
Biochemistry 1995,34, 9785-9794 9785 

A Short Autocomplementary Sequence in the 5' Leader Region Is Responsible for 
Dimerization of MoMuLV Genomic RNA' 

Pierre-Marie Girard, BCnCdicte Bonnet-Mathonikre, Delphine Muriaux, and Jacques Paoletti" 

Unit6 de Biochimie, URA I47  CNRS, rue Camille Desmoulins, Institut Gustave Roussy, 94805 Villejuif, France 

Received January 6 ,  1995; Revised Manuscript Received May 26, 1995@ 

ABSTRACT: Previous work has shown that a region of Moloney murine leukemia virus (MoMuLV) RNA 
located between nucleotides 280 and 330 in the PSI region (nt 215-565) is implicated in the dimerization 
process. We show with a deletion from nucleotides 290-299 in PSI RNA transcripts and through an 
antisense oligonucleotide complementary to nucleotides 275 -29 1 that the 283-298 region is involved in 
RNA dimer formation in vitro. In an attempt to further characterize the mechanism of dimer formation, 
a series of short RNA transcripts was synthesized which overlapps the PSI region of MoMuLV RNA. 
The dimerization of these RNAs is temperature dependent. The predicted secondary structure of the 
278-303 region, as a function of temperature, reveals that this sequence is able to adopt two 
conformations: (1) the U288AGCUA293 sequence in a loop; (2) part of the same nucleotides implicated in 
a stem. These results, together with thermodynamic analysis, strongly suggest that (1) the loop conformation 
of the UAGCUA sequence modulates the relative amount of RNA dimer and (2) a 16 bp long Watson- 
Crick base pairing is involved in RNA dimer formation. We propose that loop-loop recognition via the 
U288AGCUA293 sequence leads to a stable structure induced by a stem-loop opening. Furthermore, our 
results do not support purine quartet formation as necessary for the dimerization of the 5' leader MoMuLV 
RNA. 

All known retroviral genomes are packaged into particles 
as a dimer of identical RNA molecules, and it has been 
postulated that dimer formation is closely related to encapsi- 
dation (Bieth et al., 1990; Darlix et al., 1990; Prats et al., 
1990). The location of the packaging signal has been 
characterized for various retroviral species [Aldovini & 
Young, 1990; Katz et al., 1986; Lever et al., 1989; Mann et 
al., 1983; Stocker & Bissel, 1979; Watanabe & Temin, 1982; 
for a review, see Rein (1994)], and appears to depend on a 
cis-acting element called PSI. PSI normally maps in the 5'- 
terminal noncoding region of viral genome, but can extend 
to other regions (Aronoff & Linial, 1991; Adam & Miller, 
1988; Armentao et al., 1987; Bender et al., 1987; Linial & 
Miller, 1990; Murphy & Goff, 1989). Retroviral RNA 
genomes are joined together by a dimer linkage structure 
(DLS)' which apparently leads to parallel (5'-5') linkage, 
as shown through electron microscopy studies of partially 
denatured dimer molecules (Bender & Davidson, 1976; 
Bender et al., 1978; Kung et al., 1976; Murti et al., 1981). 
The DLS has been mapped within the PSI region in 
MoMuLV (Mann et al., 1983; Mann & Baltimore, 1985; 
Prats et al., 1990). These data support the hypothesis that 
dimerization and encapsidation are related processes and that 
the dimer linkage structure is part of the signal for the 
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encapsidation of unspliced retroviral RNA. It has also been 
suggested that dimerization is associated with reverse 
transcription through interstrand switching (Luo & Taylor, 
1990; Panganibam & Fiore, 1988; Temin, 1991), genomic 
recombination (Hu & Temin, 1990; Weiss et al., 1973), and 
inhibition of translation (Bieth et al., 1990). This physical 
interaction between two retroviral RNA molecules is im- 
portant for a normal viral cycle. 

Dimerization of retroviral RNA can occur spontaneously 
in vitro (Bieth et al., 1990; Darlix et al., 1990; Prats et al., 
1990; Roy et al., 1990), implying direct interactions between 
two RNA molecules, although it is highly stimulated by 
nucleocapsid protein (Bieth et al., 1990; Darlix et al., 1990; 
Prats et al., 1988, 1990). 

Models for dimer formation were deduced from potential 
base pairing within the 5' leader sequence of the viral genome 
(Coffin, 1984; Haseltine et al., 1977). More recent studies 
support a model based on an unusual conformation contain- 
ing PuGGAPuA sequences which may form four-stranded 
structures (Awang & Sen, 1993; Marquet et al., 1991; 
Sundquist & Heaphy, 1993; Torrent et al., 1994). 

In a previous work, it has been shown that an RNA 
transcript (PSI RNA) corresponding to nt 215-565 can 
efficiently dimerize under defined salt (i.e., Naf and Mg2+) 
an21 RNA concentrations as well as temperature (Roy et al., 
1990). In this work, it has been concluded that (1) due to 
the very slow rate of the reaction M + M - D, dimer 
formation probably depends upon a conformational change 
in the monomeric RNA structure, and (2) at least 10-15 
nucleotides in a single stretch are associated within the dimer 
through canonical base pairing (Roy et al., 1990). Further- 
more, Prats et al. (1990) suggested that the DLS probably 
maps between positions 280 and 330 from the RNA 5' end. 
Finally, Tounekti et al. (1992) investigated the conformation 
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FIGURE 1: Mapping of the sequence necessary for MoMuLV RNA dimerization. (a) Region of the packaging signal sequence (PSI) inside 
the genomic RNA. Numbering is in relation to the cap site (-tl).  (b) MoMuLV RNA used in the present work and synthetized in vitro 
(details of construction are given under Materials and Methods). The symbol A indicates a deletion spanning nucleotides 290-299. The 
column headed RNA dimer indicates the maximum level of dimeric RNA observed in buffer DlOO and at 50 “C. (-) 0-10%; (++) 
70-90%. 

of PSI RNA in solution by chemical probing and presented 
evidence that PSI RNA forms a highly structured domain. 
In particular, these authors showed that (1) the putative DLS 
defined by Prats et al. (1990) (positions 280 and 330) is part 
of two stem-loop structures (one corresponding to nt 278- 
309 and the other to nt 310-352), and (2) dimerization 
induces an extensive reduction of reactivity in region 278- 
309 that can be interpreted as the result of intermolecular 
interactions and/or intramolecular conformational rearrange- 
ments (Tounekti et al., 1992). It is noteworthy that this 
particular region bears a perfect autocomplementary sequence 
spanning nucleotides 283-298 (Shinnick et al., 1981). 

In the present work, we show by deletion and use of 
antisense oligonucleotide that part of sequence 278-309 is 
implicated in RNA dimer formation. Taking into account 
the predictive secondary structure of this sequence as a 
function of temperature and our experimental data, we 
suggest that a conformational rearrangement of sequence 
278-309, in the monomer, is triggering the dimerization 
process. Thermodynamic analysis of the dimerization in 
vitro could reflect Watson-Crick base pairing, and our data 
allow us to propose a model of RNA-RNA interaction based 
upon loop-loop recognition. I, 

MATERIALS AND METHODS 

Plasmid Construction and Digestion. Standard procedures 
and sequencing were used for restriction enzyme digestion 
and plasmid construction (Sambrook et al., 1989). Escheri- 
chia coli DH5a was used for plasmid amplification. Details 
of the constructions are given below. 

RNA Transcripts 215-282,215-364, and 215-565. The 
plasmid pCR2 (Roy et al., 1990) was linearized with the 

restriction endonuclease SpeI, BsaHI, or HindIII and tran- 
scribed with T7 RNA polymerase, giving rise to transcripts 
starting from position 215 of the MoMuLV RNA sequence 
and ending at positions 282, 364, and 565. These fragments 
will be referred to as f215-282, f215-364, and f215-565 
(or RNA PSI) (Figure 1). The non-MoMuLV sequence 
GGGCGAAUUCGAGCUCGCCC is present at the 5’ end 
of each of these transcripts. 

RNA Transcripts 237-364 and 268-364. Polymerase 
chain reaction was performed on pCR2 with two sets of 
oligonucleotides: the first set contained oligonucleotide 0 1, 
carrying a BamHI site and 16 nucleotides corresponding to 
the complementary part of positions +364 (5 ’ )  to +349 (3’) 
of the MoMuLV genome, and oligonucleotide 0 2  corre- 
sponding to nt $237 (5’) to +261(3’). The second set 
contained oligonucleotide 0 1 and oligonucleotide 0 3 ,  which 
corresponds to positions $268 (5’) to +282 (3’). The 
amplified products were purified, digested with BarnHI, and 
ligated between the EcoRI site that was blunted using S1 
nuclease and the BamHI site of pGEM3ZF(-), thus generat- 
ing two plasmids: p237-364 and p268-364. The BamHI 
linearized plasmids were transcribed, giving rise to f237- 
364 and f268-364 (Figure 1). The non-MoMuLV sequence 
GGGCG is present at the 5’ end of f237-364 and f268- 
364. 

RNA Transcripts 215-565A290-299. Polymerase chain 
reaction was performed on pCR2 with S’CCTGCGTCGG- 
TACTAGTTATCTGTATCTGGCGGACC3’ oligonucle- 
otide, which corresponds to nt 271 (5’) to 316 (3’) and lacks 
nucleotides 290 through 299 of the MoMuLV genome, and 
T3 universal primer. The polymerase chain reaction product 
was digested by SpeI and HindIII. The DNA fragment 
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corresponding to nt 215-282 was prepared by digestion of 
pCR2 by EcoRI and SpeI. Both fragments were purified 
and ligated between the EcoRI and HindIII sites of pGEM3ZF- 
(-), thus generating pPSIA290-299. After linearization at 
the Hind111 site, this plasmid was transcribed and gave rise 
to fPSIA290-299 (Figure 1) .  The non-MoMuLV sequence 
GGGCGAAUUCGAGCUCGCCC is present at the 5' end 
of this transcript. 

In Vitro RNA Synthesis and Purification. Five micrograms 
of linearized plasmids was transcribed using 4 p L  of T7 RNA 
polymerase (Gibco-BRL, 50 units/pL) in 40 mM Tris-HC1, 
pH 8 ,20  mM MgC12,5 mM DTT, 1 mM spermidine, 0.01% 
Triton X-100, 0.01 mg/mL BSA, and 5 mM each of rXTP 
in the presence of 40 units of RNasin (Promega) in 0.1 mL 
final volume. After treatment with DNaseI-RNase free 
(Boehringer-Mannheim), the RNA transcripts were phenol/ 
chloroform extracted and ethanol precipitated. The precipi- 
tate was dissolved in sterile double-distilled water (80 pL) 
and twice precipitated with lithium perchlorate in 500 p L  
of acetone. After centrifugation, the transcripts were resus- 
pended in 50 ,uL of sterile water and microdialyzed (Millipore 
filters type V6, 0.025 pm) for 2 h against sterile double- 
distilled water. The purity and integrity of the RNAs were 
checked on polyacrylamide gel electrophoresis in denaturing 
conditions, and the concentration was determined by UV 
spectroscopic measurement at 260 nm. 

In Vitro Dimerization. In a standard experiment, RNA, 
in 8 p L  of MiIlli-Q (Millipore) water, was heated for 2 rnin 
at 90 "C, chilled on ice for 2 min, and adjusted to 10 p L  
with 2 p L  of 5-fold concentrated buffer (buffer DlOO 5x = 
500 mM NaC1,250 mM Tris-HC1, pH 7). The samples were 
incubated for 0-240 min at temperatures ranging from 4 to 
65 "C (for temperatures higher than 30 "C, mineral oil was 
added in order to prevent evaporation). Incubation was 
conducted in 50 mM Tris-HC1, pH 7, 100 mM NaC1, and 
0.8 p M  RNA strand concentration. 

At the end of incubation, all the samples were cooled on 
ice, mixed with 2 p L  of loading buffer (50% w/v glycerol 
and 0.025% w/v tracking dyes), loaded on a 1.5% Seakem 
or 2% Seakem-2% (w/v) Nusieve agarose gel, and electro- 
phoresed at 5 V/cm and 4 "C in buffer containing 50 mM 
Tris-borate, pH 8.3, 1 mM EDTA, and 0.2 pg/mL ethidium 
bromide. 

The 32P-labeled DNA (1 p L  per tube) with unlabeled 
oligonucleotides (at an oligonucleotide/RNA ratio of 1/1 or 
5 / 1 )  was annealed by adding DNA oligomers to RNA prior 
to heating for 2 rnin at 90 "C. The agarose gel was first 
stained with ethidium bromide to analyze the unlabeled RNA 
and then fixed in 5 %  TCA, dried, and autoradiographed to 
analyze oligonucleotide annealing. 

Gels were scanned for fluorescence by Bioprofil (Vilber- 
Lourmat France), and the peak surface was integrated. The 
percent of dimer was derived by calculating the ratio between 
the surfaces of the peaks corresponding to the dimer and 
the sum of peak surfaces corresponding to dimer and 
monomer. The rate constant of the reaction and the relative 
percent of dimer formed at equilibrium were derived assum- 
ing a simple bimolecular reaction and solving the integrated 
form of the equation (Moor & Pearson, 1981). 

Melting Temperature Determination of Dimer Dissocia- 
tion. RNA transcripts, at a final strand concentration of 10 
p M  in water, were heated to 90 "C for 2 min and chilled on 
ice for 2 min. Buffer DlOO was added, as above, and the 
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RNA solutions were incubated for 90 rnin at the predeter- 
mined optimal temperature for complete dimerization. The 
resulting dimer was then microdialyzed (Millipore filters type 
V6, 0.025 pm) for 2 h at 4 "C against 50 mM Tris-HC1, pH 
7.5, 100 mM NaCl, and 1 mM EDTA. If necessary, the 
samples were diluted in the same buffer in order to obtain 
concentrations ranging from 0.1 p M  to 2 p M  RNA strand 
concentration. The effect of salt concentrations on the 
thermal stability of RNA dimer was investigated with NaCl 
concentrations ranging from 50 mM to 300 mM for an RNA 
strand concentration of 0.8 pM. Aliquots (10-20 pL) of 
each sample were then incubated for 5 rnin at temperatures 
ranging from 4 to 80 "C and electrophoresed as described 
above. After ethidium bromide staining and fluorescent 
scanning of the gels, the percentages of dimer and monomer 
were estimated. The thermal melting temperature (T,,,) of 
the reaction D M + M was estimated from the plot of 
the amount of dimer as a function of temperature. AH" and 
AS" for the dissociation were then derived by fitting the curve 
to a two-state model (Petersheim & Turner, 1983) from the 
equation: ~ / T M  = (R/AH") In Ct + AS"/AH", where C, is 
the total RNA strand concentration and AH" and AS" are 
the enthalpic and entropic parameters, respectively. 

Antisense DNA Oligomer. Oligonucleotides OL275-291 
and OL268-282, complementary to MoMuLV RNA at 
positions 275-291 and 268-282, respectively, were syn- 
thesized (Bioprobe System), 5' end-labeled with [y3*P]ATP, 
using T4 polynucleotide kinase (Boehringer-Mannheim), and 
purified on a 15% denaturing polyacrylamide gel in 89 mM 
Tris-borate, 2 mM EDTA. End-labeled oligonucleotides 
were redissolved in sterile double-distilled water at 50 x 
1O3cprn/pL. 

RESULTS 

Inhibition of Dimerization by Complementary Oligonucle- 
otide. Two antisense oligonucleotides were synthesized: 
OL275-291, which is complementary to nt 275-291, and 
OL268-282, which is complementary to nt 268-282 of 
MoMuLV genomic RNA. Each oligonucleotide was incu- 
bated with f215-565, f215-364, f237-364, and f268-364 
in buffer DlOO for an oligonucleotide/RNA ratio of 1/1 or 
5/1. The effect of oligonucleotide hybridization on dimer- 
ization kinetics was tested at 50 "C. As shown in Figure 2, 
OL268-282 had no effect on the dimerization of f215- 
565 and f268-364 RNAs, even for an oligonucleotide/RNA 
ratio of 5/1. An excess of oligonucleotide OL268-282 
slightly inhibited the dimerization of f215-364 and f237- 
364. In contrast, oligonucleotide OL275-291 had a strong 
effect on RNA dimerization. At an oligonucleotide/RNA 
ratio of 1/1, the inhibition of RNA dimerization was about 
50% for f215-565, f237-364, and f268-364, and about 
75% for f215-364. At an oligonucleotide/RNA ratio of 5/1, 
no more than 10% of the RNA was dimeric (Figure 2). Using 
32P end-labeled oligonucleotide, we found that OL268-282 
anneals to both monomeric and dimeric RNA whereas 
OL275-291 anneals only to monomeric RNAs f215-565, 
f215-364, f237-364, and f268-364 (data not shown). 

Deletion insidefl1.5-565. These above results show that 
sequence 268-282 is not implicated in RNA dimer formation 
and that all or part of nucleotides from 283 to 291 should 
participate in the RNA-RNA interaction. Accordingly, we 
examined the effect of deletion inside the 283 -298 auto- 
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FIGURE 3: Amount of dimer formed at equilibrium as a function 
of temperature for M15-565 (0) and f215-565A290-299 (0). 
A symbolizes deletion of nt 290-299. Experimental conditions are 
50 mM Tris-HC1, pH 7, 100 mM NaCl. The total RNA strand 
concentration is 0.8 pM. 

complementary region. Taking into account the secondary 
structure of the PSI region determined in solution by 
chemical probing (Tounekti et al., 1992), a deletion spanning 
nucleotides 290-299 was created in f215-565. The RNA 
transcript 215-565A290-299 (Materials and Methods) was 
tested for its ability to dimerize in buffer DlOO and between 
4 and 65 "C. As shown in Figure 3, f215-565A290-299 
did not significantly dimerize. 

This observation together with the inhibition induced by 
antisense oligonucleotide supports the hypothesis that the 
283-298 sequence is essential for dimerization of RNA. 
Furthermore, such results imply that the non-MoMuLV 
sequence present at the 5' end of each RNA transcript 
(Materials and Methods) is not involved in the process of 
dimerization. 

The Dimerization Yield I s  a Function of Temperature. It 
has been shown that the PSI region adopts a similar 
conformation, irrespective of whether it is isolated or part 
of the 1-725 sequence (Tounekti et al., 1992). Thus, the 
PSI region can function as an independent domain inducing 
dimerization (Tounekti et al., 1992). 

In an attempt to characterize the dimerization process, we 
compared the dimerization kinetics of the PSI transcript as 
already studied (Roy et al., 1990) to the dimerization kinetics 
of shorter RNA transcripts truncated either at the 5' and/or 
at the 3' end (Figure 1). This could reveal evidence on how 
sequences within PSI could be implicated in dimerization. 
In particular, what regions are essential for the induction of 
dimerization? The short RNA transcripts were incubated at 
4-65 "C. RNAs f215-565, f215-364, f237-364 and 
f268-364, dimerize (Figure 4A, and data not shown for 
temperatures higher than 50 "C). By scanning the gels, 
monomeric and dimeric species were quantified, and the 
relative percent of dimer formed at equilibrium (Des) and 
the rate constant ( k l )  were derived. 

The rate constant and the plateau value depend on the 
incubation temperature (Figure 4B). The rate constant values 
reveal that dimerization is a slow process at 10-50 "C (2 x 
lo2 M-l s-l < kl < 7 x lo3 M-' s-l) (Figure 6) compared 
to what is usually described for base-pairing of short 
oligonucleotides or complementary RNAs (kl around lo6- 
lo7 M-I s-') (Porschke et al., 1973; Williams et al., 1989; 
Grosjean et al., 1976; Labuda & Porschke, 1980). Thus, 
the RNA-RNA interaction might not correspond to a pure 
diffusion model but probably involves conformational changes 
as rate-limiting steps. Nevertheless, we cannot rule out the 
implication of non-Watson-Crick base-pairing, as suggested 
by Marquet et al. (1991). 
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FIGURE 5: Representation of the relative percent of dimer at 
equilibrium as a function of temperature for f215-565 (0), f215- 
364 (A), f237-364 (A), f268-364 (W), and f215-282 (+). For 
f215-282, no significant amount of dimer is observed. The 
experimental points were obtained from the kinetics of dimerization 
(-) described in Figure 4 and from the thermal stability of the 
f215-565 dimer (- - -) as described under Materials and Methods. 
The experimental conditions were as in Figure 3. 

The dimerization yield, like the rate constant, increases 
with incubation temperature (Figure 5); 50% of maximal 
dimerization yield takes place at temperatures (45 "C, e.g., 
25 "C for f215-565 to 40 "C for f215-364. The 215-282 
transcript did not dimerize, even in the presence of up to 
700 mM NaCl or at least 10 mM MgC12 (not shown). This 
supports the results drawn from oligonucleotide hybridization 
and the A290-299 deletion. 

The lower dimerization yield observed for temperatures 
' 5 0  "C results from thermally induced destabilization of the 
dimer. The plot representing thermal dissociation of the 
dimer can be superimposed on the preceding plot for 
temperatures from 50 to 80 "C (Figure 5). The variation in 
dimerization yield at temperatures (45 "C is not related to 
the stability of the RNA dimers (whose T,  values in these 
conditions are about 57-60 "C) but is an intrinsic property 
of the RNA. 

In order to elucidate the nature of this variation, we tracked 
the dimerization of RNA 215-565 at concentrations ranging 
from 0.1 to 2 pM. The variation was the same for all 
concentrations studied (not shown), suggesting that dimer 
formation depends on a thermally induced intramolecular 
process. Such a change will then promote dimer formation, 
and the midpoint of the transition represents the temperature 
at which 50% of the RNA is in a conformation allowing 
spontaneous dimerization. 

Activation Energy of Duplex Formation. Second-order 
rate constants, determined from the overall process M + M 
* D at various temperatures, were used to determine the 
activation energy (E,) of monomer to dimer reaction of 
different RNA lengths. The rate constant of dimer formation 
( k l )  is connected to E, by the Arrhenius equation: 

where A is a "collision factor", R the gas constant, and T 
the absolute temperature. 

To determine the activation energy, the natural logarithm 
of the measured rate constant was plotted versus reciprocal 
temperature (Figure 6). The calculated E, values are reported 
in Table 1. The slopes of the lines, determined by the 

3.2 3.4 3.6 

I /T  (x10-3)  

FIGURE 6: Arrhenius plots of the monomer to dimer transition as 
a function of RNA length. Rate constant values were derived from 
Figure 4A. f215-565 (0); f215-364 (A); f237-364 (A); and 
f268-364 (W). The activation energies are determined by the slope 
of the rate constant ( k l )  as a function of the reciprocal absolute 
temperature (lh"). These values are reported in Table 1. 

Table 1: Variation of the Activation Energy as a Function of RNA 
Length for the Overall Process M + M - Do 

E, (kcal/mol) 
f2 15 -565 16.1 k 1.1 
f2 15 -364 14.9 zt 1.2 

15.6 zt 2.4 f237-364 
M68-364 15.5 & 1.4 

The activation energy determined from the Arrhenius equation fit 
the data in Figure 6. 

Arrhenius equation, are virtually identical, indicating that E, 
is not dependent on RNA length. This suggests that the 
overall process of dimerization is the same whether f215- 
565, f215-364, f237-364, or f268-364 is considered. 
Furthermore, the positive values of E,  highly support the 
idea that the limiting step in RNA dimer formation is not 
just the intermolecular interactions of complementary se- 
quences (as in duplex formation between two oligonucle- 
otides), but involves also either a conformational rearrange- 
ment induced by dimerization itself and/or a conformational 
rearrangement of the monomer prior to dimerization, or both. 

DISCUSSION 

Previous work showed that the PSI region (nt 215-565) 
efficiently dimerized in vitro (Prats et al., 1990; Roy et al., 
1990) and that dimer formation was dependent upon RNA, 
NaCl, and MgC12 concentrations as well as temperature (Roy 
et al., 1990). To better understand the structural features 
involved in MoMuLV RNA dimerization, a series of RNA 
transcripts including the 5' noncoding region of MoMuLV 
genome (Figure 1) was assayed for their ability to dimerize 
in vitro. 

A short autocomplementary sequence, from C283 to G298, 
seems essential for this process. When the sequence 
spanning nucleotides 290-299 was deleted from this region 
or when an antisense oligonucleotide was hybridized to the 
275-291 RNA sequence of MoMuLV, f215-565 was 
unable to efficiently dimerize. This latter observation 
supports Prats et al. (1990), who showed that, in the presence 
of nucleocapsid protein (NCp) (Leis et al., 1988), oligo- 
nucleotide complementary to 280-307 nucleotides of Mo- 
MuLV inhibited the process of RNA 215-421 dimerization 
in vitro. 
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a 
278 u u  

CGG-UAC AG A 
(a) GUC AUG-UC--UCGA C 

U 309 

278 UA 
CGG CUAGU 

(b) GUC GAUCA 
GUCUAU UC 

309 

FIGURE 7: Structures of the stem-loop encompassing nucleotides 
278-309. These structures to be named 7a and 7b were observed 
when folding f215-565 using PCFOLD 4.0 software. (a) Predictive 
secondary structure at 20 "C in which four of six bases are base 
paired (nucleotides in hatched box). (b) Predictive secondary 
structure at 40 "C in which all six bases are in the loop (nucleotides 
in hatched boxes). 

RNA dimerization kinetics indicated that the variations 
in dimerization yield at temperatures (50  "C were controlled 
by the incubation temperature (Figure 5 ) ,  and did not depend 
upon RNA concentration (not shown). We conclude that 
only a subset of the monomeric RNA was under a conforma- 
tion suitable for dimerization. Similar observations were 
reported for HIV-1 RNA dimerization (Marquet et al., 1994). 
A theoretical fold of PSI RNA as a function of temperature 
predicts two temperature-dependent structures of the 278- 
309 sequence (Figure 7). At 40 "C, the stem-loop is closed 
by the six-base loop UAGCUA (Figure 7b), while at 20 "C, 
four of these residues are base paired (Figure 7a). Both 
structures 7a and 7b were proposed by Tounekti et al. (1992) 
based on chemical probing of monomeric and dimeric PSI 
RNA in vitro. A third monomeric RNA structure was 
proposed by these authors. Although this alternative con- 
formation for the 278-309 region is possible, it is less 
energetically favored (Table 2) and does not appear among 
the theoretical folds. 

The autocomplementary UAGCUA loop of structure 7b 
could trigger dimer formation through loop-loop recogni- 
tion. Since temperature modulates the relative amounts of 
species 7a and 7b, the transition seen in Figure 5 is readily 
rationalized. Together with our predecessors (Roy et al., 
1990; Tounekti et al., 1992), we propose the following 
dimerization process: 

(x)M -. (x-y)M + (y)M* 

(x-y)M + b)M* - (y/2)D 4- (x-y)M 

where x and y represent the concentrations of monomeric 
RNAs with an unfavorable (Figure 7a) or favorable (Figure 
7b) conformation, respectively. 

For temperatures significantly lower than its T,,, ( t  < 50 
"C), the dimer, once formed, could be irreversible and the 
total amount of dimer a function of the distribution of the 
M and M* conformations. Increasing the temperature could 
induce a change in the distribution of RNA monomers (M) 

W+M* Di 

283 2w 

203 

b 283 I =  + 
CUCUGUAUCUG 3' 

+ 
5' C G G U A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

GA UC A A  UCGAU UGA UCAUGOC 5' 
3' GUCUAUGUCUC 

0 2  
FIGURE 8: Model of the loop-loop interaction between RNA 
monomers giving rise to a stable dimer. Two monomers M* interact 
via the autocomplementary sequence UAGCUA (symbolizes by two 
arrows inside the box), forming an unstable dimer D1. Opening of 
each stem-loop leads to a more stable dimer D2 through the 
formation of a short RNA duplex involving a perfect annealing on 
16 canonical Watson-Crick base pairs. Numbering is in relation 
to the cap site (+l), 

and (M*) toward the more favorable conformation M* to a 
greater amount of dimer (D). 

The overall rate of dimer formation, which is about 1000 
times slower than for short complementary RNAs whose 
binding is controlled by diffusion, implies an additional step 
involving a conformational rearrangement. This is in agree- 
ment with the results obtained for a 755 nt RNA transcript 
of MoMuLV whose rate constant of dimerization was 250 
M-' s-l at 37 "C (Roy et al., 1990). This leads us to 
postulate that the interaction between two UAGCUA (in 
accordance with the thermodynamic fold) or two AGCU [in 
accordance with the chemical probing experiments of 
Tounekti et al. (1992)l sequences formed an unstable dimer 
(Dl) (Figure 8a). D1 is then converted, through the opening 
of the 283-298 stem-loop, into a double-stranded region 
via Watson-Crick base pairing to form a stable dimer (D2) 
involving 16 bp, as shown in Figure 8b. 

Dimerization of MoMuLV RNA can be described as at 
least a three-step process: (1) a temperature-dependent 
intramolecular process (M - M*) leading to a "dimerizable" 
conformation; (2) the interaction of two monomers (M* + 
M* D1) through the UAGCUA or the AGCU sequence, 
producing an unstable dimer D1; and (3) the evolution of 
D1 toward a stable dimer D2 (D1 - D2). Both the first 
and third steps, which imply conformational rearrangements, 
could correspond to the rate-limiting step. We make the ad 

Table 2: Free Energy of Stem-Loops 278-303, Described in Figure 7, as a Function of Temperature" 
4 "C 10 "C 20 OC 25 "C 30 OC 35 "C 40 O C  50 "C 

AG"(a) (kcal/mol) -13.9 (-11) -12 (-9.7) -8.6 (-7.1) -6.8 (-6.0) -5.4 (-4.9) -3.8 (-4.1) -2.3 (-2.6) -0.3 (-1.1) 
AG"(b) (kcal/mol) -8.3 -7.4 -5.9 -5.3 -4.6 -3.8 -3.1 -1.8 

AG"(a) and AG"(b) are determined by PCFOLD 4.0 software according to thermodynamic parameters of Turner et al. (1987). AG"(a) and 
AG"(b) refer to the stem-loops shown in Figure 7a and Figure 7b, respectively. Numbers in parentheses are determined from the third structure 
of the monomeric RNA which was proposed by Tounekti et al. (1992). 
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Table 3: Thermodynamic Parameters of RNA Dimer Dissociation in 100 mM NaCl“ 
f215-565 f2 15 -364 f237-364 f268-364 f1-725 

AHo (kcal/mol) (-192 f 12) -135 f 15 -137 i: 16 -121 & 31 -102 * 10 (-208 f 14) 
(-600 f 41) ASD [cal/(mol-K)] (-551 i 68) -377 & 19 -387 i: 20 -339 i: 17 

A G O p ~  (kcal/mol) (-21 k 18) -18 iz 18 -17 f 17 -16 i: 36 -16 f 15 (-22 iz 19) 
-278 * 14 

a Thermodynamic parameters were determined from the plots of l/Tm versus log C, where Ct is the total RNA strand concentration. Numbers 
in parentheses were obtained by Roy et al. (1990). Experimental conditions are described under Materials and Methods. 

hoc assumption that the third step is the rate-limiting step. 
An analogous mechanism was extensively studied in the 

case of the control of ColEl plasmid replication [for a review, 
see Eguchi et al. (1991)l. ColEl plasmid replication is 
regulated by the interaction of two RNAs, R N A  I and R N A  
II. Binding of R N A  I to R N A  II involves the recognition of 
complementary loops, which give rise to a stable complex. 
Eguchi et al. (1991) described the overall process as (1) a 
fast process implicating reversible loop-loop interaction and 
(2) a slow process, requiring simultaneous melting of 
complementary stems for the progression of hybridization. 

Our model implies that the stability of D2 arose from the 
annealing of two complementary 283-298 sequences through 
Watson-Crick base pairing. Taking into account thermo- 
dynamic parameters for the prediction of RNA duplex 
stability determined by Freier et al. (1986), we predict 
enthalpy and entropy changes of - 126 f 6 kcal/mol and 
-342 f 17 cal/(mol.K), respectively (AG0370c = -20 & 8 
kcal/mol) during formation of D2. The agreement between 
these theoretical values and our experimental values [- 124 
f 16 kcal/mol and -346 & 50 cal/(mol-K), corresponding 
to AG037~c = -17 f 18 kcal/mol] derived from a determi- 
nation of T, as a function of RNA concentration for each 
transcript (Table 3) is consistent with the hypothesis that the 
thermal stability of f215-565, f215-364, f237-364, and 
f268-364 RNA dimers was due to duplex formation of the 
283 -298 autocomplementary sequence. 

The rate constant for duplex formation by autocomple- 
mentary oligonucleotides decreases with increasing temper- 
ature, which leads to negative values (between -3 and -6 
kcal/mol) for the activation energy, E,  (Craig et al., 1971; 
Porschke & Eigen, 1971; Porschke et al., 1973). On the 
other hand, a positive value suggests that intramolecular base 
pairing of the recognition loop interferes with duplex 
formation (Craig et al., 1971; Williams et al., 1989; Marquis 
Gacy & McMurray, 1994). 

We observe positive values for each RNA transcript (Table 
1) with a mean E, value of 15.5 f 0.5 kcal/mol. This support 
the idea that RNA structure, and we make the assumption 
via the stem-loop spanning nucleotides 278-309, interferes 
at the time of RNA dimer formation. Furthermore, the rate 
constant values determined for each RNA transcript revealed 
that there was no correlation between the RNA length and 
its ability to dimerize (Figure 6). Nevertheless, as f215- 
565 dimerized more efficiently than other RNA transcripts, 
structural elements localized in 215-268 and/or 364-565 
sequences might favor the overall process of dimerization. 

Frank-Kamenetskii (1971), based on the data of Owen et 
al. (1969), derived a linear relation between the T, of natural 
DNA and Na+ concentration (in the range of 0.005-0.3 M) 
which takes into account the fractional GC content (FGc): 
d(Tm)/d(log [Na’]) = 18.30 - 7.04F~c.  

The entire 283-298 sequence has a 37.5% GC content 
(Figure 8b). This leads to a d(Tm)/d(log [Na+]) value of 15.6 

Table 4: Variation of RNA Dimer Melting Temperature (T,) as a 
Function of Salt Concentration (Na+)” 

f215-565 
f2 15 - 364 
f237-364 
f268-364 

14.6 i 1.9 
14.8 f 1.8 
14.5 f 1.3 
13.6 f 1.6 

These values were derived from linear regression of the plots of 
T ,  versus log [Na’]. 

compared to a value of 14.4 & 0.5 in our experimental 
conditions (Table 4). Furthermore, Roy et al. (1990) 
obtained a d(T,)/d(log [Na+]) value of 15 for the 755 nt 
RNA dimer. Thus, the nucleotide composition of the 283- 
298 autocomplementary sequence can explain the stability 
of our RNA dimers. 

The last relevant point concerns the hypothetical implica- 
tion of PuGGAPuA consensus sequences in the dimerization 
process through quartet formation involving both adenine- 
(s) and guanine(s) [for a review, see Guschlbauer et al. 
(1990)l. This model was first proposed by Marquet et al. 
(1991) and later supported by Sundquist and Heaphy (1993) 
and by Awang and Sen (1993), who provided evidence that 
interstrand quadruplex formation is relevant to the generation 
of HIV-1 RNA dimer. Marquet et al. (1991) observed that 
a purine consensus sequence, PuGGAPuA, is found twice 
in the putative DLS of MoMuLV RNA at positions 359- 
364 and 476-481. The facts that oligonucleotide OL275- 
291, which was complementary to the 275-291 sequence 
of MoMuLV RNA, inhibited f215-565 dimerization or that 
f215-565A290-299 was unable to dimerize suggest that 
PuGGAPuA sequences were not involved in dimer formation 
of MoMuLV RNA transcripts in low ionic strength (Le., 100 
mM NaC1). Several other reports do not support involvement 
of the purine quartet in RNA dimerization of H 1 v - 1 ~ ~ 1  
(Laughrea & JettC, 1994; Muriaux et al., 1995), HIV-lHXBZ 
(Fu et al., 1994), or H 1 v - 2 ~ 0 ~  (Berkhout et al., 1993). 

Chemical probing of the monomeric and dimeric PSI 
domain indicated that some nucleotides in the 283-298 
region became less reactive upon dimerization (Tounekti et 
al., 1992). This was interpreted as the result of intermo- 
lecular interactions and/or intramolecular conformational 
rearrangements. However, Tounekti et al. (1992) concluded 
that the stability of the dimer is unlikely to depend only on 
Watson-Crick interactions, because of the following: 

(1) Antisense RNA (567 to -30) is unable to dimerize. 
In our model (Figure 8), the hairpin structure should lead to 
detectable dimer due to the persistence of autocomplementary 
sequence in antisense RNA. To explain this discrepancy, 
we propose that this “undimerizable” structure in antisense 
RNA corresponds to a stem-loop whose theorical free 
energy (AG0370c = -4.5 kcal/mol) is higher than the one 
calculated for sense RNA (AG03pc = -3.6 kcal/mol) 
resulting in a stabilization of the stem. Accordingly, loop- 
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These results could mean that the mechanisms of dimer- 
ization of MoMuLV RNA, HIV-1 RNA, and perhaps all 
other retroviral RNAs share the common feature of recogni- 
tion of complementary nucleotides located in a hairpin loop, 
insofar as the sequence is accessible. 
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loop interactions would still occur in antisense RNA but 
would not lead to opening of the stem. In this case, only 
unstable dimer D1 would be formed. Another explanation, 
as suggested by Tounekti et al. (1992), could be that the 
dimerization elements have different conformations in sense 
and antisense RNA. 

(2) The partial stability of the dimer in urea-formamide 
is incompatible with sole Watson-Crick interactions (more 
than 50% dimer is still present in 2.9 M urea and 37% 
formamide). These experiments were done with RNAs 
spanning nucleotides 1-725 (referred to as RNA 1-725). 
RNA dimers were preformed in 300 mM KC1 and 5 mM 
MgCl2 and then submitted to various concentrations of urea- 
formamide. We have conducted the same kind of experi- 
ments, as described by Tounekti et al. (1992), with f215- 
565 in 100 mM NaCl or in 300 mM KCl and 5 mM MgC12. 
We observe that if no dimer is present in up to 2.9 M urea 
and 37% formamide in low ionic strength, around 50% dimer 
is still present in high ionic strength (not shown). Further- 
more, as shown by Pinder et al. (1974), very stable structures 
and two-stranded RNA do not melt spontaneously in moist 
formamide but do so on warming. Thus, we postulate that 
dimer stability could involve at least two different kinds of 
interactions under high salt concentration: Watson-Crick 
base pairing (corresponding to the model proposed in this 
work) and tertiary structure stabilization by Mg2+ (Laing et 
al., 1994; Laing & Draper, 1994) and/or formation of a purine 
quartet [which is stabilized by K+; for a review, see 
Guschelbauer et al. (1990)l. 

(3) Electron micrographs do not support antiparallel 
association of the two RNA strands. The resolution of the 
published electron micrographs (Bender & Davidson, 1976; 
Bender et al., 1978; Kung et al., 1976; Murti et al., 1981) is 
insufficient to discriminate between a local parallel interac- 
tion and folding that leads to an apparent parallel orientation 
of the two RNA strands. In fact, some pictures indicate an 
antiparallel orientation of the strands (Bender & Davidson, 
1976; Murti et al., 1981). 

(4) Formation of heterodimers between RNA transcript 
311-612 of HIV-~MAL and RNA transcript 1-725 of 
MoMuLV was observed (Marquet et al., 1991). This cannot 
be easily explained by our model due to a lack of comple- 
mentary between MoMuLV and HIV-~MAL RNA. Again, 
these experiments were performed at high ionic strength (i.e., 
300 mM KC1 and 5 mM MgC12): thus, tertiary structure 
and/or formation of a purine quartet could favor interactions 
between HIV-~MAL and MoMuLV RNA transcripts. 

The mechanism of dimerization we propose is centered 
on the sequence (5’)C283UA...UAG298(3’). It is interesting 
to note that the 283-298 region is remarkably conserved in 
murine retroviruses (Tounekti et al., 1992; Konings et al., 
1992). Recent reports are in accordance with this overall 
process. HIV- 1- RNA dimerization requires a palindromic 
sequence (G274UGCAC279) located in a hairpin loop and is 
triggered by a loop-loop interaction between two RNA 
monomers (Skripkin et al., 1994; Paillart et al., 1994). With 
H 1 v - 1 ~ ~ 1 ,  Laughrea and JettC (1994) and Muriaux et al. 
(1995) showed that a similar palindromic sequence was 
implicated in RNA dimer formation. Furthermore, Harrison 
et al. (1992) suggested potentiel base pairing across a stem- 
loop (loop IId) which is well conserved inside 18 HIV-1 
strains. 
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