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Unlike other subclasses of the Retroviridae the Spumavirinae, its prototype member being the so-called hu-
man foamy virus (HFV), require the expression of the envelope (Env) glycoprotein for viral particle egress.
Both the murine leukemia virus (MuLV) Env and the vesicular stomatitis virus G protein, which efficiently pseu-
dotype other retrovirus capsids, were not able to support export of HFV particles. Analysis of deletion and point
mutants of the HFV Env protein revealed that the HFV Env cytoplasmic domain (CyD) is dispensable for HFV
particle envelopment, release, and infectivity, whereas deletion of the membrane-spanning-domain (MSD) led
to an accumulation of naked capsids in the cytoplasm. Neither alternative membrane association of HFV Env
deletion mutants lacking the MSD and CyD via phosphoglycolipid anchor nor domain swapping mutants, with
the MSD or CyD of MuLV Env and VSV-G exchanged against the corresponding HFV domains, could restore
particle envelopment and the release defect of pseudotypes. However, replacement of the HFV MSD with that
of MuLV led to budding of HFV capsids at the intracellular membranes. These virions were of apparently wild-

type morphology but were not naturally released into the supernatant and they were noninfectious.

Recent studies have shown that one subclass of retroviruses,
the foamy viruses (FVs) or spumaviruses, is unique in regard to
virus particle assembly and egress (1, 6). FVs resemble in their
capsid assembly strategy those of the type B and D retroviruses
which preform capsids (A-type particles) in the cytoplasm of
the infected cells before the viral particle buds across cellular
membranes (3, 27). Most retroviruses, such as the murine
leukemia viruses (MuLVs), the lentiviruses, or the type B and
D retroviruses require only the cellular expression of the cap-
sid protein (Gag) for the assembly of viral core structures, their
enclosure by lipid membranes of the host cell, and the release
of virus-like particles from the expressing cell into the super-
natant (reviewed in references 3 and 27). However, unlike all
other retroviruses, FVs require the coexpression of the Env
protein for viral particle egress (1, 6). Budding occurs into
intracellular compartments, presumably the endoplasmic retic-
ulum (ER), but it also takes place at the cell surface (1, 6). In
cells transfected with Env-deficient FV proviral clones, no viral
particle release could be detected. Instead, an accumulation of
naked capsids in the cytoplasm of the cell was observed (6).

Two forms of the human FV (HFV) envelope protein have
been described to date (9, 10, 18, 19). The predominant
form is expressed as a 130-kDa precursor glycoprotein that
is cleaved by a cellular protease into an 80- to 90-kDa surface
subunit (SU subunit) and a 47-kDa transmembrane subunit
(TM subunit) during its transport to the cell surface and in-
corporation into the viral particle (11). However, due to a re-
trieval signal present in the cytoplasmic domain, most of the
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130-kDa HFV Env protein is retained in the ER either in the
absence of the expression of other HFV structural genes or in
the absence of inactivation of the ER retrieval signal (11, 12).
The second form is a 170-kDa Env-Bet fusion protein (9, 18).
Env-Bet is not essential for particle release and in vitro repli-
cation of HFV (18).

The unusual mechanism of FV assembly raised the question
as to whether a specific Env protein has to be present to allow
budding of FV capsids or whether these capsids can be pseu-
dotyped by other viral glycoproteins. Pseudotyping by hete-
rologous Env proteins has been shown for many other ret-
roviruses (8, 27). Furthermore, it has been demonstrated
previously that wild-type HFV Env can pseudotype vesicular
stomatitis virus (VSV) and murine leukemia virus (MuLV)
(17, 25). The pseudotyping efficiency of MuLV capsids could
be enhanced by exchanging the cytoplasmic domain (CyD) of
HFV Env for that of MuLV Env (17). In this study we sought
to analyze the reverse possibility, i.e., the pseudotyping of HFV
capsids with foreign viral Env proteins, and to get a better un-
derstanding of the processes of HFV particle release.

MATERIALS AND METHODS

Expression constructs. The eukaryotic expression constructs for the different
HFYV envelope mutants depicted in Fig. 1 are based on the pcHF Venv wild-type
plasmid (17) and were generated by standard cloning techniques. All constructs
were sequenced to confirm the introduced mutations and to exclude offsite
mutations, in particular when using PCR-based techniques. pcHFE-wt contains
the complete HFV envelope open reading frame (ORF), starting with the trans-
lation start (nucleotide [nt] 5719 relative to the genomic transcription start) up
to an EcoRI restriction site (nt 8701) 13 bp downstream of the translation stop,
inserted into the expression vector pcDNA3.1/zeo (Invitrogen). This construct,
as well as all of the others, includes the EM2 mutation described recently (18).
This mutation leads to an inactivation of the splice donor (SD; nt 8530) and
splice acceptor (SA; nt 8648) naturally found in the Env ORF and essential for
the generation of the Env-Bet fusion protein in the proviral context (18). The
amino acid sequences of the various envelope proteins, spanning the C terminus
of the extracellular domain, the putative membrane-spanning domain (MSD),
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FIG. 1. Schematic illustration of the envelope expression constructs. The ex-
tracellular domains, MSDs and CyDs of the different envelope proteins are in-
dicated according to previous studies (7, 20, 21). HFV, solid boxes; MuLV, open
boxes; VSV-G, cross-hatched boxes. The C-terminal amino acid sequences are given
in Table 1. The sequence motif in the cytoplasmic domain of the HFV envelope,
which is responsible for ER retention (11), is indicated here by a white dot; the
mutated sequence is indicated by a star. The signal sequences for the hPLAP
GPI anchor is indicated by PI. SU, surface subunit; TM, transmembrane subunit.

and the complete intracellular domain are given in Table 1. The point mutant
pcHFE-SSS has the triple lysine motif found near the C terminus, which is
responsible for ER retention of the HFV Env protein (12), replaced by a triple
serine motif, resulting in an enhanced cell surface expression of the HFV Env
protein (11). pcHFE-1, pcHFE-2, pcHFE-3, and pcHFE-4 are constructs for
C-terminal deletion mutants leading to the expression of HFV envelope proteins
truncated at amino acids (aa) 981, 975, 937, and 571, respectively. Some mutants
have one or two additional C-terminal amino acid not encoded by the HFV Env
ORF due to the cloning strategy employed (see Table 1). pcHFE-3Pi and
pcHFE-4Pi are chimeric envelope proteins based on the deletion mutants
pcHFE-3 and pcHFE-4, respectively, which have the signal sequences for a
glycophospholipid (GPI) anchor of the human placental alkaline phosphatase
(hPLAP) protein (GenBank accession number M12551; aa 497 to 530), which
has been shown to result in a membrane anchorage via GPI of otherwise-
secreted proteins (28), fused to the C terminus of the protein. pcHFME-1 has the
putative MSD and CyD of the HFV Env protein replaced by those of the
ecotropic MuLV Env protein (GenBank accession number J02255; aa 604 to
684), whereas the pcHFME-2 mutant has only the putative HFV MSD replaced
by that of the MuLV Env protein (aa 604 to 652). Both constructs contain two
additional amino acids at the fusion interface, neither of which is encoded by
the original HFV Env or by the original MuLV Env sequence (see Table 1).
pcVG-wt has an EcoRI fragment of pSVGLI (24) containing the VSV glycop-
rotein G (VSV-G) cDNA inserted into the expression vector pcDNA3.1/zeo.
Derivatives thereof are pcVG-1H3, with the MSD and CyD of VSV-G replaced
by that of HFV, and pcVG-2H1, pcVG-3H1, pcVG-4H1, and pcVG-H1, with
various regions of the VSV-G CyD replaced by that of HFV (Table 1). pHIT123
(pcME-wt) is a human cytomegalovirus immediate-early promoter-directed eu-
karyotic expression vector for the ecotropic MuLV Env protein described pre-
viously (26). Derivatives thereof are pcMHFE-1, pcMHFE-3, pcMHFE-4, and
pcMHFE-5 lacking the MuLV MSD and CyD and containing various regions of
putative HFV MSD and CyD (Table 1). The replication-deficient HFV vector
pMHG62 expressing the enhanced green fluorescent protein (EGFP) marker gene
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(Clontech) from an internal spleen focus-forming virus U3 promoter is structur-
ally identical to the HFV vector pMHS that has been described previously (13).

Generation of recombinant HFV supernatants. Viral supernatants containing
the different recombinant viruses were generated by cotransfection of 293T cells
(4) with the HFV vector pMHG62 and the respective HFV envelope expression
construct essentially as described earlier (6, 17, 18).

Viral infectivity assay. The infectivity of supernatants of 293T cells cotrans-
fected with the pMH62 HFV vector and the different HFV envelope mutants was
analyzed essentially as described previously (13, 17). Cell populations transduced
by pMH62 complemented with wild-type HFV Env contained 35 to 50% of the
cells expressing the EGFP protein. Transduced cell populations expressing
EGFP of as low as 0.2% of the total cells could be reliably detected by this assay.

Radioimmunoprecipitation assay (RIPA). Transiently transfected 293T cells
were metabolically labeled with [*S]methionine and [**S]cysteine for approxi-
mately 20 h. At 36 h after the addition of the DNA, the cells were lysed in RIPA
buffer (20 mM Tris, pH 7.4; 0.3 M NaCl, 1% [wt/vol] sodium deoxycholate; 1%
[vol/vol] Triton X-100; 0.1% [wt/vol] sodium dodecyl sulfate [SDS]) containing
protease inhibitors. Viral proteins were precipitated as described earlier (6, 18)
using HFV-positive chimpanzee sera (18), rabbit antisera generated against
recombinant HFV proteins and specific for SU (16), Env (16) and Gag (2), a
rabbit serum specific for VSV-G (a gift of P. Clapham and R. Weiss), or hy-
bridoma supernatants recognizing the SU (ATCC CRL1913) or TM (ATCC
CRL1893) subunits of the MuLV envelope protein. Particle-associated proteins
were detected after centrifugation through a 20% sucrose cushion as described
previously (6, 18).

Pulse-chase analysis and Endo H digestion. At 36 h posttransfection, 293T
cells were washed once with methionine- and cysteine-free medium (labeling me-
dium) and starved in labeling medium for 1 h. Subsequently, the cells were met-
abolically pulse-labeled for 1 h in labeling medium containing 100 p.Ci of [*°S]
methionine and [**S]cysteine per ml and chased for various time periods in nor-
mal growth medium containing a 10-fold excess of methionine and cysteine. Cell
lysis and radioimmunoprecipitation with a rabbit serum specific for HFV SU was
performed as described above. The protein A-Sepharose pellet containing the
immunoprecipitates was boiled for 2 min in 5X endoglycosidase H (Endo H)
buffer (0.1 M sodium phosphate, pH 6.5; 0.5% SDS; 0.1% sodium azide) and
subsequently diluted with 4 volumes of water. The supernatant was divided in
two equal aliquots, and 4.5 X 1073 units of Endo H (ICN) was added to one ali-
quot. After incubation at 37°C for 11 to 18 h, both aliquots were precipitated
overnight at —70°C by the addition of glycogen and ethanol. The precipitate was
collected by centrifugation, dried, solubilized in gel sample buffer, and then an-
alyzed by SDS-polyacrylamide gel electrophoresis (PAGE) as described above.

Electron microscopy. At 48 h after transfection, the 293T cells were harvested
and processed for electron microscopy analysis as described previously (15).

RESULTS

Analysis of heterologous viral envelope proteins for their
ability to pseudotype HFV capsids. It has long been known that
phenotypically mixed viruses, termed pseudotypes, can be ob-
served in cells infected by two different viruses (reviewed in
references 14 and 27). Pseudotyping is based on the incorpo-
ration of the envelope protein of one virus into viral particles
of the other virus, thereby eventually changing the tropism of
a given virus. Retroviruses have been shown to incorporate
envelope proteins from foreign retroviruses and even those
from other classes of viruses, such as VSV or influenza virus (8,
27). We were interested to see whether coexpression of foreign
viral Env proteins, together with HFV Gag, would result in the
particle incorporation of these glycoproteins and could over-
come the block in capsid membrane envelopment and particle
release of envelope-deficient HFV. For this purpose, we co-
transfected either the Env protein of the ecotropic MuLV or
the VSV-G together with the replication-deficient HFV vector
PMHG62, expressing the EGFP protein from an internal pro-
moter, into 293T cells and analyzed the intracellular protein
expression and the release of HFV particles into the superna-
tant. No HFV proteins could be detected in the supernatant
(Fig. 2B, lanes 1 and 9), despite high intracellular expression
levels of the foreign envelope proteins and HFV Gag (Fig. 2A,
lanes 1 and 9). In line with this a transfer of the EGFP marker
gene to susceptible target cells was never observed (Table 2).
In the case of cotransfection of the wild-type MuLV Env, faint
bands corresponding in size to that of the HFV Gag proteins
and the MuLV Env were occasionally observed in the super-
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TABLE 1. Carboxyl amino acid sequences of the individual Env proteins

Amino acid sequence”

Construct
Ectodomain® Transmembrane anchor CyD
s 939 976

HFE-wt GIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPTKKKNQ
HFE-SSS GIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPT SSSNQ
HFE-1 GIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWI R
HFE-2 GIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF
HFE-3 GIGS 497 502
HFE-3Pi 57Cé-lGSAAGTTD AAHPGRSVVPALLPLLAGTLLLLETATAP
HFE-4 RRGS
HFE-4Pi gngA(-\GTTD AAHPGRSVVPALLPLLAGTLLLLETATAP
HFME-1 GIGKS SPWFTTLISTIMGPLIVLLLILLFGPCILN RLVQFVKDRISVVQALVLTQQYHQLKPIEYEP
HFME-2 GIGKS SPWFTTLISTIMGPLIVLLLILLFGPCILN RKIVSWIPTKKKNQ

601 604 653
ME-wt FNR SPWFT;l;|7_|ST|MGPLlVLLLlLLFGPClLN RLVQFVKDRISVVOALVLTOOYHOLKPIEYER
MHFE-1 927FNR SP\ELIFGTAFSLIGYLKPILIGVGVILLVILIP KIVSWIPTKKKNQ
MHFE-3 QISFNRSP\EPAAASALQGlGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPTKKKNQ
MHFE-4 000 FNRSP\BLAAATKDVWPAAASALQGIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPTKKKNQ
MHFE-5 FNRSPWELLRLDIHEGDTPAWIQQLAAATKDVWPAAASALQGIGN FLSGTAQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPTKKKNQ

457 463 483
VG-wt WFESSWK SSIASFFFIIGLIIGLFLVL RVGIHLCIKLKHTKKROITYTKIEMNRLGK
VG-1H3 WFSSWK SSGTQGIFGTAFSLLGYLKPILIGVGVILLVILIF KIVSWIPTKKKNQ
VG-2H1 WFSSWK SSIASFFFIIGLIGLFLVL WIPTKKKNQ
VG-3H1 WESSWK SSIASFFFIIGLIIGLFLVL RVGIHLCIKLWIPTKKKNQ
VG-4H1 WFSSWK SSIASFFFIIGLIIGLFLVL RVGIHLCIKLKHTKKRQIWQIPTKKKNQ
VG-H1 WFSSWK SSIASFFFIIGLIGLFLVL RVGIHLCIKLKHTKKRQIYTDIEMNRLGKWIPTKKKNQ

“ Amino acids in bolface are not encoded by the original sequences.

® Domains are listed as published previously (7, 20, 21). Amino acid positions are according to GenBank accession numbers U21247 (HFV), M12551 (hPLAP), J02255 (MuLV), and M11048 (VSV-G).
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FIG. 2. Expression analysis of various MuLV Env and VSV-G proteins and HFV particle release. 293T cells were cotransfected with pMH62 and the individual
Env expression constructs depicted in Fig. 1 and were metabolically labeled. (A) Cellular lysates were precipitated with a mixture of antisera against HFV Env, HFV
Gag, and VSV-G (lanes 1 to 8) or MuLV (lanes 9 to 15). (B) Virus particles secreted into the supernatant were pelleted by centrifugation through 20% sucrose and
resuspended in sample buffer, and proteins were separated by SDS-PAGE. (Lane 1 was exposed for a five-fold shorter period than the other lanes). All samples were
cotransfected with pMHG62 and the following expression vectors: lane 1, pcVG-wt; lane 2, pcVG-1H3; lane 3, pcVG-2H1,; lane 4, pcVG-3H1,; lane 5, pcVG-4H1,; lane
6, pcVG-H1; lane 7, pcHFE-wt; lane 8, pcDNA3.1+zeo; lane 9, pcME-wt; lane 10, pcMHFE-1; lane 11, pcMHFE-3; lane 12, pcMHFE-4; lane 13, pcMHFE-5; lane

14, pcHFE-wt; and lane 15, pCDNA3.1/zeo.

natant pellet (Fig. 2B, lane 9). However, electron microscopy
analysis of these cells revealed no signs of virus budding, al-
though extracellular aggregates of naked HFV capsids were
occasionally detectable (data not shown). Coexpression of the
wild-type VSV-G protein lead to the appearance of particulate
structures in the supernatant that could be pelleted through
20% sucrose that contained VSV-G but not HFV proteins
(Fig. 2B, lane 1). However, this also occurred when express-
ing only the wild-type VSV-G protein in 293T cells (data not
shown) and has been reported in the literature (23). In con-
trast, cells coexpressing the wild-type HFV Env and pMHG62
(Fig. 2A, lanes 7 and 14) after transfection, secreted particle-
associated HFV Gag and Env proteins (SU and TM subunits)
into the supernatant (Fig. 2B, lanes 7 and 14), whereas cotrans-
fection of the empty expression vector together with pMH62
(Fig. 2A, lanes 8 and 15) resulted in a block of the secretion of
HFYV capsids into the supernatant (Fig. 2B, lanes 8 and 15).
These results indicated that HFV capsids cannot be pseudo-
typed with the wild-type ecotropic MuLV Env or the wild-type
VSV-G protein, despite the fact that these Env proteins have
been shown to be incorporated well in other retroviral particles
(22, 29).

Therefore, several chimeric envelope proteins containing
various portions of the HFV MSD and CyD were generated
and examined in regard to the ability to support HFV particle
egress. The analysis of particulate material in supernatants of
293T cells cotransfected with pMH62 and various VSV-G chi-
meras containing both the MSD and CyD (VG-1H3) or only
the CyD of HFV (VG-2H1, VG-3H1, VG-4H1, and VG-H1)
(see Fig. 1 and Table 1) revealed that none of them was able to
restore HFV particle release (Fig. 2B, lanes 2 to 6) despite
high intracellular expression levels (Fig. 2A, lanes 2 to 6). We
extended our analysis by generating several chimeric envelope
proteins containing the extracellular domains of the ecotropic
MuLV and various C-terminal portions of the HFV Env.
Cotransfection of none of these mutants together with the

pMHG62 vector permitted the release of HFV particles into the
supernatant (Fig. 2A, lanes 10 to 13), even those chimeras that
contained, in addition to the HFV MSD and CyD, further se-
quences of the extracellular domain of the HFV TM subunit.
Furthermore, cotransfection of none of the VSV-G and MuLV
Env chimeras resulted in a transfer of the marker gene of the
pMH62 HFV vector to susceptible target cells (Table 2). Tak-
en together, these results indicated that the FV MSD and CyD

TABLE 2. Relative transduction efficiencies of the pMH62 HFV
vector cotransfected with different HFV envelope
expression constructs

Envelope Relative infectivit
pmteig (% of wild type)y No. of expts

HFE-wt 100 14
HFF-SSS 63 £ 20 14
HFE-1 54 + 31 14
HFE-2 53 =31 14
HFE-3 <0.5 8
HFE-3Pi <0.5 8
HFE-4 <0.5 5
HFE-4Pi <0.5 5
HFME-1 <0.5 4
HFME-2 <0.5 3
ME-wt <0.5 5
MHFE-1 <0.5 4
MHFE-3 <0.5 2
MHFE-4 <0.5 2
MHFE-5 <0.5 2
VG-wt <0.5 4
VG-1H3 <0.5 2
VG-2H1 <0.5 2
VG-3H1 <0.5 2
VG-4H1 <0.5 2
VG-H1 <0.5 2
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FIG. 3. Expression analysis of HFV Env mutants and chimeras. 293T cells
were cotransfected with pMH62 and the individual Env expression constructs
depicted in Fig. 1 and were metabolically labeled. (A) Cellular lysates were
precipitated with a chimpanzee serum recognizing all major HFV proteins. (B)
Virus particles secreted into the supernatant were pelleted by centrifugation
through 20% sucrose and resuspended in sample buffer, and the proteins were
separated by SDS-PAGE. Lanes 1, pcHFE-4; 2, pcHFE-4Pi; 3, pcHFE-2; 4,
pcHFE-1; 5, pcHFE-3; 6, pcHFE-3Pi; 7, pcHFE-SSS; 8, pcHFE-wt; 9, mock,
pcDNA3.1/zeo; 10, pcHFE-wt; 11, pcHFME-1; 12, pcHFME-2.

regions tested are not sufficient to confer FV particle release in
the context of fusion proteins containing extracellular domains
of foreign envelope proteins.

C-terminal deletion and mutagenesis analysis of the HFV
envelope protein. To determine which parts of the HFV enve-
lope protein are required for capsid envelopment, particle re-
lease, and infectivity, several C-terminal truncation mutants
and point mutants of the HFV Env protein were generated
(Fig. 1 and Table 1). Intracellular viral protein expression was
monitored by RIPA with a chimpanzee serum recognizing all
major HFV proteins (18) (Fig. 3A). The protein composition
of metabolically labeled HFV particles released into the super-
natant was analyzed by SDS-PAGE after purification through
a 20% sucrose cushion (Fig. 3B). This analysis showed that all
HFV envelope mutants were expressed at roughly comparable
levels intracellularly (Fig. 3A). However, cells expressing the
HFE-3 (Fig. 3B, lane 5) or the HFE-4 (Fig. 3B, lane 1) enve-
lope protein and cells cotransfected with the empty expression
vector (Fig. 3B, lane 9) failed to release detectable amounts of
particle-associated viral proteins into the supernatants. In con-
trast, in supernatants of cells coexpressing the HFE-wt (Fig.
3B, lanes 8 and 10), HFE-SSS (Fig. 3B, lane 7), HFE-1 (Fig.
3B, lane 4), or HFE-2 (Fig. 3B, lane 3) envelope proteins
viral-particle-associated Gag proteins, as well as the respective
envelope SU and TM subunits, were readily detectable.

We also examined the infectivity of the different viral parti-
cles by incubating NIH 3T3 cells with cell-free supernatants of
the transfected 293T cells and determined the transduction
efficiency by measuring the percentage of EGFP-expressing
cells. As can been seen in Table 2, only supernatants that
contained particle-associated viral proteins, as determined
above, were able to transduce target cells. The relative trans-
duction efficiency of the different infectious mutant viruses
(HFE-1 and HFE-2) was, at maximum, two- to four-fold lower
than that of wild type. Taken together, these results showed
that the MSD of the HFV envelope protein, but not the CyD,
is essential for the release of viral particles. Furthermore, these
results indicated that the short CyD of the HFV envelope
protein has only a minor influence on the infectivity of the
HFV particle.
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Alternative membrane anchorage of the HFV Env protein.
The results presented above indicated that membrane anchor-
age of the HFV envelope protein via the HFV MSD domain is
essential for viral particle release. This raised the question of
whether the MSD is involved specifically in this process of
whether simply membrane anchorage of the HFV envelope
extracellular domains is required. To test this, additional en-
velope expression constructs (as shown in Fig. 1 and Table 1)
were analyzed. All chimeric proteins were expressed intracel-
lularly, although the HFE-3Pi (Fig. 3A, lane 6) and HFE-4Pi
(Fig. 3A, lane 2) proteins were expressed at a somewhat lower
level than the other proteins. Cell surface anchorage of these
mutants was confirmed by cell surface biotinylation (data not
shown). Interestingly, whereas all other HFV envelope pro-
teins, including the HFME-1 chimera, displayed a normal SU-
TM cleavage (Fig. 3A, lane 11), the HFME-2 mutant clearly
showed an accumulation of envelope precursor protein and al-
most no cleavage products (Fig. 3A, lane 12). Analysis of
viral-particle-associated proteins (Fig. 3B) and measurement
of infectivity (Table 2) in the supernatant showed that none of
these additional mutant envelope proteins supported HFV
particle release. Furthermore, the cell-associated infectivity of
all mutants was determined after transfected cells were sub-
jected to a freeze-thaw cycle to release intracellular trapped
FV particles and the supernatant was passed the supernatant
through a 0.45 wm (pore size) filter. This analysis gave results
similar to that for the supernatants, although the infectivity of
all of the infectious mutants was increased in general by a
factor of three to five (data not shown). These results indicated
that the HFV MSD cannot be substituted by the corresponding
domain of another retroviral envelope protein or by other
forms of membrane anchorage, such as a glycophospholipid, and
that it may be specifically involved in the particle release process.

Pulse-chase analysis of Env expression. One possible expla-
nation for the failure of some of the HFV Env mutants to
facilitate secretion of FV particles upon Gag coexpression
could be a decreased stability or changes in the intracellular
transport of these proteins. To address these questions, a
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FIG. 4. Pulse-chase analysis of various HFV env mutants. 293T cells were
transfected with the individual HFV Env expression constructs as indicated. The
pulse-chase analysis was performed as described in Materials and Methods. The
time periods (in hours) of the chase are indicated at the top. +, Incubated with
Endo H; —, mock incubated.
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FIG. 5. Electron micrographs showing representative thin sections of transiently transfected 293T cells. Cells cotransfected with the wild-type HFV env showed
budding at the plasma membrane (A) and into intracellular compartments (B). (C) An accumulation of naked intracellular HFV capsids was observed in cells
cotransfected with the HFE-3Pi mutant. (D) In cells coexpressing the HFME-2 Env protein, only budding of capsids into intracellular compartments could be detected.
(E) A unique feature of these cells was the appearance of vesicles containing single enveloped virus particles. Magnifications: A and D X63,400; B, X69,500; C, X99,400;
E, X60,900. Bar size, 200 nm.
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FIG. 5—Continued.

pulse-chase analysis combined with digestion by Endo H of the
mutants was performed. An example of this analysis for some
of the mutants is shown in Fig. 4. In this assay the HFE-SSS,
HFE-2, and HFME-1 mutants had a protein stability similar to
that of the wild-type Env, whereas the HFE-3Pi, HFE-4, and
HFE-4Pi mutants seemed to be degraded somewhat faster
(Fig. 4 and data not shown). In contrast to wild-type Env, all of
these mutants showed a faster processing of the gp130 into
SU and TM subunits. This result was most prominent for the
HFE-SSS protein, where large amounts of SU could be detect-
ed already during the 1-h labeling period (Fig. 4). Further-
more, for most mutants Endo H-resistant forms of gp130 were
only weakly detectable after the pulsing period (see HFE-SSS,
0-h time point). In contrast, in wild-type HFV Env-expressing

cells, Endo H-resistant forms of gp130 were more prominent
but were first detectable in the 3-h chase period. A possible
explanation for this could be a reshuttling of Endo H-resistant
wild-type gp130 to the ER before cleavage into the subunits
occurred, as a result of the cytoplasmic ER retrieval signal,
which is missing in all of the other mutants. The HFME-2
protein differed completely from all other mutants, since its
gp130 precursor was much more stable (compare the 14-h time
points in Fig. 4). Furthermore, no cleavage of HFME-2 gp130
into SU and TM subunits or Endo H-resistant forms of gp130
could be observed (Fig. 4), indicating a block in the intracel-
lular trafficking of this mutant. Similar results were observed in
cells coexpressing HFV Gag in addition to the individual Env
proteins (data not shown).
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Electron microscopy analysis of viral particle maturation.
Whereas for all other subgroups of retroviruses the Gag ex-
pression is sufficient for the membrane envelopment and re-
lease of viral capsids, FVs require the coexpression of the FV
Env protein for this process. To distinguish the two steps of
membrane envelopment and viral particle release, we em-
ployed electron microscopy analysis of 293T cells cotransfected
with the pMH62 HFV retroviral vector and different envelope
mutants. The analysis of cells cotransfected with the pMH62
vector and the wild-type HFV envelope expression construct
pcHFE-wt revealed the release of enveloped HFV capsids at
extracellular membranes (Fig. 5A) and into intracellular com-
partments (Fig. 5B) as described previously (1, 6). The indi-
vidual HFV envelope mutants examined could be grouped into
three different classes according to their phenotype in the
electron microscopy analysis. The first class comprises all en-
velope mutants that upon cotransfection with pMH62 lead to
the appearance of infectious HFV particles in the supernatant
(HFE-SSS, HFE-1, and HFE-2), as determined earlier. They
showed a phenotype indistinguishable from that of the HFE-wt
described above (data not shown). In contrast, the second class
showed a phenotype identical to that of cells that were cotrans-
fected with pMH62 and a control plasmid, resulting in the
intracellular accumulation of naked HFV capsids. To this class
belong the secreted mutants HFE-3 and HFE-4, as well as
their PI membrane-anchored forms HFE-3Pi and HFE-4Pi,
respectively, and the HFME-1 chimeric envelope containing
the MSD and CyD of the ecotropic MuLV envelope. A rep-
resentative example of the naked capsids seen in HFE-3Pi-
expressing cells is shown in Fig. 5C. Interestingly, a third class
could be observed, its only member being the HFME-2 chi-
meric envelope with the HFV MSD replaced by that of the
ecotropic MuLV Env. The unique phenotype of this mutant
was that no budding of viral particles at the extracellular mem-
brane could be observed, whereas budding into intracellular
compartments was readily detectable (Fig. 5D). These envel-
oped particles also contained spike-like structures on their
lipid membrane (Fig. 5D and E), most probably representing
envelope protein multimeric structures, similar to those ob-
served on wild-type particles (Fig. 5SA+B). Another unique
feature of this mutant was the appearance of small membrane-
enclosed vesicles containing single enveloped particles (Fig.
SE). This was not observed in cells cotransfected with any
other HFV envelope mutant, including the wild-type protein.
Taken together, these observations supported the results of the
biochemical analysis presented above indicating that the HFV
MSD is essential for HFV particle release. However, the re-
quirement of the HFV MSD for capsid envelopment can be
complemented by that of the MuLV Env, at least when the
HFV CyD is still present.

DISCUSSION

Most retroviruses require only the expression of the Gag
protein for the assembly of capsid structures, their membrane
envelopment, and the release of viral particles into the super-
natant (reviewed in reference 27). FVs are unique in regard to
these steps, since particle egress is dependent on the coexpres-
sion of the gp130 Env protein (1, 6). Using C-terminal enve-
lope deletion mutants, we have shown that the CyD of gp130
containing an ER retrieval signal is dispensable but that mem-
brane anchorage by the HFV MSD is essential for these events
in FV particle maturation. The HFV MSD seems to be spe-
cifically involved in this process since cells expressing chimeric
envelope mutants that were alternatively membrane anchored,
by using a GPI moiety or the MSD and CyD of a foreign
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retroviral envelope, failed to release HFV particles into the
supernatant. However, from our experiments it is not clear
whether the HFV MSD participates at the amino acid or the
structural level. Furthermore, structural changes of the dele-
tion or chimeric HFV envelope mutants could potentially ac-
count for their inability to support HFV particle egress, al-
though no major differences in precursor processing compared
to the still infectious mutants was observed. Interestingly, we
have identified one envelope chimera, HFME-2, with the HFV
MSD replaced by the corresponding domain of the MuLV
Env, that still showed efficient capsid membrane envelopment
and envelope incorporation at the intracellular compartments.
However, this mutant, like all of the others lacking the HFV
MSD, failed to support HFV particle release into the super-
natant. Therefore, it is tempting to speculate that for the first
step, i.e., the envelopment of the capsid structure by the lipid
bilayer, only certain structural requirements are necessary that
can be complemented by the MSD of a foreign Env protein in
the context of gpl130, whereas in the second step, i.e., the
transport of an enveloped HFV particle to the cell surface and
its release into the supernatant, a specific amino acid sequence
motif of the HFV MSD may be involved. The small vesicles in
the cytoplasm containing single, membrane-enveloped HFV
particles with spike-like structures, which were observed with
the HFME-2 mutant, may represent HFV particles blocked at
some point of their export from the cell. A transport block of
this particular mutant was also suggested by the pulse-chase
Endo H analysis.

In addition, we found that neither the wild-type ecotropic
MuLV envelope nor the wild-type VSV-G, which have been
shown previously to efficiently pseudotype other retroviral cap-
sids (22, 29), was able to overcome the block in particle release
of Env-deficient HFV vectors. This indicates that the HFV
gp130 contains unique information required for the HFV bud-
ding process. Furthermore, different chimeric envelope pro-
teins containing the extracellular domains of MuLV or VSV
and the HFV MSD and/or CyD of various lengths were also
unable to restore HFV budding into the supernatant when
cotransfected with an HFV vector. These results imply that the
HFV MSD and CyD, although essential, are not sufficient to
support HFV particle egress, at least to the extent analyzed.
Furthermore, they suggest that additional extracellular do-
mains of gp130 are required for these steps in HFV matura-
tion. A factor that might have an influence on this is the
oligomeric state of the HFV Env proteins. For some retroviral
Env proteins, such as the MuLV Env or the Rous sarcoma
virus Env, it has been shown that they form trimers and that
sequences within the extracellular domain of the TM subunit
are required for oligomerization (5). However, until now noth-
ing has been known about the oligomeric structure of HFV
gp130 or which regions of the HFV Env are required for
proper oligomerization. It is possible that the chimeric Env
proteins do not oligomerize correctly and therefore fail to
support HFV particle egress. Experiments are in progress to
address this question.

Baldwin and Linial (1) have reported the occurrence of
occasional membrane enveloped or budding HFV capsids in
BHK-21-derived FAB cells transfected with proviral clones
expressing a truncated Env protein. Using 293T cells trans-
fected with comparable Env-deficient constructs, we were un-
able to detect such HFV particles in previous experiments,
despite extensive examination (6). In addition, in the current
study with Env-negative HFV vectors alone or together with
various Env mutants defective in supporting HFV particle re-
lease into the supernatant, we were again unable to detect
HFV capsid membrane envelopment or intracellular budding.
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The only exception was the HFME-2 Env, although in samples
cotransfected with this mutant numerous membrane-envel-
oped and intracellularly budding HFV particles could be ob-
served (Fig. 5D and E). Furthermore, these particles had a
morphology similar to that of wild-type virus, including the
prominent surface spike structures.
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