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Abstract: Retroviruses package two copies of their genomic RNA (gRNA) as non-covalently linked
dimers. Many studies suggest that the retroviral nucleocapsid protein (NC) plays an important role
in gRNA dimerization. The upper part of the L3 RNA stem-loop in the 5′ leader of the avian leukosis
virus (ALV) is converted to the extended dimer by ALV NC. The L3 hairpin contains three stems
and two internal loops. To investigate the roles of internal loops and stems in the NC-mediated
extended dimer formation, we performed site-directed mutagenesis, gel electrophoresis, and analysis
of thermostability of dimeric RNAs. We showed that the internal loops are necessary for efficient
extended dimer formation. Destabilization of the lower stem of L3 is necessary for RNA dimerization,
although it is not involved in the linkage structure of the extended dimer. We found that NCs from
ALV, human immunodeficiency virus type 1 (HIV-1), and Moloney murine leukemia virus (M-MuLV)
cannot promote the formation of the extended dimer when the apical stem contains ten consecutive
base pairs. Five base pairs correspond to the maximum length for efficient L3 dimerization induced
by the three NCs. L3 dimerization was less efficient with M-MuLV NC than with ALV NC and
HIV-1 NC.

Keywords: nucleocapsid protein; RNA dimerization; Rous sarcoma virus (RSV); HIV-1; retrovirus;
RNA secondary structure

1. Introduction

A hallmark of retroviruses is that they package two copies of their genomic RNA
(gRNA) to form an infectious virion. The two packaged gRNA molecules interact to
generate an RNA dimer in which the subunits are held together by noncovalent bonds.
Conservation of the dimeric gRNA among retroviruses is required for several stages of the
retroviral life cycle (reviewed in Ref. [1]). Interestingly, dimerization of two non-identical
copies of gRNA increases the genetic diversity by facilitating recombination events during
reverse transcription [2].

After virus budding, the non-infectious immature form of the virus particle is reorga-
nized into the infectious mature form [3]. The dimeric gRNA isolated from immature virus
particles is less stable than that isolated from mature virus particles (virions) [4–6]. The
processes of maturation of the viral particle and stabilization of the dimeric gRNA require
the cleavage of the Gag polyprotein by the viral protease [5–9]. Results obtained with Gag
mutants suggest that the nucleocapsid protein (NC) is the Gag cleavage product that is
primarily responsible for dimeric gRNA stabilization [5,9–11]. Consistent with this notion,
NCs from different retroviruses promote viral RNA dimerization in vitro [12–14].

There are numerous studies on dimerization of human immunodeficiency virus type 1
(HIV-1) gRNA (see Ref. [1] and references therein). RNA transcripts containing the 5′-end of
the HIV-1 genome can form low- and high-stability dimers in vitro that are named loose and
tight dimers, respectively [15,16]. In the absence of HIV-1 NC (NCp7) under physiological
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conditions, HIV-1 RNAs form loose dimers through the dimerization initiation site (DIS)
corresponding to stem-loop 1 (SL1) [16–19]. The intermolecular base pairing in HIV-1 loose
dimers is a loop–loop interaction involving the apical loop of SL1 [16,18,19]. NCp7 can
promote the formation of tight HIV-1 RNA dimers via SL1 [20,21]. Several studies support
a model in which the intermolecular base pairing in HIV-1 tight dimers is an extended
duplex involving the whole SL1 sequence (35 nt) [16,22–25]. The secondary structure of
SL1 includes two stems separated by one internal loop. NCp7-mediated SL1 dimerization
depends on the internal loop and the length of stems [26,27]. This observation is not
surprising because destabilization of stems is necessary for extended dimer formation.

In retroviruses other than HIV-1, it is not well known how the RNA structures mod-
ulate the efficiency of NC-mediated RNA dimerization. The nucleocapsid protein of the
alpharetroviruses (NCp12) is necessary for gRNA dimer formation in the context of the
virion [10]. NCp12 promotes dimerization of RNA transcripts containing the 5′-end of the
Rous sarcoma virus (RSV) genome [12]. The 208–270 sequence plays an essential role in
the NCp12-mediated RSV RNA dimerization process [12]. This sequence located in the 5′-
leader contains part of the L3 stem-loop (Figure 1) that is responsible for loose dimerization
of avian leukosis virus (ALV) RNAs [28,29].
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We showed that the dimerization properties defined for our ALV strain (type 
Schmidt-Ruppin A) differ from other alpharetrovirus strains [29]. More precisely, RSV 
(strain Prague C) RNA dimerization in vitro requires the L3 and SL-A stem-loop struc-
tures [32]. In agreement with the role of L3 in RNA dimerization, deletion of this stem-
loop drastically decreases RSV (type Schmidt-Ruppin A) replication [33]. A recent ex vivo 

Figure 1. Predicted secondary structures for the ALV 5′-leader RNA [30]. Numbering is relative
to the genomic RNA cap site (+1). R, repeated sequence; U5, unique sequence in 5′; PBS, primer
binding site; SL-A, B, and C, stem-loop structures of the minimal packaging signal [31]; L3 in blue
font, stem-loop structure involved in ALV gRNA dimerization; the structural elements of L3 are
indicated in blue; AUG in bold, gag initiation codon; SD, splice donor site.

We showed that the dimerization properties defined for our ALV strain (type Schmidt-
Ruppin A) differ from other alpharetrovirus strains [29]. More precisely, RSV (strain
Prague C) RNA dimerization in vitro requires the L3 and SL-A stem-loop structures [32].
In agreement with the role of L3 in RNA dimerization, deletion of this stem-loop drastically
decreases RSV (type Schmidt-Ruppin A) replication [33]. A recent ex vivo study supports
the notion that dimerization of RSV (type Schmidt-Ruppin A) gRNA within the infected
cell depends on the presence of L3 [34].
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In a previous study [35], we investigated the role of L3 in NCp12-mediated dimer-
ization of ALV RNA. We showed that NCp12 promotes the formation of tight ALV RNA
dimers via L3. We also showed that the intermolecular base pairing in tight dimers is an
extended duplex involving only the upper part of the L3 stem-loop (Figure 2). Therefore,
the two subunits in ALV RNA tight dimers are not held together by the whole L3 sequence.
In this study, we investigated the roles of stems and internal loops in the NCp12-mediated
L3 dimerization process. We found that loop B (Figure 2), but not its sequence, is required
for efficient extended RNA dimer formation. Our results show that the length of stems
modulates the efficiency of NCp12-mediated L3 dimerization. We also found that L3
dimerization induced by NCs from HIV-1 and Moloney murine leukemia virus (M-MuLV)
depends on the length of stem C (Figure 2).
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2. Materials and Methods
2.1. Protein Preparation

NCp7 (NC(1–55)) of the HIV-1 MAL isolate, NCp10 of M-MuLV, and NCp12 of ALV
(type Schmidt-Ruppin A) were synthesized by the Fmoc/opfp chemical method and
purified to homogeneity by HPLC, as described previously [35–38].

2.2. Oligonucleotides

DNA oligonucleotides were purchased from Eurogentec (Liège, Belgique). Nucleotides
of the avian leukosis virus of subgroup A (ALV-RSA termed ALV in the text) are numbered
according to the Pr-C strain of RSV [39]. In the following oligonucleotide sequences,
the upper-case letters indicate the bases that are complementary to the DNA sequence
of ALV plasmid used for PCR, and the positions of the ALV sequence targeted by the
oligonucleotides are in parentheses: O1, 5′-gtattcGAGCTCCAGGGCCCGGAGCaACTaAC
CCCTGCCGAG-3′ (256–291); O2, 5′-gtattcGAGCTctCCAGGGCCCGGagAGCGACTGAC
CC-3′ (256–282); O3, 5′-gtattcGAGCTctcgtCCAGGGCCCGGacgagAGCGACTGACCC-3′

(256–282); O4, 5′-gtattcGAGCTCCAGGGCCCGGAGCCCCTGCCGAGAAC-3′ (256–294);
O5, 5’-gtattcGAGCTCCAGGGCCCGGAGCaAaaaAaCCCTGCCGAGAACTC-3′ (256–296);
O6, 5′-gtattcGAGCTCaCAGGGCCCGtGAGCGACTGACCCC-3′ (256–284); O7, 5′-gtattcGA
GCTCgCAGGGCCCGcGAGCGACTGACCCC-3′ (256–284); O8, 5′-gtaatcGGGCCCGGAGC
GACTGACCCCTCCGAcGACTCAGAGGGTCG-3′ (264–305); O9, 5′-gtaatCGGGCCCTGGA
GCTCCCTCCGACGACTCTATAGTGAGTC-3′ (270–241); OR1, 5′-gctctagacgctagCTCTCGA
GCCGCC-3′ (629–617); OR2, 5′-ctcggcgcacgGCTAGCTCTCGAGC-3′ (629–621).



Viruses 2022, 14, 606 4 of 14

2.3. Construction of Plasmids

Standard molecular biology methods were used for plasmid construction. Restriction
endonucleases and T4 DNA ligase were purchased from New England Biolabs (Evry-
Courcouronnes, France). The expand high-fidelity PCR system was from Roche Diagnostics
(Meylan, France). Cloned sequences and mutations were verified by DNA sequencing.
Plasmid pEP241 contains the 241–629 sequence of the ALV genome [29]. The plasmid
mutants differ from pEP241 by base substitutions and deletions in the 245–292 sequence.
Plasmids pFCLm1LB, pMBL+2, pMBL+5, and pMBLdLB were generated by PCR am-
plification of linearized pEP241 with EcoRI using the pairs of oligonucleotides O1/OR1,
O2/OR1, O3/OR1, and O4/OR1, respectively. The resulting PCR products were digested
with SacI and XhoI and ligated into pEP241 digested with the same enzymes. Plasmids
PFCLm2LB, PFCLAU+1, and PFCLGC+1 were generated by PCR amplification of lin-
earized pIKS6A [35] with EcoRI using the pairs of oligonucleotides O5/OR2, O6/OR2,
and O7/OR2, respectively. The resulting PCR products were digested with SacI and XhoI
and ligated into pEP241 digested with the same enzymes. Plasmid pFCLdLA was gen-
erated by PCR amplification of linearized pIKdA263 [35] with Bsp120I using the pair of
oligonucleotides O8/O9. The final PCR product was then digested with Bsp120I and
intramolecularly ligated.

2.4. Synthesis, Labeling, and Purification of L RNAs

L RNAs were synthesized by in vitro transcription using the T7 RiboMAXTM large-
scale RNA production system (Promega, Charbonnières, France) and five micrograms of
plasmids cleaved by the endonuclease restriction enzyme DdeI. The 5′- and 3′-ends of
L RNAs correspond only to the ALV sequence, i.e., they do not possess additional sequences
derived from the plasmid sequence. Each L RNA was purified by denaturing polyacry-
lamide gel electrophoresis as described previously [29]. Calf intestinal alkaline phosphatase
(Roche Diagnostics, Meylan, France) was used to catalyze the dephosphorylation of the
5′-end of L RNAs. T4 polynucleotide kinase (New England Biolabs, Evry-Courcouronnes,
France) and [γ-32P] ATP (PerkinElmer, Villebon-sur-Yvette, France) were used to label
the 5′-end of L RNAs. Each L RNA labeled at its 5′-end was purified by denaturing
polyacrylamide gel electrophoresis.

2.5. RNA Dimerization Assay

To prepare the heat-denatured L RNAs (lanes D in the gels), 1.9 pmol of each L RNA
in 10 µL of double-distilled water was incubated at 90 ◦C for 2 min and placed on ice for
2 min and mixed with 3.5 µL of loading buffer (50% w/v glycerol, 0.05% w/v bromophenol
blue, 0.05% w/v xylene cyanol). The dimerization assay was performed in the final volume
of ten microliters and the final concentrations of 20 mM Tris-HCl, pH 7.5, 50 mM NaCl,
0.2 mM MgCl2, and 5 mM DTT [35]. Each labeled L RNA (1.9 pmol at 104 cpm/pmol)
in 6 µL of water was incubated at 90 ◦C for 2 min and placed on ice for 2 min. The NC
buffer was added, and each sample was incubated at 37 ◦C for 15 min in the absence or
presence of the nucleocapsid protein (NCp7, NCp10, or NCp12) at various concentrations.
At the end of incubation, 2 µL of SDS-EDTA solution (7.1% SDS and 39.6 mM EDTA) was
added to the sample. Then, RNA was phenol–chloroform extracted, and the aqueous phase
was mixed with 3.5 µL of loading buffer. The samples were analyzed by electrophoresis
on a 12% poylyacrylamide gel (19:1 (w/v), acrylamide/bisacrylamide) at 25 ◦C in the
TBE buffer (89 mM Tris-borate (pH 8.3), 2 mM EDTA). After electrophoresis, the gel
was fixed, dried, and autoradiographed. The monomeric (m) and dimeric (d) forms of
L RNAs were quantified using a TyphoonTM TRIO (GE Healthcare, Buc, France) and
ImageQuant software (GE Healthcare, Buc, France). The percent of dimer was determined
as 100 × (d/(m + d)).
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2.6. Analysis of the Thermal Stability of the LdLB Dimer

Dimerization was performed in the final volume of 80 µL and the final concentrations
of 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.2 mM MgCl2, and 5 mM DTT. Labeled LdLB
RNA (15.2 pmol at 104 cpm/pmol) was dissolved in 48 µL of water, heated at 90 ◦C
for 5 min, and placed on ice for 5 min. The NC buffer was added, and the sample was
incubated with NCp12 (866 pmol) at 37 ◦C for 15 min. Sixteen microliters of the SDS-
EDTA solution (7.1% w/v SDS and 39,6 mM EDTA) were added to the sample before the
phenol–chloroform extraction. Aliquots (10 µL) of the aqueous phase were heated for 5 min
at temperatures ranging from 30 to 75 ◦C before the addition of 3.5 µL of loading buffer.
Aliquots were analyzed by 12% polyacrylamide gel electrophoresis as described above.

3. Results
3.1. Design and Analysis of Mutant RNAs

Nine RNAs corresponding to the wild-type and mutant conformations of the L3
domain were generated by in vitro transcription (Figure 3). The mfold program predicts
that the wild-type and mutant RNAs form the L3 stem-loop structure. In addition, the
mutants preserve the intermolecular base pairing potential of the loop C and stem C
sequences. Lm1LB and Lm2LB RNAs differ from the wild-type RNA by base substitutions
in loop B. These mutants allowed us to investigate the role of the loop B sequence in the
NCp12-mediated RNA dimerization process. LdLA and LdLB RNAs are deletion mutants
that allowed us to study the destabilizing effect of loops A and B on the L3 stem-loop
structure. LdLB RNA is deleted from loop B but conserves the A bulge between the
stems B and C. LdLA RNA does not possess loop A and the G bulge. Stem C of LAU+1,
LGC+1, L+2, and L+5 RNAs is extended by one, two, or five base pairs. To examine the effect
of mutations on extended RNA dimer formation, we used conditions described in Materials
and Methods, where we removed NCp12 before analysis by gel electrophoresis. RNAs were
analyzed by native polyacrylamide gel electrophoresis at 25 ◦C in Tris-borate/EDTA buffer.
The extended dimer, but not the loop–loop dimer, can be seen under these electrophoretic
conditions [29,35].

3.2. Role of Loop B in NCp12-Mediated RNA Dimerization

Specific interactions between NCp12 and the loop B sequence could play a role in
NCp12-mediated L3 dimerization. Lwt RNA and the loop B mutants without NCp12 mainly
remained monomeric after the treatments that removed the protein (Figure 4, lanes C). In
the presence of increasing amounts of NCp12, a new band appeared that migrated at a
rate expected for the dimeric RNAs (Figure 4, lanes 3–6). The replacement of two guanine
residues in loop B with two adenine residues did not reduce RNA dimerization (Figure 4,
Lm1LB). Similarly, the replacement of the GACUGAC sequence with the AAAAAAA
sequence did not change the dimerization yield (Figure 4, Lm2LB). In contrast, the dimer-
ization yield was decreased strongly by deleting loop B (Figure 4, LdLB). Therefore, loop B,
but not its sequence, is required for efficient extended RNA dimer formation.

Deletion of loop B leads to the formation of the long stem containing two bulges
(Figure 3, LdLB). LdLB RNA could form an extended dimer, which would be longer than
that of the wild type. Therefore, the LdLB extended dimer should be more thermostable
than the wild-type extended dimer. To test this hypothesis, we determined the thermosta-
bility of the dimeric LdLB RNA (Figure 5). The Tm value of the LdLB dimer was about
66 ◦C, a value, which is significantly higher than the Tm of the wild-type dimer (53 ◦C) that
has been determined under the same experimental conditions [35]. These results support
the notion that the intermolecular base pairing in the LdLB extended dimer is not restricted
to the loop C and stem C sequences.
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Figure 4. Dimerization of L RNAs harboring mutations in loop B. The 5′-end-labeled L RNAs in
the absence (lanes C) or the presence of NCp12 (lanes 3–6) were incubated at 37 ◦C as described
in Materials and Methods. After phenol–chloroform extraction, the samples were analyzed by
electrophoresis on 12% polyacrylamide gels at 25 ◦C in the TBE buffer. Heat-denatured L RNAs
(lanes D) were used to identify the bands corresponding to monomeric L RNAs. Lanes 3–6, protein to
nucleotide molar ratios were 1:8, 1:4, 1:2, and 1:1. The monomeric and dimeric forms of L RNAs are
indicated by m and d, respectively. The graph was derived from the gels shown in this figure. Filled
circles, Lwt RNA; open circles, Lm1LB RNA; open squares, Lm2LB RNA; open triangles, LdLB RNA.
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3.3. Role of Loop A and the G Bulge in NCp12-Mediated RNA Dimerization

NCp12 was unable to promote dimerization of LdLA RNA (Figure 6). This result
shows that loop A and the G bulge are required for extended RNA dimer formation, i.e.,
the intermolecular base pairing of the loop C and stem C sequences is not possible in
the absence of these two destabilizing elements. Deletion of these elements allows the
formation of the long stem containing 14 base pairs without a bulge interruption (Figure 3,
LdLA). NCp12 likely does not induce LdLA RNA dimerization because it cannot destabilize
the long stem.
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Figure 6. Deletion of loop A and the G bulge prevents NCp12-mediated L3 RNA dimerization.
The 5′-end-labeled LdLA RNA in the absence (lane C) or the presence of NCp12 (lanes 3–6) was
incubated at 37 ◦C as described in Materials and Methods. After phenol–chloroform extraction, the
samples were analyzed by electrophoresis on a 12% polyacrylamide gel at 25 ◦C in the TBE buffer.
Heat-denatured LdLA RNA (lane D) was used to identify the band corresponding to monomeric
LdLA RNA. Lanes 3–6, protein to nucleotide molar ratios were 1:8, 1:4, 1:2, and 1:1. The monomeric
and dimeric forms of LdLA RNA are indicated by m and d, respectively. The graph was derived from
the gels shown in this figure and Figure 4. Filled circles, Lwt; open circles, LdLA.

3.4. Effect of the Length of Stem C on NCp12-Mediated RNA Dimerization

The results obtained with the LdLB and LdLA mutants suggest that the stability of
stems A, B, and C modulates the efficiency of NCp12-mediated L3 RNA dimerization.
Phylogenetic analysis of 28 alpharetrovirus sequences predicted that stem C contained 6
base pairs in one strain and 5 base pairs in 27 strains [28]. Conservation of a short stem C
could be required for extended dimer formation. Stem C was extended by one, two, or five
base pairs in the LAU+1, LGC+1, L+2, and L+5 mutants (Figure 3). The extension of stem
C by the A:U base pair slightly decreased the dimerization yield at an NCp12 to nucleotide
molar ratio lower than 1:1 (Figure 7, LAU+1). The extension of stem C by the G:C base
pair significantly decreased the dimerization yield at an NCp12 to nucleotide molar ratio
lower than 1:2 (Figure 7, LGC+1). The addition of two base pairs in stem C drastically
reduced L3 stem-loop dimerization (Figure 7, L+2). Interestingly, NCp12 did not promote
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extended dimer formation when stem C was extended by five base pairs (Figure 7, L+5).
Taken together, these results show that a short stem C (five to six base pairs) is required
for efficient extended dimer formation. In addition, our results suggest that NCp12 can
destabilize only short RNA stems flanked by loops, bulges, mismatches, or duplex ends.
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Figure 7. Influence of stem C extensions on NCp12-mediated L3 RNA dimerization. The 5′-end-
labeled L RNAs in the absence (lanes C) or the presence of NCp12 (lanes 3–6) were incubated at
37 ◦C as described in Materials and Methods. After phenol–chloroform extraction, the samples were
analyzed by electrophoresis on 12% polyacrylamide gels at 25 ◦C in the TBE buffer. Heat-denatured
L RNAs (lanes D) were used to identify the bands corresponding to monomeric L RNAs. Lanes 3–6,
protein to nucleotide molar ratios were 1:8, 1:4, 1:2, and 1:1. The monomeric and dimeric forms of L
RNAs are indicated by m and d, respectively. The graph was derived from the gels shown in this
figure and Figure 4. Filled circles, Lwt RNA; open circles, LAU+1 RNA; open squares, LGC+1 RNA;
open triangles, L+2 RNA; open diamonds, L+5 RNA.

3.5. Effects of NCp7 and NCp10 on L3 RNA Dimerization

Annealing of mini-TAR RNA to mini-TAR DNA hairpin in the presence of NCp7,
NCp10, and NCp12 has been studied by gel shift assays [41]. The annealing data suggest
that the nucleic acid chaperone activity decreases in the following order: NCp7 ~ NCp12 >
NCp10. Here, we compared NCp7, NCp10, and NCp12 to promote dimerization of L3 RNA
containing extensions of stem C (Figures 8 and S1). L3 RNA dimerization induced by NCp7
decreased in the following order: Lwt ≥ LAU+1 > LGC+1 > L+2 > L+5 (Figure 8A). L+5
RNA did not form the extended dimer in the presence of increasing concentrations of NCp7
(Figure 8A, L+5). L3 RNA dimerization induced by NCp10 decreased in the following
order: Lwt > LAU+1 > LGC+1 > L+2 > L+5 (Figure 8B). NCp10 was also unable to promote
extended dimer formation when stem C was extended by five base pairs (Figure 8B, L+5).

The dimerization yields of Lwt and LAU+1 RNAs were similar in the presence of
NCp7 and NCp12, whereas they were lower in the presence of NCp10 (Figure S1). The
dimerization rates of LGC+1 RNA were not significantly different in the presence of NCp7
and NCp12. In contrast, NCp10 did not induce LGC+1 RNA dimerization as efficiently
as NCp7 or NCp12. L+2 RNA displayed very low dimerization yields in the presence of
the three nucleocapsid proteins at protein to nucleotide molar ratios lower than 1:1. At a
protein to nucleotide molar ratio of 1:1, L+2 RNA dimerization was more efficient with
NCp12 than with NCp7 or NCp10. The three nucleocapsid proteins were unable to promote
extended dimer formation when stem C contained 10 base pairs (Figure S1, L+5).
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(A) NCp7-mediated L3 RNA dimerization. (B) NCp10-mediated L3 RNA dimerization. The 5′-end-
labeled L RNAs in the absence (lanes C) or the presence of NCp7 or NCp10 (lanes 3–6) were incubated
at 37 ◦C as described in Materials and Methods. After phenol–chloroform extraction, the samples
were analyzed by electrophoresis on 12% polyacrylamide gels at 25 ◦C in the TBE buffer. Heat-
denatured L RNAs (lanes D) were used to identify the bands corresponding to monomeric L RNAs.
Lanes 3–6, protein to nucleotide molar ratios were 1:8, 1:4, 1:2, and 1:1. The monomeric and dimeric
forms of L RNAs are indicated by m and d, respectively. The graphs were derived from the gels
shown in this figure. Filled circles, Lwt RNA; open circles, LAU+1 RNA; open squares, LGC+1 RNA;
open triangles, L+2 RNA; open diamonds, L+5 RNA.

4. Discussion

The L3 stem-loop is part of the highly structured 5′ leader sequence that has critical
functions in virus replication, such as reverse transcription, translation, dimerization,
and packaging [30]. The L3 stem-loop structure is conserved in alpharetroviruses and is
involved in RNA dimerization in vitro [28,30,32]. In alpharetroviruses belonging to the
type Schmidt-Ruppin A (SR-A), the primary importance of L3 in gRNA dimerization is
supported by several studies [28,33–35]. In a previous study [35], we characterized the
linkage structure of ALV (SR-A) RNA dimers induced by NCp12. We showed that the
intermolecular base pairing involves loop C and stem C, but not stems A and B of L3
(Figure 2). Here, we performed a mutational analysis of an RNA transcript corresponding
to L3 (SR-A) to determine the roles of stems and internal loops in the NCp12-mediated
RNA dimerization process.

We first sought to evaluate the role of loop B in extended dimer formation. Interestingly,
the m1LB and m2LB mutations did not lead to reductions in L3 RNA dimerization (Figure 4).
These results show that conservation of the loop B sequence is not required for NCp12-
mediated L3 dimerization. Consistent with this notion, the loop B sequence of the SR-A
strain is different from that of the Prague C strain [32]. NCs from various retroviruses bind
nucleic acids with a preference for sequences containing unpaired guanine residues [42–45].
To our knowledge, an extensive study of nucleic acid binding properties of NCp12 has not
been performed. However, the three-dimensional structure of an RNA:NCp12 complex
shows that an unpaired guanine residue can be important for NCp12 binding [46]. Both
m1LB and m2LB mutants were designed, so that adenosine nucleobases replaced guanosine
nucleobases in loop B (Figure 3). These mutants show that extended dimer formation
does not require specific interactions between NCp12 and the guanine residues in loop
B. Similarly, NCp7-mediated SL1 dimerization does not depend on guanine residues in the
internal loop [27].

Structural rearrangements leading to extended dimer formation require destabilization
of stem C by NCp12. Loop B appears to be an important destabilizing element in L3.
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Consistent with this view, the deletion of loop B dramatically reduced L3 RNA dimerization.
However, this deletion did not abolish L3 RNA dimerization in the presence of NCp12
at high concentrations (mutant LdLB in Figure 4). This result indicates that NCp12 can
destabilize the long stem containing the two bulges. As with NCp7 [47], NCp12 likely
destabilizes the intramolecular base pairs surrounding bulges. Because the thermal stability
of the LdLB dimer was increased by 13 ◦C compared to the wild-type dimer [35], the
intermolecular base pairing in the LdLB extended dimer is not restricted to the loop C and
stem C sequences. The deletion of loop A and the G bulge increases the length and stability
of the L3 lower stem (mutant LdLA in Figure 3). LdLA RNA cannot dimerize (Figure 6)
because the stability of its lower stem prevents the intermolecular base pairing involving
loop C and stem C. These results are consistent with the observation that an alpharetrovirus
mutant could replicate in the absence of both A and B stems [33], i.e., these stems are
dispensable for gRNA dimerization. In addition, our results show that loop B does not
allow sufficient destabilization of stem C by NCp12 in the LdLA mutant. Loop A and the G
bulge are probably destabilizing elements in the NCp12-mediated L3 dimerization process.
Interestingly, NCp7-mediated SL1 dimerization decreases by increasing the length of the
lower stem of SL1 [27].

It is not surprising that NCp12 cannot destabilize the lower stem of LdLA that contains
14 base pairs without a bulge or loop interruption. Indeed, studies of HIV-1 RNA dimer-
ization suggest that NCp7 can destabilize only short base-paired regions, i.e., fewer than
13 consecutive base pairs [21,26,27]. Moreover, Beltz et al. [47] showed that a mutant form
of the cTAR DNA hairpin was barely destabilized by the NCp7(12–55) peptide (a truncated
form of NCp7) because the lower stem contained 11 consecutive base pairs. The desta-
bilizing effect of NCp7(12–55) and NCp7 on cTAR relies on the two bulges of the lower
stem [47,48]. The length of stem C (five base pairs) is conserved in alpharetroviruses [28].
The maximum stem C length for efficient NCp12-mediated L3 dimerization likely corre-
sponds to five base pairs. To test this hypothesis, the length of stem C was increased by
one, two, or five base pairs (mutants LAU+1, LGC+1, L+2, and L+5 in Figures 3 and 7).
NCp12 was unable to promote extended dimer formation when stem C contained 10 base
pairs. L3 dimerization did not occur efficiently when stem C contained seven base pairs.
Furthermore, the extension of stem C by only one G:C base pair significantly decreased the
dimerization yield at an NCp12 to nucleotide molar ratio lower than 1:2 (Figure 7, LGC+1).
Therefore, five base pairs are the maximum stem C length for efficient NCp12-mediated
L3 dimerization.

A previous study [41] compared the nucleic acid chaperone activity of HIV-1 NC
(NCp7) to those of RSV (NCp12) and M-MuLV (NCp10) by analyzing the conversion of
mini-TAR RNA and DNA hairpins into a heteroduplex. This study suggests that the
chaperone activity decreases in the following order: NCp7 ~ NCp12 > NCp10. To date,
the chaperone activities of the three NCs have not been compared by using an RNA
dimerization assay. Because destabilization of stem C is necessary for extended dimer
formation, NCp7 and NCp10 were tested for their ability to promote dimerization of L3
RNA containing extensions of stem C (Figures 8 and S1). As with NCp12, NCp7 and NCp10
were unable to promote extended dimer formation when stem C contained 10 consecutive
base pairs. In the presence of the three NCs, L3 dimerization did not occur efficiently when
stem C possessed seven base pairs. Whatever the nucleocapsid protein, NC-mediated L3
dimerization decreased when stem C was extended by only one G:C base pair. However,
the effect of this stem extension on NC-mediated L3 dimerization was more significant
with NCp10 than with the other NCs. In contrast to NCp10, L3 dimerization induced by
NCp7 or NCp12 was barely affected when stem C was extended by one A:U base pair.
Formation of the extended dimer by the L3 wild type was less efficient with NCp10 than
with both NCp7 and NCp12. Taken together, our results indicate that the nucleic acid
chaperone activity decreases in the following order: NCp7 ~ NCp12 > NCp10. This ranking
is consistent with the observation that NCp10 does not facilitate mini-TAR RNA/DNA
annealing as efficiently as NCp7 or NCp12 [41]. Single-molecule DNA-stretching studies
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suggest that the reduced chaperone activity of NCp10 mainly results from the relatively
slow kinetics of NCp10 dissociation from nucleic acids [41].

Our study is the first to show that an RNA stem-loop cannot be an NC-mediated
RNA dimerization site if its stem contains 10 consecutive base pairs, thus favoring the
notion that NC-mediated gRNA dimerization is regulated by the number of base pairing
interactions. Stem-loop structures have been identified as RNA dimerization sites in various
retroviruses [1]. Note that all these structures except HIV-1 SL1 possess a stem of fewer than
seven consecutive base pairs. The mfold program [40] predicts almost the same stability
for the upper part of SL1 (∆G = −6.7 kcal/mol) and L3 (∆G = −6.8 kcal/mol). Thus, it
is not surprising that SL1 dimerization occurs efficiently in the presence of NCp7 [26,27],
although the apical stem contains seven consecutive base pairs.

All retroviruses use specific host tRNAs as the primer for initiation of reverse tran-
scription [49]. An 18 nt sequence in the viral RNA, termed the primer binding site (PBS), is
complementary to the 3′ terminal 18 nt of the tRNA primer. The annealing of the tRNA
primer to the viral RNA leads to an RNA duplex of 18 base pairs. In vitro studies showed
that NCp7, NCp10, and NCp12 promote the annealing reaction [50,51]. An in vitro RNA
structure-probing analysis supports the notion that HIV-1 Gag promotes partial anneal-
ing of tRNALys,3 to gRNA, followed by complete annealing by NCp7 [52]. Before the
annealing step, both the PBS and the 3′ terminal 18 nt of primer are partially engaged in
intramolecular base pairing. Destabilization of intramolecular base pairing is therefore
required for PBS-tRNA duplex formation. Note that the intramolecular interactions do
not exceed eight consecutive base pairs in the PBSs and tRNA primers of HIV-1, M-MuLV,
and RSV [32,52–57]. Furthermore, an RNA helicase could play a role in promoting tRNA
primer annealing [58,59].

The first strand transfer is an essential step of reverse transcription that requires
base pairing of the repeat sequence (R) at the 3′-end of gRNA with the complementary
r sequence at the 3′-end of minus-strand strong-stop DNA (ssDNA) [60]. Each comple-
mentary R/r sequence is partially engaged in an intramolecular base pairing that must be
destabilized during the annealing reaction. In vitro studies suggest that NC facilitates the
annealing reaction by destabilizing the DNA and RNA secondary structures (see Ref. [61]
and references therein). Consistent with the notion that NC is an essential actor of the
first-strand transfer, the intramolecular interactions do not exceed seven consecutive base
pairs in the R regions of M-MuLV and RSV [32,55]. In contrast, the HIV-1 R region contains
the TAR RNA stem-loop possessing 11 consecutive base pairs [62]. It is therefore surprising
that NCp7 can destabilize this long stem. Destabilization of the TAR RNA hairpin by
NCp7 has been investigated by combining single-molecule optical tweezers measurements
with a quantitative mfold-based model [63]. This study suggests that NCp7 preferentially
destabilizes four G-containing base pairs adjacent to defects in the secondary structure
(two bulges and one G.U wobble base pair). Two of these G-containing base pairs are
located in the long stem (11 base pairs) of the TAR RNA hairpin.

Taken together, these observations indicate that there are notable differences in the
mechanism of NC-mediated annealing of DNA–RNA and RNA–RNA duplexes. A fully
base-paired region of 10 base pairs cannot be an RNA dimerization site, whereas it can
form a DNA–RNA duplex.

Supplementary Materials: The following supporting information can be downloaded at: https:
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