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In vivo HIV-1 frameshifting efficiency
is directly related to the stability of
the stem-loop stimulatory signal
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ABSTRACT

In many retroviruses, the expression of reverse transcriptase, protease, and integrase is dependent upon a -1
frameshift event. The frameshift signal is composed of a slippery sequence where the ribosome shifts, and a down-
stream stimulatory sequence. In most cases, the stimulatory sequence is a pseudoknot, but in some viruses, such as
human immunodeficiency virus type 1 (HIV-1), a single stem-loop is involved. Here, we analyzed the precise role of
the stem-loop thermodynamic stability. We tested the frameshifting stimulatory activity of a series of HIV-1-derived
sequences showing a stepwise increment of the estimated AG°. These sequences were introduced at the junction of
a lacZ-luc fusion gene cloned on a versatile expression vector, and the different constructs were tested in Saccha-
romyces cerevisiae and in mouse NIH3T3 cells. The results showed that the frameshifting efficiency was correlated
directly to the stem stability between AG° = -2.5 kcal mol-! and AG° = -19.4 kcal mol~'. This demonstrates the
essential role of the stability of the stem-loop and does not support the involvement of a specific RNA-binding protein
target sequence. However, increasing further the stem stability led to a diminution of frameshifting efficiency, sug-
gesting that the stem-loop acts through a precise kinetic of pausing. Because the same pattern was observed in both
yeast and mouse cells, it is likely that the stimulatory mechanism is conserved through evolution.
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INTRODUCTION activities are incorporated in virus particles as a GAG-
POL multifunctional polyprotein. The rate of produc-
tion of these crucial products must be controled
precisely, because the modification of the GAG-POL/
GAG ratio is detrimental to virus propagation (Din-
man & Wickner, 1992; Karacostas et al., 1993). During
the last years, the —1 frameshift mechanism has been
analyzed in vitro and in vivo, leading to the charac-
terization of the cis-acting elements responsible for a
high frameshifting efficiency (Brierley, 1995). The frame-
shift signal is composed of two parts: a shifty site and
a stimulatory sequence. The shifty site is an X XXY YYZ
heptanucleotide (where the 0 frame is indicated), for
which different XY associations lead to various frame-
shifting efficiencies (Brierley et al., 1992). The stimu-
latory signal is a palindromic sequence that potentially

The life cycle of retroviruses necessitates a recoding
event, which can be either the read-through of an in-
frame stop codon, as in Moloney Murine Leukemia
virus, or a —1 frameshift, as in Rous Sarcoma virus
and HIV-1 (Atkins et al., 1990; Gesteland et al., 1992).
This allows the synthesis, from the same transcript, of
the GAG polypeptide and of the pol gene products:
reverse transcriptase, protease, and integrase enzymes
(Atkins et al., 1990; Brierley, 1995). These enzymatic
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can adopt either a pseudoknot or a stem-loop structure.
It must be located 5-8 nt dowstream of the shift site to
exert its effect (Kollmus et al., 1994), and probably
causes the ribosome to pause (Somogyi et al., 1993).
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In the case of HIV-1, the stimulatory sequence in-
volves a single stem-loop that increases frameshifting
efficiency three-to fivefold (Cassan et al., 1990, 1994;
Parkin et al., 1992; Reil et al., 1993). This effect has been
observed in vitro and in vivo, in both mammalian cells
and the yeast Saccharomyces cerevisiae (Stahl et al., 1995).
The stem-loop structure could act by two mechanisms:
either directly, via its thermodynamic stability, or
through an interaction with a specific RNA-binding
protein. Kollmus and coworkers (1996) have shown
that, in a construct where the HIV-1 stem-loop has
been replaced by the iron-responsive element from
ferritin RNA, frameshifting is increased under condi-
tions that allow binding of iron regulatory proteins.
However, no effect on frameshifting efficiency has been
observed when increasing amounts of a simian retro-
virus-1 (SRV-1) pseudoknot containing RNA transcript
were added to a translation reaction programmed with
an SRV-1 frameshift reporter (ten Dam et al.,, 1994).
The involvement of a secondary structure-recognizing
factor in frameshift mechanism is, therefore, still an
open question.

The aim of the present work is to determine whether
HIV-1 frameshifting efficiency is dictated directly by
the stability of the stem-loop secondary structure or if
the nucleotide sequence itself is also involved. The
rationale of the experiment is that, if the stem-loop
stability is the unique determinant of frameshifting
stimulation, there should be a direct relationship be-
tween stem-loop stability and frameshifting efficiency.
In order to determine whether the mechanisms in-
volved are specific to mammalian cells or conserved in
lower and higher eukaryotes, we compared the effect
of the mutations in mammalian cells and in yeast S.
cerevisiae. For that goal, a series of HIV-1-derived gag-
pol junction mutants have been constructed. All of them
contained the wild-type frameshift site, but carried
stem-loops of different stability. The mutated sequences
were inserted between the lacZ and the luc coding
sequences into a versatile yeast/mammalian cell ex-
pression vector, allowing precise quantification of
frameshifting efficiency (Stahl et al., 1995). In both or-
ganisms, we observed a linear relationship between
the frameshifting efficiency and the stability of the stem-
loop structure, up to the stability of the wild-type HIV-1
sequence. These data support the hypothesis that the
stability of the stem is the most important determinant
of the frameshifting efficiency, possibly through a pre-
cise kinetic of pausing.

RESULTS

The sequences of the different frameshift signal mu-
tants are shown in Figure 1. They all contained the
wild-type slippery site followed either by the wild-
type or by a mutated stimulatory sequence. The sta-
bility of the stem was modified by three different means:
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(1) by changing the number of AU versus GC pairings;
(2) by changing the number of base pairings; and (3)
by changing the sequence of the loop. The AG® were
estimated using the Mufold computer program (Jae-
ger et al., 1989). In mutants 1848, 1851, and 1830, the
number of base pairs in the stem was conserved, only
the relative number of AU versus GC pairing was mod-
ified. Whereas the wild-type potential stem-loop (1789
sequence) contained seven GC and three AU potential
pairings (estimated AG® = —19.4 kcal mol !), targets
1848 and 1851 harbored only four GC and one GC,
giving rise to estimated AG® of —13.5 and —7.6 kcal
mol !, respectively. Conversely, 1830 stem sequence,
which included nine GC, is more stable than the wild-
type stem (estimated AG® = —22.8 kcal mol™!). For
these targets, the sequence of the loop (ACAA) was
not changed and the two GU pairings, defining the top
and the bottom of the stem, were also conserved. For
two other mutants, the secondary structure was either
disrupted partially, or removed totally. Construct 1815
contained only five potential nonadjacent pairings (es-
timated AG® = —2.5 kcal mol™!) and construct 89 car-
ried a complete deletion of the stem-loop structure;
these two mutants have been described previously
(Stahl et al., 1995). Finally, the 1804 sequence only dif-
fered from the wild type by the four loop bases, which
were replaced by the UGUU complementary sequence,
decreasing the stability of the stem (see below).

The frameshift target sequences were inserted at the
junction of a lacZ-luc fusion gene in the pAC74 expres-
sion vector. This vector can be used to analyze frame-
shifting in mammalian and yeast S. cerevisiae cells (Stahl
et al., 1995). Upon translation, initiated at the unique
AUG of the bicistronic mRNA, each ribosome would
give rise to B-galactosidase activity. In contrast, a
B-galactosidase-luciferase fusion protein, carrying both
activities, would be synthesized only when a —1 frame-
shift event takes place at the inserted HIV-1 frameshift
site. In this reporter, B-galactosidase activity provides
an internal control for vector stability, transfection ef-
ficiency, transcriptional and translational rates, whereas
luciferase activity reflects the frameshifting efficiency
(Reil et al., 1993; Stahl et al., 1995).

Because insertion of several amino acids at the
B-galactosidase-luciferase junction may disturb the sta-
bility or specific activity of the fusion protein, the ac-
tivity driven by each frameshift-dependent construct
was compared to the activity obtained with an in-
frame control construct. In these control vectors, one
adenine was added after the UUA leucine codon in the
slippery sequence (see Fig. 1), leading to the synthesis
of a fusion protein identical to that obtained upon
frameshifting in the corresponding test construct.
Frameshifting efficiency was calculated as the ratio
between luciferase activity of the test construct and
that of the control construct, after standardization for
expression efficiency using B-galactosidase activity. The
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FIGURE 1. Sequence of mutant stimulatory signals. The slippery sequence is in italics. In the stem, the CG pairs are in
bold letters. The adenine added after the TTA leucine codon for in-frame controls is indicated. The thermodynamic stability
(AG°®) of each stem loop structure was estimated using the Mufold computer program (Jaeger et al., 1989); values are given

in kcal mol 1.

constructs were used in parallel in two sets of exper-
iments: (1) transformation of yeast cells and (2) trans-
fection of mouse NIH3T3 cells.

Data are shown in Table 1 (yeast) and Table 2
(NIH3T3) and illustrated in Figure 2. Although the
effect of the mutations were weaker in yeast than in
mouse cells, the profiles of the two curves were very
similar for both organisms. Frameshifting efficiency
increased linearly with the stem loop thermodynamic
stability, up to a maximum corresponding to the wild-

type sequence. For the targets with a calculated AG®
below the wild-type value, the frameshifting efficiency
progressively increased from 1.3% (89) to 1.9% (1815),
2% (1851), 3.3% (1848), and 7.3% (1789), in mammalian
cells. These values paralleled the AG° of the stem-loop
structure. In yeast, there was a similar increase from
1.7% (89) to 2.4% (1815), 3% (1851), 4.4% (1848), and
4.9% (1789). Sequence 1804 differed from the wild-
type sequence by the four nucleotides of the loop. This
mutation reduced frameshifting efficiency to 75% of
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TABLE 1. Frameshifting efficiency in S. cerevisiae.
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TABLE 2. Frameshifting efficiency in NIH3T3 cells.

Test/control Frameshift Test/control Frameshift
Vectors test-control {x 1003k efficiency 5D Vectors test—control (= 100)t efficiency s
1830-1831 4.5 4% 0.39 1830-1831 5.5 58% 0.39
43 6.3
35 ]
43 ]
1789-179() 45 4.9% 0.38 5.2
53 1789-1790 7.3 7.3% 0.89
45 7.5
52 8
1804-1805 39 3.6% 0.70 6.6
24 5.7
4 8.3
42 1804-1805 4 5.4% 0.71
1848-1849 4.4 4.4% 0.25 55
43 58
4.9 6
4.2 5.5
1851-1852 35 3% 0.52 1848-1849 26 3.3% 0.75
3.6 3.7
26 26
25 47
1815-1816 23 2.4% 0.16 2.8
23 33
24 1851-1852 19 2% 042
27 1.7
89-90) 1.7 1.7% .26 17
1.3 2.8
1.6 1.72
2 1815-1816 0.86 1.9% 0.53
2
2Frameshifting efficiency was calculated as the ratio of standard- 15
ized luciferase activity (luciferase activity /8-galactosidase activity) 2
obtained with the test construct, to the standardized luciferase ac- 27
tivity obtained with the corresponding in-frame control. 167
PEach value corresponds to an independent experiment. 12
2.2
2
the wild-type value in both organisms (Tables 1, 2). 59.90 f; L3 030
Finally, when the stability was further increased to a 0.9 o )
higher value than wild type (sequence 1830), a de- 1.17
creased frameshifting efficiency was observed in both 1.13
mammalian and yeast cells (80% and 85% of wild-type 1.61
value, respectively). 1'8
1.28
DISCUSSION 09

In this work, we have analyzed the precise involve-
ment of the HIV-1 stem-loop thermodynamic stability
in the frameshift stimulatory mechanism. The results
showed that there is a tight correlation between frame-
shifting efficiency and stability of the stem-loop struc-
ture, up to the wild-type stem-loop stability. When the
stability of the stem-loop increased further, a signifi-
cant decrease was observed.

The parallel increase of frameshifting and stability
obtained in the first part of the curve indicates that
nucleotide sequence of the stem is not the main deter-
minant of frameshifting. Two mutants are particularly
informative. First, in mutant 1851, the stem contained
nine AU pairs, a unique GC pair at the second position

2Same legend as Table 1.
Bach vahue corresponds to an independent experiment.

from the bottom of the stem, and the two GU pairs
that define the ends of the stem. In this mutant, the
stability of the stem-loop is much lower than that of
the wild-type (AG® = —7.6 kcal mol ~}, instead of —19.4
kcal mol 1), but the number of pairings is conserved.
Strikingly, the frameshifting efficiency obtained with
this mutant is also very low. Second, in mutant 1804,
only the sequence of the loop was changed. Although
the nucleotides in the loop are not involved directly in
base pairing, they most probably participate in stem-
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FIGURE 2. Effect of secondary structure stability on frameshifting
efficiency. For each mutant, frameshifting efficiency was measured
after transformation of yeast S. cerevisiae (solid circles) or after tran-
sient transfection of mammalian cells (open squares). Each point
represents the mean of 4-10 values obtained in independent exper-
iments (see Tables 1 and 2).

loop stability. Indeed, it has been demonstrated that,
in RNA tertiary interactions, the stabilization of a stem
is optimum when the loop corresponds to a GNRA tetra-
loop (R = purine and N = purine or pyrimidine) (Antao
& Tinoco, 1992). The UGUU sequence of the 1804 loop
is more divergent from this consensus than the wild-
type ACAA sequence. Therefore, although the decrease
of AG® of mutant 1804 compared to the other constructs
cannot be estimated precisely by current programs, this
mutation is likely to destabilize the secondary struc-
ture (Turner et al., 1988). Consistent with this predic-
tion, mutant 1804 gave a frameshifting efficiency that
was decreased to about 75% of the wild-type value.
Altogether, these results indicate strongly that ther-
modynamic stability of the stem is the most important
determinant of frameshifting stimulation. However,
mutant 1830 demonstrates that another parameter must
be involved. Indeed, this mutant has the strongest po-
tential secondary structure (AG® = —22.8 kcal mol 1),
but shows a 15-20% decrease of frameshifting effi-
ciency compared to wild-type (AG® = —19.4 kcal
mol ). Because the role of the stem-loop structure is
to slow down or stall the ribosome to allow the two
tRNAs to shift, this result may reflect that a precise
kinetic of pausing is required for optimal frameshift-
ing. We hypothesize that the time during which the
ribosome movement is impeded would be critical for
frameshifting efficiency. If the pause is too long, then
the tRNAs would have time to realign in the 0 frame,
leading to decreased frameshifting efficiency. In the
case of mutant 1830, the stability of the stem would be
too high, allowing the tRNAs to do an “aller-retour”
on the message. This interpretation is reminiscent of
the kinetic proofreading mechanism, which modulates
amino acid incorporation accuracy (Ninio, 1975). Fi-
nally, comparing the results obtained in yeast and
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mouse cells demonstrates that, as suggested previ-
ously (Stahl et al., 1995), the mechanism of —1 frame-
shifting stimulation is conserved between lower and
higher eukaryotes (see Fig. 2).

In conclusion, our results demonstrate that stem-loop
stability is the major component of the stimulatory
mechanism. This does not exclude that the stem-loop
could be recognized and bound by structure-specific
binding factors showing no or little sequence specific-
ity. Because the effect of the stem-loop mutations is
very similar in yeast and mouse cells, these putative
RNA-binding factors should not be specific to mam-
malian cells, but also exist and be functional in lower
eukaryotes. No RNA-binding protein showing such
an activity has been characterized up to now. Genetic
screens, such as those already developed in yeast, may
reveal this type of factor (Dinman & Wickner, 1994).

MATERIALS AND METHODS

Plasmids

The target sequences are shown in Figure 1. For each con-
struct, a pair of oligonucleotides was used to reconstitute a
double-stranded frameshift signal, flanked by a 5’ Nhe I end
and a 3’ Bcl I compatible end. For example, for mutant 1804,
the sequences of the oligonucleotides were: CTAGCCAGG
CTAATTTTTTAGGGAAGATCTGGCCTTCCTTGTTG
GGAAGGCCAGGGAAG and GATCCTTCCCTGGCCTTC
CCAACAAGGAAGGCCAGATCTTCCCTAAAAAATT
AGCCTGG. The sequences of the oligonucleotides used to
construct the other mutants can be inferred from sequence
data shown on Figure 1.

The mutant sequence was then cloned in the pAC74 vec-
tor to reconstitute a “lacZ-luc” fusion gene interrupted with
the frameshift signal, as described previously (Stahl et al.,
1995). A series of in-frame control vectors was constructed
following the same scheme. In this case, an adenine was
added after the second shifty codon (LEU), to put the lacZ
and luc coding sequences in the same reading frame (see
Fig. 1). For each construct, different clones were isolated and
the region surrounding the frameshift site was verified by
sequencing. Wild-type 1789 construct and mutant constructs
89 and 1815 have been described previously (Stahl et al., 1995).

After amplification in DH5« Escherichia coli strain, plas-
mid DNA was purified using Qiagen-tips procedure. DNA
cloning and analysis was performed according to Sambrook
et al. (1989).

Yeast transformation and
crude extracts preparation

Transformation of the haploid S. cerevisige strain FY 1679-
18Ba was performed by the lithium acetate method (Gietz
et al., 1992). After transformation, colonies were grown in
rich YPD medium (1% yeast extract, 2% bactopeptone, 2%
glucose) to early stationary phase. For protein extraction,
cultures were diluted 1:20, grown to ODgg = 1.5, and 4 mL
were centrifuged. Then, 150 uL of luciferase assay buffer
(Nguyen et al., 1988) and an equal volume of glass beads
were added to the pellet. The cells were then broken by
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vortexing at 4 °C for 30 min. After removal of cell debris by
centrifugation, the crude extract was used immediately to
measure the B-galactosidase and luciferase activities (Stahl
et al., 1995). For each construct, at least four yeast transfor-
mants were analyzed from independent transformations.

Mammalian cell culture, transfections,
and crude extracts preparation

NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 7% fetal calf serum (Gibco BRL)
and incubated at 37 °C in humidity-satured 6.5% CQO; in air.
Cells were transfected by electroporation. Growing cells were
harvested and dissociated as a single cell suspension with
trypsin. After low-speed centrifugation, the cell pellet was
resuspended in culture medium at a concentration of 4 X 107
cells/mL. For each electroporation, 4 X 10 cells and 18 ug
of purified plasmid were transferred extemporaneously to
an electroporation cuvette. The cells were exposed to a sin-
gle electric pulse using a Cellject Electroporation System (Eu-
rogentec) with the following parameters: voltage = 200 V,
capacitance = 900 uF resistance = +. In these conditions,
the time constant is about 85 ms (+10 ms). Cells were then
plated immediately in culture medium. Culture medium was
changed 20 h later and cells were allowed to grow for two
days. To prepare crude extracts, cells were scraped out, spun
at 4°C, and lysed by repeated pipetting in 150 uL of cold
luciferase assay buffer. For each construct, at least five inde-
pendent transfection experiments were performed with dif-
ferent DNA preparations.

Enzyme assays

Luciferase and 8-galactosidase activities were measured from
the same crude extract. Luciferase was assayed following the
protocol of Nguyen et al. (1988). The reaction buffer was:
luciferin 5 X 107* M; ATP 5 X 10™* M in luciferase buffer.
Light emission was estimated with a Berthold LUMAT LB
95501 luminometer. Luciferase detection is highly sensitive:
a frameshift level as low as 1075 gives a light emission that
is still five times over the background (Cassan et al., 1990).
B-Galactosidase was assayed as described (Miller, 1972).
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