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In the absence of envelope gene expression, retrovirus packaging cell lines expressing Moloney murine leu-
kemia virus (MLV) gag and pol genes produce large amounts of noninfectious virus-like particles that contain
reverse transcriptase, processed Gag protein, and viral RNA (gag-pol RNA particles). We demonstrate that
these particles can be made infectious in an in vitro, cell-free system by the addition of a surrogate envelope pro-
tein, the G spike glycoprotein of vesicular stomatitis virus (VSV-G). The appearance of infectivity is accom-
panied by physical association of the G protein with the immature, noninfectious virus particles. Similarly,
exposure in vitro of wild-type VSV-G to a fusion-defective pseudotyped virus containing a mutant VSV-G mark-
edly increases the infectivity of the virus to titers similar to those of conventional VSV-G pseudotyped viruses.
Furthermore, similar treatment of an amphotropic murine leukemia virus significantly allows infection of
BHK cells not otherwise susceptible to infection with native amphotropic virus. The partially cell-free virus
maturation system reported here should be useful for studies aimed at the preparation of tissue-targeted ret-
rovirus vectors and will also aid in studies of nucleocapsid-envelope interactions during budding and of virus
assembly and virus-receptor interactions during virus uptake into infected cells. It may also represent a po-

tentially useful step toward the eventual development of a completely cell-free retrovirus assembly system.

The maturation of retroviruses in mammalian cells involves
a number of processes, including intracellular associations of
virus-encoded proteins with viral RNA, transport of subviral ri-
bonucleoprotein complexes through cellular organelles to spe-
cific regions of the cellular plasma membrane containing se-
lectively embedded viral envelope (Env) proteins, and finally
the budding of fully assembled progeny virus particles into the
extracellular space (7, 16). Assembly of virus particles occurs
intracellularly in some classes of retroviruses (B and D), while
assembly and budding seem to occur simultaneously at the
plasma membrane in the case of the type C retroviruses. The
precise mechanisms and cellular locations for most of these
steps are not completely understood. The spike G glycoprotein
of the rhabdovirus vesicular stomatitis virus (VSV) has been
used to study many of the processes of mammalian cell mem-
brane biogenesis and assembly of enveloped mammalian vi-
ruses. It is a well-characterized marker for intracellular traf-
ficking of membrane-associated proteins (2, 13, 22) and also
serves as an efficient surrogate envelope protein during the
assembly of retroviruses. For instance, the VSV G protein
(VSV-G) has been shown to be incorporated into retrovirus
particles that also contain retroviral Env proteins, thereby pro-
ducing chimeric pseudotype particles (14, 19, 33, 35, 40) with
entirely new host range and cell tropism properties. It is also
known that detergent-purified VSV-G can be incorporated in
vitro into the lipid bilayers of synthetic liposomes to produce
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agents capable of fusing target cells (15, 20, 24), thereby pro-
viding a potentially important approach to studying the for-
mation of a model mammalian cell membrane. However, the
relevance of G incorporation into such synthetic liposome
structures to the mechanisms of mammalian membrane bio-
genesis is not entirely clear. Much remains to be learned about
the mechanisms responsible for the incorporation of either the
native viral Env or the surrogate Env VSV-G into cellular and
viral membranes. It would therefore be of great interest to
have available an efficient in vitro system for studying the
mechanisms of mammalian membrane biogenesis and target-
ing and incorporation of membrane proteins.

We have reported that VSV-G can entirely replace the Env
protein of Moloney murine leukemia virus (MLV)-based ret-
roviruses during retrovirus assembly (5, 9, 21, 38). In these
previous studies of VSV-G pseudotype formation, we have
identified noninfectious virus-like particles that contain pro-
cessed Moloney Gag and reverse transcriptase (RT) and viral
RNA (gag-pol RNA particles) but that are completely devoid
of specific viral envelope proteins and that are produced con-
stitutively in large numbers by retrovirus packaging cell lines.
These particles are analogous to those reported to be pro-
duced by retrovirus producer cells (3, 28). We have recently
found that these noninfectious virus-like particles are pro-
duced by envelope-free packaging cell lines and that such
particles have many of the morphological and hydrodynamic
properties of mature virus, including similar buoyant densi-
ties, sedimentation coefficients, viral protein composition, and
electron microscope morphology. Furthermore, we have found
that they can be made infectious by the addition to the partially
purified particles of lipofectins (31), presumably by facilitating
the uptake of the assembled nucleoprotein complexes into cells
(10). In the present study, we demonstrate that the surrogate
viral envelope protein VSV-G is incorporated into the nonin-
fectious RNA-containing virus-like gag-pol RNA particles and
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that the incorporation of VSV-G is associated with the devel-
opment of infectivity of the particles. Because this cell-free
system permits rapid in vitro characterization of the interac-
tions between a model membrane-embedded protein and en-
veloped viral ribonucleotide complexes, it should be useful for
detailed studies of mechanisms of virus-cell fusion and virus
entry into cells and for the illumination of some of the final
steps of retrovirus assembly.

MATERIALS AND METHODS

Cell lines, plasmids constructs, and production of viruses. BHK, CF2, 293,
and HeLa cells were obtained from the American Type Culture Collection. 208F,
293, 293GP, 293GP/LZRNL, and 293GP/LLRNL cells and methods for the
generation of VSV-G pseudotyped viruses have been previously described (21,
36, 38), as has plasmid pCMV-G, expressing VSV-G from the human cytomeg-
alovirus (CMV) promoter (38). Plasmid pCMV-G-P127R, expressing a fusion-
defective VSV-G mutant, VSV-G-P127R, was generated by using a MORPH in
vitro mutagenesis kit (Sprime—3prime Inc., Boulder, Colo.). The mutagenesis
primer was 5'-ATATCCACAACTCTGGCGAGGGAACCCGGGATTCAGCC
A-3', which changes the 127th amino acid from proline to arginine and intro-
duces silent mutations to simplify subsequent cloning steps; mutated sequences
are underlined. The fusion-defective pseudotyped virus was produced by the
293GP/LZRNL/G-P127R cell line which was stably transduced with plasmid
pCMV-G-P127R. Plasmids pCMV-Ampho and pCMV-Eco, expressing the am-
photropic and ecotropic MLV envelope genes, respectively, were constructed by
replacing the VSV-G gene in pCMV-G with either the amphotropic or ecotropic
env gene (30). The amphotropic LZRNL virus was produced by the 293GP/
LZRNL/amphotropic cell line (30).

Detection of VSV-G by Western blotting. To detect intracellular and extracel-
lular VSV-G in cell lines transfected with pCMV-G, cells were grown in six-well
plates and transfected with 4 pg of plasmid pCMV-G per well by established
calcium phosphate coprecipitation methods, with the exception of HeLa cells,
which were transfected with 1 pg of pCMV-G by Lipofectin (GIBCO BRL).
Cells and conditioned medium were harvested 48 h after transfection. One
milliliter of each conditioned medium was then centrifuged at 14,000 rpm with a
Beckman F2402 rotor for 1 h at 4°C, and the pellets were resuspended into 50 .l
of sodium dodecyl sulfate (SDS) sample buffer (25 mM Tris HCI, 5% glycerol,
1% SDS, 1% B-mercaptoethanol, 0.05% bromphenol blue). Cells were lysed by
three rapid freeze-thaw cycles, and cell debris was removed by low-speed cen-
trifugation. Two micrograms of protein in the cell lysates and 5 pl of pellet
suspension from the conditioned medium were applied to denaturing polyacryl-
amide gels and examined by established Western blotting methods, using mono-
clonal antibody P5D4 (Sigma, St. Louis, Mo.) to visualize VSV-G. To examine
the distribution of the VSV-G in the sucrose velocity gradient centrifugation,
10-pl aliquots of each fraction were mixed with 10 pl of 2X SDS sample buffer
(see above) and applied to electrophoresis followed by the Western blotting as
described above.

Preparation of VSV-G and gag-pol RNA particles for in vitro assembly. To
prepare VSV-G, 293 and 293GP cells in 10-cm-diameter culture dishes were
transfected with 20 pg of pCMV-G by calcium phosphate coprecipitation. Cells
and conditioned medium were harvested 48 h after transfection.

To prepare solubilized and partially purified VSV-G, 100 to 200 ml of condi-
tioned medium from 293 cells transfected with pCMV-G was centrifuged at
24,000 rpm in a Beckman SW28 rotor for 90 min at 4°C. The pellet was resus-
pended in 100 pl of 60 mM octyl-B-p-glycoside (B-OG) or 100 mM dodecyl
octaethyl monoether (C12H8) in 50 mM Tris-HCI (pH 7.5) containing 100 mM
NaCl and 0.5 mM EDTA. After centrifugation at 14,000 rpm for 30 min in a
microcentrifuge, the supernatant containing solubilized VSV-G was collected.
Detergent depletion was performed by dialysis against phosphate-buffered saline
(PBS) or with SM-2 beads as described before (20). The resulting VSV-G was
concentrated (Centricon 30; Amicon, Beverly, Mass.), and the purity of the
preparation was determined by polyacrylamide gel electrophoresis and silver
staining (1). Approximately 5 pg of VSV-G at a purity of >90% was obtained
from 200 ml of conditioned medium (data not presented).

Virus assays. Virus titers were determined by infecting 208F or BHK cells in
the presence of Polybrene (4 wg/ml), selecting the infected cells with G418 (400
wg/ml), and counting resulting G418-resistant colonies 14 days after infection
(36). Alternatively, in the case of assaying luciferase-expressing virus, virus titers
were determined by measuring luciferase activity expressed as relative light units
in the infected BHK cells 2 days after infection as previously described (36). RT
activity in the virus particles was measured by established methods (12).

Sucrose gradient centrifugation. Continuous 5 to 30% sucrose gradients in
PBS with a 40% sucrose cushion were centrifuged at 30,000 rpm in a Beckman
SW41Ti rotor for 28 min at 4°C. Aliquots of 0.5 ml each were collected from the
top and analyzed for RT activity, virus titer, and amount of VSV-G as described
above.
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FIG. 1. Intracellular and extracellular VSV-G in cell lines transfected with
pCMV-G. Cells were grown in six-well plates and transfected with plasmid
pCMV-G. VSV-G samples in the conditioned medium and cell lysate were
examined by established Western blotting methods, using PSD4 monoclonal
antibody to visualize VSV-G protein as described in Materials and Methods.

RESULTS

Efficient secretion of sedimentable VSV-G particle into the
culture medium. To determine an appropriate source of VSV-
G for subsequent assembly and infectivity studies, a variety of
cell lines, including the human embryonic renal cell line 293,
the packaging cell line 293GP expressing Moloney MLV gag
and pol genes, and the producer cell line 293GP/LZRNL ex-
pressing the retrovirus LZRNL (38), as well as BHK, canine
thymus fibroblast CF2, and human HeLa cells were transfected
with plasmid pCMV-G, which expresses VSV-G from the strong
human CMV promoter-enhancer (38). Cell lysates and pellets
from conditioned media were examined by Western blotting
techniques for the presence of VSV-G (Fig. 1). Expression of
G protein was detected at comparably high levels in all cell
lysates, and in all cases except the CF2 and HeLa cells, VSV-G
was also found at high levels in the pellets from conditioned
media, indicating that VSV-G was efficiently secreted into the
media in those cells and that it was present in those media as
sedimentable particles. Rolls et al. (27) have previously report-
ed that in the presence of Semliki Forest virus RNA, VSV-G
is released into culture medium in the form of assembled par-
ticles. The results presented in the present study demonstrate
that VSV-G produced in some cells is efficiently secreted into
the conditioned medium even in the absence of viral RNA and
is found in the form of sedimentable particles. We have de-
tected large amounts of 50- to 160-nm-diameter particles in the
media by electron microscopy (data not shown).

Conversion of noninfectious particles to infectious particles
by in vitro exposure to VSV-G. For in vitro assembly and in-
fectivity studies, we determined if the noninfectious virus-like
gag-pol RNA particles in conditioned medium from the pack-
aging cell line 293GP/LZRNL could be converted to infectious
particles by exposure to VSV-G. Noninfectious gag-pol RNA
particles were used in the form of either unpelleted condi-
tioned medium derived from 293GP/LZRNL cells or the same
conditioned medium pelleted by centrifugation (31). The G
protein was added either as conditioned medium or as lysates
of 293 or 293GP cells transfected with the plasmid pCMV-G or
purified VSV-G obtained from detergent-lysed pellets of con-
ditioned medium of 293 cells transfected with pCM V-G (VSV-
G pellets). In some cases, assays for infectivity were carried out
with preparations in which the conditioned media were pel-
leted either immediately before or immediately after mixing.

As is evident from Table 1, the noninfectious, virus-like
gag-pol RNA particles present in conditioned media of 293GP/
LZRNL packaging cells become infectious after exposure to

1sanb Aq 2T0Z ‘¥'T Anc uo /Blo wse’IAl//:dny wouy papeojumoq


http://jvi.asm.org/

6358 ABE ET AL.

TABLE 1. Titers of infectious LZRNL virus preparations prepared
by exposure of noninfectious gag-pol RNA particles to VSV-G
in vitro by mixing of conditioned media, mixing of media
followed by pelleting, or mixing of pelleted media“

Virus titer (CFU/ml)”

Source of
VSV-G Conditioned Media mixed Media pelleted,
media mixed before pelleting  then mixed
293/pCMV-G
Conditioned medium 6.0 X 10? 8.4 x 10° 3.6 X 10°
Conditioned medium + <1 <1 <1
I1 antibody
Cell lysate ND 44 x10° ND
293GP/pCMV-G
Conditioned medium 5.8 X 10? 1.1 x 10* 43 x 10°
Conditioned medium + <1 <1 <1
11 antibody
Cell lysate ND 6.1 x 10° ND
Detergent-purified VSV-G
B-0G ND ND <1
C12H8 ND ND 2.0 X 10?
293/pCMV-Ampho
Conditioned medium <1 <1 <1

293/pCMV-Eco
Conditioned medium <1 <1 <1
Cell lysate <1 <1 <1

“ Sources of VSV-G included 293 or 293GP cells transfected with pPCMV-G as
described in Materials and Methods. For samples mixed after centrifugation, 1
ml of each medium was centrifuged, the pellets were resuspended in 10 pl of PBS
and mixed, and serial dilutions were assayed for infection on rat 208F cells. For
assays involving mixing prior to pelleting, 0.5-ml aliquots of the media were
mixed and centrifuged as above. The pellets were resuspended in 50 pl of PBS,
and serial dilutions were assayed for infectivity on rat 208F cells. Prior to infec-
tion of 208F cells, an aliquot of each sample was incubated with VSV-G neu-
tralizing antibody I1 or with anti-VSV-G polyclonal antibody for 15 min at room
temperature. Results of antibody I1-treated samples are shown. The virus titer is
indicated as the total infectious virus in 1 ml of the starting 293GP/LZRNL
conditioned medium. The titer of a conventionally prepared pseudotyped
LZRNL virus produced under identical conditions was 2.3 X 10> CFU/ml.
Solubilized and partially purified VSV-G samples were prepared as described in
Materials and Methods. One microgram of purified VSV-G was mixed with the
resuspended pellet from 293GP/LZRNL conditioned medium and assayed for
infectivity as described above. Conditioned media and cell lysates of 293 cells
transfected with pCMV-Ampho or pCMV-Eco were also examined by the same
procedure as those of pPCMV-G-transfected cells.

? Total CFU of virus produced from 1 ml of conditioned medium from 293GP/
LZRNL cells. ND, not determined.

various forms of VSV-G, including cell membrane-bound
VSV-G, secreted and pelletable VSV-G in conditioned me-
dium of pCMV-G-transfected cells, or VSV-G solubilized
from cellular membranes. Infectious particles were produced
when the G protein was solubilized from VSV-G pellets with
the detergent C12HS, an agent known to allow formation of
fusogenic VSV-G liposomes after detergent removal by SM-2
beads but not by dialysis (20). In contrast, no infectious virus
was detected after exposure of gag-pol RNA particles to
VSV-G solubilized by the detergent B-OG followed by removal
of excess detergent with SM-2 beads (20). We are examining
the possibility that the differences between the C12HS8 and
B-OG solubilization procedures may be due to loss of fuso-
genic activity of the isolated VSV-G or to inefficient removal of
detergent by SM-2 beads or dialysis.

Table 1 indicates that under currently optimal conditions,
the level of infectious particles achieved titers of up to 10*
CFU/ml, representing up to approximately 10% of that of
conventionally produced VSV-G pseudotyped virus. In vitro
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maturation and assembly were maximal in samples that had
been pelleted compared with samples in which nonpelleted
conditioned media were mixed. In contrast to VSV-G results,
mixing experiments in which VSV-G was replaced by condi-
tioned media or lysates from 293 and 293GP cells expressing
the amphotropic or ecotropic Moloney envelope proteins from
CMV-driven plasmids did not result in the appearance of in-
fectious virus. The phenomenon of in vitro conversion of non-
infectious immature virus-like particles into infectious forms
was completely abrogated when VSV-G neutralizing monoclo-
nal antibody I1 (5) or anti-VSV polyclonal antibody (9) was
added to the mixtures, confirming the essential role of VSV-G
in the infection activation process and indicating that the
Moloney viral envelope proteins are not present in lysates or
conditioned media in a form that permits the appropriate
complex formation with gag-pol RNA particles.

Physical association of VSV-G particles with immature vi-
rus-like particles in vitro. Because the buoyant density of the
starting noninfectious gag-pol RNA particles is almost identical
to that of mature assembled virus (31), we further character-
ized the infectious particles made as described above by veloc-
ity sedimentation sucrose gradient centrifugation. Figure 2
shows the sedimentation profiles of RT activity, infectivity ti-
ter, and titer/RT ratio, as well as localization of VSV-G protein
of conventional VSV-G pseudotyped virus (Fig. 2A) and of the
in vitro-assembled infectious particles (Fig. 2B). In both cases,
the major peak of extracellular RT activity sediments at a
gradient position corresponding to a sedimentation coefficient
of approximately 580S (31). The major infectivity peak of
the conventionally produced VSV-G pseudotype sediments
slightly to the slowly sedimenting side of the major RT peak,
and the titer/RT ratio is several fractions slower still.

VSV-G alone, in the form of particles in the conditioned
medium from transfected cells, sediments as a single major
peak, predominantly in fractions 4 to 8, as detected by Western
blotting (Fig. 2). In the case of preparations of conventionally
produced pseudotyped virus, the VSV-G protein is found in
two principal peaks, one corresponding approximately to the
major RT peak and the other to a slower-sedimenting peak,
separate from both the RT and infectivity activities and similar
to that seen in the unmixed conditioned medium of cells trans-
fected with pCMV-G alone. These results indicate that the
infectious particles present in preparations of conventionally
produced VSV-G pseudotyped virus are structurally heteroge-
neous and that infectivity is maximal in slower-sedimenting,
and therefore possibly smaller, particles. The RT activity of the
in vitro-assembled particles made infectious by exposure to
VSV-G sediments indistinguishably from the starting, nonin-
fectious gag-pol RNA particles. However, the major peak of
infectivity is shifted to an even slower-sedimenting fraction
very low in RT activity and in a position close to that of the
titer/RT maximum. Interestingly, the magnitude and direction
of the shift of the titer/RT ratio from the RT peak of both the
conventionally prepared pseudotyped virus and the in vitro-
reconstituted infectious particles are similar. The addition of
VSV-G to noninfectious gag-pol RNA particles therefore gen-
erates particles that are heterogeneous but that resemble the
particles with the highest infectivity/RT ratio produced by stan-
dard methods of pseudotyped vector production.

Stability of VSV-G, gag-pol RNA particles, and pseudotyped
virus. The present in vitro virus maturation system allows iden-
tification of optimum conditions for each of the separate com-
ponents of in vitro retrovirus assembly and maturation. We
examined the stability of VSV-G particles and gag-pol RNA
virus-like particles by incubating at 4 and 37°C or by repeating
freeze-thaw of each component separately and then mixing
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FIG. 2. Analysis of virus particles by sucrose velocity gradient centrifugation. (A) Authentic pseudotyped LLRNL virus prepared by conventional methods from
293GP/LLRNL cells. (B) Untreated gag-pol RNA particles and gag-pol RNA particles made infectious by exposure to VSV-G for which 0.5-ml volumes of conditioned
medium of 293 cells transfected with pPCMV-G and of 293GP/LLRNL cells were mixed and centrifuged at 24,000 rpm at 4°C in Beckman SW28 rotor for 90 min. Pellets
were resuspended with 1 ml of PBS and loaded onto the sucrose gradients. (C) Western blot analysis of VSV-G in gradient fractions containing the media from 293
cells transfected with pCM V-G, authentic mature pseudotyped LLRNL virus, and gag-pol RNA particles from 293GP/LLRNL cells made infectious by treatment with

VSV-G as described above. RLU, relative luciferase units.

each treated component with the freshly prepared counterpart.
As shown in Fig. 3, the MLV gag-pol RNA capsid particles are
relatively unstable to conditions of incubation at 37°C or
freeze-thaw compared with the VSV-G particles. The stability
profiles of authentic VSV-G pseudotyped virus are similar to
those of gag-pol RNA particles in the same experiments (Fig.
3), suggesting that the half-life of the pseudotyped virus is
limited by the gag-pol RNA particles rather than by the VSV-G
envelope. Incubation experiment of the components at 4°C
showed stability profiles similar to those at 37°C (data not
shown).

In vitro interaction of VSV-G with enveloped MLV particles.
We have examined the interaction in vitro of VSV-G with
retrovirus particles containing the specific membrane glyco-
proteins such as amphotropic envelope or the fusion-defective
VSV-G mutant (VSV-G-P127R). VSV-G consists of a single
polypeptide containing both binding and fusion properties.
The fusogenic region(s) of VSV-G has previously been par-
tially characterized, and in particular, the presence of muta-
tions within a sequence encoding a stretch of 19 uncharged
amino acid residues (118 to 136) near proline 127 has indicated
a vital fusogenic role for this domain (11, 18, 41). We intro-
duced several mutations into position 127 and found that one
such mutant, VSV-G-P127R, in which proline is replaced with
arginine, was efficiently expressed on the cell surface and was
also secreted efficiently into the culture medium (data not

shown). Using this mutant, we generated a fusion-defective
pseudotyped virus, LZRNL-G-P127R. While wild-type VSV-G
is highly cytotoxic, hampering constitutive production of pseu-
dotyped virus by a stable packaging cell line (6, 23, 37, 38),
VSV-G-P127R is only minimally cytotoxic. Using this mutant,
we have therefore been able to establish a stable cell line that
constitutively produces large amounts of the fusion-defective
pseudotyped virus LZRNL-G-P127R. Such a pseudotyped vi-
rus produced by a stable packaging cell line and the ampho-
tropic LZRNL virus produced by an amphotropic packaging
cell line derived from 293GP cells (30) were both exposed in
vitro to wild-type VSV-G prepared as sedimentable vesicles
from the conditioned medium of 293 cells transfected with
pCMV-G expressing wild-type VSV-G. As shown in Table 2,
when the fusion-defective LZRNL-G-P127R virus was treated
with wild-type VSV-G, the infectivity was efficiently reconsti-
tuted to titers comparable to those of wild-type pseudotyped
virus produced by conventional methods. Under the same con-
ditions, the amphotropic virus, generally not infectious in BHK
cells, became infectious to BHK cells with an efficiency similar
to that of conventional wild-type VSV-G pseudotyped virus.

DISCUSSION

These studies demonstrate that the noninfectious virus-like
particles produced by provirus-expressing packaging cell lines
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FIG. 3. Stability of VSV-G, gag-pol RNA, and authentic pseudotyped virus particles. (A) Stability in incubation at 37°C. VSV-G-containing conditioned medium
from 293 cells transfected with pPCMV-G and gag-pol RNA (GP/LLRNL)-containing conditioned medium from 293GP/LLRNL cells (0.5 ml of each) were indepen-
dently incubated at 37°C for the indicated time. After that, they were mixed with equal volumes of the other fresh components, centrifuged at 14,000 rpm for 1 h, and
used to infect BHK cells. Authentic pseudotyped virus was made by the conventional method and incubated at 37°C. The activity of each component was determined
by luciferase assay and expressed as the percentage of fresh-sample activity. An identical experiment in which samples were incubated at 4°C instead of 37°C resulted
in a similar profile (data not shown). (B) Stability during freeze-thaw. Each sample (0.5 ml) was subjected to freezing at —80°C for 15 min and thawing at 37°C for 5
min, and each sample was kept at 4°C until the last samples were prepared. Then VSV-G or gag-pol RNA particles were mixed with equal volumes of fresh other
components, centrifuged at 14,000 rpm for 1 h, and subjected to infection. Each value represents the percentage of fresh-sample activity. Results are the mean *

standard error of three independent experiments.

can readily be converted, at least partially, into infectious virus
in vitro by addition of a surrogate envelope protein, VSV-G, in
a cell-free system (Table 1). The in vitro conversion of imma-
ture virus-like particles to infectious virus is associated with the
physical association of the immature virus-like particles with
VSV-G (Fig. 2). Similarly, complex formation by the same in
vitro cell-free treatment of wild-type VSV-G with MLV-based
particles containing specific envelope proteins such as a fusion-
defective VSV-G, G-P127R, or the amphotropic envelope sig-
nificantly altered the infectivity of the particles. Low titers
characteristic of the fusion-defective VSV-G particles were
enhanced by more than 3 orders of magnitude by exposure in
vitro to wild-type VSV-G to titers equivalent to those of con-
ventional VSV-G pseudotyped virus (Table 2). Even more
impressive is the appearance in BHK cells of high titers of
infectivity of otherwise completely noninfectious amphotropic
virus after exposure to VSV-G.

The precise mechanisms by which VSV-G interacts with the
envelopes of immature virus-like particles or with the envelope
protein components of the particles are not yet characterized.
The alteration of infectivity and host range of the LZRNL-G-
P127R or of amphotropic MLV exposed to VSV-G could have
resulted either from the introduction of VSV-G homotrimers
directly into the virus envelope or from the formation of het-
erotrimers between wild-type VSV-G and the envelope protein
resident in the particle. Subunit exchange of VSV-G subunits
from trimers in membranes and lipid bilayers has been shown
to occur (34). The formation of even more complex structures
is also possible.

Systems of in vitro Gag assembly into virus-like particles
have previously been reported for Mason-Pfizer monkey virus,
a retrovirus whose mechanisms of assembly differ from those
of MLV (28, 32). Type C retroviruses, represented by MLV,
are thought to mature at the plasma membrane by simulta-
neous capsid assembly and budding (4, 26, 39), whereas other
retroviruses represented by mammary tumor virus (type B) and
Mason-Pfizer virus (type D) mature by intracytoplasmic assem-
bly of virus capsids (25, 29). Unfortunately, because of their

markedly different mechanisms of assembly, the in vitro system
suitable for studying type D virus maturation has not yet been
extended to the study of the assembly of type C viruses (8, 17).
The isolated, in vitro and partially cell-free infectivity recon-
stitution system reported here therefore may provide the be-
ginnings of an in vitro virus maturation-assembly system suit-
able for type C viruses such as MLV. Like other cell-free in
vitro systems, the present system has the important property of

TABLE 2. In vitro interaction of gag-pol RNA particles,
fusion-defective pseudotyped virus, and
amphotropic virus with VSV-G*

Neo' titer (CFU/ml) on:

Virus
208F cells BHK cells

LZRNL (G) 1.0 x 10° 8.0 X 10°
LZRNL (gag-pol RNA)

Alone <1 <1

+ VSV-G 4.2 x 10* 3.4 % 10*
LZRNL (G-P127R)

Alone 1.8 x 10? 2.0 X 10?

+ VSV-G 8.0 X 10° 6.0 X 10°
LZRNL (A)

Alone 6.0 X 10° <1

+ VSV-G 8.0 X 10° 44 x10°

“ Preparations of VSV-G pseudotyped virus LZRNL (G) were made by
conventional methods (37). Conditioned medium of 293GP/LZRNL contain-
ing LZRNL (gag-pol RNA), 293GP/LZRNL/G-P127R containing LZRNL (G-
P127R), and 293GP/LZRNL/amphotropic containing LZRNL (A) were har-
vested and used to infect 208F and BHK cells before and after exposure to
wild-type VSV-G. For the in vitro assembly of infectious particles, 0.5 ml of each
of these conditioned media was mixed with 0.5 ml of conditioned medium of 293
cells transfected with the pCMV-G and centrifuged at 14,000 rpm in Beckman
F2402 rotor at 4°C for 1 h. Pellets were resuspended with PBS and used to infect
208F and BHK cells. Titers of the viruses treated in vitro with VSV-G represent
total infectious virus recovered from 1 ml of corresponding conditioned medium.
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making possible the in vitro biochemical study of each of the
components involved in the interaction of VSV-G as a model
intrinsic membrane protein with a relatively purified cellular
membrane, in the form of an immature viral nucleoprotein
complex. The system therefore has the potential to be useful
for the direct elucidation of virus-cell interactions and the
mechanisms of virus-cell membrane fusion during virus entry,
for studies of the assembly of enveloped viruses by cell surface
budding, and possibly for the design and study of potentially
therapeutic agents that might interfere with virus maturation
or virus entry into cells. At a practical level, these kinds of
studies may also eventually permit the preparation of retrovi-
rus vectors at titers higher than presently possible through the
conversion of the large amounts of noninfectious virus-like
material in conditioned medium of retrovirus packaging and
producer cells into infectious virus particles. Such conversion
at a late stage of vector assembly may also make large-scale
vector preparation safer. Furthermore, the present cell-free
system should facilitate studies of the incorporation of modi-
fied envelope proteins into vector particles for tissue-specific
targeting of gene transfer vectors.
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