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We have characterized the properties of the maedi-visna virus (MVV) glycoprotein, which has a long cyto-
plasmic C-terminal domain, and of a panel of C-terminally truncated and C-terminally chimeric MVV-Env
constructs. Cells expressing wild-type MVV glycoprotein form syncytia with target cells from many different
species and tissues, demonstrating that the MVV-Env cellular receptor is widely distributed. Similar to the
situation with other lentiviral glycoproteins, truncation of the C-terminal domain of MVV-Env significantly in-
creases its membrane fusion capacity. However, despite their presence in a fusogenic form at the cell surface,
neither the wild-type nor any of the C-terminally modified MVV-Env constructs, these latter lacking sterically
inhibitory C termini, were able to successfully pseudotype murine leukemia virus- or human immunodeficiency

virus-derived vector particles.

The molecular processes which play a role in determining
whether a particular surface glycoprotein can be incorporated
into the membrane of retroviral particles and mediate virus
infectivity are not yet entirely understood. Incorporation is not
restricted to the homologous glycoprotein, and pseudotyping
of retroviral vector particles can be achieved with a number of
heterologous glycoproteins (e.g., the glycoproteins of ampho-
tropic murine leukemia virus [MuLV-Env], vesicular stomatitis
virus [VSV-G], and gibbon ape leukemia virus give rise to high
vector titers on the order of 10° to 10° IU/ml). Further exam-
ples of pseudotyping include the use of the glycoproteins of
Ebola virus (45), lymphocytic choriomeningitis virus (27), and
fowl plague virus (hemagglutinin) (8, 13). Additionally, incor-
poration of several cellular glycoproteins into retroviral and
rhabdoviral particles has been demonstrated directly elsewhere
(1, 10, 14, 15, 25, 36, 47). In several instances in which the
incorporated proteins represent cellular receptors for virus
uptake, the pseudotyped virus particles were infectious for
cells expressing the respective viral glycoprotein (1, 10, 25, 36).
All of these results demonstrate that foreign C-terminal re-
gions on incorporated viral or cellular glycoproteins can be
compatible with retroviral particle infectivity. However, it is of
note that the naturally occurring C termini on these incorpo-
rable viral and cellular glycoproteins are usually relatively
short (in the range of 15 to 35 amino acids [aa]). In contrast to
most viral glycoproteins, which have only short C-terminal
domains, most lentiviral glycoproteins have long cytoplasmic C
termini (150 to 200 aa). The functions of these conserved
regions during wild-type virus infection have not been com-
pletely elucidated but may, in part, involve binding to calmod-
ulin (26, 40). Bulky heterologous C termini have been implicat-
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ed to be inhibitory to incorporation and pseudotyping in many
(15, 24, 37, 44) but apparently not all (18) cases. Thus, wild-
type human immunodeficiency virus (HIV) glycoprotein, with
its naturally occurring long C terminus (151 aa), was not able
to pseudotype murine retroviral vector particles, but a C-ter-
minally truncated mutant (7 aa) (43) was able to do so (24, 37).

Visna virus, referred to in this paper as maedi-visna virus
(MVYV), is the prototype virus of the family of Lentiviridae and
causes chronic pneumonia and/or a progressive demyelinating
disease in sheep. In common with most other lentiviral glyco-
proteins, the MVV glycoprotein has a very long cytoplasmic
domain (126 aa). We were thus interested in establishing
whether the MVV-Env C terminus would prevent incorpora-
tion of MVV glycoprotein into and pseudotyping of heterolo-
gous retroviral (HIV-like) particles by MVV glycoprotein and,
if so, whether this situation could be reversed by removing this
region. For this purpose, we have generated a panel of C-
terminally truncated and C-terminally chimeric MVV glyco-
proteins and analyzed their properties with respect to fusion
function toward different target cells and pseudotyping capa-
bility.

Expression of functional MVV-Env and distribution of its
cellular receptor. Plasmid pLV1-1KS1 (accession no. M60609
and M37977) (41) carries the entire proviral sequence of the
replication-competent MVV strain 1514. A fragment (nucleo-
tides 5401 to 9221), which contains the entire open reading
frames (ORFs) of the MVV env and rev genes, was inserted
into the eucaryotic expression vector pKEx (34) to yield pKEx-
MVVenvy, (Fig. 1A). Expression, in transfected 293T cells, of
MVV-Envy,, was analyzed by indirect immunofluorescence
employing sera from sheep infected with MVV. Already at
early time points posttransfection (p.t.) (24 h), transfected cells
showed bright fluorescent staining and, as occurs after infec-
tion of susceptible sheep choroid plexus cells with MVV (12),
large syncytia (Fig. 2A) were seen. This shows that the ex-
pressed MVV glycoprotein is functional and that human 293T
cells (30) express the cellular receptor for MVV-Env at the cell
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FIG. 1. MVYV constructs. (A) Genomic organization of MVV env
and rev. MVV env and MVV rey begin in frame at the same initiation
codon. The two rev exons are filled in black; the TMD region of the eny
gene is hatched. The border between the Env surface (SU) and trans-
membrane (TM) subunit is shown. (B) Relative positions of the C
termini of the truncated MVV glycoproteins within the amino acid se-
quence of the expanded C terminus are as indicated. The two tyro-
sine-based motifs representing potential endocytosis signals within the
C terminus of MV V-Env are underlined. (C) Amino acid sequences of
the C termini of chimeric MVV glycoproteins with the TMD of MV V-
Env. The C termini have been derived from HIV-Env,;;, and MuLV-
Env as indicated. The sequence of the MuLV R peptide is underlined.
The vertical dotted line demarcates the border between MVV and
heterologous sequences. (D) MVV-HIV chimeric constructs with the
TMD of HIV-Env. The vertical dotted line demarcates the border
between MVV and HIV sequences. The TMD of HIV-Env is vertically
striped. The position of the C-terminal truncation in MVV-HIV-11,-
pEnvy,;;,, with 7 remaining C-terminal amino acids, is indicated.

surface. This was an indication that the cellular receptor for
MVV-Env may be widely distributed, and in fact, transfection
experiments in a limited number of different cell lines con-
firmed that large syncytia were formed in most instances. HeLa
cells were, however, an exception, and transfected HeLa cells
expressing MVV-Env remained predominantly as single cells
(Fig. 2B). This allowed us to examine the distribution of the
MVYV cellular receptor in a coculture assay in which HeLa
cells, transfected with pKEx-MVVenv,,, were trypsinized from
the dish at 24 h p.t. and replated on glass coverslips with an
excess (approximately three times more) of potential target
cells. Twenty-four hours later, cocultured cells were subjected
to indirect immunofluorescence with sheep anti-MVV serum.
Figure 2C shows an example of cocultivation of MVVEnvy,-
expressing HeLa cells with COS-7 cells. The presence of multi-
nucleated syncytia showed that COS-7 cells (derived from
monkey kidney) express the MVV-Env cellular receptor. In
fact, in addition to 293T cells, human ECV (cardiovascular
endothelium) and A204 (muscle, ATCC HTB-82) cells, in ad-
dition to COS-7 cells, monkey Vero cells (kidney, ATCC CCL-
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81), sheep SCP cells (choroid plexus, ATCC CRL-1700), equine
ED cells (epidermal, ATCC CCL-57), hamster BHK cells (kid-
ney, ATCC CRL-10), murine NIH 3T3 cells (fibroblast, ATCC
CRL-1658), and chicken embryo fibroblast cells, formed multi-
nucleated syncytia on cocultivation with MV V-Env-expressing
HeLa cells. A further example of a cell line apparently lacking
the MVV cellular receptor (in addition to HeLa cells, which
show only weak membrane fusion) was HaCat cells. These are
spontaneously transformed human keratinocytes (2). With
these exceptions, MVV-Env appears to have a wide host range
and mediates membrane fusion with cells from many species
and tissues. Thus, the host range restriction of MVYV infection

A

FIG. 2. Membrane fusion capacity of wild-type and C-terminally
truncated MVV glycoprotein. The figure shows indirect immunofluo-
rescence (with anti-MVV serum) of 293T cells (A) or HeLa cells (B),
transfected with pKEx-MV Venvy,; cocultivation of HeLa cells trans-
fected with pKEx-MVVenvy,, (C) or pKEx-MVVenvy,,, (D) with an
excess of untransfected COS-7 cells; and indirect immunofluorescence
of 293T cells expressing with MVV-HIV-1,pEnvy4,, (plus MVV-
Rev) (E), MVV-Envy,, (F), MVVyp-MuLVEnv (plus MVV-Rev)
(G), and MVV-Envy,5s (H).
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is not likely to be due to a block at the level of receptor rec-
ognition and membrane fusion. In fact, it was previously shown
that a large input of infectious MVV particles can induce
syncytium formation in BHK cells, which are nonpermissive
for MVV replication (12). Previous studies have pointed to the
putative involvement of ovine major histocompatibility com-
plex class IT antigen as a component of the MVV-Env receptor
(6), a possibility that was not further examined here. However,
the results obtained demonstrate that if the major histocom-
patibility complex class II molecule is involved, its species
origin would not appear to be important for functionality as a
cellular receptor.

C-terminally truncated and C-terminally chimeric MVV-
Env constructs. Based on its hydrophobicity profile, the puta-
tive transmembranal domain (TMD) of the MV'V glycoprotein
has been proposed to extend from aa 832 to 863 (taking the
initiation methionine as aa 1), i.e., it is encoded by the se-
quence from nucleotides 8450 to 8545 (3). This means that the
cytoplasmic C-terminal domain contains 126 aa. An extensive
panel of MVV-Env molecules with different truncations at the
C terminus (schematically illustrated in Fig. 1B) was generated
by introduction of in-frame stop codons downstream of the
TMD sequence in pKEx-MVVenvy,, by fusion PCR technol-
ogy (16, 17). Additionally, in order to more easily identify
mutated plasmids, new restriction sites were introduced down-
stream of the respective stop codons. The resultant plasmids
were designated pKEx-MVVenv,, pKEx-MVVenv,,, pKEx-
MVVenv,,, etc. (Tr for truncated), indicating the presence of
0, 2, or 3 aa, etc., remaining at the cytoplasmic C terminus of
the respective mutant glycoproteins. The MVV env gene prod-
uct carries two tyrosine-based motifs (Y-X-X-¢ with X being
any amino acid and ¢ being L, I, F, V, or M) within the
cytoplasmic tail in close proximity to the lipid membrane
(illustrated in Fig. 1B). In other systems, such tyrosine motifs
have been implicated to be involved in endocytosis of the
respective surface protein (5, 29). It is important to note that
the different C-terminal truncations within the MVV-Env C
terminus result in gene products encoding no (MVV-Env Tr0,
Tr2, and Tr3), one (MVV-Env Tr7, Tr9, and Tr10), or both
(MVV-Env Trl15, Tr18, and Tr23) of these tyrosine-based mo-
tifs. Additionally, chimeric MVV-Env proteins carrying heter-
ologous cytoplasmic domains were generated again by fusion
PCR technology (16, 17). The C-terminal regions were chosen
to be those which are compatible with vector transduction by
HIV- or MuLV-derived vector particles. In pKEX-MVV -
HIV-lenvy,;,, the C terminus of the HIV-Env truncation
mutant Tr712 (43) was fused to the TMD of MVV-Env (Fig.
1C). This was achieved by inserting the appropriate sequence,
encoding 7 aa downstream of the MVV TMD sequence, and by
changing the following MVV-eny codon to a stop codon. In
PKEXx-MVV.\ip-MuLVeny, the entire cytoplasmic C terminus
of MuLV-Env, including the R peptide, has been fused to the
TMD of MVV and replaces downstream MVV-Env sequences
(Fig. 1C). This was chosen since MuLV-Env itself with this C
terminus has been shown elsewhere to efficiently pseudotype
HIV-derived vector particles (20, 28). Additionally, two further
MVV-HIV chimeras were generated in which both the TMD
and the C terminus of wild-type HIV-Env (in pKEx-MVV-
HIV-1ypenvy,) or of HIV-Envy,,, (in pKEx-MVV-HIV-
1rmpenvy71,) Were fused to the extracellular domain of
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MVV-Env, again replacing downstream MVV-Env sequences
(Fig. 1D). In all cases, the entire sequences of the cloned PCR
fragments were determined in order to confirm that only the
intended mutations were present. Finally, an expression vector
encoding MVV-Rev in the absence of Env, designated pKEx-
MV Vrev, was generated by introducing a large deletion (nu-
cleotide 7326 to 8106) into pKEx-MVVenvyy,.

Expression of truncated and chimeric MVV-Env glycopro-
teins. In the plasmids encoding truncated MVV glycoproteins
(Fig. 1B), the introduction of the premature stop codons, and
the diagnostic restriction sites downstream of these, resulted in
up to three amino acid changes in the overlapping rev ORF
(nucleotide 8549 to 8910 [7]) (Rev changes summarized in
Table 1). In the plasmids encoding the C-terminally chimeric
MVV glycoproteins, except in the case of pKEX-MVV. -
HIV-lenvr,,,, (see below), the second rev exon has been de-
leted. Thus, the expression of the different mutated MVV-eny
constructs was examined in the presence and absence of addi-
tional MVV-Rev coexpression from pKEx-MVVrev. Figure
3A, upper and middle panels, shows wild-type and C-termi-
nally truncated MV'V glycoproteins (the constructs depicted in
Fig. 1B), immunoprecipitated with sheep anti-MVV serum,
from lysates and culture supernatants of transfected cells, met-
abolically labeled for 5 h at 48 h p.t., as described previously
(31). Additional Rev protein has been provided from pKEx-
MV Vrev. In all the cell lysates, predominant bands, migrating
at the position of the glycoprotein precursor (approximately
159kDa) (Pr-MVV-Envy,,) or slightly faster (in the cases of the
truncated constructs, consistent with the absence of 103 to 126
cytoplasmic aa in these cases), were observed. In most exper-
iments, no distinct radioactive species, migrating at the posi-
tion of the MVV surface glycoprotein (MVV-Env-SU), could
be observed in the cell lysates. In contrast, in all the culture
supernatants, only single bands migrating at the position of
MVV-Env-SU (approximately 124kDa) were immunoprecipi-
tated (Fig. 3A, middle panel). This indicates that proteolytic
processing of Pr-MVV-Env (wild type and truncated) has oc-
curred and that most of the generated SU has been shed into
the culture supernatant. Quantitation of radioactivity in the
respective bands indicates that the ratio of MVV-Env-SU to
Pr-MVV-Env is similar for the wild type and most of the
C-terminally truncated mutants (SU represents about 25% of
the total MVV-Env present in cells plus culture supernatant).
As shown in Fig. 3A, bottom panel, expression of all the C-
terminally truncated MVV glycoproteins occurred in the ab-
sence of additional MVV-Rev expression. Quantitation of ra-
dioactivity in the respective bands indicates that, in all cases,
the amounts of expressed MVV glycoproteins were not signif-
icantly altered whether MVV-Rev was coexpressed or not.
Some of the changes in the domain affected by the mutations
(Rev aa 50 to 72 [Table 1]) are nonconservative and also
involve residues which are conserved between HIV-Rev and
MVV-Rev (42). Thus, this region, which lies N-terminal to the
functionally important basic domain, may not be critical for
MVV-Rev function (at any rate as measured by expression of
MVV-Env protein) and may thus be able to tolerate amino
acid changes. In all experiments, there was a reproducible
trend that MVV-Env,,, and MVV-Env,,, were expressed to
higher levels than was MVVenvy,.

As was to be expected, expression of the chimeric MVV
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TABLE 1. Properties of the different C-terminally truncated and chimeric MVV glycoproteins

MVV glycoprotein MVV-Rev amino acid changes® Rev¢ Syncytium formation? Pseudotyping”
MVV-Envy, None - + -
MVV-Envy,, (L49L) - —/+ -
MVV-Envy,, Q50D, S52C - —/+ -
MVV-Env; Q50L, (A51A), (S52S) - + -
MVV-Envy, A54V, Q56L - ++ -
MVV-Env,, Q56L, I5S7R, T59P - ++ -
MVV-Envy,, Y58N, N61T - ++ -
MVV-Envy,s S611, (G63G), D64F - ++ -
MVV-Envy, g R651, T67F - ++ -
MVV-Envy,,s (1701), G728 - + -
MVV yp-HIV-1-Enve,5 None” + + -
MVV vp-MuLV-Env Deleted + + -
MVV-HIV-11yp-Envy, Deleted + - -
MVV-HIV-11yp-Envygq, Deleted +

VSV-G

++ (low pH)* 10°-10° TU/ml

“ Amino acid changes in Rev resulting from the mutations in the env ORF. Parentheses indicate the presence of mutations which do not result in an amino acid

change.

? No Rev amino acid changes but changes in the vicinity of the rev splice acceptor site (see text).
¢ Requirement (+) or no requirement (—) for Rev expression from pKEx-MV Vrev.
4 —_ only single MVV-expressing cells; —/+, predominantly single MV V-expressing cells and a few small syncytia; +, syncytia with an average of 15 nuclei; ++, large

syncytia containing >15 nuclei, often involving the whole culture.
¢ Syncytia observed after treatment of transfected cells with low pH.

/ Pseudotyping was measured as the ability to mediate transduction of MuLV- or HIV-derived vectors carrying the B-galactosidase reporter gene. e, no. titer.

glycoproteins with heterologous C termini (these are schemat-
ically depicted in Fig. 1C and D) is strictly dependent on
coexpression of additional MVV-Rev (Fig. 3B). Thus, only on
cotransfection of pKEx-MVVrev could predominant bands,
migrating at the positions of the respective glycoprotein pre-
cursors, be observed in the cell lysates and cleaved MVV-
Env-SU be observed in the culture supernatants. In the case
of pPKEx-MVV-HIV-1/penvy,, a weaker band of precursor
glycoprotein could also be observed in the culture superna-
tant. The two constructs with the TMD of HIV-Env (encod-
ed by pKEx-MVV-HIV-1\/penvy, and pKEx-MVV-HIV-
1 rmp€nvr712) Were reproducibly expressed to higher levels
than were the other C-terminally chimeric MVV-Env proteins.
As mentioned above, in the case of pKEXx-MVV.,p-HIV-1
env-,-,, the second rev exon has not been deleted and, in fact,
the amino acid sequence of the Rev ORF has actually not been
changed. However, seven heterologous codons and a point
mutation have been introduced 3 and 2 nucleotides upstream
of the rev exon 2 splice acceptor site, respectively, which per-
haps interferes with splicing required for production of mRNA
for Rev.

Increased membrane fusion capacity of C-terminally trun-
cated MVV-Env glycoproteins. Indirect immunofluorescence
of 293T cells transfected with the vectors encoding the trun-
cated and chimeric MVV-Env proteins demonstrated that
these resulted in different levels of membrane fusion (Fig. 2E
to H). pKEx-MVV-HIV-1penvy, and pKEx-MVV-HIV-
1 rmpeNVr,712, With the TMD of HIV type 1 (HIV-1)-Env, did
not result in syncytium formation at all (Fig. 2E), and cells
expressing MVV-Env.,, and MVV-Env,,,, with 0 and 2 C-
terminal aa, respectively, also remained predominantly as sin-
gle cells with some few, very small, syncytia (Fig. 2F). This is
not simply the result of gross malfolding and retention in the
endoplasmic reticulum, since all of these proteins were pro-
teolytically cleaved (Fig. 3), a process which occurs in a late
compartment of the Golgi complex. Lack of fusion in the cases

of pKEx-MVV-HIV-1\penvy, and pKEx-MVV-HIV-1,up
env,,, could indicate that the TMD of MVV-Env is required
during the processes leading to membrane fusion either di-
rectly or by influencing the conformation of the extracellular
domain. On the other hand, it is conceivable that the deduced
dimensions of the MVV-Env TMD (MVV-Env aa 832 to 863),
which were determined only by analysis of the hydrophobicity
profile of MVV-Env (3), are too large. In this case, the re-
placement of the deduced MVV-Env TMD region with the
TMD of HIV-1 would lead to the deletion of a few amino acids
in the extracellular domain of MVV-Env which may be re-
quired for membrane fusion function. In the case of the trun-
cation mutants, MVV-Env,,, and MVV-Env,,,, it is possible
that the lack of at least a certain minimal size of cytoplasmic C
terminus is in some way detrimental to functional glycoprotein
folding at some stage in the fusion process. All of the other
MVV-Env glycoproteins resulted in the formation of large
syncytia. MVV-Envy,5, MVV-Envy.,5, and the two chimeric con-
structs, MVV\ip-HIV-1Env,.,,, and MVV yp-MuLVEnv,
formed syncytia with sizes approximately the same as those
formed by MVVEnvy, (Fig. 2G). It is of note that the MuLV-
Env cytoplasmic domain present in MVV yp,-MuLV-Env
contains the MuLV R-peptide sequence (Fig. 1C). This region
has been shown previously to prevent membrane fusion both in
the homologous context (i.e., MuLV-Env) and in a chimeric
simian immunodeficiency virus glycoprotein containing the cy-
toplasmic C terminus of MuLV-Env (46). Nevertheless, 293T
cells expressing MVV \,p-MuLV-Env were still able to form
multinucleated syncytia, perhaps indicating that this region is
not functional in the context of MVV ,p-MuLV-Env or that
the strong fusion potential of truncated MVV-Env is partially
overcoming the inhibitory effect of the R peptide. The remain-
ing C-terminally truncated MVV-Env proteins (Tr7, Tr9, Tr10,
Trl5, and Trl8) all formed larger syncytia than did MVV-
Envy, (Fig. 2H). In an experiment parallel to that shown in
Fig. 2C for MVV-Envy,,, Fig. 2D shows syncytium formation



552 NOTES

A
1 2 3 45 6 7 8 910
PrMVVEnv,,, —_
~_ . - 207
PrMVVEn?, — 121
— 207
MVVSU — - - e e e e 121
— 81
PrMVVEnVQ — 207
- "-*n
PrMVVEnv,, —11
B
1 2 3 4 5 6 7 8 9 10 — 207
PrMVV
Env;., {E'!--
— 121
MVV SU — - -
— 81
1 I 2 | 3 | 4
MVVRev + — |+ — [+ - |+ - o5
PrIMVV [ —
Env,,. {= ' ’ ™ - _m
— 81

FIG. 3. Analysis of wild-type and modified MVV glycoproteins.
(A) Gel electrophoresis and autoradiography of immunoprecipitates
from cell lysates (top and bottom panels) and culture supernatants
(middle panel) of 293T cells transfected with plasmids encoding wild-
type and C-terminally truncated MVV-Env in the presence (top and
middle panels) and absence (bottom panel) of cotransfection with
pKEx-MVV-rev. Lane 1, wild-type MVV-Env; lanes 2 to 10, truncated
MVV-Env proteins Tr0, Tr2, Tr3, Tr7, Tr9, Trl10, Trl5, Trl8, and
Tr23, respectively. The exposure time of the top panel is shorter than
that of the middle and bottom panels. No sample has been applied in
lane 4, bottom panel, but it was confirmed in further experiments that
MVV-Env is also equally expressed in the absence of additional
MVV-Rev. (B) (Top panels) Gel electrophoresis of immunoprecipi-
tates from cell lysates (left) and culture supernatants (right) of 293T
cells transfected with plasmids encoding C-terminally chimeric MVV-
Env in the presence of pKEx-MVV-rev. Lanes 1 and 6, MVV-HIV-
1rmpENnvy715; lanes 2 and 7, MVV-HIV-1,,,Envy,; lanes 3 and 8§,
MVV up-MuLVEny; lanes 4 and 9, MVV,p-HIV-1Env,;,; lanes
5 and 10, mock transfection. The right panel has been exposed longer
to film than has the left panel. (Bottom panel) Gel electrophoresis of
immunoprecipitates from cell lysates of 293T cells transfected with (+)
and without (—) pKEx-MVV-rev and pKEx-MVV-HIV-1\;p,Envy5
(lanes 1), pKEx-MVV-HIV-1pEnvy, (lanes 2), pKEX-MVV -
MuLVEnv (lanes 3), and pKEx-MVVp,-HIV-1Envy,,,, (lanes 4).
The positions of the respective MVV-Env components are given on
the left, and those of molecular weight markers (in thousands) are
given on the right.

between HeLa cells expressing one of these mutants (MVV-
Envy,) and COS-7 cells. On average, three times as many
nuclei are present per syncytium. This is analogous to the
situation with HIV-Env (43) and simian immunodeficiency
virus Env (33), in which cases truncation of the respective C
termini also increased Env-mediated membrane fusion capac-
ity. The properties of the different MVV-Env constructs are
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summarized in Table 1. It is worth noting that, in the metabolic
labeling experiment described above, those proteins, which do
not result in efficient syncytium formation, were more strongly
labeled, indicating expression to higher levels.

As indicated above, the different truncations within the
MVV-Env C terminus result in the removal of one or both of
the tyrosine-based motifs within this region. However, we
could not discern any correlation between the properties of the
different constructs and the presence or absence of these mo-
tifs.

Pseudotyping retroviral vector particles with truncated and
chimeric MVV-Env glycoproteins. Since several of the C-ter-
minally truncated and C-terminally chimeric MVV-Env con-
structs were functionally present at the cell surface and carried
C-terminal domains which should not be sterically inhibitory, it
was of interest to examine whether they could pseudotype
retroviral vector particles. For the generation of murine retro-
viral particles, the packaging construct pSV-¥-MLV-env- (21)
and the MuLV vector pBAG (32) encoding p-galactosidase
were employed. For the generation of HIV-1-derived lentiviral
particles, the packaging construct pCMV D8.91 and the HIV-
derived vector pHR-CMVlacZ SIN18 (49) were employed.
The respective constructs were transiently transfected into
293T cells and plasmids, encoding the individual glycoprotein
under analysis, supplied by cotransfection. Culture superna-
tants, containing potentially pseudotyped vector particles (in
the case of HIV-derived particles normalized by enzyme-
linked immunosorbent assay for HIV-CA), were applied to
fresh 293T cells as targets. Both VSV-G (49) and MuLV-Env
(38), employed as positive controls, gave rise to high vector
titers (in the range of 10° to 10° IU/ml). In our initial pseudo-
typing experiments with murine retroviral vectors, we recon-
firmed, as described previously (24, 37), that pseudotyping with
C-terminally truncated HIV-Env,,,,, with 7 instead of 151 aa
at its cytoplasmic C terminus, but not with wild-type HIV-Env,
resulted in transduction of appropriate CD4-positive target
cells (data not shown). In the cases of pseudotyping with the
different MVV-Env constructs, only very small numbers of
cells expressing the marker gene (B-galactosidase), reflecting a
titer of maximally 100 to 300 IU/ml, could be observed. How-
ever, these B-galactosidase-positive cells lost marker gene ex-
pression on passage, showing that the B-galactosidase gene had
not been stably integrated in the cell genome, as is the case
after genuine retrovirus-mediated transduction. It is possible
that the low numbers of cells, showing transient expression of
B-galactosidase, are the result of gene transfer mediated by
membrane vesicles, as has been reported elsewhere to occur
with VSV-G (35). It is of note that, in the cases of MVV -
MuLV-Env and MVV\pr-HIV-1Envy,,,,, the respective C
termini have proven, in the context of the respective homolo-
gous glycoprotein, to be compatible with both MuLV- and
HIV-derived vector particle systems (23, 28, 37). In fact, a
similar strategy, i.e., transfer of the C-terminal domain of
MuLV-Env to a heterologous glycoprotein, has been shown
elsewhere to improve pseudotyping of MuLV-derived vector
particles with the glycoprotein of human foamy virus by a
factor of 10 to 30 (22). The MuLV R peptide does not interfere
with infectivity in the HIV system, since it can be proteolyti-
cally processed by the HIV-1 protease (20). However, despite
these potentially advantageous properties, the results obtained
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show that there has been no genuine transduction at all by
vector particles pseudotyped by any of the MVV-Env con-
structs.

Incorporation of MVYV glycoproteins into HIV-like particles.
In order to gain insight as to why the MVV-Env constructs
have failed to pseudotype retroviral vector particles, incorpo-
ration analysis of wild-type MVV-Env, MVV-Env., and
MVV up-MuLV-Env into HIV-like particles was performed.
All of these glycoproteins are membrane fusion competent,
and the C termini of MVV-Env,,, and MVV ,,-MuLV-Env
should potentially be sterically compatible with incorporation.
pKEx-Tr-EGFR, expressing C-terminally truncated human ep-
ithelial growth factor receptor (Tr-EGFR), which is efficiently
incorporated into HIV-like particles (15), was additionally em-
ployed as a positive control. HIV-like particle expression was
achieved by employing pKEx-HIVAEnv3, which encodes all
of the HIV-1 genes except nef and env (14). After metabolic
labeling of cells, transfected with expression vectors for the
respective glycoproteins with or without pKEx-HIVAEnv3, for
16 h at 32 to 48 h p.t., culture supernatants were clarified by
filtering through a 45-pm-pore-size filter and centrifuged
through a cushion of 32% sucrose for 3 h at 200,000 X g.
Figure 4A shows electrophoresis of immunoprecipitated gly-
coproteins and of HIV-CA, employing rabbit antiserum di-
rected against the HIV-1 capsid protein (CA), p24, from cell
lysates and confirms that the expression levels of the respective
glycoproteins were comparable. Figure 4B shows direct anal-
ysis, without immunoprecipitation, of equal amounts, as deter-
mined by enzyme-linked immunosorbent assay detecting
HIV-CA (Innogenetics, Ghent, Belgium), of centrifuged virus-
like particles. Radioactive CA can be observed in all cases in
which pKEx-HIVAenv3 has been expressed and Tr-EGFR can
be seen to have been efficiently incorporated. However, no
specific bands representing MVV-Envy,,, MVV-Envy,,,, or
MVV. up-MuLV-Env can be observed at all. This is also not
the case after specific immunoprecipitation of the viruslike
particles with anti-MVV serum and long exposure of the gel,
indicating that incorporation of these components, if it occurs
at all, is below the detection level of the methodology used
here. As illustrated in Fig. 3, in common with many other
retroviral glycoproteins, there is shedding of the MVV-SU
protein into the medium. In fact, MVV-SU shedding is very
pronounced, since MVV-SU could not be clearly seen in the
cell lysates at all. Shedding could thus be the reason for the
failure to detect MVV-Env-SU in particles. It is, however,
clear that enough SU subunit remains attached to the TM
subunit on the surface of MVV-Env-expressing cells (and this
would presumably also be the case for released virions), since
these form large syncytia. The fact that no radioactively labeled
MVV-Env-TM moieties (neither wild type nor truncated)
could be directly detected in virus particles is in line with the
fact that, in our hands, it is also very difficult to directly detect
metabolically labeled HIV-Env-TM (gp41) in infectious HIV
particle preparations (data not shown). This may indicate that
lentiviral glycoproteins are, in fact, incorporated only in low,
but, in the case of HIV, obviously sufficient, amounts into
particles. As described above, MVV-Env results in the induc-
tion of syncytia in transfected cells, and we considered the
possibility that this potentially cytotoxic situation may have a
general negative influence on glycoprotein incorporation into
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FIG. 4. Analysis of the incorporation of MVV glycoprotein into
HIV-like particles. (A) Gel electrophoresis of immunoprecipitates
from lysates of cells transfected with pKEx-MVV-rev and pKEx-
MVVenvy, (lanes 1), pKEx-MVVenvy,s (lanes 2), pKEx-EGFR-Tr
(lanes 3), and pKEx-MVVp\n-MuLVEnv (lanes 4) with (+) or with-
out (—) pKEx-HIVAenv3 encoding HIV-1 Gag. (Upper panel) Immu-
noprecipitation of glycoprotein (anti-MVV-Env, lanes 1, 2, and 4; anti-
EGFR, lanes 3); (lower panel) immunoprecipitation with anti-CA. (B)
Electrophoresis (no immunoprecipitation) of the pellets obtained on
centrifugation of culture supernatants of cells transfected as in panel
A. The positions of the respective protein components are given on the
left, and those of molecular weight markers (in thousands) are given
on the right.

virus particles. To examine this, we analyzed incorporation of
Tr-EGFR into particles released from cells additionally ex-
pressing either MVV-Envy,,, or MVV.,n,-MuLV-Env. In
both cases, specific incorporation of Tr-EGFR could be de-
tected. In the case of coexpression of MVV-Env,,,, incorpo-
ration of Tr-EGFR was reduced by a factor of 5 to 10, pointing,
indeed, to a negative influence of the large syncytia generat-
ed by this construct. However, in the case of coexpression
of MVV. \p-MuLV-Env, which results in the formation of
smaller syncytia, similar to those induced by MVV-Envy,, the
amount of incorporated Tr-EGFR was not significantly af-
fected (data not shown). The reasons which can account for a
failure of incorporation of surface glycoproteins lacking steri-
cally inhibitory C termini are the subject of speculation and
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present investigation. Interactions of such glycoproteins with
other cellular components may prevent incorporation either
sterically or by directing the localization of the respective gly-
coprotein to a cell surface location distinct from the virus par-
ticle assembly site (14). In fact, Johnson et al. (19) have dem-
onstrated that HIV glycoprotein constructs, which fail to be
incorporated into VSV particles, do not localize with budding
VSV.

It is, however, of note that there have been reports of high
titers of pseudotyped retroviral particles (spleen necrosis virus
vector particles) in the absence of detectable particle-associ-
ated glycoprotein (4). Thus, we have to also consider the pos-
sibility that low, but potentially sufficient, amounts of the
MVV-Env constructs have been incorporated into particles but
that these are not detectable with our methods. In this case, the
lack of pseudotyping potential would demonstrate that the
respective glycoprotein cannot mediate all the steps required
for virus uptake into the target cell. In this context, it is of note
that, apart from HIV-Env,,,,, which is functional in mediat-
ing HIV-1 infectivity at least in certain cell lines, numerous
further C-terminally truncated HIV-Env constructs are unable,
or only very poorly able, to do so (9, 11, 44, 48). This is so
although many of the described C-terminally truncated HIV
glycoproteins are able to induce cell-cell fusion and are incor-
porated into virions. This means that, in addition to a putative
requirement for short length for pseudotyping, the exact na-
ture of the cytoplasmic region may be important in determin-
ing if a particular glycoprotein can mediate infectivity in the
homologous (i.e., same virus) as well as in the heterologous
(pseudotyping) context. The simplest explanation for this lack
of function would be that, in the context of the viral membrane,
in which the artificial C terminus is located in close proximity
to the viral matrix layer, there are detrimental effects on the
conformation of the extracellular domain at some stage in the
fusion process. Several studies report on the effects of cyto-
plasmic C termini on the conformation of the extracellular
domains of surface glycoproteins (e.g., see reference 39). On
the other hand, although less easy to envisage, it is possible
that membrane fusion is mediated normally by the viral glyco-
proteins with artificially truncated C termini but that infection
is blocked at a subsequent step. Our present studies are aimed
at distinguishing between these possibilities.
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