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Although a small amount of viral DNA has been shown to be enclosed within human immunodeficiency virus
type 1 (HIV-1) virions, the majority of full-length viral DNA is formed after this virus infects target cells.
Hence, we undertook investigations to identify the physical characteristics of the HIV-1 replication unit during
the early events of infection. In these studies, nascent viral DNA synthesis was found to occur between 15 and
30 min after purified, DNase-treated HIV-1 virions were added to HUT 78 cells. At 1 h postinfection, a large
amount of strong-stop viral DNA and some first-strand viral DNA had been synthesized. Several lines of
evidence, including purification, nuclease digestion, and immunoprecipitation, indicated that these nascent
viral DNAs were located within particles containing components such as reverse transcriptase and p245“¢ and
gp120°”” proteins and having physical characteristics similar to those of intact virions.

Classically, it has been taught that retroviruses contain two
copies of single, plus-strand RNA that are each reverse tran-
scribed into double-stranded DNA within the cytoplasm of
target cells (39, 42). This process involves several temporally
discrete steps, including the initial synthesis of strong-stop
DNA and the subsequent digestion of the complementary
R-US plus-strand RNA by RNase H, allowing for the negative-
strand strong-stop DNA to jump and anneal to the comple-
mentary 3’ R of the plus-strand viral RNA and thereby initiate
first-strand DNA synthesis (39, 42). Recently, however, we and
others have demonstrated both in vitro and in vivo that cell-
free human immunodeficiency virus type 1 (HIV-1) virions
contain small amounts of incomplete and complete viral DNA
transcripts (7, 23, 38, 44, 45). Furthermore, nascent HIV-1
DNA synthesis can occur in purified virions incubated in either
a buffer containing Mg?" and deoxynucleoside triphosphates
(dNTPs) or human physiological fluids (45). Virions thus
treated show a 1,000-fold increase in their infectivity of human
CD4™" T lymphocytes (45).

Although a small amount of viral DNA has been shown to be
enclosed within HIV-1 virions (genomic RNA/strong-stop
DNA ratios have ranged from 10%:1 to 10%1 [44, 45]), the
majority of full-length viral DNA is formed after the virus
infects target cells (7, 9, 19, 36, 40). While under certain con-
ditions reverse transcription may occur within the nuclear com-
partment of target cells, most DNA synthesis is associated with
the cytoplasm (7, 9, 10, 18, 19, 36, 40). At 6 h postinfection,
after it has been reverse transcribed and prior to its integration
into the host genome, full-length HIV-1 double-stranded DNA
has been demonstrated to exist as a cytoplasmic nucleoprotein
complex ranging in size from 160 to 320S. This complex has
been shown to contain various combinations of the viral inte-
grase, reverse transcriptase (RT), protease, and pl7 matrix
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proteins but not viral p245“¢ and gp41°"” and gp120“"” proteins
(7, 9, 10, 18). However, the physical moiety in which initial
HIV-1 DNA replication occurs has not been well characterized
and may be quite different from the aforementioned preinte-
gration complex. Using primer pairs and probes and DNA- and
RNA-dependent PCRs, which are specific for various steps of
HIV-1 reverse transcription, coupled with physical separation
techniques and other methods of HIV-1 analysis, we have
attempted to further define the early events of HIV-1 replica-
tion.

MATERIALS AND METHODS

Cell culture and virus purification. HIV-1, v is a type B HIV-1 isolate
utilized in our laboratory to study the biology of HIV (3, 21, 32, 41, 45). It was
grown in the CD4" cell line HUT 78 (13). Supernatants from centrifuged
cell-free conditioned media from these HIV-1-producing cells, HUT 78/HIV-
1aav, Were filtered (0.22-pm-pore size) and centrifuged at 45,000 X g for 1 h
with an SW27 rotor (Beckman, Inc., Palo Alto, Calif.) at 4°C. The viral pellet was
resuspended in 1 ml of TN buffer (10 mM Tris-HCI [pH 7.4], 100 mM NacCl). The
preparation was treated with 80 U of RQ1 DNase and 10 U of RNase I (Pro-
mega, Madison, Wis.) at 37°C for 1 h. The sample was then centrifuged at 45,000
X g for 1 h. The viral pellet was resuspended in 0.5 ml of TN buffer, and virions
were further purified by rate-zonal sedimentation and equilibrium density cen-
trifugation. Human T-cell leukemia virus (HTLV-I) (31) cultured in HUT 102
cells (13, 31) was similarly purified.

Viral infection. To determine the kinetics of HIV-1 viral DNA synthesis,
purified DNase- and RNase-treated HIV-1 virions (60 ng of HIV-1 p24) were
mixed with 1.2 X 10° HUT 78 cells in 100 pl of RPMI 1640 medium for 15 min
on ice. The volume was then increased to 1 ml, and the cells were incubated at
37°C. At successive time intervals (0 min to 6 h), the cells were removed, and
unbound virions were removed by washing with Hanks’ balanced salt solution
three times. The cells were then pelleted, mixed with quick-lysis buffer (45) on ice
for 10 min, and then analyzed by RT-directed PCR (RT-PCR) and PCRs for
HIV-1 RNA and DNA species, respectively.

In larger-scale infections, purified DNase- and RNase-treated cell-free virions
(3 pg of HIV-1 p24) were mixed with 5 X 107 HUT 78 cells in 1 ml of RPMI 1640
medium for 15 min on ice and then at 37°C for 1 h. The unbound virions were
removed, and the cells were washed and pelleted as described above. The cell
membranes were lysed by incubation in a buffer (10 mM Tris-HCI [pH 7.4], 100
mM NaCl, 0.02% [vol/vol] Nonidet P-40) on ice for 10 min with gentle shaking.
Cellular nuclei were removed by centrifugation at 900 X g at 4°C for 3 min. The
supernatant was filtered (0.45-pm-pore size), and the filtrate, termed the “cyto-
plasmic extract,” was placed on ice for subsequent studies as outlined in Fig. 1.

In both scales of infection, some aliquots of target cells were not subjected to
lysis with detergent. Rather, they were maintained in culture for up to 30 days
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FIG. 1. Outline of experimental procedures for investigating intracellular
HIV-1 reverse transcription. Mt, mitochondrial.

and monitored for HIV-1 infection and expression by HIV-1 PCR and RT-PCR
and HIV-1 p24%“¢ protein enzyme-linked immunosorbent assay (ELISA).

Rate-zonal sedimentation. Viral suspensions or cytoplasmic extracts were cen-
trifuged on 12-ml 5 to 20% continuous sucrose gradients at 45,000 X g for 55 min
at 4°C in an SW41 rotor (Beckman). For different purposes, the velocity and the
time of centrifugation were altered. Fractions (0.67 ml) were collected from the
bottom. Their sedimentation coefficients were calculated (26), and they were
analyzed for HIV-1 nucleic acid.

Equilibrium density centrifugation. Equilibrium density gradients were made
by layering 10 ml of a 20 to 65% sucrose gradient on top of 0.5 ml of 70% sucrose.
Viral suspensions or cytoplasmic extracts were then centrifuged at 150,000 X g
for 20 h at 4°C in an SW41 rotor. Fractions (0.67 ml) were collected from the
bottom. Buoyant density was determined with a refractometer. Fractions were
analyzed for HIV-1 proteins and nucleic acids.

Detection of HIV-1 proteins. HIV-1 RT was measured as the rate of incorpo-
ration (picomoles per hour) of [’H]dGMP into a poly(rC)-oligo(dG) template or
primer, as previously described (31). HIV-1 p24%“¢ and gp120°"” antigens were
detected with commercial antigen-capture ELISA kits (Cellular Products, Inc.,
Buffalo, N.Y., and American Biotechniques Co., Boston, Mass., respectively) (3,
28, 41).

Nucleic acid analyses by PCR. Samples (50 pl) were boiled and subjected to
quick lysis as described previously (45). RNA was detected with RT-PCR (44,
45), while DNA was detected with a conventional PCR (44, 45). The primer
pair-probe systems M667 and AA55/SK31, SK38 and SK39/SK19, and M667 and
M661/SK31 were utilized to detect HIV-1 strong-stop (R-UY), first-strand (gag),
and full-length DNA, respectively (21, 42, 44, 45). The primer pair-probe systems
SK110 and SK111/SK112, PC03 and PC04/RS06, and MT05 and MT06/MT07
were used to detect HTLV-I, human B-globin, and mitochondrial DNA, respec-
tively (20, 44, 45). Amplified products were detected by liquid or Southern blot
hybridization (44, 45).

The DNA standard curves utilized for quantification were derived from lysed
8ES5 cells, which contain one integrated defective copy of HIV-1 double-stranded
proviral DNA (11). It should be pointed out that each provirus contains one copy
of gag but two copies of the long terminal repeat and, hence, two copies of
strong-stop DNA. The number of HIV-1 integrants within the 8E5 cells was
verified by performing Southern blot hybridization with the 3?P-labeled nick-
translated Fspl-to-Nael full-length HIV-1 fragment from pNL4-3 (supplied by
the National Institutes of Health AIDS Research and Reference Reagent Pro-
gram) (2). The mean HIV-1 gag and strong-stop copy numbers per 8ES cell were
also verified by serially diluting the cells in a constant number of normal HIV-
1-negative peripheral blood mononuclear cells in replicates and performing PCR
with both the SK38/SK39 and M667/AASS systems and calculating the Poisson
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distribution that best fit the data (37). The RNA standards were derived from
synthetic RNA produced in vitro from DNA amplified with modified M667/
AASS or SK38/SK39 primers (45). The copy numbers of these RNA standards
were calculated by measuring the 4,4, and A,g, and again verifying this number
by performing RT-PCR on replicates of serial dilutions and calculating the
Poisson distribution. The DNA or RNA copy numbers of test samples were
calculated by performing densitometric analyses of these samples versus the
standard curve and by serially diluting them and calculating the Poisson distri-
bution (37). All quantitations were ultimately repeated 10 times and were done
with various input amounts of test samples.

DNase treatment. Samples (50 wl) were taken from purified virions, the nas-
cent viral DNA-enriched fraction, or control preparations (e.g., HIV-1 plasmid)
and added to 10 U of RQ1 DNase with 20 mM MgCl, at 37°C for 60 min. The
reaction was stopped by boiling for 30 min, and viral DNA was extracted with
quick-lysis buffer.

Immune capture assay. Anti-HIV-1 gp120 and anti-HIV-1 gp41 antibody-
coated, carboxylated latex microbeads (16) were washed once with phosphate-
buffered saline (PBS [pH 7.2]) and were resuspended in PBS at room temper-
ature. Fifty microliters of test sample was diluted with 150 pl of PBS and
incubated at room temperature for 3 h with a 50-pl suspension of the mi-
crobeads. The microbeads were pelleted in a microcentrifuge at 5,000 rpm for 10
min. The supernatant was removed, and 50 pl of fresh microbeads was added to
it while the pellet was resuspended in 250 pl of fresh PBS. Nucleic acid was
extracted from 50 wl of either the pellet or the supernatant and analyzed via PCR
or RT-PCR.

Thin-section electron microscopy. HIV-1 virions were incubated with HUT 78
cells for 1 h at 37°C. The cells were washed and pelleted as described above.
After centrifugation, the cell pellet was resuspended in 2 ml of TNE buffer (10
mM Tris-HCI [pH 7.2], 100 mM NaCl, 1 mM EDTA) and fixed with 2.5%
glutaraldehyde for 10 min. The cells were pelleted again and washed with TNE
buffer and pelleted. A small drop of 2% agar (45°C) was added, and the mixture
was cooled and cut into small pieces. The cells were then postfixed with 1%
osmium tetroxide for 1 h, washed with PBS, and dehydrated in graded ethanol.
The ethanol was replaced with propylene oxide three times, and ultimately the
sample was embedded in plastic.

Sections were made with an MT-2 ultramicrotome, transferred to grids, and
poststained with lead citrate. The grids were examined with a Siemens Elmiskop
102 electron microscope (Karlsruhe, Germany).

RESULTS

Kinetics of HIV-1 reverse transcription. As previously pub-
lished (44, 45), HIV-1 cell-free virions were found to contain
small amounts of HIV-1 DNA (Fig. 2 and Table 1). For every
10° RNA molecules, there were 10° strong-stop and 10" first-
strand DNA copies (Table 1). When HUT 78 cells were in-
fected with cell-free HIV-1, nascent strong-stop and first-
strand viral DNA syntheses were observed within 15 to 30 and
30 to 60 min, respectively. Full-length viral DNA could not be
detected until 2 h (data not shown). Nascent viral DNA syn-
thesis, including that of full-length DNA, peaked by 6 h (Fig. 2
and data not shown). As previously published (3, 40, 41, 45),
the amounts of cell-free HIV-1 utilized in both the small- and
large-scale infections resulted in sustained, productively in-
fected cultures of HUT 78 cells, as measured by DNA- and
RNA-directed PCR and HIV-1 p24%“¢ ELISA (data not
shown). Because we were interested in studying the physical
characteristics of the early HIV-1 replication unit, all subse-
quent analyses were performed at 1 h postinfection.

Characterization of the HIV-1 replication unit. Before em-
barking on the examination of cytoplasmic extracts of HUT 78
cells at 1 h postinfection with HIV-1, it was important to
demonstrate that the treatment used to lyse the cellular mem-
branes (0.02% Nonidet P-40 in TN buffer at 4°C for 10 min)
would not significantly disrupt whole virions or their subunits.
Indeed, as shown in Fig. 3, HIV-1 virions were stable after such
treatment, whereas harsher treatments with increased amounts
of detergent for greater periods of time generated either core
particles or the complete solubilization of the virions.

The cytoplasmic extract of HUT 78 cells at 1 h postinfection
with cell-free HIV-1 was found to contain at least 70% of the
nascent viral DNA, with the remaining DNA being found in
the nuclear compartment or bound to the 0.45-pm-pore-size
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FIG. 2. Time course study of nascent HIV-1 DNA synthesis. Each aliquot of
target HUT 78 cells (1.2 X 10°) was infected with the same amount of purified,
DNase-treated HIV-1, 4v. At each time point (shown as individual lanes on the
gels), HIV-1 DNA was extracted and analyzed by PCR. (A) Viral DNA was
amplified with the strong-stop (R-US5) primer pair M667/AASS5. (B) Viral DNA
was amplified with the first-strand (gag) primer pair SK38/SK39. The amplified
products were analyzed by liquid hybridization and subsequent electrophoresis
on an 8% acrylamide gel followed by autoradiography. Negative controls in-
cluded DNA from uninfected HUT 78 target cells only, an HIV-negative volun-
teer blood donor, and a primer-only control to which no nucleic acid had been
added. Positive controls included DNA from a dilution series of HIV-1-infected
8ES cells. All bands shown on the gel are the result of positive hybridizations. (C)
Comparison of HIV-1 strong-stop (O) and first-strand (A) copy numbers in HUT
78 cells at different time points postinfection with HIV-1. Copy numbers were
derived by densitometric analysis of the autoradiographs in panels A and B and
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TABLE 1. Comparison of the strong-stop RNA/DNA ratio in
purified HIV-1 virions versus nascent viral DNA-associated
particles in cytoplasmic extracts of target cells

Copy no.*

Particle _ RNA/DNA
RNA DNA ratio
Purified virions 10° 10° 10%:1
Nascent viral DNA-associated particles ~ 10? 10* 10711

from HUT 78 cytoplasmic extract at
1 h postinfection®

“ M667/AAS5 were used as a primer pair.
b Fraction 9 in Fig. 4.

filter (data not shown). Furthermore, when the cytoplasmic
extract was subjected to rate-zonal sedimentation, most of
the viral DNA was found to be associated with a particle
having a sedimentation coefficient greater than 330S (data not
shown). With the controls, we demonstrated that solubilized
viral DNA, obtained either by phenol and chloroform ex-
traction followed by ethanol precipitation of the cytoplasmic
extract or by restriction endonuclease digestion of HIV-1 plas-
mid DNA (10 kb), had a much smaller sedimentation coeffi-
cient.

When subjected to equilibrium density centrifugation, the
nascent viral DNA in the filtered cytoplasmic extract was found
to be associated with a particle having a buoyant density similar
to an intact virion, namely 1.19 g/ml (Fig. 4). Again, as controls,
the solubilized nascent HIV-1 DNA from the infected cyto-
plasmic extract, the excised plasmid HIV-1 DNA (10 kb), and
the HIV-1 plasmid DNA that had been mixed with an unin-
fected HUT 78 cell cytoplasmic extract were all shown to
sediment higher in the gradient than the intact particles found
in the infected cytoplasmic extract (data not shown). This ob-
servation does not mean that the controls described above had
a lower buoyant density than intact virions but rather that,
given their lower mass, there was insufficient centrifugation
time for them to reach equilibrium. Furthermore, the lack of
detectable human B-globin DNA in the equilibrium density
gradient fractions containing HIV-1 nascent DNA obviates
nuclear DNA contamination (Fig. 4). However, the fact that
human mitochondrial DNA cofractionated with the nascent
viral DNA (Fig. 4) raised the possibility that the newly synthe-
sized viral DNA might be associated with mitochondria. This
hypothesis was negated when we subjected the cytoplasmic
extract to rate-zonal sedimentation and were able to clearly
separate the nascent viral DNA from the mitochondria (Fig.
5).

As anticipated from the earlier kinetic studies (Fig. 2), the
number of copies of strong-stop DNA at 1 h postinfection far
exceeded the number of first-strand DNA copies (Fig. 4), in-
dicating that we, indeed, had chosen a time point at which the
jump from strong-stop to first-strand DNA synthesis had re-
cently been initiated. The ratio of viral RNA to DNA in the
strong-stop region significantly decreased in these cytoplasmic
extract particles compared with that of the extracellular HIV-1
virions (Table 1), an observation consistent with the premise

additional dilution of each sample in panels A and B (data not shown) compared
with linear curves generated by similar analyses of the positive controls. As can
be seen, even the virions at 0 min contain small amounts of HIV-1 DNA, and, as
expected, strong-stop DNA synthesis is initiated prior to first-strand DNA syn-
thesis. By 1 h, a significant amount of strong-stop DNA synthesis and a small
amount of first-strand nascent DNA synthesis have occurred.
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FIG. 3. Size comparison of HIV-1 particles treated with different concentra-
tions of the detergent Nonidet P-40. HIV-1 virions treated with detergent were
centrifuged on 5 to 20% sucrose gradients at 45,000 X g for 55 min at 4°C. RT
activity was analyzed in each fraction. The 800S and 2008 size ranges are shown.
0, virions without any treatment; @, virions treated with 0.02% Nonidet P-40 in
TN buffer at 4°C for 10 min; m, virions treated with 0.5% Nonidet P-40 in H,O
at 4°C for 30 min; O, virions treated with 1.5% Nonidet P-40 at 37°C for 1 h.

that either virions containing strong-stop DNA preferentially
bind to or enter the target cells or, more likely, that, coincident
with strong-stop DNA synthesis, significant RNase H activity
had resulted in a decrement of complementary R-U5 RNA
content within the particles in the 1-h postinfection cytoplas-
mic extract.

The results presented in Fig. 4 indicate that RT activity,
HIV-1 p24, and gp120 were copurified with the nascent viral
DNA-containing particle. To rule out the possibility that these
particle-associated HIV proteins were due to an unknown pre-
existing packaged exogenous or endogenous retrovirus in the
HUT 78 cells, a cytoplasmic extract from uninfected HUT 78
cells was processed via a similar equilibrium density centri-
fugation gradient. No RT activity or p24 or gp120 proteins
were detected around the 1.19-g/ml fraction in this control
gradient, confirming the absence of particle-associated RT ac-
tivity and HIV-1 proteins in HUT 78 cells (Fig. 6A). However,
it should be noted that the uninfected HUT 78 cells do contain
some soluble RT activity in the less-dense fractions of the
gradient, consistent with the endogenous RT activity we have
repeatedly observed in this cell line (Fig. 6A) (unpublished
data).

As another control, to evaluate whether soluble HIV-1 pro-
teins could bind to subcellular organelles in the HUT 78 cell
extract and thereby give the appearance of being particle as-
sociated, HIV-1 virions that had been completely solubilized in

TABLE 2. Comparison of viral protein levels in purified HIV-1
virions versus nascent HIV-1 DNA-associated particles
found in target cell cytoplasmic extracts

Amt (ng/ml)
Particle of: gpl 20./ p24
EEeE— ratio
gp120 p24
Purified virions 56 288 0.2:1
Nascent viral DNA-associated particles 138 4 34:1

from HUT 78 cytoplasmic extract at
1 h postinfection”

¢ Fraction 9 in Fig. 4.

J. VIROL.

.28
EI.26
.24
[ E
N tiee £
o
_ s :l20t
E 150 5 2,0 :I.IG 3
2 = e 5
° i - o
ﬁ‘loo N L5 E >|.|4 °
s f>:- S F 2
. £ 1o S tuo
P-4 (21
a
%0 E o5 -
x
Tty
2 4 6 8 10 12 14 16 I8
. _—
5
<
13
>
I
1 ] ] 1 ]
2 4
4.
-z
1° -
e T T T S T S T B T S RS
2 4 6 8 10 12 14 16 18
>Z
@
$9«
28
Q
t ] [} 1 1 1 t ] I t 1 U t 1 | U t i
2 4 6 8 10 12 14 16 8
-
2
Ta
o
£z R - - -
© [ O B B R T T T T R T R
2 4 6 8 [[¢] 2 14 16 i8

FRACTION NUMBER

FIG. 4. Copurification of nascent HIV-1 DNA and viral proteins in an equi-
librium density gradient. The cytoplasmic extract from HUT 78 cells at 1 h
postinfection by HIV-1 was centrifuged at 150,000 X g for 20 h on a continuous
sucrose gradient. The density of each fraction was determined with a refractom-
eter, and each fraction was analyzed for HIV-1 RT, p24%“¢ and gp120°"” proteins,
HIV-1 strong-stop (R-US5) or first-strand (gag) DNA, and human mitochondrial
and nuclear B-globin DNA.

vitro were added to an uninfected HUT 78 cytoplasmic extract
and centrifuged in another equilibrium density centrifugation
gradient (Fig. 6B). None of the viral proteins were detected in
the fractions around 1.19 g/ml. Rather, as expected, all were in
the soluble portion of the gradient.

To further establish that the particles containing the nascent
viral DNA were enveloped and contained HIV-1 envelope
proteins, we performed two additional experiments. First, we
demonstrated that the nascent DNA inside these particles was
protected from DNase, while plasmid DNA, even at a much
higher level of input, was not (Fig. 7). Incubation of the nas-
cent DNA-containing particles in 1.5% Nonidet P-40 for 1 h
did render the DNA susceptible to degradation by DNase
(data not shown). Next, we demonstrated that the nascent
DNA from cytoplasmic extracts and DNA inside intact cell-
free virions could be immunoprecipitated with beads coated
with anti-HIV gp41¢" and gp120°"” antibodies (Fig. 8). In
contrast, neither solubilized HIV-1 plasmid DNA, plus or mi-
nus uninfected HUT 78 cytoplasmic extract (Fig. 8), nor
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FIG. 5. Comparison of the migration of nascent HIV-1 DNA versus human
mitochondrial DNA in a rate-zonal sedimentation gradient. The cytoplasmic
extract from HUT 78 cells at 1 h postinfection with HIV-1 was centrifuged at
45,000 X g for 55 min on a 5 to 20% continuous sucrose gradient. Fractions were
collected from the bottom, and DNA was extracted and analyzed by PCR for
HIV-1 gag or human mitochondrial sequences. A serial dilution of HIV-1 DNA
standards was also analyzed. As can be seen, the larger mitochondria were easily
separated from the HIV-1 DNA-containing particles.
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FIG. 6. Equilibrium density centrifugation of cytoplasmic extracts from un-
infected HUT 78 cells without (A) or with (B) added soluble HIV-1 components.
Cytoplasmic extracts from 5 X 107 uninfected HUT 78 cells were prepared as
described in Materials and Methods. HIV-1 virions were disrupted with 1.5%
Nonidet P-40 at 37°C for 1 h and added to the cytoplasmic extract utilized in
panel B. Both extracts were centrifuged on separate 20 to 70% sucrose gradients
as described in the legend to Fig. 4. Each fraction was analyzed for density, RT
activity, and HIV-1 p24 and gp120 content.
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FIG. 7. DNase treatment of particle-associated nascent HIV-1 DNA. Fifty
microliters of fraction 9 of the gradient in Fig. 4 was treated with (+) or without
(—) DNase. As a control, 50 ul of HIV-1 plasmid DNA (copy number of 5 X 10°)
was treated with or without DNase. The DNase digestion was stopped by boiling
for 30 min. The mixture was extracted for DNA analysis. PCR amplification was
performed with primer pair SK38/SK39, and liquid hybridization was performed
with the probe SK19.

HTLV-I virions (data not shown) could be precipitated by the
beads. Interestingly, the ratio of gp120 to p24 in nascent viral
DNA-associated particles was higher than that of the original
purified HIV-1 virions (Table 2).

Electron microscopy studies. Because the data presented
above indicated that the nascent viral DNA at 1 h postinfection
of HUT 78 cells by HIV-1 was located in a particle similar to
an intact virion containing env and gag proteins, we examined
these cells by thin-section electron microscopy. Sections pre-
pared from uninfected HUT 78 cells failed to show any virus-
like particles (data not shown). In contrast, HUT 78 cells 1 h
postinfection contained apparent HIV-1 virions with bullet-
shaped cores either bound to the cell surface or present within
endosomelike vesicles (Fig. 9).

DISCUSSION

Significant nascent viral DNA synthesis occurs within 1 h
postinfection of HUT 78 cells by DNase-treated HIV-1 virions.
Peak viral DNA synthesis occurs by 6 h. At the earlier time
point, considerably more strong-stop DNA is synthesized than
first-strand gag DNA, and there is a relative decrease in the
amount of complementary viral RNA sequences, thus con-
firming that the DNA detected at 1 h primarily represents
the intermediate products of reverse transcription. Our studies
indicate that this nascent DNA is synthesized in particles
that have a sedimentation coefficient and buoyant density
very similar to those of intact cell-free virions and contain at
least RT and p245“¢ and gpl120°" proteins. These particles
contain neither human nuclear DNA nor mitochondrial DNA.
That the nascent viral DNA is enclosed within these particles
is evidenced by the fact that it is not degraded by DNase
treatment and that it could be immunoprecipitated by latex
beads coated with anti-gp120“*” and anti-gp41¢"" antibodies.
On the basis of the data presented above and electron mi-
croscopic examination of HUT 78 cells at 1 h postinfection
by HIV-1, we conclude that the nascent DNA is synthesized
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FIG. 8. Immunocapture of nascent viral DNA-associated particles by anti-
HIV-1 gp120 and gp41 antibodies. Fraction 11 in Fig. 5 was diluted in PBS and
mixed with latex beads coated with anti-HIV-1 gp120 and gp41 antibodies. The
immune complexes were pelleted via low-speed centrifugation. The supernatant
(S) was removed and normalized with fresh unreacted beads, while the pellet (P)
was suspended in an equal volume of PBS. Nucleic acid was extracted from both
fractions, PCR was performed with primer pair M667/AAS5S5, and Southern blot
hybridization was performed with the 3?P-labelled SK31 probe. Results obtained
with various dilutions of the nascent viral DNA-associated particles were com-
pared with those obtained with whole HIV-1 virions plus beads, HIV-1 plasmid
DNA (plus or minus the cytoplasmic extract from uninfected HUT 78 cells) plus
beads, the beads alone, PBS alone, and an HIV-1 DNA standard.
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in virion-derived particles either bound to the cell surface
or present in intracellular vesicles resembling endosomes.
If the endosomes are the site of initial HIV-1 reverse tran-
scription, then our data would be dependent on the detergent
conditions used herein lysing the endosome, a point that we
have not proven, but one that is plausible given that the en-
dosomal membrane is primarily an inverted cellular mem-
brane.

The nascent viral DNA-associated particles have an average
buoyant density of 1.19 g/ml, compared with 1.16 g/ml seen
with purified extracellular HIV-1 virions (reference 45 and
data not shown). This would suggest that the former may have
relatively less percent lipid content than the latter. The differ-
ences in the gp120/p24 ratio observed between extracellular
HIV-1 virions and particles containing the nascent viral DNA
may be attributable to several possibilities. First, the virions
which are bound to the target cells may possess a higher quan-
tity of gp120 than the average extracellular virion. It is to be
noted that extracellular virions may shed gp120, especially
during purification (14, 22, 27). Also, the efficiency of assembly
of gp120 into virions may be much lower than that of p24. It
has been reported that the gag proteins are sufficient to form a
noninfectious viruslike particle which has a morphology and
density similar to those of the wild-type virus (33, 34). Because
2p120 functions by binding to CD4 on the surface of the target
cell, those virions that have more gp120 molecules on their
surface would more efficiently bind to and infect target cells.
Second, p24 may be readily dissociated from HIV-1 virions
during entry into the target cells. It has been hypothesized that
in HIV-1, the env glycoproteins, but not p245“%, are included in
the matrix formed by p17 and the ribonucleoprotein complex
(6). Reports (7, 9, 10) that at 6 h postinfection, the full-length
linear viral DNA in HIV-1-infected cells is associated with only

FIG. 9. Electron micrographs of HUT 78 cells 1 h postinfection with HIV-1. Magnification, X100,000. (Left) extracellular virions (arrows) adjacent to and on the
surface of HUT 78 cells. (Right) HIV-1 virion in the endosomelike vesicle (arrow) of a HUT 78 cell.
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the integrase and matrix protein but not with p24 support the
hypothesis mentioned above. Conversely, others have found
that the full-length linear murine leukemia virus DNA is asso-
ciated with both integrase and capsid proteins (5). Third, we
used nonionic detergent (0.02% Nonidet P-40) to disrupt cel-
lular membranes. As is the case with intact virions, this amount
of detergent might preferentially solubilize some p24 from the
nascent DNA-associated particle (6, 17).

It has been demonstrated that HIV-1 enters a target cell via
two mechanisms: direct fusion (15, 25, 36) or endocytosis (15,
24, 29). However, no convincing evidence has been presented
to indicate which is the preferred mechanism in vivo. We have
shown that endogenous reverse transcription can occur within
intact HIV-1 virions given suitable divalent cation and dNTP
concentrations (44, 45). The concentration of dNTPs in the
cytoplasm should be much higher than that in the extracellular
space (12). When a virion attaches to a target cellular mem-
brane, it is conceivable that the dNTPs in the cytoplasm could
diffuse through altered cellular membranes, thereby driving de
novo viral DNA synthesis. Similarly, it is possible that condi-
tions suitable for reverse transcription exist in the endosomes
of HUT 78 cells.

Although RT and RNase H are the predominant enzymes
involved in HIV-1 DNA synthesis, viral structural proteins
clearly are involved as well (30). Because we are observing
nascent DNA synthesis in a particle similar to an intact virion,
it is reasonable to assume that components of this structure
may be critical for optimal reverse transcription, especially for
efficient template switching.

It has been reported that only partial reverse transcripts can
be found in quiescent lymphocytes after HIV-1 infection (7, 42,
43). If the same lymphocytes were then stimulated to prolifer-
ate by a mitogen, full-length viral DNA was subsequently syn-
thesized (43). These observations are compatible with ours,
because they indicated that the genomic viral RNA molecules
that are persistent in these lymphocytes were in a physical state
that protected them from cellular nucleases and maintained an
intact replication unit. Moreover, it has been observed that,
although viral particles exist both on the surface and in the
cytoplasm of sperm from HIV-1-positive patients or sperm to
which HIV-1 has been added in vitro, viral DNA but not RNA
can be detected in sperm (4, 35). This phenomenon is com-
patible with the hypothesis that virions are able to bind to and
enter human sperm and undergo the early stages of reverse
transcription but are unable to subsequently integrate into the
condensed spermatic chromosomes.

The data presented above have several clinical implications,
one of which is that in vivo HIV-1 strong-stop DNA copies may
be in greater abundance than HIV-1 gag, pol, or env sequences,
which are the usual targets of HIV-1 detection (1, 8, 21, 40).
Hence, viral detection strategies directed toward strong-stop
DNA may prove to be more sensitive. Another point raised by
our data is that if the site of nascent HIV-1 DNA synthesis is
inside either an extracellular or an intracellular virus particle,
then effective antiviral drug therapy would require the accu-
mulation of the active moieties in these virus particles and not
just in the cytoplasm of the cell. We are currently conducting
experiments with in vitro and in vivo specimens to explore
these implications.
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