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ABSTRACT. Retroviral genomes consist of two identical RNA molecules joined noncovalently near their
5-ends. Recently, two models have been proposed for RNA dimer formation on the basis of results
obtainedin vitro with human immunodeficiency virus type 1 RNA and Moloney murine leukemia virus
RNA. It was first proposed that viral RNA dimerizes by forming an interstrand quadruple helix with
purine tetrads. The second model postulates that RNA dimerization is initiated by-ddogunteraction
between the two RNA molecules. In order to better characterize the dimerization process of retroviral
genomic RNA, we analyzed thie vitro dimerization of avian sarcomdeukosis virus (ASLV) RNA

using different transcripts. We determined the requirements for heterodimer formation, the thermal
dissociation of RNA dimers, and the influence of antisense DNA oligonucleotides on dimer formation.
Our results strongly suggest that purine tetrads are not involved in dimer formation. Data show that an
autocomplementary sequence located upstream from the splice donor site and within a major packaging
signal plays a crucial role in ASLV RNA dimer formatidn vitro. This sequence is able to form a
stem-loop structure, and phylogenetic analysis reveals that it is conserved in 28 different avian sarcoma
and leukosis viruses. These results suggest that dimerization of ASLV RNA is initiated by-adopp
interaction between two RNA molecules and provide an additional argument for the ubiquity of the
dimerization process via loegoop interaction.

A ubiquitous property of retroviruses is that the virion 1990; Pratset al, 1990; Torrentet al, 1994); it has been
genomic RNA is a dimer formed of two identical single- postulated that the dimeric structure is necessary for genomic
stranded RNA molecules (Coffin, 1984). The encapsidated RNA packaging (Biethet al., 1990; Housseet al,, 1993;
RNA dimer is in the form of a 6670S complex with the  Rein, 1994). Furthermore, the dimeric structure plays
two molecules held together by several RNRNA inter- probably a role in other steps of the retroviral cycle, such as
actions (Mangekt al, 1974). The nature of the linkage (i) translation (Biethet al,, 1990), (ii) recombination during
between the monomers is probably via noncovalent bondsreverse transcription (Hu & Temin, 1990; Stuhlmann & Berg,
since the RNA dimer is dissociated into monomers under 1992; Mikkelsenet al,, 1996), and (iii) stabilization of the
relatively mild conditions (Mangedt al, 1974; Stoltzfus & genomic RNA against nuclease degradation (Dagtial,,
Snyder, 1975; Darliet al, 1978; Fuet al, 1994). Electron 1978).
microscopy under partially denaturing conditions suggests Recent studies have provided evidence that RNA tran-
that the two monomers are joined at théieBids by amajor  seripts containing the'&nd of the viral genome can dimerize
interaction called the dimer linkage structure (DL&ender spontaneouslin zitro (Bieth et al, 1990; Pratet al, 1990;

& Davidson, 1976; Murtet al, 1981). Interestingly, location  Roy et al, 1990; Marqueet al, 1991) and that this process
of the dimerization sequences in several retroviruses coin-js activated by nucleocapsid protein (Biethal, 1990; Prats
cides with that of a major encapsidation signal (Bietfal, et al, 1990; Torrenet al, 1994). Several results obtained
with RNA transcripts generateish vitro have favored the
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virus; DLS, dimer linkage structure; HaMSV, Harvey mouse sarcoma al., 1994). Furthermore, additional studies suggest that
virus; HIV-1 and HIV-2, human immunodeficiency virus types 1 and purine tetrads are dispensable for RNA dimerizationitro

2; MoMuLV, Moloney murine leukemia virus; nt, nucleotide(s); Pr-B, of HIV-2 (Berkhoutet al, 1993), HIV-1 (Marquetet al
Rous sarcoma virus Prague-B; Pr-C, Rous sarcoma virus Prague-C; R K ! N

purine; RSV, Rous sarcoma virus; SD, splice donor site; SNV, spleen 1994; Palillartet al, 1994; Murif_luxet al, 1995; Laughrea
Necrosis Vvirus. & Jettg 1996) and MoMuLV (Girarcet al, 1995). Indeed,
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an autocomplementary sequence able to adopt a-dtep 5w

structure appears to be responsible for dimerization of short % ,

HIV-1 (Laughrea & Jefte1994, 1996; Paillaret al,, 1994; A H sk o o 7

Skripkin et al, 1994; Muriaux et al, 1995, 1996) or ! IR | SR POU A

MoMuLV (Girard et al,, 1995) RNA transcripts vitro. On Aual

the basis of these data, it has been proposed that dimer B ANA DIVEER

formation is initiated by the annealing of these autocomple- RNA 1626 et

mentary sequences via a loolpop interaction between the RNA 1516 s

two monomers (Laughrea & Jéft&994, 1996; Paillaret ANATOS) —

al., 1994; Skripkiret al, 1994; Girarcet al., 1995; Muriaux RNA 1226 ——————— -

et aI., 1995, 1996) RNA 523-1023 —_— +
Surprisingly, dimerization of avian sarcomkeukosis virus ASV RNA d207-270 +

(ASLV) RNAs has been studied less extensively. Electron FIGURE 1: Mapping of sequences required for ALV RNA dimer-
micrographs of partially denatured dimer molecules suggest/Zationin vitro. (A) Representation of the'#nd of ALV RNA:
that Rous sarcoma virus (RSV) RNA DLS is a small region R,’_ terr_mnal repeat; US, sequence unlq_ue_and_untransla_lted at the
h ; _5'-end; P, the replication primer tRNR binding site (PBS); 3V,

Of IeSS than 60 nUCIeO“deS Centered on nUCIeOUde 511 (Murtl nt 120-387 required for encapsidation of genomic RNA (Koyama
etal, 1981). Rapid and extensive dimerization of synthetic et al, 1984; Katzet al, 1986; Andersort al, 1992) and sufficient
RSV RNA transcripts containing theé Bader sequence was tQ[ glirelcé geggc%psgﬂ?ggg ng)glf;?;g;gggosl; E;Acéngg\gzi)om c()ﬁ/g?Off
shown to be promoted by nucleocapsid protein NCpi.2 i?] ALV RN,;A éimerization in vitro; AUG, initiation codon for
vitro (Biethet al, 1990). Under these conditions, sequences p7g4ag synthesis; SD, splice donor site at position 387. (B) RNA
between positions 26870 and 406-600 were found to be  transcripts from different sizes are precisely described in Experi-
necessary; however, the first 63 nucleotides of the RNA mental Procedures. Numbering is relative to the genomic RNA cap
transcripts were nonviral and might therefore have interfered Sit¢ (+1). The column |a539|ed RNA di(f)“er indicates “2)9 level of
with the authentic dimerization process. Recently, Letar ?jrnjkeﬂi)R;\'éB_"gs(a ?n:;SnAJQéE)eSZSt;a ?;Eé(?,oﬂ—;g Igggft%f’e'eagg eri.
al. (1995) showed that RNA transcripts representing portions ments). P
of the genomic RNA of Rous sarcoma virus Prague C (Pr-
C) can dimerizén vitro in the presence of a very high MgCl  plasmid (Promega) afté&caR| andXba digestions and gave
concentration (50 mM). This study suggests that Pr-C RNA rise to plasmid pCG44. The pCG44 plasmid was digested
contains at least two dimerization signals. One, located With restriction endonuclease¢ha, Aval, Msd, and Dde
between nt 531 and 634, might involve Watsd®rick and transcribed with T7 RNA polymerase to generate
pairing of an imperfect inverted repeat, while the second transcripts starting at position 1 of ALV RNA and ending at
signal, located between nucleotides 496 and 530, requires gositions 626, 516, 387, and 226, respectively, corresponding
tetraguanine sequence which is not involved in an identifiable to RNAs 1-626, 1-516, 1-387, and +-226, respectively
Watson-Crick interaction or in guanine tetrad formation. (Figure 1). _

In an attempt to get a more comprehensive view of the _ Plasmid pLADO contains a fragment of the ALV genome
mechanism of ASLV RNA dimerization, we have analyzed [TOM Positions 523 to 1913 (Bietkt al, 1990). After
in sitro the spontaneous dimerization of ASLV RNA under  digestion withNgaMl, pLADS was transcribed with T7 RNA

physiological salt conditions. We examined dimerization of Polymerase to generate RNA 528023 (Figure 1). The
ASLV RNA transcripts with various's and 3-ends, dimer- non-ALV sequence of 24 nt_and of plagmldlc origin is present
ization in the presence of antisense DNA oligonucleotides, & the 5-end of this transcript. Plasmid pLADS contains a

formation of heterodimeric RNAs, and stability of the RNA  Viral fragment from position-52 to+2312 lacking nucleo-
dimers in the presence of various cations. In addition, we tides 207-270 of the avian sarcoma virus genome (Bieth

performed a phylogenetic comparison to examine the func- al., 1990; thzet aI_., 1986). This plasmid digested bthd
tional relevance of a stefloop structure involved in ASLy s transcribed with SP6 RNA polymerase to generate ASV
RNA dimerizationin zitro. RNA d207-270 (Figure 1). ASV RNA d207270 carries

61 additional nt (9 of the plasmid and 52 of theedd of
EXPERIMENTAL PROCEDURES U3) upstream from the viral cap site-1).
Purification and End-Labeling of DNA Oligonucleotides.
Plasmid Construction and Digestion. Escherichia coli DNA oligonucleotides were synthesized using an Applied
DH5a was used for plasmid amplification. Standard pro- Biosystems Synthesizer. The oligonucleotides were loaded
cedures were used for restriction enzyme digestion andonto a 15% denaturing polyacrylamide gel in 89 mM Tris-
plasmid construction (Sambroak al, 1989). Restriction  borate and 2 mM EDTA, electrophoresed, visualized by UV
endonucleases were purchased from New England Biolabsshadowing, excised from the gel, and purified by elution and
Plasmid pLADI contains the proviral DNA of a highly ethanol precipitation. The concentration was determined by
infectious avian leukosis virus of subgroup A (ALV-RSA; UV spectroscopic measurement at 260 nm. DNA oligo-
termed ALV in the text) (Bieth & Darlix, 1992). Polymerase nucleotides were labeled at theénd using T4 polynucleo-
chain reaction was performed on pLADI with oligonucleotide tide kinase (New England Biolabs) ang-{P]JATP (Amer-
01, carrying arEcaRl site, T7 RNA polymerase promoter, sham). The 5end-labeled oligonucleotides were purified
and 15 nucleotides corresponding to the complementary partby electrophoresis on a 15% denaturing polyacrylamide gel
of positions 115 of the ALV genome, and oligonucleotide and isolated by elution and ethanol precipitation. The
02, carrying arXbd site and 13 nucleotides corresponding specific radioactivity was about 4 10° cpm/pmol of DNA
to the complementary part of positions 61629 of the ALV oligonucleotide. DNA oligonucleotides at-3 10* cpm/pmol
genome. The amplified product was inserted in the pSP64 used in the dimerization assays were obtained by mixing
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unlabeled oligonucleotides with end-labeled oligonucleotides. Thirty-two microliters of 2.5-fold concentrated buffer was
The DNA oligonucleotides 25, 189, 223, 273, 270, 430, 462, added (final concentrations 50 mM Tris-HCI, pH 7.5, 5 mM
528, 531, 540, 556, 582, and 610 were complementary to MgCl,, and 125 mM XCI, where %= Li*, Na', or K*) and
positions 6-25, 176-189, 204-223, 254-273, 259-270, the samples were incubated at 2D for 15 min, followed
411-430, 443-462, 509-528, 512-531, 517540, 536~ by incubation at 50C for 60 min. The resulting dimers
556, 563-582, and 594610 of the ALV RNA sequence, were then dialyzed (Millipore filters, Type V6, 0.028n)
respectively. Oligonucleotide in273 has the reverse sequencdor 2 h at 4°C against 10 mM Tris-HCI, pH 7.5, and 10
(5-CCCTCGAGGTCCCGGGCCTC:Bof oligonucleotide mM XCI (where X= Li*, Na", or K*). Aliquots (10uL)
273 (B-CTCCGGGCCCTGGAGCTCCC B of each sample were incubated for 5 min at temperatures

In Vitro RNA Synthesis and Purificatiorzive micrograms ranging from 4 to 65C and electrophoresed as described
of the linearized plasmid was transcribed with T7 RNA above. After ethidium bromide staining of the gels, the
polymerase or SP6 RNA polymerase for pLAD8 under the percentage of dimer was measured (see above).
conditions stipulated by the RiboMAX large-scale RNA  RNA Secondary Structure Analysi&enBank identifica-
production system (Promega). The DNase treatment wastion codes for all the viral sequences referred to in the text
stopped by adding SDS and proteinase K to final concentra-are in parentheses: AEV (AEVPDNA), AEVES4
tions of 0.5% and 0.2 mg/mL, respectively, and the mixture (REAEV5TR), ALV (ALVCG), AMV (ACMHBIPB), CT10
was incubated for 30 min at 37C. The sample was (REASVXX), EV-1 (AC2EV1LTR), EV-2 (AC2EV2LTR),
subjected to three phenethloroform extractions after FSV (ACF), H-19 (RERSVH19), HPRS-103 (ALV103J),
proteinase K treatment, and the RNA transcripts were |C4 (GGRVICA4L), IC10 (REIC10), IC11 (ALERMILAA),
precipitated three times in order to remove nucleotides MC29 (REMC29Z), MH2 28-Z (AC2MILA), MH2E21
(Sambrooket al, 1989). The three precipitations were (AC2E21CG), PR2257 (ALRSRCAC), PR2257T (ASVPR-
performed in the presence of (i) ethanol and 0.8 M lithium 225T), Pr-B(HM) (RERSVHM1), Pr-B(LA23) (ALRLR,
chloride, (ii) 1.8 M lithium chloride, and (jii) ethanol and ALRASEGO1, and ALRBSEGO01), Pr-C (ALRCG), da Pr-C
0.3 M sodium acetate, pH 5.2. The RNA precipitate was (RSVSEQ), RAV-0 (CHKERS5LD), RAV-2 (ALEENV),
washed twice with 80% ethanol, dissolved in double-distilled SR-A (ALRDA1), SR-D (DO10652), UR2 (ACSUR2CG),
water, and dialyzed (Millipore filters, Type V6, 0.028n) and Y73 (ACSY73). RNA secondary structures were
for 2 h against sterile double-distilled water. The purity and predicted by using the MFOLD program (kindly provided
integrity of the RNA transcripts were checked on denaturing by M. Zuker) of Zuker and co-workers (Jaeggral., 1989).
polyacrylamide gels and the concentration was determinedAs the folding rules and energy parameters are not accurately
by UV spectroscopic measurement at 260 nm. known, the MFOLD program allows the determination of

Monomer and Dimer FormationlIn a standard experi-  suboptimal foldings, within 510 % of the calculated
ment, RNA (3.8 pmol), alone or with antisense oligonucleo- minimun free energy, which might be of biological signifi-
tide(s), in 6uL of double-distilled water, was heated at 90 cance.
°C for 2 min and chilled for 2 min on ice. Four microliters
of 2.5-fold concentrated standard buffer was added (final RESULTS
concentrations: 50 mM Tris-HCI, pH 7.5, 125 mM KCl, ) ) ) o )
and 5 mM MgC}) and the sample was incubated for 15 min To mve_stlgate ASLV RNA dlmenzgtlon, RNA transcripts
at 20°C. Then, the sample was incubated for 60 min at 20 representing portions of the genomic RNA were generated
or 50°C to obtain a majority of RNA monomers or dimers, by in sitro transcription and examined for their ability to
respectively. At the end of incubation, all samples were put dimerize. RNAs +626, 1-516, 1-387, and +226 gener-
on ice, mixed with 2uL of loading buffer [50% (w/v) at'edln vitro start'ed at the cap site-( position) and ended
glycerol, 0.05% (w/v) bromophenol blue, and 0.05% (w/v) with an auth_entlc AL\_/ sequence. Therefore, most _o_f the
xylene cyanol], loaded on a 1.2% agarose gel, and electro-RNA transcripts u_sed in our study do pot contain _addltlonal
phoresed at 5 V/icm and°€ in 0.5X TBM buffer (Laughrea sequences (resulpng from_ DN/_-\ plgsmld construction) which
& Moore, 1977; Marquegt al, 1994) containing 45 mM might interfere with the dimerization process.
Tris-borate, pH 8.3, 0.1 mM Mggl and 0.12ug/mL Spontaneous Dimerization of ALV RNA-626. RNA
ethidium bromide. Gels were scanned for fluorescence by 1—626, corresponding to the first 626 nucleotides of ALV
the Bioprofil apparatus (Vilbert-Lourmat, France). Peak RNA, encompasses sequences that are involved in ASLV
areas, corresponding to the monomeric and dimeric forms, RNA dimerization (Murtiet al, 1981; Learet al, 1995).
were quantified, and the percentage of dimer was defined After heat denaturation and renaturation by incubating at 20
as the area of the dimer peak divided by the sum of the areas’C for 15 min (see Experimental Procedures) in a buffer
of the monomer and dimer peaks. Experiments with labeled formed of 50 mM Tris-HCI, pH 7.5, 125 mM KClI, and 5
oligonucleotides were also analyzed on a 1.2% agarose gemM MgCl,, RNA 1-626 was mostly monomeric (Figure 2,
as described above. After being stained with ethidium lane 2) and this did not change after an additional incubation
bromide, gels were photographed under UV illumination at 20°C for 60 min (Figure 2, lane 3). In contrast, RNA
using Polaroid films and then fixed for 10 min in 10% 1626 dimerized spontaneously and extensivielyvitro
trichloroacetic acid and dried for 40 min under vacuum at When an additional incubation was carried out at’&0for
room temperature. The hybridization G#P]DNA oligo- 60 min (Figure 2, lane 4). The dimerization yield of RNA
nucleotides to monomer and dimer RNAs was detected by 1-626 was about 50% when incubation was performed at
autoradiography. 37 °C (Figure 4C, lane 2).

Cation-Dependent Thermal Dissociation of Dimeric RNA.  Influence of Monoalent Cations on the Thermal Stability
RNA 1-626 (30.4 pmol) in 48.L of double-distilled water ~ of ALV RNA Dimer. The presence of potassium results in
was heated at 9%C for 2 min and chilled on ice for 2 min.  significantly greater thermal stability of quadruple helical
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MK 1 2 3 4 430, 462, and 582 are complementary to the RGGARA

sequences proposed by Margeetl. (1991) as candidates
for the formation of purine quartets involving both adenine(s)
and guanine(s). As shown in Figure 4A, none of these
oligonucleotides inhibited RNA-1626 dimer formation. In

all cases, the differentJP]DNA oligonucleotides hybridized

to both the monomer and dimer forms of RNA 1-626 (see
autoradiogram in Figure 4A). RNA-1626 contains five

FIGURE 2: Spontaneous dimerization of ALV RNA-626. Heat- ;
denatured RNA (0.3gM) (lane 1) was incubated in 50 mM Tris- stretches of four _guanlnes _or more, a.nd any one of the§e
HCI, pH 7.5, 125 mM KCI, and 5 mM MgGlfor 15 min at 20°C sequences could interact with any G-rich stretch present in

(lane 2). Subsequently, samples were incubated for 60 min at 20the second RNA molecule. Therefore, it is conceivable that
°C (monomer conditions, lane 3) or at 3G (dimer conditions, RNA 1-626 uses alternatively different guanine motifs to
'a”%:;-c ﬁgg“dp'iis&ergr%‘g%é?dp?gctgm easga[gieegﬁke'%‘jl"g?horegaimerize. To test this possibility we incubated all four
as ; , - . . .
kb RNA ladder (Life Technologies. Incy. m and d indicate the Oligonucleotides 223, 462, 528, and 610 together with RNA
monomer and dimer forms of RNA-626, respectively. 1-626, but dimerization still occurred (Figure 4A, lanes
40L). Similarly, oligonucleotides 430, 462, and 582,
targeting the RGGARA sequences were unable to inhibit the

although it interfered partially with the autocomplementary

10f
9 oof dimerization process when they were all incubated together
. 08k with RNA 1-626 (Figure 4A, lanes 30L). Schwarz al.

g ol (1983) identified an autocomplementary sequence in Pr-C,
£ 0'6_ corresponding to the 53340 region of ALV, that may

- contribute to the DLS. It is interesting that oligonucleotide
el 528 did not inhibit RNA 1-626 dimerization (Figure 4A),

> 04

£

)

<

Z

ad

0.3F —==KCl sequence of Schwartt al. (1983). In order to completely
0.2F -o-NaCl exclude a putative effect of this autocomplementary se-
01 A4 LiC N qguence, we used oligonucleotides 531 and 540, which are
0.0— I I - Ml complementary to nt 5£2531 and 517540 of ALV RNA
0 10 20 30 40 50 60 70 sequence, respectively. Oligonucleotides 531 and 540 did
Temperature (°C) not inhibit RNA 1-626 dimerization, even at an oligo-

F'fGKéBE&_ '”g‘li\le'gcf cgzrgonﬁv?tl_ent cations on the éheirma! st:;bility nucleotide/RNA ratio of 5/1, and were found to hybridize
O Imeric — . elting curves were determined as : : : H H
described in Experimental Procegdures. Data are normalized to theto both monomeric gnd d|me_r|c RNA (E|gure 5). . B'e.lh
dimer yield at 4°C. al. (1990), using antisense oligonucleotides, had implicated
the 544-564 region in the dimerization process of RSV
structures formed by guanine base tetrads (G-tetrads) tharRNA. Oligonucleotide 556 is directed against the 5366
do other larger or smaller monovalent cations (Awang & region of ALV which corresponds to the 54464 region
Sen, 1993; Sundquist & Heaphy, 1993). If G-tetrads are described by Biettet al. (1990). As shown in Figure 5,
involved in RNA 1-626 dimeric structure, then the thermal oligonucleotide 556 was unable to interfere with the dimer-
dissociation of the dimer should be cation dependent. Theization process of RNA 4626. Recent reports show that
influence of monovalent cations on the thermal stability of autocomplementary sequences, which can form a-steap
ALV dimeric RNA was investigated by monitoring dimer  structure, are involved in the RNA dimerization of HIV-1
stability at various temperatures in the presence of 10 mM (Paillart et al, 1994; Laughrea & J€tiel996; Muriauxet
Tris-HCI, pH 7.5 and 10 mM LiCl, NaCl or KCI, respec- al.,, 1996) and MoMuLV (Girardet al, 1995) in uitro.
tively. As shown in Figure 3, the thermal stability of dimeric Interestingly, the 5first 626 nucleotides of ALV and RSV
RNA 1-626 is cation independent. Therefore, specific SR-A differ only by two nucleotides (Bieth & Darlix, 1992;
cation-RNA interactions are probably not essential for the Swanstromet al, 1982). On the basis of a phylogenetic
stability of the ALV RNA dimer structure. Thermal transi- analysis, Hacketiet al. (1991) proposed two secondary
tion from dimer to monomer occurred at 5C. structures for the first 499 nucleotides of tHeehd of RSV
Mapping of the Sequencesvbilived in ALV RNA Dimer  SR-A. On the basis of these possible secondary structures,
Formation Using Complementary DNA Oligonucleotidbs. we selected DNA oligonucleotides 25, 189, 223, 273, and
map the dimerization domain of ALV RNA,®&nd-labeled 462 to target the autocomplementary sequences capable of
DNA oligonucleotides 223, 430, 462, 528, 582, and 610, forming a stem-loop structure. RNA secondary structures
which are complementary to sequences containing purinein the region encompassing nucleotides 5606 were
tracks, were tested for their ability to interfere with dimer predicted using the Zuker algorithm (Jaegeal., 1989) and
formation (see Experimental Procedures). Among them, allowed to select oligonucleotide 528 directed against a
oligonucleotides 223, 462, 528, and 610 target stretches ofputative autocomplementary steftoop structure. Oligo-
at least four guanines (G21%216, G4506-G453, G515 nucleotides 25, 189, 223, 462, and 528 did not inhibit RNA
G518, and G592G595 and G605G609). It should be  1—-626 dimerization, even at an oligonucleotide/RNA ratio
noted that the four guanines 51518 of ALV correspond of 5/1 (Figure 4A, B) and were found to hybridize to both
to the tetraguanine sequence located at nt52% of Pr-C monomeric and dimeric RNA. In contrast, oligonucleotide
(Schwartz etal., 1983; Bieth & Darlix, 1992). This 273, complementary to the sterfoop termed L3 (Hackett
tetraguanine sequence is required for dimerization of shortet al., 1991), strongly inhibited dimerization at an oligo-
Pr-C RNA transcripts (Lear etl., 1995). Oligonucleotides  nucleotide/RNA ratio of 2/1 and hybridized solely to
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Ficure 4: Analysis of ALV RNA 1-626 dimer formation in the presence of oligonucleotides targeting either purine tracts or
autocomplementary sequences. (A) RNAGR6 (0.38uM) was incubated at 50C under dimerization conditions wittF?P]DNA
oligonucleotide 223, 528, 610, 462, 430, or 582 at an oligonucleotide/RNA ratio of 1/1 or 5/1 (lanes 1 and 5). Dimerization was also carried
out in the presence of several oligonucleotides together (223, 528, 610, and 462 in lanes 40L; 462, 430, and 582 in lanes 30L), each of
them at 1 and 5 molar equiv of RNA-526 (lanes 1 and 5). Lanes D and M, RNA@26 without oligonucleotide was incubated under

dimer and monomer conditions, respectively. (B) Dimerization of RN426 without oligonucleotide (lane 2), with oligonucleotide 273

at oligonucleotide/RNA ratios of 1/6, 1/4, 1/2, 1/1, and 2/1 (laneg)3 or with oligonucleotides in273, 25, and 189 at an oligonucleotide/

RNA ratio of 1/1 (lanes 8, 10, and 12) or 5/1 (lanes 9, 11, and 13). RNB2E was also incubated under monomer conditions (lane 1 in
panels B and C). (C) RNA-1626 was incubated at 3T without oligonucleotide (lane 2) or with oligonucleotide 270 at oligonucleotide/

RNA ratios of 1/4, 1/2, 1/1, 2/1, 4/1, and 8/1 (lanes&. m, d, fo, and fod indicate RNA-1626 monomer, RNA 1626 dimer, free
oligonucleotide, and duplex of the free oligonucleotides 273 and in273, respectively. The nucleic acids were analyzed by 1.2% agarose gel
electrophoresis and visualized by ethidium bromide staining (top) and autoradiography (bottom). Exposure time of the film was increased
in the experiments performed with oligonucleotides 430 and 582 (A).

531 540 556 nucleotide 270 to RNA £626 and this oligonucleotide was
MD1D515 15 found to bind only to monomeric RNA and to inhibit
dimerization strongly at an oligonucleotide/RNA ratio of 8/1

(Figure 4C).

An Autocomplementary Sequence Is Required for Efficient
Dimerization of ASLV RNA.Results of oligonucleotide
mapping prompted us to synthesize five ASLV RNA
transcripts: ALV RNAs +516 and 1387, containing the
L3 stem-loop, and ALV RNAs 1226 and 523-1023 and
ASV RNA d207-270, which are devoid of the auto-
complementary sequence (Figure 1A). The 2070 se-

- e - e guence of ASV corresponds to the 20870 sequence of
ALV (Katz etal., 1986; Bieth & Darlix, 1992). Results show
that RNAs 1516 and 1387 dimerized very efficiently
—fod (Figure 1B; Figure 6A, B, lanes 3). Furthermore, oligo-
- u ...—fo nucleotide 273, targeting the L3 stertoop, abolished
dimerization at an oligonucleotide/RNA ratio of 2/1 (Figure
FiIGURe 5: Analysis of ALV RNA 1-626 dimer formation in the 6A, B, lanes 6). RNA 5231023 was unable to form more
presence of oligonucleotides targeting the autocomplementaryihan 10% dimer (Figure 1B; Figure 6C, lane 4) while ASV

sequence of Schwartz et al. (1983). RNA@26 (0.38«M) was , ; : ; e
incubated at 50C under dimerization conditions witd2P]DNA RNA d207-270 dimerized poorly (Figure 1B; Figure 7C,

oligonucleotide 531, 540, or 556 at an oligonucleotide/RNA ratio 1ane 6). Unexpectedly, up to 50% of RNA-226 was in a
of /1 or 5/1 (lanes 1 and 5). Lanes D and M, RNA@26 without dimeric form (Figure 7B, lane 6). Thus, region-226
oligonucleotide was incubated under dimer and monomer condi- contains sequences which can interact to convert5@6
}I?oﬁ,i’ ;esgggt'é’%yérmﬁgé fod|?nodn]:?glég(tjiggteaﬁyﬁgzi?g??lznee?ree of monomers into dimers under the present conditions. If
oligonucleotides 531 and 54%, respectivély. The nrl)JcIeic acids WereA_LV RNA dimer formation proceeds by the same mef:ha—
analyzed by 1.2% agarose gel electrophoresis and visualized bynism for RNA 1-626 and 1-226, then these two transcripts
ethidium bromide staining (top) and autoradiography (bottom).  should form heterodimers of the form RNA-526/1-226.
However, no clear band migrating between the positions of
monomeric RNA 1626 (Figure 4B). In the same condi- the monomeric and dimeric forms of RNA-526 was
tions, oligonucleotide in273, with the reverse sequence of observed (Figure 7B, lane 5), suggesting that the primary
oligonucleotide 273, did not inhibit dimerization. To map site for RNA 1-626 dimerization is not located within the
more precisely the minimal sequence required for dimer region spanning nucleotides-226. Finally, to determine
formation, we used oligonucleotide 270 (12 nucleotides whether dimerization of RNA 4626 and RNA 1387
long), which is shorter than oligonucleotide 273 (20 nucleo- occurred via the same mechanism, we tried to form het-
tides long). Oligonucleotide 270 is complementary to nt erodimers with such RNAs. As shown in Figure 7A (lane
259-270, which are a part of the autocomplementary 5), the new band between dimeric RNA-626 and RNA
sequence spanning nt 25874 (Figure 9A). Dimerization = 1—387 corresponds to heterodimer@26/1-387. These
was performed at 37C to allow hybridization of oligo- data indicate that a major domain necessary for dimerization
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Ficure 6: Gel analysis of dimer formation with RNAs-516 (A), 1-387 (B), and 5231023 (C). RNA transcripts (0.38M) in 10 uL

of standard buffer were incubated at 20 for 15 min (panels A and B, lane 1; panel C, lane 2) before incubation aC20r 60 min
(monomer conditions; lane 2 in panels A and B, lane 3 in panel C) or &J@imer conditions; lane 3 in panels A and B, lane 4 in panel
C). Under dimerization conditions3?P]DNA oligonucleotide 273 was present at oligonucleotide/RNA ratios of 1/2, 1/1, 2/1, and 4/1 in
lanes 4-7 (panels A and B). Heat-denatured RNAs 52823 is shown in lane 1 of panel C. RNAs were analyzed by 1.2% agarose gel

electrophoresis and visualized by ethidium bromide staining. Autoradiograms, below the agarose gels stained with ethidium bromide (panels

A and B), show hybridization of*fP]DNA oligonucleotide 273 to RNAs-1516 and 1387, respectively.

1-626 1-387
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_/
-m,
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Ficure 7: Gel analysis of heterodimer formation with different

ASLV RNA transcripts. Lanes 1 and 9 show heat-denatured RNAs,

and lanes 2 and 8 show RNAs after 15 min at°20in standard

buffer. RNAs were incubated in monomer (lanes 3 and 7) or dimer

(lanes 4 and 6) conditions. RNA-526 (0.38«M) was incubated

in dimer conditions with either RNA-1387 (0.38«M) (panel A,
lane 5) or RNA 1226 (0.384M) (panel B, lane 5). (C) Lane 5,
ASV RNA d207-270 (0.38«M) was incubated in dimer conditions
with RNA 1—387 (0.38«M). Monomer (m) and dimer (d) positions
of the different RNA transcripts are indicated. hd indicates
heterodimer formed of RNA-1626 and RNA 1-387.

in vitro is located between nt 227 and 387. When oligo-

nucleotide 273 was hybridized to the 25874 autocomple-
mentary sequence, RNAs-526 and 1387 were unable

to form heterodimers (data not shown).

In addition, ASV

RNA d207-270 lacking the L3 stemloop was unable to
form heterodimers with RNA 4387 (Figure 7C, lane 5).
Taken together, these results show that the-258! auto-

A
2! A 256 257 ’C(RAVX)
PoussR Soume s seucy™ Y
CGAGG CGGGG~~C CGAGG ., AC
27 cc 22 GAC 3 ! A
Gwmezo) (G(AEV, AEV ES4, RAV-2)

ALV AMV  MH2E21 H-19 Icn PR2257
SR-A EV-1 RAV-0 HPRS-103 MH228Z PR2257T
SR-D EV-2 Y73 Ic4 Pr-C UR2

Fsv Ic10 daPr-C
B
257 A 256 A 256 A
oouey™y  asouc” % Ascucy™
2CiGGGG 2L:CGAGCGG[ U] U‘CGAGGmA
CT10 Pr-B(LA23) Pr-B(MM)

Ficure 8: Comparison of predicted steffoop structures in the

L3 domain of 28 ASLV. Arrows indicate the nucleotides present

in the viruses listed in parentheses. The G insertion in MC29 is
indicated by a triangle. Bases in square brackets vary in the Pr-
B(LA23) isolates (Darlix & Spahr, 1983). Nucleotides are numbered

according to Pr-C (Schwartt al., 1983).

complementary sequence is critical forvitro dimerization
of an ASLV RNA transcript encompassing thé IBader
region.

Phylogenetic Comparison.To examine the functional
relevance of the L3 stemoop structure located between
positions 258 and 274 of ALV RNA, we searched for its
conservation among 28 ASLV sequences. The analysis of
13 ASLV sequences has revealed that a conserved secondary
structure is present in the 233800 region encompassing the
L3 structural element (Hacke#t al, 1991). We used the
MFOLD program (Jaegert al, 1989) to predict the
secondary structures of 28 ASLV sequences containing the
237—-300 region. The free energy minimization predictions
favored the L3 stemloop structures presented in Figure 8.
An autocomplementary sequence within the loop is present
in 27 RNA secondary structures. Among them, 25 exhibit
a six-nucleotide-long autocomplementary sequence (Figure
8A). Pr-B(HM) does not display a loop with an auto-
complementary sequence (Figure 8B), but the G and A
residues in the middle of the loop should not prevent pairing
because the noncanonical A-G pair is not rare in RNAs
(Woese & Pace, 1993). Naturally occurring compensatory
sequence (covariant) changes were found between ALV and
other ASLYV at positions G264 and G265 facing nucleotides
C269 and C268, respectively (Figure 8A). It is highly
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unlikely that it is a coincidence that two pairs of compensa- ization in uitro was dependent upon a region spanning

tory substitutions are adjacent. nucleotides 496634, which encompasses the putative DLS.
However, these authors used very high salt concentrations,
DISCUSSION 250 mM NaCl and 50 mM MgG) that do not mimic

Our results show that T7-generated RNA transcripts physiological conditions and which could explain that a low
containing the complete’ 3eader of ALV genomic RNA level of dimeric Pr-C RNA +634 was observed (Leat
can dimerize extensivelin vitro under physiological salt  al., 1995). Under these high salt conditions only short Pr-C
concentrations (Figures 1 and 2). Thermal stability of RNA transcripts 496634 were able to dimerize extensively,
dimeric RNA 1-626 was not affected by the monovalent in contrast to previous findings (Biett al, 1990) and the
cation present, either ¥ Na', or Li* (Figure 3), and half  present ones showing that sequences upstream from the SD
of the RNA dimers were found to be denatured at'6] a are essential for ASLV RNA dimerization (Figure 1). In
temperature close to that found for the dimeric RNA genome agreement with these data, it should be emphasized that
(Mangel et al, 1974; Stoltzfus & Snyder, 1975). DNA sequences upstream from the SD of HIV-1 (Laughrea &
oligonucleotides complementary to purine-rich sequencesJetfe 1994; Marquetet al, 1994; Paillartet al, 1994,
hybridized to dimeric RNA and were unable to inhibit the Skripkin et al, 1994) and BLV (Katohet al, 1993) are
dimerization process (Figure 4A). In addition, ALV RNA critical for viral RNA dimerizationin vitro. Furthermore,
1—-387 lacking the consensus RGGARA purine sequencesit should be noted that only one team has been able to detect
dimerized to a high level (Figure 6B). Therefore, these and locate the DLS (position 51% 28 nt) of ASLV by
findings indicate that purine tetrads are most probably not electron microscopy of partially denatured RNAs (Muati
directly involved in the dimeric structure of ALV RNA, al., 1981). Another electron microscopy study, using a
which is in agreement with recent results on Pr-C (Leiar  different spreading technique, suggested that the dimer

al., 1995). consists of two RNA subunits held together at many points
On the basis of sequence (Schwaetzal, 1983) and (Mangelet al,, 1974). Thus, the postulated DLS might not
electron microscopy data (Murét al, 1981), Schwartzt be the only or even the main linkage site between the two

al. (1983) originally proposed that the DLS of Pr-C genomic subunits. Consistent with this suggestion is a recent report
RNA corresponds to canonical base-pair interactions involv- which indicates that the sequences present in a heterologous
ing residues 521548. The 521548 sequence of Pr-C  RNA, which lacks both the PBS and the DLS but bears the
corresponds to the 53%40 sequence of the ALV strain used region located between the PBS and the DLS, are sufficient
in our study. DNA oligonucleotides 528, 531, and 540 to allow detection of dimers and higher-order complexes in
complementary to the 53340 region did not inhibit  nondenaturing gel systems (Aronaft al., 1993).

dimerization of ALV RNA 1-626 and hybridized to the Results presented here show that a short autocomplemen-
dimeric RNA (Figures 4A and 5). Biett al. (1990), using tary sequence, located between positions 258 and 274 in the
antisense oligonucleotides, found that the-5884 sequence 5 noncoding region and able to form a stefoop structure,

of RSV, which is equivalent to the 53656 sequence in  plays an essential role in ALV RNA dimerization wvitro.

our study, could correspond, at least in part, to the DLS. In fact, DNA oligonucleotides complementary to nt 258
However, a DNA oligonucleotide complementary to nucleo- 274 were the only ones capable of preventing RNA626
tides 536-556 was able to hybridize to dimeric RNA-526 dimerization when the dimer was formed at 37 or at 50
without altering the dimerization proceissvitro (Figure 5). °C (Figure 4B, C). Therefore, the same autocomplementary
The simplest explanation for the discrepancy between our sequence is involved in dimerization mechanism of both
results and those of Biett al. (1990) is the use of different  dimers formed at 37 or 5TC. Deletions of nt £+522 (RNA
RNA transcripts. We used RNA transcripts starting at the 523—1023) or nt 207270 (ASV RNA d207%270), thus

cap site ¢1 position) and ending with an authentic ALV  removing the putative L3 sterrloop, resulted in a strong
sequence in order to mimim witro the genomic RNA inhibition of ASLV RNA transcripts dimerization, as previ-
dimerization. In contrast to our study, all RNA transcripts ously shown for dimerization activated by the nucleocapsid
tested by Biethet al. (1990) contained 63 additional protein NCpl2 (Bietlet al, 1990). Nevertheless, a low level
nucleotides (resulting from DNA plasmid construction) of dimeric RNAs 523-1023 and d20#270 was observed
upstream from the cap site. RNA transcripts with additional (Figures 1B, 6C, and 7C), suggesting that nt-5836 could
nucleotides could form structures which are not adopted by weakly contribute to ASLV RNA dimerization. However,
the genomic RNA and by RNA transcripts starting at the the formation of heterodimers between two ASLV RNA
cap site. It should be emphasized that Biethal. (1990) transcripts was only possible if sequence 2384 was
only stated that an antisense oligonucleotide targeting thepresent in both transcripts (Figure 7). Surprisingly, RNA
544—-564 region of RSV hybridized poorly to dimeric RNA. 1—226 was found to dimerize moderately and the nature of
We think that dimeric RNA, generated by Bieghal. (1990), that dimer is not yet understood. However, RNAZ226
adopted a peculiar structure which prevented the binding of did not form heterodimers with RNA-1626, while RNA
oligonucleotide to the 544564 sequence. However, the 1-—387 containing the L3 sterrloop was able to direct
linkage between the monomers was probably not within the heterodimerization (Figure 7). The absence of heterodimer
region spanning nt 544564. In accordance with our formation between RNA 4226 and RNA 1626 is clear
hypothesis, Bietlet al. (1990) showed (see Figure 4, RNAs evidence that ALV RNA transcripts are unable to link within
3, 4, and 5) that RNA transcripts containing the 5664 region 1-226 when this region is a part of a large molecule
region and devoid of sequences forming the L3 stémop like RNA 1-626. These observations suggest that+226,
were not efficient for dimerization. Leaat al. (1995) also once expressed alone, can form structures which are not
reported that nt 544564 are not necessary for Pr-C RNA adopted when they are part of a larger molecule. It seems
dimerizationin vitro. They found that Pr-C RNA dimer-  obvious that the dimerization of short transcripts does not
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