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After fusion of the human immunodeficiency virus type 1 (HIV-1) envelope with the host cell membrane, the
HIV-1 core enters the cell cytoplasm. Core components are then restructured to form the reverse transcription
complex (RTC); the biochemical details of this process are currently unclear. To investigate early RTC
formation, we characterized the endogenous reverse transcription activity of virions, which was less efficient
than reverse transcription during cell infection and suggested a requirement for a cell factor. The addition of
detergent to virions released reverse transcriptase and capsid, and reverse transcription products became
susceptible to the action of exogenous nucleases, indicating virion disruption. Disruption was coincident with
the loss of the endogenous reverse transcription activity of virions, particularly late reverse transcription
products. Consistent with this observation, the use of a modified “spin thru” method, which uses brief
detergent exposure, also disrupted virions. The addition of lysates made from mammalian cell lines (Jurkat,
HEK293T, and NIH 3T3 cells) to virions delipidated by detergent stimulated late reverse transcription
efficiency. A complex with reverse transcription activity that was slower sedimenting than virions on a velocity
gradient was greatly stimulated to generate full-length reverse transcription products and was associated with
only relatively small amounts of capsid. These experiments suggest that cell factors are required for efficient

reverse transcription of HIV-1.

Early in human immunodeficiency virus type 1 (HIV-1) rep-
lication, the core enters the cytoplasm after cell fusion of the
viral envelope. The core then undergoes restructuring, leading
to the formation of the reverse transcription complex (RTC)
during a process commonly referred to as uncoating (31). The
viral proteins, including matrix, Vpr, integrase, reverse trans-
criptase (RT), genomic RNA (reviewed in reference 44), and
possibly host cell proteins (30) such as Gemin2 (22), are
thought to constitute part of the RTC.

The role of capsid in RTC formation is unclear. Functional
RTCs isolated from cells infected with HIV-1 particles lack
capsid (14), and only trace amounts were reported to be asso-
ciated with preintegration complexes (PIC) (28). Deoxyribo-
nucleotides added to HIV-1 virions are taken up and incorpo-
rated into reverse transcription products, a process referred to
as endogenous reverse transcription (ERT) (sometimes re-
ferred to as natural endogenous reverse transcription) (24, 47,
49, 50). ERT in HIV-1, which can be initiated without added
detergent, differs from ERT in other retroviruses, which re-
quire nonionic detergent or compounds that can partially or
completely solubilize the virion envelope (6, 19, 32). Deter-
gent-free ERT is reported to partially disrupt the structure of
the core (48). The loss of capsid prior to RTC formation and
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the disruption of cores during ERT suggest that the virion-
derived core was restructured postentry. In support of this
idea, an “uncoating” activity that released capsid from HIV-1
cores and was required for RT activation was attributed to a
cellular factor (5). Hence, capsid is thought to dissociate soon
after entry and, therefore, is generally not considered part of
the HIV-1 RTC.

Other evidence suggests a more complex model than simply
a requirement for the release of capsid for RTC formation.
First, the release of capsid is not a prerequisite for RT activa-
tion, as reverse transcription occurs in intact virions during
ERT. Second, RTCs were found, by using immunofluorescent
microscopy, to be associated with capsid (27). Experiments
with capsid mutants suggest that the HIV-1 core must remain
intact for some period of time after virus entry (16, 17). Hence,
it is possible that capsid may be associated with RTC, at least
in the initial period postentry, but the association is weak and
easily disrupted by biochemical procedures. A requirement for
a regulated process of uncoating has been invoked to reconcile
the lack of evidence for a physical association of capsid with
the RTC, contrary to the genetic and microscopic data (10, 36).
In other words, core structure is either wholly or partially
maintained to complete some replication step, after which
disassembly is completed.

HIV particles with irregular core morphologies (38) and
altered stabilities (15) are unable to undergo reverse transcrip-
tion in cells. For some of these mutants, the amount of RT in
the core was less than in wild-type particles and there was
greater retention of capsid (39). The above findings suggest
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two possible interpretations: either mutant core is defective for
uncoating, which results in a block to reverse transcription or,
alternatively, the maintenance of a specific core structure is
required for reverse transcription. In support of the latter
interpretation, virions treated with the nonhydrolyzable ATP
analogue ATP-y-S had irregular core morphology and were
deficient in ERT and in reverse transcription in infected cells
(21). The maintenance of a specific core structure in the cyto-
plasm may support the RTC complex and protect the RNA
genome and product cDNA from host cell degradation.

Cell proteins may assist the uncoating or reverse transcrip-
tion process (5, 29). Consistent with this idea, other host cell
proteins are known to regulate early replication. For example,
a number of host restriction factors which can block retroviral
infection have now been characterized (reviewed in references
9 and 34). Target cell cyclophilin A is important for efficient
HIV-1 replication by possibly blocking an unidentified restric-
tion factor (25, 33, 37). A number of host proteins are known
to be associated with the RTC/PIC. The barrier-to-autointe-
gration factor, high-mobility-group protein, and LEDGEF/p75
assist integration (reviewed in reference 43). PML and Ini-1
are recruited by the PIC (42), and the latter stimulates tran-
scription (4); and the survival motor neuron-interacting pro-
tein 1, Gemin2, modulates reverse transcription (22). In addi-
tion, HIV-1 infection of somatic cell mutants was blocked at an
early stage of replication (18), and additional functions will
likely be attributed to other host cell proteins. Recent work
with two different cell systems suggests the existence of a host
cell factor requirement (13, 35). In vitro reverse transcription
systems also suggest a cell factor requirement during reverse
transcription (24). Hence, cell factors may be required to com-
plete early replication.

In this paper, we describe an in vitro reconstitution system to
study RTC activity and to determine the effects of exogenous
cell factors. As a starting point, HIV-1 virion preparations
highly active for ERT activity were treated with detergents and
the effect on reverse transcription was observed. Exposure to
the nonionic detergent Triton X-100 reduced ERT activity in
parallel with envelope removal and disruption of the core
structure. When mammalian cell lysates were added to virions
in which the envelope had been removed by mild detergent
treatment, endogenous synthesis of late products was in-
creased, suggesting that a cell factor assists the core’s imma-
ture RTC. A complex was formed that sedimented more slowly
than whole virions on a velocity gradient. These observations
suggest that one or more cell factors may assist core uncoating.

MATERIALS AND METHODS

Cell lines and virus culture. The MAGI CXCR4-expressing cell line (National
Institutes of Health [NIH] AIDS research and reference reagent program) was
grown in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated newborn bovine serum, penicillin-streptomycin, glutamine, 0.2 mg/ml
geneticin, 0.1 mg/ml hygromycin B, and 1 pg/ml puromycin. All other cells were
grown in RPMI 1640 supplemented with 10% newborn bovine serum and pen-
icillin-streptomycin. All cell lines were incubated at 37°C in 5% CO, (standard
conditions). A stock of HIVy; 45 (2) was generated by transfection of the cor-
responding proviral DNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
into HEK293T cells according to the manufacturer’s recommendations. Cell
culture supernatants were removed at 48 h posttransfection and centrifuged
(200 X g, 10 min), and the supernatant was filtered (0.45 um) and stored in 1-ml
aliquots at —80°C. To generate a MAGI cell line-derived virus stock, cells were
plated to give approximately 50% confluence and then incubated overnight. The
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cells were infected with HIVy; 43 (250 ng p24) and incubated under standard
conditions for 2 h. The culture medium was then removed, and the cells were
washed four times with sterile phosphate-buffered saline (PBS). Fresh medium
was then added (Dulbecco’s modified Eagle’s medium with 10% fetal calf serum,
0.2 mg/ml G418, 0.1 mg/ml hygromycin, 1 pg/ml puromycin, and 1% penicillin-
streptomycin), and the cells were incubated under standard conditions for 6 days.
The supernatant was then harvested, centrifuged (1,000 rpm, 10 min), and
filtered (0.45 wm). Virus was concentrated by ultracentrifugation (100,000 X g,
2 h, 4°C) on a 20% sucrose cushion, and the pellet was resuspended overnight in
1/10 of the culture volume of sterile PBS and stored in 50-pl aliquots at —80°C
until needed. The plasmids used as described above were made available through
the NIH AIDS research and reference reagent program.

ERT assays. Reverse transcription products were generated by the addition of
sucrose cushion-purified virus particles (equivalent to 10 ng p24) to a mixture
containing 10 mM Tris, pH 7.4, 10 mM MgCl,, and 200 wM of each deoxynucleo-
side triphosphate in RPMI 1640 medium (final volume of 50 wl) for up to 18 to
20 h at 37°C; DNase I (500 U/ml), Triton X-100, and other optional additives
were included as indicated in the text at the concentrations shown. When de-
tergent was used, it was the last component added. A no-nucleotide control
reaction mixture was always included. If relevant, lysate or fractions were added
to 1/10 of the final volume unless indicated (5 to 20 pg of total protein). Products
were extracted, once with an equal amount of phenol:chloroform:isoamyl alcohol
(25:24:1) and once with chloroform. The extracts were ethanol precipitated,
washed with 70% ethanol, dried, and resuspended in 100 pl of 0.1 mM EDTA.
Purified reaction products (5 pl) were added to the reaction mixture containing
0.4 uM of each primer, Sybr green I, 30 U/ml platinum Tag polymerase, 20 mM
Tris-HCI, pH 8.4, 50 mM KCI, 3 mM MgCl,, 200 uM of each deoxynucleoside
triphosphate, 20 Ul/liter uracil-N-glycosylase (Invitrogen, Carlsbad, CA) in a final
volume of 15 pl. A no-DNA control (5 ul of 0.1 mM EDTA, pH 8.0) was also
included. The standard primer sets used for amplification were as follows: for
strong-stop DNA, forward primer (5'-dGGTCTCTCTGGTTAGACCA-3") and
reverse primer (5'-dAAGCAGTGGGTTCCCTAGTTAG-3'); for first-strand
transfer DNA, forward primer (5'-dAGCAGCTGCTTTTTGCCTGTACT) and
reverse primer (5'-dACACAACAGACGGGCACACAC); for full-length minus-
strand DNA, forward primer (5'-dCAAGTAGTGTGTGCCCGTCTGTT) and
reverse primer (5'-dCCTGCGTCGAGAGAGCTCCTCTGG); and for second-
strand transfer DNA, forward primer (5'-dAGCAGCTGCTTTTTGCCTGT
ACT) and reverse primer (5'-dCCTGCGTCGAGAGAGCTCCTCTGG). The
mixtures were subjected to 1 cycle of 2 min at 50°C and 2 min at 95°C and 40
cycles of 15 s at 95°C and 30 s at 65°C on a Rotor-Gene 3000 thermocycler
(Corbett) set to collect Sybr fluorescent signal after the 65°C step. The copy
number (proviral equivalents) was determined by reference to a standard curve
prepared by dilution of plasmid pNL4.3. A no-nucleotide control was always
included, and either the results were negligible or the data were discarded.

Cell infection. MAGI cells (2 X 10°) were added to the wells of 6-well plates,
with triplicate wells for each sample. An uninfected control was also included.
The cells were incubated at 37°C overnight. A control sample of HIVy 453 was
heat inactivated at 80°C for 15 min. HIVy 45 particles, either infectious or
heat-inactivated control virus (virus equivalent to 200 ng p24), were added to the
cells in duplicate, and they were incubated for 18 h. The cells were washed with
PBS three times and then trypsinized and resuspended in 1 ml PBS. The cells
were then centrifuged (14,000 rpm, 1 min), washed once with PBS, and recen-
trifuged. The cells were resuspended in TE (250 pl; 10 mM Tris, pH 7.4, 10 mM
EDTA). These mixtures were diluted 1:10 in 0.1 mM EDTA for the real-time
PCR. Cytoplasmic DNA was prepared by the method of Hirt (23). Briefly, lysis
buffer (250 pl; 10 mM Tris, pH 7.4, 10 mM EDTA, 1.2% sodium dodecyl sulfate,
100 pg/ml proteinase K) was added and the lysate incubated at 37°C for 2 h. A
concentration of 5 M NaCl (125 pl) was added, and the mixture was incubated
overnight on ice. The lysate was centrifuged (14,000 rpm, 10 min). The super-
natant was extracted, once with phenol:chloroform:isoamyl alcohol (25:24:1; 250
wl) and once with chloroform (250 wl). The extracts were ethanol precipitated,
washed with 70% ethanol, dried, and resuspended in 100 pl of 0.1 mM EDTA.
Reverse transcription products were analyzed by quantitative PCR as described
above.

Detergent treatment and p24 and RT colorimetric assays. Triton X-100 de-
tergent was added at room temperature to virions at the concentrations indicated
in the text. The samples were then immediately diluted to 10 ml in PBS and
centrifuged at 100,000 X g for 2 h (Beckman Sw41Ti rotor; 28,000 rpm, 4°C).
Prior to centrifugation, the supernatant and pellet fractions were assayed for p24
antigen by using a RETROtek HIV-1 p24 antigen enzyme-linked immunosor-
bent assay (ELISA) (Zeptometrix) according to the manufacturer’s instructions.
For RT analysis, after the addition of detergent to virions, an RT colorimetric
assay was used to measure RT activity (Roche) released from virions using a
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poly(A):oligo(dT),s template. The manufacturer’s instructions were followed,
with the exception that a detergent-free reaction buffer, which was identical to
the supplied buffer in all other respects, was used.

“Spin thru” method. The “spin thru” method was performed as described
previously with a minor modification (1): the equilibrium gradient described
above was used, but an additional layer (200 pl) containing either 15% OptiPrep
and 0.03% (vol/vol) Triton X-100 or no detergent (no-detergent control) was
placed above the gradient. A second buffer layer (200 pl) containing 10%
OptiPrep was laid above the Triton-containing layer, and the sample was laid
on top.

Preparation of human cell lysates and S100 and P100 fractions. Cells grown
to near confluence were washed once with sterile PBS. Adherent cells were
induced to shed by the addition of 1 mM EDTA in sterile PBS, followed by
incubation for 20 min. Cold PBS (five times the packed cell pellet volumes) was
added to the dishes, and the cells were gently resuspended. The cells were
centrifuged (1,000 rpm, 10 min), the supernatant was discarded, and the pellet
was suspended in lysis buffer (five times the packed cell pellet volume of 10 mM
Tris, pH 7.4, 1.5 mM MgCl,, 10 mM KCI, 1X complete protease inhibitor
cocktail [Roche], and 0.5 mM B-mercaptoethanol). Protease inhibitor cocktail
was omitted in extracts prepared for protease digestion experiments. The cells
were centrifuged as described above, the supernatant was discarded, and the
pellet was resuspended in two times the packed cell pellet volume of lysis buffer.
The cells were lysed with 10 rapid strokes of a Dounce homogenizer, 1 ml at a
time. The lysate was cleared by centrifugation in a refrigerated microfuge (4°C,
12,000 rpm, 10 min). One-half of the crude preparation was removed and stored
at —80°C. The remaining part of the preparation was centrifuged at 100,000 X
g for 1 h in an Sw60Ti rotor. The supernatant (S100) was removed for storage at
—80°C. The pellet (P100) was resuspended overnight in the original volume of
lysis buffer and stored at —80°C. To prepare a dialyzed fraction, the crude lysate
was dialyzed for 4 h against 1,000 times the volume of lysis buffer using a
membrane with a molecular mass cutoff of 3,500 Da, with the buffer being
changed at 2 h. The protein concentration was measured by using a commercially
available Bradford assay (Bio-Rad, CA). The final protein concentration varied
with the cell line and from preparation to preparation but was typically 1 mg/ml
for a crude Jurkat lysate and 0.5 mg/ml for the S100 and P100 fractions, 4 mg/ml
for the 293T crude lysate, 2 mg/ml for the NIH 3T3 crude lysate, and 3 mg/ml for
the Vero crude lysate.

Protease and nuclease treatment of cell lysates. Lysates were treated with
either proteinase K (S100 fraction; 20 pg/ml in 1 mM CaCl,, 10 mM Tris, pH 7.4,
and 1 mM dithiothreitol) or RNase A (crude lysate; 50 pg/ml) for 1 h at 37°C.
Protease treatment was stopped by the addition of inhibitor (2 mM EGTA and
4 mM Pefabloc) followed by incubation at 37°C for 2 h, and RNase treatment was
stopped by the addition of RNasin (2 U/pl). The control reaction mixtures
contained lysate only, lysate with either protease/RNase or inhibitor, or lysate
with protease/RNase and inhibitor added simultaneously without incubation at
37°C (no-incubation control). Treated samples and controls (20-ul volume) were
added to standard ERT reaction mixtures as described above, and the reaction
products were extracted and analyzed by quantitative real-time PCR.

Equilibrium density and velocity gradient ultracentrifugation. For equilib-
rium density gradients, OptiPrep (Axis-Shield) was diluted from 60% to 20% in
5% steps in buffer (5 mM Tris, pH 7.4, 20 mM NaCl, 1 mM MgCl,, and 0.5 mM
B-mercaptoethanol). OptiPrep was added in layers of 400 pl, starting with the
60% layer at the bottom and progressively increasing up to 20%. The layers were
allowed to diffuse at room temperature for 4 h to form a continuous density
gradient. The sample (400 pl) was placed on top of the gradient and centrifuged
(Beckman Sw60Ti; 34,000 rpm, 4°C, 20 h). Fractions (400 pl) were collected
from the top of the tube. The fractions were assayed for endogenous RT activity,
RT activity, and p24 antigen, and the density of each fraction was determined by
weighing part of the sample (100 wl). Velocity gradient ultracentrifugation was
performed as described above but using 28% to 14% OptiPrep in 2% steps with
a 60% cushion at the bottom, and the gradient was centrifuged for 2 h at 34,000
rpm in an Swo60Ti rotor.

RESULTS

Intravirion reverse transcription is inefficient in compari-
son to reverse transcription in cell infection. Our laboratory
and others have previously studied the property of HIV-1
virions of undergoing detergent-free ERT (24, 47, 49, 50). For
this work, to improve sensitivity, we used a concentrated virion
preparation produced by ultracentrifugation over a sucrose
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cushion. These virus stocks, which were highly active for re-
verse transcription, were then characterized.

A time course of the detergent-free ERT reaction was per-
formed up to 24 h. The reaction was initiated by the addition
of nucleotides to the virions, and the reaction products were
analyzed by quantitative real-time PCR. The generation of
negative-strand strong-stop and first-strand transfer DNA
products was completed after approximately 2 h (Fig. 1A and
B), whereas downstream reverse transcription products, such
as full-length minus-strand and second-strand transfer DNAs,
gave linear reaction kinetics for up to 24 h (Fig. 1C and D).
The efficiency of the first-strand transfer step relative to the
amount of strong-stop DNA produced reached a maximum of
55%, which was higher than we reported previously (24), pos-
sibly due to improved methods using concentrated virus prep-
arations. The efficiencies at 24 h of the generation of DNA
products further downstream were successively lower, at 10%
and 1.4% for full-length minus-strand and second-strand trans-
fer products, respectively. The production of positive-strand
RT products by virions has been reported previously in blood
and semen of HIV-infected patients (49), for long-term cul-
tures of simian immunodeficiency virus (12), and after ERT
(11). Hence, our data confirm the results of previous studies
showing that the virion and its core have all the biochemical
activities necessary for the completion of early HIV-1 positive-
strand synthesis to the second-strand transfer step.

Using the capsid levels measured in our virus preparations
and the number of Gag proteins per virion given in recent
reports (8), we were able to estimate the number of virions per
reaction. The number of copies of strong-stop products was
then used to calculate the number of active virions, which was
approximately 10% of particles under these reaction condi-
tions. Interestingly, this result is similar to those in recent
reports of the proportion of infectious particles in HIV-1 prep-
arations (3, 41) and suggests that particles that are competent
for ERT constitute the infectious population of particles.

We then compared the ERT reaction results with the results
for reverse transcription in infected cells. Cells were infected
and cytoplasmic DNAs purified at 18 h postinfection. For all
products, reverse transcription during cell infection was more
efficient (Table 1). This was apparent from the high levels of
late reverse transcription products, i.e., full-length and second-
strand transfer DNAs, relative to the levels of negative-strand
strong-stop DNA. This suggests some contribution of the cell
environment to the process of reverse transcription; whether
this was related to a cell factor(s) or uncoating of the virion
core is undetermined. In other words, the virion core is an
immature complex which most likely requires a cytoplasmic
environment to restructure to form a bona fide RTC.

The effect of detergent on endogenous RT activity. To de-
velop an in vitro system for reverse transcription, a variety of
detergents were tested for their effect on ERT activity (data
not shown). ERT reactions can contain detergent (7, 19, 20,
40) or be detergent-free (47). Triton X-100 was found to be the
most suitable as it was the least detrimental to ERT activity.
Figure 2 shows the results of reactions performed using a range
of detergent concentrations with exogenous DNase I as an
indicator of virion integrity; reactions without DNase I were
also performed. Regardless of whether DNase I was present, at
the optimal 0.1 mM (0.006%) concentration, reactions with
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FIG. 1. The kinetics of in vitro natural ERT. Reactions were initiated by the addition of deoxyribonucleotides and terminated at the 0-, 2-, 6-,
8-, 12-, and 24-h time points. Reaction products were purified and detected by quantitative real-time PCR for (A) negative-strand strong-stop,
(B) first-strand transfer, (C) full-length minus-strand, and (D) second-strand transfer DNAs. Error bars indicate standard deviations (n = 3).

Triton X-100 produced seven times more copies of strong-stop
DNA than the no-detergent control (Fig. 2). At or below a 0.1
mM concentration of Triton X-100, the detergent presumably
permeabilized the virion to nucleotides, increasing ERT activ-

TABLE 1. HIV-1 reverse transcription reaction efficiency

Percentage + standard deviation of strong-stop DNA of:

Viral sample Second-strand

Jump DNA Full-length
transfer DNA
(U3-R-U3) DNA (R-UTR) (U3-R-Us-UTR)
Intracellular
Uninfected 0 0 0
Heat inactivated 0 0 0
Infected® 115+ 15(n =3) 45+x6mn=3) 40x6(n=23)
Intravirion” 55+x11(n=22) 10£3(n=8) 14=x0.7(@n=21)

“ Measured 18 h postinfection.
? Measured 18 h postinitiation.

ity. Hence, virion ERT activity is stable at or below this con-
centration of Triton X-100.

In the absence of DNase I, the deleterious effects of increas-
ing the detergent beyond the optimal concentration offset the
beneficial effects of increased virion permeability, leading to a
reduction in signal. The addition of RNase inhibitors to deter-
gent-treated virions did not improve the reaction efficiency
(data not shown), suggesting that template degradation was
not the cause of the loss of signal; however, the possibility
remains that nuclease activity was responsible for the loss of
late reverse transcription products.

Loss of ERT activity is coincident with disruption of the
virion. Experiments were also carried out in the presence of
DNase I to examine the accessibility of reverse transcription
products to degradation after the disruption of virions with
detergent (Fig. 2). A difference in signal was observed between
reactions with and without DNase I when the Triton X-100 was
added at 0.2 mM and greater concentrations.
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FIG. 2. The effect of the addition of Triton X-100 on the virion. The ERT reaction was conducted with 0, 0.02, 0.1, 0.2, 0.5, or 2 mM Triton
X-100 with (M) or without (®) exogenous DNase I for 18 to 20 h at 37°C. Reaction products were extracted and detected by quantitative real-time
PCR. Negative-strand strong-stop, first-strand transfer, full-length minus-strand, and second-strand transfer products were detected, and copy
numbers are shown. Error bars indicate standard deviations (n = 3). The data shown are representative of the results of experiments conducted

in duplicate.

To further explore the disruption of virions with detergent,
Triton X-100 was added to virus over a range of concentrations
and disruption was measured by the ability of solubilized RT to
utilize poly(A):oligo(dT),s homopolymeric template (Fig. 3A).
RT is contained within the viral core; hence, these data demon-
strate that the core was disrupted at between 0.1 and 0.2 mM
Triton X-100 and, also, that RT was not functionally inactivated
by Triton X-100 at these concentrations. In a complementary
experiment, virions were also exposed to detergent and particu-
late material was removed by ultracentrifugation. The amount of
capsid remaining in the supernatant, as measured by p24 ELISA,
revealed that the detergent did indeed solubilize capsid (Fig. 3B),
with a sharp transition that occurred between 0.2 and 0.5 mM
Triton X-100. A concomitant decrease in p24 in the pellet fraction
was also observed. Considering all the above data, it appears that
virions, including the core, are disrupted by an approximately 0.2
mM concentration of Triton X-100.

The solubilization of the core with increasing detergent con-
centrations was coincident with loss of ERT activity (Fig. 2). At
concentrations which would completely disrupt the virion (0.5
mM Triton X-100), ERT synthesis of reverse transcription
products dropped 1.2 times (strong-stop cDNA), 6 times (first-
strand transfer product), and 28 times (full-length minus-
strand product) compared to the levels in those samples with
no detergent (no DNase I reactions) (Fig. 2). These data sug-
gest that the physically disruptive effects of detergent do not

primarily affect initiation but, rather, later steps in reverse
transcription. They indicate that low concentrations of deter-
gent increase endogenous activity, while at higher concentra-
tions, cores disassemble with loss of endogenous activity.
HIV-1 virions are disrupted by a “spin thru” method. To
further study the effects of removing the envelope, we com-
pared our findings above with the results of the use of a
method which is reported to be less denaturing to virions,
commonly referred to as the “spin thru” technique (1, 26).
From our observations regarding Triton X-100 described
above, we were interested in determining the effect on virions
delipidated by using this method. Virions were passed briefly
through a detergent-containing layer to minimize the delete-
rious effects of the detergent. The detergent layer (0.03% Tri-
ton X-100) was prepared to have a density that was less than
that of intact virus (15% OptiPrep). This concentration of
detergent has been used by others performing this method (1).
This detergent layer was placed over a continuous OptiPrep
density gradient of 20% to 60% lacking detergent. A buffer
layer of 10% OptiPrep with no detergent was also placed
between the sample and the detergent layer to minimize de-
tergent exposure. After 20 h of ultracentrifugation, fractions
were removed and assayed for RT activity on a homopolymer
RNA template and for p24 by ELISA. ERT reactions were
also performed in the presence of DNase I to monitor virion
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FIG. 3. Physical disruption of the HIV-1 virion by detergent. (A) De-
tergent was added to virions at a range of concentrations, and the mixture
was assayed for RT using homopolymeric templates. Error bars indicate
standard deviations (n = 3). (B) Virions exposed to detergent were sedi-
mented by ultracentrifugation, and the amount of p24 was measured in
the supernatant () and pellet (M) fractions. The data shown are repre-
sentative of the results of experiments conducted in duplicate.

disruption by determining the nuclease susceptibilities of the
reverse transcription products.

Control samples with virions that were subjected to the “spin
thru” method but without a detergent layer had peak capsid,
RT, and ERT activities in the same fraction (Fig. 4A, fraction
3), which had a buoyant density of 1.09 g/ml. This density was
slightly less than that reported for HIV-1 in sucrose but may be
due to the different separation medium used. The fractions
from the sample with the detergent layer were assayed for
ERT activity. Strong-stop products were reduced, most likely
due to increased susceptibility of the products to DNase I
digestion, but there was only minor reduction of RT enzyme
activity on a homopolymeric template (Fig. 4B). Hence, expo-
sure of the virion to 0.03% (0.5 mM) Triton X-100, even for a
presumably brief period, denatured the immature intravirion
RT complex without directly disrupting the biochemical activ-
ity of the RT enzyme itself. The RT sedimented in a broad
peak that was partly denser than capsid protein, possibly indi-
cating association with a denser nucleoprotein complex. Cap-
sid protein was present in a sharp peak that was less dense after
detergent exposure. This dissociation of peak capsid protein
and RT activities and the susceptibility of strong-stop products
to DNase I digestion after detergent exposure indicate disrup-
tion of the basic structure of the virion. Interestingly, there was
a minor peak in both capsid and RT in the more-dense deter-
gent-treated fractions (fractions 8 to 10, densities 1.25 to 1.3
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g/ml) where cores were expected (1), indicating that some free
core may have been produced; however, we were unable to
detect ERT activity in this fraction. This experiment provides
further evidence that relatively low concentrations of Triton
X-100 disrupt the virion structure and ERT activity after only
brief exposure.

Mammalian cell lysates increase the generation of late re-
verse transcription product generation at concentrations of
Triton X-100 which are disruptive to the virion. To reconsti-
tute RTC formation in vitro, a cell lysate prepared from the
Jurkat human T cell line was added to detergent-treated viri-
ons. To delipidate virions, a concentration of 0.2 mM Triton
X-100 was chosen to minimize the deleterious effects of deter-
gent, as this was the lowest concentration which permeabilized
the viral envelope (Fig. 3B). The addition of lysate resulted in
stimulation of the ability of the ERT reaction to generate late
reverse transcription products in comparison with the genera-
tion of these products in lysis buffer and bovine serum albumin
(BSA) controls at equivalent concentrations (Fig. SA) in at
least 10 independent experiments. Interestingly, the amount of
strong-stop DNA generated was similar irrespective of the
addition of lysate or detergent (data not shown), indicating
that only late reverse transcription DNA synthesis, i.e., nega-
tive-strand full-length and second-strand transfer DNAs, was
affected by the addition of lysate.

The factor(s) in the Jurkat cell lysate that increased the gen-
eration of late reverse transcription products was heat labile,
suggesting that it was a protein (Fig. 5B). To further explore the
possibility that the factor(s) was proteinaceous, lysate was treated
with protease and digestion stopped by using a protease inhibitor.
The effect of the treated lysate was determined by ERT reaction.
To demonstrate that residual protease was not carrying over into
the ERT reaction, a no-incubation control which contained both
protease and inhibitor added simultaneously without incubation
at 37°C for 1 h was included. ERT reactions with protease-treated
lysates were significantly less efficient (P < 0.05) than those with
the no-incubation control, and these results suggested that the
factor(s) was a protein (Fig. 5C). We were unable to completely
stop the stimulatory effects of lysate by proteinase K digestion.
This may reveal a limitation of the assay system, as the addition of
higher concentrations of proteinase K resulted in reduced effi-
ciency in the no-incubation control also, suggesting an inability of
the inhibitor to block proteinase K activity at higher concentra-
tions (data not shown). Hence, we were constrained to use the
proteinase K concentration shown, which had only a partial effect.
To investigate the involvement of a host cellular RNA (Fig. 5D),
lysate was similarly treated with RNase A. Comparison with an
equivalent no-incubation control provided no evidence for the
involvement of a cellular RNA under these conditions.

The activity was not specific to T cells, as a lysate prepared
from HEK293T cells was also able to stimulate production of
late cDNAs (Fig. 6A). The factor may be common to mam-
malian cells as it was present in mouse (NIH 3T3) as well as
human (Jurkat and HEK293T) cells but, interestingly, not Af-
rican green monkey (Vero) cells (Fig. 6B); the latter may be
complicated by TRIMS« activity in these cells (46). A dialysate
of the crude lysate retained most of the stimulatory activity,
indicating that the factor(s) responsible has a molecular mass
greater than 3.5 kDa (Fig. 6C). The nonhydrolyzable ATP
analogue ATP-y-S partially inhibited the activity (Fig. 6D),
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generated relative to strong-stop DNA products, expressed as a percentage. The experiments performed compared Jurkat lysate with lysis buffer
control and (A) BSA (100-pg/ml final concentration) control, (B) heat inactivation (90°C for 30 min), (C) proteinase K (20 wg/ml, 1 h, 37°C), and
(D) RNase A (50 pg/ml, 1 h, 37°C). Error bars indicate standard deviations (n = 3). An asterisk indicates a P value between the results of two
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suggesting that an ATP-dependent step may be involved. The
activity is also sensitive to 3’-azido-3'-deoxythymidine triphos-
phate (AZT; Calbiochem) (Fig. 6E), indicating genuine re-
verse transcription. The supernatant and pellet fractions from
the ultracentrifugation (S100 and P100 fractions, respectively)
had reduced activities compared to that of the crude lysate;
however, when the fractions were combined, the activity was
completely reconstituted, suggesting that the activity may be
separable into at least two components (Fig. 6F). Alternatively,
the centrifugation conditions were unable to completely sedi-
ment the activity into the pellet fraction.

We then compared reactions containing cell lysate with and
without detergent treatment. When cell lysate was added, reac-
tions without detergent showed a modest, twofold stimulation of

late cDNA products (Fig. 7A, lane 1 compared to lane 3). This
was shown subsequently to be due to stabilization of virions by the
lysate during the overnight incubation, as determined by an in-
crease in the amount of sedimentable p24 (Fig. 7C). In contrast,
when 0.2 mM Triton X-100 was present, there was a 36-fold
difference in second-strand transfer product generation when cell
lysate was added (Fig. 7A, lane 2 compared to lane 4). To deter-
mine the state of virions exposed to detergent in the presence of
cell lysate, identical reactions with DNase I added were con-
ducted in parallel. In the absence of detergent, DNase I led to
minimal changes in strong-stop DNA, consistent with the pres-
ence of intact virions. In reactions with added detergent, the
strong-stop DNA product was nearly completely digested (Fig.
7B), indicating that the virion was indeed disrupted. The disrup-
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negative-strand strong-stop DNA. Error bars indicate standard deviations (n = 3). An asterisk indicates a P value between the results of two
treatments of <0.05 by Student’s ¢ test. The data shown are representative of the results of experiments conducted in duplicate, with the exception
of the experiment whose results are shown in panel D, which was performed once.

tion of virions by detergent when lysate is not present normally
results in a reduction in the ability to generate late reverse tran-
scription products (Fig. 2 and 4). However, the addition of cell
lysate induced detergent resistance in the immature RTC present
in the core of the disrupted virion, enabling the synthesis of late
reverse transcription products.

It was conceivable that lysate or detergent addition inhibited
DNase I activity. To exclude this possibility, 10° copies of a
pNLA43 proviral HIV-1 plasmid DNA were added to identical
mock-ERT reaction mixtures. DNase I activity was adequate to
remove nearly all the plasmid, indicating that cell lysate did not
inhibit DNase I activity (data not shown) and that virions had
been delipidated by 0.2 mM Triton X-100. The possibility that
the effect of the cell lysate was due to the addition of an
endogenous DNA-dependent DNA polymerase activity can be

eliminated due to the absolute requirement for an RNA-de-
pendent DNA polymerase activity to generate the target for
our second-strand transfer primer set. A contribution by en-
dogenous RNA-dependent DNA polymerase activity was elim-
inated by determination of the RT activity of Jurkat lysate. The
RT activity of the virions added to the ERT reaction mixture
was more than 2,500 times greater than that in the cell lysate as
determined by the colorimetric RT assay (data not shown).
Therefore, all of the above results, demonstrating stabilization
and enhancement of RT activity in vitro, suggest that one or
more cell factors may have a similar role when core is restruc-
tured to form the RTC in vivo.

Addition of a human cell lysate induces the formation in
vitro of a complex with efficient reverse transcription activity.
Virions were mixed with cell lysate prepared from 293T cells,
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treated with detergent, and incubated overnight with nucleo-
tides under standard ERT reaction conditions. Cell lysates
prepared from 293T cells were used in these experiments as
they consistently produced highly concentrated active frac-
tions. To minimize the detrimental effects of detergent, virions
were again delipidated with a low concentration of Triton
X-100 (0.2 mM). The reaction products were then separated

on a 14%-t0-28% OptiPrep velocity gradient, and reverse tran-
scription products were detected in the fractions. When lysate
was mixed with detergent-treated virions, a complex associated
with strong-stop reverse transcription products was detected
(peak R in Fig. 8A). The generation of full-length minus-
strand transcription products was greatly increased by the ad-
dition of lysate (Fig. 8B). The full-length DNA synthesis effi-
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ciency relative to the level of strong-stop DNA product in
fraction 3 was 71%, which compares with 45% efficiency ob-
served for full-length products during cell infection after 18 h
(Table 1). This was in contrast to the results for detergent-
treated virions not incubated with lysate, where the strong-stop
DNA synthesis remained in the top fraction (fraction 1) and
had no full-length DNA. In addition, a complex with the same
sedimentation properties was capable of nascent reverse tran-
scription product generation after fractionation (Fig. 8C), in-
dicating that the complex is capable of synthesizing nascent
full-length DNA (the relatively low signal in Fig. 8C is due to
the small amounts of material used [5 pl of a 400-ul fraction]).
These data demonstrate that a highly efficient RTC-like com-
plex can be reconstituted in vitro. This complex was associated
with only 0.5% of the total capsid in the virus preparation that
was used (Fig. 8D), which is consistent with in vivo observa-
tions of low amounts of capsid in the RTC.

DISCUSSION

These data confirm and extend previous work on intravirion
reverse transcription in which we noted reduced strand trans-
fer efficiency in ERT compared with the efficiency in cell in-

fection (24). Improvements to methodology meant that we
were able to measure later events in the HIV reverse transcrip-
tion pathway (Fig. 1). This technical advance confirmed that
the enzymatic activities sufficient for reverse transcription are
present in the virion-derived cores. However, these experi-
ments revealed that intravirion reverse transcription was inef-
ficient in comparison with reverse transcription in cell infec-
tion, as exemplified by the poor efficiency of the production of
intravirion late reverse transcription products (Table 1). This
observation suggests a requirement for a contribution from the
host cell environment for optimal HIV-1 reverse transcription,
as was previously shown for avian sarcoma and leukosis virus
(ASLV) (29). These data (Fig. 2 and 3) also suggested that
core structure may need to be maintained for efficient reverse
transcription; this is consistent with observations of an optimal
stability for core which predicts that core remains intact for
some time postentry for efficient reverse transcription (17).
The addition of Triton X-100 at concentrations (0.5 mM)
which completely disrupted virions reduced the generation of
late cDNA products to a greater extent than early products.
Whether this was due to the loss of a virion component(s), such
as RT, or the exposure of core template RNA and product
DNA to nucleases is unknown at present. One possibility sug-
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gested by these data is that capsid may remain associated with
the RTC for some part of the reverse transcription pathway.
The core may provide a scaffold for the RTC and increase the
effective concentration of components important for the steps
of reverse transcription, facilitating strand transfers and the
efficiency of the overall reaction. As reverse transcription can
be induced to occur in the virion, the core itself does not
sterically constrain polymerase elongation. We recently re-
ported the isolation without detergent of HIV-1 cores that
were capable of reverse transcription in the absence of an
uncoating activity (45). However, the elongation of viral DNA
by RT could result in shedding of capsid, as suggested by the
effect of detergent-free ERT on virion morphology (48).

Consistent with the observations of the effects of detergent,
the exposure of virions to Triton X-100 (0.5 mM, or 0.03%)
through the modified “spin thru” method also resulted in their
disruption. The reduction of early (strong-stop DNA) products
was most likely due to digestion by exogenous DNase I and not
to direct inhibition of the enzymatic activity of the RT enzyme,
which remained active in colorimetric assays using homopoly-
meric templates. In addition, this concentration of detergent
was much lower than that used in lysis buffers used in com-
mercial RT assays (0.5% Triton X-100). The efficiency of iso-
lation of cores from HIV-1 particles has reportedly been im-
proved by “spin thru” methods, and RT activity on exogenous
templates has been detected in such fractions (39). For exam-
ple, cores prepared by the “spin thru” method were recently
used to demonstrate an uncoating activity in cell lysates (5). As
we did not show core isolation, we cannot comment on the use
of the method for this purpose. However, it was apparent that
virions were sufficiently disrupted by brief exposure to 0.03%
Triton X-100 as to make ERT products susceptible to exoge-
nous nuclease digestion.

Cell lysates prepared from Jurkat, HEK293T, and NIH 3T3
cells greatly increased ERT efficiency, i.e., the fraction of sec-
ond-strand transfer products relative to strong-stop DNA, ex-
pressed as a percentage (Fig. 6A and B). The factor(s) respon-
sible is most likely proteinaceous in nature and was partially
inhibited by nonhydrolyzable ATP. Whether a protein kinase
or other ATP binding protein is required is unknown. This
activity was segregated into soluble and insoluble components,
each with partial activity, that when combined reconstituted
the full activity (Fig. 6F). The level of improved reverse tran-
scription efficiency was consistently as high as or higher than
the reverse transcription efficiency observed in cell infection
with respect to full-length HIV-1 DNA synthesis. For example,
reverse transcription in cells was about 45% for full-length
DNA synthesis (Table 1), in comparison with the peak fraction
of the reconstituted material separated on the velocity gradi-
ent, which had an efficiency of 71% for this product. In addi-
tion, ERT reactions with added lysate were consistently more
efficient compared to the reactions in controls. Importantly, we
ruled out the possibility that a low-level cellular RNA-depen-
dent DNA polymerase activity was capable of the observed
robust DNA synthesis. Overall, these data indicate that cell
factors were required for efficient reverse transcription.

We are the first to report an in vitro reconstitution assay for
HIV-1 incorporating cellular factors. We hypothesize that one
or more cellular activities are required to form the reverse
transcription elongation complex. The activity described here
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differed from that reported to stimulate ASLV reverse tran-
scription (29). First, a cytoplasmic factor was reported to stim-
ulate ASLV RT initiation, which was not seen in this study.
Second, ASLV RT elongation was stimulated by a nuclear
extract, whereas HIV-1 RT elongation was stimulated by a
cytoplasmic factor(s). The cell factor(s) may do this in one of
two ways. The recent identification of a host cell uncoating
activity in a lysate prepared from activated T cells has provided
weight to the suggestion that shedding of capsid is a prerequi-
site for reverse transcription (5). The first possibility, then, is
that the cell lysate may have an activity that uncoats the core
and/or regulates the formation of the RTC. Our observation of
low amounts of capsid associated with the reconstituted com-
plex is consistent with this model. However, as loss of core
structure leads to loss of the ability to generate late reverse
transcription products (Fig. 2 and 3), another hypothesis is that
the cell stimulatory factor stabilizes the whole or part of the
core. Alternatively, the cell factor may provide some essential
function for the RTC by becoming part of the complex.
Gemin2 may become part of the RTC and stimulates both
early and late reverse transcription products (22). The activity
we have identified differs from that of Gemin2 in that it spe-
cifically stimulates late reverse transcription. Understanding
the precise mechanism of this novel activity will require further
experimentation.

It has been suggested that uncoating and reverse transcrip-
tion proceed by the ordered disassembly of the core (10, 36),
and cell factors may assist this process. Our observation that a
mammalian cell factor(s) enables the reconstitution of an ef-
ficient RTC from delipidated virions is consistent with this
model of uncoating. Our in vitro reconstitution system will
enable us to address the many unanswered questions regarding
uncoating and early RTC formation. We are in the process of
identifying what factor(s) is responsible for this effect. The
identification of such factor(s) would reveal a novel therapeu-
tic target against HIV-1.
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