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ABSTRACT

Chronic hepatitis B virus (HBV) infectionsmay lead to
severe diseases like liver cirrhosis or hepatocellular
carcinoma (HCC). The HBV post-transcriptional
regulatory element (HPRE) facilitates the nuclear
export of unspliced viral mRNAs, contains a splicing
regulatory element and resides in the 3’-region of
all viral transcripts. The HPRE consists of three
sub-elements a (nucleotides 1151–1346), b1 (nucleo-
tides 1347–1457) and b2 (nucleotides 1458–1582),
which confer together full export competence.
Here, we present the NMR solution structure (pdb
2JYM) of the stem-loop a (SLa, nucleotides 1292–
1321) located in the sub-element a. The SLa contains
a CAGGC pentaloop highly conserved in hepato-
viruses, which essentially adopts a CUNG-like tetra-
loop conformation. Furthermore, the SLa harbours a
single bulged G residue flanked by A-helical regions.
The structure is highly suggestive of serving two
functions in the context of export of unspliced viral
RNA: binding sterile alpha motif (SAM-) domain
containing proteins and/or preventing the utilization
of a 3’-splice site contained within SLa.

INTRODUCTION

The Hepatitis B virus (HBV) belongs to the hepatotropic
DNA virus family, the Hepadnaviridae. It is a small,
enveloped virus with a circular, partially double-stranded
DNA genome of 3.2 kb, which replicates exclusively in the
liver and causes hepatitis B (1). In spite of available
vaccines, worldwide 350 million people are chronically
infected with HBV, of which 1 million die per year from
liver cirrhosis and HCC (2) underscoring the need for
novel therapeutic approaches.

After infection of the cell, the viral genome is delivered
into the nucleus. The partially double-stranded viral
genome is converted by host enzymes to a covalently
closed, circular, double-stranded DNA molecule
(cccDNA). The minus strand of the cccDNA represents
the template for all viral transcripts. Starting at four
different promoters (Figure 1A) the six different viral
mRNAs are transcribed by cellular RNA polymerase II.
All viral mRNAs are capped and share an identical 30-end
due to the utilization of the same polyadenylation site.
The unspliced viral transcripts are exported into the
cytoplasm, where translation of the viral polymerase,
the core protein, the X protein and the three different
surface proteins takes place. The pre-genomic RNA
encodes the polymerase and the core protein, is reverse
transcribed into genomic minus strand DNA and is also
encapsidated (1–3).
Although the viral RNA contains a variety of splice

donor and splice acceptor sites the majority of the viral
RNAs escape the splicing machinery and are exported in
a splice-independent manner. The nuclear export of
the unspliced RNAs encoding the surface proteins is
facilitated by the cis-active hepatitis B virus post-
transcriptional regulatory element (HPRE) (4,5), whereas
the export mechanism for the unspliced pregenomic
RNA is still elusive (6). The HPRE is contained in all
viral transcripts at their 30-end and partially overlaps
with the ORFs encoding the protein X and the
polymerase.
Splicing of viral RNAs (7–14), the expression of the

HBV splice-generated protein (HBSP) (15,16) and a
polymerase and surface fusion protein (17) are well
documented. However, the function of splicing in the
viral life cycle and/or during infection is still enigmatic.
In addition to its export function, the HPRE contains
a splicing enhancer element indicative for an additional
splicing regulatory function (6).
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The HPRE is an �500 nt long tripartite element
consisting of the sub-elements a (nucleotides1151–1346),
b1 (nucleotides 1347–1457) and b2 (nucleotides
1458–1582) (Figure 1A) (18). All three sub-elements
alone can facilitate nuclear export albeit with very low
efficiency indicating that all three elements are required
for full HPRE activity (18–20). Two stem-loops have
been identified in the sub-elements, SLa (nucleotides
1292–1321) and SLb1 (nucleotides 1410–1434).
Disruption of the stem integrity results in a decrease of
HPRE activity comparable to the loss of activity after
deletion of the whole corresponding sub-element.
Compensatory mutations that restore the stem integrity
also restored export activity (18). These experiments led
to the prediction that both hairpins serve as protein-
binding sites for nuclear export factors. Note, that the
sequence of the SLa is highly conserved between HBV
and the closely related woodchuck hepatitis virus (18).
Secondary structure prediction based on the conserved

sequences of SLa indicates that the stem is closed by a
pentaloop and that the stem is interrupted by a bulged

guanine (Figure 1B). The HPRE facilitates the nuclear
export of viral transcripts most likely by recruiting
trans-acting host proteins. So far, three proteins, including
the poly-pyrimidine tract binding protein (PTB), have
been described to bind to the HPRE (21–23). Binding sites
for the PTB were identified in the 30-region of the HPRE
and functional PTB-binding sites were shown to be
important for HPRE-dependent reporter gene expression
(23,24) even though its direct role in HBV mRNA
export remains to be shown [(25); see also (26)].
As RNA export is mediated by specific protein factors
(26) and RNA–protein interactions frequently involve
non-canonical RNA structures (27,28), it is conceivable
that the non-canonical parts of the SLa, i.e. the pentaloop
and the bulged guanine, might constitute protein
recognition sites functionally important in HBV mRNA
export. This idea is consistent with recent findings that
RNA hairpins containing pentaloop sequences similar to
but non-identical with the SLa pentaloop bind SAM
domain containing proteins in the yeast Saccharomyces
cerevisiae (29,30). Nuclear export of unspliced HBV
RNAs is a bottleneck in the viral life cycle and represents
a potential target for therapeutic intervention.
The documented contribution of the SLa domain to
the function of the HPRE and its potential to be used as
a drug target served as incentive to determine the structure
of SLa.

MATERIALS AND METHODS

Synthesis, purification and preparation of RNA

Labelled nucleotides and the stem-loop a of the HPRE
(HSLA, Figure 1C, nucleotides 1295–1318) were prepared
and purified in uniformly 15N-labelled and in uniformly
13C,15N-labelled form by in vitro transcription with T7
RNA polymerase as described previously (31,32).
In addition, a short version of the apical part of the
stem-loop a of the HPRE (HSLAap, Figure 1D, nucleo-
tides 1298–1315) was prepared in 13C,15N-labelled
form. The NMR samples had final concentrations of
0.6mM [15N]-HSLA, 1.0mM [13C,15N]-HSLA in H2O
and 2H2O, respectively, and 1.0mM [13C,15N]-HSLAap in
H2O and 2H2O, respectively. The NMR buffer contained
10mM KH2PO4/K2HPO4, pH6.2, 40mM KCl, 0.2mM
EDTA and 10% (v/v)

2H2O or 99.99% (v/v)
2H2O,

respectively.
In order to ensure the folding of samples into a

monomeric stem-loop species, all samples were denatured
by heating to 958C for 10min and re-annealed by rapid
quenching of the sample temperature by 10-fold dilution
with ice cold H2O. After incubation for 1 h on ice the
folding state was analysed by a native polyacrylamide
gel electrophoresis (data not shown). Folded samples
were exchanged into NMR buffer using Centricon
ultrafiltration devices.

NMR spectroscopy

NMR spectra were recorded at temperatures of 283K
(exchangeable protons) and 293K (exchangeable and non-
exchangeable protons) on Varian UNITYINOVA 600MHz

Figure 1. (A) Schematic representation of the HBV post-transcriptional
regulatory element (HPRE) sub-elements and of the HBV genome. The
promoter sites (C, preS1 and X) are indicated. (B) Sequences of HPRE
SLa and the two synthetic RNAs HSLA (C) and HSLAap (D). The
arrow in (B) indicates the position of the 30 splice site (see Discussion
section). Residues added for in vitro transcription purposes are shown
in ‘italics’ in (C) and (D). Residues that are identical in all molecules
are given in bold face. Numbering of HPRE SLa sequence is based on
the GenBank sequence of HBV strain D00329.
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or UNITYINOVA 750MHz four-channel NMR spectro-
meters equipped with pulse field gradient accessories and
triple resonance probes with actively shielded Z-gradient
coils. The NMR spectra were processed with VNMR
(Varian Assoc., Palo Alto, USA) and analysed using the
program CARA (33). Chemical shifts were referenced as
described previously (34). Resonance assignment of the
exchangeable and non-exchangeable protons of HSLA
and HSLAap was performed as previously described in
(31,32,34–36) using (1H,15N)-HSQC (37), (1H,15N)-
CPMG-NOESY (38), (1H,1H)-H5(C5C4N)H (C,U) (39),
(1H,1H)-HCCNH-TOCSY (G) (40), (1H,1H)-HCCH-
TOCSY (A) (41), (1H,1H)-HCCH-COSY (C,U) (42),
(1H,15N)-2bond-HSQC (43), (1H,13C)-H(N)CO (44),
(1H,13C)-HSQC (37,45), 3D (1H,1H,13C)-HCCH-COSY
(sugar), 3D (1H,1H,13C)-HCCH-TOCSY (sugar) (42) and
(1H,15N)-HCN (46). (1H,1H)-NOESY (47) and 3D
(1H,1H,13C)-NOESY-HSQC (48) spectra were acquired
for sequential assignments. The virtually full assignment
for HSLAap allowed for completion of assignments for
corresponding nucleotides in HSLA.

Partial alignment of RNA for residual dipolar coupling
(RDC) measurements was achieved by adding 20mg/ml of
Pf1 bacteriophages (Profos AG, Regensburg, Germany)
to the uniformly labelled sample (49).

13C relaxation parameters T1, T1r and {1H}-13C steady-
state heteronuclear NOE (HETNOE) for C10 and
aromatic carbons were measured by using gradient-
enhanced pulse sequences to minimise water saturation
(50). T1 and T1r rates were determined by fitting the peak
intensities at multiple relaxation delays to the equation
I= I0 exp-(�/T1) (51) using RELAXFIT (52) (see also
Supplementary Data). The programs ROTDIF (53) and
DYNAMICS (52) were employed for relaxation analysis.
{1H}-13C steady-state heteronuclear NOEs were calcu-
lated as the ratio of 1H-13C correlation peak intensities in
the spectra acquired with and without 3 s of proton
saturation during the 5s recycle delay. Data were analysed
for the individual spin pairs without taking into account
other relaxation pathways in the uniformly labelled
sample according to Shajani and Varani (54).

Structure calculations

NOE constraints for non-exchangeable hydrogens were
obtained from 3D (1H,1H,13C)-NOESY-HSQC spectra
for both RNAs. Separate data sets were acquired for
ribose and aromatic carbons with mixing times of 80 and
100ms for HSLAap and 120 and 150ms, respectively, for
HSLA. Resulting NOEs were classified into three groups
representing strong, medium and weak cross peaks and
assigned to upper distances of 2.8, 4.3 and 5.9 Å,
respectively. NOE constraints for exchangeable hydrogens
were derived from (1H,1H)-NOESY and (1H,15N)-CPMG-
NOESY spectra. Mixing times were 100 and 250ms for
HSLAap and 150 and 250ms for HSLA. NOEs of
exchangeable hydrogens were related to upper limit
distance constraints of 4.3 and 5.9 Å. For calibration of
cross peak intensities, intra-residue H5-H6 and intra-base
pair imino to amino NOEs were used. Hydrogen bond
constraints were introduced for all base pairs exhibiting

cross peaks in an HNN-COSY spectrum (55) as well as for
the penultimate GU wobble pair. For every AU and GU
pair, four upper and lower distance constraints were used
and six for every GC pair, respectively. 1D 31P spectra
showed no downfield shifted resonances, therefore the
backbone torsion a and z of base-paired residues were
restricted to a range of �608of A-form helical values
according to (56,57) resulting in a total of 31 phosphorus
shift-derived constraints for a and z. No such restrictions
were imposed for loop and bulge residues. 14 3JH10H20, 7
3JH20H30 and 4 3JH30H40 coupling constants, extracted from
a 2D (1H,13C)-HCCH-E.COSY (58), were used to restrain
the sugar pucker for HSLAap.
Further torsion angle constraints were derived from

local conformational analysis with the FOUND module
(59) using 529 NOE derived upper limit distance
constraints as well as the scalar couplings, torsion angle
and hydrogen bond constraints mentioned earlier. As a
result, 207 constraints defining 185 torsion angles in
HSLAap were used for the distance geometry structure
calculations employing CYANA (60) in addition to the
distance constraints. No planarity constraints for restrain-
ing the base pairs were used. Energy minimization of the
15 out of 100 conformers with the lowest target function
was performed with OPAL (61). The implemented
AMBER94 force field (62) was used and a scaling of the
electronic interaction by 0.5 to avoid excessive charge on
the RNA backbone for in vacuo calculations was applied.
MOLMOL (63) was used for visualization of the resulting
structures. Back-calculation of the RDCs was performed
using the program PALES (64).

RESULTS

Resonance assignment and qualitative structural features

The HSLA molecule representing the native SLa of the
HPRE (Figure 1A and B) was modified by replacing two
base pairs in the lower stem for in vitro transcription
purposes (Figure 1C). Spectral overlap in this 30 nt long
RNA initially prevented a full sequential assignment and
extraction of structural parameters e.g. 3JH10H20 coupling
constraints. However, for a 22 nt long HSLAap molecule
(Figure 1D) where the A-helical stem was shortened as
compared to HSLA a virtually full resonance and
sequential assignment was achieved. The diminished
spectral overlap allowed for the extraction of a compre-
hensive set of structure restraining parameters.
A comparison of (1H,15N)-HSQC (data not shown) and
(1H,13C)-HSQC spectra (Figure 2A) of both molecules
showed very similar or identical chemical shifts for the
apical part of each molecule (residues 9–22 for HSLA and
5–18 for HSLAap, respectively; Figure 2A), indicating the
same conformation for the apical part of SLa. To simplify
matters, the structure of the HSLAap will be discussed
here in lieu of HPRE SLa, as it contains all irregular
elements of the full-length molecule.
Analysis of hydrogen bonding in HSLAap by

HNN-COSY revealed seven correlations between U and
G imino groups and N1 of A and N3 of C, respectively
(Figure 2B). This result is consistent with the formation
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of 2 AU and 5 GC base pairs in HSLAap. Importantly,
the formation of a Watson–Crick GC base pair by the first
and fourth loop residues C10 and G13 is indicated by
an—albeit weak—correlation in the HNN-COSY spec-
trum (Figure 2B) and NOEs between the imino proton of
G13 and the amino groups of C10 (see Figure S1A in the
Supplementary Data). An unusual base pair geometry for
C10G13, as listed in a comprehensive survey (65), would
not be compatible with these observations. In the
(1H,15N)-HSQC spectrum (data not shown, cf.
Figure 2B upper panel), the 1D 1H spectrum (Figure 2B
top) and the 2D (1H,1H)-NOESY spectrum (see Figure S2
in the Supplementary Data) further imino groups for G
residues and one U residue were found showing no
correlation in the HNN-COSY spectrum. The U imino
group and one G imino group exhibited a strong cross
peak in the (1H,1H)-NOESY spectrum (Figure S2) and
were assigned to the penultimate G2U21 wobble pair. One
broad G imino resonance (Figure 1B, top) giving rise to
weak NOE cross peaks to the amino group of C7 (see
Figure S1B in Supplementary Data) indicated a Watson–
Crick GC base pair and was assigned to G17. No signal
for the imino group of U14 and only degenerate candidate
imino signals, most likely owing to increased exchange

with the solvent, for the bulged G6 residue and the loop
G12 could be detected (Figure 2B, X).

The HPRE SLa pentaloop forms a tetraloop-like structure

The structure of the HPRE SLa is represented by the
ensemble of 15 energy-minimized structures of HSLAap
with the lowest target function (Figure 3A). The structural
statistics is given in Table 1. The structure consists of an
A-helical stem, a G-bulge and a CAGGU-loop residing
upon a GC closing base pair.

A-helix. The calculated NMR solution structure of
HSLAap contains an A-helical portion formed by the
residues 1–5, 7–9 and 15–22. Sequential NOE connecti-
vities for H10 to H8 of purines or H6 of pyrimidines,
respectively, indicative for an A-form helix are shown in
Figure S3 of the Supplementary Data. In addition,
residual dipolar couplings determined for the G and U
imino groups via (1H,15N)-HSQC measurements closely
match those back-calculated for the A-helical portion of
the HSLAap structure (Figure S4). The elongated stem
region in HSLA (residues 1–7 and 24–30), which is missing
in HSLAap, also adopts a standard A-form conformation

Figure 2. (A) Superimposition of the aromatic regions of the (1H,13C)-HSQC spectra of HSLA (red solid contours) and HSLAap (black contours)
recorded at 208C. The assignments for HSLAap are indicated. Resonances arising from residues only present in HSLA are indicated by lower case
letters. (B) HNN-COSY spectrum of HSLAap recorded at 108C; 1D spectrum of the imino region shown on top of (B). The assignments for the
imino groups of HSLAap are indicated, X denotes broad overlapping signals as discussed in the text.
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(data not shown). This A-helical portion of SLa will not
be discussed any further.

G-bulge. In the calculated structure the G6 residue is
bulged out of the A-helix (Figure 3B) consistent with
interresidual NOEs connecting the G6H8 to H20, H30 and
H40 of C5 as well as an NOE connecting the G6H8 to H5
of residue C7 (see Figure S1C). The H8G6 resonates at
7.94 p.p.m., which is very close to the H8 shift of GMP
under identical buffer conditions (8.06 p.p.m.; data not
shown) strongly suggesting the absence of significant ring
current effects (66). In addition, neither imino (Figure 2B)
nor amino protons were observed, indicating fast
exchange with the solvent. Taken together, these observa-
tions are consistent with a bulged-out conformation of
G6. The bulged G6 does not significantly disturb the
A-helical conformation of the stem region. (1H,1H)-NOE
spectra of a synthetic deletion mutant of HSLAap lacking
the bulged G6 residue resulted in an imino–imino NOE
pattern virtually identical to the respective wild-type
HSLAap pattern (data not shown). The 3JH10H20 coupling
constant of the bulged G6 suggests an equilibrium

between C30- and C20-endo conformations (67) with
a fraction of approximately 30% C30-endo. Hydrogen
bonds between the OH20 of G6 and O40 of C7 as well as a
phosphate oxygen of G6 and an amino proton of the C7
base stabilizing the bulged G conformation can be inferred
from the calculated structure (Figure 3B). The glycosidic
torsion angle � resides in the high-anti region.

gCAGGUc-loop. The pentaloop (Figure 3C) adopts a
well-defined, essentially tetraloop-like conformation. The
observed 1H/13C resonances of the ribose CH groups A11-
U14 were well separated from the respective helical ones
(e.g. Supplementary Figure S5 for C10H10 groups), which
allowed for their reliable assignment. Such unusual
chemical shifts for the loop nucleotides are reminiscent
of observations for other tetraloop conformations [cf. (32,
36, 66, 68)]. The first and fourth loop residues C10 and
G13 form a Watson–Crick base pair, which stacks upon
the closing base pair G9C15 as also indicated by a weak
imino–imino NOE signal between G9 and G13
(Figure S2). The rise between both base pairs is 3.22 Å
as is typical for A-form RNA. While all other loop
nucleotides show � angle in standard anti conformations
the formation of the C10G13 base pair leads to a mean
G13 � angle of �238, an intermediate between the high-
anti and syn ranges. This is reflected by an NOE signal
between the H8 and the H10 of G13, which is significantly
stronger than observed for the G residues in the helical
part [Figure S6; see also (69)]. 3JH10H20 coupling constants
between 5 and 6Hz observed for the three loop residues
C10, G13 and U14 indicate a C30-/C20-endo conforma-
tional equilibrium of 30%/70%. The second loop residue
A11 and the third loop residue G12 protrude into the
minor groove. Both residues display a C20-endo pucker as
evident from the 3JH10H20 coupling constants of 8.0 and
7.5Hz, respectively. We note that for G12 the chemical
shifts of its ribose protons are shifted to lower parts per

Table 1. NMR and refinement statistics for the HBV HPRE stem-loop

a structure (HSLAap)

NMR distance and dihedral constraints
Distance constraints 529
Hydrogen bond constraints 48
Total dihedral angle restraints 207

Structure statistics
Violations
Target function (Å2) 0.260 (0.00378)
Distance constraints> 0.1 Å 3.87 (0.96)
Max. distance constraint violation (Å) 0.18 (0.02)
Dihedral angle constraints 0 (0)
Max. dihedral angle violation (8) 1.71 (0.07)
AMBER physical energies (kcal/mol) �161.68 (8.76)

Deviations from idealized geometry
Bond lengths (Å) 0.0047 (0.00006)
Bond angles (8) 1.4115 (0.01533)

Mean global r.m.s.d. (Å)
Heavy atoms 1.22 (0.40)
Pentaloop (residues 9–15) 0.74 (0.25)

Figure 3. (A) Superimposition of the 15 energy-minimized conforma-
tions representing the solution structure of HSLAap. (B) Close-up of
the G6-bulge region. Canonical hydrogen bonds are shown in green and
hydrogen bonds stabilising the bulged G in magenta. View rotated by
908 relative to (A). (C) Close-up of the loop region. The trace of the
backbone is emphasised. Non-base-paired residues are marked by lower
case characters. View rotated by �908 relative to (A). Side-by-side
stereo depictions are shown.

Nucleic Acids Research, 2008, Vol. 36, No. 5 1685



million values (H40: 4.00 p.p.m., H50: 4.21 p.p.m., H500:
4.00 p.p.m. and H20: 4.34 p.p.m.). Similarly, shifted
resonances were observed for the equivalent loop residue
U7 in the CUU7G tetraloop (70). Such chemical shifts
were discussed as being indicative for a backbone turn at
such positions (66,71). The base planes of A11 and G12
are oriented nearly perpendicular to the base planes of the
loop pair C10G13 and the G9C15 closing base pair. The
structure suggests that the conformation of A11 is
stabilized by two sets of mutually exclusive hydrogen
bond interactions: either via N1A11–HO20U16 together
with N7A11–H22G9 or, alternatively, via H61A11–
O20G17 and N7A11–HO20G9. In addition, a hydrogen
bond H62A11–O20G9 and a NH-p-hydrogen bond (72)
between the amino group of G9 and the aromatic system
of A11 may form. Other loop stabilizing hydrogen bond
interactions consistent with the calculated structure can be
deduced for: OH20A11–O2C10, OH20G13–OP2C15,
OH20G9–O50C10, O20G9–HN62A11, OH20G12–O20C15,
O20G12–OH20C15, H22G13–O20C12, respectively.
Finally, the tetraloop-like structure is accommodated by
extruding the base moiety of the fifth loop residue U14
into the solvent. This orientation is reflected by a lack of
interresidual NOEs and by the chemical shift of the
H5U14 at 6.07 p.p.m. (66).
The HSLAap shows an overall rotational correlation

time of 4.04–4.06 ns when using the axial-symmetric
approximation in the model-free approach for data
analysis (52,53). The anisotropy value (Dk/D? ratio) of
1.6 derived from the latter approach matches with the
value obtained from HYDRONMR (73) using the
HSLAap structure. Heteronuclear NOE measurements
and relaxation analysis revealed that the sugar and base
moieties of all nucleotides including the G6 bulge and the
loop residues C10, A11, G12 and G13 display limited
flexibility on the ps to ns time scale (see Figure S7 in the
Supplementary Data). We however note a slight line
broadening for the H2 of A11 but not for its H10 (not
shown) and the H10 of G12 (cf. Supplementary Figure S5),
but not for its H8 proton. While this suggests a limited
local ‘breathing’ on a slower time scale of an otherwise
stable tetraloop conformation, the base unit of the fifth
loop residue U14 exhibits considerable motion already on
the ps to ns time scale as evident from the low order
parameter of 0.64.

DISCUSSION

The structural analysis of SLa revealed that its apical
pentaloop accommodates a tetraloop fold by bulging out
the fifth loop nucleotide and that it belongs to the
CNGG(N)n loop family (30,74), which has been discussed
as an extension of the CUNG tetraloop family (70). The
results presented here clearly show that significant
similarities are apparent to the thermostable CUUG
tetraloop (PDB code: 1RNG) (70). Both SLa and the
CUUG loop have a GC closing base pair and a CG base
pair is formed by the first and fourth loop residue that is
stacked upon the closing base pair. A difference is
observed for the glycosidic angle of G13, which tends

towards a syn conformation only in the SLa gCAGGUc
pentaloop. The conformation of the second base (U) of
the CUUG loop is similar to the conformation of the
equivalent residue A11 in the gCAGGUc pentaloop
(Figure 4) and the backbone r.m.s.d. for the loop residues
(excluding the fifth residue for gCAGGUc) amounts to
1.39 Å (2.06 Å incl. closing base pair). The main difference
between the two structures is found for the respective third
loop base (U versus G12), which locates to opposite sites
of the RNA backbone. Nevertheless, the apical pentaloop
of SLa constitutes another example for the sequence
plasticity of CUNG-like tetraloop structures. The
sequence plasticity observed for CUNG-like tetraloop
structures here and elsewhere (30,74,75) resembles the
situation which has been described for the other ‘cano-
nical’ tetraloops UNCG (32,36,69) and GNRA (76,77),
respectively. For the latter tetraloop-type a pentaloop
sequence may also adopt a tetraloop fold (78). Taken
together, these findings attest to a limited structure space
available for RNA to achieve a 1808 reversal of
direction—as necessary in hairpin loop elements—for
shorter loop segments and, hence, frequently comes
in (subtle) variations of common themes represented by
the three ‘canonical’ tetraloops CUNG, GNRA and
UNCG (27,79).

The other members of the CNGG(N)n family are
represented by the uCUGGCa pentaloop of the yeast
Smaug recognition element (SRE) and a synthetic
uUUGACa pentaloop, both of which form stable com-
plexes with the SAM domain of Vts1p (29,30,75).
A superimposition of the gCAGGUc pentaloop with the
uCUGGCa pentaloop of the unbound SRE (PDB code:
2ES5) shows a similar trace of the sugar-phosphate-
backbone (Figure 4). The backbone r.m.s.d. between
gCAGGUc and uCUGGCa including all loop residues is
1.75 Å. Most prominent deviations occur for the first loop
position, probably due to compensation effects for the
difference in the closing base pair (gc versus ua), and
for the third loop nucleotide. In the SRE pentaloop,

Figure 4. Superimposition of the HSLAap gCAGGUc loop (red) with
the SRE uCUGGCa pentaloop (cyan; PDB 2ES5) and the CUUG
tetraloop (green; PDB 1RNG). The residues CAGG for HSALap,
CUGG for the SRE loop and CUUG for the canonical tetraloop were
superimposed and are shown here. The backbone trace is emphasized.
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the conserved third residue (a G) engages in a stacking
interaction with the purines of the loop CG pair and the
closing UA Watson–Crick base pairs (30). Thus, it was
surprising to observe that the G12 in HSLAap
(gCAGGUc) did not adopt a similar stacking conforma-
tion. Therefore, we asked whether our data could also be
consistent with a uCUGGCa-like stacking conformation
for G12. This, however, was clearly not the case. For
instance, NOEs observed for HSLAap between H10G12
and H40C15 as well as for H40A11–H50G12, H10A11–
H20G12, H50G13–H10C15, H40G13–H40U14, H20G13–
H40C15, H10G13–H50U14, H500A11–H40A11 would be
violated for a loop conformation accommodating a
stacked G12. In spite of these differences, yet being a
member of the CNGG(N)nfamily it is conceivable for SLa
that a protein-binding partner constitutes a SAM-motif
containing human homologue of the yeast Vts1p or the
Drosophila Smaug with a function in RNA transport.
Such a homologue might bind the SLa pentaloop in
a manner as observed for Vts1p (29,30). Additional
contacts to the G-bulge, only present in SLa, might be
necessary for the in vivo function of such a homologue.

Importantly, it has been shown recently (80) that the
SLa harbours a 30-splice site at G1304/C1305 of the HBV
genome corresponding to positions G9/C10 in HSLap
(Figure 1B and D), which is used in conjunction with a 50-
splice site at position 458 to splice the subgenomic RNA.
Structured regions of RNA are known to regulate the
utilization of splice sites (81). Furthermore, splicing of
the HBV related duck Hepatitis virus is suppressed by
the formation of secondary RNA structures harbouring
50- and 30-splice sites (82). Since the nuclear export of
unspliced subgenomic RNAs is essential for the synthesis
of viral proteins and, thus, for viral propagation it is
important to prevent the utilization of the 30-splice site
present in SLa in order to allow for efficient export of
unspliced subgenomic RNAs. Hence, SLa may well serve
that function—be it solely by virtue of its tertiary structure
described here or in concert with as yet unidentified
cellular factors.
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