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Previous results have indicated that incorporation of surface glycoprotein into retroviral particles is not a
specific process and that many heterologous viral and cellular glycoproteins can be incorporated as long as
they do not have long cytoplasmic C-terminal regions which were presumed to be sterically inhibitory. In this
study, this concept has been directly examined by analyzing the incorporation of the wild-type human epider-
mal growth factor receptor (Wt-EGFR) and of a C-terminally truncated mutant of Wt-EGFR (Tr-EGFR) into
human immunodeficiency virus (HIV)-like particles. Incorporation was directly analyzed at the protein level
and by immunogold labelling of enriched HIV-like particles. In agreement with the above concept, Tr-EGFR,
with only 7 C-terminal amino acids (aa), was efficiently incorporated into HIV-like particles. Incorporation of
the Wt-EGFR species, with 542 C-terminal cytoplasmic aa, was reduced by a factor of about 5 in comparison
to that of the Tr-EGFR species. However, the Wt-EGFR species was still very significantly present in the
HIV-like particles. A series of control experiments verified that this represents genuine incorporation of
Wt-EGFR into the membrane of HIV-like particles. These observations allow further speculation as to the
processes governing glycoprotein incorporation into retroviral particles and indicate that the internal virus
structure of HIV (in particular the matrix layer [MA]) can accommodate much larger heterologous cytoplas-

mic domains in incorporated glycoproteins than previously assumed.

The incorporation of surface glycoprotein into retroviral
particles is not restricted to the homologous glycoprotein.
Pseudotyping with heterologous viral glycoproteins has been
possible in many combinations, e.g., influenza virus hemagglu-
tinin in Rous sarcoma virus particles (6), vesicular stomatitis
virus (VSV) G protein in murine retroviral and in lentivirus
vector particles (e.g., reference 16), and others. Furthermore,
several reports have demonstrated that cellular proteins can be
incorporated into retroviral particles. This has been demon-
strated for human immunodeficiency virus type 1 (HIV-1),
released from infected T-lymphocytes, generally by indirect
methods whereby the putatively incorporated protein species
were not visualized (summarized in reference 1). Nearly a
decade ago, Young et al. (28) directly demonstrated the incor-
poration of the human CD4 protein into avian leukosis virus
particles expressed in quail cells. Since then, many reports have
demonstrated that CD4 is incorporated into the membrane of
rhabdoviruses and retroviruses, and, in fact, in the situation in
which HIV coreceptor (CXCR-4 or CCR-5) is also incorpo-
rated, the resulting pseudotyped viruses are infectious for
HIV-infected cells (7, 15, 22).

In contrast to the glycoproteins of other membrane viruses,
lentiviral glycoproteins are an exception in that they carry very
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long C-terminal cytoplasmic regions (about 150 to 200 amino
acids [aa] long). Evidence from genetic analyses and from in
vitro assays (4) indicates that, in the case of the wild-type HIV
glycoprotein, there is a specific interaction between the C-
terminal domain and the viral matrix (MA) protein. Despite
this, neither the cytoplasmic C terminus nor the homologous
membrane anchor of HIV Env is necessary for glycoprotein
incorporation, and virions encoding glycoproteins in which
these domains are lacking or have been replaced are infectious
(8, 13, 26, 27). In fact, as mentioned above, several heterolo-
gous viral glycoprotein species can be incorporated into HIV
particles and mediate infectivity (vector transduction). How-
ever, it was not possible to achieve the reverse situation, i.e.,
pseudotyping of heterologous membrane viruses with wild-
type HIV Env. Incorporation and pseudotyping could be
achieved only by either removing or replacing the cytoplasmic
C terminus (e.g., in murine leukemia virus) particles (14, 23).
Furthermore, incorporation of HIV Env carrying a long het-
erologous cytoplasmic C terminus (of the cellular glycoprotein
CD22) could not be detected (27). These results have led to
the concepts that a long cytoplasmic C terminus, e.g., that of
lentivirus Env, has to fit to the viral MA layer and that long
heterologous C termini result in steric inhibition of incorpora-
tion.

Further proof for this concept of steric inhibition has been
obtained by a recent analysis of CD4 incorporation into HIV-
like particles in the presence and absence of p56*. p56/*
binds to the cytoplasmic C terminus of wild-type CD4 (Wt-
CD4) but cannot bind to mutant CD4 (CD4%'") lacking this
region. We have demonstrated that both CD4 and CD4%'~
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were incorporated into HIV-like particles. However, on coex-
pression of p56/%, incorporation of Wt-CD4 was inhibited but
incorporation of CD4%'" remained unaffected (9). This was
interpreted to be due to steric inhibition at the C terminus, in
this case, by the presence of the bulky p56/ molecule inter-
acting with Wt-CD4.

In order to directly test the concept that a cellular surface
glycoprotein with a long cytoplasmic C terminus would be
excluded from incorporation into retroviral particles but that
incorporation would become possible on removal of the cyto-
plasmic C terminus, we have chosen to study incorporation of
the wild-type human epidermal growth factor receptor (Wt-
EGFR), which is a type 1 glycoprotein carrying 542 cytoplas-
mic aa, into HIV-like particles. We have generated a C-termi-
nally truncated mutant of Wt-EGFR (Tr-EGFR), carrying
only seven cytoplasmic C-terminal aa and, in agreement with
our anticipation, this latter molecule was efficiently incorpo-
rated into HIV-like particles. However, surprisingly, the wild-
type molecule was also present in enriched HIV-like particles,
albeit in amounts that were reduced compared to those of the
truncated form. We describe the experiments verifying the
incorporation of Wt-EGFR and conclude that the internal
structure of HIV particles, and in particular the matrix layer
directly underlying the lipid membrane, can accommodate
bulky structures at the C terminus of incorporated glycopro-
teins to a greater extent than anticipated.

MATERIALS AND METHODS

Constructs. pKEx-Wt-EGFR is a eucaryotic expression vector (based on pKEx
[20]) for the human EGFR (24). pKEx-Tr-EGFR was generated by standard
PCR technology by introducing a premature stop codon into the EGFR gene
which then encoded a truncated glycoprotein with only 7, instead of 542, cyto-
plasmic C-terminal aa. Specifically, the mutagenizing oligonucleotide (nucleotide
positions 2201 to 2229 in the EGFR sequence [24], ACATCGTTCGGTAGCG
CACAGCTGCGGAGG, with the nucleotide changes underlined) changed nu-
cleotide 2212 from A to T (codon AAG for lysine to TAG) and inserted a
nucleotide (A) between positions 2219 and 2220, thus generating a Pvull site for
easy identification of mutant plasmids. pKEx-HIVAEnv3 encodes all of the
HIV-1 genes except nef and env and leads to the release of HIV-like particles
lacking glycoprotein (described in reference 9).

Analysis of expression of Wt-EGFR and Tr-EGFR. pKEx-Wt-EGFR and
pKEx-Tr-EGFR with and without pKEx-HIVAEnv3 were transfected into 293T
cells by standard calcium phosphate procedures. Expression of EGFR was ana-
lyzed with culture supernatant (EGFR antibody) from H-EGFR-RI mouse hy-
bridoma cells secreting antibody directed against an epitope in the extracellular
domain of EGFR (25). Expression of viral proteins from pKEx-HIVAEnv3 was
analyzed with rabbit antiserum directed against the HIV-1 capsid protein (CA),
p24 (12). The amounts of virus particles released into the culture supernatants
were quantitated by enzyme-linked immunosorbent assay detecting HIV-1 CA
(Medipro, Ketsch, Germany).

For indirect immunofluorescence of cell-surface EGFR, intact transfected
293T cells were aspirated off the dish, collected by low-speed centrifugation, and
incubated for 30 min with undiluted EGFR antibody and 0.02% azide at low
temperatures. After washing and incubation with fluorescein-labelled anti-mouse
immunoglobulin G (IgG) (both steps performed with 0.02% azide at low tem-
peratures), the labelled cells were either smeared on a glass slide, air-dried, and
embedded for microscopy or suspended in phosphate-buffered saline (PBS)-3%
fetal calf serum-0.02% azide for flow cytometric analysis.

Analyses of EGFR in cell, medium, and viral lysates were performed by
radioimmunoprecipitation. For this purpose, transfected cells were metabolically
labelled for different time periods with 100 Ci of [**S]methionine and [**S]cys-
teine (Pro-mix; Amersham, Braunschweig, Germany) per ml. Labelling of cells
for analysis of the intracellular distribution of Wt-EGFR and Tr-EGFR was for
5 h at 48 h posttransfection (p.t.). Preparation of the membrane and cytosolic
fractions was performed essentially as described previously (19). Briefly, labelled
cells were scraped off the dish and broken by douncing in hypotonic buffer and,
after removal of nuclei and large debris by low-speed centrifugation, the cellular
membranes were separated from the cytosol by ultracentrifugation at 100,000 X

For labelling of released HIV-like particles, metabolic labelling of transfected
cells was from 32 to 48 h p.t. The resultant culture supernatants were clarified by
filtering through a 45-pm filter and centrifuged through a cushion of 32%
sucrose for 3 h at 200,000 X g. The pellets, consisting of enriched HIV-like
particle material, were either analyzed by gel electrophoresis directly, further
fractionated by velocity centrifugation (see below), or subjected to immunopre-
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cipitation. Prior to immunoprecipitation, the total cells, the cellular membrane
fractions, or the pelleted HIV-like particle preparations were lysed in RIPA
buffer (1% Triton, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS] in
PBS). The cytosolic fractions and uncentrifuged cell culture supernatants were
adjusted to 1% Triton-0.5% deoxycholate—0.1% SDS. Immunoprecipitations of
appropriate aliquots of these lysates were performed with 1 ml of undiluted
culture supernatant containing EGFR antibody (containing approximately 10 g
of mouse IgG) or 10 pl of rabbit anti-CA serum plus protein G-Sepharose
(Pharmacia, Uppsala, Sweden) and analyzed by polyacrylamide gel electrophore-
sis (PAGE) and autoradiography as described previously (17). Quantitation of
radioactivity in specific bands was performed by direct measurement of counts in
specific bands of the polyacrylamide gel as described previously (2).

Velocity centrifugation of HIV-like particles in OptiPrep gradients. HIV-like
particles which had been concentrated by centrifugation through 32% sucrose
were resuspended in PBS and analyzed on OptiPrep (6 to 18% iodixanol; Gibco,
Life Technology) velocity gradients. These gradients were prepared and centri-
fuged as recently described (5). Eleven fractions were collected from the top and,
after addition of 10 pg of nonradioactive carrier protein (bovine serum albumin
[BSA]), radioactive proteins were precipitated with 20% trichloroacetic acid at
low temperatures and analyzed directly by gel electrophoresis and autoradiog-
raphy.

Immunoprecipitation of intact HIV-like particles. The culture supernatants of
transfected cells which had been metabolically labelled from 32 to 48 h p.t. were
filtered through a 45-wm filter. As a control, the supernatants of cells expressing
Wt-EGFR or Tr-EGFR alone were mixed with the medium of cells expressing
HIV-like particles alone. These mixed supernatants were further incubated for
1 h at 37°C. Unmixed and mixed culture supernatants were incubated, in the
presence of protease inhibitor cocktail (Boehringer, Mannheim, Germany), with
1 ml of culture supernatant containing EGFR antibody and protein G-Sepharose
for 2 h at low temperatures. The protein G-Sepharose was subsequently carefully
washed with PBS, in the absence of detergent, and the immunoprecipitated
material was analyzed by gel electrophoresis and autoradiography.

Immunoelectron microscopy. In order to obtain sufficient material for immu-
noelectron microscopy, five 10-cm-diameter dishes of transfected 293T cells were
employed for each sample. In experiments in which culture supernatants were
mixed, five dishes of each type of transfected cells were employed and further
incubated for 1 h at 37°C. The unmixed and mixed supernatants were centrifuged
through a sucrose cushion, and the resulting HIV-like particles were taken up in
100 pl of PBS. Aliquots (20 pl) were placed for 1 min on glow-discharged
carbon-coated copper grids and subsequently washed with 20 drops of double-
distilled water. The following sequence of incubations was performed facedown
on top of 50- to 100-p.I drops placed on a sheet of Parafilm: 30 min in undiluted
culture supernatant containing EGFR antibody; three sequential incubations,
each for 5 min, in PBS-1% BSA; 60 min of incubation in a suspension of 5-nm
gold spheres coated with antibody against mouse IgG-IgM (Amersham) diluted
in PBS-1% BSA (1:10); three sequential incubations, each for 5 min, in PBS-1%
BSA. Finally, the grids were washed again with 20 drops of double-distilled
water, stained with 2% uranyl acetate, and air-dried. Grids were examined in a
Zeiss 10A electron microscope at 80 kV. The magnification indicator of the
microscope was routinely controlled with a grading replica.

RESULTS

Expression of Wt-EGFR and Tr-EGFR. The EGFR mole-
cule is a type I transmembrane glycoprotein consisting of 647
extracellular aa (including the signal peptide), a membrane
anchor of 21 aa and a cytoplasmic C-terminal region of 542 aa
(24). Our aim was to examine if, and to what extent, incorpo-
ration of Wt-EGFR into HIV-like particles occurs and to de-
termine if this would be influenced by removal of the cytoplas-
mic C-terminal region. For this purpose, an expression vector
encoding a truncated EGFR molecule (Tr-EGFR), with only 7
instead of 542 cytoplasmic aa, was generated (Fig. 1). Indirect
immunofluorescence analysis of permeabilized 293T cells
transfected with pKEx-Tr-EGFR or the wild-type construct,
pKEx-Wt-EGFR, and immunoprecipitation of metabolically
labelled lysates of transfected cells confirmed expression in
both cases (data not shown). Since most of its cytoplasmic C
terminus had been removed, it was important to confirm that
Tr-EGFR was still an integral membrane protein and was
transported to the cell surface. Metabolically labelled, trans-
fected 293T cells were separated into membrane and cytosolic
fractions, and these were subjected to immunoprecipitation
employing monoclonal antibody specific for an epitope in the
extracellular domain of EGFR. Figure 1 shows gel electro-
phoresis of the immunoprecipitated components. In both
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FIG. 1. Expression of Wt-EGFR and Tr-EGFR in cellular membranes. Up-
per panel: Schematic representation of Wt-EGFR (extracellular domain, 647 aa;
membrane anchor, 21 aa, cytoplasmic domain, 542 aa) and Tr-EGFR (extracel-
lular domain, 647 aa; membrane anchor, 21 aa; cytoplasmic domain, 7 aa). Lower
panel: Autoradiogram of a PAGE analysis of immunoprecipitates obtained with
EGFR antibody from the membrane (M) and cytosolic (C) fractions of meta-
bolically labelled 293T cells transfected with pKEx-Wt-EGFR (Wt) or pKEx-Tr-
EGFR (Tr). The positions of molecular mass markers are shown on the left.

cases, specific bands of comparable intensities were observed
only in the membrane fractions, consistent with both Wt-
EGFR and Tr-EGFR being integral membrane proteins. The
mobilities are consistant with the calculated molecular masses
of approximately 166,000 Da for Wt-EGFR and 108,000 Da for
Tr-EGFR (in each case without signal peptide and assuming
glycosylation at each potential N-glycosylation site in the ex-
tracellular domain). Cell-surface staining of intact transfected
cells was bright in both cases (Fig. 2A). Flow cytometric anal-
yses (Fig. 2B) revealed that about 50% of the cells transiently
transfected with Wt-EGFR or Tr-EGFR had fluorescence lev-
els above the cutoff for the control untransfected cells. The
mean cellular fluorescence was 75.34 in the case of Wt-EGFR
and 131.65 in the case of Tr-EGFR. This means that, although
both EGFR species are clearly present at the cell surface, the
total cellular and/or surface expression of Tr-EGFR may be
somewhat higher than that of Wt-EGFR.

Incorporation of EGFR into HIV-like particles. pKEXx-
HIVAEnv3 encodes all HIV-1 gene products except Nef and
Env and leads to the release of HIV-like particles lacking
glycoprotein (9, 27). pKEx-Wt-EGFR and pKEx-Tr-EGFR
were transfected either alone or together with pKEx-HIVA
Env3 into 293T cells. Cells were metabolically labelled with
[*>S]methionine plus [>*S]cysteine from 30 to 44 h p.t., and
subsequently, radioactively labelled particle-like materials
were concentrated from the culture supernatants by centrifu-
gation through a sucrose cushion. Figure 3A shows the immu-
noprecipitated products from the cell lysates and confirms that
the glycoproteins Wt-EGFR and Tr-EGFR were being ex-
pressed in similar amounts and that this was not influenced by
the coexpression of pKEx-HIVAEnv3. Immunoprecipitation
with anti-CA serum reveals Pr55%“¢ and p24 in the lysates of
pKEx-HIVAEnv3-expressing cells. The amounts of HIV-like
particles released into the media were quantitated by enzyme-
linked immunosorbent assay for CA and were approximately
equivalent in individual transfections and not negatively influ-
enced by the coexpression of EGFR. Figure 3B shows analysis
of the pellets obtained after centrifugation of the transfected
culture supernatants through sucrose cushions. Immunopre-
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cipitation with anti-EGFR antibody revealed the presence of
both Wt-EGFR and Tr-EGFR glycoproteins only in those
cases in which pKEx-HIVAEnv3 had been coexpressed, i.e.,
only when HIV-like particles were present (Fig. 3B, lanes 4
and 8). No radioactive glycoprotein could be detected in the
centrifuged supernatants from cells transfected with either
pKEx-Wt-EGFR or pKEx-Tr-EGFR alone (this was repeated
in more than 10 experiments), confirming that neither protein
was released into the culture medium in a pelletable form (e.g.,
membrane vesicles) in the absence of virus-like particles. In
contrast to the predominant single band representing full-
length Wt-EGFR in the cell lysates, the glycoprotein immuno-
precipitated from the HIV-like particles was present as two
bands, one migrating at the position of the full-length molecule
and one smaller. The identity of this lower band, which was
present in varying amounts, was not determined, but it most
likely represents proteolytically degraded Wt-EGFR preferen-
tially present in the HIV-like particles. However, it should be
stressed here that EGFR species migrating at the position of
the full-length Wt-EGFR molecule, and thus carrying very
long cytoplasmic C termini, make up about 50% of the total
EGEFR species in the enriched HIV-like particles.

In order to compare the relative extents of putative incor-
poration of Wt-EGFR and Tr-EGFR into HIV-like particles,
the amounts of radioactivity in the immunoprecipitated bands
in the cell and viral lysates were quantitated. The percentage of
glycoprotein present in the pelleted HIV-like particles in com-
parison to the total (i.e., cell plus virus) was 3.1% for Wt-
EGFR (taking only the upper, full-length band into account),
and 16.6% for Tr-EGFR. These values fluctuated slightly from
experiment to experiment, with the relative amount (i.e., the
percentage of the total amount) of Tr-EGFR always exceeding
that of full-length Wt-EGFR by a factor of about 5. After
correction for the number of methionines plus cysteines, this
means that there are, in fact, about 7.5 times fewer Wt-EGFR
molecules than there are Tr-EGFR molecules in the enriched
HIV-like particle fraction. However, in a very large number of
experiments and with no exception, these significant amounts
of both full-length Wt-EGFR and Tr-EGFR were clearly de-
tectable in the pelleted HIV-like particles.

These results point to both Wt-EGFR and Tr-EGFR being
incorporated into HIV-like particles. In the case of Tr-EGFR,
this is perhaps not surprising, since Tr-EGFR is present at the
cell surface and carries only 7 cytoplasmic aa, which should not
sterically interfere with the HIV-1 matrix layer, while the result
that Wt-EGFR, with 542 cytoplasmic aa, was incorporated into
HIV-like particles was contrary to our expectations. Thus the
further experiments described below were aimed at confirming
or refuting this result.

Analysis of total cell culture supernatants from transfected
cells. As a first step, we wished to analyze the total cell culture
supernatants before enrichment of particles by centrifugation
through sucrose. 293T cells were transfected and metabolically
labelled as described above. The supernatants were centri-
fuged, filtered, adjusted to 1% Triton X-100-0.5% deoxy-
cholate-0.1% SDS, and immunoprecipitated directly with
EGFR antibodies. As shown in Fig. 4, radioactive Wt-EGFR
was detected in the supernatants of cells expressing this glyco-
protein alone (Fig. 4, lane 1). It is important to remember that,
as indicated above, this material could not be pelleted through
a sucrose cushion. In the presence of HIV-like particles, sev-
eral different species derived from Wt-EGFR could be de-
tected in the culture supernatant in amounts significantly
higher than those detected in the absence of HIV-like particles
(Fig. 4, lane 2). In addition to a band representing the full-
length molecule, at least two further faster-migrating species
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FIG. 2. Cell surface immunofluorescence. Intact 293T cells expressing Wt-EGFR or Tr-EGFR (as indicated) were probed with EGFR antibody plus fluorescein-
labelled secondary antibody. (A) Microscopic analysis. (B) Flow cytometric analysis. From left to right, graphs are for untransfected 293T cells (the cutoff has been set
such that less than 0.1% positive cells are within the region M2), 293T cells transiently transfected with pKEx-Wt-EGFR (M2 contains 51.5% positive cells with a mean
fluorescence of 75.34), and 293T cells transiently transfected with pKEx-Tr-EGFR (M2 contains 53.21% positive cells with a mean fluorescence of 131.65), respectively.

were present, one at the position of truncated EGFR and a
further species migrating between the positions of Wt-EGFR
and Tr-EGFR. Additionally, in all immunoprecipitations of
total supernatants, radioactive bands of about 50 kDa, which
were interpreted to represent soluble proteolytic digestion
products of the extracellular domain of EGFR, were observed
despite the presence of protease inhibitor during the analyses.
In the case of Tr-EGFR, no glycoprotein of 108 kDa was
observed in the absence of HIV-like particles but a strong band
could be detected in the supernatant of cells coexpressing
HIV-like particles. This latter result further supports the con-
clusion drawn from results shown in Fig. 3, namely, that Tr-
EGFR can truly be incorporated into HIV-like particles.
Concerning Wt-EGFR, although pelletable glycoprotein
was present in the culture supernatant only when HIV-like
particles were coexpressed, its presence in the absence of HIV-

like particles prompted us to perform further control experi-
ments.

Further analyses of incorporation of Wt-EGFR and Tr-
EGFR HIV-like particles. We considered the possibility that
Wt-EGFR, which as shown above can be released into the
culture supernatant independently of the presence of HIV-like
particles, could subsequently nonspecifically associate with
these and, as a result, be pelleted through a sucrose cushion.
We thus transfected cells with pKEx-Wt-EGFR, pKEx-Tr-
EGFR, and pKEx-HIVAEnv3 alone and in combination and,
after metabolic labelling, harvested the cell culture superna-
tants. The supernatants from cells expressing the EGFR gly-
coproteins alone (and thus, in the case of Wt-EGFR, contain-
ing released radioactive Wt-EGFR) were mixed with the
supernatant of cells expressing pKEx-HIVAEnv3 alone (and
thus containing radioactive HIV-like particles) and incubated
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FIG. 3. Analysis of the incorporation of Wt-EGFR and Tr-EGFR into HIV-
like particles. (A) PAGE and autoradiography of the immunoprecipitates, ob-
tained with anti-CA serum (lanes 1, 3, 5, and 7) or EGFR antibody (lanes 2, 4,
6, and 8), from metabolically labelled 293T cells expressing Wt-EGFR (lanes 1
to 4) or Tr-EGFR (lanes 5 to 8) without (lanes 1, 2, 5, and 6) or with (lanes 3,
4, 7, and 8) coexpression of HIV-like particles (the presence or absence of
HIV-like particles [Gag] is indicated below each lane). (B) As described for
panel A, but immunoprecipitates were of lysates of enriched HIV-like particles
obtained by centrifugation of culture supernatants through sucrose. The posi-
tions of molecular mass markers are indicated on the left and the positions of
Wt-EGFR, Tr-EGFR, Pr55%“, and CA are indicated on the right.

further for 1 h at 37°C. Subsequently, the mixed media, and
media from cells coexpressing Wt-EGFR or Tr-EGFR plus
HIV-like particles, were centrifuged through a sucrose cush-
ion. In this experiment, the resulting HIV-like particles were
analyzed directly, i.e., without immunoprecipitation. As shown
in Fig. 5, the particles derived from the cultures coexpressing
pKEx-Wt-EGFR or pKEx-Tr-EGFR plus pKEx-HIVAEnv3
contained, as major components, only CA and either Wt-
EGFR or Tr-EGFR. However, the particles derived from cen-
trifugation of the mixed culture supernatants contained only
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FIG. 4. Analysis of total cell culture supernatants. PAGE and autoradiogra-
phy of immunoprecipitates (with EGFR antibody) from lysates of HIV-like
particles generated from the culture supernatants of metabolically labelled 293T
cells expressing Wt-EGFR (lanes 1 and 2) or Tr-EGFR (lanes 3 and 4) without
(lanes 1 and 3) or with (lanes 2 and 4) HIV-like particles (Gag) as indicated
below each lane. The positions of molecular mass markers are indicated on the
left, and the positions of Wt-EGFR and Tr-EGFR are indicated on the right.
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FIG. 5. Direct PAGE (no immunoprecipitation) of HIV-like particles. HIV-
like particles, concentrated by centrifugation through a sucrose cushion, have
been derived from the culture supernatants of metabolically labelled 293T cells
coexpressing (Co) Wt-EGFR (lane 1) or Tr-EGFR (lane 2) plus HIV-like par-
ticles or from culture supernatants of 293T cells expressing HIV-like particles
alone mixed (Mix) with the supernatant of cells expressing Wt-EGFR alone (lane
3) or Tr-EGFR alone (lane 4).

CA. No EGFR components, and in particular no Wt-EGFR,
could be detected even with a very long exposure of the gel.
This makes it unlikely that the presence of Wt-EGFR in the
HIV-like particles is due to nonspecific association of released
Wt-EGFR with independently released particles but rather
points to genuine incorporation, i.e., to Wt-EGFR being an
integral component of the viral membrane. To gain further
support for this view, the pelleted HIV-like particles contain-
ing Wt-EGFR or Tr-EGFR (i.e., material as in Fig. 5, lanes 1
and 2) were further analyzed by velocity gradient centrifuga-
tion (OptiPrep gradients), a procedure which has been re-
ported to yield retroviral particles of superior purity compared
to those obtained with conventional gradients (5). Gel electro-
phoretic analysis of the radioactive proteins in the gradient
fractions revealed comigration of all EGFR components (Wt-
EGFR and Tr-EGFR) and HIV CA to a single region of the
gradient (Fig. 6). This provides further proof that these com-
ponents are truly present in HIV-like particles and not in
contaminating vesicular material which would migrate differ-
ently in the OptiPrep gradient.

As additional proof of incorporation of Wt-EGFR and Tr-
EGFR into HIV-like particles, we analyzed whether immuno-
precipitation with EGFR antibody under native conditions
would result in precipitation of intact HIV-like particles and
thus coimmunoprecipitation of radioactive CA. Radioactively
labelled supernatants from cells coexpressing Wt-EGFR or
Tr-EGFR plus pKEx-HIVAEnv3 were clarified by filtration
and subsequently immunoprecipitated, in the absence of de-
tergent, with EGFR antibody. As shown in Fig. 7, in both cases
this led to coimmunoprecipitation of radioactive CA. In addi-
tion to the specific EGFR products of high molecular weight,
the 50-kDa EGFR species observed previously could again be
seen. The fact that CA was immunoprecipitated with EGFR
antibody indicates that intact particles were immunoprecipi-
tated and is further proof of incorporation of Wt-EGFR and
Tr-EGFR into the viral membrane. In summary, all of the
experiments described so far point to the presence of Wt-
EGFR and Tr-EGFR in HIV-like particles demonstrating gen-
uine incorporation.

Immunogold labelling of HIV-like particles with incorpo-
rated Wt-EGFR and Tr-EGFR. We wanted to confirm that the
Wt-EGFR and Tr-EGFR components detected in the prepa-
rations of HIV-like particles and interpreted to represent in-
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FIG. 6. OptiPrep velocity gradient centrifugation. HIV-like particles concentrated from the culture supernatants of metabolically labelled 293T cells coexpressing
Wt-EGFR plus HIV-like particles (A) or Tr-EGFR plus HIV-like particles (B) were centrifuged on 6 to 18% iodixanol gradients as described previously (5). Lanes
P, gel electrophoresis of the starting materials; lane P*, a longer exposure of lane P, done to visualize more weakly labelled bands at the positions of HIV MA and
reverse transcriptase; lanes 1 to 11 (from the top to the bottom of the gradient), gel electrophoresis of the radioactive proteins in the gradient fractions. The positions

of Wt-EGFR, Tr-EGFR, CA, and MA are shown.

corporation were spatially tightly associated with the surface of
these particles. For this purpose, HIV-like particle prepara-
tions were labelled with EGFR antibody and secondary gold-
labelled antibodies and analyzed by electron microscopy. The
visualized particles, which had remained unfixed and untreated
during the labelling procedure, were of relatively uniform
round size and not observed at all in samples of centrifuged
supernatants from cells expressing Wt-EGFR or Tr-EGFR
alone. Particles from supernatants of cells coexpressing pKEx-
Wt-EGFR and pKEx-HIVAEnv (Fig. 8, panels a and b) or
from cells coexpressing pKEx-Tr-EGFR and pKEx-HIVAEnv
(Fig. 8, panels c through e) showed very significant gold label-
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FIG. 7. Immunoprecipitation of native HIV-like particles with EGFR anti-
body. PAGE and autoradiography of immunoprecipitates derived, in the absence
of detergent, from the supernatants of metabolically labelled 293T cells coex-
pressing Wt-EGFR (lane 1) or Tr-EGFR (lane 2) plus HIV-like particles. The
positions of molecular mass markers are indicated on the right, and the positions
of Wt-EGFR, Tr-EGFR, and CA are indicated on the left.

ling. The labelling was exclusively on, or in the vicinity of, the
HIV-like particles, and virtually no gold particles could be
observed in any other areas of the preparation. The negative
controls were HIV-like particles from culture supernatants
mixed and incubated as described above (Fig. 8, panels f and g)
and HIV-like particles from cells expressing HIV-like particles
in the absence of any EGFR species (Fig. 8, panel h). In these
latter cases, no gold particles could be observed on or in the
vicinity of the HIV-like particles.

The immunogold labelling of the particles that had incorpo-
rated Tr-EGFR was dense, reflecting the very significant in-
corporation of this component, as illustrated by the results
already described. The labelling of the HIV-like particles that
had incorporated Wt-EGFR, although very significant, was
clearly less dense than that of particles with Tr-EGFR. Pre-
sumably, this reflects the fact that, as indicated from the results
in Fig. 3, in comparison to Tr-EGFR, incorporation of Wt-
EGFR was reduced by a factor of about 5 and the actual
number of incorporated Wt-EGFR molecules was reduced by
a factor of about 7.5. Assuming that about half of the signal in
the HIV-like particles with Wt-EGFR may be due to proteo-
lytically degraded EGFR components, the immunolabelling of
the full-length Wt-EGFR in these particles was still very sig-
nificant, verifying the incorporation of this component into the
HIV-like particles.

DISCUSSION

In this paper, we have addressed the question of whether a
bulky foreign C terminus on a heterologous cell-surface glyco-
protein sterically inhibits its incorporation into the membranes
of HIV particles and, if so, whether this inhibition can be
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FIG. 8. Immunogold labelling of HIV-like particles. HIV-like particles derived from supernatants of cells coexpressing pKEx-Wt-EGFR and pKEx-HIVAEnv (a
and b), from supernatants of cells coexpressing pKEx-Tr-EGFR and pKEx-HIVAEnv (c through e), from culture supernatant of cells expressing pKEx-Wt-EGFR alone
mixed and incubated with the supernatant of cells expressing pKEx-HIVAEnv alone (f and g), and from the culture supernatant of cells expressing pKEx-HIVAEnv
alone (h) were labelled with EGFR antibody and secondary antibody coupled to gold particles. Bar, 100 nm.

alleviated by truncation of the C-terminal domain. Wt-EGFR
is a type 1 surface glycoprotein, as is HIV Env. It has a long
cytoplasmic domain of 542 aa. Wt-EGFR and a truncated
version with only 7 C-terminal aa (Tr-EGFR) were thus chosen
as suitable molecules to address this question.

We could establish very significant incorporation of Tr-
EGFR into HIV-like particles. Incorporation of Wt-EGFR
was significantly decreased (by a factor of about 5 in compar-
ison to that of Tr-EGFR) but, to our surprise, was clearly
detectable. The negative controls were the centrifuged mate-

rials derived from the culture supernatants of cells expressing
the glycoprotein species alone. Without exception (well over
10 experiments were performed), no Wt-EGFR or Tr-EGFR
material could be detected in these samples. It is important to
emphasize this fact, since in the case of certain other viral and
chimeric glycoproteins we have observed that the glycoprotein
of interest may be detectable to varying extents in the centri-
fuged materials obtained in the absence of virus-like particles
(unpublished data), a situation which has also been described
and further analyzed for VSV G glycoprotein (21). In these
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cases, and in the absence of further assays (e.g., infectivity
conferred by the putatively incorporated glycoprotein), it is
virtually impossible to reach a conclusion as to whether incor-
poration into particles has occurred or not. Importantly, as
mentioned above, this was never observed with Wt-EGFR or
Tr-EGFR, so that the finding of pelletable glycoprotein
pointed to genuine incorporation of these components into the
membranes of the HIV-like particles. This conclusion was fur-
ther verified by a number of control experiments and, most
convincingly, by immunoelectron microscopy. EGFR antibody-
coated gold particles significantly labelled only the surface of
the HIV-like particles with incorporated Wt-EGFR or Tr-
EGFR, and virtually no gold particles were detected anywhere
else in the purified virus preparation. In fact, the labelling of
the HIV-like particles which had incorporated Tr-EGFR was
very dense, pointing to the incorporation of this moiety being
efficient. In a direct comparison of metabolically labelled virus
particles, the number of Tr-EGFR molecules in HIV-like par-
ticles exceeded the number of gpl120 molecules present in
wild-type particles, expressed from a proviral construct, by a
factor of about 5 (data not shown). Although detection of
gp120, which can be lost from particles by shedding, gives an
underestimate of the extent of HIV glycoprotein incorpora-
tion, this comparison nevertheless indicates that the incorpo-
ration of the overexpressed Tr-EGFR into HIV-like particles
is presumably at least as efficient as that of the homologous
viral glycoprotein. This lends further support to the notion that
heterologous viral or cellular surface glycoproteins are incor-
porated into HIV-like particles (and presumably into retroviral
particles in general) more or less passively, i.e., when circum-
stances which do not prevent incorporation are present. These
inhibitory circumstances include interactions with other cellu-
lar proteins which prevent incorporation either sterically or by
sequestering in subcellular regions different from the virus
assembly site. Members of our group have previously demon-
strated that this situation can apply to the incorporation of
Wt-CD4 into HIV-like particles. Coexpression of its cellular
interaction partner, p56'*, which binds to the C terminus of
CD4, inhibited incorporation (9). Since we were unable to
demonstrate a different subcellular localization of CD4 in the
presence or absence of p56'%, we concluded that there had
been steric inhibition of incorporation due to the presence of
the bulky p56/* molecule at the C terminus of CD4. However,
it cannot be strictly ruled out that, in the presence of p56'*,
CD4 is sequestered away from the virus assembly site and that
this could not be detected by the methods employed. Recently,
evidence has been reported that HIV-1 glycoprotein, which is
not incorporated into VSV particles, localized to plasma mem-
brane domains distinct from the VSV budding sites. This dis-
tinct localization was mediated by a defined region in the
cytoplasmic C terminus (11) and could account for the lack of
incorporation, independent of a possible additional inhibitory
role of the large size of the HIV glycoprotein C terminus. It is
likely that in a differentiated cell, most cellular proteins will
have functional interaction partners and thus be excluded from
the membrane of retroviral particles. This would result in a
passive enrichment of those cell-surface components lacking
cellular interaction partners in the viral, as compared to the
cellular, membrane. This situation would apply for Tr-EGFR
expressed in 293T cells, and, in fact, the dense immunogold
labelling of the HIV-like particles having incorporated this
component strongly speaks for its enrichment in the viral mem-
brane.

The demonstration of incorporation of Wt-EGFR into HIV-
like particles was a surprising result since we had anticipated
that the long cytoplasmic domain, which is foreign with respect

EGFR IN HIV-LIKE PARTICLES 9301

to the viral core structure, would be sterically inhibitory. This
anticipation was based on the fact that, in several cases, viral
glycoproteins with long heterologous C termini have been ex-
cluded from incorporation into retroviral particles (14, 23, 27).
However, in a recent report it was shown that murine leukemia
virus vector particles pseudotyped with wild-type simian im-
munodeficiency virus Env, which has a long C-terminal do-
main, could mediate vector transduction into CD4™" cells (10).
It is not clear how many incorporated Env molecules are re-
quired for infectivity, and in that report, neither the extent of
incorporation nor the identity of the Env components was
analyzed. As shown here for Wt-EGFR, proteolytically pro-
cessed components may become preferentially incorporated, a
possibility which was not analyzed in the case of wild-type
simian immunodeficiency virus Env. In the present study, we
directly visualized and quantitated incorporation of the ex-
pressed EGFR components and established that, in the case of
the Wt-EGFR, the full-length molecule, and not exclusively a
processed product, was incorporated into the HIV-like parti-
cles. Wt-EGFR is expressed slightly less at the cell surface than
Tr-EGFR (Fig. 2B), which may be one of the factors contrib-
uting to its decreased incorporation. It is also not known to
what extent Wt-EGFR and, in particular, its C-terminal do-
main may encounter interaction partners in 293T cells in which
it is normally not expressed and how this may be influenced by
natural ligands present in the medium (fetal calf serum). Thus
the fivefold reduction in the extent of incorporation of Wt-
EGFR in comparison to that of Tr-EGFR may be due to
interactions with further cellular factors which themselves re-
sult in steric inhibition or altered subcellular localization away
from the virus assembly site. Alternatively, steric inhibition by
the very long Wt-EGFR C terminus itself may result in re-
duced but not completely abolished incorporation. Based on
crystallographic data, it has been proposed that retroviral ma-
trix proteins form a network of trimers with saucer-like depres-
sions between neighboring trimers which is proposed to ac-
commodate the cytoplasmic tail of gp4l (18; reviewed in
reference 3). It is possible that the 542 C-terminal aa of the
incorporated Wt-EGFR are somehow accommodated in this
region. Alternatively, the matrix layer may not exclusively and
tightly occupy the total space underlying the viral membrane,
with the result that space could be available to accommodate
this bulky C-terminal region.

In conclusion, the information gained from these analyses
allows further refinement of models concerning the processes
governing glycoprotein incorporation into retroviral particles.
A hypothesis which is compatible with the data available at
present is that viral and cellular glycoproteins are incorporated
into retroviral particles when inhibitory circumstances do not
prevail. Circumstances preventing incorporation depend on
both the structure of the particular glycoprotein and the cell in
which it is expressed. Surface proteins which interact with
further cellular proteins may be excluded from incorporation
either sterically or by sequestering to subcellular regions dis-
tinct from the viral assembly site. However, surface glycopro-
teins lacking cellular interaction partners would presumably be
able to passively diffuse to the viral assembly site and poten-
tially be incorporated. Although the results of previous analy-
ses had suggested that the presence of a long heterologous C
terminus per se would sterically inhibit incorporation, the pos-
sibility should now be considered that this may not, or may only
partially, be the case. Further experiments should be aimed at
distinguishing between the role of C-terminal regions in me-
diating distinct subcellular localizations as compared to direct
steric inhibition at the viral assembly site. On the more prac-
tical side, these ongoing analyses provide information relevant
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to achieving incorporation of targeting molecules of interest
into retroviral particles and indicate also that incorporation of
those molecules, whose function may depend on a long cyto-
plasmic region, may be possible.
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