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ABSTRACT

A -1 frameshift event is required for expression of
the pol gene when ribosomes translate the mRNA of
human immunodeficiency virus type-1 (HIV-1). In this
study, we inserted the frameshift region of HIV-1 (a
slippery heptanucleotide motif followed by a stem
loop) in a reporter gene coding for firefly luciferase.
The ability of the corresponding mRNA, generated by
in vitro transcription, to be translated in an
Escherichia coli cell-free extract is the first demon-
stration that the HIV-1 frameshift can be reproduced
in a bacterial cell-free extract, providing a powerful
approach for analysis of the frameshift mechanism.
The responses of the frameshift signal to chloram-
phenicol, an inhibitor of peptide bond formation, and
spectinomycin, an inhibitor of translocation, suggest
that the frameshift complies with the same rules
found in eukaryotic translation systems. Further-
more, when translation was performed in the pres-
ence of streptomycin and neamine, two error-
inducing antibiotics, or with hyperaccurate ribos-
omes mutated in S12, the frameshift efficiency was
increased or decreased, respectively, but only in the
presence of the stem-loop, suggesting that the
stem—loop can influence the frameshift through a
functional interaction with the ribosomes.

INTRODUCTION

target (8). Several studies aimed at characterizing the ribosomal
frameshifting signals in HIV-1 have been performed either in
cultured eukaryotic cells or in a rabbit reticulocyte lysate
vitro translation system. In these studies, mMRNAs encoded Gag
and Gag-Pol, or, alternatively, the frameshift region of HIV-1
was inserted at the beginning of the coding region of a reporter
gene, so that its expression was dependent upon the frameshift
(9-15). It was found that the frameshift of HIV-1 occurs at a
slippery heptamer, U UUU UUA, where the unshifted frame is
indicated, followed at a distance of 7 nt by a potential stem—
loop structure, whose existence was recently supported by
enzymatic probing (16). This stem—loop does not appear to
influence the frameshift in most vitro studies, whereas it was
found to stimulate the frameshift when the assays were
performed in cultured cells. The HIV-1 frameshift was repro-
duced in yeast by Wilsoat al. (17), who found that the stem—
loop structure was dispensable, a conclusion challenged by
Stahlet al. (15), who demonstrated a stimulatory effect of the
stem—loop. The HIV-1 frameshift has also been reproduced in
bacteria, using an appropriate reporter gene (18-20), but so far
it has never been reproduced in a bacterial cell-free system.
The model that is currently favored to account for the ribos-
omal frameshift of HIV-1 is the so-called ‘two-tRNA simulta-
neous slippage’ (2,21). In this model, a minority of ribosomes
bearing the aminoacyl-tRNA and the peptidyl-tRNA in the A
and P sites, respectively, move back by 1 nt on the mRNA prior
to peptide bond formation when they reach the slippery
sequence. This model, initially proposed for retroviruses, also
applies to a variety of other viruses, such as coronaviruses and
the yeast L-A double-stranded RNA virus. Prokaryotic ribos-
omes use a large variety of mechanisms to promote
frameshifting, depending upon the signals they encounter on

A variety of viruses use a programmed —1 frameshift to synthethe mRNA, and there are well-documented cases where they
size their replicases. A well-known paradigm is humanuse the same mechanisms as eukaryotic ribosomes (reviewed
immunodeficiency virus type-1 (HIV-1), which uses ain 3,4).

programmed -1 frameshift during translation of its mMRNA to In this study, we show for the first time that the frameshift of
achieve synthesis of the Gag—Pol polyprotein, the precursor ¢1lV-1 can be reproduced in a bacterial cell-free extract and
the viral protease, reverse transcriptase and integrase (1-8pmpare the frameshift efficiency in a bacterial cell-free
Standard translation of the same retroviral MRNA producegxtract and in bacteria. Second, using spectinomycin, an inhib-
Gag, the precursor of structural proteins. The ratio of Gag téor of translocation, and chloramphenicol, an inhibitor of
Gag-Pol proteins is critical for viral assembly and replication (6,7)peptide bond formation, we show that the frameshift occurs
which makes the ribosomal frameshift a potential anti-retrovirabefore and not after peptide bond formation, thus indicating
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that it conforms to the rules that govern programmed —Inutagenesis, where the slippery sequence, U UUU UUA, was

frameshifting in eukaryotes. Finally, we also show that undesubstituted with a non-slippery sequence, U CCC GCG. These

conditions that make the ribosomes either hyperaccurate @nutants were used as negative controls to demonstrate that the

error-prone, the stem-loop structure downstream from the sligynthesis of luciferase from Luc—1 mRNAs was completely

pery sequence influences the frameshift. dependent upon a frameshift at the slippery sequence under the
conditions of the assays.

MATERIALS AND METHODS Preparation of the E.coli cell-free expression system anih

Escherichia colistrains vitro translation

Escherichia coliRD100, which is wild-type with respect to The protocol used for the prep_aration of the ba_cterial extract
ribosomal proteins (22), was a gift from Dr G. A. Mackie and (S-30) was adapted from Macke al. (26), andin vitro trans-
was used for the preparation of bacterial extradtsvivo lation was performed as described by Lesley (27), with minor
studies were performed with.coli K12 HMS174(DE3) (23), Modifications. All reactions were carried out for 25 min at
which contains the gene for T7 RNA polymerase under controp0°’C in 50 pl samples containing 2Qul of S30 and the

of a lac promoter, inducible with isopropyd;p-thiogalacto- ~ following components (final concentrations): 69 mM Tris—
pyranoside (IPTG). The cloning experiments and the siteacetate, pH 7.9, 190 mM potassium glutamate, pH 8.0, 30 mM
directed mutagenesis were donegiroli DH5a (Gibco BRL) ~ ammonium acetate, 2 mM dithiothreitol, 13 mM magnesium

and inE.coli CJ236 (Bio-Rad), respectively. acetate, 18 mM potassium acetate, 2.25 mM ATP, ABD
) _ o ) GTP (dilithium salt), 23 mM phosphoenol pyruvate (freshly
Construction of plasmids containing an N-terminally prepared), 0.Jug pyruvate kinase, 0.1 mg/ntt.coli tRNA,

modified luciferase gene 35 mg/ml polyethylene glycol (80004,), 20 ug/ml folinic

Plasmid pLUcNWT is a derivative of pBluescriptSK— (Strata-acid, 13 U RNA guar8l and 200pM each of the 20 amino
gene), in which arApa—-Sad fragment containing the luci- acids. The reaction was initiated by the addition pf2 unless
ferase gene from pGEMic (Promega) was inserted between otherwise stated, of luciferase mRNA with and without various
the Apal and Sad sites, and where Bcd site surrounding the insertions from the HIV-1 Gag—Pol region, anqi@ of native
initiator AUG triplet was created by the method of Kunkel CAT mRNA as a competitor. The reaction was stopped by
etal. (24). Plasmid pSDLUcNWT, a derivative of pLUcCNWT, addition of EDTA at a final concentration of 6.5 mM. For
was generated by inserting an oligonucleotide cassetigxperiments with antibiotics, translation reactions were incu-
containing a Shine-Dalgarno sequence, upstream from thgted with or without the antibiotic at 3G for 10 min before
initiator AUG. Plasmid pSDLuc—1(SHS + SL) was engineeredyqdition of MRNA. Luciferase activity was monitored in fiD

by inserting a cassette encompassing the slippery heptanuclgiquots from the translation mixtures with a Berthold Lumat

otide sequence (SHS) and the downstream stem-loop (SLi 9507 luminometer, using a commercial luciferase assay
structure of the HIV-1 Gag—Pol region. The insertion ISsystem (Promega).

flanked by aBcll site 3, so that the HIV-1 frameshift signals
can be readily exchanged for other frameshift signals. Plasmilh vivo studies
pSDLuc-1(SHS — SL) was derived from pSDLuc-1(SHS +

SL) by deleting the stem—loop structure, using site-directe mesin vivo, the system of Studieet al. (23) was used, in

mutagenesis (24)' In bOtlh fpSDLurcl:_f—tl 'Il?fLasmlciS’ Iucnceras9\/hich the reporter genes are expressed under control of a T7
expression requires a —> Tramesniit. - 1he Indrame Cormes omoter in a host strain containing an IPTG-inducible T7

; p
sponding controls, pSDLUCO(SHS + SL) and pSDLUCO(SHS ‘RNA polymerase. The bacteria were transformed with each of

SL) were derived by adding an adenine immediately after th%ue PET constructs containing the different derivatives of the
slippery heptanucleotide sequence (Fig. 1). Plasmid pLRCA uc gene. Stationary phase cultures, in M9 minimal medium

is a derivative of pBluescriptSK— (Stratagene), in which a frag- - . : .
ment containing the chloramphenicol acetyltransferase (CA ontaining 0.2% glucose, 0.4% casamino acidagiml thia-

gene from pACY184 (25) was inserted in tiéal site. The ine and the antibiotics appropriate to maintain plasmid selec-
various plasmid constructs containing the luciferase or thdon, were diluted 1/20 in fresh M9 medium, and expression of

pLRCAT plasmid were digested witBal and with BamHI, theluc gene was induced by adding_0.1—0.2 mM IPTG and the
respectively, and used for mRNi# vitro synthesis with T7 cultures were grown at 3C to an optical density of 0.3-0.4 at
RNA polymerase following standard protocols. Forvivo 600 nm. Then, 4%l aliquots of the cultures were processed
studies, theApa site in the pSDLuc series was replaced with a&nd brought to 200l in a luciferase lysis buffer (25 mM Tris—
BarHI site and theBanHI-Sal fragment from these plasmids, Phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM 1,2-diamino-
containing the modifietlic coding sequence plus the upstreamcyclohexaneN,N,N',N'-tetraacetic acid, 10% glycerol and 1%
Shine-Dalgarno sequence, was inserted into pETzliriton X-100), as described in Promega Technical Bulletin
(Novagen), thus generating pETLuc-1(SHS + SL) andlO1, and 2.54l aliquots of the resulting lysates were used to
PETLuc-1(SHS — SL), as well as the corresponding in-framenonitor the luciferase activity as indicated above for the
controls. In all plasmid constructs, the sequences of the insevitro assays. The experimental values were normalized for
tions were confirmed by dideoxy sequencing. For allequal numbers of cells, as assessed by the optical density at
constructs, a derivative was obtained by site-directed00 nm.

o0 assess the efficiency of frameshifting of the bacterial ribos-
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Figure 1. Structure of the luciferase expression vectors used in this study. Plasmid pLUucNWT contains the luciferase reporter gene under control of@T7 promot
and aNcd site surrounds the initiator AUG of tHac coding sequence. A derivative of pLUcNWT, pSDLUcNWT, was constructed by inserting a cassette contain-
ing a Shine—Dalgarno sequence (SD) upstream fronNtiaé site. The HIV-1 frameshift region, encompassing a slippery heptanucleotide sequence followed by a
stem-oop structure (in bold), was then inserted between\Nbd andNarl sites, generating pSDLud.(SHS + SL). The sequence derived from HIV-1 is under-
lined. Plasmid pSDLuc—1(SHS — SL) was obtained by deleting the sequence coding for the stem-loop, by site-directed mutagenesis. Correspbpitisg cont
mids, pSDLucO(SHS + SL) and pSDLucO(SHS — SL), where the luciferase coding region is in-frame with the insertion, were derived from the Luc—bylasmids
adding an adenine residue immediately after the slippery sequence (indicated by an arrow). Details on the constructions are provided in dVidithaldsan

RESULTS ribosomes but does not contain any slippery sequence. The
frameshift efficiency was assessed by measuring the luciferase
activity with the trans-frame mRNA (Luc-1) and the corre-
sponding in-frame (LucO) control, and, unless otherwise
MRNAs encoding firefly luciferase, with an insertion that stated, expressed as the ratio of the trans-frame activity to that
contains the slippery heptanucleotide sequence plus the stermf-the in-frame activity. The results are presented in Table 1.
loop of the HIV-1 Gag—Pol region, were translated irfacoli ~ The luciferase activity was ~3-fold lower for LucO compared
cell-free translation system. Equal amounts of Luc—1 and Luc@® Luc wild-type mRNA, which can be ascribed to the exten-
mRNAs were used (0.242g), in the absence or presence of asion in the N-terminal region of the enzyme. The results show
constant amount of CAT mRNA (gg) that competes for the that the bacterial ribosomes can frameshift when they reach the

The HIV-1 frameshift can be reproduced in a bacterial
extract
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Table 1. Frameshift efficiency for decoding of the HIV-1 Gag—Pol frameshift region ik awli cell-free translation system

Luc mRNA (ug) In the absence of CAT mRNA In the presence of CAT mRNA
Luciferase activity Frameshift efficiency (%) Luciferase activity Frameshift efficiency (%)
LucO Luc-1 LucO Luc-1

0.2 1473387 46 207 31 861 581 27 456 3.2

0.5 3039 864 89328 29 1587 279 41671 2.6

1.0 5323968 145579 2.7 2763206 77 866 2.8

2.0 8 666 365 255867 3.0 4429 701 136 077 3.1

Increasing amounts of LucO or Luc—1 mRNA were translated in gl3fanslation mixture, in the presence or absence p§2f chloramphenicol acetyltrans-
ferase (CAT) mRNA, which does not contain a frameshift sequence and competes for the ribosomes. Luciferase activity is expressed in relatiealght un
results are the means of four independent experiments correspondingit@liduots from the translation mixtures. The standard deviation of the means was
<15%. Frameshift efficiency is expressed as described in the text (Results). Wigesf @ild-type Luc mRNA, without a frameshift sequence, was translated in
the absence or presence of CAT mRNA, luciferase activity was 19 242 460 and 12 395 641, respectively.

Table 2.Influence of the stem—loop structure on the frameshift efficiency of bacterial ribosomes

Conditions Luciferase activity Frameshift efficiency (%)
LucO Luc-1
In vitro
Luc (SHS + SL) mRNA 4429701 136 077 3.1
Luc (SHS — SL) mRNA 6817 324 193 285 2.8
In vivo
Luc (SHS + SL) mRNA 6 645 265 907 483 13.7
Luc (SHS - SL) mRNA 8719 208 550 541 6.3

Luc (SHS + SL) mRNAs contain the slippery heptanucleotide sequence followWsctize stem—

loop structure, whereas Luc (SHS — SL) mRNAs contain only the slippery heptanucleotide
sequence. Luciferase activity is expressed in relative light units. Results are the means of at least
four independent experiments and correspond tplldliquots for thein vitro assays and 2.4l

aliquots from cell lysates processed as described in Materials and Methods. Representative values
corresponding to cultures grown to an optical density of 0.3 at 600 nm, when Luc expression was
induced with 0.15 mM IPTG, are shown for threvivo assays. Standard deviations of the means
were<15% and<20% forin vitro andin vivo assays, respectively.

HIV-1 frameshifting sequence. The frameshifting efficiency isframeshift efficiency of Luc mRNAs, with and without the
~3%, one-third of the value (9#0.8) which we obtained with stem-loop, in the bacterial cell-free system and in bacteria.
the same mRNAs translated in a rabbit reticulocyte lysate (dat@he smaller size of the extension in the N-terminal portion of
not shown). When the slippery sequence (U UUU UUA) waduciferase probably accounts for its higher activity when it is
mutated to a non-slippery sequence (U CCC GCG), theynthesized from LucO mRNA without the stem-loop,
frameshift efficiency was <0.1% (data not shown), demoncompared to LucO with the stem—loop. It can be seen that the
strating that the luciferase activity depends on a frameshift drameshift efficiency is not significantly affected by absence of
this slippery sequence and not on a secondary initiation. Thine stem—loogn vitro. Similarly, we observed that absence of
frameshift efficiency was independent of the Luc mRNAthe stem—loop did not affect the frameshift efficiency in a
concentration and on the presence of the competitor CATabbit reticulocyte translation system (data not shownyivo
mMRNA, at a concentration reducing translation efficiency bythe frameshift efficiency was ~14% with the construct
50%. Furtheiin vitro assays were performed with@ of Luc  containing the stem—loop, and mutagenesis of the shift site
mMRNA, in the presence of g of CAT mRNA, since in decreased the frameshift efficiency to <0.4% (data not shown),
bacteria a reporter mMRNA is always translated in the presenchowing that the luciferase activity with the Luc—1 construct
of other mMRNAs. Having established that the HIV-1 frameshiftresults from a frameshift at this site, as was shammitro. In

can be reproduced in a bacterial cell-free extract, we nextontrast to what was observéd vitro, the frameshift effi-
assessed the role of the stem—loop structure following the shifiency was decreased ~2-fold in the absence of the stem—loop,
site. which confirms the stimulatory effect of this structure unifer

. vivo conditions.
The downstream stem-loop structure is dispensable for

frameshifting in vitro Ribosomal mutations or antibiotics that bind to the

The frameshift efficiency of bacterial ribosomes was investiiPosomes influence the frameshift efficiency

gated with Luc mRNAs containing the slippery sequence fromin addition to the characteristics of the shift region in the
HIV-1 but where the stem—loop structure following the slip-mRNA, it is likely that the ribosomes are also involved in the
pery sequence was deleted (Fig. 1). Table 2 compares tlwntrol of the efficiency of the frameshift process. To gain
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Table 3. Effect of a ribosomal mutation on the frameshift efficiency in the presence or
absence of the stem—loop structure in a bacterial cell-free system and in bacteria

Ribosomes Relative frameshift efficiency
With the stem—loop structure  Without the stem—loop structure

In vitro

Wild-type 23+ 3 22+3

With mutated S12 132 21+3
In vivo

Wild-type 100 46+ 8

With mutated S12 98 12 50+ 7

Frameshift efficiency was assessed by measuring luciferase activity generated by translation
of the different types of Luc mRNA (with a —1 frame and in-frame with the Luc coding
sequence and where the slippery heptanucleotide sequence is followed or not by the stem—
loop structure) in are.coli cell-free translation system and in bacteria. A value of 100 was
arbitrarily ascribed to the frameshift efficienay vivo with wild-type ribosomes and Luc
mRNA containing the slippery heptanucleotide sequence followed by the stem-loop.
Results are the meansSD of five independent experiments.

further insights into the role of the ribosomes, the frameshifDISCUSSION

eﬁ'c'e'?cy was mv_estlgatem vitro and n vivo with bacteria . The HIV-1 programmed —1 frameshift occurs efficiently in
harboring a mutation in the 30S protein S12. These bacterl%, .

. . . n E.coli cell-free system
obtained by selecting spontaneous mutants resistant to strepto- o
mycin, are known to contain hyperaccurate ribosomes (28jf1 '_[h_ls study, we demonstrated that prokaryotic rl_bosomes can
and we verified that these ribosomes have an increased transfgiciently recode the HIV-1 Gag-Pol frameshift sequence

tional fidelity by determining that they restrict the read_mserted in the mRNA of a firefly luciferase reporter gene.

through of nonsense codons (data not shown). In a ceII-fregnder the conditions of oun vitro assays, the frameshift effi-

: . " lency was ~3%. This is comparable to the frameshift effi-
bacterial extract, we found that the frameshift efficiency WaSiency observed for the same sequence with mammalian

decreased 2-fold with hyperaccurate ribo§omes, but only_in th8hosomes, which was reported to vary between 3 and 10% in
presence of the stem—loop. In contrastyivo the frameshift 5 rapbit reticulocyte lysate, depending upon the system used to
efficiency was not affected by the S12 mutation whether thenonitor the frameshift efficiency (11,14 and references
stem—loop was present or not on the reporter mMRNA (Table 3}herein). Differences between the tRNA populations (33,34)
Identical results were obtained with different S12 mutantsalso likely contribute to differences in frameshift efficiency
selected independently (data not shown). between bacterial and mammalian translation systems. In
The frameshift efficiency was also assessed in a bacterifacterial cultures, the frameshift efficiency increased to ~14%.

cell-free translation system with wild-type ribosomes in theThe rate of translation is higher in bacteria than in a cell-free
presence of various inhibitors of protein synthesis: streptoP@cterial extract, and we suggest that this higher rate of trans-

mycin and neamine (two aminoglycoside antibiotics that stim/ation accounts for the higher frameshift efficiency obserived

ulate translational misreading), chloramphenicol (an inhibitot, ¥ > This suggestion is in agreement with previous observa-

. L _ \ WO s from Falket al. (35), showing with eukaryotic ribosomes
of peptidyl transferase activity), and spectinomycin (an inhiby o frameshift efficiency is elevated in high translation rate

itor of translocat_ion_) (_29—32). The concentrations of antibi_oticssystemsl and also from Gara#al (36), who found that the
used were sub-inhibitory and decreased overall translation Byameshift efficiency for ribosomes encountering a plant viral
<50%. The effects of the different drugs are summarized irslippery sequence is higher in a reticulocyte lysate than in a
Figure 2. This figure compares the luciferase activity atwheat germ extract, a less efficient translation system. In
different concentrations of drugs, with in-frame or —1 frameprevious studies with bacteria where a reporter gene contained
mRNAs, which contain HIV-1 slippery sequence followed orthe slippery sequence from HIV-1 with (18) or without (19,20)
not by the stem—-loop structure. It can be seen that in the pre#e downstream stem—loop, the frameshift efficiency was 2 and
ence of streptomycin or neamine, luciferase activity with thel%. respectively, lower than the value of 14% that we
Luc—1 mRNA decreased less than that with the LucO mRNApbserved in the present study. The reason for this discrepancy

indicating that frameshift efficiency increases under thesé® MOt clear, *?!“ it likely results from q_ifferences in the experi-
" . . mental conditions and/or in the stability and abundance of the
conditions. This effect was modest but reproducible, and w.

8reporter mRNA used.
observed only when the stem—loop was present. Chloramphene-por erm use

icol also increased the frameshift efficiency, but independentlyrhe stem—loop structure downstream from the

of the presence or absence of the stem-loop. Again, theeptanucleotide slippery sequence of HIV-1 is dispensable
changes were modest but significant. Spectinomycin did nd@r the in vitro frameshift

affect the frameshift, whether the stem—loop was present ae found that the frameshift efficiency with bacterial ribos-
absent. omes was unaffected by the presence of the stem-loop
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Figure 2. Effect of antibiotics inhibiting specific steps of the elongation cycle on the HIV-1 programmed —1 ribosomal frameshift. The Luc—1 and LucO mRNAs,
containing either the slippery heptanucleotide sequence plus the stem—loop of the HIV-1 frameshift region (left) or only the slippery hejpiasecjeence

(right), were translated in d8.coli cell-free translation system, in the absence or presence of different antibiotics. A value of 1 was arbitrarily ascribed to luciferase
activity in the absence of antibiotic. The results represent the averages of at least five independent experiments. Highest and lowest \aedLex® dhdiated

by error bars. (Filled triangle), LucO(SHS + SL) mRNA; (filled square),+U(SHS + SL) mRNA; (open triangle), LUucO(SHS — SL) mRNA; (open square), Luc—
1(SHS — SL) mRNA.

structure downstream from the slippery sequence in a cell-freleop downstream of a slippery sequence, as is the case in the
system, whereas it is stimulated ~2-fold by the same stem—lodflV-1 frameshift region, they are slowed down during the
in vivo. A similar observation has been made with eukaryotigperiod of time required for their associated helicase activity to
ribosomes, where the frameshift efficiency for the HIV-1 slip-melt the stem—loop. Indeed, the stimulatory effect on
pery sequence was much more dependent on the presencefraimeshifting of a stem-loop following the HIV-1 slippery
the stem—loop in cultured cells than vitro (10,11,14 and sequence was directly related to the stability of this stem—loop,
references therein)n vivo ribosomes move along the mRNA when assayed in yeast and in cultured mammalian cells (37).
at a high rate and we suggest that when they contact a stentowever,in vitro ribosomes move at a slower rate and our
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results suggest that the necessity of melting the stem—loop doades of the classic two-tRNA slippage model (2,21) in bacte-
not appear to further slow down the ribosomes. This wouldial extracts. However, a drawback of this model is that peptide
account for the lack of effect or the weak effect of the stem-bond formation takes place as soon as the aminoacyl-tRNA
loop on frameshift efficiency, as shown by our results and irreaches the A site, which does not leave much time for the
agreement with the literature (10,11,14). However, this doefameshift to occur. The incoming aminoacyl-tRNA is deliv-
not apply to pseudoknot structures at the sites of ribosomared to the ribosome as a ternary complex (aminoacyl-
frameshift, which are very stable (38) and likely more difficult tRNA-GTP-EF-Tu), which first interacts with an entry site (A/
to unwind. Assays in a eukaryotin vitro translation system T), from where it moves to the A site after GTP hydrolysis and
demonstrated that a slippery sequence followed by a pseudrelease of EF-Tu-GDP (reviewed in 45,46; Fig. 3A). This step
knot causes the ribosomes to pause, which increases the prad+ate limiting in protein synthesis (46). To solve the problem
ability of a frameshift (39,40). Interestingly, when the HIV-1 raised by the transient character of the state where the two-
slippery sequence was inserted into a reporter mRNA followetRNA slippage was proposed to occur, we suggest that it could
by a pseudoknot structure from mouse mammary tumor virueccur before occupancy of the A site (Fig. 3B), with the
or from a coronavirus, then vitro frameshift efficiency peptidyl-tRNA in the P site and the aminoacyl-tRNA
increased ~3- to 5-fold compared to the construct containingomplexed to EF-Tu in the A/T site, either before or after GTP
the stem—loop, demonstrating a substantial stimulatory effedtydrolysis. This suggestion, which was also envisaged by
of the pseudoknots (41,42). Farabaugh (4), is supported by the characterization of mutants

) ) . in the yeast counterpart of EF-Tu that increase programmed —1
Chloramphenicol but not spectinomycin increases HIV-1  frameshifting in the yeast L-A double-stranded RNA virus,
ribosomal frameshifting probably because of interference with GTP hydrolysis (47).
The availability of the bacterialn vitro frameshift assay However, our results do not exclude the possibility that, for
allowed us to take advantage of various well-characterizedome of the ribosomes that shift the reading frame, the
inhibitors of the bacterial translational machinery. Two drugsaminoacyl-tRNA occupies the A site, as proposed by the
were first investigated for their effect on HIV-1 ribosomal classic two-tRNA slippage model. Moreover, one-tRNA slip-
frameshifting in anE.coli cell-free translation system: chlor- page, with ribosomes bearing the peptidyl-tRNA in the P site
amphenicol (which interferes with peptide bond formation),but having an empty A site (19,20; reassessed in 3), could also
and spectinomycin (which blocks translocation). Spectinocontribute to the frameshift.
mycin did not affect the ribosomal frameshift, whether the

The stem—loop structure downstream from the

stem—loop was present or absent. This does not support X . .
previous suggestion by Weisst al (18) that the HIV-1 neptanucleotide slippery sequence of HIV-1 influences the
frameshift by interacting with the ribosome

programmed frameshift could occur after peptide bond forma*
tion. Indeed, if this had been the case, an inhibitor of translocaAs discussed above, the frameshift efficiency of wild-type
tion would have increased frameshift efficiency, by leavingribosomes traversing the HIV-1 Gag—Pol region is not affected
more time for the ribosomes to shift. In agreement with ouby absence of the stem—loop in a cell-free system. Interest-
observations, Tumeet al (43) observed that an inhibitor of ingly, when we performed thim vitro translation assays with
translocation did not affect the programmed —1 frameshift irhyperaccurate ribosomes harboring an altered 30S protein S12,
the yeast L-A double-stranded RNA virus. In contrast to specthe frameshift efficiency was decreased, but only in the pres-
tinomycin, chloramphenicol, an inhibitor of peptide bondence of the stem—loop structure. In the same line, in the pres-
formation, was found to slightly but reproducibly increaseence of the error-inducing drugs streptomycin and neamine,
frameshift efficiency, whether the stem—loop was present othe frameshift efficiency was increased, but again only in the
not. The classic two-tRNA slippage model (2,21) proposes thgtresence of the stem—loop. Our interpretation of these results,
the ribosomal frameshift occurs prior to peptide bond synthesig the light of the refined model of two-tRNA slippage, is that
with the ribosome bearing the aminoacyl-tRNA and theseveral parameters modulate the frameshift efficiency with
peptidyl-tRNA in the A and P sites, respectively. An inhibitor mutant ribosomes or in the presence of the error-inducing
of peptide bond synthesis such as chloramphenicol shoulgrugs. With hyperaccurate ribosomes, occupancy of the A site
therefore increase frameshift efficiency, as shown by oufs slowed down (48). According to the refined model for
results. The same observation was made by Dinetah (44),  frameshifting, we predict that this should increase the
when investigating the effect of sparsomycin, a peptidyl transframeshift efficiency by providing more time for the ribosomes
ferase inhibitor, that increased the programmed —1 frameshift shift before A site occupancy and instantaneous formation
in the yeast L-A double-stranded RNA virus. One could arguf the peptide bond. On the other hand, hyperaccurate ribos-
here that Dinmaret al. (44) showed that, in contrast to spar- omes weaken the codon—anticodon interaction at the A site and
somycin, anisomycin, another peptidyl transferase inhibitorconsequently at the A/T site (49), which contributes to their
decreased the programmed -1 frameshift. However, ascreased capacity to correct translation errors. Since codon—
discussed by these authors, this decreased frameshift likeinticodon interaction for the aminoacyl-tRNA in the post-slip-
results from the fact that translation preferentially aborts orpage state relies on the interaction of two bases rather than
frameshifted ribosomes in the presence of anisomycin. three as in the pre-slippage state, we predict that this weak-
ening of codon—anticodon interaction likely disfavors the post-
slippage state. The converse situation is encountered with
ribosomes in the presence of streptomycin or neamine, which
Our results with chloramphenicol and spectinomycin appear tetrengthen the codon—anticodon interaction in the A site (49).
support the hypothesis that HIV-1 frameshifting follows theThis strengthening, by stabilizing binding of the tRNA in the

A refinement of the classic two-tRNA simultaneous
slippage model
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Figure 3. Models of the two-tRNA simultaneous slippage for the programmed —1 framegt)f€lassic model of two-tRNA simultaneous slippage according to
Jackset al. (21): the ribosome-bound peptidyl-tRR%&in the P site and aminoacyl-tRN® in the A site slip back by 1 nt after occupancy of the A site by the
aminoacyl-tRNA and prior to peptide bond formatioB) (Refined model of simultaneous slippage where the ribosome-bound peptidyl-tRNA in the P site and
aminoacyl-tRNA in the entry site (A/T), complexed to EF-Tu bound to either GTP or GDP, slip back by 1 nt before occupancy of the A site by the amik®acyl-tR

post-slippage state, could favor the shift. However, occupanchese pseudoknots to stimulate the frameshift, which implies
of the A site is accelerated by streptomycin or neamine (48)hat they do not just act as a barrier to movement of the
which should disfavor the shift by leaving less time for theribosome but could specifically interact with the ribosome.
ribosomes to shift before peptide bond formation. We proposélowever, in vivo the frameshift efficiency was unaffected
that these antagonistic effects account for the lack of influencethen ribosomes were hyperaccurate. As discussed above,
of S12 mutations or error-stimulating antibiotics on frameshiftribosomes move along the mRNA at a higher riatgivo than
efficiency in the absence of the stem—loop structure. in vitro. This enables the downstream stem—loop to stimulate
However, in the presence of the stem—loop, frameshift effithe frameshift, but more subtle effects detected when ribos-
ciency is decreased by S12 mutations whereas it is increaseddmes move at a slower pace, such as those resulting from
the presence of the error-inducing drugs. The binding of strepibosomal mutations, can be masked. Altogether, our results
tomycin or neamine or the presence of mutations in S12 ar@dicate that the cell-free translation system appears more
known to induce conformational changes in the ribosomeappropriate to identify the ribosomal components involved in
(50,51 and references therein). One attractive hypothesis is thdie interaction with the stem—loop.
when ribosomes mutated in S12 encounter the stem—loop, they
ur_1dergo a transition to a conformation which is [ess prone.t%ONCLUSION
slip. Conversely, ribosomes bound to streptomycin or neamin€
would undergo a transition to a conformation which is moreThe E.coli cell-free translation system constitutes a powerful
prone to slip. This hypothesis therefore suggests that there issgstem to gain further insights into the mechanisms that
functional interaction between the ribosome and the stem-loogontrol the programmed —1 ribosomal frameshift of the Gag-
structure, and not merely a physical contact. In line with thisPol region of HIV-1. Our results suggest that ribosomes
suggestion, Tinoco and co-workers (52,53), who studied thanteract with the stem-—loop structure 8o the slippery
conformation of pseudoknots that influence frameshifting bysequence and show that ribosomes with an altered control of
NMR, found that a specific bent conformation is required fortranslational accuracy are good candidates to further investigate
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this interaction. A variety of mutations in ribosomal proteins or 25. Chang,A.C. and Cohen,S.N. (19Z8Bacteriol, 134 1141-1156.
RNA have been described that either increase or decrease tR& Mackie,G.A., Donly,B.C. and Wong,P.C. (1990) In Spedding,G. (ed.),
control of translation accuracy (28,54,55). These mutants will

probably provide important information on the interaction 5,
between the ribosome and the stem—loop, which constitutes £,

suitable target for the development of novel anti-retroviral
drugs.
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