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RNA pseudoknots play important roles in many biological processes. In
the simian retrovirus type-1 (SRV-1) a pseudoknot together with a hepta-
nucleotide slippery sequence are responsible for programmed ribosomal
frameshifting, a translational recoding mechanism used to control
expression of the Gag-Pol polyprotein from overlapping gag and pol open
reading frames. Here we present the three-dimensional structure of the
SRV-1 pseudoknot determined by NMR. The structure has a classical
H-type fold and forms a triple helix by interactions between loop 2 and
the minor groove of stem 1 involving base-base and base-sugar inter-
actions and a ribose zipper motif, not identified in pseudoknots so far.
Further stabilization is provided by a stack of five adenine bases and a
uracil in loop 2, enforcing a cytidine to bulge. The two stems of the pseu-
doknot stack upon each other, demonstrating that a pseudoknot without
an intercalated base at the junction can induce efficient frameshifting.
Results of mutagenesis data are explained in context with the present
three-dimensional structure. The two base-pairs at the junction of stem 1
and 2 have a helical twist of approximately 49°, allowing proper align-
ment and close approach of the three different strands at the junction. In
addition to the overwound junction the structure is somewhat kinked
between stem 1 and 2, assisting the single adenosine in spanning the
major groove of stem 2. Geometrical models are presented that reveal the
importance of the magnitude of the helical twist at the junction in deter-
mining the overall architecture of classical pseudoknots, in particular
related to the opening of the minor groove of stem 1 and the orientation
of stem 2, which determines the number of loop 1 nucleotides that span
its major groove.
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Introduction

reached. After synthesis the polyprotein is pro-
cessed by proteolysis resulting in the functional

Simian retrovirus type-1' uses programmed —1
ribosomal frameshifting as a mechanism for regu-
lating translation of its polycistronic mRNA. The
frameshift enables the ribosome to skip the stop
codon in the 0 frame and to proceed protein syn-
thesis until the first stop codon in the —1 frame is

Abbreviations used: SRV-1, simian retrovirus type-1;
NOE, nuclear Overhauser effect; NOESY, NOE
spectroscopy, MMTV, mouse mammary tumour virus;
IBV, infections bronchitis virus; HMQC, heteronuclear
multiple-quantum correlation spectroscopy; TYMV,
turnip yellow mosaic virus; BWYV, beet western yellow
virus.
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proteins pro, gag and pol. Programmed ribosomal
frameshifting has not only been observed for retro-
viruses, but also in coronaviruses,? plant viruses,?
yeast,*® and bacterial systems .>”

Two elements in the mRNA are responsible for
efficient ribosomal frameshifting, (i) a heptanucleo-
tide sequence and (ii) a secondary structural
element six to eight nucleotides downstream of
this sequence, which in almost all cases is a pseu-
doknot. The heptanucleotide or so-called shifty
sequence has an X XXY YYZ consensus, where X
can be any base, Yis AorUand Zis A, Uor C. It
is thought that when this sequence enters the A
and P site of the ribosome, the pseudoknot struc-
ture causes pausing of the ribosome, giving time to

© 2001 Academic Press
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shift to the —1 reading frame. Although in most
cases a pseudoknot is found to be responsible for
ribosomal frameshifting, also a hairpin structure in
HIV® and Escherichia coli dnaX®'° and a three-way
junction in 1S911'! have been shown to be function-
ally active. Whether the pseudoknot structure acts
as an independent unit, regulating the ribosomal
frameshift by its structure or stability, or acts in
concert with auxiliary proteins is still not under-
stood. The importance of its structural identity is
evident, however, since pseudoknots can for
instance not be replaced by a functionally different
pseudoknot'? or replaced by a hairpin with a simi-
lar base-pair composition.'?

The pseudoknot of SRV-1 RNA is of the classical
H-type,'*'® with two stacked stems S1 and S2,
connected by two loops L1 and L2. Mutational
analysis of the pseudoknot in the overlapping
region of the gag and pol genes of SRV-1 showed
that the lengths of L1 and L2 and composition of
the base-pairs in S1 are important for its
function.’'® In the SRV-1'"® and other frameshift-
ing pseudoknots’ changing L2 nucleotides close to
the junction can have drastic effects on frameshift
efficiency. These results, together with recently
solved structures of other H-type pseudoknots, !
suggested a prominent structural role for L2 hav-
ing various tertiary interactions at the junction.

Here we present the high resolution NMR struc-
ture of the RNA pseudoknot present in the over-
lapping region of the gag and pol genes of SRV-1.
The structure is further characterized by a highly
organized L2-S1 interface, which forms a triple
helix by various tertiary interactions and extensive
stacking. Base-pairing at the junction of the two
stems is maintained, which shows that a pseudo-
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knot without an intercalated base at the junction
can induce a frameshift. The structure explains
nearly all results of mutational studies obtained so
far, and the architecture of the structure helps in
understanding how a pseudoknot promotes frame-
shifting.

Results

Design of an SRV-1 pseudoknot sequence
optimal for NMR

An optimal SRV-1 pseudoknot sequence was
designed for the NMR experiments by introducing
a few mutations, while maintaining its frameshift
efficiency (Figure 1). (i) The third G-C base-pair in
S2 was changed into an A-U base-pair. This
enabled us to distinguish the two stems, which are
both very G-C rich, by NMR spectroscopy, and
avoided the possibility of rearrangement of the
pseudoknot into an alternative structure with two
hairpins. (ii) The three GCU residues in L2 were
deleted. Frameshift efficiencies for mutants (i) and
(i))”'® were found to be higher compared to the
wild-type level (23 %, Figure 1(a)), amounting to
25 % and 30 %, respectively (Figure 1(b) and (c)).

However, pseudoknots with a guanosine at pos-
ition 20 showed a tendency to form multimers.
This was perceived from a concentration-depen-
dent behaviour of the imino proton resonances
(between 10 and 300 uM). We believe that the con-
centration dependence originated from formation
of dimer pseudoknot structures in which the G20-
A21" and A21-G20’ form an intermolecular sheared
tandem G-A base-pair motif at the dimer inter-
face.”*** Mutational studies'® showed that chan-
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Figure 1. Secondary structure representation of the SRV-1 wild-type (a) and various mutant pseudoknots (b)-(e)
with their corresponding frameshifting efficiencies. Mutations as compared to the wild-type are boxed. The two stabi-
lizing residues at the 3’-end of pk103 are drawn as open characters. The three boxed residues in L2 highlighted in (a)
and (b) have been deleted in (c)-(e), the boxed base-pairs in S1 and S2 as well as C20 (d), (e) indicate mutations with

respect to the wild-type.
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ging ten nucleotides at the 5-side of L2 yields a
frameshift efficiency close to the wild-type level
(20 %). This suggests that the identity of the bases
in the SRV-1 L2 are not important. Therefore, (iii)
we changed G20 into a cytidine, thus destabilising
the putative pseudoknot-dimer interaction, and
indeed for this mutant, pk102, no concentration-
dependence behaviour of the imino proton reson-
ances was observed. Frameshift efficiency for the
triple mutant pk102 (Figure 1(d)) was again com-
parable to wild-type level, 24 %.

However, pk102 showed an increased intensity
of two broad peaks in the region of the NMR spec-
trum where the non-hydrogen bonded imino pro-
tons tend to resonate (10.5-11.5 ppm), which
indicated aggregation of a different kind. This mul-
timerization effect could be attributed to the four
consecutive guanosine residues at the 5'-side of the
RNA pseudoknot. These base-pairs are probably
important for function: in almost all frameshifting
pseudoknots, S1 starts with three or four G-C
base-pairs, and mutational studies showed that
changing the third base-pair decreased frameshift
efficiency by approximately 50 %.'” To be able to
study a monomeric RNA pseudoknot (iv) we
changed the second base-pair of Sl into a C-G
base-pair, thereby interrupting the stretch of four
guanosine bases. This mutation resulted in a com-
plete disappearance of the two broad imino-proton
peaks around 11 ppm supporting our hypothesis
that the multimerization was due to the four
consecutive guanines.

Finally, evaluation of a few additional H5/H6
cross-peaks with minor intensities (approximately
10%) in the TOCSY experiment pointed out the
presence of a species with a local alternative con-
formation, originating from heterogeneity at the 3'-
end. The purified n + 1 transcript showed less of
the undesired minor conformation, which is prob-
ably caused by stacking effects of the additional
single-stranded nucleotide at the 3’-end. Therefore,
two residues, an adenosine and a cytidine, were
added to the 3-end of the pseudoknot, thus
favouring the major conformation. The final
mutant, pk103, combined all necessary changes for
studying the monomeric form of the SRV-1 pseu-
doknot by NMR, while maintaining an adequate
level of frameshift efficiency (16 %, Figure 1(e)).

Resonance assignment and
structure determination

The secondary structure of pk103, which turned
out to be identical to the published model,'” was
evident from a complete sequential NOE walk,
connecting all base-paired imino protons with the
exception of G1 (typical for a 5-fraying residue)
and the step between G14 and U29 at the S1-52
junction. Despite the absence of a NOE between
the slightly broadened imino proton resonances of
residues G14 and U29, most likely due to dynamic
properties of the junction and enhanced chemical
exchange of the imino protons, the assignment of

the imino proton of U29 and the presence of a U-A
base-pair at the junction could be established
unambiguously. While a single adenine spans the
major groove, still a clear sequential NOE contact
was observed between G8 H1 and G33 H1 at the
3'-end.

Standard assignment procedures, using
homo- and heteronuclear experiments in 2H,0O led
to a near complete assignment of the non-
exchangeable protons. The sequential walk from
anomeric to aromatic protons was interrupted
between residues 6-8, 19-20, in the middle of L2 at
residues 23-24 and at residues 28-29, indicative of a
change in direction of the backbone or increased
flexibility in these regions. Strong intra-residue
NOEs between H1'/H2'/H3’ and H6 of cytidine 24
suggested higher flexibility for this residue in com-
parison with the rest of the loop residues. This was
confirmed by initial T;p relaxation experiments,
which indicated an increased flexibility for this
residue. All residues involved in Watson-Crick
base-pairs showed typical A-type helical NOE con-
tacts. A structurally important ““pseudo-sequential”
NOE contact was observed between C6 H2' and
U29 H5 and H6 which helped restraining the rela-
tive orientation of the two stems.

Sequential NOEs, involving ribose and aromatic
C6/C8 protons observed for practically all residues
in L2 indicated stacking in an A-type fashion.
Assignment of the loop 2 adenine H2 resonances
was obtained using a 3D HCCH-TOCSY,* which
connected each H2 with the already assigned C8
protons. This allowed for resonance assignment
using the large number of NOEs observed between
the H2s and the H1s of different residues in S1 and
L2. In Figure 2(a) strips of all H2 resonances in the
3D NOESY-HMQC are shown with NOEs to other
H2 and His.

The high adenine content of L2, six out of nine
residues, and the large number of NOEs turned
out to be very important in the structure determi-
nation. All L2 adenine H2s showed sequential
NOEs to Hls in L2, and a number of long range
NOEs, predominantly to the S1 strand running
anti-parallel to L2 (schematically displayed in
Figure 2(b)). Figure 3 shows a schematic presen-
tation of all 547 NOE-derived distance restraints
that were wused together with 272 dihedral
restraints. For the structure calculations the torsion
angle dynamics approach implemented in the X-
PLOR program® was used as described by Stein
et al.?® Mainly due to the large number of distance
restraints between L2 and S1, the structure calcu-
lations resulted in a very compact and well defined
pseudoknot structure as shown by the superim-
posed structures in Figure 4.

24,25

Description of the structure

A single adenine spans the major groove of S2

The S2 stem consists of six base-pairs. Its major
groove is spanned by the single residue, A7, with
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Figure 2. (a). Strips from a 3D NOESY-HMQC exper-
iment belonging to all H2 protons of pkl03 showing
long range NOEs to other H2 and HI' protons. (b)
Overview of all NOEs from H2 to H1' protons observed
in 2D NOESY and 3D NOESY-HMQC experiments. The
thickness of the lines corresponds with the intensity of
the NOEs.

the base buried deeply into the groove
(Figure 5(a)). The sugar pucker of A7 is of the
S-type and the y torsion angle is trans instead of
the normal gauche®, resulting in an average
elongated phosphate-phosphate distance of 6.8 A
between residues 7 and 8. Similar atypical torsion
angles were observed in the TYMV pseudoknot for
extending one of the two residues of L1.* How-
ever, the phosphate-phosphate distance over six
base-pairs in an A-type helix is approximately
11 A,*% which is too large for a single residue to
span. To compensate for this effect, the distance is
shortened by a large helical twist of 49° between
the two base-pairs at the junction (vide infra).
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Figure 3. (a) Bar graph of all distance restraints used
in the structure calculation. (a) Representation of the
number of distance restraints between residues i and j.
(b) Representation of the number of distance restraints
and the range for the individual residues. Intraresidual
distance restraints are coloured black, sequential grey
and everything beyond sequential is coloured white. Bar
graphs are generated using DYANA®? and the number
of restraints, as counted by DYANA, are devided by a
factor of two resulting in the “real” values as used in
the structure calculation.

Continuous stacking and base triple interactions
form a highly structured L2-S1 interface

No less than 36 long range contacts were deter-
mined between the C2 protons of all adenines in
L2 and the base-pairs in S1. The large number of
NOE-derived distance restraints results in a very
well defined structure of L2, which is locked in the
minor groove of S1 by various interactions. At the
5-end of L2, at C20, the backbone turns sharply
into the opposite direction and is held in position
by A21, which forms two hydrogen bonds between
its N1 and the amino proton of G18, and between
its amino proton to the O2 of C2 (Figure 5(b)). Sub-
sequently, A21 serves as a platform for consecutive
stacking of all residues up to U27, with the excep-
tion of C24. A23 and A25 are stacked, evidenced
by NOEs from the H2 of A23 to the H2 and H1' of
A25, while C24 is bulged. The dynamic properties
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a)

Figure 4. Heavy atom superpositions of the 15 lowest energy structures fitted to: (a) S1 residues 1-6/14-19
(rmsd = 0.5 A); (b) S2 residues 8-13/29-34 (rmsd = 0.3 A); (c) junction residues 13-16/4-6,29, 26-28 (rmsd = 0.6 A); (d)

L2 residues 20-28 (rmsd = 1.3 A).

of C24 (visualized in Figure 4(d)) are transposed to
the next residue and cause line broadening of the
aromatic proton resonances of A25. However, in
the calculated structures A25 is firmly held in pos-
ition close to the minor groove connected by a
strong NOE between its H2 and C17HY
(Figure 2(a)). No hydrogen bonds can be detected
between residues 22-25 and S1, so it appears that
the structure of this part of L2 is primarily formed
by stacking interactions between the adenine
bases.

At the 3'-side of the loop two base triples are
present. Adenine 26 is stacked upon residue 25
and forms a base triple with G4-Cl16 in Sl
(Figure 5(c)). Additionally, a single ribose zipper
motif®! is present between A26 and C16, where the
2"-hydroxyl group and N3 of A26 share a hydro-
gen bond with the 2-hydroxyl group of residue

C16. The other base triple is formed between U27
and G15-C5, stabilized by a hydrogen bond
between U27 O2 and the amino group of G15
(Figure 5(d)).

The large helical twist between S1 and S2 at the
junction together with an S-turn at the 3'-side of L2
allow the three strands of S1 and L2 to come in
close proximity at the junction and position the 3'-
side of L2 in the minor groove for forming the base
triples (Figure 6(a)). A28 fulfils a key role in main-
taining the structural arrangement at the junction.
The S-turn is held in place by the rather unusual
position of the A28 base (Figure 6(b)), which is
fixed perpendicular to the plane of the canonical
base-pairs in the stem region, stabilized by hydro-
gen bonds between the N1 and the amino protons
of A28 and the 2-hydroxyl group of Gl4
(Figure 6(a)). The ribose moiety of A28 is tilted by
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Figure 5. (a) Lowest energy structure of the SRV-1-derived pseudoknot causing ribosomal frameshifting. The bases
of the two stems involved in Watson-Crick base-pairs are coloured green, the adenine comprising loop L1 red, the
bases of loop L2 magenta and the two 3'-stacking bases are coloured yellow. (b) Detailed view of the 5'-side of the
SRV-1 pseudoknot with the bases C20-U27 of loop L2 coloured in yellow. Adenine 21 has two hydrogen bonds to
the second base-pair in stem S1 (coloured green), indicated by the broken red lines, and serves as a platform for con-
secutive stacking of the following adenine residues. (c) Detailed view of the triple interaction between A26 of loop L2
and the G4-C16 base-pair from stem S1. Three hydrogen bonds are present, indicated by the broken yellow lines.
A26 is directed into the minor groove and forms a hydrogen bond by its N1 and the amino proton of G4. A ribose
zipper motif was observed between the other two hydrogen bonds from the N3 and the hydroxyl group of A26 to
the hydroxyl group of C16. (d) Triple base-pair formed by U27.C5-G15. Uridine 27 is held in the minor groove by a
hydrogen bond between O2 and the amino proton of guanine 15.

about 90°, bringing the H1" of A28 and U29 in
close proximity (Figure 6(a)). Figure 6(a) also
clearly shows that the sharp turn between A28 and
U29 and the tilted ribose of A28 positions U29 in
such a way that it can base-pair with Al3 in a
canonical manner without disturbing the base tri-
ple below. Finally, the phosphate group between
A28 and U29 is in close proximity to the 2'-
hydroxyl group of C6 in the opposite strand,
which could possibly form a hydrogen bond to
stabilize the unusual conformation of the backbone
around A28.

Discussion

Structural comparison

This work presents, after elucidation of the
TYMV? and BWYV?! pseudoknots, the third struc-
ture of an H-type or classical pseudoknot (for a
recent review discussing nomenclature of pseudo-
knots see Hilbers et al.'®) solved at sufficient resol-
ution to provide detailed structural information.
The structure of the frameshifting RNA pseudo-
knot of SRV-1 exhibits the typical topology seen
for other previously studied H-type pseudoknot
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Figure 6. (a) Adenine 28 (coloured magenta) is
oriented perpendicular to the plane of base-pairs and is
hydrogen bonded by N1 and the amino proton to the
hydroxyl group of guanine 14. (b) Representation of the
heavy atoms of the junctional region (G4-C6, A13-Cl6,
A26-U29). The tilted ribose of adenine 28 (coloured yel-
low) changes the direction of the backbone in such a
way that uridine 29 can be base-paired with adenine 13.
The two oxygen atoms in red might be involved in a
water-mediated or direct hydrogen bond.

structures. At the local structural level, however,
there are a number of interesting differences and
similarities which we will elaborate below.

The present SRV-1 pseudoknot structure exhibits
an unexpectedly compact conformation with sev-
eral tertiary interactions, mainly at the S1-L2 inter-
face (Figure 4) similar to what has been observed
for the TYMV and BWYV pseudoknots. Most of
the interactions between S1 and L2 consist of base
triple formation between adenines in the loop and
the bases of the base-pairs in the stem. We want to

mention the one exception, namely the A26:G4-C16
base triple, which is stabilized by a single base zip-
per motif (Figure 5(c)). Intramolecular ribose zip-
pers, unique to RNA since hydroxyl groups are
involved, have previously been observed in the P4-
P6 domain of group I intron ribozymes,*" the HDV
ribozyme® and the L11-binding domain of 23 S
rRNA.*7* In these structures at least two pairs of
riboses interact by hydrogen bonding to form the
ribose zippers, which are characterized by shared
hydrogen bonds between the 2'-hydroxyl group
and a pyrimidine O2 (or purine N3) of one nucleo-
tide and the 2’-hydroxyl of its partner. In the SRV-
1 pseudoknot the riboses of the next residues in
the stack, U27 and G15, are not participating in the
ribose zipper. Therefore, in a more general sense
the hydrogen-bonding pattern found here for a
single ribose pair might be considered the signa-
ture of a ribose zipper motif.

A pertinent finding in this work is that the base-
pairs predicted in the secondary structure model of
the SRV-1 pseudoknot®™ are formed in the three-
dimensional structure. Different views, however,
have been articulated for the presence of the U29-

25
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Figure 7. Interstrand phosphorus-phosphorus dis-
tances in A-form RNA® and pseudoknots. The curves
(b) represent the distances between the sampling phos-
phate in one strand (indicated by the black dot in (a))
and the phosphates (numbered from —8 to 3 in (a) and
(b)) on the other strand. For the A-form helix the choice
of the sampling phosphate is arbitrary, for the pseudo-
knots the sampling phosphate is 5 to the first L1
nucleoside. The broken lines in (b) indicate 6.0 and
7.4 A, the sequential phosphate-phosphate distance in a
regular A-form helix and the maximal distance that can
be spanned by one nucleotide, respectively.
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A13 base-pair at the junction. In the Mouse Mam-
mary Tumor Virus (MMTV) pseudoknot an
unpaired adenine was found at the junction, lead-
ing to a bent pseudoknot, which has been pro-
posed to be an essential structural feature for
frameshifting.’*?” The MMTV pseudoknot and var-
iants thereof with an intercalated adenine base at
the junction showed frameshift efficiencies of about
20 %. For variants without an intercalated adenine
the frameshift efficiencies were much lower (2 %).
Functional data® led to the proposal that the SRV-
1 pseudoknot would, at the dispense of the U29-
A13 base-pair, also contain an unpaired intercalat-
ing adenine at the junction to create this character-
istic bent conformation.’’” Mutational studies® of
the SRV-1 pseudoknot in which the uridine had
been changed into all other three nucleotides with-
out affecting frameshift efficiency further sup-
ported this hypothesis. In our work, however, we
firmly assigned a hydrogen bonded U29 imino
proton and unambiguously established the pre-
sence of a closed U29-A13 base-pair at the junction.
Earlier work by Hoffman and co-workers, who
were able to assign the U29 imino proton, also
indicated the presence of this base-pair.*® Thus, an
unpaired, intercalated nucleotide at the junction is
not necessarily required for efficient frameshifting
of the SRV-1 pseudoknot.

Geometrical aspects of the classical
pseudoknot architecture

In the H-type pseudoknots only a small number
of nucleotides, i.e. one or two, span the major
groove of S2. The number of base-pairs that can be
bridged in this way has been a matter of debate.
For instance, NMR studies of the pseudoknot in
gene 32 mRNA of bacteriophage T2 showed that a
single nucleotide can span the major groove of a
six or seven base-pair stem, but not five or eight.*!
On the other hand, it has been observed that in the
BWYV pseudoknot only one nucleotide spans the
major groove of S2, which effectively consists of
four base-pairs. Using the SRV-1, TYMV and
BWYV structures we now further elaborate on
these considerations.

To this end the interstrand phosphorous-phos-
phorous distances from the 3’-end of S1, defined as
the sampling phosphate (Figure 7(a)), to the oppo-
site strand in S2 are compared with the distances
expected for a continuous A-type RNA double
helix (Figure 7(b)). This graph shows that for cano-
nical A-type RNA the shortest phosphorous-phos-
phorous "distance (~8 A) occurs after a build-up
with seven base-pairs, thus leaving a gap that can
be bridged by one (or two) nucleotides. The dis-
tances measured in the TYMV and SRV-1 pseudo-
knots nearly coincide. In the SRV-1 pseudoknot a
distance of 6.8 A is reached when S2 is six base-
pairs long. This distance can easily be bridged by
one nucleotide. A similar situation obtains in the
TYMV pseudoknot. Here S2 is five base-pairs long
and the remaining gap, 11 A, can be spanned by

two nucleotides, the effective length of L1. In the
BWYV pseudoknot the situation is significantly
different. Here the phosphorous atoms of the third
and fourth base-pair of S2 are already at a distance
of 6.5 A from the sampling phosphate. Again this
distance can be, and in fact is spanned by one
nucleotide. Below it will be discussed that the twist
angle between the two base-pairs at the pseudo-
knot junction is an essential element in imposing
these differences.

The helical twist between the base-pairs in an
idealized A-type RNA helix is 32.7°. Compared to
this value large helical twists at the junction
between S1 and S2 seem typical for the formation
of classic pseudoknots. Thus, for the SRV-1 pseu-
doknot a helical twist of 49° is observed between
the two base-pairs at the junction. In the TYMV-
pseudoknot'® this twist amounts to 52° and for the
BWYV pseudoknot® a twist of about 90° has been
deduced.'® The large helical twist in these pseudo-
knots serves two purposes. First, it facilitates brid-
ging of the major groove of 52 by a small number
(one or two) of nucleotides. Secondly, it opens the
minor groove at the junction to accommodate base
triple formation in the TYMV?*1¢ and the SRV-1
pseudoknots (Figure 4) or base ?uadruple for-
mation in the BWYV pseudoknot.?’ Formation of
the base quadruple in the latter molecule also
accounts for the large difference with the proposed
secondary structure model.

Using a very simple model it can be demon-
strated that overwinding the helical twist of one of
the base-pairs can induce a helical bend. This is
shown in Figure 8(a), where a cylinder serving as a
model for an RNA helix is intersected by a plane at
a certain angle representing the tilt of the base-
pair. Subsequently, the upper part of the helix
(cylinder) is rotated by 180° around an axis per-
pendicular to the plane through the mentioned
base-pair, taking the point where the helix axis
crosses the plane as the pivot point. If one takes
the base-pair tilt equal to 45° it can be envisaged
easily that the combined large twist and tilt angles
lead to a bend of 90° between the upper and lower
part of the helix. It is also clear from this example
that smaller tilts will result in smaller bends.

At this point we like to mention that, interest-
ingly, superposition of the pseudoknot structures
on that of a regular A-type helix shows that in the
pseudoknots the deviations of the local as well as
the global helix axes from those in the regular A-
type helix are not as outspoken as suggested in
earlier publications. For this one has to realize that
the number of base-pairs in the helical stems, S1
and S2, in the pseudoknots do not entail a com-
plete helical turn, suggesting that the reported
bends refer to local instead of global bends. To
appreciate the importance of this remark a com-
parison with the situation in an A-type helix is
enlightening. If one takes a perfect A-form helix of
12 base-pairs the apparent bend between the helix
axis of the upper and lower 6 bp stems, generated
by either programme Curves**** or NEWHEL93
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a)

SRy

b ¥

SRV-1

A-helix i

90°

BWYV

Figure 8. (a) Schematic representation of creating a helical bend (¢) by overwinding the helical twist of one base-
pair step to 180°. (b) Schematics of base stacking in helical A-form RNA and SRV-1 and BWYV pseudoknots. Base-
pairs are represented by rectangles with the C1' of standard Watson-Crick base-pairs at the corners touching the
sugar-phosphate backbone, indicated by the circle. Helical twists are indicated as the angle between adjacent C1'-C1’

vectors across base-pairs.

(R.E. Dickerson, University of California, Los
Angeles), amounts to ~22°. Thus, examination of
two stacked helical A-type stems smaller than one
helical turn by either these programmes or by eye
inspection may lead to the conclusion that the mol-
ecule is bent while actually the global helix is
straight. This does not mean that in pseudoknot
structures no bending of the global helix axis
occurs at all. It is, however, in our opinion rather
modest.

The overwinding with the pivot point located at
the centre of the helix is, however, not possible in
practice. It would require a lengthening of the
phosphorous-phosphorous distance, which is pro-
hibited. In fact, variation of the distance between
two consecutive phosphorous atoms in the same
strand is only possible within small margins. In
nucleic acid structures this is reflected in the pre-

sence of almost constant phosphorous-phosphor-
ous distances.** This means that in reality the
rotation axis has to be moved close to the cylinder
wall. Then rotation of the upper part of the helix
will leave the orientation of its helix axis unaltered
with respect to the same rotation in the situation
above. However, this rotation will now result in a
shift of the helical centre of the upper with respect
to that of the lower helix in the intersecting plane.
This is illustrated in Figure 8(b), where the effect of
overwinding to a helical twist of 49° and 90° in
the SRV-1 and BWYV pseudoknot, respectively, is
compared with the situation in a normal A-type
helix. In Figure 8(b) the black rectangle represents
the last base-pair of the lower helix, and the grey
shaded rectangles represent base-pairs in the upper
helix stacked upon the last base-pair of the lower
helix. Build up of the upper helix in the normal



1118

Solution Structure of the SRV-1 RNA Pseudoknot

A-U |
C G U '4 A - U \
18% 21% 23% K3 "o 13% \
,:"‘E' g - g o" - A=U
oor A - o et 25%
20% S @ - @"}’
C = GIU '¢x‘ G - C N A
cC-G // lL;A:ﬁ-A"--'— 5%
c-6G6 [ —C -G A
22% C-G U A
RASRCIRN et 28% C U 34%
e -a, G C U 30%
L-C 1 G-C\ NA|[TTTTTT A G C U 18%
c-G |~ 7
d G-C CAAGC C U 10%
cC-G 5 A G 21%
10% G .
0”' “\ "‘\
AUCGAUGAAA 20% % A deletion
G -G C -G .
2% 299 Q insertion
Azl | A-U (] ot
. % | % i
wild type level 23% 15% mutation

Figure 9. Frameshift efficiencies of selected SRV-1 pseudoknot mutants.

A-type helix by seven base-pairs brings, in this
two-dimensional projection, the 5 terminus of the
upper stem, indicated by the little sphere attached
to the upper base-pair, close to the 3’ terminus of
the lower stem, indicated by the little sphere
attached to the black base-pair. This results in a
distance of ~8 A between these terminal phos-
phates (cf Figure 8(b)). In the SRV-1 pseudoknot
the twist angle between the upper base-pair of the
lower helix (stem S1) and the lowest base-pair in
the upper helix (stem S2) amounts to 49°, giving
rise to a shift of the helix centre of the upper helix,
as can be seen from the shift of the upper helix
with respect to that of the lower helix. Note that
the rotation is around the pivot point P located at
the crossing of the two circumferences, leaving the
distance of the consecutive phosphorous atoms of
the upper base-pair of stem S1 and the lowest
base-pair of stem S2 virtually unaltered. A build
up of the upper helix by six base-pairs brings its 5’
terminus as close to the 3’ terminus of the lower
stem as the similar build up by seven base-pairs in
the A-type helix. This clearly underscores the prop-
osition that increasing the twist angle shortens the
distance between the two termini in nice corre-
spondence with the results depicted in Figure 7(b).
The effect is even more dramatic in the BWYV
pseudoknot. A twist angle of 90° between the
base-pairs at the pseudoknot junction leads to a
much larger shift between the centres of the
helices, leading to a short distance of the free ter-
mini of the upper and lower stems after a build up
with three base-pairs and the stacking adenine.

17,18

Again this nicely conforms
results in Figure 7(b).

to the experimental

Comparison with frameshift efficiencies

The structural features of the SRV-1 pseudoknot
nicely fit the results of mutational studies on fra-
meshift efficiencies and provide leads for further
investigations. The absence of interactions between
the single L1 residue A7 and the major groove of
S2 strongly suggests that neither the identity of the
crossing nucleotide nor the base-pair composition
of 52 is important for frameshifting. This fully
agrees with the wvarious SRV-1 pseudoknots
mutated in this region, that only show slight
changes in frameshift efficiencies (Figure 9).'"® The
only known exception, i.e. a drop of 13% upon
changing two G-C pairs into A-U pairs, supports
the notion that base-pair composition of S2 is not
important provided that stability is maintained.
The intricate interactions at the S1-52 junction and
at the L2-S1 interface suggest that in this part of
the pseudoknot the nucleotide composition is
much more important. Again this concurs with the
various mutational studies performed. The
wild-type sequence at the 3'-side of L2, CUUA, is
apparently suboptimal in terms of efficiency, since
deletion of two (CU) or three (GCU) residues from
L2 was shown to increase frameshift efficiency to a
level of 34 % and 30 %, respectively.'® This suggests
that the interactions at the L2-S1 interface, i.e. base
stacking, base-triples and the ribose zipper motif,
are probably important elements in the mechanism
of ribosomal frameshifting. In other words, absence
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of the well-defined structure in the wild-type pseu-
doknot at the junction might explain the decrease
in frameshift efficiency. When AG, which does not
show direct contacts with S1, was deleted from the
loop, frameshift efficiency was slightly less (21 %)
than the wild-type level (23 %). In the case of del-
etion of CU, a guanosine is left between A26 and
U27. Here the higher frameshift efficiency might be
due to additional stacking interactions of the gua-
nosine between A26 and U27 and a triple inter-
action with one of the base-pairs in S1. Further
shortening of L2 progressively diminishes frame-
shift efficiency, which can be the result of disrup-
tion of the prime interactions at the junction by
tension of a too short L2. When a block of three
base-pairs in S1 is inverted, the frameshifting effi-
ciency drops to 10%,'” which can be attributed to
the loss of two triple interactions. For our NMR
studies we introduced a single base-pair inversion
at G2-C18. In the NMR structure the sharp turn of
L2 at the base of Sl is held by a hydrogen bond
between the N1 and the amino proton of A21 and
the amino proton of G18 and the O2 of C2, respect-
ively. Although it can be envisaged that in the
wild-type pseudoknot a similar hydrogen bond
can be formed by shifting A21 slightly over in the
L2 minor groove, this minor change might
decrease the overall frameshift efficiency to the
respectable value of 16 %.

In summary, nearly all the results of the muta-
tional studies can be explained by our structure.
However, the single base-pair inversion of G3-C17
decreases the frameshift efficiency to 12 %,'® while
this base-pair is not involved in any interaction in
our structure. This clearly shows the need for
further structural and functional studies to fully
comprehend the importance of the structural
details of the SRV-1 pseudoknot. In particular, it
will be very important to see whether the tertiary
interactions at the junction as found in the pseudo-
knot structure of the SRV-1 derivative presented
here are also present in the wild-type pseudoknot.
Also, to date the base triples and other interactions
at the junction have not been put to a functional
test yet.

The importance of adenine bases

It is clear from the structures of the SRV-1 pseu-
doknot, presented here, and the BWYV
pseudoknot,?! that adenine bases can be ascribed a
special role in ribosomal frameshifting. Insertion of
an adenine between G26.1 and C26.2 in L2
increases frameshift efficiency to 28 %, a result for
which no explanation could be given before.'® Fol-
lowing earlier arguments, this particular adenine
might also be involved in stacking and base triple
interactions, giving rise to the remarkable high fra-
meshift frequency. Alternatively, the changes in
frameshift efficiency upon deletion or insertion of
nucleotides in L2 could possibly arise from an
optimization of the loop length as well as of the
adenine content. A similar result has been

observed in BWYV, where the insertion of an ade-
nine residue after the first residue in L2 (G19A19a)
increased frameshift efficiency by 70 %.*°

It would be interesting to investigate the effect
on the L2 backbone conformation and frameshift
efficiency following replacement of adenine 28 by
a pyrimidine. A purine at position 28 (Figure 6)
seems important, since the single aromatic ring of
a pyrimidine will probably be too far away to form
a hydrogen bond with the 2’-hydroxyl group of
G14. In line with this observation Brierley and co-
workers' found for an infectious bronchitis virus
(IBV) derived pseudoknot an adenine at the 3'-end
of an 8 nt L2 essential for efficient ribosomal frame-
shifting. By increasing the size of the loop to 14 nt,
the specific requirement of this adenine is lost.
However, the IBV pseudoknot is structurally simi-
lar to the MMTV frameshifting pseudoknot with
two nucleotides in L1 and an intercalating adenine
at the junction. Since our structure of the SRV-1
pseudoknot is distinctly different from the MMTV
pseudoknot® it is not evident that when the three
bases (GCU), deleted from loop L2 in SRV-1, are
reinserted, the typical structural features and
requirement of adenine 28 is lost in SRV-1 as well.

Various mutational studies conducted on
MMTV*%3¥ and IBV* pseudoknots, compared with
the SRV-1 mutation studies '”'® have led to the
impression that the structure of the SRV-1 pseudo-
knot would differ from the minimal IBV-derived
pseudoknot, TYMV or BWYV structures.'**” In
particular the absence of an effect of the available
L2 mutations on SRV-1 frameshift efficiency led to
the suggestion that the SRV-1 pseudoknot would
not contain L2-S1 interactions as shown for the
TYMV and BWYV pseudoknots.'”*” However, at
the time of these studies frameshift data of critical
mutants involving tertiary interactions at the stable
junction were not available. Based upon our
structural study we propose that the IBV-derived
pkA-A and minimal IBV pseudoknot!’® have
structures similar to the SRV-1 pseudoknot with
similar L.2-S1 interactions.

Implications for the ribosomal
frameshift mechanism

The solution structure of the SRV-1 pseudoknot
involved in ribosomal frameshifting presented
here, has several special structural properties that
seem very important for its function. Frameshifting
appears to be a delicate mechanism that can be
fine-tuned for any particular species in order to
obtain the proper ratio between functional proteins
needed in the life cycle of the virus. Base-pairing as
obtained by S2, stacking of the bases in L2 and ter-
tiary interactions between S1 and L2, seem to be
used as a tuning device in order to regulate the
ratio between the translational products of the
overlapping reading frames. Beyond the A-type
double helix, our poor knowledge on the structural
properties of loops and bulges leaves us unable to
explain the effect certain mutations have on the fra-
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meshift efficiency. Therefore it is important to
understand the structural effect of subtle changes
in the loops, such as the change of a single adenine
in the IBV-based pseudoknot.'” Further structural
analyses by either NMR or crystallography not
only of the wild-type sequences, but also of mutant
pseudoknots are called for.

Despite the large amount of structural and func-
tional data the actual role of the pseudoknot struc-
ture in the mechanism of ribosomal frameshifting
is still unclear (for a recent review see also Giedroc
et al.).*” Most confusing is the large number of
pseudoknots differing in size, loop sizes and
nucleotide composition, not to mention the hairpin
structures and three-way junctions that have been
found to induce ribosomal frameshifting as well.
Therefore, the discovery of a common feature pre-
sent in all types of pseudoknots might provide a
basis for a better understanding. In fact the only
general feature that has been recognized so far for
the frameshifting pseudoknots is the definition of
formation of a classic pseudoknot itself: a single-
stranded region which folds back and forms base-
pairs with residues in a hairpin loop. Therefore, as
a consequence of the pseudoknot structure, the
translating ribosome proceeding along the mRNA
will approach a hairpin structure and a third
strand connected to the loop upstream. Unwinding
of the pseudoknot might be difficult because of the
stability of S2 and the loop-helix interactions, there-
by leaving time for the ribosome to pause and shift
to the —1 frame. Alternatively the specific inter-
actions between L2 and the minor groove of S1 as
seen in the SRV-1 pseudoknot that lead to the for-
mation of a triple helix raises the intriguing possi-
bility that a triple helix connected by a loop might
be the recognition signal for a translating ribosome
to frameshift.

Materials and Methods
In vitro transcription and translation assay

Mutations made in the SRV-1 gag-pro frameshift signal
discussed in this report were made starting from the
pSF43 mutant previously described by ten Dam and co-
workers.'® Plasmids were purified with the Wizard plas-
mid DNA purification system and used in the Promega
TNT SP6 quick coupled transcription/translation system
according to the manufacturer’s protocol. The products
of translation of the “in frame”” and —1 reading frame,
are a 19 kDa and 22 kDa fragment in size and contain
ten and 11 methionine residues, respectively. Synthesised
proteins were separated on a 15 % (w/v) SDS-polyacryl-
amide gel. The relative amounts of the proteins from
both reading frames were quantified by determining the
incorporation of [**Slmethionine by scanning the gel
with a Biorad phospho-imager correcting for the back-
ground and the differential methionine content of the
products.

Sample preparation

An unlabelled and four different residue-type 36-mer
RNA molecules specifically labelled with *C/*N were

prepared enzymatically by in vitro transcription using T7
RNA polymerase*® with a DNA template. The products
were purified using preparative polyacrylamide gel elec-
trophoresis and recovered by electroelution. Purified
RNA was extensively dialysed against 100 mM NaCl,
10 mM KHPO,/KH,PO, buffer (pH 6.4) and concen-
trated using Centricon microconcentrators. The final con-
centration of the unlabelled samyle was 3 mM and 1-
2mM for the residue-specific '*C/'N-labelled RNA
samples. Addition of 6 mM magnesium did not alter the
chemical shifts or NOE patterns, indicating that the pre-
sence of magnesium does not influence the pseudoknot
structure.

NMR methods

All spectra were recorded on Varian Inova 500 MHz
and 750 MHz and Bruker DMX 600 MHz spectrometers,
at 10° C for samples in H,O and at 30°C for those in
?H,0. Exchangeable ;orotons were assigned from 2D
NOESY experiments* which were recorded using a
jump return pulse sequence® for water suppression or
watergate pulse sequence with a water flip-back pulse.”
Non-exchangable protons were assigned using 2D
NOESY spectra employing mixing times of 50, 100, 200
and 300 ms, and from DQF-COSY"? and TOCSY*® exper-
iments. Phosphorus chemical shifts were assigned by
a 2D 'H-'P Hetero-TOCSY-NOESY** and a 'H-*'P
HETCOR experiment.>

Four samples with the different residue types separ-
ately *C/"N labelled were used to separate overlapping
resonances and 'H- 3C HMQC,*® 'H- *C 3D NOESY-
HMQC? and HCCH-TOCSY spectra®®2® were recorded.

Structural restraints

Proton distances involving non-exchangeable protons
were predominantly estimated from 100, 200, and
300 ms 2D NOESYs as well as a 300 ms 3D NOESY-
HMQC. NOE cross-peak volumes involving non-
exchangeable protons from the 100 ms NOESY were con-
verted into distance restraints using the approach as
described by Barsukov and Lian,* which qualitatively
takes care of spin diffusion, by using the H5-H6 NOEs
(2.45 A) for short and intraresidue H1’-H6/H8 NOEs of
helical residues for longer distances (3.65 A on average)
for those cross-peaks that were only visible at longer
mixing times. By this method, the distances that are
derived from the 100 ms spectrum agree very well with
those from longer mixing times, and the possibility of
large errors exceeding the error bandwidth can be vir-
tually excluded. Initially we made use of £20% error
bounds for distances derived from the 100 ms NOESY
experiment, because in our experience this gives a higher
convergence rate, while the number of violations is kept
to a minimum. Additional tests, using larger (—30%/
+ 40 %) error bounds resulted in structures with virtually
identical overall and local folds, albeit with slightly lar-
ger overall rmsds (1.84 A) and number of violations.
Small NOEs taken from the 300 ms 3D NOESY-HMQC
were subdivided in four classes strong (1.8-3.0 A), med-
ium (2.0-4.0 A), and weak (3.0-5.0 A). Small NOEs from
the 200 ms NOESY were classified as very weak (4.0-
6.0 A). As spin diffusion might become important for a
molecule of this size, the upper bound for very weak
NOEs was set to 6 A, which is a rather conservative esti-
mate. Distance bounds for partially overlapping peaks
were set to 1.8-6.0 A. Non-NOEs (i.e. lower bounds of
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Table 1. Structural statistics of the final ensemble of 15
structures

Distance restraints

Intranucleotide 294
Internucleotide 171
Hydrogen bonds 34
Non-NOE 48
Rms deviations (A, °)
Distance restraints (547) 0.075 £ 0.002
Dihedral restraints (272) 1.203 £ 0.050
Rms deviation from idealized geometry
Bonds (A) 0.0125 £ 0.0004
Angles (°) 1.998 + 0.092
Impropers (°) 0.471 4+ 0.023
Restraint violations
Number of distance violations® >0.4 A 1+1
Number of dihedral violations® >4 ° 8+2
Atomic rms deviations (A)° 1.72 + 0.41

2 None larger than 0.5 A.
* None larger than 6°.
¢ With respect to the average structure.

4.5-5 A between a given proton pair) were put in at later
stages of the structure calculations when the distance
between a given proton pair came out smaller than 5 A,
while there was clearly no cross-peak visible in any of
the NOE spectra. The given lower bound is very conser-
vative, and had no influence on the calculated structures,
but merely helps defining the allowed conformational
space during the molecular dynamics runs. Non-NOEs
were only included for residues for which we established
separately that they are not involved in intermediate
exchange. Scalar couplings between H1’ and H2' were
determined from a DQF-COSY and a NOESY exper-
iment, and were converted to N- or S-type sugar puckers
(using dihedral restraints) in case of small (<3 Hz) or
high (>7 Hz) values, respectively. The sugar puckers of
A21, A22, A23, C24 and C36 were left unrestrained
because intermediate scalar couplings of 4-6 Hz were
measured for these residues. All residues had intra
residual H1'/H2'/H3' to H6/H8 NOE intensities that are
indicative of an (-angle in the anti range, except for C24
and were therefore restrained 202(£+30)° for the stem
residues and 202(%60) ° for the others.

Both stem regions adopt an A-helical conformation,
evidenced by chemical shifts, sugar puckers and NOE
connectivities. All residues within the stem regions were
therefore assigned glycosidic and backbone torsion
angles in accordance with canonical A-type RNA with
error bounds of £20° for those residues. Distances relat-
ing to imino protons were conservatively estimated from
a 300 ms NOESY spectrum. Hydrogen bond restraints,
according to Saenger® with error bounds of 0.1 A, and
planarity restraints were imposed for residues involved
in Watson-Crick base-pairing, as evidenced by the imino
proton spectra and all observed NOEs and chemical
shifts. Hydrogen bond restraints for the two junctional
base-pairs were loosened (i.e. error bounds were
increased to 0.5 A) in order obtain a more unbiased
result in this region of the RNA molecule. No standard
restraints were imposed for any of the backbone torsion
angles between the sugar of C6 to G8, and that of C19 to
U29, to ensure an unbiased course of the polynucleotide
chain. For these domains, the § and y torsion angles
were left unrestrained, except for A29, for which we
found evidence in the 'H-*'P HETCOR experiment™ to
restrain B to 0-120°. The angle € was set to 225(+60) °, in

order to exclude the stereochemically forbidden gauche *
region. No downfield shifted phosphorous chemical
shifts were found for any of the pseudoknot residues
and therefore the angles o and { were conservatively
restrained to 0(£120)° to exclude the trans region.

Structure calculations

A set of 100 structures was calculated using the tor-
sion angle dynamics (TAD) protocol®® in X-PLOR.?” The
TAD cooling step in this protocol was increased to 90 ps
so as to obtain a higher convergence rate. 15% of the
obtained pool of structures had no distance and dihedral
restraint violations larger than 0.5 A and 6°, respect-
ively. All structures of this ensemble, best fitting the
experimental data, were selected for presentation and
their statistics are listed in Table 1. Colour Figures were
generated using MOLMOL.%

Coordinates

Coordinates for the set of 15 final structures as well as
a full list of restraints used in X-PLOR have been depos-
ited in the protein data bank, accession code 1E95.
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