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We have characterized the dimeric genomic RNA in particles of both wild-type and protease (PR)-deficient
human immunodeficiency virus type 1 (HIV-1). We found that the dimeric RNA isolated from PR™ mutant
virions has a lower mobility in nondenaturing gel electrophoresis than that from wild-type virions. It also
dissociates into monomers at a lower temperature than the wild-type dimer. Thus, the dimer in PR™ particles
is in a conformation different from that in wild-type particles. These results are quite similar to recent findings
on Moloney murine leukemia virus and suggest that a postassembly, PR-dependent maturation event is a
common feature in genomic RNAs of retroviruses. We also measured the thermal stability of the wild-type and
PR~ dimeric RNAs under different ionic conditions. Both forms of the dimer were stabilized by increasing Na*
concentrations. However, the melting temperatures of the two forms were not significantly affected by the
identity of the monovalent cation present in the incubation buffer. This observation is in contrast with recent
reports on dimers formed in vitro from short segments of HIV-1 sequence: the latter dimers are specifically
stabilized by K* ions. K* stabilization of dimers formed in vitro has been taken as evidence for the presence
of guanine quartet structures. The results suggest that guanine quartets are not involved in the structure

linking full-length, authentic genomic RNA of HIV-1 into a dimeric structure.

In retroviruses, the genome is a dimeric RNA molecule. The
dimer is composed of two monomers of the same (positive-
strand) polarity. While the nature of the linkage between the
monomers is not understood in detail, it presumably consists of
hydrogen bonds or other weak, noncovalent bonds, since the
dimers can be dissociated under mild conditions (3, 10, 14).
Electron microscopic studies indicate that the monomers are
linked in parallel orientation near their 5’ ends (5, 6, 22, 27;
reviewed in reference 12).

It has more recently been found that relatively short RNA
molecules containing sense-strand sequences from near the 5’
end of the viral genome can dimerize spontaneously in vitro. A
number of studies have analyzed the properties of the resulting
dimers (2, 4, 7, 8, 13, 24, 29, 31, 35, 36). While these dimers of
short transcripts of viral RNAs are, for a variety of reasons,
much easier to study than RNAs obtained from virions, the
following question remains: to what extent and in what ways
are the former dimers a good model for the dimers present in
virions? With this question in mind, we have characterized the
RNA dimer present in human immunodeficiency virus type 1
(HIV-1) particles.

The results presented here tend to support two important
conclusions. First, we have compared dimers from wild-type
HIV-1 particles with those from mutant particles lacking the
viral protease (PR). We found that the dimers from PR~
virions have a conformation different from that of dimers from
wild-type virions. These results are interpreted in light of
recent findings on Moloney murine leukemia virus (Mo-
MuLV). We recently showed that the dimeric RNA of Mo-
MuLV undergoes a change in conformation after the virus is
released from the cell (16). This change, which we termed
maturation, is dependent on the action of the viral PR, and
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probably on the presence of a wild-type nucleocapsid (NC)
protein as well. Our present results with HIV-1 are quite
analogous to those with MuLV and suggest that dimeric RNA
of HIV-1, like that of Mo-MuLV, undergoes a maturation
event after the virus is released from the cell.

The second conclusion deals with the structure of the dimer
and its resemblance to dimers formed in vitro. It was recently
reported that dimers of short HIV-1 transcripts are far more
stable in buffers containing K* than in buffers with other
monovalent cations (2, 35). It was suggested, on the basis of
this finding, that these dimers are stabilized by quadruple-
helical structures, involving guanine base tetrads, called G
quartets. In the present work, we have tested the stability of
authentic viral RNA dimers, derived from either wild-type or
PR~ virions of HIV-1. In contrast to the results with short
synthetic transcripts of viral RNA, we found that the dimers
from virions are not specifically stabilized by K*. Thus, our
results suggest that G quartets do not contribute significantly
to the stability of genomic RNA dimers of HIV-1, either before
or after the maturation event.

MATERIALS AND METHODS

HIV-1 plasmids. HIV-1 clones used here are gifts from
Ronald Swanstrom and Mari Manchester, Lineberger Cancer
Research Center, University of North Carolina, Chapel Hill.
The DNA clones were based on the HXB2 provirus that was
cloned into the Xbal site of the pIBI20 vector. The plasmids
are designated as follows: wild-type, pMM4-HXB2; and PR~
mutant, with a GAT (aspartate) — GCT (alanine) change at
amino acid 25 in the PR coding region (nucleotide 2325 in the
proviral sequence [30]), pMM4-D25A.

Virus preparation and RNA isolation. HeLa cells were
cultivated in 150-cm? flasks and maintained as described
previously (18). The cells were transfected at 80% confluency
with the plasmids described above either by the calcium
phosphate method (19) or by using Lipofectamine reagent
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(Life Technologies, Gaithersburg, Md.). For the calcium phos-
phate method, 102 pg of plasmid DNA was used per 150-cm®
flask. Transfection of cells in a 150-cm? flask with 16 pg of
plasmid DNA and 125 pl of Lipofectamine reagent was
performed as instructed by the manufacturer. Flasks were fluid
changed 48 h after transfection, and two or three consecutive
24-h virus harvests were then obtained.

Virions were collected as described previously (18). Viral
particles were disrupted in sterile lysis buffer consisting of 50
mM Tris (pH 7.4), 10 mM EDTA, 1% sodium dodecyl sulfate
(SDS), 100 mM NaCl, 50 ug of yeast tRNA per ml, and 100 pg
of proteinase K per ml. Usually, a pellet resulting from 30 ml
of culture fluid was disrupted in 100 to 200 pl of lysis buffer.
Resuspended pellets were incubated at room temperature for
30 min and then extracted three times with an equal volume of
buffer-saturated phenol-chloroform-isoamyl alcohol (25:24:1,
pH 7.9) on ice. The aqueous phase, containing the viral RNA,
was precipitated in 70% ethanol, using 0.3 M sodium acetate
(pH 5.2) (diethylpyrocarbonate treated).

Electrophoretic and thermal analysis of HIV-1 viral RNAs.
In general, viral RNA pelleted from ethanol suspension was
dissolved in a buffer containing 10 mM Tris (pH 7.5), 1 mM
EDTA, 1% SDS, and 100 mM NaCl and analyzed by nonde-
naturing Northern (RNA) blot anal!sis (21) as described
previously (16). In these experiments, >*P-labeled HIV-1 ribo-
probes were generated from a subclone of the pNLA4-3 clone of
HIV-1 (1). The subclone extended from the Spel site at
nucleotide 1507 to the Sall site at nucleotide 5785, inserted
between the Spel and Sall sites of pBluescript KS+ (Strat-
agene, La Jolla, Calif.). The subclone was linearized with Spel
and transcribed with T3 polymerase as instructed by the
manufacturer (Promega, Madison, Wis.).

In some experiments, a very sharp, heat-resistant band is
seen near the dimer position. This band is probably residual
plasmid DNA from the transient transfections used here.

In salt concentration-dependent experiments, aliquots of
viral RNA from ethanol suspension were pelleted and then
redissolved in buffers of the same composition as indicated
above except that the concentration of NaCl was varied.
Similarly, in experiments varying the identity of monovalent
cations, viral RNA was pelleted out of 70% ethanol and
redissolved in buffers containing 10 mM Tris (pH 7.5), 1 mM
EDTA, 1% SDS, and 100 mM LiCl, NaCl, KCl, or CsCl. In
experiments with Mg>* ions, viral RNA from ethanol suspen-
sion was dissolved in buffers containing 5 mM MgCl,, 10 mM
Tris (pH 8.3), and 100 mM LiCl, NaCl, or KCL. In all melting
experiments, RNA samples were incubated in parallel in a
water bath for 10 min at the indicated temperatures.

Precipitates formed in buffers containing both KCl and SDS.
These precipitates did not affect the melting curves, since
control experiments in buffers without SDS gave the same
results as those shown, for both wild-type and PR~ dimers
(data not shown).

RESULTS

Comparison of dimeric RNAs in wild-type and PR™ HIV-1
virions. Previous work on Mo-MuLV shows that the dimeric
RNA from PR™ mutant virions is in a more extended, less
stable conformation than that from wild-type virions (16);
somewhat similar data have also been presented for avian
sarcoma virus (33). These results indicated that the conforma-
tion of the RNA dimers is dependent on the function of the
viral protease. To investigate the effect of protease function on
RNA dimers in HIV-1, we isolated genomic RNAs from both
wild-type and PR™ mutant virions. The RNAs were character-
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FIG. 1. Electrophoretic analysis of HIV-1 RNAs from wild-type
(WT) and PR~ mutant virions. Viral RNA pellets were dissolved at
room temperature in 10 mM Tris (pH 7.5)-1 mM EDTA-1% SDS-
100 mM NaCl. One half of each sample was directly analyzed on a 1%
agarose gel, while the second half was heated at 65°C for 10 min before
analysis. RNAs were analyzed by nondenaturing Northern blotting as
described in Materials and Methods.

ized by nondenaturing Northern analysis, using a *?P-labeled
HIV-1 riboprobe. Figure 1 shows that there were two RNA
species present in the PR™ mutant and only one in the
wild-type sample before heating. The mobility of the wild-type
band is close to that of dimeric Mo-MuLV RNA (data not
shown). One of the two bands in the PR™ sample migrated
more rapidly, and the other more slowly, than the band in the
wild-type sample. After incubation at 65°C for 10 min, only one
band was seen in each sample; this band migrated at the same
position as the lower band in the unheated PR™ sample. The
mobility of this band is also very similar to that of monomeric
RNA of Mo-MuLV (data not shown). On the basis of these
results, we conclude that the upper band in the unheated PR™
RNA and the band in the unheated wild-type sample are
HIV-1 RNA dimers; after heating, only monomers are present.
The data also indicate that PR~ dimers migrate more slowly
than those from the wild type (Fig. 1, unheated samples).

It is interesting that the unheated PR™ sample contains a
substantial fraction of monomeric RNA (Fig. 1). This is in
contrast with our previous study of Mo-MuLV RNA (16). The
significance of these monomers in PR™ HIV RNA will be
considered in Discussion.

In further experiments, we measured the thermal stability of
the dimeric RNAs in wild-type and PR~ virions by treating
them at temperatures ranging from 25 to 60°C. As shown in
Fig. 2, the dimeric RNA of PR™ HIV-1 was completely
converted to monomeric form at 50°C, while that of wild-type
HIV-1 was completely dissociated only after incubation at
55°C. Taken together, the results in Fig. 1 and 2 suggest that
the HIV-1 RNA dimers from wild-type virions have a more
stable, more compact conformation than those from PR™
mutant virions. Therefore, it seems likely that the RNA dimers
in HIV-1, like those in Mo-MuLV, undergo a PR-dependent
maturation event.

Effect of salt concentration on thermal stability of HIV-1
RNA dimers. The structure of the dimeric RNA in HIV-1 is
not understood. In an effort to obtain some insight into the
nature of the linkage between the monomers, we measured the
thermal stability of the wild-type and PR™ dimers under a
variety of ionic conditions. In one of these experiments, we
determined the melting temperature (7,,,) of the dimers at a
number of NaCl concentrations. As shown in Fig. 3, the T, of
both wild-type and PR~ dimers increased approximately 15°C
as the NaCl concentration was raised from 5 to 200 mM.
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FIG. 2. Melting curves of HIV-1 dimeric RNAs from wild-type (A)
and PR™ mutant (B) virions. RNAs extracted from the respective
virions were dissolved in a buffer containing 10 mM Tris (pH 7.5), 1
mM EDTA, 1% SDS, and 100 mM NaCl at room temperature.
Aliquots of the RNAs were heated for 10 min at the indicated
temperatures. The RNA samples were analyzed by nondenaturing
Northern blotting as described in Materials and Methods.

The results presented in Fig. 3 show that the genomic RNA
dimers are stabilized by increasing salt concentrations. We also
tested the effect of Mg®* on the T,, of the dimers. In the
presence of 100 mM NaCl, the addition of 5 mM Mg2+ raised
the T, of wild-type dimers from approximately 55°C (Fig. 3) to
approximately 65°C (data not shown). Thus, Mg>* ions appar-
ently stabilize genomic RNA dimers far more than would be
expected from a simple ionic strength effect.

Thermal stability of HIV-1 RNA dimers in different mono-
valent cations. As noted above, several laboratories have
recently described the properties of dimeric RNAs formed in
vitro from short transcripts of HIV-1 RNA sequences. Two
reports have described dimers that are far more stable in the
presence of potassium than in the presence of other monova-
lent cations (2, 35). This dramatic, specific stabilization by K™
ions was taken as evidence that these short dimers contain G
quartet structures. In an effort to determine whether the
dimers of full-length genomic RNA extracted from HIV-1
particles exhibit this property, we compared the thermal
stability of HIV-1 dimeric RNAs in 100 mM K™ with that in
100 mM Na™, Li*, and Cs™. The results obtained with
wild-type HIV dimers are shown in Fig. 4A; it can be seen that
the T,,s obtained in the four buffers are very similar to each
other (all approximately 55°C).

The results shown in Fig. 4A suggest that G quartets do not
contribute significantly to the linkage between the monomers
in the wild-type HIV-1 dimers. However, data presented above
(Fig. 1 to 3) show that dimers extracted from PR~ virions are
different in structure from those in wild-type virions. It there-
fore still seemed possible that PR™ dimers are stabilized by G
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FIG. 3. Melting curves of HIV-1 dimeric RNAs from wild-type (A)
and PR™ mutant (B) virions in different salt concentrations. RNAs
isolated from wild-type and PR~ mutant virions were dissolved in a
buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 1% SDS, and
either 5, 20, 100, or 200 mM NaCl as indicated. The experiments were
performed as described for Fig. 2.

quartets. To test this idea, we measured the thermal stability of
PR~ dimers in the presence of the four monovalent cations
used in Fig. 4A. As shown in Fig. 4B, the identity of the
monovalent cation did not strongly affect the stability of the
dimers extracted from PR™ virions: in all cases, the 7,, was
about 50°C under these conditions.

In one of the reports describing stabilization by K* of short
dimers formed in vitro (35), the melting experiments were
performed in the presence of 5 mM Mg?* and without SDS.
We also tested the thermal stability of wild-type HIV-1 dimeric
RNAs in the buffer used by these authors. We found that the



5016 FU ET AL.
40° 45° 50° 55° 60° 65° 70° 80°

HIV Dimer —

HIV Monomer —

100 mM KCI

25° 35° 40° 45° 50° 55° 60° 65° 70° 80°

“h!!u

HIV Dimer —

HIV Monomer — ﬁ /

100 mM LiCl

30°

35° 40° 45° 50° 55°

' ' I

100 mM KCI

30° 35° 40° 45° 50° 55°

100 mM NaCl

HIV Dimer —

HIV Monomer —

30° 35° 40° 45° 50° 55°

100 mM CsCl

30° 35° 40° 45° 50° 55°

100 mM LiCl

HIV Dimer —

HIV Monomer —

presence of Mg?* raised the T, of the dimers from 55 to 65°C,
regardless of whether the monovalent cation was Li*, K*, or
Na™ (data not shown).

DISCUSSION

The results presented here can be briefly summarized as
follows. First, dimeric RNA isolated from PR™ particles of
HIV-1 differs from that in wild-type particles. In particular, the
PR~ dimer migrates more slowly in nondenaturing gel elec-
trophoresis (Fig. 1), and dissociates into monomers at a lower
temperature (Fig. 2), than the wild-type dimer. Second,
dimeric RNAs from either wild-type or PR™ particles are
stabilized by increasing concentrations of Na* (Fig. 3), and
wild-type dimers are also stabilized by low concentrations of
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FIG. 4. Melting curves of HIV-1 dimeric RNAs from wild-type (A)
and PR™ mutant (B) virions in different monovalent cations. RNAs
from wild-type or PR™ mutant virions were dissolved in a buffer
containing 10 mM Tris (pH 7.5), 1 mM EDTA, 1% SDS, and 100 mM
LiCl, NaCl, KCl, or CsCl as indicated. The RNA solutions were
preincubated at 25°C for 30 min and then heated and analyzed as for
Fig. 2. In panel A, the RNA samples in the presence of 100 mM KClI
were incubated at temperatures between 40 and 80°C, while the rest of
the samples were heated at temperatures ranging from 25 to 80°C.

Mg™* (data not shown). Finally, the stability of both wild-type
and PR~ dimeric RNAs is almost totally independent of the
identity of the monovalent cation present: nearly identical
melting profiles were observed in 100 mM Na*, K*, Li*, and
Cs* (Fig. 4).

We recently reported (16) that the dimers isolated from
PR~ particles of Mo-MuLV differ from those in wild-type
particles: they have a less compact, less stable structure. These
differences were shown to result from the lack of functional PR
in the mutant particles. Similarly, dimers from newly released
MuLV particles have a less compact, less stable structure than
those from mature particles. Taken together, these observa-
tions suggested that wild-type particles of MuLV undergo a
series of maturation events after being released from the cell.
Newly released particles contain one form of dimeric RNA;
after the viral proteins are cleaved by PR, the cleavage
products convert the RNA to a more stable, more compact
conformation. A number of observations on avian retroviruses
are also all consistent with this hypothesis (11, 34). The
differences described here between wild-type and PR™ HIV
RNAs strongly suggest that a similar phenomenon occurs in
HIV as well.

In our study of MuLV dimeric RNAs, we also showed that
Kirsten sarcoma virus dimers packaged by an NC mutant of
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Mo-MuLV have a lower electrophoretic mobility than those
packaged by wild-type Mo-MuLV (16). This observation sug-
gested that the maturation of the RNA dimers involves the NC
molecule, which is liberated from the Gag polyprotein by PR
after virus assembly. It will be interesting to determine whether
NC can catalyze the maturation of dimeric RNAs in vitro.

One difference between our previous study of MuLV RNA
and the present results is that a substantial amount of mono-
meric RNA is always detected in PR™ HIV particles (e.g., Fig.
1, unheated sample). Very similar observations were also made
in studies of PR™ (28, 33) and NC (9, 15, 26, 28) mutants of
avian retroviruses. One conclusion which might be drawn from
the presence of monomers in these RNA preparations is that
HIV virions can package either monomeric or dimeric RNA.
However, we also found that the dimers in the PR™ viral RNA
samples are significantly less stable than wild-type dimers (Fig.
2 to 4). Thus, an alternative possibility is that only dimers are
actually packaged in PR™ particles, but that some of these
fragile dimeric molecules dissociate before or during RNA
preparation. For the reasons discussed below, we favor the
latter hypothesis.

Packaging of genomic RNAs by retroviral particles is very
limited in certain experimental situations. These situations
include MuLV-producing cells which have been treated with
actinomycin D (23) and somewhat leaky mutants in the
cysteine array of MuLV NC (17, 25). Under these conditions,
a large majority of the particles contain no genomic RNA.
Nevertheless, the genomic RNAs present in these virus prep-
arations are exclusively dimeric (23, 25). This fact implies that
monomers are not packaged into MuLV particles indepen-
dently of each other but are probably already joined into some
dimeric structure at the time of virus assembly. In other words,
these observations suggest that dimerization is a prerequisite
for packaging; it is possible that this is a general feature of
retrovirus assembly. If this is the case, then monomers identi-
fied in PR™ or NC mutant virions would arise by breakdown of
fragile dimers within the virion or during extraction.

Both wild-type and PR™ dimers were found (Fig. 3) to be
stabilized by increasing Na* concentrations. Somewhat similar
observations have previously been made for murine retroviral
RNAs (3, 16a). It seems possible that a more precise analysis
of the salt dependence of 7,,, would provide some information
on the number of base pairs involved in the dimer linkage
structure. A more quantitative treatment of the steepness of
the melting curve could also be useful. We also found that a
low concentration of Mg?* has a strongly stabilizing effect on
wild-type dimers, even in the presence of a much higher
concentration of monovalent ion (data not shown). This effect
probably reflects a significant contribution of tertiary interac-
tions to the stability of genomic RNA dimers, by analogy with
studies on other structures in RNA (20, 32).

Two recent reports have shown that dimerization in vitro of
short segments of HIV-1 RNA is dependent on G-rich se-
quence elements and that the resulting dimers are dramati-
cally, specifically stabilized by K* ions (2, 35). These observa-
tions were taken to mean that the dimers under study were
stabilized by structures similar or identical to G quartets.
However, the authentic, full-length genomic RNAs extracted
from wild-type or PR™ virions do not seem to exhibit this
specific stabilization by K* (Fig. 4). Thus, we find no evidence
supporting the idea that G quartets are involved in the dimeric
structures present in natural genomic RNAs.

Our failure to detect stabilization by K* could be reconciled
with the presence of G quartets in RNAs from virus particles
if these structures in the viral RNAs contained, and were
stabilized by, sequestered, nonexchangeable K™ ions. How-
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ever, the responsiveness of the dimers to ionic conditions (Fig.
3) appears to argue against this possibility. For example, the
two forms of viral RNA melt at relatively low temperatures
(approximately 40 and 45°C) in 5 mM Na™; they do not seem
to be stabilized by intrinsic or nonexchangeable structures. We
also attempted to determine the melting temperature of viral
RNA under the same conditions as those used by Sundquist
and Heaphy (35). They reported that short dimers melt at 80°C
in 10 mM Tris (pH 8.3) and 100 mM KCI, with or without 5
mM MgClL,. In contrast, dimers isolated from wild-type virus
particles melt in this buffer at 55°C in the absence (Fig. 3) and
65°C in the presence (not shown) of MgCl,. Again, these
differences suggest that the structures stabilizing the short
dimers studied by Sundquist and Heaphy are not involved in
the linkage of dimers present in virus particles.

A report describing the properties of several dimers formed
in vitro from HIV-1 synthetic RNAs appeared very recently
(24a). This study compared dimers from several subregions of
the 5’ end of the HIV-1 genome with dimers of the first 707
nucleotides. The results showed that dimers containing the
entire 707-nucleotide sequence behaved quite differently from
dimers lacking the first 311 nucleotides. Because of this
observation, Marquet et al. (24a) suggested that RNAs lacking
these 311 nucleotides are not good models for the dimers of
the entire region. This conclusion is consistent with our finding
that genomic RNA molecules isolated from virions do not
appear to be stabilized by G quartet structures.

Since the original discovery by Darlix and colleagues that
retroviral RNA transcripts are capable of spontaneous dimer-
ization in vitro (8, 13, 29), a number of studies have analyzed
the structures in short dimers of HIV RNA sequences (2, 4, 7,
13, 24, 35). The results presented here point up a general
problem, i.e., dimers of full-length viral RNAs, formed under
in vivo conditions, may not have the same structure as dimers
of short synthetic RNAs, even though the sequences in these
short RNAs are wholly contained in full-length viral RNA.

As noted above, we have proposed that dimerization may be
a prerequisite for encapsidation of retroviral RNAs (16). We
also suggested (16) that maturation of dimeric RNA may be
required for infectivity. If these hypotheses are correct, then a
fuller understanding of structures present in dimeric retroviral
RNAs might suggest new approaches to the inhibition of virus
replication. These considerations highlight the importance of
structural studies on retroviral RNA dimers.
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