 0.011
Overall RMS deviation (A) (residue: 1-9,
11-15)?
From mean structure 0.63 +0.22
Mean pairwise 0.95 +0.24

°Averaged over the accepted structures.
PNo violations > 0.2 A.
“No violations > 5°.
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FIGURE 3. (A) Stereoview of the solution structure ensemble of 20
lowest energy structures of DCloop RNA. Nucleotides are red (U),
green (C), orange (A), and cyan (G). (B) Stereoview of the lowest
energy structure of DCloop, with a major groove view of the pen-
taloop and hydrogen bonds for the U105-G108 base pair indicated by
black dashed lines. (C) Major groove view of the DCloop pentaloop.
(D) Major groove view of the HPwt pentaloop (PDB accession code:
1NA2; Theimer et al. 2003).

stacks on the GeU bp in the major groove with the Hoog-
steen edge facing the C106 sugar and the Watson—Crick and
sugar edges exposed to solution. The final loop nucleotide,
U109, is bulged out into the major groove and is not well
defined (Fig. 3A).

Initial structure calculations did not include hydrogen
bonding restraints for the U1056G108 bp; however, all of
the lowest energy structures consistently placed these
nucleotides within hydrogen bonding distance and geom-
etry. The observed orientation of the base pair in the cal-
culated structures, extremely weak U105 and medium G108
imino proton intensities, partial protection of the G108 N2
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amino protons, and undetectable U105-G108 imino-imino
NOE crosspeak were inconsistent with a standard GeU re-
verse wobble base pair geometry (U105 and G108 imino
protons hydrogen bonded to the O6 and O4 carbonyl of
G108 and U105, respectively). Instead, the hydrogen bond-
ing pattern for U105 and G108 could be inferred from their
mutual orientation in structures calculated with no hydro-
gen bonds. These initial structures showed the bases posi-
tioned to form the UeG bp found in the UUCG tetraloop
(discussed below). Inclusion of the hydrogen bonding re-
straints for this base pair (Allain and Varani 1995; Ennifar
et al. 2000) did not cause any violation of the existing ex-
perimental restraints and were thus included in successive
calculations.

The mutant DCloop hairpin has a completely different
loop structure (Fig. 3C) than that found for the wild-type
loop sequence (Fig. 3D; Theimer et al. 2003). Although the
HPwt structure was solved with a similar quality and num-
ber of restraints (an average of 19.4 NOE restraints per nt)
under identical solution conditions, the DCloop structure
had 12 nonsequential loop NOE restraints, four times more
than those observed for the HPwt loop, consistent with the
mutant loop having a more compact structure. The place-
ment of the first and last nucleotides in the loop is similar
in the two structures, with the first U stacked over the
closing base pair and the last U in the major groove. How-
ever, the first U in the wild-type hairpin is not in a base pair,
and the other three nucleotides adopt completely different
orientations and positions. Although overall the loop struc-
tures are different, the turn in the backbone occurs between
the third and fourth nucleotides for both loops. It is clear
from comparing the two structures that the better stacking
and additional hydrogen bonds present in the mutant
DCloop provide a structural explanation for the increased
stability of the mutant compared to wild-type hairpin.

Comparison to the YNMG tetraloop family

The structural results indicate that the increased thermody-
namic stability of the mutant versus the wild-type P2b hair-
pin sequence derives from the formation of an additional
base pair, hydrogen bonds, and stacking interactions in the
pentaloop reminiscent of those observed in the YNMG fam-
ily of tetraloops, of which UUCG is the most well charac-
terized member (Proctor et al. 2002). A minimal RNA con-
struct with the same Watson—Crick stem and loop nucleo-
tide sequence as the DCloop RNA, except for deletion of
U109, was designed to compare the thermodynamic prop-
erties of the DCloop pentaloop sequence with its UCAG
tetraloop counterpart (Fig. 4A). Because YNMG hairpins
were previously described to form duplex at high concen-
tration (Proctor et al. 2002), UCAG RNA samples were
annealed prior to melting experiments. Melting profiles ex-
hibited a single high-temperature transition similar to the
DCloop RNA (Fig. 4B), with thermodynamic parameters



Solution structure of the DKC P2b hairpin
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FIGURE 4. (A) Secondary structure of the UCAG tetraloop construct. Nucleotides are numbered using the numbering convention from DCloop.
(B) UV melting profile of the UCAG hairpin measured at 200 mM NaCl. Data indicated as described in Figure 2C. (C) Superposition of the
DCloop hairpin structure with the UUCG tetraloop (PDB accession code: 1F7Y; Ennifar et al. 2000), superimposed over the U} oG, , base pair.
The UUCG tetraloop is shown in red and the DCloop pentaloop in blue. (D) Comparison of the L1-L4 base pair and L3 nucleotide stacking
interactions in the DCloop RNA (left) and UUCG tetraloop (right) structures. Nucleotides are colored as in Figure 1C.

indicated in Table 1. The UCAG loop structure contributes
—0.5 kcal/mole in enthalpy and —1.5 kcal/mole free energy
[AG(37°C)] to the stability of the UCAG hairpin structure.
This is consistent with the stability observed previously for
the cUCAGg tetraloop in the context of a different helix
(Proctor et al. 2002) and within experimental error of the
total stability observed for the DCloop pentaloop structure.
In fact, the stability difference between the DCloop and
UCAG hairpins was found to be <0.5 kcal/mole
[AG(37°C)], under all solution conditions measured (data
not shown). Therefore, although a single nucleotide bulge
in the context of a helix contributes an entropic penalty of
+3.5 kcal/mole to the total stability of the structure
(Mathews et al. 1999), a 3’ terminal bulge nucleotide ap-
pears to have an insignificant effect on the stability of this
tetraloop.

The UUCG tetraloop structure, which is the most stable
and best characterized member of the YNMG family, was
determined by both NMR and X-ray crystallography (Allain
and Varani 1995; Ennifar et al. 2000), and has several dis-
tinctive features. Hydrogen bonding interactions occur be-
tween the first position (L1) nucleotide, U, ;, O2 carbonyl
and the fourth position (L4), G4, H1 imino and H2 amino
protons, as well as between the U, 2’ hydroxyl proton and
the O6 carbonyl of G;,. A hydrogen bond is also observed
between the third position, C;;, H4 amino proton and the

second position, U} ,, pro-R phosphoryl oxygen. Nonhydro-
gen bonding features include a syn conformation for G,
C2'-endo sugar puckers for U, and C, 5, and nonstandard
torsion angles for U;, and the closing base pair G. Unusual
chemical shifts for the loop and closing base pair include
upfield chemical shifts for the closing base pair G H1', C; 5
H5’, and H5"', and U, H2’ and downfield shifts for G,
H2' and H3' (Allain and Varani 1995).

The DCloop has the same loop topology found in the
UUCG tetraloop, with stacking of the L3 nucleotide over
the basepair in the major groove and the minor groove
position of the L2 nucleotide (Fig. 4C). As described in the
previous section, the hydrogen bonding pattern for the UeG
basepair observed for DCloop is identical to the UUCG
U, ,#G,, base pair (Fig. 3B). The DCloop structure shows
the same syn conformation for the G;,, C2'-endo sugar
puckers for the C;, and A;;, and similar nonstandard tor-
sion angles for the loop nucleotides as described for UUCG
(Allain and Varani 1995; Ennifar et al. 2000). In addition,
unusual chemical shifts are also observed for the loop and
closing base pair nucleotides in this structure, similar to the
UUCG tetraloop (Allain and Varani 1995), although their
relative magnitude is reduced.

Small differences between the UUCG tetraloop and the
DCloop [UCAG(U)] are present, attributed primarily to the
bulged U nucleotide. In the DCloop structure, the base of
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the G, nucleotide stacks over the base of the closing base-
pair G, rather than the sugar of the closing basepair G as
seen in the UUCG structure (Fig. 4D). This difference in
stacking is reflected in the decreased upfield chemical shift
of the closing base-pair G H1’ proton. The presence of the
intervening bulge nucleotide allows better stacking of the G
bases, most likely by decreasing torsional strain on the back-
bone. Additionally, the A;; base stacks more over the U,
base than C;; in the UUCG structure (Fig. 4D), resulting in
smaller upfield shifts for the A;; H5' and H5' protons,
because the sugar is not stacked as well over the syn G,.
Overall, the bulge nucleotide can be easily accommodated
by the UUCG tetraloop with only minor changes in the
topology and characteristic features, and the DCloop pen-
taloop clearly displays the hallmark features of a YNMG
tetraloop.

DISCUSSION

Telomere maintenance is particularly important in cells
with high proliferation rates, such as the hemopoietic sys-
tem, and mutations in the RNA component of telomerase
have been linked to inherited human disorders with defects
in highly proliferating cells (Ball et al. 1998; Vulliamy et al.
2001a, 2002). The DKC mutation, GC (107-108) — AG,
compromises the catalytic function of the mutant telomer-
ase complex (Fu and Collins 2003) consistent with the ob-
served requirement of P2b-P3 pseudoknot formation for
catalytic activity (Autexier et al. 1996; Tesmer et al. 1999).
Previous studies have shown that this mutation destabilizes
the P2b-P3 pseudoknot significantly and increases the sta-
bility of the mutant P2b hairpin conformation (Comolli et
al. 2002; Theimer et al. 2003). We show here that the mu-
tant P2b pentaloop forms a YNMG tetraloop structure with
a single U nucleotide bulged into the major groove. The
additional stability observed for the mutant P2b hairpin
compared to wild-type results from significant changes in
the stacking and hydrogen bonding interactions within the
pentaloop alone, with no changes in the stem base-pairing,
including the poly-pyrimidine tract. Further, we find that
the total stability contributed by the mutant loop structure
is similar to that observed for a related modestly stabilizing
tetraloop. This slight stabilization of the mutant P2b hairpin
was described previously as a small but contributing factor
in shifting the pseudoknot-hairpin equilibrium to favor P2b
hairpin formation by the DKC mutant sequence (Theimer
et al. 2003). We see no evidence for the hyperstabilization of
the mutant P2b structure (including the poly-pyrimidine
tract) and different secondary structure compared to wild-
type P2b predicted by Comolli et al. (2002). Although the
occurrence of a stabilizing tetraloop structure in this par-
ticular case is due to random sequence mutation, and un-
likely to be involved in tertiary structure or RNA—protein
interactions, stabilizing the alternative conformation of the
pseudoknot domain through formation of a more stable

1452  RNA, Vol. 9, No. 12

tetraloop structure contributes to the overall deleterious
effect of the GC (107-108) — AG mutation.

Tetraloop structural motifs are a common structural fea-
ture of many ribosomal RNAs and other biologically im-
portant RNAs (Woese et al. 1990). Tetraloops have been
found to be involved in RNA-RNA tertiary interactions
(Tinoco 1996), RNA—protein interactions (Zell et al. 2002),
and mediating correct folding of complicated RNA struc-
tures (Woese et al. 1990; Tinoco and Bustamante 1999).
Phylogenetic studies of ribosomal RNAs have revealed sev-
eral families of RNA tetraloops based on their frequent
occurrence; the cUNCGg (where N is any nucleotide),
c¢GNRAg (where R is a purine), and gCUUGc families
(Woese et al. 1990) with lowercase letters surrounding the
tetraloop sequence used to indicate the most common clos-
ing base pair. High-resolution structures have been deter-
mined for many tetraloops and have revealed that the in-
creased thermodynamic stability of these tetraloop se-
quences compared to random loop sequences can be
explained by extensive stacking and hydrogen bonding in-
teractions in the loop regions (Heus and Pardi 1991; Allain
and Varani 1995; Jucker and Pardi 1995; Cai et al. 1998;
Ennifar et al. 2000).

A YNMG tetraloop family was recently proposed in
which the UNCG tetraloop family is generalized to include
tetraloops in which the first loop position may be either a U
or a C (Y) and the third loop position may be either a C or
an A (M) (Proctor et al. 2002). This extension is based on
the observation of structural features, thermodynamic sta-
bility, and NMR and CD spectra characteristic of the UNCG
family in the family of structures selected on the basis of
stability using temperature-gradient gel electrophoresis
(TGGE). In support of this proposal, the NMR structure of
a uCACGg tetraloop from Coxsackievirus B3 which is in-
volved in interactions with the viral 3C protease was solved
and shown to contain the characteristic features of a UUCG
tetraloop (Du et al. 2003). In the present study, we found
that a disease-causing mutation in the P2b-P3 pseudoknot
region of human telomerase RNA results in the formation
of a pentaloop (cUCAGUg) which has the characteristic
structural features of the YNMG family as well as similar
stability, but utilizes other consensus nucleotides than the
previously reported uCACGg structure (Du et al. 2003).
Taken together, these structures provide strong evidence in
favor of the proposal (Proctor et al. 2002) that tetraloops of
the type (U/C)N(A/C)G form structures similar to the
UUCG tetraloop and in combination with the UNCG fam-
ily, comprise a larger YNMG structural family.

The solution structures of pentaloop forms of the GNRA
tetraloop have previously been solved and contain the struc-
tural features of the standard GNRA tetraloop (Legault et
al. 1998; Schirpf et al. 2000; Huppler et al. 2002). Therefore,
a single nucleotide in the fourth position in the GNRA
family (GNRNA) or the last position in the YNMG family
(YNMGN) appears to be accommodated by the corre-
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sponding tetraloop structures without significantly com-
promising the consensus structure. These observations sug-
gest that database searches for tetraloop occurrence may
underrepresent the actual frequency of these structural mo-
tifs in biologically important RNAs. A database search of
large and small subunit ribosomal RNA secondary struc-
tures (Proctor et al. 2002) shows that, after tetraloops
(51%), pentaloops (21%) represent the next largest category
of ribosomal RNA loops. As pentaloops occur with reason-
ably high frequency in important RNA structures, further
occurrences of stabilizing tetraloop mimics are likely to be
observed in a search of pentaloop structures.

MATERIALS AND METHODS

RNA synthesis and purification

Unlabeled and uniformly '*C,'*N-labeled RNA oligonucleotides
were prepared by in vitro transcription using purified His,-tagged
T7 RNA polymerase and synthetic DNA oligonucleotides, and
purified as described (Dieckmann and Feigon 1997). Unlabeled
nucleoside triphosphates (NTPs) were purchased from Pharmacia,
and individual °C, '°N-labeled NTPs were purchased from Silan-
tes. Purified RNAs were annealed at 65°C under dilute conditions
(1-10 pM) in NMR buffer (10 mM sodium phosphate, pH 6.3, 200
mM KCl, 50 uM EDTA, 0.2 % NaN,) and concentrated by ultra-
filtration to ~ 1.0 mM.

Thermal denaturation

Thermal melting experiments were collected on a Varian Cary 1
scanning spectrophotometer equipped with a Peltier heating ac-
cessory and temperature probe in double-beam mode. Percent
transmittance was recorded as a function of probe temperature at
260 and 280 nm simultaneously. RNA samples (2—4 pM) were
prepared, heated to 65°C for 10 min, unless otherwise indicated,
slow-cooled to room temperature, and then equilibrated at 5.0°C
for 30 min prior to data collection. High-concentration melting
data were obtained using 0.1-cm pathlength cuvettes at 10- to
20-fold higher concentration than standard melting samples. The
temperature was increased at a rate of 0.3°C/min from 5°-98°C
with data collected at 0.3°C increments. Melting profiles were
obtained by converting percent transmittance into absorbance and
taking the first derivative of the absorbance with respect to tem-
perature (0A/dT). Melting profiles were then subjected to nonlin-
ear least squares parameter estimation of t, ; (melting tempera-
ture), AH; (van’t Hoff enthalpy), A;**° and A*** (9A/0T ampli-
tude at 260 and 280 nm) for each ith transition upon application
of a sequential two-state unfolding model using the tmelt program
(Theimer et al. 1998). Reported values are the average of five
independent measurements.

The optical melting profiles of the DCloop hairpin RNA from
stock solution revealed an additional unfolding transition with a
t, of 42.4°C. Based on its high enthalpy (113 kcal/mole) and
observed concentration dependence of the t,, this transition was
identified as duplex formation in the 1 mM stock solution. An-
nealing the DCloop RNA stock at 65°C for 10 min prior to melting
experiments significantly reduced the duplex conformation. Com-

parison of the imino-imino region of a 2D 'H-'H NOESY, as well
as 1D 'H spectra in *H,O and 95% H,0/5% *H,0O, before and
after annealing revealed that duplex formation was easily identi-
fiable in NMR samples. Because duplex re-accumulated in the
NMR sample over time, it was necessary to anneal the sample
frequently during NMR data collection.

NMR spectroscopy

All NMR spectra were recorded on Bruker DRX 500 and 600 MHz
spectrometers. Exchangeable proton spectra were measured in
95% H,O/ 5% *H,O at 278K, and nonexchangeable proton spec-
tra were measured in 99.999% *H,O at 293K. The H,O resonance
was suppressed in 95% H,0/5% *H,O samples either by a 1-1
spin-echo or a WATERGATE water suppression scheme whereas
low-power presaturation was used to suppress the HDO resonance
in 99.999% *H,O samples. Exchangeable protons and nitrogens in
the Watson—Crick base pairs of the DCloop RNA were assigned
using 2D NOESY (100 msec mixing time), 'H-">N HMQC, and
>N correlated CPMG-NOESY spectra (Cromsigt et al. 2001).
Amino protons in the loop were assigned using a combination of
'H-"N HMQC and "N correlated CPMG-NOESY spectra
(Cromsigt et al. 2001). Nonexchangeable protons and carbons
were assigned using 2D NOESY (50 and 250 msec), homonuclear
TOCSY, 'H-"’C CT-HSQC, 2D HCCH-COSY, 3D HCCH-
TOCSY, and 3D NOESY-HMQC experiments (Cromsigt et al.
2001). Hydrogen bonding patterns were confirmed for the Wat-
son—Crick base pairs using Jy-HNN-COSY (Luy and Marino
2000). *J ;33 and *Jp were measured using *'P spin echo differ-
ence CT-HSQCs to determine 3 and & torsion angles (Wu et al.
2001). Residual dipolar couplings (RDCs) were measured for '],
in 5% C12E6/hexanol using CT-CE-HSQC (de Alba and Tjandra
2002). Spectra were processed and analyzed using Bruker
XWINNMR 2.6 and Aurelia 3.108.

Structure calculation

Interproton distances from 2D NOESY and 3D NOESY-HMQC
spectra were generated as described (Wu et al. 2001) except for the
classification of semiquantitative NOEs, which were as follows:
strong (1.8-3.5 A), medium (2.5-4.5 A), weak (3.5-5.5 A), and
very weak (4.5-6.5 A). In total, 157 intranucleotide and 125 in-
ternucleotide distance restraints were generated. We obtained 86
dihedral angle constraints for «, 3, 3, and & backbone angles (Wu
et al. 2001), and the +y dihedral angle for the nucleotides involved
in base pairs in the helix except for the terminal base pair (C104—
G110) were constrained to the A-form value (54 + 30° Cromsigt
et al. 2001). Nucleotides with observable H1'-H2' and H1'-H3’
correlations (C106, A107, and U109) in a 50-msec mixing time
TOCSY, were constrained as C2'-endo (South-type; 145 £ 30°),
and all other nucleotides which had no detectable H1'-H2' cor-
relations were constrained as C3'-endo (North-type; 82 + 30°).
Intranucleotide H1' to aromatic NOEs from a 50-msec 2D NOESY
indicated that all nucleotides fell into the anti range and could thus
be constrained with a x value of —160 * 30°, except for G109
which was identified as a syn base and was restrained to a x value
of 60 * 30°. Initial structure calculations included hydrogen-bond-
ing distance restraints and weak planarity restraints (force con-
stant of 3 kcal/A®) for the five Watson—Crick base pairs only. Ex-
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amination of the lowest energy structures consistently revealed
distances and geometry consistent with a U6-G9 base pair, and
therefore three hydrogen bond restraints (U6 O2 carbonyl to the
G9 H1 imino and H2 amino protons and U6 2" hydroxyl proton
to G9 O6 carbonyl) were included for this base pair, as well as a
weak planarity restraint consistent with the experimental data dur-
ing successive rounds of calculation. As only one of the N6 amino
protons for the A; ; nucleotide was detected, the presence of an A; 5
exocyclic amino—C;, pro-R phosphoryl oxygen hydrogen bond
could not be confirmed for the DCloop structure. This hydrogen
bond was therefore not included in the structure calculation pre-
sented here, although test calculations indicated that its inclusion
does not violate the existing experimental restraints.

The structures of DCloop were calculated using XPLOR-NIH
(Briinger 1992; Schwieters et al. 2003) starting from an extended,
unfolded RNA conformation using NOE distances and dihedral
angle restraints. The folding and refinement stages followed stan-
dard XPLOR protocols. Structures with no experimental restraint
violations from the initial 200 calculated structures were then sub-
jected to refinement against 14 residual dipolar couplings (RDCs).
The protocol involved slow cooling from 1000K to 100K in 18
cycles of molecular dynamics corresponding to a total of 18 psec.
During this stage, the force constant for dipolar couplings was
slowly increased from 0.001 to 0.2 kcal mole 'Hz 2. The experi-
mentally derived RDCs together with the lowest energy structures
from the structure calculation employing NOE and dihedral re-
straints were used as input information. The grid search for the
optimal values of the magnitude and asymmetry of the alignment
tensor produced an optimal value of D, = =20 Hz and R = 0.575.
The force constants used in the refinement stage of structure cal-
culation were 50 kcal mole *A™2, 200 kcal molefldegfz, and 0.2
kcal mole 'Hz 2 for NOEs, dihedral angles, and RDCs, respec-
tively. The correlation coefficients for the back-calculated RDCs
increased from 0.85 to 0.98 after inclusion of the experimental
RDCs in the structure calculation. Structural statistics for the 20
lowest energy structures are included in Table 2. All structures
were viewed and analyzed using MOLMOL (Koradi et al. 1996).

Coordinate deposition

The coordinates for the 20 lowest energy structures of DCloop
have been deposited in the Protein Data Bank (http://www.rcsb.
org), accession code 1Q75. Chemical shift data for the DCloop
RNA have been deposited in BioMagResBank (http://www.bmrb.
wisc.org), accession code 5932.
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