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The kissing-loop domain (KLD) encompasses a stem-loop, named kissing-loop or dimerization initiation site
(DIS) hairpin (nucleotides [nt] 248 to 270 in the human immunodeficiency virus type 1 strains HIV-1Lai and
HIV-1Hxb2), seated on top of a 12-nt stem-internal loop called stem-loop B (nt 243 to 247 and 271 to 277).
Destroying stem-loop B reduced genome dimerization by ;50% and proviral DNA synthesis by ;85% and left
unchanged the dissociation temperature of dimeric genomic RNA. The most affected step of reverse transcrip-
tion was plus-strand DNA transfer, which was reduced by ;80%. Deleting nt 241 to 256 or 200 to 256 did not
reduce genome dimerization significantly more than the destruction of stem-loop B or the DIS hairpin. We
conclude that the KLD is nonmodular: mutations in stem-loop B and in the DIS hairpin have similar effects
on genome dimerization, reverse transcription, and encapsidation and are also “nonadditive”; i.e., a larger
deletion spanning both of these structures has the same effects on genome dimerization and encapsidation as
if stem-loop B strongly impacted DIS hairpin function and vice versa. A C258G transversion in the palindrome
of the kissing-loop reduced genome dimerization by ;50% and viral infectivity by ;1.4 log. Two mutations,
CGCG2613UUAA261 (creating a weaker palindrome) and a D241–256 suppressor mutation, were each able
to reduce genome dimerization but leave genome packaging unaffected.

The kissing-loop domain (KLD) encompasses a stem-loop,
named kissing-loop hairpin (nucleotides [nt] 248 to 270 in
human immunodeficiency virus type 1 strain HIV-1Lai and
HIV-1Hxb2 genomic RNA), seated on top of a short stem-
internal loop called stem-loop B (nt 243 to 247 and 271 to 277)
(18). The apical loop of the kissing-loop hairpin contains an
almost invariant hexameric autocomplementary sequence
(ACS) (see reference 17 and references therein), also called a
palindrome. The palindrome is seen as the dimerization initi-
ation site (DIS) of genomic RNA (13, 15, 31); thus, the kissing-
loop hairpin is also called the DIS hairpin. The level of
genomic RNA dimerization within isolated HIV-1 viruses is
influenced by the DIS hairpin (6, 9, 17) and p55Gag processing
(8).

In the kissing-loop model of HIV-1 genome dimerization
(13, 15, 31), stem-loop B has ill-defined roles (15, 17); one
might be to properly orient the DIS hairpin within the co-
valently linked 9,000-nt-long tangle of secondary and tertiary
structure (18). Experimentally, substantial deletions within
stem-loop B or the DIS hairpin have identical impacts on viral
infectivity and genomic RNA encapsidation (18). This raises
the possibility that the KLD might be nonmodular, i.e., a highly
integrated structure whereby stem-loop B and the DIS hairpin
may have similar, if not identical, physiological impacts. To
establish this, it is necessary to show that stem-loop B muta-
tions inhibit genomic RNA dimerization and proviral DNA

synthesis, two processes affected by the DIS hairpin (6, 9, 17,
25).

In this paper, we identify a crucial role of stem-loop B in
genome dimerization and reverse transcription and compare
its physiological impact to that of the DIS hairpin. We also
relate genome dimerization to viral infectivity via studying a
point mutation unlikely to directly impact more than genome
dimerization. The transversion C258G transforms the
GCGCGC ACS into the nonpalindrome GGGCGC reduces
viral infectivity by ;1.4 log [;2 logs less than larger mutations
within the DIS hairpin (18)] and should not affect proviral
DNA synthesis (25). Finally, we scrutinize the links between
genome dimerization and genome packaging, via the study of
two additional and nonoverlapping mutations. First, an ACS
mutation (CGCG2613UUAA261) which preserves the palin-
dromic nature of the ACS strongly reduces viral infectivity and
in vitro dimerization of RNA transcripts, while leaving
genomic RNA packaging unaffected (18). Second, a double
mutation in nucleocapsid protein NCp7 and the p2 peptide
partially suppresses the effects of KLD destruction, i.e., reverts
genome packaging to the wild-type level and increases viral
replication to a level of ;1.4 log below that of the wild-type
(21, 23). We shall examine if the genomes of these two dispar-
ate and poorly infectious mutants, as well as the genome of the
C258G transvertant, are poorly dimeric despite being ade-
quately packaged.

Production of mutant viruses. COS-7 cells were transfected
in parallel with equal amounts of wild-type plasmid
pSVC21.BH10 and mutant plasmids such as pSVC21D243–
247, D241–256, D200–256, LD3-MP2-MNC, GGCG, UUAA,
GGCC, AGCU, D248–256, and D248–261. In pSVC21D243–
247, CUCGG247 has been deleted; in pSVC21GGCG,
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CGCG261 has been replaced by GGCG—mutatis mutandis
for the other plasmids. Nucleotides differing from those in
HIV-1Lai and HIV-1Mal (subtype ADI) are underlined. The
sequence of the BH10 KLD is 243CUCGGCUUGCUGAAG
CGCGCACGGCAAGAGGCGAG277; nucleotides forming
stem B (13) and stem C (17) (the stem of the DIS hairpin) are
underlined. Comparable amounts of viruses were produced at
48 h posttransfection. To investigate the effects of the muta-
tions on genomic RNA dimerization, genomic RNA was ex-
tracted from the isolated viruses, electrophoresed on a nonde-
naturating agarose gel, and detected by Northern blotting with
a 35S-labeled HIV-1 riboprobe (17).

Stem-loop B mutation reduces genome dimerization as
much as DIS hairpin destruction. Figure 1 compares D243–
247 genomic RNA (lane 3) to D248–256 (lane 2) and BH10
(lanes 1 and 4) genomic RNA. There were two similarly la-
beled RNA species in the D243–247 and D248–256 RNA prep-
arations, the lower band having the same mobility as mono-
meric genomic RNA. Scanning lanes 1 to 4, as well as many
other gel lanes from independent transfections (not shown),
reveals three novel pieces of information. (i) D243–247 RNA
was 48% 6 5% dimeric versus 85% 6 3% and 45% 6 5%
dimeric for BH10 and D248–256 genomic RNAs. Destruction
of stem-loop B had the same effect as destruction of stem C.
(ii) The dimer band in the D243–247 and D248–256 samples
contained 60% 6 15% more high-molecular-weight (trimer-
like) complexes per unit of RNA loaded than the BH10 sam-
ples. (In BH10 RNA, the multimer shoulder amounted to 18%
6 4% of the dimer plus monomer peaks. Such shoulders are
not unusual [6, 8, 9, 28].) (iii) The two mutant RNAs appeared

electrophoretically diffuse as well because the trough separat-
ing the monomer and dimer peaks was not as RNA free as in
the BH10 samples. To quantitate this impression, we mea-
sured, relative to the baseline of the scans, the height of the
dimer peak (d), the height of the monomer peak (m), and the
minimum height recorded in the trough (t). The t/(m 1 d)
ratios were, respectively, 0.3 6 0.02 and 0.13 6 0.03 in the
mutant and BH10 samples (averaged over four to nine North-
ern blots). As an additional comparison, we found that
genomic RNA isolated from D248–261 viruses (20) was 40% 6
4% dimeric and had a t/(m 1 d) ratio of 0.25 6 0.03 (not
shown; data from five Northern blots).

Stem-loop B and stem C mutations do not have additive
effects on dimerization: each is as potent as deletion of nt 200
to 256. The genomic RNA of D241–256 viruses was 45% 6 4%
dimeric (lane 2 of Fig. 2): mutations in stem-loop B and stem
C do not have additive effects on genome dimerization. Fur-
thermore, genomic RNA from D200–256 viruses was 42% 6
3% dimeric (lane 6 of Fig. 2). Thus, removal of all nucleotides
separating the primer binding site (PBS) (nt 182 to 199) from
the ACS had no more impact than destroying stem C or stem-
loop B. The D241–256 and D200–256 RNAs contained 30% 6
20% more higher-molecular-weight complexes than the BH10
samples, and their t/(m 1 d) ratio was 0.28 6 0.03. Hence the
dimer and monomer bands were relatively diffuse.

Why does stem-loop B contribute as much to genome dimer-
ization as the DIS hairpin, but in a nonadditive way? Stem-
loop B may facilitate DIS hairpin folding (i.e., reduce the
probability of alternative foldings) or orient the DIS hairpin
“head” away from improper (interfering) contacts with down-
stream or upstream sequences, thereby increasing the proba-
bility of DIS hairpin dimerization. If genomic RNA was suffi-
ciently shortened (sequences causing “alternative foldings”
and “interfering contacts” getting deleted), the stem-loop B

FIG. 1. Dimerization level of viral RNA isolated from BH10 (lanes 1 and 4),
D248–256 (lane 2), and D243–247 (lane 3) viruses. HIV-1 genomic RNA was
isolated and analyzed by nondenaturing Northern blot analysis as described
previously (17). Viral RNAs were dissolved in 8 ml of buffer S (10 mM Tris [pH
7.5], 100 mM NaCl, 1 mM EDTA, 1% sodium dodecyl sulfate) and subjected to
electrophoresis (70 V, 5 h 20 min, 0.7% agarose in buffer TBE2 [Tris-borate-
EDTA] at 4°C). The samples were next Northern blotted, hybridized, and auto-
radiographed for 8 h. d, dimer; m, monomer. Each lane represents an indepen-
dent transfection and contains viral RNA isolated from 3.7 to 9 tissue culture
dishes. Without a CAp24 estimate, efficiency of RNA packaging cannot be
derived because of variations in virus yield from one transfection to the next.
Unless otherwise indicated, the samples of Fig. 2 to 4 were processed as in Fig.
1.

FIG. 2. Dimerization level of viral RNA isolated from BH10 (lane 1), D241–
256 (lane 2), and LD3-MP2-MNC (lane 3) viruses, respectively, containing 8 3
1012, 23 3 1012, and 8 3 1012 CAp24 copies. Electrophoresis was for 5 h 15 min
in 0.8% agarose. The autoradiographic exposure was for 2 h. Scanning lanes 1 to
3 and equivalent lanes from other Northern blots (not shown) indicate that
D241–256 and LD3-MP2-MNC viruses, respectively, package genomic RNA
0.4 6 0.08 and 0.81 6 0.15 as well as BH10 viruses. These values are close to what
was previously estimated with slot blot assays (21). Lanes 4 to 6, dimerization
level of viral RNA isolated from 1.8 to 4.2 tissue culture dishes of BH10 (lane 4),
D243–247 (lane 5), and D200–256 (lane 6) viruses. Electrophoresis was for 5 h 20
min in 0.7% agarose. The autoradiographic exposure was for 25 min.
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“neck” would no longer be needed. This head-and-neck model
is supported by in vitro data showing that partial HIV-1 RNA
transcripts lacking nt 243 to 247 can dimerize 10 times more
poorly when they end hundreds of nucleotides 39 of the KLD
than when they end ,20 nt 39 of the KLD (18). The model
predicts that destruction of stem B should substantially inhibit
genomic RNA dimerization, while destruction of the KLD
should reduce genome dimerization no more than deletion of
nt 248 to 256 or 248 to 261, which is what we found above. To
reinforce this point, Fig. 3 shows that genomic RNAs from
D200–256 (lanes 1 to 4) viruses appeared as thermostable as
genomic RNA from BH10 (lanes 5 to 8) or D243–247 (lanes 9
to 12) viruses. BH10 RNA was monomeric at 50°C (lane 7) and
78% dimeric at 45°C (lane 6), consistent with a dissociation
temperature (Td) of ;47 to 48°C; D200–256 and D243–247
RNAs were monomeric or close to monomeric at 50°C (lanes
3 and 11) and, at 45°C, as dimeric as the unheated samples
(lanes 2 and 10), consistent with a Td of ;48 to 49°C.

C258G reduces genome dimerization as effectively as D200–
256, without, however, generating diffuse dimer and monomer
bands. We have shown that deletions of 5 to 56 nt, as long as
they destroy stem-loop B or the DIS hairpin, reduce genome
dimerization by half. The kissing-loop model predicts that
these deletions act by obstructing ACS function. If true, trans-
forming the ACS into a nonpalindrome via a 1-nt substitution
should have a comparable impact on dimerization. Accord-
ingly, we replaced the BH10 ACS by the GGGCGC262 non-
palindrome to generate GGCG (or C258G) viruses. Lane 2 of
Fig. 4 shows that genomic RNA from C258G viruses was 50%
dimeric. Scanning this and several other C258G gel lanes (not
shown) revealed that the mutant genomic RNA was 48% 6
4% dimeric, versus 44% dimeric for the average deletion mu-
tant, and 42% dimeric for D200–256 RNA (see above; e.g.,

compare lane 2 of Fig. 4 to lane 6 of Fig. 2). The t/(m 1 d) ratio
(0.16 6 0.02) and the multimer content (17% 6 3%) of C258G
RNA were as low as those in BH10 RNA. C258G represents
the smallest molecular change ever shown to affect HIV
genomic RNA dimerization.

As a control, we engineered a C258G suppressor mutation,
i.e., replaced the BH10 ACS by GGGCCC262, a theoretically
valid palindrome nevertheless absent from all sequenced HIVs
and simian immunodeficiency viruses (SIVs) (12, 18). The ge-
nome of the double transvertant viruses was 83% 6 3%
dimeric (i.e., wild-type like [data not shown]). The infectivity of
the double transvertant was not significantly impaired (18),
supporting the idea that wild-type infectivity requires wild-type
levels of genome dimerization.

Good packaging stoichiometry but poor dimerization: three
examples. Replacing the BH10 ACS by GUUAAC leaves
genomic RNA packaging unaffected (18). Lane 3 of Fig. 4
shows that genomic RNA from UUAA viruses was half-
dimeric and appeared as well-resolved dimer and monomer
bands. Scans of this and other UUAA lanes (not shown) re-
vealed that UUAA RNAs were 55% 6 4% dimeric and had a
t/(m 1 d) ratio of 0.15 6 0.02 and a multimer content of 21%
6 2% (i.e., were electrophoretically indistinguishable from
C258G RNAs). Northern blot analyses (intensity of the mono-
mer and dimer bands per unit of CAp24 loaded) confirmed
that UUAA viruses packaged genomic RNA as well as BH10
(Fig. 4). UUAA genomic RNA was much less dimeric than
genomic RNA from AGCU viruses (lane 15 of Fig. 3). AGCU
is absent from the palindromes of all HIVs and SIVs so far
sequenced (12, 16), while UUAA is found in the putative DIS
hairpin of SIVmnd (18).

Point mutations T24I in NCp7 and T12I in the p2 peptide
suppress the deletion of nt 241 to 256 in three ways. (i) Ge-
nome packaging is boosted from ;30% to $80% of the wild-
type level (21 [see below]). (ii) Viral replication is boosted by
at least 2 logs (21 [see below]). (iii) The maturation kinetics of
the CAp24-p2 protein into CAp24 and p2 seems to be $70%
restored (22). (The name of the D241–256 suppressor is LD3-

FIG. 3. Dimerization level and thermal stability of viral RNA isolated from
2.5 to 4 tissue culture dishes of the D200–256, BH10, and D243–247 viruses (lanes
1 to 12). Nonheated samples were left on ice for 10 min. The other samples were
incubated in buffer S at the temperature indicated for 10 min. After incubation,
all samples were loaded without delay and with the voltage on. Lanes 13 to 15
give the dimerization level of viral RNA isolated from two to eight tissue culture
dishes of BH10, D243–247, and GAGCUC viruses (i.e., viruses whose
GCGCGC262 palindrome has been replaced by GAGCUC). The autoradio-
graphic exposures were for 6 h for lanes 1 to 4 and 3 h for lanes 5 to 15.
Electrophoresis was for 4 h 30 min in 0.8% agarose.

FIG. 4. Dimerization level of viral RNA isolated from BH10 (lane 1), GGCG
(lane 2), UUAA (lane 3), and D248–256 (lane 4) viruses containing 1.3 3 1012,
5 3 1012, 5 3 1012, and 4 3 1012 CAp24 copies. GGCG viruses have a C258G
transversion. UUAA viruses have CGCG261 replaced by UUAA. Lane 5, dimer-
ization level of viral RNA isolated from BH10 viruses containing 4 3 1012 CAp24
copies. Electrophoresis was for 4 h 35 min in 1% agarose. The autoradiographic
exposure was for 1 h. Scanning of lanes 1 to 3 and equivalent lanes from other
Northern blots indicates that GGCG, UUAA, and D248–256 viruses, respec-
tively, package genomic RNA 0.78 6 0.12, 1.1 6 0.11, and 0.4 6 0.06 as well as
BH10 viruses. These numbers are consistent with previous estimates using dot
blot assays (18).
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MP2-MNC, with LD3 being a designation for D241–256.)
However, lane 3 of Fig. 2 shows that genomic RNA from
LD3-MP2-MNC viruses was 42% dimeric. The average over
several Northern blots was 43% 6 6%, undistinguishable from
the 45% 6 4% obtained with D241–256 viruses. The NCp7 and
p2 suppressor mutations failed to suppress the D241–256 de-
fect in genome dimerization. On the other hand, the ratio
t/(m 1 d) and the multimer content of LD3-MP2-MNC RNA
were wild-type like (lane 3 of Fig. 2 [not shown]). Northern
blot analyses confirm that LD3-MP2-MNC viruses packaged
genomic RNA almost as well as BH10 viruses (Fig. 2).

Finally, Northern blot analyses suggest that C258G viruses
packaged genomic RNA 78% 6 12% as well as BH10 viruses
(Fig. 4). This is consistent with a previous report showing that
two palindrome point mutations (G261U and GCGCGC
2623GGGGGG262) did not grossly reduce genomic RNA
packaging in virions (6).

These three convergent observations do not necessarily
mean that genome packaging has in all respects been dissoci-
ated from genome dimerization: a KLD-independent signal
might exist which stimulates cytoplasmic formation of dimers
prone to dissociate during genomic RNA extraction or elec-
trophoresis. Conversely, the C258G, UUAA, and LD3-MP2-
MNC RNAs packaged in the mutant viruses may have been
monomeric prior to protease-directed maturation of p55Gag

(8). In addition, we cannot strictly exclude the idea that the
majority (;60 to 65%) of the three mutant viruses contained
one genomic RNA per 50% smaller protein shell: the diame-
ter, surface (CAp24 content), and packaging efficiency (num-
ber of genomic RNAs per unit of CAp24) of these small viruses
would, respectively, be ;79, ;63, and ;79% of those of BH10.
However HIV-1 viruses severely deficient in packaging do not
appear significantly smaller than the wild type (1, 5). Finally,
even if the mutant viruses could consistently package two
genomic RNAs per protein shell, assembling a protein shell
around two monomeric genomic RNAs (or a dimer lacking a
functional KLD) might be kinetically slower than assembling it
around one fully dimeric BH10 genome.

If losing KLD-directed genome dimerization does not in-
hibit packaging, why were D241–256 viruses encapsidation de-
fective? D241–256 viruses may have lost two independent sig-
nals: a dimerization signal and a separate packaging signal. We
imagine that the T24I mutation in the NCp7 of LD3-MP2-
MNC viruses compensates for the latter loss by enhancing
some form of genomic RNA binding beyond the capacity of
BH10 NCp7 (described below).

Heterogenous migration of genomic RNAs from packaging-
defective viruses: do they form complexes with subgenomic
RNA? D243–247, D241–256, D248–256, and D248–261 viruses
were packaging defective (Fig. 2 and 4) (17, 18), and their
RNA bands were diffuse (above). In contrast, C258G, UUAA,
and LD3-MP2-MNC viruses packaged genomic RNA ;90%
as well as BH10 on average (Fig. 2 and 4) and presented sharp
RNA bands. Since the amount of spliced viral RNA inside
viruses mutated in the KLD is the same as that in wild-type
viruses (6), if not larger (24), KLD mutants encapsidating half
as well as BH10 should contain, per genomic RNA, two to four
times more spliced viral RNA than BH10 viruses or KLD
mutants encapsidating as well as BH10. If a large proportion of
the RNAs moving as a shoulder behind the dimer band, and
halfway between dimers and monomers, were dimers and
monomers hybridized to subgenomic RNA(s), then a doubling
or tripling of spliced viral RNAs per genomic RNA in D243–
247, D241–256, D248–256, and D248–261 viruses might signif-
icantly increase the proportion of genomic RNAs moving as a
shoulder behind the dimer band and halfway between dimers

and monomers. This could explain why in Northern blots from
these viruses, the relative height of the multimer shoulder was
increased by ;45% and the relative RNA content in the
trough separating the monomer and the dimer band was in-
creased ;2.2-fold.

Partial reduction in genome dimerization may cause a 25-
fold reduction in viral infectivity. Using the 50% tissue culture
infective dose method (17), we performed infectivity tests on,
respectively, two and three independent preparations of LD3-
MP2-MNC and D241–256 viruses: the logs of BH10 titer/mu-
tant titer were, respectively, 1.35 6 0.3 and 4.2 6 0.5 (not
shown) versus 1.45 6 0.25 and 1.35 6 0.25 for the C258G and
UUAA viruses (18). The D241–256 and LD3-MP2-MNC titers
confirm and extend similar titers independently obtained by
Liang et al. (23). LD3-MP2-MNC viruses are thus 11- to 50-
fold less infectious than the wild type (20- to 25-fold on aver-
age), and they have a phenotype apparently indistinguishable
from that of C258G and UUAA viruses, despite the nonover-
lapping nature of the mutations: identical low infectivity, iden-
tically deficient genome dimerization, and little or no impact
on genome packaging and other functions. It is tempting to
suggest that the poor genome dimerization displayed by the
C258G, UUAA, and LD3-MP2-MNC strains causes their poor
infectivity. If true, reducing genomic RNA dimerization by
50% would reduce viral infectivity ;25-fold and at most 50-
fold.

Stem-loop B mutation reduces proviral DNA production as
much as DIS hairpin destruction. In the hope of discovering
why destruction of stem-loop B inhibits dimerization no more
than the C258G transversion, but reduces viral infectivity by
;3.4 logs (18), we analyzed viral DNA present inside 2.5 3 106

MT-2 cells infected with equal amounts of DNase I-treated
BH10 and mutant viruses, each containing 25 ng of CAp24
(17). Intracellular DNA harvested 10 h after infection (10, 11,
29, 38) was subjected to 25 cycles of PCR (7) with primer pairs
designed to amplify b-globin DNA (27) and different regions
of proviral DNA (20). Serial dilutions of pSVC21.BH10 lin-
earized with Spe1 served to quantitate intracellular proviral
DNA and acted as a control for PCR linearity. The b-globin
gene acted as an internal control. The D248–256 and D248–261
data were pooled together as representing, for comparative
purposes, DIS hairpin destruction (Table 1). We used primers
pR and pU59 (Table 1) to quantitate DNA containing the RU5
sequence (i.e., minus-strand strong-stop DNA plus subsequent
DNAs), primers pPBS and pMA9 (Table 1 caption) to quan-
titate DNA containing the PBS-to-MA (matrix) DNA se-
quence (9.1-kb minus-strand DNA [Table 1] plus subsequent
DNAs), and primers pR and pMA9 to quantitate nearly com-
plete proviral DNA.

The intracellular quantity of nearly complete proviral DNA
was decreased ;15-fold when BH10 viruses were replaced by
viruses mutated in stem-loop B or the DIS hairpin (pR-pMA9
column of Table 1). After correction for poor genome pack-
aging, the mutant reverse transcriptional machinery appeared
approximately eightfold less productive than BH10, as if the
stem-loop B and DIS hairpin poles of the KLD interfered
strongly and equally with production of nearly complete pro-
viral DNA. Is this inhibition due to decreased DNA synthesis
or increased degradation? Assuming increased degradation
leads to a difficulty. At 10 h postinfection, the RU5 and
PBS-MA DNA would be minimally degraded (Table 1), while
the more freshly synthesized R-MA DNA (merely RU5 and
PBS-MA DNA linked via a 14-nt linker) would be extensively
degraded prior to PCR: one would have to suppose that the
14-nt linker is about 50 times more labile, per nucleotide res-
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idue, than flanking sequences. We conclude that our mutations
are more likely to affect DNA synthesis than DNA degradation.

A late step of reverse transcription is preferentially inhib-
ited. After correction for lower encapsidation, it was not clear
that RU5 DNA production was decreased (pR-pU59 column
of Table 1), and PBS-MA DNA production was not dramati-
cally reduced (pPBS-pMA9 column of Table 1), indicating that
the destruction of stem-loop B preferentially impaired a step
located between production of 9.1-kb minus-strand DNA and
nearly complete proviral DNA (Table 1). Specifically, the steps
leading from 9.1-kb minus-strand DNA to nearly complete
proviral DNA were inhibited 70 to 90% (last column of Table
1), whereas all previous steps were inhibited less, if at all
(pPBS-pMA9 column of Table 1). Total cellular DNA har-
vested at 2 h postinfection gave PCR results consistent with the
10-h data. PCR at 10 and 2 h postinfection measures intraviral
plus intracellular proviral DNA production (2, 26, 35, 39–41).
Subtraction of the 2-h data from the 10-h data yields intracel-
lular DNA production during the 8-h interval: we found that
the ratios of mutant to BH10 production, after correction for
RNA packaging, were very close to those reported in Table 1,
namely ;0.6 with primer pairs pR-pU59 and pPBS-pMA9 and
;0.15 with primer pair pR-pMA9 (not shown).

Choking between synthesis of 9.1-kb minus-strand DNA and

nearly complete proviral DNA could have three causes (34): (i)
step A, poor formation of plus-strand strong-stop DNA (max-
imum extension of plus-strand DNA produced before plus-
strand transfer). (This could be due to excessive degradation of
the polypurine track, deficient initiation of plus-strand DNA
synthesis, deficient DNA-directed elongation, poor displace-
ment of the PBS RNA strand still hybridized to tRNA3

Lys [3], or
premature degradation of tRNA3

Lys.); (ii) step B, poor plus-
strand transfer per se, i.e., poor annealing between plus-strand
PBS DNA and minus-strand PBS DNA (This could be due to
step Bi, poor accessibility of plus-strand PBS DNA because of
slow degradation of tRNA3

Lys (32), or step Bii, poor accessibil-
ity of minus-strand PBS DNA.); (iii) step C, poor displacement
of the minus strand of the 59 long terminal repeat (LTR) (4).

Working hypothesis: KLD mutations result in a minus-
strand PBS DNA folding which hinders annealing with plus-
strand PBS DNA. KLD RNA cannot directly influence steps B
and C, because it should by then be degraded. Even though
plus-strand strong-stop DNA is probably made sometime be-
fore 9.1-kb minus-strand DNA (34, 36), a direct effect of KLD
RNA on a step A seems unlikely; in addition, the relatively
abundant accumulation of plus-strand strong-stop DNA in the
cytoplasm of infected cells (34) suggests that formation of
plus-strand strong-stop DNA is not rate limiting in plus-strand

TABLE 1. Mutant proviral DNA present in infected MT2 cells as a percentage of wild-type proviral DNA, 10 h after infection,a and specific
impact of stem-loop B and DIS hairpin destruction on early, intermediate, and late events of reverse transcription

Mutant

% of wild-type DNA with primer pairs:

pR-pMA9 pPBS-pMA9
pR-pU59

(;early eventsb)
pPBS-pMA9/pR-pU59

(;intermediate eventsc)
pR-pMA9/pPBS-pMA9

(;late eventsd)

D243–247 12 6 4 (7 6 2) 65 6 30 (40 6 20) 80 6 20 (45 6 12) 80 6 45 18 6 11
D248–256 and D248–261e 13 6 6 (8 6 4) 60 6 15 (36 6 10) 75 6 25 (45 6 15) 80 6 35 22 6 11
Control (BH10) 100f (100) 100g (100) 100h (100) 100 100

a PCR was performed as described in the text. Primers pR (59 AGA CCA GAT CTG AGC CTG GGA G35) and pMA9 (CT GAC GCT CTC GCA CCC [the
antisense of nt 338 to 354]), respectively, hybridize to the minus strand of R DNA and to the plus strand of matrix DNA. Primers pPBS and pU59 (59 CCA CAC TGA
CTA AAA GGG TC [the antisense of nt 148 to 167]), respectively, hybridize to the minus strand of the PBS and to the plus strand of U5 DNA. For pR-pMA9,
pPBS-MA9, and pR-pU59, the amount of mutant proviral DNA per unit of b-globin DNA was divided by the amount of wild-type proviral DNA per unit of b-globin
DNA, multiplied by 100, and corrected for deficient genomic RNA packaging in the mutant viruses (18). Values in parentheses are the numbers obtained before
correction for deficient genomic RNA packaging. No correction was made for the presumed two- to fourfold-higher proportion of subgenomic RNA present in the
mutant viruses (6, 24). This correction would have been negligible with primer pairs pR-pMA9 and pPBS-pMA9 (PCR signal lost by hypothetical transfer of
minus-strand strong-stop DNA from the genomic to subgenomic strand would have been almost completely regained by transfer of minus-strand strong-stop DNA from
the subgenomic to genomic strand) and small with the primer pair pR-pU59 (see footnote b).

b This reflects or exaggerates the specific effect of the mutations on minus-strand strong-stop DNA production (maximum extension of minus-strand DNA prior to
minus-strand transfer). Why “exaggerates”? A worst-case scenario follows. Assume that all wild-type proviral DNA synthesis was completed at 10 h (doubtful), while
mutant proviral DNA synthesis was unaffected at the level of minus-strand strong-stop DNA synthesis, but 100% blocked at the level of minus-strand transfer (clearly
not the case). A mutant PCR yield of 25% of the wild-type level would be reported, because each mutant proviral DNA would have been single stranded (with one
pR/pU59 binding site), while wild-type proviral DNA would have contained two LTRs (and thus would have had four pR/pU59 binding sites). If wild-type proviral DNA
synthesis was completed at 10 h while mutant proviral DNA synthesis was 100% blocked at the level of plus-strand transfer (not quite the case), a mutant PCR yield
of 50% of the wild-type level would be reported (because of one LTR per mutant DNA versus two in the wild type). On the other hand, the higher relative proportion
of subgenomic RNAs expected in D243–247, D248–256, and D248–261 viruses will increase this 50% yield to 55 to 59% (assuming 0.2 to 0.3 subgenomic RNAs per
genomic RNA in mutant viruses versus 0.1 in wild-type viruses). Let’s now describe a reasonable scenario: if BH10 proviral DNA synthesis was 90% completed at 10 h
while mutant proviral DNA synthesis was 80% blocked at the level of plus-strand transfer (last column) and mutant viruses contained 0.3 subgenomic RNA per genomic
RNA versus 0.1 in wild-type viruses (see references 6 and 24 and the text), a mutant PCR yield of 76% of BH10 proviral DNA synthesis would obtain (64% in the
absence of correction for differential packaging of spliced viral RNAs). Interestingly, this matches the percentage reported in the column. This modeling and the
attending uncertainties should not distract from the main experimental result: stem-loop B and DIS hairpin mutations have indistinguishable effects on reverse
transcription. Also, the fact that the pR-pU59 column yields averages above 50% suggests that production of plus-strand strong-stop DNA is not affected in the mutant
viruses.

c This division reflects or possibly underestimates by a factor of ;2 the aggregate effect of the mutations on minus-strand transfer plus formation of 9.1-kb
minus-strand DNA (maximum extension of minus-strand DNA produced prior to plus-strand transfer). Indeed, since the percentage expressed in the pR-pU59 column
may reflect more than the effect of mutations on minus-strand strong-stop cDNA synthesis (see above), it follows that dividing the pPBS-pMA9 column by the pR-pU59
column may underestimate the effect of the mutations on minus-strand transfer plus formation of 9.1-kb minus-strand DNA.

d This division reflects the aggregate effect of the mutations on a mixture of late events, including initiation of plus-strand DNA synthesis, plus-strand transfer, and
displacement of the minus strand of the 59 LTR by the nascent extension of 9.1-kb minus-strand DNA.

e The effects of deleting nt 248 to 261 or 248 to 256 were insignificantly different. With each set of primers, D248–256 viruses were actually on average slightly less
productive than D248–261 viruses, consistent with the idea that the ACS does not influence proviral DNA synthesis (25).

f On average, there were ;2,000 apparent DNA copies per 105 cells. At 2 h postinfection, there were ,50 apparent DNA copies per 105 cells. One apparent DNA
copy is the amount of proviral DNA giving the same PCR signal as one linearized SVC21.BH10 plasmid. The actual number depends on the number of PCR primer
binding sites in the nascent proviral DNA relative to the number of PCR primer binding sites in linearized SVC21.BH10.

g On average, there were ;2,000 apparent DNA copies per 105 cells. At 2 h posttransfection, there were ;400 apparent DNA copies per 105 cells.
h On average, there were ;4,000 apparent DNA copies per 105 cells. At 2 h posttransfection, there were ;2,000 apparent DNA copies per 105 cells.
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transfer. Minus-strand KLD DNA cannot influence steps A
and Bi, because they are expected to precede its appearance
(34). An effect solely on step C is ruled out, because blocking
it would inhibit R-MA DNA production (relative to PBS-MA
DNA production) by only 50% (because plus-strand DNA
elongation would remain unhindered) versus the ;80% re-
ported in Table 1; in addition, we can’t easily conceptualize
how minus-strand KLD DNA could affect 59 LTR strand dis-
placement. An effect on step Bii is easier to imagine: mutant
minus-strand KLD DNA, located only 43 nt upstream of mi-
nus-strand PBS DNA, might stimulate an aberrant minus-
strand PBS DNA folding that hinders annealing with plus-
strand PBS DNA. This model can be tested with a
reconstituted reverse transcription system (38).

Nonobvious factors influencing late steps of reverse tran-
scription. Vif protein (30, 37), NCp7, and the KLD are three
nonobvious factors which can affect reverse transcription steps
posterior to minus-strand strong-stop DNA production. NCp7
from HIV-1MN stimulates annealing between plus-strand PBS
DNA and minus-strand PBS DNA, at least in the context of
proviral DNAs truncated before KLD DNA (38), and NCp7
from HIV-1NL43 may stimulate strand displacement posterior
to plus-strand transfer (33). These NCp7 proteins, like those
from LD3-MP2-MNC virus, have an Ile24 in their N-terminal
zinc finger; only HIV-1Hxb2, the source of BH10 viruses, and
two subtype D viruses have a Thr24 in their NCp7 (12). Thus,
NCp7 from LD3-MP2-MNC viruses is in this regard more
conformist than wild-type NCp7 from BH10 and D241–256
viruses. Perhaps HIV-1Hxb2 is slightly underendowed in strand
annealing and genomic RNA packaging: this underendowment
may become rate limiting in the context of a D241–256 deletion
presumed to inhibit packaging in a dimerization-independent
manner and to hinder annealing of plus-strand PBS DNA to
minus-strand PBS DNA.

This work was supported by grant MT-12312 from the Medical
Research Council of Canada to M. Laughrea.
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16. Laughrea, M., and L. Jetté. 1997. HIV-1 genome dimerization: kissing-loop
hairpin dictates whether nucleotides downstream of the 59 splice junction
contribute to loose and tight dimerization of human immunodeficiency virus
RNA. Biochemistry 36:9501–9508.
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