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Mice expressing the Fv-4 gene are resistant to infection by ecotropic murine leukemia viruses (MuLVs). The
Fv-4 gene encodes an envelope (Env) protein whose putative receptor-binding domain resembles that of
ecotropic MuLV Env protein. Resistance to ecotropic MuLVs appears to result from viral interference involv-
ing binding of the endogenously expressed Fv-4 env-encoded protein to the ecotropic receptor, although the
immune system also plays a role in resistance. The Fv-4 env-encoded protein is processed normally and can be
incorporated into virus particles but is unable to promote viral entry. Among the many sequence variations
between the transmembrane (TM) subunit of the Fv-4 env-encoded protein and the TM subunits of other MuLV
Env proteins, there is a substitution of an arginine residue in the Fv-4 env-encoded protein for a glycine residue
(gly-491 in Moloney MuLV Env) that is otherwise conserved in all of the other MuLVs. This residue is present
in the MuLV TM fusion peptide sequence. In this study, gly-491 of Moloney MuLV Env has been replaced with
other residues and a mutant Env bearing a substitution for gly-487 was also created. G491R recapitulates the
Fv-4 Env phenotype in cell culture, indicating that this substitution is sufficient for creation of an Env protein
that can establish the interference-mediated resistance to ecotropic viruses produced by the Fy-4 gene. Analysis
of the mutant MuLV Env proteins also has implications for an understanding of the role of conserved glycine

residues in fusion peptides and for the engineering of organismal resistance to retroviruses.

The mouse Fv-4 gene controls susceptibility to infection by
ecotropic murine leukemia viruses (MuLVs) but does not af-
fect susceptibility to other MuLV subgroups (20, 32, 47, 51).
The Fv-4 locus is an endogenous defective provirus that con-
tains the end of the pol gene, a complete env gene, and a 3’
long terminal repeat that resembles the ecotropic MuLV ge-
nome (14). The env gene product shares amino acid sequence
identity with the Env proteins of the ecotropic Cas-Br-E (90%
identity) and Moloney (70% identity) MuLVs (Mo-MuLVs)
(29). MuLV envelope (Env) proteins consist of two subunits,
SU (surface protein) and TM (transmembrane protein). The
sequence of the putative receptor-binding site of Fv-4 SU is
highly similar to that of the ecotropic MuLVs (5, 27, 29), which
bind to a receptor present on rodent cells (1). Cells carrying
the Fv-4"-encoding allele produce cell surface antigens immu-
nologically related to ecotropic MuLV Env proteins but do not
produce ecotropic infectious MuLV (15, 16, 50).

The basis of the resistance to infection by ecotropic viruses
conferred by the Fv-4 gene remains a controversial subject.
The immune response has been suggested to play a subsidiary
(25) or, more recently, a dominant (12, 51) role in resistance,
although the mechanism is incompletely defined. It is never-
theless probable that viral interference is an important com-
ponent of the lack of susceptibility of Fv-4" mice to infection by
ecotropic MuLVs (16, 17, 25). The phenomenon of retroviral
interference (40, 44, 45) dictates that a cell productively in-
fected by a retrovirus is infected much less efficiently by the
same retrovirus or by a retrovirus that utilizes the same recep-
tor for entry, although it can be infected readily by retroviruses
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that employ a different receptor. This interference is the result
of the binding of the endogenous retroviral Env protein to the
cellular receptor so that it is unavailable for interaction with
Env protein on exogenous virus that uses the same receptor to
enter cells. The binding of ecotropic MuLV SU and the cellu-
lar receptor probably occurs intracellularly (23). An article that
suggested that release of Fv-4 SU from a cell and its subse-
quent binding to the ecotropic receptor on cell surfaces was at
least partially responsible for Fv-4-mediated interference (30)
has been retracted (31).

We have approached these issues by investigating the amino
acid sequence and biochemical basis of the Fv-4 phenotype in
the context of our knowledge concerning the function of other
ecotropic MuLV Env proteins. During the progress of the
Mo-MuLV Env protein through the secretory system, it forms
a trimer (21) and is subsequently proteolytically processed into
two subunits (10, 49), gp70 (amino acids 34 to 468) and p15E
(amino acids 470 to 665), that are linked through a disulfide
bond (33, 35, 36). Once the Env protein has reached the
surface of a cell, it is incorporated into a budding type C
retroviral particle. The gp70 subunit (SU) is on the outside of
the particle, whereas the pl15E protein (TM) possesses an
extraparticle domain, a membrane-spanning domain, and a
35-amino-acid domain that resides within the particle (34).
The TM protein possesses, at its amino terminus, a sequence
that is believed to encode the fusion peptide, which, upon
exposure, promotes the first steps in the membrane fusion
process that occurs during viral entry (19, 52). The membrane-
spanning domain of TM has recently been shown also to par-
ticipate in the process of membrane fusion (48). During a late
stage of viral particle maturation, the carboxy-terminal 16
amino acid residues of the p15E protein are removed by the
retroviral gag-pol-encoded protease, resulting in a 12-kDa Env
TM protein (3, 9, 10, 22, 42, 43, 46). The Env protein present
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Fv-4 479 EPVSLTLALLLGGLTMGGIAARVGTGT 505
Cas-Br-E 466 EPVSLTLALLLGGLTMGGIAAGVGTGT 492
Moloney 470 EPVSLTLALLLGGLTMGGIAAGIGTGT 496
Xenotropic 444 EPVSLTLALLLGGLTMGGIAAGVGTGT 470

4070A (Ampho) 459 EPVSLTLALLLGGLTMGGIAAGIGTGT 485

FIG. 1. Amino acid sequence of the Fv-4 fusion peptide at the
amino terminus of TM compared to those of other MuLVs (GenBank
accession numbers 387149, 58830, 119478, 332083, and 332027, respec-
tively). The residues that were mutated are in light gray.

on the membrane of an infected cell is therefore structurally
different from that found in a mature particle. Removal of the
carboxy-terminal region activates the Env so that it is capable
of fusing membranes in a receptor-dependent fashion (38, 39).
It has been proposed that the binding of SU to the cellular
receptor results in a thiol-disulfide exchange reaction leading
to the elimination of the cystine bridge between the SU and
TM subunits and consequent exposure of the TM fusion pep-
tide that promotes membrane fusion and viral entry (35, 41).

Through the construction of a recombinant Mo-MuLV bear-
ing the Fv-4 env gene, it was determined that the Fv-4 env-
encoded protein is expressed, processed, and incorporated into
Mo-MuLV particles at normal levels (29). However, recombi-
nant virus bearing the Fv-4 env-encoded protein was not infec-
tious (29). Investigations of the infectiousness of recombinant
Mo-MuLVs bearing Env proteins that were chimeras of the
Fv-4 and Mo-MuLV Env proteins indicated that the major
source of the defect in the Fv-4 env-encoded protein was lo-
cated in Fv-4 env TM, although there was a reduction in in-
fectiousness when the carboxy-terminal half of the chimeric
Env proteins originated from Fv-4 env SU (29).

Although there are 18 amino acid differences between the
Fv-4 and MuLV TM proteins, we focused on an arginine res-
idue encoded by the Fv-4 env gene that is conserved as a
glycine residue (gly-491 in Mo-MuLV Env) in the TM proteins
of all of the other MuLV TM proteins (Fig. 1). This residue lies
near the amino terminus of TM in the putative fusion peptide
(19, 52). The fusion peptides of viral glycoproteins are apolar,
and those at the amino-terminal ends of the fusion protein also
tend to be glycine rich. Although the actual biophysical role of
the fusion peptide is controversial (2, 4), its apolar character is
believed to be essential for interaction with the target cellular
membrane and the consequent membrane perturbation that
leads to fusion. Our hypothesis was that replacement of gly-491
with an arginine residue would disrupt the promotion of mem-
brane fusion. Although other differences in the sequence of the
Mo-MuLV and Fv-4 Env proteins might contribute to the
Fv-4" phenotype, our analysis suggested that the single substi-
tution would be sufficient to give the Mo-MuLV Env protein a
defect similar to that of the Fv-4 Env protein in cell culture
experiments.

Our experiments also addressed the actual roles of gly-491
and the nearby conserved residue gly-487 in fusion peptide
function. The role of the glycine residues in fusion peptides
that are present at the amino termini of viral TM proteins that
promote fusion is incompletely understood (4). In any repre-
sentation of the Mo-MuLV TM fusion peptide as an a-helix,
there is no segregation of the glycine residues to a particular
face. This indicates that previous suggestions about the roles of
the glycines in helix packing or about the role of the fusion
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FIG. 2. Analysis of processing (A) and incorporation into virus
particles (B) of the various mutant Mo-MuLV Env proteins in gpGFP
cells. gpGFP cells expressing the mutant Env proteins were labeled
with [*S]cysteine-[**S]methionine, and the cell lysate (A) and viral
supernatant (B) were immunoprecipitated with antibody against SU.
An analysis of cell lysate and virus from gpGFP cells transfected with
the wild-type (w.t.) Env plasmid or mock transfected (—) is also pre-
sented. At the left is indicated the position of SU (70 kDa).

peptide hydrophobic moment (4) may not be applicable to the
TM fusion peptide.

The processing and function of mutant Mo-MuLV Env pro-
teins with gly-491 replaced with either an alanine, an arginine,
or a serine residue and of one with gly-487 replaced with an
alanine residue were studied. Mutagenesis of Mo-MuLV env
was performed on env-containing subclones of pMOVWY- (28)
in pTZ18U by utilizing the Bio-Rad Muta-Gene Phagemid
Mutagenesis Kit (48). The Mo-MuLV Env proteins were ex-
pressed from pLTRSDSA, a vector that contains the Mo-
MuLV long terminal repeat enhancer and promoter and en-
codes the Mo-MuLV splice donor and acceptor sequences and
the simian virus 40 polyadenylation addition signal (48). The
vector expressing the wild-type Mo-MuLV Env protein is
penvlmin (48), whereas those expressing the mutant Env
proteins are referred to as penvlG491A, penvliG491R,
penvlG491R, and penv1G487A. Expression and processing of
the G491A, G491R, and G491S Env proteins in gpGFP cells
(PNX cells, a second-generation 293T-based retroviral pack-
aging cell line transfected with MFG.S-GFP-S65T, a retroviral
vector encoding the Aequorea victoria green fluorescent pro-
tein S65T mutant [48]) equivalent to that of the wild-type Env
protein were observed through radioimmunoprecipitation as-
says, whereas slightly reduced levels of the G487A Env protein
were detected (Fig. 2A). Normal incorporation of the G491A,
G491R, and G491S Env proteins into recombinant retroviral
particles produced by the gpGFP cells was also observed,
whereas incorporation of G487A Env was reduced (Fig. 2B).

The ability of the mutant Env proteins to bind to the cellular
receptor was determined by testing their function in an inter-
ference assay utilizing stable clones of NIH 3T3 cells express-
ing the mutant env genes (48). Medium from E86 nlslacZ cells,
which produce replication-defective Mo-MuLV retrovirus that
confers nucleus-localized B-galactosidase expression on in-
fected cells (48), was incubated with stable NIH 3T3 Env-
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FIG. 3. Normal processing of mutant Env proteins in NIH 3T3
cells. NIH 3T3 cells expressing mutant Env proteins labeled with
[**S]cysteine-[*S]methionine and immunoprecipitated with antibody
against SU. GP+E-86 cells were used as the positive control for wild-
type (w.t.) Env protein expression, while NIH 3T3 cells were used as
the negative control (—). At the left are indicated the positions of
wild-type uncleaved SU plus TM (85 kDa) and SU (70 kDa). There
was a cross-reactive protein in the cell lysate that migrated slightly
slower than SU plus TM (85 kDa).

expressing clones, which were established as previously de-
scribed (48). The susceptibility of these cells to superinfection
was measured by staining with 5-bromo-4-chloro-3-indolyl-B-
D-galactopyranoside (X-Gal), a synthetic substrate of (3-galac-
tosidase. A reduction in the number of X-Gal-stained cells
indicates that the expressed mutant Env protein is able to bind
to the cellular receptor. Cells expressing G491R had a 13-fold
reduction in susceptibility to transduction, similar to cells ex-
pressing the wild-type Env protein. Cells expressing G491A
Env had a 10-fold reduction in susceptibility, whereas those
expressing the G491S and G487A Env proteins had a fivefold
reduction. The extent of interference roughly correlates with
the level of Env protein expression in the transfected NIH 3T3
cells (Fig. 3). Of central importance is the fact that G491R Env
can confer wild-type levels of interference.

The transduction capacity of recombinant viruses bearing
the mutant Env proteins produced by gpGFP cells was mea-
sured by flow cytometry as previously described (48). Virus
particles bearing the G491A, G491S, or G487A Env protein
were able to promote viral transduction at levels similar to
those of virus bearing wild-type Env, whereas virus bearing the
G491R Env protein was completely defective (Table 1).

In order to examine the abilities of the various mutant Env
proteins to promote receptor-mediated-membrane fusion, syn-
cytium assays were carried out. NIH 3T3 cells, which possess

TABLE 1. Analysis of the abilities of mutant Env proteins to
promote membrane fusion and viral entry

Env protein or cell type Syncytium formation® Virus titer”

G491A 69 £6 (1.0 = 0.1) x 10°
G491R <0.2 <5.0 X 10?
G491S 91 =19 (9.9 =5.0) x 10*
G487A 46 £ 10 (9.8 = 1.9) x 10*
Wild type 100¢ 1.0 x 10°
Cells not expressing Env <0.2 <5.0 X 10?

“NIH 3T3 cells were transiently transfected with plasmids encoding Env
proteins lacking the last 16 amino acids, and syncytia were counted 48 h post-
transfection. Data are the averages of three independent experiments.

b Virus titer is given as transducing units per milliliter. Data are the averages
of three independent experiments.

¢ The values shown were normalized to the percentage of nuclei in syncytia of
cells expressing the wild-type Env protein lacking the last 16 amino acids
(17.3%).
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the Mo-MuLV receptor and are susceptible to infection by
Mo-MuLV, were transiently transfected with plasmids encod-
ing the mutant Env proteins lacking the last 16 amino acid
residues in the cytoplasmic domain (48). The last 16 amino
acid residues in the cytoplasmic domain of TM (referred to as
the R peptide) must be removed in order for fusion, that is,
multinucleated cells, or syncytia, to be observed (38, 39). In
this assay, the G491A and G491S Env proteins were able to
promote membrane fusion at levels similar to those promoted
by wild-type Env whereas G491R Env was completely incapa-
ble of promoting fusion (Table 1). The capacity of G487A Env
to promote fusion was moderately reduced.

These results demonstrate that replacing G491 with alanine
or serine has little effect on the ability of the mutant Env
proteins to promote fusion or viral transduction. On the other
hand, when G491 is replaced with an arginine, although the
Env protein is able to bind to the cellular receptor and is
processed and incorporated into virus particles at normal lev-
els, it is incapable of promoting fusion and viral entry. These
properties of G491R Env are similar to those of the Fv-4 Env
protein, and this fact supports the idea that the natural resis-
tance to ecotropic infection conferred by the Fv-4 Env protein
is due to a combination of the ability of Fv-4 Env to produce
interference and its inability to promote membrane fusion.

Another potential mechanism by which Fv-4 Env produces
resistance to ecotropic viruses is dependent upon the high level
of amino acid sequence identity between the TM proteins of
the Env proteins of ecotropic viruses and that produced by the
Fv-4"-encoding locus. The TM proteins are responsible for the
trimerization of the MuLV Env proteins (6, 7). When cells
expressing Fv-4 Env are infected with ecotropic virus (inter-
ference is not absolute), it would be expected that the new
progeny virus would incorporate Env proteins that are mixed
oligomers of the Fv-4 and wild-type ecotropic Env proteins.
We conducted the following experiment to examine the con-
sequences of expression of G491R Env, an Fv-4 Env surrogate,
upon transduction mediated by wild-type Env. A constant
amount of penvlmin (0.5 wg), which encodes the wild-type
Mo-MuLV Env protein, was transfected into cultures of
gpGFP cells. Cotransfected into the cultures was a constant
mass of DNA (3.5 pg) containing various proportions of
penvlG491R and pLTRSDSA, the expression vector. Increas-
ing amounts of G491R Env expression decreased the transduc-
tion titer of the recombinant virus (Fig. 4). These data indicate
that it is likely that Fv-4 Env not only reduces ecotropic virus
entry into cells through interference but also diminishes the
infectiousness of the virus produced by the rare infected cell.

The fact that replacing a glycine residue in the fusion pep-
tide with an arginine could eliminate the ability of the Mo-
MuLV Env protein to promote fusion is not unexpected. It has
been found in a number of systems that placing a charged
residue into viral fusion peptides by substitution adversely af-
fects the ability of the viral glycoprotein to promote fusion (8,
11, 18, 24, 26, 37). For example, replacing AKV MuLV TM
gly-17 (the equivalent of Mo-MuLV Env gly-486) with an ar-
ginine (19) resulted in an Env protein that could no longer
promote membrane fusion and replacing Mo-MuLV Env leu-
478 with a glutamate (52) produced an Env protein that could
promote neither fusion nor infection but was processed and
incorporated into virus particles at normal levels (19, 52).
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FIG. 4. Effect of G491R mutant Env on the ability of wild-type Env
to promote transduction. A constant amount of plasmid penvlmin (0.5
pg) and various amounts of penvlG491R were transfected into gpGFP
cells, and the virus present in the supernatant medium was used to
transduce NIH 3T3 cells. The level of transduction was determined by
flow cytometry.

The role of the glycine residues in viral amino-terminal
fusion peptides is controversial (4). We hypothesize that the
glycine residues may, in fact, play their most important roles
not in membrane fusion per se but in the native uncleaved
and/or cleaved conformation of Mo-MuLV Env. In this sce-
nario, in the native cleaved conformation, the aliphatic side
chains are buried in a cavity whereas the glycine residues are
on the surface. For later function as a fusion peptide, the
glycine residues cannot be replaced with polar or charged
residues because that would interfere with membrane fusion.
On the other hand, because the glycine residues are exposed in
the native cleaved conformation, they cannot be replaced with
hydrophobic residues. Under this scheme, the glycine residues
are conserved because they are the only residues that are
neither polar, charged, nor hydrophobic. They may also be
conserved because they allow close packing of the fusion pep-
tide on the face of the cavity. In our studies, substitutions of
uncharged residues for the fusion peptide glycine residues had
little (gly-487) or no (gly-491) effect on function. In contrast,
Mo-MuLV Env proteins bearing substitutions of uncharged
residues for gly-482 were defective in processing to SU and TM
and incorporation into retrovirus particles (52). These data are
consistent with a structural role for the fusion peptide glycine
residues; substitutions for individual glycine residues have dif-
ferent effects because of variations in the criticalness of a given
residue to the maintenance of the native conformation.

Although there are 18 amino acid residue differences be-
tween the Fv-4 and Mo-MuLV TMs, we chose to focus on the
arginine-for-glycine substitution because, as our experiments
have borne out, we anticipated that the placement of an argi-
nine in the Mo-MuLV Env fusion peptide would be sufficient
to give it a defect in cell culture experiments similar to that of
Fv-4 Env. It is possible that other sequence differences be-
tween the Fv-4 and Mo-MuLV TMs contribute to the Fv-4
defects, but recent data suggest that this is unlikely. Fv-4 Env
is closely related to the Env protein of the replication-compe-
tent Cas-Br-E MuLV (six differences in TM outside of a short
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divergent carboxy-terminal sequence [29]). Env proteins from
endogenous replication-competent Mus musculus castaneus
Mo-MuLVs that are even closer to Fv-4 Env have been re-
cently cloned (13). The Env protein of one of these Cas-E-type
MuLVs (Frg-3), which appears to be a prototype, differs from
Fv-4 Env at only five residues (at two of which the Fv-4 Env
sequence is identical to that of Cas-Br-E Env) and possesses an
identical carboxy-terminal sequence (13). Of these differences,
only the arginine-for-glycine substitution in the fusion peptide
is not found in the Env proteins of any replication-competent
Cas-E-type or other MuLLV. It can be concluded that the defect
in Fv-4 Env probably results from the substitution whose ef-
fects we have investigated upon its transfer to Mo-MuLV Env.

Our model for Fv-4 restriction of ecotropic virus replication
and pathogenesis is that the Fv-4 Env protein binds to the
ecotropic receptor and prevents it from interacting with Env
protein on exogenous virus, perhaps through retention of the
functional receptor molecules within the cell. The reduction of
ecotropic virus entry and infection is dependent on the level of
Fv-4 locus expression and is not absolute. The titer of virus
produced by the rare infected cell is reduced through incorpo-
ration of Fv-4 Env into progeny virions, leading to inhibition of
the function of the wild-type Env protein. This phenomenon
may also underlie the failure to detect infectious ecotropic
MuLV from Fv-4" M. musculus castaneus mice despite the fact
that they possesses endogenous replication-competent MuLV
proviruses (13). A functioning immune system may be unnec-
essary for elimination of the low level of virus produced. If,
however, expression of the Fv-4 locus is reduced (in a hetero-
zygote, for example), then lower levels of interference will
result in more cells being infected by ecotropic viruses and
there will be less inhibition of the function of wild-type Env
protein in progeny virions. In the absence of a functioning
immune system, there may be sufficient virus production for
the recombination events that lead to disease to transpire.
Such a scenario seems to be the most plausible explanation for
the apparent role of the immune system in Fv-4 restriction
when there is only one copy of the locus (51). It seems unlikely
that Fv-4 Env itself stimulates the immune response to the Env
proteins on ecotropic viruses.

The properties of the Fv-4 Env protein have been trans-
ferred to Mo-MuLV Env by the replacement of a single resi-
due. Our results suggest an approach to the introduction of
resistance to a retrovirus, such as human immunodeficiency
virus, into an organism. Transfer of a gene encoding a normally
processed but fusion-defective retroviral Env protein into sus-
ceptible cells would interfere with viral entry and potentially
reduce the infectiousness of virus emerging from the cell. In
the case of human immunodeficiency virus, it might be addi-
tionally desirable if the Env protein could bind to the chemo-
kine receptor(s) without the necessity of binding to CD4.

This work was supported by the Purdue Research Foundation and
American Cancer Society grant IRG-17-36 to D.A.S. This research was
also supported by an NIH Biophysics Training Grant (GM08296) and
a GAANN Fellowship to G.M.T.
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