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ABSTRACT. Genomic RNAs from retroviruses are packaged as dimers of two identical RNA molecules.
In Moloney murine leukemia virus, a steffoop structure (H1) located in the encapsidation dom#in
(nucleotides 215564) was postulated to trigger RNA dimerization through base pairing between auto
complementary sequences. TWedomain also contains two other stefoop structures (H2 and H3)

that are essential for RNA packaging. Since it was suspected than H1 is not the only element involved
in RNA dimerization, we systematically investigated the dimerization capacity of several subdomains of
the first 725 nucleotides of genomic RNA. The efficiency of dimerization of the various RNAs was
estimated by measuring their apparent dissociation constants, and the specificity was tested by competition
experiments. Our results indicate that the specificity of dimerization of RNA nucleotielég5lis driven

by motifs H1I-H3 in domainW. To define the relative contributions of these elements, RNA deletion
mutants containing different combinations of HAl3 were constructed and further analyzed in competition

and kinetic experiments. Our results confirm the importance of H1 in triggering dimerization and shed
new light on the mechanism of dimerization. H1 is required to provide a stable dimer, probably through
the formation of extended intermolecular interactions. However, H1-mediated association is a slow process
that is kinetically enhanced by H3, and to a lesser extent by H2. We suggest that they facilitate the
recognition between the two RNAs, most likely through their conserved GACG loops. Our results reinforce
the idea that dimerization and packaging are two closely related processes.

Retroviruses display the unique property of packaging two is required for encapsidation, was shown to enhance dimer-
identical copies of ) strand RNA. They are physically ization (10, 11, 19). Thus, it appears that the dimerization
linked near their 5end at the dimer linkage structure (DES)  process represents a key step in the viral life cycle. In line
in an apparent parallel orientatioh, ; for review, see ref  with this view, the deletion of a sterloop structure, called
3). One major consequence of the dimeric nature is the DIS, which is required for initiating HIV-1 RNA
recombination between the two RNA molecules. Recom- dimerization, was shown to severely reduce infectivity due
bination is thought to be essential for the virus to repair to defects in both packaging and proviral DNA synthesis
damage in its genome, to increase genetic diversity, and to(17).
escape host immune response and antiviral therdp)(

On the other hand, dimerization of genomic RNA has been
postulated to be linked to encapsidation, as sequence
involved in the dimerization of several retroviral RNAs have
been mapped to regions overlapping identified encapsidation
signals 8—14). The involvement of a dimerization element
in packaging HIV-1 RNA was recently confirmetl%—18).
Moreover, the retroviral nucleocapsid protein (NCp), whic

The discovery of spontaneous dimerization of in vitro
generated RNAs induced by cations has permitted some
insight into the dimerization mechanism (reviewed in refs
14and18). For MoMuLV, the DLS was previously mapped
by deletion analysis in the leader sequence between the major
splice donor site and thgag start codon (nucleotides 215
h 564) (11). This region overlaps the minimal encapsidation

W domain (nucleotides 215374) 20—22). In a previous

N . study, we showed with chemical probing experiments that
- 1T8(_’ E"_r:ggi‘lf‘;ﬁ?:g;ggg;ﬁ;&gﬂgs%%_?fdressed' Fax: 33-388 60ihq region can form an independent and highly structured

*Present address: Zoologisches Institut der UnividrBitan, Abtei- domain @3) (Figure 1). Dimerization was found to induce
|Uﬂ§gFIU Ent\t/\/igggirrégssst}iogf?@iizltgirsggiﬁz éh?éogNBReén,lﬁ\gtiitﬁrggd. base reactivity changes in restricted and defined are¥s in
GmétirgtsjgnMolh:ulairé de Montpellier, 1919 route de M,ende, 34033 (23), and alsp .m both upstream and.downStream regiads (
Montpellier, France. These reactivity changes could be interpreted to be the result

1 Abbreviations: DIS, dimerization initiation site; DLS, dimer linkage of intermolecular interactions and/or intramolecular rear-

structure; HaSV, Harvey sarcoma virus; HIV, human immunodeficiency rangements. Our data pointed to a putative dimerization
virus; MoMuLV, Moloney murine leukemia virus; NCp, nucleocapsid .

protein; SD, splice donor; ASLV, avian sarcoma leukosis virus; SIV, element inW, cor.responding to a conserved St_em()p
simian immunodeficiency virus; SNV, spleen necrosis virus. structure (nucleotides 27803, named H1) containing an
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Ficure 1: Schematic organization of thérggion of MoMuLV and secondary structure of t#edomain. The different functional elements
are indicated: R, redundant sequence; U5, unidueguence; PBS, primer binding site; and SD, splice donor site. The threelstgm
structures (H+H3) are shaded. The secondary structure model is from Tounekti &3al. (

autocomplementary sequence (hucleotides—288). The (39). Both hairpins are highly conserved among murine type
involvement of H1 was confirmed by antisense oligodeoxy- C retroviruses and contain a GACG tetraloop.
ribonucleotide inhibition experiments and thermodynamic  In this work, we investigated the dimerization capacity of
studies on the isolatéd region and derived fragmenta5). several domains of the-1725 region of MoMuLV RNA and

The proposed dimerization mechanism involved letiqop the relative contributions of the three stefoop elements
recognition followed by extension of intermolecular anneal- (H1—H3) in the 215-564 W domain. The dimerization
ing. The transition toward the extended duplex has beenefficiency of the various truncated or mutant RNAs was
proposed to be promoted by NCp1P6). The proposed  estimated by measuring their apparent dissociation constants
mode of loop-loop recognition is reminiscent of the HIV-1  (Kg). The specificity of dimerization was further tested by
dimerization proces2f—34). However, despite the exist- competition experiments. Our results demonstrate the in-
ence of similarities in the dimerization mechanism of volvement, in addition to the H1 element previously de-
retroviral RNAs, some particulars are observed. Indeed, scribed, of the two other structural elements, H2 and H3.
downstream sequences are involved in further stabilization By measuring the association and dissociation kinetics of
of the HIV-1yay RNA dimer @0, 35) but not in HIV-1 4 dimerization of deletion RNA mutants, we could define the
(36, 37). In Harvey sarcoma virus, a virus closely related relative contributions of the three stertoop elements in

to MoMuLV, it was shown that multiple regions of RNA the dimerization process.

were able to promote dimerizatior38). In the case of

MoMuLV, the postulated DLS also contains two other stem EXPERIMENTAL PROCEDURES
loop structures, named H2 and H3 (Figure 1), adjacent to Plasmid Construction and RNA Synthesi§Standard
H1, which have been shown to be required for efficient procedures were used for restriction enzyme digestion and
encapsidation in MOMuLV 16, 22) and spleen necrosis virus  plasmid construction4(). Escherichia coliJM109 cells
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were used for plasmid amplification. Plasmids were all
derived from the original plasmid pSI1 containing nucleotides
1-4894 of the MoMuLV genome (1 being the first nucle-
otide of genomic RNA) under the control of the promoter
of RNA polymerase from phage T41). Cleavage bylul
(position 210),Hindlll (position 564), orBsEll (position
725) provided DNA templates for RNAs A, AB, or ABC,
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analyzed on 1.2% agarose gels af@. Electrophoresis
buffer and gels contained 45 mM Tris borate (pH 8.3) and
0.1 mM MgCh.

For the determination of the apparent dissociation constant
(Kg), the RNA concentration was varied between 0.1 nM
and 2.5uM and a constant amount of labeled RNA (1000
cpm), corresponding to a negligible concentration of RNA

respectively. Plasmids pBC and pC were produced by (<10 pM), was added. Dimerization was conducted under

subcloning PCR fragments into tligcdRl1—BanHI sites of
pUC18. The 5oligonucleotide primers contained &cadRlI

standard dimerization conditions (see above). Gels were
fixed with 10% trichloroacetic acid and dried, and the

restriction site, the T7 promoter, and viral sequences allowing radioactivity was quantified on a BAS 2000 bioimager (Fuiji).

transcription starting at positions 218 (PB&nd 564,
respectively (PC%. The 3 oligonucleotide primer (PCB
corresponded to positions 70431 of MoMuLV and
contained 8anH| site. Templates for transcription of RNA
B (218-564) and RNA BC (218725) were obtained by
cleavage of pBC withHindlll and BstEll, respectively.
Cleavage of pC witiBstEll yielded the template for RNA
C (564-725). DNA B was also directly obtained by PCR
amplification from pSl1, using PB%nd an oligonucleotide
(PB3) containing sequence 54864 of MOMuLV. These
constructions allowed synthesis of RNAs devoid of nonviral

Quantification was assisted by either the Fuji or whole band
analyzer (Bio Image) software. Th& was determined as
described previoush8(). The fraction of RNA dimefp®™)
was defined as the weight-to-weight ratio of the dimer to
the total RNA species. All experiments were conducted at
least twice. A difference ofKy was estimated to be
significant when exceeding a factor of-8-fold. As already
observed 31), different estimations of the background
radioactivity by the different softwares accounted for the high
variability of theKy determinations. Particular adaptations
of the dimerization protocol (competition, association, and

sequences. After PCR, DNA fragments were purified on dissociation kinetics experiments) are described in the
low-melting agarose gel, and DNA was extracted by phenol/ results.

chloroform and precipitated with ethanol prior to T7
transcription.

Plasmids carrying single deletions (pAdasC, pABu11sC,
and pAB;;C) and a triple deletion (pAB4C) were

RESULTS

Possible Existence of Multiple and Independent Dimer-

obtained by a two-step PCR method using pSI1 as a temp|atézati0n Sites. Although the DLS is thought to be located in

(42). Plasmids containing double deletions (RAB, pABL.C,
and pAB;:C) were constructed by inverse PCR on pSIl

the W domain, probing experiments showed that dimeriza-
tion-induced reactivity changes were also found in regions

derivative plasmids containing single mutations. The cor- upstream and downstream W, which were mostly inter-
responding DNA templates were obtained either by linear- preted as the result of conformational chang24.( The

ization withBstEll (DNA ABC) or PCR amplification using
PB5 and PB3 as primers (DNA B).
DNAs obtained from linearized plasmid or PCR amplifi-

three hairpins, H*H3, located in¥ were thought to
represent putative dimerization elements. Only the involve-
ment of H1 appeared to be well-establisheb, (26).

cation were transcribed with phage T7 RNA polymerase as Nevertheless, it was suggested that sequences il thart3

previously described2@). Following DNAse treatment,

of W (364—565) could stabilize the dimeR§). However,

RNAs were extracted with phenol/chloroform and precipi- Most previous studies had been conducted on truncated RNA

tated twice with ethanol. RNAs were then purified by fragments and not in a larger, more natural context. Here,
spinning on small Sephadex G50 columns in MilliQ water. We addressed the following questions. (i) Are dimerization
The purity and integrity of the synthesized RNAs were Signals restricted to thél domain? (ii) Do structural
controlled by po|yacry|amide ge| e|ectroph0resis under elements ol other than H1 participate to the dimerization
denaturing conditions. The RNA concentration was meas- Process? (iii) If several elements are involved, what are their
ured by UV absorbance at 260 nm. Internally labeled RNAs relative contributions to the process?
were synthesized usingof®?P]JATP (Amersham) during To answer these questions, we constructed a series of
transcription (37.5M [a-3?P]ATP/50uCilug of the DNA truncated mutants corresponding to the structural domains
template). RNAs were purified by polyacrylamide gel defined in RNA nucleotides 4725 (Figure 2): theW
electrophoresis under denaturing conditions, eluted, anddomain (RNA nucleotides 218664, named B), the upstream
desalted on Sephadex G50. domain (RNA nucleotides 1210, named A), and the

In Vitro RNA Dimerization and Dered Procedures.  downstream domain (RNA nucleotides 56425, named C),
RNA dimerization was conducted according to the standard as well as the various combinations of these domains, AB
procedure described in r@B. RNAs in MilliQ water at the (RNA nucleotides $564), BC (RNA nucleotides 218725),
appropriate concentration were heated at°@0for 2 min and the full fragment ABC (RNA nucleotides-725). We
and chilled on ice for 2 min. After addition of a 5-fold also constructed a series of mutants in the B and ABC
dimerization buffer [final concentrations of 50 mM sodium contexts, containing combinations of single, double, and
cacodylate (pH 7.5), 300 mM KCI, and 5 mM Mgf{! triple deletions of stemloop motifs H1 (positions 278
samples were incubated at 50 for 30 min and chilled on  303), H2 (positions 31:8352), and H3 (positions 355374)
ice. Monomer controls were obtained by incubating RNAs (Figure 2). For convenience, the resulting RNA mutants will
after the denaturation step in monomer buffer [final con- be referred to by the stenioop structures still present (i.e.
centrations of 50 mM sodium cacodylate (pH 7.5), 40 mM the deletion of H1 in the ABC or B context will be named
KCI, and 5 mM MgC}] at 20°C for 30 min. Samples were  ABCyonz and Byopg, respectively). Otherwise, RNAs without
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RNA Kd (nM) % dimerization
| H1 H2 H3
1 25 aBC 40 80
1 210 A 700 55
! foese 564 AB 20 95
218 ” || ” 564 B 40 80
218 500712 25 pgc 8 80
Se4 725 ¢ 0.7 60
I vjﬁﬁ 25 ABCipys 40 80
1 T 725  ABCyys 35 90
1 mv 725  ABChye 70 60
! - 25 ABC,y 250 60
]| 218 564 Brions 25 60
218 564 Biihis 5 85
218 564 Biyiio 40 85
218 564 By 5 65
218 564 B 220 30
218 564 Bys 50 65
218 564 BA3H > 104 <5

Ficure 2: Schematic representation of the different RNA mutants synthesized and their apf@redi—H3 are shown by schematic

stem-loop structures: (1) wild-type truncated fragments, () deletion fragments in the ABC context, and (lll) deletion fragments in the B

context. The percentage of dimerization observed at the plateau is indicatedt5dithas a standard error).
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Ficure 3: Effect of the various deletions on RNA dimerization. Fraction of RNA dinfg#$" as a function of RNA concentration. The
saturation curves are grouped according to Figure 2, and the symbols are indicated in the insets. For a better conifaritoa whlue
of fp™) at the plateau was normalized to 1. The percentage of dimerization at the plateau is indicated in Figure 2.

deletions will be referred as ABC and B, and RNAs yield of dimerization at saturation was assumed to reflect a
containing the simultaneous deletion of the three motifs will lower portion of the given RNA monomers being competent
be referred as ABG and Byan. All RNAs were tested for  for dimerization or/and a weaker stability of the dimer which
dimerization under standard conditions, and dimerization dissociates during electrophoresis.

efficiency was estimated by their apparent dissociation RNAs ABC and B dimerize with the same efficiendyy(
constantsiq). Saturation curves are shown in Figure 3, and = 40 nM), in agreement with previous observations that the
results are summarized in Figure 2. The percentage ofdimers formed with these two fragments melt at the same
dimerization at the plateau was found to vary. A decreasedtemperature4l). RNA A shows some dimerization proper-
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Ficure4: Competition experiments between RNA ABC and RNAs
A—C. Labeled RNA ABC (denoted with &) at a constant
concentration of 200 nM was allowed to dimerize in the presence
of unlabeled RNAs A-C added at the indicated molar excess{0.5
10-fold). The monomeric (M), dimeric (D), and heterodimeric (HD)

- HD
- M
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able to form heterodimers with RNA ABLC, while RNA

B or ABC cannot (results not shown). Taken together, these
observations indicate that the specificity of dimerization is
provided by domain B (most likely involving hairpins H1
H3) and not by domain A or C, or by other parts of domain
B.

H1—H3 Participate in the Dimerization ProcessJnex-
pectedly, the deletion of H1, although identified as the
essential element of dimerization, does not markedly affect
theKg, in either the ABC or B context (Figure 2). However,
it was previously reported that RNA nucleotides 2B55
depleted of the '3part of H1 (nucleotides 296299) does
not significantly dimerize at low ionic strength and in the

forms were fractionated by agarose gel electrophoresis. The gelabsence of Mg (25). We verified that RNA B3 does

was fixed and autoradiographed.

ties, but with a very low efficiencyy = 700 nM), while
RNA C dimerizes with a higher efficiency than RNA ABC
itself (Kg= 0.7 nM). On the other hand, RNA AB dimerizes
with a Kq4 similar to that of RNA ABC or B (20 nM) and
RNA BC shows &, value between those of RNAs B and
C (8 nM), but closer to that from RNA B than that from
RNA C. Therefore, each subdomain (&) appears to
display intrinsic dimerization properties but dimerizes with
a markedly different efficiency. However, the dimerization
of isolated domains A and C is clearly modulated by their
context.

Dimerization Is Drven by Domain B The previous results

not form dimers under such conditions (results not shown).
Furthermore, an oligonucleotide complementary to nucle-
otides 275-291 was able to inhibit dimerization of RNA
nucleotides 215565 at low ionic strength (100 mM NacCl)
but not at high ionic strength (250 mM NaCIRf).
Otherwise, deletion of either H2 or H3 in both the B and
ABC contexts does not markedly affect dimerization. Among
the double deletions tested in the B context, only the
simultaneous deletion of H1 and H3 significantly increases
the Kq with a significant decrease of the dimerization yield
at the plateau (Figure 2). It is noteworthy that a strong
inhibition of dimerization in RNA ABC is only attained by
the simultaneous deletion of HH3. The same deletion
results in a complete inhibition of dimerization in the B

indicated that several elements are able to promote dimer-context under the conditions tested. It was verified by
ization, depending on the context and experimental condi- chemical probing experiments that the conformation of the
tions. However, it is important to discriminate between the remaining part of B is not altered by the deletion of-H1
elements which specifically govern dimerization and those H3 (results not shown). Thus, the loss of dimerization can
that might take place under particular circumstances. Sincebe directly correlated to the absence of these three-stem
measuring<y does not allow discrimination between specific loop strcutures and not to a more general change in secondary
and spurious elements, we tested the ability of truncatedstructure. Hence, these results suggest that the dimerization
fragments to compete with RNA ABC for dimerization. The process is more complex than expected and probably involves
premise of these experiments is that an RNA starting at several elements, displaying distinct roles or/and functional
position 1 and spanning the first 725 nucleotides would redundancy.

probably be more representative of the in vivo process than Relatie Contributions of StemLoop Structures H+H3
shorter truncated fragments. In these experiments, labeledn the Dimerization Process.To specify the relative

RNA ABC (200 nM) was allowed to dimerize in the presence
of increasing amounts of unlabeled RNA A, B, or C (100
nM to 2 uM). The concentrations were chosen to allow a
complete dimerization of RNA ABC and possible competi-
tion with the short RNA fragments. A clear inhibition of

the formation of the RNA ABC homodimer is observed when

contributions of HXH3, we performed a combinatorial
analysis of the ability of the various possible deletion mutants
(each able to form homodimers) to form heterodimers with
other RNAs. To detect the formation of heterodimers, we
used RNAs of different lengths (RNAs ABC and B). In
these experiments, a constant amount of labeled RNA in the

RNA B is used as a competitor (Figure 4). In this case, an ABC context (200 nM) was dimerized in the presence of
intermediate band corresponding to a heterodimer betweenincreasing amounts of unlabeled competitor RNA in the B
RNAs ABC and B appears at a 0.5:1 B:ABC molar ratio. context (200 nM and 1 and 2M). The resulting labeled
Equal amounts of homo- and heterodimers are observed aproducts (ABC monomer and dimer and ABB hetero-

a 1:1 ratio, and at higher concentrations, RNA B is able to length dimer) were fractionated on agarose gels, and the
totally displace RNA ABC. Similar behaviors are observed radioactivity was quantified (see examples in Figure 5). Since
when RNAs AB and BC are used as competitors (results all the tested RNAs are able to form homodimers, a
not shown). On the other hand, neither RNA A nor RNA C competition between homo- and heterodimerization is ex-
is able to compete with RNA ABC, although they can pected. This will be revealed by the ability of RNAs to form
homodimerize at the concentrations used in the assay. Theséeterodimers at a 1:1 molar ratio, and the effect will be
experiments clearly demonstrate that the dimerization of further amplified when one of the two RNAs is added in
RNAs ABC and B is specifically triggered by common excess. Only RNAs sharing identical or equivalent dimer-
elements. Note that the deletion of the three{iB hairpins ization elements will exhibit identical behavior no matter
in RNA B abolishes dimerization (Figure 2). Thus, the low which of the two RNAs is added in excess

level of dimerization of RNA AB3;4C can probably be The different RNA couples can be arranged according to
attributed to domains A and C. Indeed, RNAs A and C are their ability to form heterodimers (Table 1). Three groups
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Buinz BHins Table 1: Heterodimerization Properties of the Various
Combinations of Deletion Mutants Involving Hairpins HH3?
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- D RNA combinations B/ABCt molar ratio
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FicURe 5: Competition experiments between various combinations | & HIH2 HIH2H3 f M
of hairpin deletion mutants. The legend is the same as that used in | = Ein I}{I%Hz ¥ + +
Figure 4. The labeled RNA (200 nM) is indicated on the right side, am H1H3 HiH2 " :"" I+
and the unlabeled competitor is indicated above each autoradiogram. HiH2 H1H3 ¥ - -

can be dEfmeq acc_ordlng to their c_apacny to form either none Labeled RNA ABCt (200 nM) was allowed to dimerize in the
ora low or h|gh y|e_|d Qf heterodimers. As eXpeCteqa the presence of unlabeled RNAsAC added at the indicated B/Abct molar
yield of heterodimerization was found to vary depending on excess (0.510-fold). Hairpin elements present in each RNA context
which one of the two partners is added in excess. This are indicated. The two reciprocal combinations for a given mutation
distribution can be partially correlated to the presence or the couple are linked by a hyphen. An asterisk () indicates that the same
b f H1 in both RNAs. Indeed f the RNA results are obtained in the two reciprocal contexts. The results are
absence o In bo S. Indeed, none ,0 e S expressed as follows:—) 0—5%, () 5—30%, (+) 30—60%, and {+)
that do not share H1 are able to form heterodimers at a 1:160—-100% of the radioactivity in the heterodimer band (HD) compared
molar ratio; most of them do not form heterodimers even in to that of the ABC-type RNA homodimer.
the presence of a 10-fold molar excess of the competitor
RNA (Table 1), suggesting that H1 is absolutely required added at a 1:1 ratio (Figure 5). These observations under-
for heterodimerization. A few of RNAs exhibit weak score the fact that H1 and H3 are the optimal combination
dimerization when an excess of the B-type RNA is added. triggering dimerization and suggest that H2 can be recruited

All these RNAs share H3 (ABn3sC—Bus, ABC—Buans, in absence of H3.
AB213C—Bus, and Biz—AB213C). Reciprocity is observed Association and Dissociation Kinetics of the RNA Dimers
only in the case of the H2H3H3 combination. To define more precisely the functional role of each element

On the other hand, most of the RNAs that share H1 are in the dimerization mechanism, we compared the association
able to form heterodimers even at a 1:1 molar ratio (8 of the and dissociation kinetics of wild-type RNA B with the
12 tested combinations) (Table 1). Nevertheless, the pres-kinetics of different RNA mutants containing either one
ence of H1 in both RNAs is not sufficient to ensure single element (B, Bu2, and By3) or two elements (Biyz
heterodimerization. Indeed, none of the RNAs exhibiting and Byns). RNAs were uniformly labeled wit§?P, and
combinations HIH2H3H1 and H1H3-H1 are able to form  dimer formation was allowed under standard conditions,
heterodimers at a 1:1 molar ratio and yield only very low using identical concentrations of RNA (500 nM), with the
amounts of heterodimer when H1 is added in excess. Thus,exception of RNA B, (1 uM). These concentrations were
the presence of H3 (regardless of the presence of H2), inchosen to allow optimal dimerization for each mutant.
addition to H1, strongly favors the formation of homodimers Aliquots were analyzed by gel electrophoresis after different
versus heterodimers. On the other hand, the twe-H1H2 incubation times. Results are shown in Figure 6A. Dimer-
combinations both promote significant amounts of het- ization of RNA B is a fast event, as 50% of the dimer can
erodimerization, but increased homodimerization is observedbe obtained aftea 1 min incubation time. Unexpectedly,
when RNA containing H1H2 is added in excess over RNA the dimerization of RNA B; is markedly slower, since 50%
containing H1 alone (Figure 5). Thus, H2 is also able to of the dimer is attained only after incubation for® min.
favor homodimerization in combination with H1, but to a However, the presence of H3 or H2 alone is able to confer
lesser extent than H3. In agreement with this conclusion, a fast association (even slightly higher in the case of H3),
both H1H3 and H1H2 efficiently form heterodimers with close to that of the wild-type combination (Figure 6A).
H1H2H3, with a minor advantage in the case of HIH3 when Moreover, the addition of H3 to H1 restores a wild-type
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dissociation in less than 1 min) (Figure 6B). On the contrary,
only a fraction ¢~40%) of the dimers formed with both RNA

§ o B B and RNA By, dissociate rapidly (Figure 6B). The rest

E A B (-Mg*+) does not dissociate, even after several hours (results not
£ A Bu shown). The same results were obtained when preformed
% os W By dimers were diluted with water at 4C, instead of dimer-

£ O Bume ization buffer. The existence of two populations with
S ® By different stabilities is still not understood. One might
& 0 Buins postulate that the dissociable portion of the dimer is either

partially or not correctly folded.

) ) , Nevertheless, H1 on one side and-H32 on the other

0 10 20 30 40 50 60 side play distinct roles in the dimerization process. H1 is
Time (min) required to trigger a stable interaction. However, this

interaction, which is a slow process, is kinetically enhanced

B *B by H3 and to a lesser extent by H2. Accordingly, RNAs B,

A Bm Bui1, and Byps yielded similar sharp melting temperature

m Bz profiles (T, = 60 °C; results not shown), confirming that

® B H1 governs dimer stability. However, RNAs,Band By,

— did not display a discrete melting temperature typical of

standard RNA dimers. This is most likely due to fast

reassociation of the dimer when loading on the analysis gel.

Complete dissociation could only be observed at high

temperatures, corresponding to the secondary structure

: melting of the monomeric form.

0 + 4 —

0 s 10 15 DISCUSSION
ime (i) Specificity of Dimerization. Although t |
Ficure 6: Kinetics of dimerization of various RNA B mutants. pecificity o Imerization. ough an autocompie-

(A) Kinetics of association of the various RNAs. Labeled RNAs Mentary sequence forming a stelop structure (H1)
(500 nM, except for B, which was at 1xM) were allowed to located in théV domain (here named B) has previously been
dimerize under standard conditions. Aliquots were taken at timed shown to be involved in the formation of the MoMuLV RNA
intervals, mixed with loading buffer, and loaded on native agarose dimer, several ambiguities still persisted about the possible
gels. Dimerization and gel analysis of RNA B (without Mywere implication of other RNA regions 24, 26). Here, we

carried out under the same conditions, except that"Mags omitted - . . : L .
in dimerization and migration buffers. Results are expressed as thesysu?ma'['c"’IIIy re'nV.eSt'gate the dimerization prOPe”'e_S of
weight-to-weight ratio of the dimers formed at a given time to the the first 725 nucleotides of the MoMuLV RNA and identify
maximum level of dimers formed at the plateau. (B) Kinetics of the specific elements that direct RNA dimerization. First,
dimerize for 45 min Under standard conditons, One mcrolter of 'S, SOW that truncated RNAs corresponding to both
imerize . : H H
the reaction mixture was diluted in a large volume (5Q0to 1 upstream (domain A) anq doyvnstr_eam (domain C) regions
mL) of dimerization buffer. Aliquots were taken and analyzed as Of domain B are able to dimerize with different efficiencies.
above. Results are expressed as the weight-to-weight ratio of However, the elements responsible for the dimerization of
remaining dimer to dimer formed at time O of dissociation. Symbols the isolated A and C fragments are not involved in the
are indicated in the insets. dimerization of the larger ABC fragment (nucleotides
association rate. The addition of H2 also causes an increased—725), since they are both unable to interfere with the
association rate, but to a lesser extent than the addition ofdimerization of RNA ABC. On the other hand, the fact that
H3 (Figure 6A). Therefore, both H3 and H2 appear to act RNA B dimerizes with the samiy as RNA ABC, and is
as kinetics enhancers, with H3H2. A similar effect was indistinguishable from RNA ABC in competition assays,
observed when dimer association was measured &C37 indicates that the dimerization of large RNAs is specifically
(data not shown), indicating that the kinetic effect of H3 and driven by domain B. The most likely explanation is that
H2 is independent of temperature reaction. In addition, the isolated domains A and C adopt particular conformations
kinetic effect exerted by H3H2 is dependent on the that do not form in a larger context. This is probably
presence of Mf. Indeed, dimerization of RNA B is  correlated with the conformational versatility observed for
reduced in the absence of Rig(Figure 6A). This might these two domains depending on renaturation conditions, as
parallel the fact that RNA B3 requires M@" to dimerize well as different possibilities of interactions between the two
(see above). domains 24). Unlike domains A and C, the isolated domain
In dissociation experiments, RNAs were first dimerized B behaves like RNA ABC, consistent with previous observa-
as above for 45 min. Dissociation was then achieved by tions that it adopts the same structure independent of its
500—-1000-fold dilution with dimerization buffer at 58C. context £3). RNAs B and ABC most likely represent good
Final concentrations were below the measufedalues (at models of genomic RNA dimerization since the conformation
least 10-fold). It was further verified that no detectable dimer of the dimer formed in vitro with these RNA23) was found
was formed under these conditions. Aliquots were taken atto be very similar to that of the genomic RNA inside the
various time intervals and analyzed by gel electrophoresis. virion (43).
In these experiments, it appears that dimers formed with The observation that dimers formed of truncated RNAs
either RNA By, or By; are rapidly dissociated (half- exhibit properties different from the properties of those

Ratio Dimer / Dimer 1
o
w
L
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obtained with larger fragments is not unique. Indeed, a ization yield, most likely by increasing the fraction of RNA
truncated fragment from HaSV was reported to melt at a conformers that are able to dimeriZ2s5(26). This confor-
lower temperature than a larger fragment or viral RI8)( mational rearrangement probably represents the rate-limiting
On the other hand, a truncated fragment from HIV-1, lacking step of the reaction and is responsible for the slow association
sequences upstream of the SD site (containing the DIS), wagate observed for H1 alone. Therefore, our data indicate that
shown to melt at a temperature higher than that of RNAs H1-mediated dimerization probably involves extended in-
starting at position 1 or viral RNA3K). In ASLV, a short termolecular interactions through stetoop opening, as
fragment from the 5end was reported to form dimers but proposed by Girard et al2b, 26). However, the transient
not heterodimers with larger RNA4{). These examples loop—Iloop interaction does not appear to be responsible for
are not exhaustive, since most studies on RNA dimerization the initial recognition event. Otherwise, the fact that a
have been conducted so far on truncated fragments. Henceportion of dimers involving H1£H3 and H2) is still able
it is essential to carefully monitor the context effects on to dissociate might reflect a structural defect of the RNA
dimerization. Determination of the melting temperature or monomers resulting in an incorrect HH1 interaction.
Kq alone is not sufficient, and further investigations are  The next question to be addressed concerns the mechanism
required. by which H3 (or H2) enhances the dimerization rate. The
Different Elements with Distinct Roles Are Important for H3 motif is a highly structured hairpin with a-G rich stem
Efficient Dimerization. Having determined the specific (up to six GC pairs out of a total of eight base pairs). The
involvement of HE-H3 in domain B in driving dimerization, = stem is closed by a GACG tetraloop, which adopts a highly
we investigated the specific roles of these elements in thisorganized structure, as shown by its lack of reactivity to
process. Using competition experiments for the formation chemical reagents in both monomer and dimer for@8. (
of homodimer molecules, we confirm that the palindromic Moreover, the tetraloop of H3 is followed on theside by
stent-loop H1 is essential for triggering specific dimeriza- UC, resulting in a six-base palindromic sequence (GACGUC).
tion, but our results show that H1 alone does not ensure Interestingly, stemloop H2 which can be recruited as a
optimal dimerization. The optimal combination appears to kinetic enhancer in the absence of H3 (but with a lower
be H1IH3@H?2), and H2 is able to partially replace H3. We efficiency) contains the same GACG tetraloop. However,
investigated the role of HtH3 more precisely by kinetic ~ contrary to the H3 tetraloop, the H2 tetraloop is not part of
experiments. We showed that dimers involving only the H1 a palindromic sequence. This observation argues against a
interaction have a markedly reduced association rate asstandard loogloop model if we assume that H3 and H2
compared to the wild-type RNA B and that the addition of can be alternatively used through a similar mechanism. An
H3 is able to increase the association rate to the wild-type alternative mechanism might be envisioned if we consider
level. H2 is also able to enhance the dimerization rate, but that the GACG loop represents an essential recognition motif
to a lesser extent. On the other hand, interactions promotedthat might be recognized by an unknown receptor. This
by H3 or H2 alone are highly dynamic (rapid association might be reminiscent of the recognition of GNRA tetraloops
and dissociation kinetics). Our results shed new light on by specific receptorsi{7, 48). Our previous results pointed
the dimerization process that substantially differs from that to the role of Mg* in inducing a proper conformation of
previously proposed. According to the present data, thethe GACG loop 23). This parallels the observation that
initial recognition, allowing a rapid and dynamic association, dimerization of RNA B depleted of H1 requires high salt
is ensured by H3 and to lesser extent by H2, while concentrations and/or the presence ofMhis study) 25).
stabilization of the dimer requires the palindromic H1 Accordingly, the kinetics of dimerization of wild-type RNA
element B is decreased in the absence of MgFigure 6B). Thus,
Initiation of dimerization was initially postulated to be the kinetic effect of H3 and H2 is most likely governed by
promoted by a looploop interaction involving the palin-  the proper conformation of the GACG loop mediated by
dromic H1 loop (UAGCUA), most likely followed by  Mg?". Our data are thus consistent with the observations
extension of intermolecular annealing5( 26). Here, we showing that nucleotides 36465 could increase the kinetics
have shown that dimerization promoted by H1 alone or in of dimerization in a salt-dependent mann28)( However,
the absence of Mg and salt is a slow process, in agreement according to our data, this effect was most likely due to the
with previous observation of Girard et a25, 26). We have fact that the RNA used (nucleotides 21365) lacked the'3
also shown that most of the dimers formed with H1 alone half of stem-loop H3 (and therefore the GACG loop) and
do not dissociate within hours (as the wild-type RNA B). not due to the absence of sequences located downstream of
Loop—loop interactions are known to be dynamic and H3. Moreover, we found that RNA By does not dimerize,
dissociate within seconds to minutes, while extended du- although it contains all the sequences postulated to form
plexes have much slower dissociation ra#s 46). How- intermolecular interactions.
ever, we failed to detect a transient reversible duplex even In conclusion, while confirming the essential role of H1
after short incubation times (in the minute range), whenever in the dimerization mechanism, our results lead to a complete
dimers were formed at 37 or 5 (results not shown). A redefinition of it. Furthermore, we identify a novel element
possible explanation is that the conversion from the toop that plays a major role in this process. Fast recognition
loop interaction to the extended duplex is extremely rapid. between the two monomers is facilitated by H3, most likely
It is also known that the H1 region shows structural through the conserved GACG loop, and the resulting fast
heterogeneity in the RNA monome23) and that only a dissociating complex is then converted into a stable complex
fraction of the monomers folds into a conformation suitable by H1 interaction. Direct recognition by H1 is also possible,
for the loop-loop recognition. Accordingly, increasing the  but probably does not use a losjpop intermediate as shown
temperature of incubation is found to increase the dimer- by slow association and dissociation rates. Therefore, H3
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acts as a kinetic enhancer. Strikingly, the H2 element which
also contains a GACG loop is able to play the same role as
H3, although with a diminished efficiency. In particular, it
can be recruited in absence of H3. It is not clear whether
this functionally redundant element is also used in the
presence of H3. Otherwise, the exact role of NCp in this
process and any further maturation evert8, (50) also
remains to be understood. Remarkably, motifs H2 and H3
are both required for the encapsidation of MoMuLV RNA
(16), and analogous motifs both containing a GACG tetraloop
are also necessary for efficient RNA packaging in SIS9)(
The single deletion of one of these two motifs only partially
affects encapsidation in both systems. In addition, remark-
able similarities are found between requirements for Mo-
MuLV RNA encapsidation and dimerization. Indeed, the
deletion of H1 reduces MoMuLV RNA encapsidation by
4—8-fold, and the complete loss of encapsidation is only
attained upon deletion of the three motifs,H43 (16, 22).

In HIV-1, mutations or deletions of the DIS motif have also
been shown to reduce the encapsidation let8] {7, 18).
Therefore, these results reinforce the idea that RNA dimer-
ization and packaging are closely related processes during
the course of virion assembly.
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