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Human immunodeficiency virus (HIV) virions are enveloped particles with a diameter of approximately 140 nm, the
main constituent being the structural protein Gag. Gag is synthesized as a myristoylated polyprotein which traffics to the
plasma membrane, where it assembles into immature spherical
particles. Besides Gag, these particles contain the viral RNA
genome and a number of other viral and cellular proteins, most
prominently the Gag-Pol polyprotein comprising the viral enzymes and the envelope protein (Env). Concomitant with virus
release, the Gag polyprotein is cleaved by the viral protease
(PR) into its functional domains, the matrix (MA), capsid (CA),
nucleocapsid (NC), and p6 domains, as well as two small spacer
peptides. This cleavage leads to a morphological rearrangement of the virus core, which is crucial for virion infectivity. It
has been shown that Gag alone is sufficient for the formation
and release of virus-like particles (VLPs) (14). However, a
number of other viral and cellular factors—most importantly
the Env protein, genomic RNA, and the lipid membrane enveloping the virus particle—contribute to the assembly of HIV
virions in an infected cell. How the various virion components
come together at the site of assembly and interact to form a
spherical particle is currently only partly understood. Although
Gag expressed alone is able to traffic to the plasma membrane,
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studies of polarized cells and neurons indicate that the presence of Env can influence the trafficking pathway of retroviral
Gag (26, 44). For murine leukemia virus (MLV) assembly, a
model has been proposed in which the viral genomic RNA is
recruited from the cytoplasm by a complex of Gag and Env
formed at endosomal or lysosomal membranes (3).
Biochemical and structural studies have yielded detailed information about the architecture of immature and mature virions, as well as subviral complexes involved in viral replication
steps. However, the dynamics of essential processes in replication escapes these analyses. In contrast, modern real-time imaging techniques allow direct observation of intracellular transport processes and protein interactions. A prerequisite for the
application of these techniques is the introduction of a fluorescent label suitable for the monitoring of the protein of
interest inside the living cell. Recently, the chemical labeling of
nonenveloped viruses with fluorescent dyes has allowed the
application of real-time imaging techniques to study virus-cell
interactions. The microtubule-mediated intracellular transport
of the nonenveloped adenoviruses could be visualized when
the surfaces of the virions were chemically labeled with a fluorescent dye (25, 40). Similarly, the entry of adeno-associated
virus into a host cell could be monitored after fluorescent
labeling. In the case of adeno-associated virus, the method of
single-virus tracing allowed for the first time the visualization
of the entry pathway of single virions with millisecond time
resolution (37). In the case of the enveloped HIV, the viral
capsid is surrounded by a lipid membrane which fuses with the
cellular membrane during the entry process. Therefore, virionassociated Gag is not accessible to chemical modification and
any label inserted into the membrane of the particle would get
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The introduction of a label which can be detected in living cells opens new possibilities for the direct analysis
of dynamic processes in virus replication, such as the transport and assembly of structural proteins. Our aim
was to generate a tool for the analysis of the trafficking of the main structural protein of human immunodeficiency virus type 1 (HIV-1), Gag, as well as for the analysis of virus-host cell interactions in an authentic
setting. We describe here the construction and characterization of infectious HIV derivatives carrying a label
within the Gag polyprotein. Based on our initial finding that a short epitope tag could be inserted near the C
terminus of the matrix domain of Gag without affecting viral replication, we constructed HIV derivatives
carrying the egfp gene at the analogous position, resulting in the expression of a Gag-EGFP fusion protein in
the authentic viral context. Particles displaying normal viral protein compositions were released from transfected cells, and Gag-EGFP was efficiently processed by the viral protease, yielding the expected products.
Furthermore, particles with mature morphology were observed by thin-section electron microscopy. The
modified virus was even found to be infectious, albeit with reduced relative infectivity. By preparing mixed
particles containing equimolar amounts of Gag-EGFP and Gag, we were able to obtain highly fluorescently
labeled virion preparations which displayed normal morphology and full wild-type infectivity, demonstrating
that the process of HIV particle assembly displays a remarkable flexibility. The fluorescent virus derivative is
a useful tool for investigating the interaction of HIV with live cells.
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lost during virus entry. Furthermore, chemical modification in
vitro is not applicable for the labeling of progeny viral proteins
to study transport processes during assembly and release. In
recent years, fusion of the protein of interest to the green
fluorescent protein (GFP) of Aequorea victoria or its derivatives has become an important tool for monitoring transport
processes inside living cells. Viral proteins fused to GFP have
been used to investigate the entry of the enveloped alphaherpesviruses (4, 39) as well as for studying vaccinia virus particle
formation (13, 36, 43). McDonald et al. (28) have recently
reported the labeling of HIV particles by the coexpression of
GFP fused to the accessory protein Vpr, which can be incorporated into virions via its interaction with Gag. Their studies
indicated that the intracellular transport of incoming virus
involves, as with other viruses, retrograde transport along microtubuli. The fusion of GFP to the C terminus of HIV type 1
(HIV-1) Gag has also been reported (18, 32). In these studies,
Gag trafficking could be analyzed after the expression of GagGFP alone or upon the coexpression of Env. The gag-gfp fusion
gene used cannot be transferred to the viral context, since in
the HIV-1 genome, the 3⬘ region of the gag open reading frame
(ORF) overlaps with the viral pol gene (Fig. 1A) and a translational frame shift is required for synthesis of the Gag-Pol
precursor protein. Thus, any fusion of foreign sequences to the
3⬘ end of gag in the viral genome will result in the alteration or
destruction of pol and interfere with the balanced gene expres-

sion of HIV. Gag-GFP expressed by itself directs the budding
of VLPs from cells. However, these particles do not contain
any other viral components, nor do they display a regular
spherical distribution of electron-dense material as observed in
immature HIV (33) or undergo morphological maturation.
With the aim of generating a tool for the analysis of Gag
trafficking and virus-cell interactions in the viral context, we
decided to insert a label at a position within the gag ORF. We
describe here the construction and detailed characterization of
an HIV-1NL4-3 provirus derivative carrying the egfp gene within
the gag ORF and show that it is possible to generate a fluorescent HIV derivative displaying wild-type morphology and
infectivity. Fluorescent HIV derivatives represent a useful tool
for analyzing the interaction with live host cells in real time as
well as for studying the dynamics of Gag trafficking and assembly in an authentic context. Furthermore, they reveal the remarkable plasticity of the viral assembly process.
MATERIALS AND METHODS
Antisera. Rabbit polyclonal antisera against HIV-1 CA, MA, and reverse
transcriptase (RT) as well as against enhanced GFP (EGFP) were raised against
purified recombinant proteins. Polyclonal rabbit antiserum against HIV-1 gp120
was kindly provided by Valerie Bosch (DKFZ, Heidelberg, Germany). Monoclonal antibody against c-myc was obtained from Calbiochem.
Plasmids. Plasmid constructs were based on the infectious proviral plasmid
pNL4-3 (1). The infectious proviral plasmid pNLC4-3 expresses the authentic
genomic RNA from pNL4-3 under the control of the cytomegalovirus (CMV)
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FIG. 1. Insertion of a c-myc epitope tag into the HIV-1 Gag protein. (A) The coding sequence for the c-myc epitope tag sequence, flanked by
an alanine residue at either side, was inserted into the gag ORF as indicated, resulting in the introduction of 12 additional amino acids between
Gln127 and Val128 of MA. (B) Expression of the myc-tagged MA protein in the viral context. VLPs were prepared from 293T cells transfected
with pKHIV (lanes 1) or pKHIVmyc (lanes 2). Viral proteins were separated by SDS-polyacrylamide gel electrophoresis (17.5% polyacrylamide;
200:1), transferred to nitrocellulose, and reacted with the indicated antisera. Molecular mass markers (in kilodaltons) are indicated on the left.
(C) Detection of c-myc-tagged MA protein in transfected cells. HeLaP4 cells were transfected with pNL4-3 or pNL4-3myc. Forty-eight hours after
transfection, cells were fixed and stained with patient serum or a monoclonal antibody against c-myc, respectively.
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RESULTS
Insertion of an epitope tag within HIV-1 Gag is compatible
with viral replication. Our aim was to label the main structural

protein of HIV-1, Gag, in the context of the infectious virus.
The introduction of traceable markers within Gag should permit the monitoring of trafficking of HIV structural proteins in
an authentic setting, as well as the direct observation of virus
particles during the interaction of HIV with its host cell. Based
on the results of structural studies of Gag domains as well as
immature HI virions, we considered the C-terminal region of
the MA domain best suited for the insertion of foreign sequences into Gag. Cryoelectron microscopic analysis of immature HIV particles had previously revealed a perpendicular
radial arrangement of Gag molecules apposed to the lipid
envelope. The functional domains of Gag are aligned as separately folded domains along the elongated Gag molecule, and
an approximately 40-Å-wide region of low protein density separates the membrane-associated globular domain of MA from
the N-terminal domain of CA (12, 46). Consistent with this
fact, the model of HIV-1 MA derived from crystallographic
analyses shows that the amino terminus of MA forms a compact globular structure, whereas amino acids 105 to 121 are
arranged in an extended ␣-helix projecting away from the body
of the protein (19, 27). The structure of the C terminus of
mature MA (amino acids 123 to 132) is not resolved in structural analyses, indicating high flexibility of these residues. In
the precursor protein, the region connecting the folded MA
and CA domains (amino acids 123 to 143) is highly mobile and
exists in a random coil conformation (41). Thus, we reasoned
that insertions into the extended region between the globular
MA and CA domains might be possible without interfering
with the overall arrangement of Gag functional domains and
particle formation.
In initial experiments, we introduced a nucleotide sequence
coding for a 12-amino-acid-long epitope tag derived from the
c-myc protein close to the 3⬘ end of the MA coding region of
the infectious proviral plasmid pNL4-3. An analogous construct was made based on the noninfectious subgenomic plasmid pKHIV, which lacks the viral long terminal repeat sequences and expresses all HIV-1 proteins except Nef under the
control of a CMV promoter. As illustrated in Fig. 1A, the
minimal recognition site for the viral PR between the MA and
CA domains (SQNYPIV) was retained. Transfection of the
variant plasmids into HeLaP4 cells revealed no differences
from the wild-type virus with respect to Gag expression and
particle production (data not shown). Particles were pelleted
from the supernatant of transfected cells, and their protein
composition was analyzed by immunoblotting by using antisera
against the c-myc epitope, as well as against various viral proteins. As shown in Fig. 1B, the insertion of the c-myc epitope
did not interfere with the expression of Gag or its processing
into the functional domains. Due to the addition of 12 amino
acids, the modified MA protein (Fig. 1B, lanes 2) showed
slightly decreased mobility compared to that in the wild type
(lanes 1). The attachment of the c-myc epitope to the MA
protein of the variant virus (Fig. 1B, lanes 2) was demonstrated
by the reactivity of the MA-derived protein with a c-mycdirected monoclonal antibody. Except for a weak band migrating at 55 kDa, the size of the Gag precursor, only a single band
reactive with anti-MA antiserum or anti-c-myc antibody, respectively, was observed, demonstrating that the fusion protein
was stable. No differences in expression levels and amounts of
particles released were observed, and immunoblots against vi-
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promoter (4a). The noninfectious subviral construct pKHIV contains the SstIXhoI fragment from pNL4-3, comprising the major splice site, the RNA packaging signal, and the complete coding sequence except for a portion of the nef
gene, under the control of the CMV promoter. For the introduction of foreign
sequences, the subviral construct pBSMA containing the BsshII-ApaI fragment
from pNL4-3 in Bluescript KS(⫺) was used. A 597-bp-long NsiI-EcoRI fragment
from this plasmid was exchanged for the modified fragment containing the
codons for the c-myc epitope tag flanked by alanine residues immediately 3⬘ of
codon Gln127 of MA, which was generated by overlap PCR. Following confirmation by sequence analysis, the mutated BssHII-ApaI fragment was recloned
into pNL4-3 and pKHIV. For the construction of egfp-carrying plasmids, a
unique ClaI site was inserted into pBSMA at position 1171 of the NL4-3 sequence (3⬘ of the codon for Gln127 of MA) by overlap PCR. By using this newly
generated restriction site, the complete coding sequence of EGFP amplified by
PCR from plasmid pEGFPc1 (Invitrogen) flanked by ClaI sites was introduced.
A BssHII-SphI fragment comprising the modified MA sequence was cloned into
pNLC4-3 and pKHIV, resulting in plasmids pNLC4-3EGFP and pKHIVEGFP,
respectively. Construction of a late-domain-defective variant was carried out by
cloning an ApaI-SdaI fragment from a pNL4-3 derivative coding for a PTAPto-LIRL exchange within p6 (20) into the context of pKHIVEGFP. Detailed
cloning procedures and primer sequences are available upon request.
Tissue culture and transfections. 293T, HeLaP4, and TZM cells (JC53BL cells
which express ␤-galactosidase and luciferase under the control of the HIV-1 long
terminal repeat [45]) were cultivated in Dulbecco’s modified Eagle medium
(Invitrogen) supplemented with 10% fetal calf serum. PM-1 cells were grown in
RPMI 1640 medium (Invitrogen) supplemented with 10% fetal calf serum. The
transfection of cells was carried out either by calcium phosphate precipitation
according to standard procedures or by lipofection with FuGENE 6 reagent
(Roche) according to the manufacturers’ instructions.
Particle preparation. HeLaP4 or 293T cells were transfected with the plasmids
indicated in the figure legends by using calcium phosphate precipitation. At 48 h
after transfection, the tissue culture supernatant was harvested, cleared by lowspeed centrifugation (10 min; 400 ⫻ g), and passed through a 0.45-m-pore-size
filter. Particles were pelleted from the filtrate by ultracentrifugation through a
20% (wt/wt) sucrose cushion in phosphate-buffered saline (PBS) (90 min;
130,000 ⫻ g at 4°C) and resuspended in PBS. Cells were scraped from the plates,
washed with PBS, and lysed by boiling in sodium dodecyl sulfate (SDS) sample
buffer. Proteins from cell lysates and purified particles were separated by SDSpolyacrylamide gel electrophoresis and analyzed by immunoblotting by using the
antisera indicated in the figure legends.
PCR analysis of viral cDNA. At 48 h after transfection of HeLaP4 cells with
pNL4-3 and pNL4-3myc, virus containing supernatant was harvested, passed
through a 0.45-m-pore-size filter, and used to infect C8166 cells in quadruplicate. The tissue culture supernatant from infected cells was serially passaged on
C8166 cells. After five passages, cells were harvested and total DNA was prepared by using DNAzol reagent (Invitrogen) according to the manufacturer’s
instructions. DNA was subjected to PCR, with a primer pair spanning a region
from nucleotides 1090 to 1300 in the pNL4-3 sequence. The resulting PCR
fragments were separated by agarose gel electrophoresis.
Infectivity assay. 293T cells (2 ⫻ 106) were transfected with either 5 g of
pNLC4-3, 5 g of pNLC4-3EGFP, or 5 g of a mixture of both plasmids. Fortyeight hours after transfection, the medium was harvested, passed through a
0.45-m-pore-size filter, and stored frozen in aliquots at ⫺80°C. The particle
concentrations in these virus stocks were determined by a quantitative enzymelinked immunosorbent assay (ELISA) detecting the viral CA protein (23). Serial
fivefold dilutions of virus stocks were used to infect TZM indicator cells in
96-well plates. At 48 h postinfection, cells were fixed with ice-cold methanolacetone (50:50) and stained for ␤-galactosidase. Blue cells from suitable dilutions
were counted, and the numbers of infected cells were normalized to the amount
of CA used for infection.
Electron microscopy. HeLaP4 cells were transfected with plasmid pNLC4-3 or
pNLC4-3EGFP or an equimolar mixture of both plasmids by using FuGENE 6
lipofection reagent (Roche) according to the manufacturer’s instructions. At 44 h
after transfection, the medium was removed, and the cells were briefly rinsed with
PBS, fixed, and prepared for thin-section microscopy as previously described (16).
Micrographs were taken with a Zeiss EM-10 electron microscope at 80 kV. The
magnification indicator was routinely controlled by the use of a grating replica.
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ral proteins other than MA revealed no differences from the
wild-type control (Fig. 1B and data not shown). Thus, the
presence of the epitope tag was compatible with particle formation and Gag processing. Immunofluorescence staining of
cells transfected with pNL4-3myc demonstrated that all cells
expressing HIV proteins also reacted with anti-c-myc antibody
(Fig. 1C).
To investigate the effect of the introduced epitope tag on
viral replication, the supernatants from transfected HeLaP4
cells were used to infect PM-1 cells and viral replication was
monitored by quantitation of CA release. As shown in Fig. 2A,
the variant virions were fully infectious and replicated with
kinetics similar to those of the wild-type virus in PM-1 cells. To
analyze the stability of the introduced sequence upon continuous viral replication, serial passages of virus on MT-4 and
C8166 cells were carried out. Following multiple rounds of
infection, we tested for the presence of the epitope tag by
immunofluorescence (Fig. 2B) and PCR of viral cDNA sequences (Fig. 2C). More than 90% of the cells expressing viral
proteins were clearly positive for c-myc immunofluorescence
after three passages (Fig. 2B). To test for potential loss of the
epitope coding sequence, we performed a PCR analysis of viral
cDNA isolated after five passages with primers covering the
tag insertion site. As seen in Fig. 2C, a strong band of the
expected size for the tagged variant (346 bp), but no shorter
fragment corresponding to the wild-type sequence (310 bp;
compare with the NL4-3 control), was detected in the case of
NL4-3myc-infected cells, demonstrating the stability of the introduced sequence. In summary, the introduction of a small
foreign sequence into the C-terminal region of MA did not
interfere with viral replication in tissue culture, and the inserted sequence could be propagated stably over multiple
rounds of infection.
Labeling of the HIV-1 Gag protein in the viral context by the
insertion of an EGFP domain. The c-myc epitope can thus be
used as a marker to detect the variant Gag or MA protein
inside an infected cell after fixation and antibody staining.
Since we also wanted to monitor the viral structural protein
within live cells, it was of interest to test whether the insertion

of the gfp gene into the analogous position within gag was
possible. The gene for enhanced GFP (egfp) was inserted close
to the 3⬘ end of the MA coding region of pNLC4-3 and of
pKHIV, yielding the coding sequence for the fusion protein
shown in Fig. 3A. The EGFP domain was separated from
HIV-derived sequences by short glycine-rich linkers, and the
PR recognition site between MA and CA was again retained to
allow processing of the modified Gag precursor by PR. Initial
characterization of the labeled virus was carried out by using
the subviral derivative pKHIVEGFP. Following transfection of
this plasmid into HeLaP4 cells, cytoplasmic EGFP fluorescence was observed. All EGFP-positive cells also expressed
HIV-1 CA, as determined by immunofluorescence (Fig. 3B).
In addition, 48 h after transfection, nearly all fluorescent cells
were found within syncytia, indicating the presence of functional Env protein on their plasma membrane. We concluded
that EGFP-positive cells expressed both major HIV structural
proteins, Gag and Env. To test whether the expected Gag
fusion protein was stable and could assemble into VLPs released from cells, particles were pelleted from the supernatant
of transfected 293T cells and analyzed by immunoblotting. As
shown in Fig. 4A, antiserum against HIV-1 MA as well as
serum against GFP reacted with a protein with an apparent
molecular mass of 45 kDa, which corresponds well with the
calculated molecular mass for the MA-EGFP fusion protein.
Neither free MA (17 kDa) nor free EGFP (27 kDa) was observed in the preparation, indicating that the resulting fusion
protein was stable. Antiserum against HIV-1 CA detected a
band migrating at a position corresponding to the molecular
mass of unmodified CA (24 kDa) (Fig. 4A). We concluded that
the Gag-EGFP fusion protein was expressed in the viral context, efficiently released from cells, and processed to yield the
expected subunits. For a more detailed characterization, we
probed EGFP-labeled VLPs (Fig. 4B, lanes 2) with antisera
raised against different HIV-1 proteins and compared the patterns to those of unmodified VLPs (Fig. 4B, lanes 1). As shown
in Fig. 4B, the only differences detected were the expected
27-kDa increases in apparent molecular masses of the Gag precursor and MA in the case of KHIVEGFP. Antiserum against
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FIG. 2. Infectivity of NL4-3myc and stability of the epitope tag. (A) Supernatants from HeLaP4 cells transfected with pNL4-3 (open squares)
or pNL4-3myc (filled squares) were used to infect PM-1 cells (10 ng of p24 CA per 106 cells). The release of p24 CA into the supernatant was
monitored by ELISA. (B) Supernatants from transfected HeLa cells were used to infect MT-4 cells. Following three passages on MT-4 cells, cells
were fixed with patient antiserum and stained with a monoclonal antibody against c-myc. (C) After five rounds of replication in C8166 cells, DNA
was prepared from infected cultures, and gag-derived sequences were amplified by PCR with primers flanking the epitope tag insertion site as
described in Materials and Methods. Samples were separated by electrophoresis on an agarose gel. Amplification of the wild-type sequence yielded
a 210-bp fragment; in the case of the myc-tagged variant, the expected size of the PCR product is 246 bp.
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CA detected processed CA protein in both cases and also
detected residual Gag precursor, migrating at 55 kDa in the
case of the wild type and at 82 kDa (55 ⫹ 27 kDa) in the case
of pKHIVEGFP. No differences were observed by using antisera against RT, Vpr, and Env, and the relative amounts of

Gag (MA or CA) to Pol (RT), to Env (gp120), and to Vpr,
which is incorporated into virions via interaction with the p6
domain of Gag (22, 31), appeared to be unaltered. To confirm
that the processing of Gag-EGFP was carried out at the authentic site by the viral PR, rather than being due to unspecific

FIG. 4. Detection of HIV proteins in preparations of wild-type and EGFP-labeled particles. 293T cells were transfected with pKHIV or
pKHIVEGFP, and particles were purified from the supernatant 48 h posttransfection by centrifugation through a sucrose cushion. HIV proteins and
EGFP were detected in the preparations by enhanced chemiluminescence immunoblotting by using the indicated antisera. Molecular mass
standards (in kilodaltons) are indicated at the left of each blot. (A) Immunoblot of a KHIVEGFP preparation, showing that the protein of
approximately 45 kDa is recognized by antisera against MA as well as against GFP. (B) Comparison of viral protein patterns of parallel
preparations of KHIV (lanes 1) and KHIVEGFP (lanes 2). (C) Inhibition of Gag-GFP processing by the HIV PR inhibitor saquinavir. Particles were
prepared from 293T cells grown in the absence or presence of 5 M saquinavir and analyzed by immunoblotting by using antiserum against MA.
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FIG. 3. (A) Construction of an HIV-1 variant carrying the egfp gene. The schematic drawing shows the gag ORF with the egfp gene inserted
between the MA and CA coding regions. The expanded regions show the derived amino acid sequence at the domain borders, with HIV sequences
displayed in boldface type and EGFP sequences shown in black type on a gray background. An arrowhead indicates the PR cleavage site between
MA and CA. (B) Expression of EGFP and Gag in HeLaP4 cells. Cells were transfected with pKHIVEGFP, and immunofluorescence using anti-CA
antiserum was carried out 44 h posttransfection. The images show a syncytium displaying EGFP fluorescence and red immunofluorescence.

10808
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transfections, a control experiment was carried out in the presence of the RT inhibitor zidovudine during infection. Inhibition of reverse transcription completely abolished the infectivity of the labeled particles (data not shown), demonstrating
that the positive cells were indeed products of infection. Cells
infected with NL4-3EGFP expressed p24 CA, as determined by
immunofluorescence, and displayed green fluorescence, indicating the presence of the egfp gene (Fig. 6B).
Generation of labeled HIV derivatives displaying wild-type
morphology and infectivity. The finding that the insertion of
the large EGFP domain within Gag was compatible with virion
infectivity was in itself astonishing. However, our aim was to
obtain labeled particles with infectivity properties identical to
those of the wild type. We reasoned that the infectivity of the
labeled virions might be increased by reducing the numbers of
EGFP molecules incorporated per particle. To accomplish
this, we attempted to generate mixed particles by cotransfecting cells with different molar ratios of pNLC4-3 and pNLC43EGFP DNA while keeping the total amount of DNA constant.
As shown in Fig. 7A, this experiment resulted in the coexpression of Gag and Gag-EGFP at ratios corresponding to the
relative amounts of the respective DNAs used for transfection.
When an equimolar ratio of both DNAs was used (Fig. 7A,
lanes 5 and 11), approximately equal amounts of Gag plus MA
compared to Gag-EGFP plus MA-EGFP were detected in the
VLP preparation (lane 11). The ratios of Gag to Gag-EGFP
detected in pelleted particles matched those detected within
the respective producing cells. However, this result by itself did
not allow us to conclude that Gag and Gag-EGFP coassembled
into mixed particles rather than forming two separate virion
populations. Thus, a late-domain mutant rescue experiment
was carried out to confirm mixed particle formation. The efficient release of Gag depends on the presence of the latedomain motif P(T/S)AP within the p6 domain. The mutation
or deletion of this motif results in budding arrest and the
accumulation of particles at the plasma membrane. Particles
which are released display an immature morphology, and Gag
processing is inhibited (15, 20). It has been shown that the
release of late-domain-deficient retroviral Gag can be rescued
by the coexpression of wild-type Gag, presumably through the
formation of mixed particles (47). Thus, we generated a defective pKHIVEGFP variant by exchanging the PTAP motif for
LIRL, which has been shown to block particle release (20) and
tested Gag-EGFPlate⫺ release from transfected cells in the
absence or presence of wild-type Gag (Fig. 6 B). Lanes 1, 2, 5,
and 6 show the control experiment, demonstrating that GagEGFP is found in the virion samples in the presence or absence
of wild-type Gag. Gag-EGFPlate⫺ was equally well expressed
(lane 3), but not efficiently released into the tissue culture
supernatant (compare lane 7 to lane 5), showing that GagEGFP release occurred in a late-domain-dependent manner.
However, the coexpression of wild-type Gag rescued GagEGFPlate⫺ release, as indicated by its presence in the virion
sample (lane 8), confirming the formation of mixed particles.
To determine the morphology of mixed particles, HeLaP4
cells were cotransfected with equimolar amounts of pNLC4-3
and pNLC4-3EGFP. Analysis by thin-section electron microscopy (Fig. 8) revealed that the amount and morphology of
particles released from cotransfected cells was indistinguish-
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cleavage between the EGFP and CA domains, particles were
purified from transfected cells grown in the presence of the
specific PR inhibitor saquinavir and the apparent molecular
masses of MA containing proteins were determined by immunoblotting (Fig. 4C). In the untreated samples, mostly mature
MA or MA-EGFP and only small amounts of the respective
precursor protein were detected. In contrast, anti-MA-reactive
proteins were detected only as uncleaved precursors (55 or
82 kDa) in VLPs released from saquinavir-treated cells,
demonstrating that processing in untreated cells was the
result of cleavage by the viral PR. In summary, the insertion
of the egfp gene did not interfere with particle release, incorporation of other virion proteins, or PR-mediated Gag processing.
Since the insertion of the large EGFP domain represents a
substantial change of the overall Gag molecule architecture,
we wanted to determine whether this modification affected
particle morphology. HeLaP4 cells transfected with pNLC4-3
or with the fluorescent derivative pNLC4-3EGFP were analyzed by thin-section electron microscopy (Fig. 5A and B). In
both cases, the accumulation of protein at the plasma membrane, viral budding structures, and released particles were
seen. However, electron micrographs of cells transfected with
pNLC4-3EGFP showed significantly more protein accumulations or early budding structures at the plasma membrane (Fig.
5B, panel i) than the wild-type control; at the same time, the
numbers of free virions detected in the images were reduced
(Fig. 5B and data not shown). In contrast, Gag release from
cells into tissue culture supernatants as determined by ELISA
or estimated from anti-CA immunoblots of pelleted particles
(Fig. 4 and data not shown) was not strongly reduced in the
case of NL4-3EGFP compared to NL4-3. The quantification of
NL4-3EGFP release by CA ELISA yielded Gag concentrations
in the medium of between 40 and 95% of that of the wild type
(average result from six independent experiments, 68%). Thus,
we hypothesize that the difference in the steady-state Gag distribution displayed in electron micrographs reflects a change in
budding kinetics, resulting in temporal accumulation of virions
at an early stage of budding rather than a block of particle
release. Whereas no obvious differences in particle size were
observed, electron density within the MA layer underneath the
membrane appeared unevenly distributed in some of the NL43EGFP particles (Fig. 5B, panel iii). Importantly, however, most
free EGFP-labeled virions observed in these images displayed
the typical core morphology of mature HIV particles (Fig. 5B,
panel ii), indicating undisturbed morphological rearrangements of Gag-derived proteins following PR processing. We
also tested the infectivity of EGFP-labeled virions. Virus stocks
were prepared by transfection of 293T cells with pNLC4-3 or
pNLC4-3EGFP and used to infect TZM cells, which carry a
␤-galactosidase reporter gene under the control of the HIV
long terminal repeat (45). Infectivity was determined by counting the infected cells and was normalized to the amount of p24
CA used for infection. As shown in Fig. 6A, EGFP-labeled
virions were indeed found to be infectious. The relative infectivity of the labeled particles per nanogram of CA protein was
approximately 2 orders of magnitude lower than that of the
wild type, but remained at a titer of approximately 5 ⫻ 103 per
ml. To exclude the possibility that any ␤-galactosidase-positive
cells resulted from the uptake of residual DNA from the initial
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FIG. 5. Morphology of NL4-3EGFP particles. HeLaP4 cells were transfected with the proviral plasmids pNLC4-3 (A) and pNLC4-3EGFP (B).
Twenty-four hours posttransfection, cells were harvested, prepared, and analyzed by thin-section electron microscopy as described in Materials and
Methods. Bars, 200 nm (panels i) or 100 nm (A, panels ii, iii, and iv, and B, panels ii and iii).

able from that of the wild-type control (compare Fig. 8 to
Fig. 5A). The accumulation of electron-dense material at
the plasma membrane, which had been observed in the case of
pNLC4-3EGFP alone (Fig. 5B), was not detected upon the
cotransfection of this variant with the wild type. Budding struc-

tures and immature as well as mature particles were of the
same size and their morphology was apparently identical to
that of unmodified HIV particles. This restoration of wild-type
properties was also reflected in the relative infectivity of the
virions: particles generated by cotransfection of pNLC4-3 and
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its egfp-carrying derivative displayed the same relative infectivity as the pNLC4-3 control (Fig. 6A). A careful analysis of the
stability of the introduced egfp ORF through multiple rounds
of viral replication was prevented by the low titers of infectious
virus stocks obtained following the transfection of pNLC43EGFP alone. The cotransfection of pNLC4-3EGFP with wild-

type NLC4-3 yielded fluorescent particle preparations with
high titers of infectious virus stocks, which were serially passaged. In this case, the egfp-carrying virus genome was rapidly
lost (data not shown), presumably by competition with the
shorter wild-type RNA present in the same cells for packaging
into virus particles.

FIG. 7. Generation of mixed particles by cotransfection of the wild type and the EGFP-labeled variant. (A) Variation of the ratio between the
wild-type and the fluorescence-labeled variant. 293T cells were transfected with a mixture of pKHIV and pKHIVEGFP, while the total amount of
DNA was kept constant. The relative amounts of pKHIVEGFP used were 0% (lanes 2 and 8), 4% (lanes 3 and 9), 20% (lanes 4 and 10), 50% (lanes
5 and 11), and 100% (lanes 6 and 12). At 44 h posttransfection, cells were lysed and particles were purified from the tissue culture supernatant
by centrifugation through a sucrose cushion. Gag-derived proteins were detected in the cell lysate and purified particles by enhanced chemiluminescence immunoblotting by using antiserum against MA. (B) Rescue of a release-deficient variant of pKHIVEGFP by cotransfection with
wild-type pKHIV. PKHIVEGFP and pKHIVEGFP late⫺ were either transfected alone (lanes 1, 3, 5, and 7) or cotransfected with an equimolar amount
of wild-type pKHIV (lanes 2, 4, 6, and 8). At 44 h posttransfection, cells were lysed and particles were prepared from the tissue culture supernatant.
Gag-derived proteins were detected in the samples by immunoblotting with polyclonal antiserum against MA.
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FIG. 6. Infectivity of fluorescently labeled HIV derivatives. (A) 293T cells were transfected with pNLC4-3, pNLC4-3EGFP, or an equimolar
mixture of both plasmids. Serial dilutions of supernatants were used to infect TZM cells, and relative infectivities were determined as described
in Materials and Methods. Data points are mean values obtained from two independent transfections, with all samples titrated in duplicate. Several
independent experiments yielded similar relative differences. (B) TZM cells infected with NL4-3EGFP displayed green fluorescence (top) and
expressed HIV-1 Gag as detected by immunofluorescence using polyclonal serum against CA (bottom).
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DISCUSSION
In this study, we have shown that long foreign sequences can
be introduced between functional domains of the HIV-1 Gag
polyprotein without affecting virus assembly or virion infectivity. The results presented here demonstrate that HIV Gag
assembly displays a remarkable tolerance towards structural
modification. The insertion of 12 amino acids within Gag did
not affect particle formation and virion infectivity in tissue culture, and the inserted sequence was stably propagated through
multiple rounds of infection. The myc-tagged virus variant is
useful for analyzing the intracellular localization of Gag and
MA and for the purification of replication intermediates containing these proteins. The presence of a detectable tag which
does not interfere with viral replication can also be exploited in
studies which require the presence of two equally well replicating but distinguishable variants of HIV within the same
cell. We are currently using the c-myc epitope-tagged variant
in combination with labels introduced near the 3⬘ end of the
genome in studies investigating viral recombination. The finding that the C terminus of HIV MA can be modified without
affecting the infectivity of the virus is consistent with results
reported by Nelle and Wills, who showed by deletion analysis
that the C-terminal half of MA is not essential for Rous sarcoma virus budding and infectivity (30), as well as with the
findings of Reil et al., who reported that under certain conditions up to 90% of the HIV-1 MA protein can be deleted (35).
The observed tolerance of the C terminus of HIV-1 MA to-

wards the insertion of a small epitope tag is also in agreement
with recent results reported by Auerbach and colleagues (2),
who scanned a large portion of the MLV gag gene, including
the 31 C-terminal codons of MA, by genetic footprinting for
insertions compatible with replication competence. They reported that most of the C-terminal region of MA and the adjacent
p12 protein tolerated 12-amino-acid-long insertions. Their finding that the region analogous to the insertion site used there
was covered by an insertion footprint in the case of MLV may
be explained by the fact that the borders of this footprint were
not well defined and extended into the processing site between
MA and p12.
Even in light of the results obtained with the c-myc-tagged
HIV variant, it appears surprising that the insertion of a whole
additional protein domain with a higher molecular mass than
any of the functional domains of Gag itself (27 kDa, compared
to 17, 24, 7, and 6 kDa for MA, CA, NC, and p6, respectively)
within the structural polyprotein is compatible with virion
assembly and infectivity. This finding demonstrates the high
structural flexibility of the immature retroviral capsid. Such
flexibility has already been inferred from cryoelectron microscopy analyses of immature virions and VLPs (12, 46). These
studies revealed that HIV particles released from infected cells
are heterogeneous in size and shape and that the molecule
arrangement within the Gag shell displays no overall symmetry, but rather consists of arrays of local order. It appears that
the compactly folded 27-kDa EGFP domain can be fitted into

Downloaded from http://jvi.asm.org/ on October 21, 2019 by guest

FIG. 8. Morphology of partly fluorescently labeled particles. HeLaP4 cells were transfected with a mixture of equimolar amounts of pNLC4-3
and pNLC4-3EGFP. At 44 h posttransfection, cells were harvested, prepared, and analyzed by thin-section electron microscopy as described in
Materials and Methods. Bars, 200 nm (A) or 100 nm (B and C).
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had been suggested (7, 17, 42), but this idea was not supported
by later studies (10, 11, 35). It has been shown that under
certain conditions, at least, MA is dispensable for viral replication (35). On the other hand, mutagenesis studies have indicated a role for MA in early postentry steps of HIV replication prior to reverse transcription (21, 34, 48). In particular, it
has been reported that a short deletion introduced at the C
terminus of MA (amino acids 116 to 128), covering the site
used here for the insertion of EGFP, resulted in delayed replication kinetics in Sup-T1 cells and significantly decreased the
amount of viral DNA synthesis (48). Since the majority of MA
molecules are lost at the membrane during virus entry, any
function of MA in early replication may be carried out by wildtype MA in the case of the mixed virus preparations. Experiments aimed at determining the cause for the reduced infectivity of fully fluorescently labeled particles are under way.
Preliminary results suggest that the observed 30- to 100-fold
reduction in infectious titer compared to that of the wild type
results from synergy among minor defects at several stages of
viral replication.
The EGFP-labeled HIV variant described here is highly
suitable for studying Gag trafficking and interactions with viral
and host factors in live cells by confocal microscopy as well as
by biophysical techniques detecting intracellular protein interactions and protein movements (fluorescence energy resonance transfer and fluorescence recovery after photobleaching). Fluorescence energy resonance transfer has recently been
applied for the study of Gag assembly after the expression of
Gag-GFP alone (9, 24). By using the construct characterized in
the present study, such analyses can be performed in the context of a virus-producing cell, and Gag interactions with viral
and cellular factors leading to the release of infectious virus
can be monitored.
By cotransfection of pNLC4-3EGFP and pNLC4-3, we have
generated a fluorescently labeled HIV-1 derivative displaying
wild-type protein composition, morphology, and infectivity. This
labeling can be exploited for analyses of virus-cell interaction
during the early steps of HIV replication, in particular virus binding and fusion with the host cell. Based on an average number of
5,000 molecules of Gag per HIV particle (6), mixed particles
purified from cotransfection supernatants would carry approximately 2,500 molecules of EGFP, making the preparations highly
suitable for investigating virus-cell interactions by time-lapse confocal microscopy and single virus tracing (5) analyses. Ongoing
studies using these techniques are aimed towards a kinetic analysis of fast steps in the HIV entry process.
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Bräuchle. 2001. Real-time single-molecule imaging of the infection pathway
of an adeno-associated virus. Science 294:1929–1932.
Sherer, N. M., M. J. Lehmann, L. F. Jimenez-Soto, A. Ingmundson, S. M.
Horner, G. Cicchetti, P. G. Allen, M. Pypaert, J. M. Cunningham, and W.
Mothes. 2003. Visualization of retroviral replication in living cells reveals
budding into multivesicular bodies. Traffic 4:785–801.
Smith, G. A., S. P. Gross, and L. W. Enquist. 2001. Herpesviruses use
bidirectional fast-axonal transport to spread in sensory neurons. Proc. Natl.
Acad. Sci. USA 98:3466–3470.
Suomalainen, M., M. Y. Nakano, S. Keller, K. Boucke, R. P. Stidwill, and
U. F. Greber. 1999. Microtubule-dependent plus- and minus end-directed
motilities are competing processes for nuclear targeting of adenovirus.
J. Cell Biol. 144:657–672.
Tang, C., Y. Ndassa, and M. F. Summers. 2002. Structure of the N-terminal
283-residue fragment of the immature HIV-1 Gag polyprotein. Nat. Struct.
Biol. 9:537–543.
von Schwedler, U. K., T. L. Stemmler, V. Y. Klishko, S. Li, K. H. Albertine,
D. R. Davis, and W. I. Sundquist. 1998. Proteolytic refolding of the HIV-1
capsid protein amino-terminus facilitates viral core assembly. EMBO J. 17:
1555–1568.
Ward, B. M., and B. Moss. 2001. Visualization of intracellular movement of
vaccinia virus virions containing a green fluorescent protein-B5R membrane
protein chimera. J. Virol. 75:4802–4813.
Weclewicz, K., M. Ekström, K. Kristensson, and H. Garoff. 1998. Specific
interactions between retrovirus Env and Gag proteins in rat neurons. J. Virol. 72:2832–2845.
Wei, X., J. M. Decker, H. Liu, Z. Zhang, R. B. Arani, J. M. Kilby, M. S. Saag,
X. Wu, G. M. Shaw, and J. C. Kappes. 2002. Emergence of resistant human
immunodeficiency virus type 1 in patients receiving fusion inhibitor (T-20)
monotherapy. Antimicrob. Agents Chemother. 46:1896–1905.
Wilk, T., I. Gross, B. E. Gowen, T. Rutten, F. de Haas, R. Welker, H.-G.
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