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ABSTRACT: The HIV-1 genome consists of two identical RNAs that are linked together through noncovalent
interactions involving nucleotides from the 5' untranslated region (5' UTR) of each RNA strand. The 5'
UTR is the most conserved part of the HIV-1 RNA genome, and its 335 nucleotide residues form regulatory
motifs that mediate multiple essential steps in the viral replication cycle. Here, studying the effect of
selected mutations both singly and together with mutations disabling SL1 (SL1 is a 5" UTR stem—loop
containing a palindrome called the dimerization initiation site), we have done a rather systematic survey
of the 5" UTR requirements for full genomic RNA dimerization in grown-up (i.e., predominantly >10 h
old) HIV-1 viruses produced by transfected human and simian cells. We have identified a role for the 5'
transactivation response element (5" TAR) and a contribution of a long-distance base pairing between a
sequence located at the beginning of the U5 region and nucleotides surrounding the AUG Gag initiation
codon. The resulting intra- or intermolecular duplex is called the U5-AUG duplex. The other regions of
the 5" UTR have been shown to play no systematic role in genomic RNA dimerization, except for a
sequence located around the 3" end of a large stem—loop enclosing the primer binding site, and the well-
documented SL1. Our data are consistent with a direct role for the 5' TAR in genomic RNA dimerization
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(possibly via a palindrome encompassing the apical loop of the 5" TAR).

In all grown-up retroviruses, the genome consists of two
identical RNAs linked together by noncovalent interactions
(1). [In newly released viruses, the genome can appear
substantially monomeric (/).] A dimeric genomic RNA
(gRNA)" appears essential for viral infectivity via, among
others, facilitating gRNA strand exchange during reverse
transcription (2, 3). Our understanding of HIV-1 gRNA
dimerization was greatly improved with the identification of
a dimerization site located in stem—loop 1 (SL1, nucleotides
243—277 in Figure 1) (4, 5). However, studies in viruses
produced by tissue culture cells or peripheral blood mono-
nuclear cells indicated that SL1 was not essential for gRNA
dimerization. Depending on the studies, it was shown to
control from <10 ({, 6-9) to 50% (4, 5, 10-12) of the gRNA
dimerization level seen in viruses isolated 48 h post-
transfection. Thus, intracellular or intraviral gRNA dimer-
ization is possible without a functional SL1. This shows that
one or more SLI-independent dimerization sites exist in
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HIV-1 gRNA. These sites are generally believed to be located
well within the 5" first 1000 nucleotides (nt) of gRNA,
because nt 1—500 of HIV-1 gRNA appear to be sufficient
for full gRNA dimerization (/3). What is unclear is their
precise molecular location.

We focused on the 5' untranslated region (5' UTR) of
gRNA, because in vitro interaction studies (/4) as well as
electron microscopic (/5) evidence suggest the existence of
a dimerization site, called the 5" dimer linkage sequence (5’
DLS) (/4), within the R region. [The R region (nt 1—97)
encodes two stem—loop structures (Figure 1).] This was
further stimulated by recent in vitro evidence suggesting that
a key element of the 5' DLS is the GGGAGCUCUC40
palindrome located near the tip of the 5" TAR stem—loop
(Figure 1) (16). However, these tentative results have their
limitations. (1) The two in vitro interaction studies (/4, 16)
involved short HIV-1 RNA transcripts; such partial tran-
scripts can suffer from artifactual folding (37). (2) The
electron microscopic evidence (/5) was low-resolution (50
nt) and based on the study of gRNA dissolved in a partially
denaturing buffer containing 2.5 M urea and 50% formamide;
moreover, the electron microscopic study implicated the
R-US5 hairpin (Figure 1) rather than the TAR stem—loop.
Here, we studied the full-length genome isolated from
virions, and we studied it under nondenaturing buffer
conditions. To make our survey sufficiently exhaustive, only
6 nt were left unmutated in the 5' UTR, if the results of
Shen et al. (/1) are also considered. In addition, several
nucleotides immediately downstream of the 5" UTR were
mutated and investigated.
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FIGURE 1: Postulated stem—loop diagram of the 5' untranslated region of HIV-1pxg> genomic RNA. The primer (tRNAlys3) binding site
(PBS), the dimerization initiation site (DIS), and the AUG initiation codon of the gag gene are highlighted, and the cleavage site within the
5" major splice donor (SD) is indicated with an arrow. Earlier evidence for this model and attributions related to this model have been
described previously (/). The top part of SL1 is called kissing-loop hairpin (klh).

Phylogenetic analysis of base pair covariations strongly
suggests that, at some point in the viral life cycle, a sequence
of the U5 region (nt 98—181 in Figure 1) base pairs with a
sequence surrounding the AUG initiation codon of the Pr55
gag polyprotein, to form an 11 bp duplex in all HIV-1 strains
(nt 105—115 and 334—344 in Figure 1) and a 10—13 bp
duplex among most other primate lentiviruses, such as HIV-
2, SIVcpz, SIVagm, SIVsm, SIVsyk, and SIVmnd (17, 18).
In each virus, the base pairing, but not the actual nt sequence,
was conserved, strongly suggesting that the proposed long-
distance interaction is functionally important. Biochemical
structure probing supports the existence of this long-distance
interaction in mutationally stabilized, but not wild-type,
partial HIV-1 RNA transcripts (/7). In vitro evidence for a
role of this interaction in the dimerization of partial HIV-1
transcripts is similarly tentative. On the one hand, stabiliza-
tion of the putative 11 bp duplex, via mutation of most of
its G-U base pairs into G-C or A-U base pairs, stimulated
dimerization of partial HIV-1 transcripts (suggesting that
artificial duplex formation promotes RNA dimerization); on
the other hand, destabilization of the putative wild-type
duplex did not reduce the level of dimerization (suggesting
that the duplex, if it exists in the wild type, has no impact
on dimerization) (/7). In sum, it is not known if this U5-
AUG sequence plays a role as a duplex in the dimerization
of wild-type HIV-1 partial transcripts, let alone HIV-1
gRNA, but it is tempting to speculate that it might.

In this paper, evidence of a second HIV-1 gRNA dimer-
ization site located in the 5 TAR stem—loop, and of a

positive role of the wild-type U5-AUG sequence in gRNA
dimerization, as a molecular duplex, is presented. If the US5-
AUG sequence base pairs intermolecularly, it would repre-
sent a third dimerization site. Otherwise, its stimulatory role
would be indirect.

MATERIALS AND METHODS

Plasmid Construction. Plasmid pSVC21.BH10, also called
BHI10, encodes an infectious HIV-1gxxg, molecular clone
derived from the IIIB strain of HIV-1 (4). The nucleotide
positions are based on the nucleotide sequence of HIV-1yxg,
gRNA. Mutant plasmids were constructed from pSVC21.BH10
by PCR mutagenesis, with primers listed in Table 1. To
prepare those mutants, a DNA fragment extending from Hpal
to Spel was synthesized with sequences at proper sites
mutated by PCR and ligated into pSVC21.BH10. To prepare
double or multiple mutations in one plasmid, one mutation
was first introduced into pSVC21.BH10, another mutation
was introduced into the mutated pSVC21.BH10, etc. After
mutagenesis with PCR and ligation, the inserted fragments
were sequenced (ACGT Inc., Toronto, ON), to verify that
the intended mutation, and no other mutation, was introduced.

Cell Cultures and Transfections. 293T, HeLa, or Cos-7
cells were cultured at 37 °C in a culture medium consisting
of Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
calf serum, ampicillin, and streptomycin (Invitrogen). Cells
were transfected with the plasmids described above using
the Lipofectamine 2000 method (Invitrogen) and cultured
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Table 1: Primers Used To Construct Most Mutants in This Paper

mutation effect on RNA sequence sense primer(s)‘

ATAR nt 1—57 deleted cagctgctttttgectgtactg cactgcttaagectcaataaage
Al6 nt 16 deleted ctgggtctetetggttag ccagatctgageetgggag
A34U A34 replaced with U ccagatctgagectgggTgctetctggctaactagg
U37A U37 replaced with A cagatctgagectgggageActetggetaactagggaac
M34M37 A34U + U37A ccagatctgagectgggTgcActetggetaactagggaac
AR-US5 nt 58—104 deleted ctctggetaactagggaacc tgtgeecgtetgttgtgtgac
A99-123 nt 99—123 deleted gettgecttgagtgcttcaa actctggtaactagagatce
ACCC CCCl111 deleted gtgcttcaagtagtgtgtg gtetgttgtgtgactetgg
M105 see Table 3 ccttgagtgcttcaagtagtgGgtTecTAtGAgttgtgtgactetggtaactag
M105-1 see Table 3 ccttgagtgcttcaagtagtg AgtAccTAtctgttgtgtgactctggtaactag
M105-2 see Table 3 ccttgagtgcttcaagtagtgGgtTecTAtAGgttgtgtgactetggtaactag
M105-3 see Table 3 ccttgagtgcttcaagtagtgGCtTGec AtAGgttgtgtgactetggtaactag
APBSh nt 117—235 deleted gcttcaagtagtgtgtgeeegtetg cgeaggacteggettgetgaagege
A125-156 nt 125—156 deleted gtgtgccegtetgttgtgtgac agtcagtgtggaaaatctce
A158-182 nt 158—182 deleted gagatccetcagaccctttta ggegeecgaacagggacttg
A153-171 nt 153—171 deleted gtaactagagatcectcagacce tetctagecagtggegeecgaac
A180-215 nt 180—215 deleted gtgtggaaaatctctageag ttgaaagcgaaagggaaacc
A182-199 nt 182—199 deleted gtcagtgtggaaaatctctage aaccagaggagetctctcgac
A187-206 nt 187—206 deleted ggaaaatctctagecagtggeg cgaaagggaaaccagaggag
A200-226 nt 200—226 deleted geagtggegeecgaacagggac ctetetcgacgeaggactegg
A203-215 nt 203—215 deleted gtggegeccgaacagggacttg aaccagaggagetctctegac
A224-233 nt 224—233 deleted gcgaaagggaaaccagag gacgcaggactcggettge
A236-242 nt 236—242 deleted ccagaggagctetctega cteggettgetgaagege
YA224-226 nt 224—226 and 248—256 deleted, U200 (1) ctetcgacgcaggactcgg gegegeacggeaagag

replaced with C (2) cgaaagggaaaccagag ctctctcgacgeaggactc

(3) gegeecgaacagggacCtgaaagegaaagggaaac
ADIS GCGCGC262 deleted ctcgacgcaggacteggettgetgaa acggcaagaggegagg
ATARADIS GCGCGC262 and nt 1—57 deleted (1) cagetgetttttgeetgtactg cactgettaagectcaataaage
(2) ctegacgcaggactcggcettgetgaa acggecaagaggcgagg

C258G C258 replaced with G geaggactcggcttgetgaagGgegeacggeaagaggcg

C258GA99-123

C258GA102—108A116-123

C258 replaced with G and nt 99—123 deleted

C258 replaced with G and nt 102—108 and
116—123 deleted

C258GAPBSh C258 replaced with G and nt 117—235 deleted

R2A224-226 C258 replaced with G, nt 224—226 deleted,
and U200 replaced with C

ASD nt 312—325 deleted

M334 see Table 3

M334-1 see Table 3

M334-2 see Table 3

(1) gcaggactcggcettgetgaagGgegeacggcaagaggceg

(2) gettgecttgagtgettcaa actctggtaactagagatee

(1) gcaggactcggcettgctgaagGgegeacggcaagaggeg

(2) gecttgagtgcttcaagta cecgtet actctggtaactagagatee

(1) gettcaagtagtgtgtgcecgtetg cgeaggacteggettgctgaagege
(2) gcaggactcggcettgctgaagGgegeacggeaagaggcg

(1) gcaggactcggcettgctgaagGgegeacggcaagaggcg

(2) cgaaagggaaaccagag ctctctcgacgeaggactc

(3) gegeeegaacagggacCtgaaagegaaagggaaac
geacggcaagaggegaggggc tggtg aaaaattttgactagecggagge
geggaggctagaaggagagTCatgggAgecCagagegteagtattaagegg
geggaggetagaaggagagagatgggtgcTagagegtcagtattaagegg
geggaggctagaaggagagCTatgggAgecCagagegteagtattaagegg

“The indicated primers are the forward primers used to introduce the mutations into the BH10 plasmid. Deletions are denoted with spaces in the

primers, and substitutions are denoted with capital letters.

in 100 mm x 20 mm Petri dishes containing 12 mL of
culture medium.

Virus Purification and Isolation of HIV-1 Viral RNA.
Virus-containing supernatants were collected and centrifuged
at 35000 rpm (SW41 rotor, 4 °C, 1 h), through a 2 mL 20%
sucrose cushion in phosphate-buffered saline. The virus pellet
was dissolved in 400 uL of sterile lysis buffer [S0 mM Tris
(pH 7.4), 50 mM NaCl, 10 mM EDTA, 1% (w/v) SDS, 50
ug of tRNA/mL, and 100 ug of proteinase K/mL]. Virus
samples were incubated at 37 °C for 30 min and then extracted
twice at 4 °C with an equal volume of a buffer-saturated phenol/
chloroform/isoamyl alcohol mixture (25:24:1 by volume)
(Invitrogen), as described previously (/2, 20). The aqueous
phase, containing the viral RNA, was precipitated overnight
at —80 °C with 0.1 volume of 3 M sodium acetate (pH 5.2)
and 2.5 volumes of 95% (v/v) ethanol and centrifuged at
14000 rpm in an Eppendorf 5145 microcentrifuge at 4 °C
for 30 min. The gRNA pellet was rinsed with 70% (v/v)
ethanol and dissolved in 10 uL of buffer S [10 mM Tris
(pH 7.5), 100 mM NaCl, 10 mM EDTA, and 1% SDS] (/).

Electrophoretic Analysis of HIV-1 gRNA. Dimerization of
viral RNA was assessed by nondenaturing Northern (RNA)

blot analysis as described previously (/2). Electrophoretic
conditions were 4 V/cm for 4 h on a 1% (w/v) agarose
(Bioshop Canada) gel in TBE; [89 mM Tris, 89 mM borate,
and 2 mM EDTA (pH 8.3)] at 4 °C. After electrophoresis,
the gel was heated at 65 °C for 30 min in 10% (v/v)
formaldehyde, and the embedded RNAs were diffusion
transferred to a Hybond N+ nylon membrane (Amersham).
After the sample was dried at 37 °C for 1 h, cross-linked (in
a UV Stratalinker 2400), and prehybridized at 42 °C for 3 h
in 6x SSPE [1x SSPE is 0.15 M NaCl, 10 mM NaH,PO,,
and 1 mM EDTA (pH 7.4)], 50% (v/v) deionized formamide,
10% (w/v) dextran sulfate, 1.5% SDS, 5x Denhardt’s
reagent, and 100 ug/mL salmon sperm DNA, the nylon
membrane was hybridized overnight in prehybridization
buffer devoid of Denhardt’s reagent in a rotating hybridiza-
tion oven at 42 °C to approximately 25 uCi of 3°S-labeled
antisense RNA 636-296 prepared with the SP6 Megascript
kit (Ambion). This was followed by three washes for 40 min
at (i) room temperature, (ii) 37 °C, and (iii) 45 °C as
described previously (4), and exposure to Kodak BioMax
MR X-ray film. The %S label, introduced into the RNA probe
via cytidine 5'-(o-thio)triphosphate, optimizes the resolution
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FIGURE 2: Dimerization level and electrophoretic mobility of viral
RNA isolated from BH10 (WT), ATAR (nt 1—57 deleted), ACCC
(CCCl111deleted), APBSh (nt 117—235 deleted), ADIS (GCGCGC262
deleted), and ATARADIS virions produced by 293T cells. Genomic
RNAs extracted from purified virions were electrophoresed on a
nondenaturing 1% (w/v) agarose gel and analyzed by Northern
blotting (Materials and Methods). The representative lanes contain
viral gRNA isolated from two Petri dishes except BH10 from one,
and the exposure time is ~40 min, except that ATAR and
ATARADIS were exposed for 25 h. Dimerization level is inde-
pendent of the amount of gRNA electrophoresed or of the
concentration of DNA used in transfections (25-fold range of BH10
and C258G gRNA/proviral DNA concentrations tested) (not
shown). It is also known that highly reduced HIV-1 gRNA
packaging need not impair gRNA dimerization (/2).

of the autoradiograms, relative to a 3?P label, because S is
absorbed within 0.3 mm versus 8 mm for 3?P.
Densitometric Analysis. The autoradiographs were scanned
and analyzed with NIH 1.6.3 Image. Care was taken to scan
variously exposed films to guard against overexposed or
underexposed bands. Material located near the top of the
lanes (e.g., Figure 3A, lanes 2, 8, and 9; Figure 3B, lane 3;
and Figure 4A, lane 4) was not taken into account, but the
low-mobility gRNA band or shoulder often seen just above
the main dimer band was counted as dimer, as in our previous
paper (/). This method differs from our earlier quantitations
(10-12): it increases somewhat the percentage dimerization
reported in mutants that were less dimeric than WT but does
not significantly affect the percentage dimerization reported
for WT or mutants that were as dimeric as WT. Low-mobility
dimers appear as a separate gRNA band in a number of gel
lanes (e.g., Figure 2, lane 5; Figure 3A, lanes 7, 10, and 11;
and Figure 4A, lane 15). The low-mobility dimer band or
shoulder is usually more prominent in mutants than in WT;
otherwise, it is equally prominent. If these low-mobility
gRNAs were not considered dimers, the poorly dimeric
mutants would be classified as even less dimeric, and this
would reinforce the conclusions of this paper. The diffuse
character of many bands may reflect conformational diversity
among the gRNA molecules. It is not due to poor resolution
of the gels because heat-denatured gRNAs formed a sharp
band at the monomer position (Figure 7). The RNA bands
seen here are not more diffuse, and sometimes sharper, than
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FIGURE 3: Electrophoretic mobility and dimerization level of viral
RNA isolated from WT and virions with mutations in 5" TAR or
SL1 elements or both. Genomic RNA was analyzed as described
in the legend of Figure 2. (A) Genomic RNA isolated from viruses
produced by 293T cells. In A16, A16 was deleted. In A34U and
U37A, A34 and U37 were replaced with U and A, respectively.
(B) WT, ATAR, and ADIS gRNA isolated from virions produced
by Cos-7 cells.

what was seen in earlier studies (4, 5, 7, 8, 10, 13). In an
effort to optimize the RNA preparation and the electro-
phoretic conditions, it was found that BH10 and ADIS gRNA
bands did not become less heterogeneous as a result of (a)
doubling or halving the ionic strength of the virus lysis
buffer, (b) doubling or halving the ionic strength of buffer
S, and (c) reducing or increasing the electrophoretic voltage
by 50% (unpublished data).

RESULTS

The search for gRNA dimerization sites other than SL1
in the 5" UTR is hindered by the presence of SL1 near the
middle of the 5" UTR (Figure 1). On the one hand, mutations
may indirectly inhibit gRNA dimerization via obstructing
SL1 folding or function. For example, inactivating SL3
(Figure 1), via deletion of its 5" strand and apical loop,
inhibited gRNA dimerization, but SL3 inactivation and DIS
inactivation were no more inhibitory than DIS inactivation,
suggesting that SL3 played no direct, or SL1-independent,
role in gRNA dimerization (/7). This idea was strengthened
by showing that deletion of SL3 had a minimal impact on
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FIGURE 4: (A) Dimerization level and electrophretic mobility of
viral RNA isolated from WT and virions bearing mutations in the
US5-AUG duplex, the DIS, or both. All virions were produced by
293T cells. See Table 4 for definitions of most mutants. In C258G,
C258 was replaced with G. (B) Plot of AG°;; and % dimer data
listed in Table 4. The plot shows a correlation between the gRNA
dimerization level of the US5-AUG duplex mutants and the
calculated stability of the putative duplexes.

gRNA dimerization (/7). [The dimerization initiation site
(DIS; Figure 1) is a palindromic hexanucleotide located in
the apical loop of SL1.] On the other hand, inactivating
dimerization sites other than SL.1 might have an impact that
is concealed by SL1. For example, in vitro RNA interaction
studies showed that the impacts of inactivating the 5" DLS
or the 3' DLS (nt 296-401) were concealed when the RNA
transcripts included SL1 (14, 16, 19—22). In this report,
selected mutations were studied in the context of a disabled
SL1, to detect effects concealed in the presence of a normal
SL1, and to verify whether an inhibitory effect was not
entirely due to an influence on SL1 folding or function.

Intriguing Mutants. 293T cells were transfected in parallel
with equal amounts of pSVC21.BH10 or mutant plasmids,
unless stated otherwise. After 48 h, viruses were isolated,
and their genomic RNA was extracted and analyzed by
nondenaturing agarose gel electrophoresis, Northern blotting,
and autoradiography (Materials and Methods).

Figure 2 and Table 2 present gRNAs from the wild-type
(WT) BH10 and intriguing mutants such as ATAR (A1-57;

Biochemistry, Vol. 47, No. 10, 2008 3287

OLHA
SN-Av
asyv

Sase

N

oumer |

Monomer—

12 3

FIGURE 5: Dimerization level and electrophoretic mobility of viral
RNA isolated from WT, AR-US, and ASD virions produced by
293T cells. In AR-U5 and ASD, nt 58—104 and 282—300 were
deleted, respectively.

see Figure 1), ACCC (A109-111), APBSh (A117-235),
ADIS (A257-262), and ATARADIS (A1-57 and A257-262).
A means “deletion of”’, and the numbers refer to the first
and last deleted nucleotide. ATAR or ADIS had no or little
influence on the percentage of gRNA dimers (compare lane
1 to lanes 2 and 5 in Figure 2). However, ATARADIS
yielded a highly synergistic 50% reduction, on average, of
the percentage of dimerization (Figure 2, lane 6; Table 2).
The level of genomic RNA dimerization was also signifi-
cantly reduced, to 67 and 75% of that of WT, respectively
(Table 2), when CCC111 or the PBS stem—loop was deleted
(compare lane 1 to lanes 3 and 4 in Figure 2). ATAR,
APBSh, ADIS, and ATARADIS decreased gRNA dimer
mobility or increased the proportion of low-mobility dimers
(Figure 2 and Table 2), indicating that gRNA dimer
conformation in those mutants may be more extended than
that in WT.

Role of the 5" TAR Stem—Loop in gRNA Dimerization.
Figure 3A shows that point mutations in or near the 5" TAR
palindrome did not affect the dimeric RNA conformation or
the dimerization level (lanes 1-4). Mutations A34U and
U37A weaken the GGGAGCUCUC40 palindrome of the 5’
TAR stem—loop; A16 allows formation of an uninterrupted
16 bp stem (nt 5—21 and 39—54) that probably hinders facile
exposure of the 5' TAR palindrome (/6). To verify if putative
effects of these mutations were more easily detectable in the
absence of an active DIS, the double mutants A16ADIS,
A34UADIS, and U37AADIS were prepared. The results
show that all three mutations reduced the electrophoretic
mobility of dimeric RNA by 10% (compare lanes 9-11 to
lane 7 in Figure 3A) without, however, reducing the
percentage of dimerization (Figure 3A, lanes 9-11).

In HIV-1 produced by Cos-7 cells, gRNA dimerization
appears to be more easily inhibited by mutations in the DIS
or the viral protease (/0—12) than in HIV-1 produced by 293T
cells (), and the WT dimerization level appears to be slightly
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Table 2: Impact of 5" UTR Mutations, Exclusive of Some U5-AUG
Duplex Mutations, on the Percentage of gRNA Dimerization and Dimer
Mobility in Viruses Produced by 293T Cells

mobility of
% main dimer

dimerization inhibitory  band(s) (% of

virus® (£SE)*  mutant/WT¢ effect! WT mobility)
BHI10 (WT) 92 +£0.9 100 - 100
ATAR 88 +24 96 +2.8 - 85-90
ACCC 62+ 1.1 67+ 14 +++ 100
APBSh 69+ 1.2 75+ 1.5 ++ 75-100
ADIS 88 £ 1.6 96 +2.0 - 100; 70-75
ATARADIS 46 £2.3 50+ 2.6 +++ 85-90
Al6 87 +2.1 95+2.5 - 100
A34U M0M+14 98 + 1.8 - 100
U37A 87 +2.1 95+2.5 - 100
M34M37 85+22 92 +2.6 —/+ 100
A16ADIS 90 + 0.6 98+ 1.2 - 85-90
A34UADIS 88 + 1.7 96 + 2.1 - 85-90; 55-60
U37AADIS 89+ 1.2 97+ 1.6 - 85-90; 55-60
C258G 91+12 9+ 1.6 - 100; 70-75
ADIS 88 + 1.6 96 + 2.0 - 100; 70-75
APBSh 69+ 1.2 75+ 1.5 ++ 75-100
C258GAPBSh 66 2.2 72+£2.5 ++ 75-100
A125-156 89+ 3.5 97 +£3.9 - 100
A153-171 91+ 1.0 9+ 1.5 - 100
A158-182 90 £2.9 98 +£3.3 - 100
A182-199 80+ 3.2 87 +3.6 + 100
A187-206 90 £+ 3.5 98 +3.9 - 100
A180-215 89+ 1.0 97+ 14 - 100
A203-215 88 +12.5 96 +2.9 - 100
A200-226 84 +4.0 92 +45 —/+ 75-100
A224-233 79+2.0 86 +2.3 + 75-100
R2A224-226¢ 80+ 1.5 87+ 1.8 + 100; 70-75
YA224-226" 80+ 0.5 87+ 1.0 + 100; 70-75
A236-242 78 +£52 85 +5.7 + 75-100
ACCC 62+ 1.1 67+14 +++ 100
A99-123 69 +2.0 75+23 ++ 75-100
C258GA99-123 68 +3.0 74 £33 ++ 75-100
M105&334-2 93 +23 101 £2.7 - 75-100
M105-2 82+ 3.0 90 +34 + 75-100
M334-2 79+ 1.8 86 + 2.1 + 75-100
M105-1 92 £+ 1.1 100 £ 1.5 - 100
M105-3 71+44 77 +4.38 ++ 75-100
ASD 88 + 1.6 96 + 2.0 - 100
AR-US5 86+ 1.5 93+1.9 —/+ 100

“Mutated nucleotides are defined in Table 1. Results for ACCC,
APBSh, and ADIS are repeated once to ease comparisons and
coordination with figures. ? Percentage of dimeric gRNA relative to the
amount of dimer and monomer gRNA determined by native Northern
blotting. The standard error of three to five independent experiments
(independent virus preparations) is indicated. ¢ Dimerization level of
mutant viruses relative to that of WT, multiplied by 100.  Effect seen
in grown-up virions. —, 295% of that of WT; —/+, 90-95% of that of
WT; +, 80-90% of that of WT; +-+, 70-80% of that of WT; +++,
<70% of that of WT. ¢R2A224-226 includes C258G, U200C, and
A224-226.7YA224-226 includes A248-256, U200C, and A224-226.

reduced (these impressions require comparison of results
from separate papers). The effect of ATAR in virions
produced by Cos-7 cells was accordingly studied. We found
that ATAR inhibited gRNA dimerization to ~55% of the
WT level, i.e., more than ADIS (Table 3), in addition to
reducing dimer and monomer mobility by 10% (Figure 3B).
Similar effects on RNA dimerization and mobility were
obtained with viruses produced by HeLa cells, except that
gRNA was approximately 10% less dimeric than in viruses
produced by Cos-7 cells (Table 3).

Genomic RNA Dimerization Correlates with the Base-
Pairing Potential of the U5-AUG Sequence. We asked

whether a correlation existed between the theoretical stability
of the US-AUG duplex and the gRNA dimerization yield in

Table 3: Impact on gRNA Dimerization of Mutations in Viruses
Produced by Cos-7 or HeLa Cells

Cos-7° HeLa
% %
dimerization dimerization
virus® (£SE) mutant/WT (£SE) mutant/WT
BHI10 (WT) 84+ 1.0 100 72+ 1.7 100
ATAR 46 +£ 4.6 55+5.5 33 46
ACCC - - 36+ 1.4 50 +£2.3
ADIS 71 85 63 + 3.0 88 +4.7
C258G 61 73 55+ 4.1 76 £59
APBSh 58+ 1.6 69 £+ 2.1 39+ 04 53+14
C258G 48 +£2.8¢ 57+33 - -
C258GAPBSh 47+£2.0 56 £2.5 - -
C258GA102— 51+£0.5 61 £0.9 - -
108A116-123

APBSh 4 +£25 52+3.0 - -
A158-182 67 £2.8 80+ 3.5 - -
A182-199 63 +32 74 £3.9 - -
A187-206 67 £ 1.8 80+24 - -
A180-215 75 +£2.1 89 +2.7 - -
A203-215 78 + 1.8 93+24 - -
A200-226 63 +2.5¢ 75+ 3.1 - -
A224-233 46 55 - -
A236-242 55 +2.1¢ 65+2.6 - -

“Mutated nucleotides are defined in Table 1. ”Results below the
blank row are mostly unpublished data of L. Jetté, N. Shen, and M.
Laughrea. These data can be quantitatively compared to each other and
to the results of Shen et al. (10, 11) and Laughrea et al. (/2), three of
which are included to ease comparisons. Low-mobility gRNAs (defined
in Densitometric Analysis) were not counted as dimers by Jetté et al.;
this explains the lower percent dimerization reported for C258G and
APBSh below the blank row. The percent dimerization for BHI10 was
84%, as in this paper. © From Shen et al. (/0). ¢ From Shen et al. (/1).

isolated viruses. Multiple point mutations were introduced
into the US and/or AUG strands to either destabilize the
putative duplex or leave it unchanged in stability despite up
to 10 base substitutions per mutant (Table 4). Care was taken
not to affect the amino acid sequence of Pr55 gag or create
an unfavorable context for AUG codon recognition (23). The
stability of the duplex was theoretically maintained in
mutants M105&334 and M105&334-2 (10 base substitutions
for each mutant), M105-1 (four base substitutions in the U5
strand), M334-1, and M105&334-1. The duplex was unstable
in mutants M105-3 and ACCC (seven-base substitution and
3 nt deletion, respectively, in the U5 strand). The duplex
was moderately destabilized in mutants such as M334-2,
M105-2, M105, and M334 (four to six base substitutions
for each mutant). The gRNA dimerization levels seen in the
various U5-AUG mutants are shown in Figure 4A and listed
in Table 4.

No or very few gRNA monomers were seen in M105&334,
M105&334-1, M105&334-2, and M105-1 (Figure 4A, lanes
2—4 and 6); a considerable proportion of monomers was seen
in M105-3 and ACCC (Figure 4A, lanes 8 and 12; Table 2),
and M105, M105-2, and M334-2 ranked somewhere between
those extremes (Figure 4A, lanes 5, 7, and 11; Table 2).
Figure 4B shows that there was a good correlation [linear
correlation coefficient () = 0.91] between the dimerization
yield and the Gibbs standard free energy of duplex formation
(AG®37) of the various putative U5-AUG duplexes. No
correlation was seen between gRNA dimerization and the
number of nucleotide substitutions per mutant (not shown).
This suggests that U5-AUG duplex formation, independent
of sequence, stimulates gRNA dimerization in isolated
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Table 4: Impact of Mutations in the Putative U5-AUG Duplex on the
Calculated Standard Free Energy of Duplex Formation and Observed
Genomic RNA Dimerization in Viruses Produced by 293T Cells”

# AGs; %dimers
Mutant modifications Sequence (kcal/mol1) +SE

5’-UGUGCCCGUCU-115
WT 0 B . |

-14.2 92+0.9
344-GCGUGGGUAGA-5"

BcuAcciRucuy
M105-1 4 11~ 1111 -13.5 92+1.
GCGUGGGUAGA

=

RGURACCIAuCU
TL-T1L1-1111 -13.8 88+2.4
[MCGUGGGUAGA

M105&334-1 5

Ugugceegucuy
M334-1 1 |« NN -14.2 84:2.2
MCGUGGGUAGA

@G ullc CIAUEE

M105&334-2 10 I1l- RN
[MCGRAGGGUADIE

s
[MCGRAGGGU AL

M105&334 10

GIqTUIdu AlTAG
M105-2 6 [« [1-11

GCGuGGGUAGA
UguGcccautl

CGmGGGUA

M334-2 4

UGyGccegucy

M334 4 = LIl-
EcCAGCGUAR
GIqTUIdu AlTIGA

M105 6 I« [1-1
GCGYGGGUAG,a

GloYIU GIaAMTIA G
M105-3 7 - BN -3.9 71x4.4

GCOyUGGGUAGH

UGUG——GUCU
ACCC 3 RN . | -1.9 62+1.1

GCGUGGUAGA

“The percent dimer for each mutant sample represents the average
from three to five independent experiments (i.e., independent virus
preparations) =+ the standard error.

viruses (Figure 4B). This strong correlation between U5-
AUG duplex base-pairing potential and gRNA dimerization
yield is consistent with an in vitro study of short (368 nt)
mutationally stabilized partial HIV-1 RNA transcripts (/7).

Our results indicate that, since blocking U5-AUG duplex
formation is more disabling than ADIS, it impedes the
function of a DIS-independent dimerization site in viruses
produced by 293T cells. It may also impede SL1. The
inhibition of gRNA dimerization caused by blocking US5-
AUG duplex formation (see ACCC, M105-3, or A99-123
in Table 2 and Figure 4A) was as strong as the impairment
created by deleting the PBS stem—loop (see APBSh in Table
2 and Figure 2), as if disabling the U5-AUG duplex or
deleting the PBS stem—loop disturbed the same dimerization
site(s). Where are these dimerization sites? The feasibility
of a location within the U5-AUG duplex, the PBS stem—loop,
the R-US stem—loop, and the SD stem—loop (Figure 1) is
addressed in the three following sections.
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FIGURE 6: Dimerization level and electrophoretic mobility of viral
RNA isolated from virions with mutations mostly in the PBS
stem—loop. In APBSh, nt 117—235 were deleted. YA224-226
consists of A248-256, U200C, and A224-226. RA224-226 consists
of C258G, U200C, and A224-226. All virions were produced by
293T cells.

Monomer—

The UG-Rich Sequence within and around the U5-AUG
Duplex Is Unlikely To Contain a gRNA Dimerization Site.
Nucleotides 102—-108 and 112-123 flank the central CCC111
segment of the US-AUG duplex and contain seven UG
dinucleotides and two UGUGUG palindromes. Since the
nucleocapsid protein binds with remarkable affinity to UG-
and GUGe-rich oligonucleotides (24—-27) and stimulates the
dimerization of partial HIV-1 RNA transcripts (28, 29) and
HIV-1 gRNA (/2), it has been suggested that these regions
might play a direct role as a self-complementary dimerization
site. Our experiments do not support this possibility. First,
M105-1 and M105M334-2 mutated two and three of these
UG dinucleotides, respectively, without inhibiting gRNA
dimerization. Second, A99-123 did not inhibit gRNA dimer-
ization any more than ACCC (Table 2 and Figure 4A, lanes
12 and 13). Third, in viruses produced by Cos-7 cells,
inactivation of the DIS and deletion of GUGUGUG108 and
GUUGUGUGI123 did not inhibit gRNA dimerization any
more than DIS inactivation (compare C258G to C258GA102—
108 A116-123 in Table 3). Our results therefore indicate that
nt 100—120 stimulate gRNA dimerization via formation of
a U5-AUG duplex, rather than through UGUGUG palindro-
mic interactions.

Deletion of the SD Stem—Loop or the R-U5 Stem—Loop
Does Not Affect gRNA Dimerization or Dimer Conformation.
Figure 5 and Table 2 show that ASD (A282-300) or AR-
U5 (A58-104) viruses produced WT-level gRNA dimeriza-
tion yields and dimer mobilities. This suggests that the SD
and R-US5 stem—loop forms (Figure 1) contain no dimer-
ization site and that deleting them does not influence the
roles of the 5" TAR and the DIS in gRNA dimerization. In
viruses produced by Cos-7 cells, it had been shown that
gRNA dimerization was not affected by deletion of most of
the SD stem—loop (/1) or deletion of the apical loop of the
R-US stem—loop in the absence or presence of a functional
SL1 (12).

The PBS Stem—Loop Is Unlikely To Contain a Genomic
RNA Dimerization Site. If the PBS stem—loop contains a
dimerization site, it should be possible to find a segment
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FIGURE 7: Dimerization level and thermal dissociation of gRNA
isolated from ADIS and A236-242 virions produced by 293T cells.
Genomic RNA samples were incubated at the indicated tempera-
tures for 10 min in buffer S before electrophoresis and Northern
blotting as in Figure 2. (A) Genomic RNA isolated from ADIS
virions. (B) Genomic RNA isolated from A236-242 virions.
within the PBS stem—loop that has as much, or nearly as
much, impact on gRNA dimerization as the whole stem—loop.
Accordingly, we studied the effect of deleting contiguous
portions of the PBS stem—Iloop.

Together with Table 2, Figure 6 shows that most segments
of the PBS stem—loop played no role in gRNA dimerization.
A125-156, A153-171, A158-182, A180-215, A187-206,
or A203-215 had no or little impact on gRNA dimerization.
Thus, the central 75% (i.e., nt 125—215; see Figure 1) of
the PBS stem—loop contributed little to the production of
dimeric gRNA in grown-up viruses. The results also imply
that the central stem (nt 125-131 and 217-223) of the PBS
stem—Iloop is not needed as a duplex for WT-level production
of gRNA dimers in grown-up viruses. The inhibitory effect

Song et al.

of A182—-199 should be taken in context: A180-215, which
includes A182-199, did not inhibit gRNA dimerization.
A180-215 and A182-199 fully and partially delete, respec-
tively, the main bulge of the PBS stem—loop (Figure 1).
Full deletion of a secondary structure feature is likely to have
fewer collateral effects than fractional deletion: A182-199
may have exposed nt 180, 181, and 200-215 in a way that
made them interact artifactually with other gRNA domains.
The marginal inhibitory effect of A200-226, together with
the inhibitory effect of R2A224-226 (C258G, U200C, and
A224-226), suggests that nt 216-223 played no role in
gRNA dimerization either. The 5' end of the PBS stem—loop
(nt 116-124) was not specifically investigated; however,
A99-123 had no greater impact than the deletion of CCC111
(Table2)in viruses produced by 293T cells,and C258 GA102-108
A116-123 did not inhibit gRNA dimerization any more than
C258G (Table 3) in viruses produced by Cos-7 cells. These
results suggest that mutating the 5 end of the PBS
stem—loop had no visible effect on gRNA dimerization.

Interestingly, deletions disabling the 3' end of the PBS
stem—loop (A224-233; R2A224-226) or the sequence
linking the PBS stem—loop to SL1 (A236-242) produced
half of the inhibitory effect obtained with APBSh (Table 2).
Since these mutants are more inhibitory than inactivation of
the DIS (Table 2 and Figure 7), they must have hampered
more than SL1 with regard to gRNA dimerization. It is
difficult to imagine how nt 224-233 or 236-242 could
constitute a dimerization site.

Most of the PBS stem—loop mutants were also studied in
viruses produced by Cos-7 cells. The results confirmed the
importance of the 3' end of the PBS stem—loop and the
smaller role of nucleotides located upstream (Table 3).

DISCUSSION

Synopsis of the Search for Non-TAR and Non-DIS Dimer-
ization Site(s) within the 5' UTR. Our results show that, in
viruses produced by 293T cells, ATAR, APBSh, ADIS, and
C258G changed the gRNA dimer conformation, while
ATARADIS exhibited the lowest gRNA dimerization level,
and A99-123, ACCC, and APBSh exhibited the second
lowest level, among all the mutants. ATARADIS viruses still
yielded ~45% dimeric gRNA. Extensive analysis of muta-
tions within the PBS stem—loop uncovered no indication
that this region might act as a dimerization site. Deletion of
the R-US5 stem—loop (above and ref 12), the SD stem—loop
(above), and SL3 (/1) had no or little effect on gRNA
dimerization, making the presence of a dimerization site in
these RNA motifs unlikely. The U5-AUG duplex has either
an indirect or a direct stimulatory role in gRNA dimerization,
depending on whether the duplex is intra- or intermolecular.
In the event, unlikely on simple theoretical grounds, that the
duplex is intermolecular, the U5-AUG sequence would
become the third dimerization site of the 5' UTR, after the
sites located in the 5' TAR and in SL1. The gRNA
dimerization still seen in ATARADIS viruses would result
from interactions involving sequences downstream from the
5" UTR, unless an intermolecular U5S-AUG duplex could
form under these conditions.

Our study of viruses produced by Cos-7 cells is less
complete, but the results generally support the conclusions
drawn above. Notably, inactivating the DIS and the PBS
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stem—Iloop, or the DIS and the U5-AUG duplex, did not
reduce the level of gRNA dimerization more than inactivating
the DIS (Table 3). This reinforces the finding that the PBS
stem—loop plays no direct role in gRNA dimerization and
suggests that the U5-AUG duplex is an intramolecular
structure under these conditions.

Overview. Our results can be summarized as follows. (1)
The 5" TAR plays a role in gRNA dimerization, and this
role is as important as that of the DIS. This paper provides
the first evidence for a role of the 5' TAR in RNA
dimerization in the context of the whole virus [the previous
evidence involved a very short RNA studied in vitro (/6)].
(2) Formation of a U5-AUG duplex stimulates wild-type
gRNA dimerization. This paper provides the first experi-
mental evidence for formation of the U5-AUG duplex in
wild-type virions (the previous evidence was phylogenetic)
and for a role of U5-AUG duplex formation in RNA
dimerization in the context of the whole virus [the previous
evidence involved a very short and artificially stabilized RNA
studied in vitro (I7)]. (3) The central 75% of the PBS
stem—loop contains no gRNA dimerization site and does
not generally play any indirect role in the process, despite
the significant effect of APBSh on gRNA dimerization. (4)
The previously proposed idea that the two UGUGUG
palindromes flanking the 5’ strand of the U5-AUG duplex
form a dimerization site is not supported. (5) Producing cells
can have a quantitative impact on gRNA dimerization. To
the best of our knowledge, this is the first demonstration of
an effect of producing cells on gRNA dimerization.

Though the relationship between the 5" TAR stem—loop,
or the U5-AUG duplex, and HIV-1 RNA dimerization had
been mentioned in two papers (16, 17), the evidence was
based on the study of partial transcripts, and the US-AUG
duplex could be demonstrated only in stabilized partial
transcripts. A historical survey shows that several results
obtained with partial HIV-1 transcripts, describing both
positive and negative effects of mutations on RNA dimer-
ization, have been contradicted in the context of the whole
virus. Most notable are in vitro interaction results: (1)
implicating the G-rich sequence GGGGG367, or guanine
tetrads, in the dimerization process; (2) showing that loop B
of SL1 is dispensable for RNA dimerization; and (3) showing
an almost total absence of dimeric RNAs in HIV-1 RNAs
that are longer than the 5" UTR but deprived of the DIS (e.g.,
refs 4 and /6). Validation (or refutation) of in vitro interaction
studies by work in the context of the whole virus is essential
and fundamental because different long-range interactions
and secondary and tertiary structures might exist in vivo and
differently influence the ability of HIV-1 RNA to form a
dimer.

5" TAR. Five types of evidence indicate that the 5" TAR
contains a gRNA dimerization site. (1) ATAR impaired
dimerization more than ADIS in virions produced by Cos-7
and HeLa cells (Table 3). (2) ATAR had effects as large as
those of ADIS in 293T cells (Figure 2). (3) Mild point
mutations in the 5" TAR palindrome affected gRNA dimer
conformation (Figure 3A, lanes 9—11). (4) There is in vitro
evidence for loop—loop kissing interactions involving the
5" TAR (16). (5) The structure of the 5 TAR suggests a
dimerization mechanism analogous to the loop—loop kissing
interactions proven in SL1; one difference is that the
nucleocapsid protein is probably needed to expose the
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otherwise largely base paired TAR palindrome (/6). We have
recently shown that the proportion of gRNA dimers in ADIS
virions produced by 293T cells, though 100% of that of WT
48 h after transfection (Table 2) (1), was only 40% of that
of WT in newly released virions (/). Full dimerization of
ADIS gRNA was achieved over a period of 3—6 h following
virion release (/). We propose that the 5" TAR is the main
contributor to this intraviral increase in the level of gRNA
dimerization. At that moment, the mature nucleocapsid
protein is expected to be available in massive numbers (/, 30).
One prediction of this hypothesis is that ATAR gRNA should
be much more dimeric than ADIS gRNA in newly released
virions.

If the 5" TAR is a dimerization site analogous to SL1, it
should be possible to find point mutations in the 5" TAR
palindrome that inhibit gRNA dimerization. This issue
remains unresolved because we studied very mild point
mutations: A34U and U37A reduce the calculated AG°37 of
TAR palindrome duplex formation from —14.2 to —10.0
kcal/mol and from —14.2 to —11.4 kcal/mol, respectively.
Considering that the AG°3; of DIS duplex formation is —10.4
kcal/mol in subtype B and D virions (where the DIS is
GCGCGC) and —7.6 kcal/mol in all other subtypes (where
the DIS is GUGCAC), these small reductions might not be
enough to visibly impair gRNA dimerization, though they
were able to disable in vitro TAR RNA dimerization in the
presence of the nucleocapsid protein (/6).

Since ATAR was more inhibitory in viruses produced by
Cos-7 and HeLa cells than in viruses produced by 293T cells
(Tables 2 and 3; P < 0.01), perhaps A16, A34U, or U37A
would have reduced the percentage of dimeric RNAs in
Cos-7 or HeLa cells. It was recently shown that the 5" TAR
plays little or no role in the replication of HIV-1 in SupTl
cells, other than Tat-mediated activation of transcription (317).
However, their data could not rule out the possibility that
specifically inactivating the 5" TAR could reduce the rate of
viral replication up to 5-fold via an impact that is not related
to Tat-mediated activation of transcription.

The U5-AUG Sequence Contributes to gRNA Dimerization
as a Duplex. We studied a group of mutations in the putative
U5-AUG duplex and found a positive role of duplex
formation in gRNA dimerization. One implication of this
positive role is that spliced RNAs should dimerize less well
since they cannot form a U5-AUG duplex. Another implica-
tion is that translation could inhibit gRNA dimerization by
disrupting the U5-AUG duplex. Our results identify for the
first time a role for sequences downstream of the 5" splice
donor site in HIV-1 gRNA dimerization. Previous results
had indicated that mutations downstream of the 5' splice
donor, such as around SL3 (//, 32), can inhibit gRNA
dimerization, without identifying a mechanism.

Extended PBS Stem—Loop. Evidence for a contribution
of the extended PBS stem—loop to gRNA dimerization was
first provided by showing the effect of deleting nt 200-226
or 236-242 in virions produced by Cos-7 cells (/7). The
extended PBS stem—loop is the PBS stem—loop and the
sequence linking it to SL1. Here we present a more detailed
investigation that allowed us to shorten to nt 224-242 the
size of the extended PBS stem—loop sequence implicated
in gRNA dimerization. We propose that mutations within
nt 224-242 must have hindered gRNA dimerization by
interfering with dimerization sites that include SL1. When
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the first 644 nt of BHIO and mutant gRNAs were folded
using the algorithm mfold (version 3.2) (33, 34), APBSh
prevented SL1 formation and A224-233 and A236-242
moderately inhibited SL1 formation. This supports the idea
that APBSh inhibited gRNA dimerization at least via
obstruction of the DIS or SLI1.

Diverse Minimal Regions Sufficient for WT-like gRNA
Dimerization in Grown-up Virions. A recent study, using as
a model system gRNAs containing two copies (one authentic
and one ectopic) of nt 1-352 (35), gave results that are
generally in agreement with ours. Our work extends that of
Sakuragi et al. (35) in at least six ways. (1) It provides
evidence based on authentic HIV-1 gRNA. (2) It identifies
a role for the 5' TAR that could not be seen via the choice
of mutants made by Sakuragi et al. (35). (3) It provides
experimental evidence for a mechanism whereby nt 105-115
(or 105-112 in ref 35) and 334-344 (or 338-352 in ref 35)
promote gRNA dimerization: the formation of a duplex by
nt 105-115 and 334-344. (4) It addresses the effects of
mutations not only on the proportion of gRNA dimers but
also on the conformation(s) of the gRNA dimers. (5) It
studies to some extent whether the obtained results are valid
in viruses produced by cells other than 293T cells. (6) It
investigates the impact of the primer binding site (nt
182-199) on gRNA dimerization in viruses produced by
293T and Cos-7 cells, instead of HeLa cells (36). An
additional interest of our study is that it can be seen as a
convincing test of the validity of the model system cham-
pioned by Sakuragi et al. (35) for the investigation of the
mechanism of HIV-1 gRNA dimerization.

Our identification of two seemingly redundant dimerization
sites in grown-up virions produced by 293T cells means that,
under these conditions, diverse minimal regions sufficient
for genome dimerization can be obtained depending on the
order in which successive deletions are studied. For example,
a different minimal region may have been obtained by
Sakuragi et al. (35) if their RNA pruning had started with
ADIS and ended with ATAR, instead of starting with ATAR,
or if their deletion of SL3 had been studied in a less truncated
and internally deleted sequence context.

Cell-Type-Dependent Viral RNA Dimerization Level. Wild-
type viruses produced by HeLa and Cos-7 cells contained
gRNAs that were 20 £ 2 and 8 £ 1.5% less dimeric (P <
0.01), respectively, than that of viruses produced by 293T
cells (compare Tables 2 and 3). The quantitative effect,
relative to WT, of a number of mutations was also cell-
dependent. Notably, ATAR was more disabling in viruses
produced by Cos-7 cells than in viruses produced by 293T
cells; ACCC, C258G, and APBSh were more disabling in
viruses produced by HeLa cells than in viruses produced by
293T cells, and APBSh was more disabling in viruses
produced by HeLa cells than in viruses produced by Cos-7
cells (P < 0.01 in the five instances; compare mutant/WT
ratios in Tables 2 and 3). One implication of these dif-
ferentials is that cellular factors modulate the exact level of
gRNA dimerization. This could be achieved directly, via
binding of cellular factors to viral RNAs or proteins, or
indirectly via cell-specific differences either in transfection
yield (e.g., in proviral DNA copy number per successfully
transfected cell) or in proviral DNA transcription yield. If
the effective gRNA concentration per transfected cell was
larger in 293T cells than in Cos-7 or HeLa cells, a faster
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rate of viral RNA dimerization, a larger viral RNA dimer-
ization yield, and a smaller apparent impact of mutations
may conceivably result, via mass action effects. Interestingly,
the percentages of gRNA dimerization seen in young (<3 h
old) WT and ADIS viruses produced by 293T cells (/) are
comparable to the percentages seen in grown-up WT and
ADIS virions produced by Cos-7 or HeLa cells (Table 3).

In addition, the gRNA profile (nondenaturing Northern
blots) of virions produced by 293T cells is similar in all
respects (percentage of gRNA dimerization, thermal stability,
and heterogeneity of dimer conformation) to the gRNA
profile of virions produced by peripheral blood mononuclear
cells (PBMCs), which are natural producer cells of HIV-1.
This invariance was observed with WT and SL1-defective
virions (8). It suggests that the properties of HIV-1 viral RNA
dimers are similar in virions produced by 293T cells and
PBMCs. However, large SL1 deletions impaired viral
replication in PBMCs [log(WT/mutant) = 0.8 = 0.2 (8§)] 2—3
logarithmic units less than in SupT1 (8) or MT4 (20) T-cell
lines, i.e., to an extent similar to that in point mutations
making the DIS nonpalindromic [log(WT/mutant) = 1.45
4 0.25 (20)]. It would be interesting to know the effect of
the novel dimerization sequences identified here on HIV-1
replication in PBMCs.
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