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ABSTRACT

Mutational and NMR methods were used to investigate features of sequence, structure, and dynamics that are
associated with the ability of a pseudoknot to stimulate a -1 frameshift. In vitro frameshift assays were performed on
retroviral gag-pro frameshift-stimulating pseudoknots and their derivatives, a pseudoknot from the gene 32 mRNA of
bacteriophage T2 that is not naturally associated with frameshifting, and hybrids of these pseudoknots. Results show
that the gag-pro pseudoknot from human endogenous retrovirus-K10 (HERV) stimulates a -1 frameshift with an
efficiency similar to that of the closely related retrovirus MMTV. The bacteriophage T2 mRNA pseudoknot was found
to be a poor stimulator of frameshifting, supporting a hypothesis that the retroviral pseudoknots have distinctive
properties that make them efficient frameshift stimulators. A hybrid, designed by combining features of the bacteriophage
and retroviral pseudoknots, was found to stimulate frameshifting while retaining significant structural similarity to the
nonframeshifting bacteriophage pseudoknot. Mutational analyses of the retroviral and hybrid pseudoknots were used
to evaluate the effects of an unpaired (wedged) adenosine at the junction of the pseudoknot stems, changing the base
pairs near the junction of the two stems, and changing the identity of the loop 2 nucleotide nearest the junction of the
stems. Pseudoknots both with and without the wedged adenosine can stimulate frameshifting, though the identities
of the nucleotides near the stem1/stem2 junction do influence efficiency. NMR data showed that the bacteriophage
and hybrid pseudoknots are similar in their local structure at the junction of the stems, indicating that pseudoknots
that are similar in this structural feature can differ radically in their ability to stimulate frameshifting. NMR methods
were used to compare the internal motions of the bacteriophage T2 pseudoknot and representative frameshifting
pseudoknots. The stems of the investigated pseudoknots are similarly well ordered on the time scales to which
nitrogen-15 relaxation data are sensitive; however, solvent exchange rates for protons at the junction of the two stems
of the nonframeshifting bacteriophage pseudoknot are significantly slower than the analogous protons in the rep-
resentative frameshifting pseudoknots.
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INTRODUCTION Near the end of the progene 8% of these ribosomes
again shift to the 1 frame to enter the pol gene to
synthesize a fusion protein that includes reverse tran-
scriptase (Jacks et al., 1987; Moore et al., 1987) There
is no independent ribosome entry to either the pro or
polgenes instead their translation is solely mediated
by ribosomes that initiate translation at the start of the
Reprint requests to David W. Hoffman Department of Chemistry gag gene The framing of the gag, pro and p0| genes
and Biochemistry Institute for Cell and Molecular Biology University . ! '
of Texas at Austin Austin Texas 78712, USA e-mail: dhoffman@ of hum‘?‘n endogenous retrovirus-K10 (HERV Ono et al"
mail utexas edu 1986) is the same as that of MMTV In some retro-
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In decoding mouse mammary tumor virus (MMTV) mes-
senger RNA 23% of the ribosomes translating the gag
gene shift frame shortly before the stop codon at a
specific site to enter the protease-encoding gene pro
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viruses such as murine leukemia virus (MuLV), gag
and polare in the same reading frame and readthrough
of the UAG gag termination codon (decoded as gluta-
mine) is required for synthesis of the gag-pol polypro-
tein (Yoshinaka et al., 1985).

A pseudoknot located several (6 to 8) nucleotides 3'
to the heptanucleotide frameshift site is required for
programmed -1 frameshifting in infectious bronchitis
virus (IBV), mouse mammary tumorvirus (MMTV), sim-
ian retrovirus (SRV) and beet western yellows virus
(BWYV) where the efficiency of 1 frameshifting in
these RNA viruses is 25% 23% 23% and 1%
respectively (Jacks et al., 1987 Brierley et al., 1989;
Garcia et al., 1993; ten Dam et al., 1994) Pseudoknots
are known to cause translating ribosomes to pause
however the pause alone is not sufficient to cause
frameshifting (Tu et al., 1992; Somogyi et al., 1993;
Lopinski et al., 2000; Kontos et al., 2001) Other fea-
tures of frameshift-stimulatory pseudoknots must act
directly or via an accessory factor(s) to promote effi-
cient frameshifting One such feature a bend of ap-
proximately 68 degrees between the two helices has
been implicated in a derivative of the MMTV gag-pro
pseudoknot (Shen & Tinoco 1995; Chen et al., 1996).
The bend is a consequence of an unpaired adenosine
nucleotide between the two stems and constraints im-
posed by the stacking of nucleotides in loop 2. Another
derivative of the MMTV pseudoknot that does not pro-
mote frameshifting also contains a bend between the
helices (Kang et al., 1996) although it is in a different
orientation Mutational studies of pseudoknots derived
from an infectious bronchitis virus (IBV) mRNA -1
frameshift site have shown that introducing an un-
paired adenosine at the junction of stacked helical stems
does not by itself create a frameshifting pseudoknot
and have suggested the importance of specific inter-
actions between stem 1 and loop 2 (Liphardt et al
1999) A crystallographic structure of the frameshift-
promoting pseudoknot in BWYV revealed rotation (48
degrees) and bending of the stems (25 degrees) at the
helical junction (Su et al., 1999) Additional features
that may contribute to frameshifting activity inthe BWYV
pseudoknot include a quadruple base interaction be-
tween a nucleotide in loop 1 and the stem regions
noncanonical interactions between nucleotides in loop
2 and stem 1 (Su et al., 1999) and pH-dependent loop
1to stem 2 tertiary interactions (Nixon & Giedroc, 2000).

A recent NMR study of a frameshift-stimulating
pseudoknot derived from the SRV gag-pro site (Michiels
et al., 2001) revealed a structure that in some respects
is reminiscent of a pseudoknot from the gene 32 mRNA
of bacteriophage T2 (Du et al., 1996; Holland et al.,
1999) which is not believed to be associated with frame-
shifting The SRV and bacteriophage T2 pseudoknots
each contain two stems that are stacked in each case
bending at the junction of the stems was determined to
be modest, if present In the SRV pseudoknot, the
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stacked base pairs at the junction of the two stems
have a helical twist of 49 degrees (Michiels et al., 2001),
compared to 327 degrees in an ideal A-helix; in the
bacteriophage T2 pseudoknot this same helical twist
was found to be 50 + 6 degrees (Holland et al., 1999).
In each pseudoknot the bases of the loop 2 nucleo-
tides are stacked in the minor groove of stem 1, and the
single nucleotide of loop 1 is embedded in the major
groove of stem 2 with no apparent tertiary interactions
with the stem 2 nucleotides The apparent structural
similarities between the SRV and bacteriophage T2
pseudoknots raise some important questions Could
the bacteriophage T2 pseudoknot serve as a stimula-
tor of frameshifting? And if not what are the features
that distinguish the frameshifting from nonframeshifting
pseudoknots?

Identifying the physical features of pseudoknots that
are important in stimulating frameshifting is of signifi-
cant interest (reviewed by Giedroc et al 2000) and
requires information from other active and inactive struc-
tures. Inthe present study a combination of mutational
and NMR methods were used to further investigate the
relationships between primary sequence structure dy-
namics and frameshifting activity using a set of pseudo-
knots with sequences derived from the gag-pro 1
frameshift site of HERV, the bacteriophage T2 gene 32
MRNA pseudoknot and a hybrid of these pseudoknots.
These results when combined with previously reported
functional assays of frameshift-stimulating pseudo-
knots derived from other viral mMRNAs (such as MMTV,
SRV and IBV) provide additional insights into the re-
qguirements for an efficient -1 frameshift signal.

RESULTS

Mutational analyses of pseudoknots
and -1 frameshifting

The HERV-K10 gag-pro frameshifting
pseudoknot

HERYV is closely related to the SRV and MMTYV retro-
viruses and encodes a full-length Gag protein and a
functional protease with the protease gene occurring
in the 1 reading frame relative to the Gag protein
(Schommeret al., 1996) Inthe present work the HERV
gag-pro slippery sequence and pseudoknot (Fig 1) were
tested for their ability to stimulate 1 frameshifting by
inserting these sequences between two open reading
frames (ORFs) Glutathione-S-transferase (GST) is en-
coded by the upstream ORF, and the downstream re-
gion encodes rabbit -globin in the 1 reading frame
relative to the GST (Matsufuji et al., 1995) Production
of the GST-/3-globin fusion protein is therefore depen-
dent on -1 frameshifting (Fig 2) In this system the
HERYV slippery sequence and pseudoknot were found
to stimulate -1 frameshifting with an efficiency of
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FIGURE 1. Schematic diagram of the slippery sequence and pseudo-
knot at the gag-pro frameshift site of the human endogenous retro-
virus K-10 (HERV). The nucleotides within the pseudoknot region are
numbered to be consistent with the NMR spectra.

18.5% + 0.6% (Table 1; Fig 2) The background rate
for the slippery sequence alone is 3% (Table 1; Fig 2),
similar to the background level of frameshifting on the
slippery heptanucleotide sequence reported for IBV and
MMTYV (Brierley et al., 1989; Chamorro et al., 1992) In
the present study when an in vivo dual-luciferase re-
porting system was used (Grentzmann et al., 1998),
the -1 frameshifting efficiency of the HERV slippery
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site and pseudoknot was found to be 22 6% 15%
with a background rate for the slippery sequence alone
of 1.1% + 01% We conclude that the HERV slippery
sequence and pseudoknot are able to stimulate 1
frameshifting with an efficiency similar to that of other
closely related retroviruses including SRV-1 (ten Dam
et al., 1994 1995) and MMTV (Chen et al., 1995).

The effect of mutations of some of the loop 2 nucle-
otides on the frameshifting ability of the HERV pseudo-
knot was investigated (Table 1; Fig 2) All five of the
loop 2 mutants investigated were able to stimulate -1
frameshifting however four of the five mutants were
less efficient than the wild-type sequence Deletions of
1, 2, and 3 nt from loop 2 reduced frameshifting effi-
ciency to 9% 6% and 6% respectively This implies
that either the identity of one or more of the deleted
nucleotides is important or that the length of loop 2 is
critical or both This result is consistent with recent
mutational studies of IBV (Liphardt et al., 1999) and
SRV (ten Dam et al., 1995) that suggest the identities
of at least some of the loop 2 nucleotides are important
for frameshifting activity.

Liphardt et al. (1999) identified a requirement for aden-
osine as the end nucleotide of loop 2 in their mutational
analysis of the IBV frameshifting pseudoknot In the
present study we found that changing the analogous
HERYV loop 2 nucleotide (C30) to A resulted in a frame-
shifting activity of 14% or 74% of wild-type activity
(note that the nucleotide in the SRV-1 pseudoknot anal-
ogous to C30 is A) Changing HERYV loop 2 nucleotide

FIGURE 2. An SDS-polyacrylamide gel showing results of in vitro frameshift assays Arrows indicate the positions of the
termination and frameshift products SRV wt contains the SRV slippery sequence and wild-type SRV pseudoknot; HERV wt
contains the HERYV slippery site and wild-type HERV pseudoknot; A30 contains a C-to-A change in loop 2 of the HERV
pseudoknot; G30 contains a C-to-G change in loop 2 of the HERV pseudoknot; the hybrid pseudoknot contains the HERV
slippery site and an HERV-T2 hybrid pseudoknot (see Fig 4); 3ntA, 2ntA, and 1ntA lack 3, 2, and 1 nt in loop 2, respectively,
of the HERV pseudoknot; HERV shift site contains the HERV slippery site but lacks the downstream pseudoknot; T2
contains the MMTYV slippery sequence A AAA AAC, and a 6-nt spacer followed by the wild-type bacteriophage T2 pseudo-
knot; no RNA shows the translation products in the reticulocyte lysate without added RNA The value of the background
band near the frameshift products was taken into account when determining frameshift efficiencies The termination band
in the T2 lane is shorter than in the other lanes because the ribosome encounters a 0-frame stop codon earlier within the

T2 pseudoknot sequence
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TABLE 1 The table shows constructs assayed for in vitro frame-
shifting activity performed using the GST-/3-globin assay system.

Relative

Constructa Frameshifting frameshifting

HERV wild type 19% 100%
Deletion 1 nt A28 in loop2 9 47
Deletion 2 nt A27 and A28 in loop2 6 32
Deletion 3 nt C26 A27 and A28 in loop2 6 32
C30 A 14 74
C300 G 7 37
HERV without pseudoknot 3 16
MMTYV with bacteriophage T2 pseudoknot 2 n
HERV with HERV-T2 hybrid pseudoknot 19 100

aHERV wild type HERV slippery site G GGAAAC, followed by
the wild-type HERV pseudoknot; deletions in loop 2 HERV slippery
site followed by the HERV pseudoknot lacking 1 nt, A28; 2 nt, A27
and A28; or 3 nt, C26, A27, and A28 in loop 2 C30 A: HERV
slippery site followed by HERV pseudoknot with A at the 3 end of
loop2 C30 G: HERV slippery site followed by HERV pseudoknot
with G at the 3 end of loop 2 HERV without pseudoknot HERV
slippery site without pseudoknot; MMTV with bacteriophage T2
pseudoknot MMTV gag-pro slippery sequence A AAA AAC, fol-
lowed by 6-nt spacer and bacteriophage t2 pseudoknot; HERV with
HERV-T2 hybrid pseudoknot HERYV slippery site followed by HERV
7-nt spacer and HERV-T2 hybrid pseudoknot (DH40) shown in
Figure 3B.

The HERV wild type was used as the standard for determining
relative frameshifting Frameshift efficiencies are rounded to the near-
est whole number and have an uncertainty of approximately 1%.

C30 to G resulted in a frameshifting activity of 7% or
37% of wild-type activity (the nucleotide in the bacterio-
phage T2 pseudoknot analogous to C30 is G Table 1
Fig. 2) Therefore as was the case in IBV the iden-
tity of the last nucleotide in loop 2 can have a signifi-
cant effect on the frameshift efficiency of the HERV
pseudoknot

Frameshifting ability of the bacteriophage
T2 gene 32 mRNA pseudoknot

The gene 32 mRNA pseudoknot from bacteriophage
T2 naturally functions as a regulatory and protein bind-
ing site and is not known to be associated with -1
frameshifting Because it has been extensively inves-
tigated by NMR methods (Du et al., 1996; Holland et al.,
1999) and has some significant structural similarities to
a known frameshifting pseudoknot (Michiels et al., 2001)
the bacteriophage pseudoknot was tested for its ability
to function as a stimulator of -1 frameshifting activity
when located downstream of a retroviral slippery se-
guence When the bacteriophage T2 pseudoknot fol-
lowed the MMTYV slippery sequence AAAAAAC by a
6-bt spacer the frameshifting efficiency was 2% The
wild-type spacing of 7 nt between slippery sequence
and pseudoknot was not tested because this would
have introduced stop codons in the -1 reading frame
of the bacteriophage T2 pseudoknot sequence For com-
parison in the case of MMTV slippery sequence and

Y Wang et al.

the MMTV pseudoknot decreasing the spacer from 7
to 6 nt reduced frameshifting from 23% (wild-type) to
9% (data not shown) Although the suboptimal spacing
may therefore have prevented the bacteriophage T2
pseudoknot from exerting its full effect the bacterio-
phage T2 pseudoknot does not appear to be an effi-
cient stimulator of -1 frameshifting This result supports
a hypothesis that the retroviral pseudoknots have prop-
erties that make them particularly efficient stimulators
of -1 frameshifting.

Frameshifting ability of a hybrid
MRNA pseudoknot

One approach to identifying pseudoknot features im-
portant for promoting -1 frameshifting is to make hy-
brid pseudoknots between active and inactive structures
Inspection of the gag-pro frameshift site of several retro-
virus mRNAs reveals that stem 1 of the pseudoknot is
relatively well conserved with usually at least three
G-C base pairs at the 5 end in contrast to stem 2
which is more variable in sequence although its length
is usually 6 or 7 bp The length and sequence of loop
2 varies widely among the retrovirus species These
observations suggest that the sequence of stem 1 is
an important determinant of frameshift-stimulating abil-
ity To test this hypothesis we attempted to convert the
bacteriophage T2 gene 32 mRNA pseudoknot to a
frameshift-active form by giving it a retrovirus-like stem
1sequence This hybrid pseudoknot (construct “DH40,”
Fig 3B) contains the natural sequence of stem 1 of the
SRV-1 and HERV pseudoknots whereas the nucleo-
tides near the junction of the helical stems are the same
as in the bacteriophage T2 gene 32 mRNA pseudo-
knot Interestingly this hybrid pseudoknot was found to
stimulate frameshifting as well as the wild-type HERV
pseudoknot (Table 1) a result consistent with stem 1
being an important determinant of frameshifting activity

Frameshifting ability of mutant pseudoknots
derived from the hybrid

Eleven additional pseudoknots derived from the
HERV-bacteriophage T2 hybrid were tested for frame-
shifting activity with sequences designed to address
the effects of changing the identity of the loop 2 nucle-
otide closest to the junction of the stems from G to A
(thus making the hybrid more like SRV and less like
the bacteriophage T2 sequence) inserting an unpaired
“wedged” adenosine at the junction of the two stems
(as occurs in the MMTV gag-pro pseudoknot) and
changing the stem 2 base pair closest to the junction of
the stems from U-Ato G-C or G-U; these changes were
evaluated individually and in various combinations
(Table 2) All 11 of these mutant pseudoknots were
reasonably active as stimulators of frameshifting with
efficiencies ranging between 15% and 24% as deter-
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FIGURE 3. Schematic diagrams of the RNA pseudoknots discussed in this work A: The gene 32 mRNA pseudoknot of
bacteriophage T2. B: A designed hybrid frameshifting pseudoknot construct “DH40.” C: The pseudoknot downstream from
the gag-pro frameshift site in the human endogenous retrovirus K-10 (HERV). D: A functional mutant of the pseudoknot
downstream from the SRV gag-pro frameshift site E: The pseudoknot downstream from the gag-pro frameshift site in the
simian retrovirus-1 (SRV) F: VPK, a functional mutant derived from the pseudoknot downstream from the MMTV gag-pro
frameshift site The diagrams are drawn in such a way as to show the base pairing that occurs within the pseudoknots.

mined in our in vitro assays Changing the 3' nucleo-
tide of loop 2 from G to A (construct 53-2) resulted in
little change in frameshifting activity relative to the ref-
erence hybrid (Table 2). Inserting an adenosine wedge
into the junction of the two stems (construct 59-7,
Table 2) resulted in a decrease in frameshift efficiency
from 19% to 15% The most significant increases in
frameshifting activity were seen in constructs where
the stability of the stem 1/stem 2 interface was affected
by replacing U-A with G-C. Without a wedged adeno-
sine frameshifting increases to 23% (construct 57-5),
with a wedged adenosine (construct 63-3), the activity,
20% is similar to the hybrid When there is a G-U base
pair in stem 2, the frameshifting efficiency is compara-
ble to the parent hybrid when there is an adenosine at
the 3' end of loop 2 (construct 55-2). Frameshifting is

also increased to 24% by having a G-C base pair in
stem 2, an adenosine at the 3' end of loop 2, and a
wedged adenosine at the junction of the stems (con-
struct 61-2); interestingly this arrangement is predicted
to most resemble the junction of the two stems in the
MMTV pseudoknot It is noted however that a G-U
base pair in stem 2 will also suffice (construct 61-11) in
the same context as construct 61-2. We conclude that
strengthening the junction of the stems by increasing
the stability of stem 2 can increase frameshifting The
presence of an adenosine wedge can increase frame-
shifting in a favorable environment of a strengthened
stem 2 and an adenosine at the 3 end of loop 2 The
results reinforce the significance of the junction of the
stems for frameshifting Interestingly of all the pseudo-
knots evaluated for frameshifting ability the only pseudo-
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TABLE 2. Results of in vitro frameshift assays for a series of pseudo-
knots derived from the HERV-bacteriophage T2 hybrid pseudoknot
(sequence DH40, Figure 3B) performed using the GST-/3-globin as-
say system a

3 end Base Wedged Frameshifting Relative
Construct loop 2 stem 2 base efficiency efficiency
HERV-T2 hybrid G U-A 19% 100%
53-2 A U-A 20 105
55-1 A G-C 22 116
55-2 A G-U 20 105
57-5 G G-C 23 121
57-4 G G-U 18 95
59-7 G U-A A 15 79
59-2 A U-A A 16 84
61-2 A G-C A 24 126
61-11 A G-U A 24 126
63-3 G G-C A 20 105
63-5 G G-U A 16 84

aThese constructs were designed to further address the effect of
changes at the junction of the pseudoknot stems including the effect
of inserting a wedge base into the hybrid pseudoknot structure Rel-
ative frameshift efficiencies are tabulated as a percentage of the
frameshifting efficiency of the hybrid pseudoknot Frameshift efficien-
cies are rounded to the nearest whole number and have an uncer-
tainty of approximately 1% Sequence differences from the hybrid
pseudoknot are highlighted by bold letters

knot found to essentially fail as a frameshift stimulator
was the natural bacteriophage T2 sequence

Comparative NMR studies of frameshifting,
nonframeshifting, and hybrid pseudoknots

Structural features of the bacteriophage T2 and SRV
mutant pseudoknots were previously investigated using
homonuclear and heteronuclear NMR methods (Du
et al., 1997 Holland et al., 1999; Michiels et al., 2001).
In the present study comparative NMR investigations
of the HERV and hybrid frameshifting pseudoknots are
added and in addition the dynamic properties of
the bacteriophage T2 and representative frameshifting
pseudoknots are investigated using NMR methods and
compared We note that the frameshifting pseudoknots
are often found to be less amenable to NMR analysis
than the bacteriophage pseudoknot primarily due to
chemical shift degeneracy as a result of the repetitive
G-C rich stem sequences Michiels et al (2001) have
also recently commented on this aspect of the frame-
shifting pseudoknot NMR spectra The preparative yields
of the bacteriophage T2 and SRV pseudoknots (with
sequences shown in Fig 3) were uniformly excellent in
transcription reactions however the yields for the HERV
and hybrid pseudoknots were significantly lower limit-
ing our NMR studies to 1H and 15N spectra in these
cases Nevertheless proton and 15N NMR data were
obtained that are suitable for confirming the base pair-
ings schemes for the pseudoknots and providing sig-
nificant insight into their structural and dynamic features.

Y Wang et al.

NMR investigation of the hybrid
RNApseudoknot

The hybrid frameshifting pseudoknot (Fig 3B) was
designed so that its sequence is the same as the
bacteriophage T2 pseudoknot near the junction of the
two stems and near the 3 end of stem 2 while retain-
ing sequence similarity to the HERV and SRV pseudo-
knots in other regions of the molecule The resonance
assignment problem for the stem resonances in the
hybrid was greatly simplified by making comparisons
with the previously assigned spectra of the bacterio-
phage T2 and SRV mutant pseudoknots as similar
chemical shifts and NOE intensities were observed in
regions where the sequences are the same Imino pro-
ton resonances and NOE cross peaks characteristic of
Watson-Crick base pairs were observed for all base
pairs of the hybrid pseudoknot (Figs 4 and 5) except
for G1-C19 and A13-U29. The nonobservation of the
Gl and U29 imino resonances does not necessarily
indicate the absence of the base pairs as it is not
unusual for imino protons at the ends of RNA helices to
exchange rapidly enough with the solvent so as to be
unobservable by NMR NOEs involving nonexchange-
able protons are a more reliable indicator of base pair-
ing, and in the case of the hybrid pseudoknot 27 NOE
cross peaks involving the protons of the four nucleo-
tides (C6 Al3 G14 and U29) at the junction of the
helical stems were observed in all cases with intensi-
ties and chemical shifts similar to those of the analo-
gous nucleotides (C7 Al15 G16 and U28) of the
bacteriophage pseudoknot where the imino resonances
characteristic of Watson-Crick base pairs are detected.
For example chemical shifts of the H2, H5, H6, H8, H1'
protons of the four nucleotides at the junction of the
stems of the hybrid pseudoknot differ from those of the
analogous nucleotides in the bacteriophage T2 pseudo-
knot by an average of only 006 ppm Of particular
significance the NOE cross peaks involving the H2
proton of nucleotide A13 (located at the center of the
junction of the two stems) and the H1 protons of G14
(in stem 1) and C30 (in stem 2) in the hybrid are
similar in intensity and chemical shift to the NOE cross
peaks arising from the analogous nucleotides of the
bacteriophage T2 pseudoknot The observed NOEs
involving protons at the junction of the stems support
a pseudoknot structural model, rather than a stem-
loop or mixture of stem-loop structures The pres-
ence of the G8-C34 Watson-Crick base pair within
the hybrid pseudoknot located at the 3 end of stem
2, is significant in that it enforces the requirement
that loop 1 consists of a single nucleotide spanning
the major groove of stem 2 The chemical shifts and
NOE cross peaks involving the protons of nucleo-
tides G8 C34 and A35 near the 3 end of the hybrid
frameshifting pseudoknot are nearly identical to the
corresponding chemical shifts and NOE cross peaks
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in the analogous nucleotides (G9, C34, and A35) in
the bacteriophage T2 pseudoknot indicating that the
two pseudoknots are structurally similar in the vicinity
of the terminal base pair of stem 2 as well; the chem-
ical shifts of the corresponding H2, H5, H6, H8, imino,
and amino protons of these 3 nt differ by an average
of only 0.03 ppm.

The local structure at the 4 nt (C6, A13, G14, and
U29) at the junction of the stems of the hybrid pseudo-
knot can be defined using distances derived from 27
NOE cross peaks identified in the homonuclear NMR
data Although this is somewhat fewer constraints
than were obtained for the analogous region of the
bacteriophage T2 pseudoknot (where 44 NOE cross
peaks were identified in homonuclear and heteronu-
clear NMR data) the local structure at the C6-G14 and
U29-A13 base pairs in the hybrid was found to be quite
well defined (Fig 6) with the root mean square devi-
ation for the four junction nucleotides being 0.8 A for a
set of 20 accepted structures In the hybrid pseudo-
knot the helical twist between the C6-G14 and Al13-
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FIGURE 4. Sections of the one-dimensional proton
NMR spectra of the RNA pseudoknots obtained in 90%
H20/10% D20 solvent at 20 °C. Assigned imino reso-
nances are labeled Shown are spectra of the imino
proton spectrum of the gene 32 mRNA pseudoknot of
bacteriophage T2, with sequence shown in Figure 3A
(A); the hybrid frameshifting pseudoknot with designed
sequence shown in Figure 3B (B); the imino proton
spectrum of the 38 nt pseudoknot from human endog-
enous retrovirus-K10 (HERV) gag-pro frameshift site,
with sequence shown in Figure 3C (C); the imino pro-
ton spectrum of a functional mutant of the SRV-1
pseudoknot with sequence shown in Figure 3D (D).

U29 base pairs is approximately 50 degrees or 18
degrees greater than the helical twist in regular A-form
helical RNA This overrotation is indistinguishable to
that observed in the bacteriophage T2 (Holland et al
1999) and SRV (Michiels et al., 2001) pseudoknots,
and serves to relieve what would otherwise be an un-
acceptably close contact between the phosphates of
A7 and U29 at the junction of the two stems while
preserving much of the stabilizing effects of base stack-
ing The ring planes of the bases of C6-G14 and U29-
A13 in the hybrid are nearly parallel Structures with
bend angles within the range of 0 to 28 degrees were
found to satisfy the distance bounds for the four junc-
tion nucleotides in the hybrid this range of bend angles
is not significantly different than that which is reported
for the bacteriophage T2 (Holland et al., 1999) and
SRV (Michiels et al., 2001) pseudoknots.

We conclude that in terms of several important struc-
tural features the hybrid bacteriophage T2 and SRV
pseudoknots are similar these features include the lo-
cal structure at the junction of stems 1 and 2 loop 1
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FIGURE 5. A: A section of the 500-MHz 2-D NOESY spectrum of
the hybrid (DH40) frameshifting pseudoknot with sequence shown in
Figure 3B, obtained in 90% H20/10% D20 solvent 10 mM phos-
phate buffer pH 68 at 20 °C. The NOE mixing time was 200 ms.
Cross peaks are observed between the imino protons of the adjacent
base pairs in the helical stems B: A section of the same spectrum
showing NOE cross peaks involving the imino resonances Cross
peaks are labeled by residue type and number

consisting of a single nucleotide overrotation of the
base pairs at the junction of the stems little or no bend-
ing between the stems and the local structure near the
3 end of stem 2

Y Wang et al.

Confirmation of base pairing
in the HERV pseudoknot

Base pairings for the HERV pseudoknot were con-
firmed using two-dimensional proton and 15N-1H cor-
related and NMR spectra obtained for a 38-nt version
of the molecule with sequence shown in Figure 3C as
well as a 36-nt version prepared without the unpaired
nucleotides G1 and A2 Again the assignment of the
stem resonances was simplified by the similarity in
chemical shifts among the protons of the HERV SRV
mutant and hybrid pseudoknots in regions where the
sequences are the same specifically in stem 1 at the
junction of stem 1 and stem 2 and at the end of stem
2 nearest the 3' end of the molecules In both the
36- and 38-nt versions of the HERV pseudoknot the
wobble-type G33-U13 base pair in stem 2 showed
the expected strong NOE cross peak between the G
and U imino protons as well as 15N chemical shifts
characteristic of G and U imino nitrogens near 145 ppm
and 160 ppm respectively The resonances of the HERV
pseudoknot are broader than those of the other pseudo-
knots (Fig 4) perhaps an indication of a tendency
toward aggregation or an indication of intermediate
exchange on the NMR time scale As was the case in
the hybrid and SRV and mutant pseudoknots (Du et al.,
1997), the imino proton resonances of the base pairs at
the junction of the HERV pseudoknot stems are very
broad which is attributed to rapid exchange with the
solvent (Fig 4)

Comparison of the dynamics
of frameshifting and
nonframeshifting pseudoknots

Pseudoknots with similar structural features may differ
significantly in terms of their flexibility and dynamics.
One of the strengths of NMR spectroscopy is its ability
to provide information regarding the motions of biomol-
ecules NMR-observable parameters related to molec-
ular motion in RNA include 15N relaxation parameters
(R4, R2, and 15N-1H heteronuclear NOE) and imino
proton exchange rates The possibility that frameshift-
ing and nonframeshifting pseudoknots may differ in their
dynamic properties was investigated

I5N relaxation analysis of the RNA pseudoknots

Representative RNA pseudoknots selected for 15N re-
laxation analysis are (1) the nonframeshifting bacterio-
phage T2 pseudoknot (Fig 3A), (2) a frameshifting
pseudoknot derived from the SRV gag-pro site (Fig 3D)
that has been shown to be an efficient stimulator of 1
frameshifting (ten Dam et al., 1995) and does not con-
tain a wedged base at the junction of its two stems (Du
et al., 1997) and (3) a frameshifting pseudoknot de-
rived from the MMTV gag-pro site (Fig 3F) that does
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FIGURE 6. Views of the local structure at the junction of the two helical stems of the DH40 hybrid frameshifting pseudoknot
with sequence shown in Figure 3B, showing the nucleotides of the C6-G14 and A13-U29 base pairs A: Six superimposed
structures of the C6-G14 and A13-U29 base pairs representative of the full range of structures that are consistent with 27
interproton distances derived from NOE cross peaks and have reasonable molecular geometry For comparison the
C6-G14 and A13-U29 base pairs are shown in the lower part of the figure as they would be if they were part of a single
ideal A-form helix B: A different view of the same 4 nt in the same six superimposed structures as shown on the left, but
rotated by 90 degrees Again a view of the 4 nt as they would be in an ideal A-form helix is shown for comparison in the
lower part of the figure Distances between phosphorous atoms along the RNA backbone are indicated.

contain a wedged adenosine at the junction of its two
stems (Shen & Tinoco 1995) These three pseudo-
knots were selected because they represent the ex-
tremes in terms of frameshifting ability (or lack thereof),
extremes of structural types (wedged adenosine or no
wedge) and each has reasonably good dispersion in
the chemical shifts of its imino resonances and suffi-
cient preparative yield in in vitro transcription reactions
so that isotope-enriched samples may be prepared
For the bacteriophage pseudoknot 15N relaxation rate
data were obtained for the 11 observable imino 15N
nuclei within the stems Relaxation rates were success-
fully back-calculated using a relatively simple dynamic
model, where the molecule was assumed to have an
ellipsoidal shape and only an order parameter (S2) for
each imino group a ratio between the long and short
axes of the diffusion tensor (Dratio) and a global tum-
bling time (rm) were used as variables Excellent agree-
ment between the observed and calculated relaxation
data (Table 3) was obtained using aratioof2.131010
for the long and short axes of the diffusion tensor; this
value for Dratio is similar to a value of 20 10 10 calcu-
lated using the program DASHA (Orekhov et al., 1995)
and the coordinate file “2tpk” from the Protein Data
Bank to model the diffusion of the molecule The R
and R2 relaxation rates and 15N-1H NOEs for the 11
observed imino nitrogen nuclei indicate a global tum-
bling time (rm) of 10.4 ns which is within the range

typical of biomolecules with similar molecular weight
Order parameters for the imino groups are within the
range of 072 to 083 (Table 3) values typical of a
well-ordered structure

Inspection of the data in Table 3 reveals that the R1
and R2 relaxation rates of imino 15N nuclei are not the
same for all base pairs within the pseudoknot stems.
The differences in observed relaxation rates do not
necessarily imply differences in internal motions but
can also be accounted for by (1) differences in the
chemical shift anisotropy of the G versus U imino 15N
nuclei (Akke et al., 1997) and (2) the anisotropic tum-
bling of the pseudoknot which causes the 15N relax-
ation rates to exhibit a dependence on the orientation
of each N-H bond vector relative to the major axis of
inertia within the molecular structure (Lee et al., 1997;
Luginbuhl et al., 1997; Lillemoen & Hoffman 1998) For
example N-H bond vectors that are perpendicular to
the long axis of the molecule tumble (on average) faster
than N-H vectors that are parallel to the major axis as
illustrated in Figure 7 15N relaxation rates therefore
depend on the angle (theta) between each individual
N-H vector and the long axis of the molecule as well as
the internal motions

For the pseudoknot derived from the SRV gag-pro
-1 frameshift site (Fig 3D) a relatively simple dy-
namic model was sufficient to fit the observed and
calculated 15N relaxation data where only an order
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TABLE 3 NMR data related to dynamics of the bacteriophage T2 gene 32 mRNA pseudoknot.3

R (s-1) Ri(s 1) R2(M1)
Nt (obs) (calc) (obs)
Stem 1
G4 150 004 148 10.89 + 0.3
U18 131 004 133 1012 03
G17 138 004 138 10.04 + 0.3
G16 150 004 152 115 03
Stem 2
u28 140 004 134 919 03
G14 139 004 138 991 03
U13 126 004 126 921 03
u31 125 004 123 903 03
U1l 122 004 121 937 03
G33 131 004 127 1010 03
G9 129 004 139 1150 03

Y Wang et al.

R2("1) theta K hx

(calc) NOE S2 (deg) (s 1
11.19 072 004 083 110.2 24 + 10
9.79 073 004 077 76 2 42 + 20
10.08 071 004 076 78 1 1.6+ 10
10.94 071 004 083 834 21 + 10
9.33 076 004 074 94 1 2.7 £ 10
9.95 071 004 076 836 11 + 0.6
9.22 069 004 073 77 2 1.0+ 0.6
9.19 076 004 072 106.8 0.8 + 0.5
9.50 070 004 073 64 5 0.8 + 0.5
10.43 072 004 075 119.9 1.4+ 10
1123 072 004 081 61 5 1.7 + 10

aShown are the observed 15N relaxation rates (R and R2) and rates calculated using an anisotropic model for the
pseudoknot motion 15N-1H NOEs order parameters (S2) and rates with which the imino protons exchange with solvent
(KHx) for guanosine N1 and uridine N3 imino groups Theta refers to the angle between the imino N-H bond vector and the

major axis of inertia of the pseudoknot

parameter (S2) a global tumbling time (rm) and an
axial ratio for the diffusion tensor (Draio) of a prolate
ellipsoid were used as variables Order parameters for
the imino 15N nuclei are within the range of 0.77 to
089 values typical of a well-ordered structure Excel-
lent agreement between observed and calculated 15N
relaxation data (Table 4) was obtained using a ratio of
18210 between the long and short axes of the diffu-
sion tensor of the frameshifting pseudoknot a ratio cal-
culated using the program DASHA (Orekhov et al.,
1995) 15N relaxation data were not obtained for U34
because of the rapid exchange of the imino proton with
solvent The Tmof 8.83 ns that best accounts for the
15N relaxation data in the SRV frameshifting pseudo-
knot is less than the value of 10 4 ns obtained for the
bacteriophage T2 pseudoknot The relatively low value
obtained for -rmof the SRV pseudoknot may be due to
a particularly compact loop 2 structure resulting in a
minimum surface area and hydrodynamic drag Such a
compact and ordered loop 2 was reported by Michiels
et al. (2001) in their recent structural analysis of a sim-
ilar frameshifting pseudoknot derived from the SRV
sequence

The VPK pseudoknot (Fig 3F) is also an efficient
stimulator of frameshifting (Shen & Tinoco 1995) but
differs from the SRV pseudoknot in that it contains an
unpaired adenosine at the junction of its two stems
this wedged adenosine introduces the significant bend
angle between the axes of the stems (Shen & Tinoco,
1995) 15N relaxation data (R R2, and NOE) was ob-
tained for six of the imino nitrogens these are G1 G2,
G4, G10, G11 and G17, all of which are part of G-C
base pairs inthe stems other imino protons exchanged
with the solvent too rapidly for relaxation rates to be
measured As was the case with the bacteriophage T2
and SRV pseudoknots a simple motional model was

major axis

helix of inertia

FIGURE 7. A representation of the bacteriophage T2 RNA pseudo-
knot derived from Protein Data Bank entry 2tpk (Holland etalL, 1999),
indicating the direction of the major axis of inertia the helix axes and
the orientation of the imino N-H bond vectors for nucleotides G9 and
G14 The anisotropic rotation of the pseudoknot results in tumbling
times that depend on the angle (theta) between the 15N-1H bond
vector and the major axis of inertia For example the imino 15N-1H
bond vector of nucleotide G14 is nearly perpendicular to the major
axis of inertia and has a shorter average tumbling than that of G9
accounting for the observed differences in R and R2relaxation rates.
The ratio R2ZRi for G14 is 1.2, consistent with a rotational correlation
time of 9.5 ns the ratio RZRi for G9 is 8 9 consistent with a rota-
tional correlation time of 10.9 ns.
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TABLE 4. NMR data related to dynamics of the SRV RNA pseudoknot with sequence in Figure 3D.a

R (s-1) R (s-1) —n
Nt (obs) (calc) o ~
Stem 1
G3 171 002 171 1073 04
G4 163 001 977 01
G5 166 003 943 02
G6 170 003 158 860 01
G17 162 004 168 967 02
G16 154 006 160 934 03
Stem 2
u34
G14 155 002 159 967 02
G13 (overlap with G5)
G38 148 003 150 975 03
G12 156 002 155 970 02
G10 (overlap with G4)

R2("1) theta K hx
(calc) NOE s2 (deg) (s 1
10.69 0.76 + 0.08 089 121 0 9+ 2

(overlap with G10)
(overlap with G13)
8.79 0.70 = 0.04 077 934 1.7+ 10
9.38 0.71 + 0.06 082 827 26+ 10
8.93 0.67 + 0.12 078 829 50 * 40
300 + 150
9.31 067 006 080 68 8 11 + 04
9.34 070 008 078 120.5 23+ 10
9.80 072 005 081 56 9 20+ 10

aShown are the observed and calculated 15N relaxation rates (R and R2), 15N-1H NOEs, order parameters (S2), and
estimated imino proton exchange rates (Khx) for guanosine N1 and uridine N3 imino groups within base-paired nucleotides.
Theta is the angle between the imino N-H bond vector and the major axis of inertia of the pseudoknot The imino resonances
of G4 and G10 and G5 and G13 overlap in both the 1H and 15N dimensions reported relaxation rates for these nuclei are

for the composite (overlapping) peaks

sufficient to fit the observed and calculated 15N relax-
ation data Order parameters for the six imino 15N nu-
clei were found to be within the range of 0.83 to 0.88,
values typical of a well-ordered structure indicating that
the motions of the individual N-H bond vectors are tightly
coupled to the overall tumbling of the molecule The
global tumbling time for the VPK pseudoknot was found
to be 111 ns, slightly longer than that obtained for the
bacteriophage T2 and SRV pseudoknots and may be
attributed to hydrodynamic drag due to a less compact
loop 2 structure

In summary we found that a relatively simple mo-
tional model was sufficient to fit the observed and
calculated 15N relaxation data for each of the three
representative pseudoknots (bacteriophage T2, SRV,
and VPK) In all cases the relaxation data could be
back-calculated using a model where the motion of
each N-H bond vector is tightly coupled to the overall
tumbling of an ellipsoidal molecule It was not neces-
sary to invoke either chemical exchange or motion on
a nanosecond or picosecond time scale to fit the ob-
served and calculated data indicating that neither the
representative frameshifting or nonframeshifting pseudo-
knots contain complex internal motions on time scales
to which the 15N relaxation rate data is sensitive It
should be noted however that 15N relaxation data was
only obtainable for the stem regions of each structure
where imino proton exchange rates were slow enough
for the 15N nuclei to be detected.

Comparison of imino proton exchange rates

Inspection of the 1H NMR spectra of the bacteriophage
T2 and the frameshifting pseudoknots suggests that

there are significant differences in the rates at which
the imino protons within the base pairs exchange with
solvent (Fig 4) particularly for those base pairs lo-
cated at the junction of the pseudoknot stems The
relationship between solvent exchange rate and dy-
namic features of RNA such as the opening frequency
of base pairs can be quite complex When the base
pair dissociation constant is much less than one and
the rate of imino proton exchange is significantly greater
than the rate of base pair closing the imino proton
exchanges with solvent each time the base pair opens
(referred to as an “EX1” mechanism) Alternatively a
base pair may open many times before proton ex-
change occurs in this case the rate-limiting step is the
base-catalyzed exchange with solvent The former
mechanism has been observed in studies of tRNA (Hurd
& Reid 1980; Johnston & Redfield 1981 Choi & Red-
field 1995) and a protein-DNA complex (Dhavan et al.,
1999) whereas the latter has been observed in several
DNAs and drug-DNA complexes in which case the
rate of base pair opening may be one to two orders of
magnitude higher than the imino proton exchange fre-
guency (reviewed by Gueron & Leroy 1995) The ob-
servation of relatively rapid imino proton exchange for
a particular base pair within an RNA structure therefore
implies that either the base pair has a relatively rapid
opening frequency or the efficiency of exchange is ac-
celerated by the presence of a catalyst

Imino proton exchange rates for the bacteriophage
T2 pseudoknot and the representative frameshifting
pseudoknots were estimated using a saturation trans-
fer method Forthe bacteriophage T2 pseudoknot imino
proton exchange rates for the stem base pairs are all
relatively slow in the range of 0.8 to 4.2 Hz (Fig §;
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FIGURE 8. Imino proton spectra of the bacteriophage T2 pseudo-
knot and frameshifting SRV mutant pseudoknot (sequences shown
in Figure 3Aand D), showing the effect of saturation transfer from the
solvent water resonance A: Imino resonances of the bacteriophage
T2 pseudoknot are only partially saturated when the solvent reso-
nance is saturated for up to 24 s B: In contrast, saturation of the
imino resonances of the G16 and U34 of the SRV mutant frameshift-
ing pseudoknot is nearly complete when the solvent resonance is
saturated for as little as 0.2 s, indicative of the relatively rapid open-
ing frequency of the A15-U345 and C8-G16 base pairs The reso-
nance of G3, located at the 5' end of stem 1 is also significantly
influenced by saturation transfer Spectra were obtained at 20 C

Table 3) Interestingly the exchange rates of imino pro-
tons at the junction of the stems are not much different
from those in the central regions of the stems In the
SRV frameshifting pseudoknot (Fig 8; Table 4) ex-
change rates for most of the base-paired imino protons
are inthe range of 1to 2 Hz with the exceptions of G16
at the junction of the stems (~50 Hz) G3 at the end of
stem 1 (~9 Hz) and U34 at the junction of the two
stems (~300 Hz) Inthe VPK frameshifting pseudoknot
and the hybrid frameshifting pseudoknot the imino pro-
tons of the base pairs adjacent to the junction of the
stems are unobserved indicating solvent exchange
rates of greater than 300 Hz The data therefore sug-
gest that the opening frequency of the base pairs at the
junction of the stems in the bacteriophage T2 pseudo-

Y Wang et al.

knot is significantly slower than the corresponding base
pairs in the frameshifting pseudoknots

DISCUSSION

A particularly interesting result of the present work is
the finding that the bacteriophage T2 pseudoknot is (by
a substantial margin) the poorest stimulator of frame-
shifting among all of the pseudoknots tested This
observation lends support to a hypothesis that the
pseudoknots derived from retroviral and coronaviral se-
guences do indeed have distinctive properties that make
them efficient frameshift stimulators NMR analyses of
the nonframeshifting bacteriophage T2 pseudoknot (Hol-
land et at 1999) a frameshifting pseudoknot derived
from the SRV sequence (Michiels et al., 2001) and a
hybrid of these pseudoknots (in the present work) shows
that several significant structural features are shared
Specifically each pseudoknot has a similar local struc-
ture at the junction of stems 1 and 2 a similar over-
rotation of the base pairs at the junction of the stems
there is little bending between the stems and in each
case loop 1 consists of a single nucleotide Apparently
the key that confers frameshifting ability does not lie
solely among these particular structural features

In the present work experiments were designed to
test whether the presence of an unpaired (wedged)
adenosine at the junction of the pseudoknot stems or
a significantly bent structure are important determi-
nants of frameshift efficiency It has previously been
shown that the removal of an unpaired adenosine from
the junction of the two stems of a pseudoknot derived
from the MMTV gag-pro shift site reduces frameshift-
stimulating ability (Chen et at 1995) and this change
has also been shown to be destabilizing (Theimer &
Giedroc, 1999, 2000) Results show that neither the
wedged adenosine nor the bent structure are absolute
requirements these conclusions are consistent with,
and add further supportto the recent results of Michiels
et al. (2001) in their structural and mutational studies of
other pseudoknots with sequences derived from the
SRV gag-pro frameshift site The identities of the nu-
cleotides near the stem1/stem2 junction (either in base
pairs or in loop 2) do however have an influence upon
frameshifting efficiency

Why does the bacteriophage T2 pseudoknot fail to
stimulate frameshifting? The results of the present work
point toward an insufficiently stable stem 1, as increas-
ing the G-C content of stem 1 (as was done in making
our hybrid pseudoknot) did create a reasonably effi-
cient stimulator of frameshifting Comparison of the
nucleotide sequences of naturally occurring viral frame-
shifting pseudoknots reveals that many do have a G-rich
5' end of stem 1 (Brierley 1995) Because pseudo-
knots are believed to have the ability to pause trans-
lating ribosomes (Tu etat 1992 Somogyi et al., 1993;
Lopinski et al., 2000) and because many of the retro-
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viral pseudoknots have G-C rich stems it would at first
glance appearto be a plausible hypothesis that pseudo-
knot stability should be the primary determinant for
frameshifting efficiency However a high G-C content
in stem 1is not by itself sufficient for frameshifting as
examples of such pseudoknots with poor frameshifting
abilities have been reported (Kang et al., 1996) and
frameshifting efficiency can be quite sensitive to muta-
tions in regions of the structure other than stem 1 In-
vestigations of the SRV-1 gag-pro pseudoknot (ten Dam
et al,, 1995) and the IBV pseudoknot (Liphardt et al.,
1999; Napthine et al., 1999) indicate that frameshift-
stimulating ability does not appear to be related to stem
stability in a simple way Interestingly the process of
creating a frameshifting pseudoknot from the nonframe-
shifting bacteriophage T2 pseudoknot did not introduce
major structural changes at least in the stems and at
the junction of the stems

In the bacteriophage T2 pseudoknot the imino pro-
tons in the base pairs at the junction of the two stems
exchange with the solvent relatively slowly compared
to the analogous protons in the frameshifting pseudo-
knots, these observations suggest that the opening fre-
guencies for the junction base pairs are relatively slow
in the bacteriophage pseudoknot Pseudoknot dynam-
ics at the junction of the stems may therefore play a
role in determining frameshifting efficiency Mutational
data show that the identity of the loop 2 nucleotide
nearest the junction influences frameshifting this loop
2 nucleotide is among those most likely to influence
pseudoknot dynamics at the junction of the two stems.
Interestingly Liphardt et al. (1999) found a requirement
for adenosine as the last nucleotide in loop 2 in a re-
cent mutational analysis of the IBV frameshifting
pseudoknot Recent crystallographic studies of the
BYWV frameshift-stimulating pseudoknot (Egli et al.,
2002) indicate multiple conformations for several of the
nucleotides suggesting flexibility for this pseudoknot
as well A potential relationship between pseudoknot
dynamics at the junction of the stems and frameshifting
is intriguing in light of the fact that pseudoknots do not
stimulate frameshifting with 100% efficiency perhaps
pseudoknots are in dynamic equilibrium between ac-
tive and inactive forms Because RNA structures are
intrinsically flexible it is possible that the signal for a
frameshift is hidden within a pseudoknot conformation
that is only occasionally sampled by the RNA Perhaps
the relatively rigid (and nonframeshifting) bacteriophage
pseudoknot does not sample the specific conformation
at the junction of its stems that is required for frame-
shifting activity even though its average structure
is similar to that of the more dynamic frameshifting
pseudoknots

In summary the results of the present study provide
significant new data regarding the relationships be-
tween pseudoknot primary sequence structure dy-
namics and frameshifting efficiency Results show that
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these relationships are complex An explanation for this
apparent complexity could be provided by the pres-
ence of specific RNA-RNA or RNA-protein inter-
actions between the pseudoknot and the translational
apparatus although the existence of such interactions
remains hypothetical at this time As further biochem-
ical structural and thermodynamic data on frameshift-
stimulating sites within messenger RNAs become
available the mechanisms and requirements for an ef-
ficient frameshift event will likely become more fully
understood

MATERIALS AND METHODS

In vitro frameshift assays

Complementary oligonucleotides with protruding BstEIll and
Kpnl ends were cloned into vector pGB01 (Matsufuji et al.,
1995) such that the downstream rabbit /5-globin coding re-
gion was in the -1 reading frame relative to the upstream
GST coding region Clones with the correct inserts were iden-
tified by DNA sequencing and plasmids were purified by
cesium chloride ultracentrifugation Plasmid DNAs were lin-
earized with restriction endonuclease Sall, and used as tem-
plates for T7 transcription Transcripts were translated in
reticulocyte lysates (Promega) with 35S-methionine. Protein
products were separated by SDS-PAGE and visualized and
quantified on a Molecular Dynamics Phosphorimager using
ImageQuant software Frameshifting efficiencies were deter-
mined after normalization for methionine content in the ter-
mination and frameshift products The frameshifting efficiency
of the DH40 hybrid pseudoknot (Fig 3B) was measured in
four independent assays giving an average value of 18.5% +
0.6%. The error for the relative efficiencies of frameshifting
was therefore =3% All frameshifting percentages were
rounded to the nearest whole number The dual-luciferase
reporter system was used as described (Grentzmann et al

1998) Oligonucleotides containing the HERV shift site plus
the pseudoknot were cloned into the Sall and BamHI sites of
vector p2luc. Control constructs (containing an extra nucle-
otide at the shift site to place the two luciferase coding se-
quences in the same reading frame) were also constructed.
Transcripts were generated as above after plasmids were
linearized with Pmll, and translated in reticulocyte lysates
supplemented with a full complement of amino acids Firefly
and renilla luciferase activities were sequentially assayed on
a Dynatech MLX microtiter plate luminometer using the Dual-
Luciferase TM reporter assay reagents (Promega) The -1

frameshifting efficiency was determined by comparing the
ratios of firefly luciferase to renilla luciferase activities of the
test versus the control constructs.

NMR experiments

The RNA molecules used in NMR experiments with the se-
quences shown in Figure 3, were transcribed using T7 RNA
polymerase and synthetic DNA templates as previously de-
scribed (Du et al., 1996) The RNA product was separated
from transcripts of incorrect size by electrophoresis on 20%
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polyacrylamide gels under denaturing conditions in 8 M urea.
RNA was visualized by UV shadowing and removed from the
gel using a BioRad model 422 electroeluter The RNA was
further purified by repeated ethanol precipitation and finally
passed through a Sephadex G25 gel filtration column in 1 mM
phosphate buffer and lyophilized NMR spectra of the RNA
pseudoknots were collected at 500 MHz using a Varian Unity-
Inova spectrometer Samples typically contained 6 to 10 mg
of RNA dissolved in 550 yuL of 10 mM Na/K phosphate buffer
in either 90% H20/10%. D20 or 99.9% D20 at pH 6.0 to 6.8.
Two-dimensional NOE spectra in 90% H20/10% D20 were
acquired using the jump and return method for solvent sup-
pression (Plateau & Gueron 1982) and mixing times of 60 to
200 ms 15N-1H correlated spectra were acquired using ei-
ther a z-axis pulsed field gradient or the jump and return
method for solvent suppression Two-dimensional NOE spec-
tra in 99.9% D20 solvent were acquired using presaturation
for solvent suppression and several mixing times between
60 and 300 ms TOCSY (60 ms mixing time) and DQF-COSY
spectra were obtained in 99.9% D20 solvent using presatu-
ration for solvent suppression.

Ru R2, and 15N-1H NOEs for the base-paired guanosine
N1 and uridine N3 nitrogens were detected via the 90-Hz
(single-bond) coupling to the imino protons using pulse se-
quences described by Farrow et al. (1994) which include
gradient selection sensitivity enhancement and pulses for
minimizing the saturation of the water R1 relaxation times
were calculated from peak heights in seven data sets ac-
quired with relaxation delays of 10 to 1 000 ms (obtained at
293 K) Similarly five data sets were acquired for the R2
relaxation measurements with relaxation delays of 29 to
145 ms 15N-1H NOEs were measured using data sets ac-
quired with and without 1H-presaturation for 4 s with a 6-s
recycle time between the acquisition of each free induction
decay Presaturation of the 1H spectrum was accomplished
using a 4-s-long series of 120 degree nonselective 1H pulses
separated by 5-ms delays The Ru R2, and NOE data sets
were each processed identically Relaxation times were found
by fitting to a single exponential decay equation Parameters
describing the motions of the pseudoknot were derived from
the R, R2, and NOE data (Mandel et al.,, 1995) with the
assistance of the Modelfree 4.0 and pdb_inertia programs
(obtained from the web site of Dr Arthur G. Palmer,
see http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/
palmer) with the relaxation analyses being performed as
previously described (Lillemoen & Hoffman 1998) Through-
out the analysis a distance of 1.01 A was assumed for the
imino 15N-1H bond lengths and a chemical shift anisotropy of
-130 and -100 ppm was assumed for the guanosine NL
and uridine N3 nuclei, respectively (Akke et al., 1997).

Saturation transfer was used to estimate of the rates at
which the observed imino protons within the Watson-Crick
base pairs exchange with solvent (cf. Lilemoen et al., 1997).
A series of spectra were acquired in 90% H20/10% D20
solvent using a jump-return selective excitation pulse se-
quence for solvent suppression (Plateau & Gueron 1982;
Spera et al.,, 1991) with selective saturation of the solvent
H20 resonance for a range oftimes from 0.2 to 3 s prior to the
jump-return sequence When the solvent resonance is satu-
rated the imino proton resonance intensities are reduced by
an amount that is related to the fraction that have exchanged
with the solvent with additional intensity changes occurring
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due to the nuclear Overhauser effect and T relaxation (Forsen
& Hoffman 1963) The observed imino resonance intensities
were fit to the equation

I)/(0) = @ + 79)/Q - r,)exp(-KHXxt) + V(t),

where I(t) is the imino resonance intensity after the solvent
has been saturated for a time t, KHX is a rate constant for
proton exchange with the solvent. >is used to account for the
NOE and was assumed to be zero in the absence of satu-
ration (at t= 0) and to be a negative constant at times t >
0.2 s It is noted that the time dependence of the NOE is
actually more complex than this assumption However the
decay of resonance intensity is dominated by the saturation
transfer effects so that approximate yet comparatively useful
values for the solvent exchange rates can be obtained in this
manner The imino proton exchange rates of nucleotides G16
and U34 of the SRV mutant frameshifting pseudoknot were
estimated from the resonance linewidth, because the ex-
change was too rapid to estimate by saturation transfer
The NMR data provided information from which the struc-
tural features of the hybrid pseudoknot were derived with a
particular emphasis on the local structure at the junction of
the two stems The C6-G14 and A13-U29 base pairs at the
junction of the helical stems were defined by 27 NOE-derived
distance constraints Nucleotides G8, C34, A35, and C36 at
the 3' end of the molecule were defined by 33 NOE-derived
distance constraints Nucleotides of the central region of each
stem (nt 2-5, 9-12, 15-18, and 30-33) were restricted to
near A-form helical geometry (Arnott et al., 1972) during the
simulated annealing process as all of the NOE data arising
from these base pairs were consistent with an A-form helix.
The loop nucleotides were unrestrained in the structure analy-
sis Depending on its intensity each NOE cross peak was
placed into one of four categories ranging from strong to very
weak and assigned to interproton distance bounds as fol-
lows 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) The majority of distance
constraints were derived from an NOE spectrum acquired
using a relatively short mixing time of 60 ms to minimize the
effects of spin diffusion on the NOE intensities several ad-
ditional NOEs were detected in a spectrum with a mixing time
of 300 ms and these were assigned to distance ranges of 4.5
to 6.5 A. These NOE/distance assignments were internally
verified by comparing with NOE cross peaks arising from the
regular A-form helical stem regions of the pseudoknot where
the interproton distances were assumed to be near to the
ideal A-form helical values Torsion angle constraints were
used to restrict the glycosidic torsion angle * of nt 6, 8, 13,
14 29, 34, 35, and 36 to anti (-170 + 20 degrees) confor-
mation The torsion angles within the riboses of nt 2-6,8-18,
and 29-34 were restricted C3' endo; torsion angles in other
riboses were not restricted Hydrogen bonds within the 12
Watson-Crick base pairs were introduced as distance con-
straints between the atoms participating inthe hydrogen bond.
Hydrogen bond constraints were considered justified for
the A13-U29 and C6-G14, as the observed NOEs for non-
exchangeable protons were consistent with these nucleo-
tides being Watson-Crick base paired Hydrogen bond
constraints were introduced as a range of distances with two
distances used for each hydrogen bond chosen so that the
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hydrogen bonds were restricted to be within 17 degrees of
linear No additional angle constraints were used to force the
bases within each pair to be within the same plane The
structure calculation for the hybrid pseudoknot was carried
out using the simulated annealing and energy minimization
protocols within the X-PLOR version 31 program suite
(Brunger, 1993) Square-well potentials were used for inter-
proton distance constraints and torsion angle constraints so
that there was no penalty for interproton distances or torsion
angles that were within the defined bounds A total of 200
diverse starting structures were used to insure that the full
range of possible conformations were sampled during the
simulated annealing process Starting structures included
those with a wide range of torsion angles as well as struc-
tures differing radically in the conformations of the loop re-
gions the junction of the two stems and in the bend angle
between the helical stems After simulated annealing models
of the pseudoknot structure were considered acceptable if
the following criteria were met: (1) The minimum value of the
X-PLOR energy function was reached (2) no interproton dis-
tance constraint violations exceeded 0.5 A, (3) no torsion
angle constraints exceeded 8 degrees (4) the angle formed
by the three atoms comprising each hydrogen bond involving
imino protons was less than 17 degrees and (5) the angle
formed by the three atoms comprising each hydrogen bond
involving amino protons was less than 23 degrees The angle
criteria for hydrogen bonds is based on the values observed
in nucleic acid crystal structures (Voet & Rich 1970; Saenger,
1984) The simulated annealing procedure was repeated up
to 10 times for starting structures that failed to satisfy the
acceptance criteria using different initial trajectories for the
atoms The procedure described above resulted in the gen-
eration of 42 accepted models for the pseudoknot structure
The bend angle between the helical axes of the two stems
was calculated with the assistance of the program NEWHEL93
(RE Dickerson University of California Los Angeles) Bend
angle was defined as the angle between the line defining the
helix axis of stem 1 and the line defining the helix axis of stem
2 calculated using the coordinates of the central base pairs
of each stem
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