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To examine the early events in the life cycle of Moloney murine leukemia virus (MoMLV), we analyzed the
intracellular complexes mediating reverse transcription. Partial purification of the reverse transcription
complexes (RTCs) by equilibrium density fractionation and velocity sedimentation indicated that three distinct
species of intracellular complexes are formed shortly after cell infection. Only one of these species is able to
start and complete reverse transcription in the cell cytoplasm. This RTC is composed of at least the viral
genome, capsid, integrase, and reverse transcriptase proteins. The RTC becomes permeable to micrococcal
nuclease but not to antibodies. Shortly after initiation of reverse transcription, the viral strong stop DNA
within the RTC is protected from nuclease digestion. The sedimentation velocity of the RTC decreases during
reverse transcription. After entry into the nucleus, most capsid proteins are lost from the RTC and its
sedimentation velocity decreases further.

All retroviruses synthesize a double-stranded DNA copy of
their RNA genome that is subsequently integrated into the
host cell chromosomal DNA. The process of reverse transcrip-
tion of the RNA genome into DNA is carried out in the
cytoplasm soon after viral penetration into the cell and is
generally completed within 8 to 12 h (30). Little is known about
the structure and the protein composition of the intracellular
complex in which reverse transcription occurs, particularly dur-
ing the early steps after virus internalization. In the murine
leukemia virus (MLV), the intracellular viral structure that
contains the fully reverse transcribed viral DNA (also called
the preintegration complex [PIC]) retains components of the
virion core (including CA protein), has a relatively large size,
sedimenting at 160S, and is competent to integrate the DNA in
vitro (5). The PIC of human immunodeficiency virus type 1
(HIV-1) appears to have a different organization since it con-
tains no capsid proteins, but it contains at least reverse tran-
scriptase (RT), integrase (IN), and a portion of matrix (MA)
proteins (6, 9, 16, 23). In addition, two cellular proteins have
been found to associate with the PIC. They increase the effi-
ciency of integration of the viral genome in vitro (10) and/or
prevent self-integration of the viral DNA, which would result
in an nonproductive infection (17).

MLVs are widely used as vectors for gene therapy because of
their relatively simple genome organization and their ability to
infect a wide variety of cell types and integrate DNAs into the
host cell genome (21). However, a major limitation of MLV-
based vectors is their inability to infect nondividing cells (18,
22, 28), as opposed to vectors based on lentiviruses (24). The
reasons for the inability of MLV-based vectors to infect non-
dividing cells are uncertain; the large size of their PIC or the
lack of appropriate nuclear targeting signals may be responsi-
ble. A more detailed knowledge of the organization of the
intracellular viral complex in which reverse transcription oc-
curs would improve our understanding of the interactions be-

tween the incoming virus and the infected cells. It may also
allow the design of new MLV-based vectors in which the re-
verse transcription complex (RTC) is targeted to the nucleus of
nondividing cells. To characterize the dynamics of the early
steps of virus life cycle, we have analyzed detergent-free cyto-
plasmic and nuclear extracts at various time points after acute
infection. These studies revealed the existence of three distinct
species of intracellular complexes. Two species are incompe-
tent for reverse transcription in vivo, while a third species starts
and completes reverse transcription in the cell cytoplasm.

MATERIALS AND METHODS

Cells and viruses. The retroviral vector LNPOZ (kind gift of A. D. Miller,
Fred Hutchinson Cancer Research Center, Seattle, Wash.) contains the neomy-
cin phosphotransferase and lacZ genes separated by the poliovirus ribosome
entry site (1). NIH 3T3 mouse fibroblasts and the producer cell clone AmpliGPE
LNPOZ (11, 12) were grown in 175-cm2 flasks in Dulbecco’s modified Eagle’s
medium supplemented with 2 mM glutamine and 10% fetal calf serum at 37°C
in an atmosphere containing 5% CO2. Culture medium was replaced when cells
reached confluence; the virus-containing supernatant was collected 16 to 18 h
later and filtered through a 0.45-mm-pore-size filter. Viral titers were determined
by infecting NIH 3T3 cells with serial dilutions of virus containing supernatant in
the presence of 8 mg of polybrene per ml. Approximately 36 h after infection,
cells were fixed in 0.5% glutaraldehyde in phosphate-buffered saline (PBS)
containing 1 mM MgCl2 for 10 min at room temperature and stained 8 to 10 h
with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) at 37°C in an
humidified atmosphere (19).

Cell extracts. Approximately 107 NIH 3T3 fibroblasts were infected in 175-cm2

flasks with 30 ml of freshly collected virus-containing supernatant (3 3 106

CFU/ml) in the presence of 8 mg of polybrene per ml. Infected cells were rapidly
cooled to 4°C and incubated for 2 h to allow viral adhesion to the cell receptor
but not viral internalization. Cells were then incubated at 37°C for 1, 2, 4, 7, and
16 h, washed once in PBS–0.5 mM EDTA, trypsinized, and washed once again
with PBS. All subsequent manipulations were carried out at 4°C. The pellet
containing the infected cells was resuspended in 5 volumes of hypotonic buffer
(10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 5 mM, dithiothreitol
[DTT], 20 mg of aprotinin per ml, 2 mg of leupeptin per ml) and centrifuged for
5 min at 5,000 rpm in an Eppendorf model 5415C centrifuge. The pellet was
resuspended in 3 volumes hypotonic buffer and incubated for 10 min. Cells were
homogenized with 10 to 15 strokes in a Dounce homogenizer, and nuclei and
unbroken cells were pelleted by centrifugation at 3,300 3 g for 15 min (corre-
sponding to 6,000 rpm in an Eppendorf Microfuge). The supernatant (called the
cytoplasmic extract) was clarified by centrifugation at 7,500 3 g for 20 min, and
the pellet was discarded. The nuclear pellet from the previous centrifugation was
resuspended in approximately 600 ml of isotonic buffer (10 mM Tris HCl [pH
7.4], 160 mM KCl, 5 mM MgCl2, 1 mM DTT, 20 mg of aprotinin per ml, 2 mg of
leupeptin per ml) and homogenized in a ball-bearing homogenizer. The homog-
enate was then centrifuged at 7,500 3 g for 20 min, and the supernatant (called

* Corresponding author. Mailing address: Department of Biochem-
istry & Molecular Biophysics, Howard Hughes Medical Institute, Co-
lumbia University College of Physicians & Surgeons, 701 W. 168th St.,
New York, NY 10032. Phone: (212) 305-3794. Fax: (212) 305-8692.
E-mail: goff@cuccfa.ccc.columbia.edu.

8919



the nuclear extract) was collected. Nuclear and cytoplasmic extracts were ad-
justed to 8% sucrose, snap frozen in liquid N2, and stored at 270°C.

Equilibrium density gradients. Continuous linear sucrose gradients (5 ml)
were poured with a two-chamber Hoefer SG gradient maker, using 20% sucrose
solution in hypotonic buffer and 70% sucrose solution in D2O, and kept on ice.
The pH of D2O was adjusted to 7.4 by dropwise addition of 10 mM NaOH.
Gradients were overlaid with 0.5 ml of cytoplasmic or nuclear extracts and
centrifuged at 35,000 rpm at 4°C for 20 h in a Beckman SW55 rotor. For analysis
of the viral core, 1 ml of virus-containing supernatant was treated with the
indicated detergent for 30 min at room temperature with gentle shaking. Treat-
ment with ethyl ether (Baxter) was performed for 20 min at 4°C. Samples were
loaded onto a 20 to 60% continuous sucrose gradients in 50 mM sodium phos-
phate buffer (pH 7.4) containing 2 mM DTT and centrifuged to equilibrium at
25,000 rpm for 20 h at 4°C in a Beckman SW41 rotor. Gradients were fraction-
ated by puncturing the bottom of the tube and collecting 12 fractions. The
density was calculated by weighing 100 ml of each fraction.

Sedimentation velocity gradients. Continuous gradients were poured as de-
scribed above, using 5 and 20% sucrose solutions in 50 mM sodium phosphate
buffer (pH 7.4) containing 2 mM DTT, 20 mg of aprotinin per ml, and 2 mg of
leupeptin per ml. Approximately 150 ml of the equilibrium density fraction
containing the peak of the viral DNA was diluted with 1.2 ml of hypotonic buffer,
loaded onto a Centricon 50 concentrator (Amicon), and centrifuged at 4,000 3
g for 30 min at 4°C in a Sorvall centrifuge. The concentrate (50 ml) was resus-
pended in 300 ml of 50 mM sodium phosphate buffer, loaded on a 5 to 20%
continuous sucrose gradient, and centrifuged at 23,000 rpm for 1 h at 4°C in a
Beckman SW55 rotor. Fractions (0.4 ml each) were collected by puncturing the
bottom of the tube, and the density was measured by weighing 100 ml of each
fraction. The S value was calculated by the method of McEwen (20). Calibration
of the system was performed by independently running 32S-labeled poliovirus,
intact MoMLV, and naked viral DNA through identical sucrose gradients.

PCR. PCR was performed in a final volume of 50 ml containing 13 PCR
buffer, 100 mM each deoxynucleoside triphosphate (dNTP), 2.5 mM MgCl2, 5 U
of Taq polymerase (Perkin-Elmer), and 30 pmol of each primer. Primer se-
quences were as follows: strong-stop forward primer, 59-GCGCCAGTCTTCC
GATAGAC-39; strong-stop reverse complementary primer, 59-AATGAAAGA
CCCCCGTCGTGG-39; extended minus-strand forward primer, 59-CACGACG
CGCTGTATCGCTGG-39; extended minus-strand reverse complementary
primer, 59-CATACAGAAATGGCGATCGTTC-39; plus-strand forward primer,
59-GTGATTGACTACCCACGACG-39; and plus-strand reverse complemen-
tary primer, 59-GACCTTGATCTTAACCTGGG-39. Five microliters of the
equilibrium density fractions or 1.5 ml of the sedimentation velocity fractions was
used as the template for the PCR. Cycle parameter were as follows: 94°C for 3
min the first cycle; 94°C for 1 min, 55°C for 30 s, and 68°C for 1 min for 35 to 45
cycles; and one final extension cycle at 68°C for 10 min. PCR products were
resolved on a 1% agarose–2% NuSieve gel and visualized by ethidium bromide
staining. Semiquantitative PCR was performed in duplicate in the same condi-
tions as described above, using threefold serial dilutions of the DNA template.
The number of cycles was adjusted in each individual experiment to ensure
linearity of amplification. Following amplification, the bands were resolved on a
1% agarose–2% NuSieve gel, visualized by ethidium bromide staining, and quan-
tified by a Molecular Dynamics 300A densitometer.

Antibodies and Western blotting. Goat polyclonal antibodies against MLV
whole virus (81S000044) and against MLV CA protein (79S–804) were from the
national Cancer Institute (Frederick, Md.). Rabbit polyclonal antibodies against
MLV RT were as described previously (3). Chicken polyclonal antibodies against
Moloney MLV (MoMLV) IN were raised against the multiple antigenic peptide
HO-Ala-Lys7-N-(C-L-T-W-R-V-Q-R-S-Q-N-P-L-K-I-R-L-T-R-E-A-P)8 (26),
which corresponds to the last 21 amino acids of the MoMLV IN (34). Chicken
immunization was performed by Gallina Biotechnology Inc. (Edmonton, Al-
berta, Canada). Briefly, 300 mg of peptide diluted in 100 ml of PBS was injected
into two chickens in the presence of Freund’s adjuvant. Chickens were injected
three times at 4-week intervals. Eggs were collected 4 weeks after the last
injection, and antibodies were purified from the yolks by precipitation in 12%
polyethylene glycol 8000 according to the method of Polson et al. (25). Purified
antibodies were stored at 270°C in the presence of 0.01% sodium azide. For
Western blot analyses, 300 ml of each fraction from the density equilibrium
sucrose gradients was diluted in 1.2 ml of ice-cold 50 mM sodium phosphate
buffer (pH 7.4) in the presence of 2 mg of bovine serum albumin (Sigma) and
10% (vol/vol) trichloroacetic acid. Fractions were incubated at 220°C for 16 h
and centrifuged for 30 min at 4°C at maximum speed in an Eppendorf Microfuge.
The pellets were washed once in a solution of ice-cold 80% acetone in distilled
H2O and resuspended in 20 ml of sodium dodecyl sulfate (SDS) loading buffer
(0.5 M Tris HCl [pH 6.8], 1% SDS, 10% glycerol, 0.1% bromophenol blue, 1 mM
EDTA, 10 mM DTT, 20 mg of aprotinin per ml, 2 mg of leupeptin hemisulfate
per ml, 10 mg of phenylmethylsulfonyl fluoride). The pH was adjusted to ;7.0 by
addition of 1 ml of 1.5 M Tris HCl (pH 8.8). Samples were boiled for 5 min and
loaded on an SDS–12.5% polyacrylamide gel. After electrophoresis, the proteins
were transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules,
Calif.) and probed with the goat antiserum diluted 1:5,000 or with the chicken
polyclonal antibody against MLV IN diluted 1:1,000. Horseradish peroxidase-
conjugated secondary antibodies were used diluted 1:10,000 (anti-goat; Boehr-
inger Mannheim) or 1:6,000 (anti-chicken; Promega) in 10% nonfat milk (Nestlé,

Glendale, Calif.). Enhanced chemiluminescence (ECL-Plus; Amersham) was
used to develop the blots as described by the manufacturer. Autoradiography
films were exposed for different periods of time to ensure linearity of the signal
and then analyzed by a Molecular Dynamics 300A densitometer.

Assays for reverse transcription. To test for the ability of the rabbit polyclonal
antibodies against MoMLV RT to inhibit RT activity, twofold serial dilutions of
purified protein (1 ng to 0.3 ng) were incubated in the presence of antiserum or
preimmune serum diluted 1:100 and 1:200 in PBS for 30 min at room temper-
ature. Reverse transcriptase activity was then tested with the oligo(dT)-poly(rA)
assay as previously described (14, 31). Briefly, 10 ml of samples was added to 40
ml of RT cocktail {60 mM Tris HCl (pH 8.0), 180 mM KCl, 6 mM MnCl2, 6 mM
DTT, 0.05% Nonidet P-40, 6 mg of oligo(dT) per ml, 12 mg of poly(rA) per ml,
0.05 mM [a32]dTTP (800 Ci/mmol} for 1 h at 37°C. Samples were spotted onto
DE-81 paper and washed three times with 23 SSC (0.3 M NaCl plus 0.03 M
sodium citrate). A PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) was
used to quantitate the radioactivity incorporated. Endogenous reverse transcrip-
tion reactions were carried out in 60 ml of buffer (50 mM Tris-HCl [pH 8.3], 50
mM NaCl, 6 mM MgCl2, 0.01% Nonidet P-40, 1 mM DTT, 2 mM each dNTP).
Fifteen-microliter aliquots from the density equilibrium fractions were added to
the buffer and incubated for 4 to 6 h at 37°C. The products of reverse transcrip-
tion were detected by PCR using 5 ml of the endogenous reaction as the tem-
plate. To test for the ability of the rabbit antisera against MoMLV RT to inhibit
RT activity in the endogenous assay, samples were incubated as described above
in the presence of either antiserum or preimmune serum diluted 1:100 and 1:200.
After 4 to 6 h incubation at 37°C, serial dilutions of the samples were subjected
to semiquantitative PCR to detect the product of reverse transcription.

Nuclease treatments. All nuclease treatments were performed in 25 ml of
isotonic buffer (1 mM DTT, 20 mg of aprotinin per ml, 2 mg of leupeptin
hemisulfate per ml, 7 U of S7 micrococcal nuclease [Boehringer Mannheim], 2
mM CaCl2). Five-microliter aliquots from those equilibrium density fractions
containing the peak of the retroviral DNA were added to the nuclease mixture,
and samples were incubated on ice. The reaction was stopped by addition of 4
mM EGTA and kept on ice. Two aliquots of 5 ml each from the same reaction
were analyzed by semiquantitative PCR with strong-stop and extended minus-
strand primers. The nuclease sensitivity of the intact RTCs was compared with
that of naked viral DNA. Control digests of naked viral DNA were carried out
in the presence of 5-ml aliquots from equilibrium density fractions containing
cytoplasmic extracts from uninfected NIH 3T3 fibroblasts and having the same
density as the fractions containing the RTCs.

RESULTS

Disruption of virion cores by detergents. Low yields of
MoMLV cores can be released from intact virions by treatment
with detergents, and the lipid-stripped core can then be sepa-
rated from the virions by equilibrium density centrifugation on
the basis of its higher density (4, 8). To test whether such
protocols could be modified to permit efficient recovery of
virion cores, virions were treated with a variety of detergents
and then subjected to equilibrium density centrifugation
through continuous sucrose gradients. The gradients were frac-
tionated, and individual fractions were analyzed by both PCR
(to detect the viral genome) and Western blotting (to detect
viral Gag proteins). Untreated virions sedimented at a density
of 1.16 g/ml (Table 1). Most detergents disrupted the virions,
as indicated by the presence of .90% of the p30gag CA in the
top fractions of the gradient. Treatment with low doses of
some detergents resulted in the recovery of the immature
Pr65gag at a density of 1.25 6 0.017 g/ml, consistent with the
density of the MLV core (4, 8). However, cores containing
mature CA could never be recovered at densities higher than
1.16 g/ml. Thus, treatment of MoMLV with detergents at con-
centrations sufficient to remove the lipids could release intact
immature cores composed of uncleaved Pr65gag but disrupted
the mature core composed of p30gag CA. These results sug-
gested that intracellular complexes might also be disrupted by
detergents and should instead be isolated by hypotonic break-
age of the cell membrane and Dounce homogenization.

Extraction of the MoMLV RTC in hypotonic buffer. To
prepare the RTC, NIH 3T3 fibroblasts were infected with an
ecotropic MoMLV-based vector (11, 12) at a multiplicity of
infection of 10. Infection was synchronized by preincubating
the cells for 2 h at 4°C to allow for virus binding to the
receptor. Cells were lysed by hypotonic breakage of the cell
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membrane and Dounce homogenization (see Materials and
Methods). Control extractions performed in the presence of
SDS indicated that approximately 60 to 70% of total viral
DNA could be extracted by this method. Cytoplasmic extracts
were prepared 1, 2, 4, 7, and 16 h postinfection, and nuclear
extracts were prepared 7 and 16 h postinfection. The cell ex-
tracts were subjected to equilibrium density sedimentation,
and the fractions were analyzed by PCR and Western blotting.
The viral strong-stop DNA, which is the earliest product of
reverse transcription, could be detected as a discrete peak at a
density of 1.35 g/ml, consistent with the density of a nucleo-
protein complex (Fig. 1). The strong-stop DNA was found at
the same density in cytoplasmic and nuclear extracts, and this
density did not change significantly with time (Table 2). Viral
CA proteins were distributed over a wide density range in
cytoplasmic extracts obtained 1 h after infection. At later time
points, CA proteins were found distributed in two discrete
peaks of 1.35 and 1.12 g/ml (Fig. 1). The 1.35-g/ml peak con-
taining CA proteins consistently cofractionated with the
strong-stop DNA, and the quantity of CA in this peak reached
a maximum 7 h postinfection. Trace amounts of CA cofrac-
tionated with the strong-stop DNA in the nuclear extracts
collected 7 h after infection (Fig. 1). Semiquantitative PCR
analyses indicated that 7 h after infection, the quantity of
strong-stop DNA in the peak fractions from the nuclear ex-
tracts was approximately 1/3 of that of cytoplasmic extracts,
while the quantity of CA cofractionating with the strong-stop
DNA in nuclear extracts was approximately 1/10 of that of
cytoplasmic extracts (not shown). This finding suggested that
most CA proteins were lost from the complex after entry into
the cell nucleus. Neither the strong-stop DNA nor CA proteins
were detected in equilibrium density gradients containing ex-
tracts from uninfected cells (not shown).

Equilibrium density fractions containing cytoplasmic and
nuclear extracts were analyzed by Western blotting to detect
the presence of IN. A peak of CA and IN was found to co-
fractionate at the same buoyant density of the strong-stop
DNA (1.35 g/ml) (Fig. 2). The CA/IN ratio in the cytoplasmic
extracts was higher than in the nuclear extracts, reinforcing the
view that most CA proteins were lost from the RTC after entry
into the cell nucleus (Fig. 2).

Ability of the RTCs to synthesize DNA. To evaluate whether
the fractions containing the strong-stop DNA also contained
elongated reverse transcription products, aliquots from the
same fractions were subjected to PCR, using primers specific
for the viral elongated minus-strand DNA and for the plus-
strand DNA, which represent intermediate and late reverse
transcription products, respectively. As shown in Fig. 3, the
elongated minus strand could be detected 2 h after cell infec-
tion, and its quantity increased 4 h after infection. The plus
strand could be detected only 7 h after infection, and it was
20-fold less abundant than the elongated minus strand, as
determined by semiquantitative PCR. This finding suggested
that reverse transcription was not completed in a large number
of RTCs.

To test which of these complexes were competent to carry
out reverse transcription in vitro, we performed an endogenous
reverse transcription assay on 10-fold dilutions of the equilib-
rium density fractions containing the peak of the strong-stop
DNA. The endogenous reverse transcription assay examines
not only polymerase activity but also the integrity of the re-
verse transcription machinery and its ability to synthesize full-
length viral DNA. Samples were incubated at 37°C in the
presence or absence of 0.01% Nonidet P-40, and aliquots from
the reactions were subjected to PCR using primers specific for
the elongated minus strand and for the plus strand. No elon-
gated reverse transcription product was detectable in the ab-
sence of exogenous dNTPs (Fig. 4). The amount of elongated
minus strand increased progressively in the cytoplasmic ex-
tracts collected 1, 2, and 4 h after infection but decreased at 7 h
after infection, perhaps because of partial intracellular degra-
dation of the RTCs. Similarly, the maximum amount of the
plus strand was detected in the fractions of the cell extracts
collected 4 h after infection. The presence of Nonidet P-40
increased the efficiency of the endogenous reverse transcrip-
tion assay; controls showed that it did not affect either the
efficiency of the PCR or the activity of purified MoMLV RT
(not shown). Thus, the complexes sedimenting at 1.35 g/ml are
competent for DNA synthesis.

Different species of RTC are found after viral entry into the
cells. Western blot analysis of the equilibrium density fractions
containing the cytoplasmic extracts from infected cells showed
small amounts of viral CA proteins distributed over a wide
density range. Nevertheless, the viral DNA was found in a
single discrete peak (Fig. 1). We reasoned that some of the
fractions containing CA proteins might also have contained the
viral RNA genome which could not be detected by standard
PCR. Therefore, an endogenous reverse transcription assay
was performed on fractions from the density gradients contain-
ing the cytoplasmic extracts collected 1 and 4 h after infection.
As shown in Fig. 5, strong-stop DNA was now detectable in
some of those fractions which scored negative in previous
assays (compare Fig. 1 with Fig. 5). In particular, the elongated
minus strand could be detected in the lower-density shoulder
of the main peak seen previously (Fig. 1). These fractions have
a buoyant density near 1.32 g/ml and thus are lighter than the
preexisting DNA found at 1.34 to 1.36 g/ml. This finding sug-
gested that different species of RTC existed which were unable
to start reverse transcription after viral entry into the cells.
Some of these RTCs had a relatively high density (approxi-
mately 1.32 g/ml) and were able to synthesize the elongated
minus strand DNA upon incubation with exogenous dNTPs
and Nonidet P-40.

The size of the RTC changes during reverse transcription.
To determine whether there were changes in the size of the
RTC with a buoyant density of 1.35 g/ml during reverse tran-
scription, we subjected partially purified RTCs to velocity sed-

TABLE 1. Distribution of Gag proteins after equilibrium density
fractionation of virions treated with different detergentsa

Treatment % p30gag in virions
(at 1.16 g/ml)

% Pr65gag in cores
(at 1.25 6 0.017

g/ml)

% p30gag

in top
fractions

None 100 ,1 ,1

Digitonin
0.025% ,1 1 99
0.0025% 50 ,1 50

Ether (2:1) ,1 1 99

Nonidet P-40
1% ,1 0.5 99.5
0.1% 50 ,1 50

Triton X-100 (1%) 1 3 96

SDS
0.05% ,1 ,1 100
0.01% ,1 0.2 99.8

a No p30gag was detected in cores with a density of 1.25 6 0.017 g/ml.
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imentation through linear sucrose gradients. The equilibrium
density fractions containing the peak of the viral DNA were
dialyzed and concentrated by passage through a Centricon
filter. The concentrate was then analyzed by sedimentation
velocity, and the position of the viral DNA in the gradients was
detected by PCR. In the cytoplasmic extracts, two discrete
peaks with sedimentation velocities of 560S and 380S to 340S
were consistently found 1, 2, and 4 h after infection. At later
time points, a peak with a sedimentation velocity of 270S to
220S also appeared (Fig. 6). The 220S to 270S species were

always less abundant than the 380S species. In the nuclear
extracts, viral DNA was distributed in all fractions, although
three discrete peaks with a sedimentation velocities of 560S,
180S, and 90S were consistently observed (Fig. 6). If the cyto-
plasmic extracts were prepared in the presence of 0.025%
digitonin, a single RTC species was observed, and its sedimen-
tation velocity was reduced to about 150S, in good agreement
with previous reports (5). This suggested that RTC was par-
tially disrupted by treatment with low concentrations of digi-
tonin.

The RTC is permeable to small but not to large macromol-
ecules. To evaluate the permeability of the RTC to macromol-
ecules, we assayed the sensitivity to micrococcal nuclease of
the viral DNA within the RTCs collected at various time points
after cell infection. The equilibrium density fractions from
cytoplasmic extracts containing the peak of the viral DNA were
treated with micrococcal nuclease, and the reaction was
stopped at the time point indicated in Fig. 7 by addition of
EGTA. Nuclease-treated samples were then analyzed by PCR
with primers specific for the strong-stop DNA and for the
elongated minus-strand DNA, respectively. When naked viral
DNA was treated with micrococcal nuclease, the strong-stop
DNA appeared more sensitive to digestion than the minus-

FIG. 1. PCR and Western blot analyses of cytoplasmic and nuclear extracts after equilibrium density fractionation. NIH 3T3 fibroblasts were infected with a
MoMLV-based vector; cell extracts were prepared 1, 2, 4, and 7 h postinfection, loaded on a 20 to 70% linear sucrose gradient, and centrifuged at 4°C for 20 h at 35,000
rpm in a Beckman SW55 rotor. After centrifugation, gradients were collected in 12 fractions and analyzed. Arrows indicate the direction of the gradient from the lowest
(top) to the highest (bottom) density. (A) PCR analyses of the equilibrium density fractions using primers specific for the strong-stop DNA (expected band size is 145
bp). The density of the fraction containing the peak of the viral DNA is indicated for each time point. MW, DNA molecular weight standards. Lanes 1 to 12 correspond
to fractions 1 to 12. The rapidly migrating bands are PCR artifacts. (B) The same fractions were precipitated in 10% trichloroacetic acid and analyzed by Western
blotting using goat polyclonal antibodies against whole MLV. Purified virus (Virus) and infected NIH 3T3 cells (3T31) were used as positive controls. Uninfected 3T3
cells (3T32) were used as negative controls.

TABLE 2. Densities of fractions in which the peak of viral DNA
is found

Fraction Time (h) after
infection Density (g/ml; mean 6 SD) n

Cytoplasmic 1 1.356 6 0.01 6
2 1.348 6 0.03 7
4 1.364 6 0.01 7
7 1.353 6 0.02 3

16 1.361 6 0.01 2
Nuclear 7 1.373 6 0.01 2
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strand DNA. However, when the viral DNA within the RTC
was tested for nuclease sensitivity, the strong-stop DNA was
almost completely protected, while the minus-strand DNA was
digested (Fig. 7). We also tested the ability of rabbit antiserum
against MoMLV RT to inhibit reverse transcription of the viral
genome within the RTC. This antiserum was able to inhibit the
activity of purified RT about 10-fold, as detected by the oli-

go(dT)-poly(rA) assay (not shown). Equilibrium density frac-
tions containing the peak of the viral DNA were subjected to
endogenous reverse transcription assay in the presence of the
antiserum or rabbit preimmune serum. Samples were then
analyzed by semiquantitative PCR using primers specific for

FIG. 2. Western blot analyses of equilibrium density fractions containing
cytoplasmic extracts collected 4 h postinfection (A) or nuclear extracts collected
7 h postinfection (B). Following SDS-polyacrylamide gel electrophoresis and
protein transfer, the polyvinylidene difluoride membrane was probed with the
goat polyclonal antibodies against MLV CA or the chicken polyclonal antibodies
against MoMLV IN. Lane 1, purified virus; lane 2, uninfected NIH 3T3 cells;
lane 3, infected NIH 3T3 cells before equilibrium density fractionation; lane 4,
molecular weight standards; lanes 5 to 16, fractions 1 to 12 of the density
gradient. The arrow indicates the direction of the gradient from the lowest (top)
to the highest (bottom) density.

FIG. 3. PCR analyses of equilibrium density fractions containing cell extracts
collected 1, 2, 4, and 7 h postinfection. (A) Selected fractions from the same
equilibrium density gradients shown in Fig. 1 were subjected to PCR using
primers specific for the viral elongated minus-strand DNA (expected band size is
437 bp). Fraction numbers are the same as in Fig. 1. Naked viral DNA was used
as a positive control (ctr1), and one reaction contained no viral DNA template
(ctr2). (B) Fraction 3 of the density gradient containing the nuclear extracts (nuc
3) and fraction 2 of the density gradient containing the cytoplasmic extracts (cyt
2) were subjected to PCR using primers specific for the viral plus-strand DNA
(expected band size is 700 bp). Fraction numbers are the same as in Fig. 1. Naked
viral DNA was used as a positive control (ctr1), and one reaction contained no
viral DNA template (ctr2). The rapidly migrating bands are PCR artifacts.

FIG. 4. Endogenous reverse transcription assay of equilibrium density frac-
tions containing the peak of viral DNA from cytoplasmic extracts collected 1, 2,
4, and 7 h postinfection. Samples diluted 1:10 were incubated with exogenous
dNTPs for 6 h at 37°C in the presence (1) or absence (2) of Nonidet P-40 and
then subjected to PCR with primers specific for the elongated minus-strand [(2)
strand] DNA (expected band size is 437 bp) or the plus-strand [(1) strand] DNA
(expected band size is 700 bp). An aliquot of the same fractions was incubated in
the absence of dNTPs (no dNTPs). Some samples contained the same amount of
cytoplasmic extracts from uninfected cells (ctr2). The rapidly migrating bands
are PCR artifacts.

FIG. 5. Endogenous reverse transcription assay of equilibrium density gra-
dient fractions containing cytoplasmic extracts collected 1 and 4 h postinfection.
Aliquots of the density gradients fractions were incubated at 37°C for 4 h in the
presence of dNTPs and Nonidet P-40 and then analyzed by PCR using primers
specific for the strong-stop DNA (top; expected band size is 145 bp) or the
elongated minus-strand DNA (bottom; expected band size is 437 bp). (A) MW,
DNA molecular weight standards; lanes 4 to 11, fractions 4 to 11 of the gradient
shown in Fig. 1. (B) Lanes 5 to 12, fractions 5 to 12 of the gradient shown in Fig.
1; mw, DNA molecular weight standards; lane 13, virus subjected to the endog-
enous reverse transcription assay; lane 14, virus incubated in the absence of
dNTPs. Naked DNA was used as positive control for amplification of the elon-
gated minus-strand DNA (ctr1). One reaction contained no viral DNA template
(ctr2). The rapidly migrating bands are PCR artifacts.
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the plus-strand DNA. The antiserum was unable to inhibit
reverse transcription of the viral genome in the RTC collected
1, 4, and 7 h after cell infection (not shown). The same anti-
serum was able to immunoprecipitate purified RT but was
unable to immunoprecipitate RT in the RTC collected 7 h
after cell infection (not shown). These data indicated that the
RTC was permeable to small macromolecules like micrococcal
nuclease but not to larger macromolecules like immunoglob-
ulin G antibodies.

DISCUSSION

In this study we have analyzed the dynamics of the MoMLV
RTC from shortly after virus internalization to completion of
reverse transcription and entrance into the cell nucleus. Anal-
ysis of the cytoplasmic extracts indicated that at least three
different species of RTC are formed upon viral entry into the
cells. All species appeared to contain at least the viral genome,
CA proteins, and RT as detected by Western blotting, PCR,
and endogenous reverse transcription assays. One RTC species
had a buoyant density of approximately 1.12 g/ml, which is
lower than the density of intact virions (13), and was unable to
start reverse transcription, although it could synthesize strong-
stop DNA if exogenous dNTPs and Nonidet P-40 were pro-
vided. A second RTC species fractionated at a density of 1.32
g/ml, contained RNA but no DNA, and was able to synthesize
at least the minus-strand DNA in vitro in the presence of
added dNTPs and Nonidet P-40. A third type of RTC frac-
tionated at a density of 1.35 g/ml and contained both minus-
and plus-strand DNAs, indicating that it was competent for
reverse transcription. We suggest that the RTC with a buoyant

density of 1.12 g/ml was associated with membranes and may
or may not be on a productive pathway. The RTC with a
buoyant density of 1.32 g/ml must be free of most lipids, but its
lack of DNA suggests that it may not be functional. Neverthe-
less, this RTC could synthesize the minus-strand DNA in the
endogenous reverse transcription assay. The RTC with a buoy-
ant density of 1.35 g/ml contained the partially reverse tran-
scribed viral genome, CA proteins, RT, and IN. This fraction
presumably contained functional RTCs. This RTC species was
also found in the nuclear extracts. Western blot analyses after
equilibrium density fractionation showed that much of the CA
protein was lost from the nuclear RTCs and that the CA/IN
ratio of the cytoplasmic RTCs was higher than that of the
nuclear RTCs. Most of the RTCs with a density of 1.35 g/ml
did not contain the plus-strand DNA, even 16 h after infection.
They were nevertheless able to synthesize this DNA in an
endogenous reverse transcription assay, indicating that the
structure of the RTCs was well preserved. These data are
consistent with the possibility that this RTC is not very perme-
able to dNTPs in vivo.

The size of the RTC species with a density of 1.35 g/ml
appeared to change with time. At early stages after infection,
two species with sedimentation velocities of 560S and 380S
were found. At later stages, a complex with a sedimentation
velocity of 280S to 220S was also observed. In the nuclear
extracts, three species with sedimentation velocities of 560S,
180S, and 90S were found consistently. These RTCs with dif-
ferent sedimentation velocities may represent discrete steps of
uncoating which take place in the cell cytoplasm and nucleus.
The results suggest the existence of an organized dissociation
process of the RTC which occurs during reverse transcription.
CA proteins are probably a major component which is lost
during the process of uncoating of the RTC. CA proteins are
almost completely lost from the PIC after entry into the nu-
cleus, correlating with the lower sedimentation velocity ob-

FIG. 6. Analysis of RTCs by sedimentation velocity. Cytoplasmic extracts
collected 1, 2, 4, 7, and 16 h postinfection and nuclear extracts collected 7 h
postinfection were subjected to equilibrium density centrifugation. Fractions
containing the peak of retroviral DNA were further purified and concentrated in
a Centricon filter and centrifuged through a 5 to 20% linear sucrose gradient for
1 h at 23,000 rpm in a Beckman SW55 rotor. Twelve fractions were collected, and
the viral DNA in each fraction was detected by PCR using primers specific for
the strong-stop DNA (expected band size is 145 bp). The rapidly migrating bands
are PCR artifacts.

FIG. 7. The viral strong-stop DNA in the RTC is protected from micrococcal
nuclease digestion. Equilibrium density fractions containing the peak of the viral
DNA from the cytoplasmic extracts collected 1, 4, and 7 h postinfection were
incubated on ice in the presence of micrococcal nuclease and 2 mM CaCl2. The
reactions were stopped by addition of 4 mM EGTA at the indicated time points
and analyzed by PCR using primers specific for the strong-stop DNA (expected
band size is 145 bp) or for the elongated minus-strand DNA (expected band size
is 437 bp). Intact virions (CTR virus) incubated in the presence of micrococcal
nuclease were used as a negative control. Naked viral DNA was incubated as
described above in the presence of micrococcal nuclease and cytoplasmic extracts
from uninfected cells (Hirt DNA). The fast-migrating bands are PCR artifacts.
To ensure the linearity of amplification, the samples were subjected to two
independent amplification rounds of 30 and 40 cycles, respectively.
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served in the RTCs isolated from nuclear extracts. The pres-
ence of CA in the RTCs may explain genetic and structural
findings which support the involvement of CA protein in early
steps of the viral life cycle. Indeed, mutants altered in CA often
produce normal levels of virions but are unable to initiate
reverse transcription in infected cells (15, 27, 29). Fv1 restric-
tion in mouse cells, which blocks infection during the early
stages, depends on specific sequences in the CA protein of
MLV (7).

The reverse transcription-competent RTC was found to be
permeable to small macromolecules like micrococcal nuclease
but not to large ones like antibodies. This structural constraint
may be advantageous for the completion of the viral life cycle,
preventing dilution of RT and other factors in the cytoplasm
but allowing dNTPs and other small cell proteins to enter the
RTC. Treatment of the reverse transcription-competent RTC
with micrococcal nuclease showed that the strong-stop DNA is
almost completely protected from digestion whereas the mi-
nus-strand DNA is not. After completion of DNA synthesis,
the DNA ends appear to form a large nucleoprotein complex
called the intasome (32, 33). Our data showed that the strong-
stop DNA is already protected 1 h after cell infection, indicat-
ing that the intasome may be at least partially organized early
during the viral life cycle, well before reverse transcription is
completed. It is not clear whether the two RTC species with
buoyant densities of 1.12 and 1.32 g/ml represent functional
intermediates or totally defective complexes. We suggest that
they may be defective complexes arrested in intermediate steps
of the uncoating process since they did not contain viral DNA
even 4 h after infection. The system provided here may allow
analysis of the RTCs from a variety of viral mutants defective
in specific steps of the viral life cycle as well as cell mutants
unable to sustain productive infection, thus helping to clarify
many important issues related to the interactions between virus
and cells.
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