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It is thought that complete cleavage of retroviral envelope protein into mature surface protein (SU) and
transmembrane protein (TM) is critical for its assembly into virions and the formation of infectious virus
particles. Here we report the identification of highly infectious, cleavage-deficient envelope mutant proteins.
Substitution of aspartate for lysine 104, arginines 124 and 126, or arginines 223 and 225 strongly suppressed
cleavage of the envelope precursor and yet allowed efficient incorporation of precursor molecules as the pre-
dominant species in virions that were almost as infectious as the wild-type virus. These results indicate that
cleavage of the envelope precursor into mature SU and TM is not necessary for assembly into virions.
Moreover, they call into question how many mature envelope protein subunits are required to complete virus
entry, suggesting that a very few molecules suffice. The failure of host cell proteases to cleave these mutant
proteins, whose substitutions are distal to the actual site of cleavage, suggests that the envelope precursor is
misfolded, sequestering the cleavage site. In agreement with this, all cleavage mutant proteins exhibited sig-
nificant losses of receptor binding, suggesting that these residues play roles in proper envelope protein folding.
We also identified a charged residue, arginine 102, whose substitution suppressed envelope cleavage and
allowed precursor incorporation but resulted in virions that were virtually noninfectious and that exhibited the
greatest reduction in receptor binding. Placement of these cleavage mutations into envelope proteins of tar-
geted retroviral vectors for human gene therapy may prevent loss of the modified surface proteins from virions,
improving their infectivity and storage hardiness.

Ecotropic murine leukemia viruses (MLV) are simple type C
retroviruses carrying three genes, gag, pol, and env. The first
and last genes encode the structural proteins for the assembly
of infectious progeny virus. The protein products of the gag
gene make up the core of the virus particle, while the env gene
encodes the envelope proteins found in the virus membrane.
Synthesized as a polyprotein, the envelope proteins are target-
ed for translation in the endoplasmic reticulum via a cleaved
amino-terminal signal peptide. Following glycosylation in the
endoplasmic reticulum, the precursor molecules form trimers.
A second internal cleavage by an unidentified host cell pro-
tease processes each molecule of the trimer into mature sur-
face glycoprotein (SU) and transmembrane anchor protein
(TM), which remain covalently associated via a disulfide bridge.
Heterotrimers of mature SU and TM are presented on the
plasma membranes of host cells, where they incorporate into
virus particles budding from the cell surface. Virions that do
not contain heterotrimeric envelope proteins in their mem-
branes are not infectious (6). When ecotropic virus particles
bud from the producer cell surface, there is a third cleavage of
envelope protein in which carboxy-terminal residues, called the
R peptide, are removed to yield a 12-kDa TM that is more
fusogenic than the 15-kDa TM (17, 35, 36).

Cleavage of retroviral envelope precursors into SU and TM
is thought to be essential for assembly of infectious retroviral
particles because mutations that abolish cleavage result in
noninfectious particles. Frequently, the failure to cleave the
envelope precursor prevented its transport to the cell surface,

presumably because of gross misfolding, precluding its incor-
poration into virions (2, 3, 40). Deletion of a 20-amino-acid
segment that included the cleavage site of ecotropic Moloney
MLV (MoMLV) envelope protein resulted in the synthesis of
uncleaved protein and the production of “bald” particles lack-
ing envelope protein (16). Subtle changes in the cleavage site
of ecotropic AKV MLV reduced the amount of mature SU
present in virions, resulting in incorporation of very small
amounts of an extraordinarily large envelope species (100
kDa) and reducing the infectivity of virions on NIH 3T3 cells
by 100-fold but rendering them noninfectious on XC cells (13).
Mutations that altered the cleavage sites of human immuno-
deficiency virus, mouse mammary tumor virus, and Rous sar-
coma virus envelope proteins did not prevent cell surface pre-
sentation of the uncleaved precursors but resulted in complete
loss of infection, even though virions of one of the Rous sar-
coma virus mutants contained appreciable amounts of precur-
sor protein (8, 9, 15, 18). One exception has been reported.
Uncleaved envelope proteins were reported on virions from a
spontaneous, infectious mutant of ecotropic Rauscher MLV,
although the exact mutation(s) responsible for this phenome-
non was not identified (27).

In addition, cleavage of the precursor protein is thought to
be essential for assembly of infectious particles because it frees
a stretch of hydrophobic residues at the amino terminus of TM
(6, 32). Mutations in this sequence result in the loss of infec-
tion and a loss of the ability of a retrovirus to induce fusion of
two adjacent cells bearing virus receptors, suggesting that these
residues comprise a fusion peptide (4, 12, 22, 43). Cleavage just
upstream of such an internal fusion peptide in the envelope
proteins of other viruses, such as influenza virus, is a prereq-
uisite for their role in penetration of the host cell (42). By
analogy to the model for influenza virus entry, binding of the
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envelope protein to the virus receptor triggers a change in the
conformation of the fusion peptide, swinging it approximately
180 degrees to intrude into the host cell membrane for forma-
tion of a pore through which the core of the virus is passed (5).
Such a dramatic change in the structure of the envelope pro-
tein would be difficult, if at all possible, if the fusion peptide
remained covalently secured to the carboxy-terminal portion of
the surface protein as it is in the envelope precursor.

The association of SU and TM after cleavage is tenuous.
The disulfide bridge connecting them is labile and is readily
disrupted by the mechanical stress, such as freezing and thaw-
ing (21, 26), that occurs during storage of retrovirus stocks.
Disruption of this covalent linkage causes SU to dissociate or
shed from the surfaces of virus particles, leaving them nonin-
fectious. The association of SU and TM is also destabilized by
insertion of foreign sequences into the envelope protein, such
as by the fusion of a binding domain from a heterologous
ligand for the production of a hybrid envelope protein that
directs virus attachment and infection to specific cell types for
targeted gene delivery (7).

Infection begins with binding of SU protein to the virus
receptor on the plasma membrane of a host cell. At least one
region consisting of approximately the first 200 residues in SU
is essential for recognition of the ecotropic retrovirus receptor
(20). Only a few critical residues within this domain have been
identified. Aspartate 84 and arginines at positions 83 and 95
appear to be required for receptor binding (2, 28). In addition,
three pairs of positively charged arginine and lysine residues at
positions 102 and 104, 124 and 126, and 223 and 225 appear to
play an as yet undetermined role in virus infection (39).

The virus attachment site lies within the third extracellular
loop of the receptor, a polytopic membrane protein that nor-
mally functions as the principal transporter of cationic amino
acids in the host cell (1a, 24). We previously showed that within
this binding site tyrosine 235 provides a critical hydrophobic
side chain and that glutamate 237 provides a critical side chain
carboxyl group (29). Moreover, we noted that a similar motif of
a hydrophobic amino acid and a nearby charged residue has
been found in the virus binding sites of other retrovirus recep-
tors (29).

Here we report the use of site-directed mutagenesis to iden-
tify important functional residues on SU, in an attempt to
locate those that bind the critical glutamate residue on the
receptor. Unexpectedly, we identified a number of novel en-
velope cleavage mutant proteins. Remarkably, suppression of
cleavage in four of the mutant proteins did not prevent efficient
incorporation of the envelope precursor into virus particles.
Moreover, virions containing the precursor molecules were
highly infectious. We also identified a residue whose replace-
ment results in a cleavage mutant protein that is virtually
noninfectious. These virions contained the envelope precursor
but no detectable mature SU. Particles containing each of the
envelope cleavage mutant proteins showed marked losses of
receptor binding. These results indicate that the residues al-
tered in the cleavage mutant proteins are involved in correct
folding of the cleavage recognition and receptor binding sites.
They also indicate that cleavage of the envelope precursor into
mature SU and TM is not necessary for assembly into virus
particles. Furthermore, virions coated with precursor protein
can be highly infectious, suggesting that only a few molecules
of free fusion peptide are required to complete virus fusion.
Inclusion of these cleavage mutations into the retroviral enve-
lope proteins on targeted retroviral vectors should prevent loss
of the modified surface proteins from virions, improving their
infectivity and storage hardiness.

MATERIALS AND METHODS

Cell lines and viruses. All cell lines were maintained at 37°C in 5% CO2.
Mouse NIH 3T3 fibroblasts and nonpermissive human 293 fetal kidney cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 8% donor
calf serum. The 293 cell-derived stable transfectant expressing the receptor
cDNA has been described elsewhere (29). These cells and virus-producer H1-
BAG cells were maintained in Dulbecco’s modified Eagle’s medium with 8%
fetal bovine serum and 250 mg of G418 (Sigma) per ml.

Plasmids bearing virus genomes. Initially, we constructed a master plasmid,
pcDNA-MoMLV, bearing a virus genome derived from ecotropic MoMLV that
provides wild-type gag and pol genes, from which proteins for the virion core
were made, and an env gene, from which the envelope proteins for assembly into
the membrane of the virions were synthesized. The 8-kbp fragment from the
BssHII restriction site to the env termination codon containing the MoMLV
proviral genome that lacks the packaging signal was derived from plasmid pEM-5
(gift of V. Garcia). The env gene termination codon is followed by an artificially
engineered BamHI site. The genome was inserted between the HindIII and
BamHI sites of the eukaryotic expression vector pcDNA3 (Invitrogen), which
resulted in transcription of the viral genome being placed under the control of
the cytomegalovirus promoter and a downstream polyadenylation site being
provided by the bovine growth hormone poly(A). This genome is not incorpo-
rated into virions because it lacks the encapsidation sequence, C. It also lacks the
U3 region of the 59 long terminal repeat and the entire 39 long terminal repeat.
Envelope gene fragments containing specific mutations were subcloned into the
HpaI sites in pcDNA-MoMLV for production of virions.

Virus production. The amphotropic packaging cell line PA317 (33) was tran-
siently transfected by calcium phosphate precipitation with the pBAG plasmid
(gift of C. Cepko) (41), which bears a replication-defective but packageable
MoMLV genome in which the structural genes were replaced by the Escherichia
coli lacZ gene and the neomycin resistance gene (neo). The virus-containing
supernatant was harvested and used to infect human 293 cells, into which the
virus transduced the lacZ and neo genes. Infected 293 cells were selected in the
medium containing 1 mg of G418 per ml. Twenty-four drug-resistant colonies
were propagated and analyzed for b-galactosidase expression by staining with
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal). The five clones de-
veloping the most intense staining in the shortest period, indicative of high levels
of transcription of the virus genome, were selected as virus producers. Expression
of packageable viral RNA was confirmed by Northern blot analysis (data not
shown). One of these cell clones, H1-BAG, was used in all experiments reported
here.

To produce virus particles, we transiently transfected the H1-BAG cells with
pcDNA-MoMLV DNA containing wild-type or mutated env genes using calcium
phosphate precipitation (38). Virus-containing supernatant was freed of pro-
ducer cells by low-speed centrifugation followed by filtration through a 0.45-mm-
pore-size filter. An aliquot of 3 ml was removed, stored at 280°C, and then used
for virus titration. Viruses from the remaining 7 ml were immediately pelleted as
described below for immunoblotting. For each virus binding experiment, the
entire virus preparations were frozen and concentrated as described below.
Virions produced in this manner transduce b-galactosidase activity upon infec-
tion of cells.

Site-directed mutagenesis of env genes. Nucleotide substitutions in the env
gene were generated by the method described by Kunkel (25). The envelope
residues whose codons were mutagenized are indicated by their positions in the
MoMLV envelope protein; the alanine residue at the N terminus of mature SU
was considered residue 1. For this purpose we subcloned the 1,300-bp HpaI-HpaI
restriction fragment from the MoMLV env gene on plasmid pMOV3 (gift of H.
Stuhlmann) (19) into the bacteriophage vector M13mp18 with an engineered
HpaI site. Site-directed mutagenesis was performed, and the fragment was trans-
ferred to pcDNA3-MoMLV. The entire 1,300-bp fragment was sequenced with
an fmol sequencing kit (Promega), with the resulting plasmid being used as a
template to ensure the absence of unscheduled substitutions and to confirm the
presence of desired mutations.

Virus titers. Endpoint dilution titration of all virus stocks was performed
essentially as previously described for ecotropic MLV (29) with modifications as
follows. Briefly, 2 3 104 cells were seeded in each well of 24-well culture plates,
and quadruplicate wells were exposed to 10-fold serial dilutions of virus stock in
medium containing Polybrene (20 mg/ml; Sigma). Forty-eight hours after expo-
sure, cells were fixed and stained with X-Gal for b-galactosidase activity. Titers
were calculated for the endpoint dilution. Every titration included exposure of
straight virus stocks and a 1021 dilution into parental human 293 cells lacking an
ecotropic receptor. We did not observe entry by any mutant or wild-type virus
into the parental 293 cells in any of the titrations, indicating that the entry
reported for the human 293 cell line stably expressing the ecotropic receptor did
not occur by a non-receptor-mediated pathway.

Western blot analysis. Virus particles were pelleted from 7 ml of cell-free virus
supernatant through 3 ml of 25% sucrose in TEN (10 mM Tris [pH 8.0], 1 mM
EDTA, 100 mM NaCl) in a Beckman SW41 rotor (30,000 rpm, 2 h, 4°C). Pellets
were taken up in 40 ml of phosphate-buffered saline. Virus producer cells were
lysed immediately after virus harvest in 300 ml of RIPA buffer (20 mM Tris [pH
7.0], 1% Triton X-100, 0.05% sodium dodecyl sulfate [SDS], 0.5% Na deoxy-
cholate, 150 mM NaCl, 2.5 mM phenylmethylsulfonyl fluoride) by incubation for
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30 min on ice. Cell lysates were obtained after pelleting nuclei by centrifugation
in an Eppendorf model 5415C centrifuge for 10 min at 10,000 rpm. Total protein
concentrations in cell lysates were determined by the Bradford assay (Bio-Rad).
Ten microliters of virus pellets or 100 mg of total protein from cell lysates was
diluted 1:1 in 23 gel loading buffer (38), boiled, and subjected to SDS-polyacryl-
amide gel electrophoresis, and the separated proteins were transferred onto a
nitrocellulose membrane (Protran; Schleicher & Schuell) or Immobilon (Milli-
pore). Envelope proteins (SU and precursor) were detected with goat anti-
Rauscher-gp70 antiserum (1:100, identification no. 80S000018; Quality Biotech
Inc.), structural capsid protein (CA) was detected with goat anti-Rauscher-p30
antiserum (1:10,000, identification no. 81S000263; Quality Biotech Inc.), and
envelope TM protein was detected with rabbit anti-p15E antiserum (1:250; gift
of Alan Rein). Membranes from subsequent incubation with mouse anti-goat or
mouse anti-rabbit antiserum conjugated to horseradish peroxidase (1:10,000;
Sigma) were developed with a chemiluminescent substrate from a Renaissance
kit (NEN).

Virus binding assays. Binding assays were performed essentially as described
previously (7, 23) with the following modifications. Virus-containing superna-
tants were concentrated 10- to 15-fold on Centricon-100 concentrators (Ami-
con). Concentration promotes binding of multiple virions to a single cell, in-
creasing the mean fluorescence per cell (45), and eliminates most of the free SU
protein. To ensure that equal numbers of particles from each of the virus stocks
were incubated with cells during the assay, the concentration of virus stocks was
adjusted to achieve comparable particle concentrations based on the reverse
transcriptase activity and Western blot quantitation of capsid protein (data not
shown). Human 293 cells (106) expressing the wild-type virus receptor or paren-
tal 293 cells were detached from culture plates with phosphate-buffered saline
containing 0.02% EDTA and then incubated with 1 ml of concentrated virus
stocks containing equal amounts of virions in the presence of Polybrene (5
mg/ml) for 1 h at 4°C. Cells and bound virus were incubated with goat anti-gp70
antiserum (1:100) for 30 min at 4°C and then with donkey anti-goat antiserum
conjugated to fluorescein isothiocyanate (1:200; Jackson Laboratories) for 30
min at 4°C. Propidium iodide (Sigma) was added to the binding reaction mixture
for 5 min at a final concentration of 20 mg/ml. The fluorescence of 5,000 live cells
(negative for propidium iodide) was analyzed by flow cytometry (Epics Profile
Analyzer; Coulter Cytometry). Experiments were repeated two times.

RESULTS

In these studies, we attempted to identify residues on the
virus envelope proteins that interact with critical residue glu-
tamate 237 in the putative virus-binding site on the receptor.
We previously proposed that the negatively charged carboxyl
group on the side chain of glutamate 237 participates in a salt
bridge with a positively charged side chain of a lysine or argi-
nine residue on the virus SU (29). To test this hypothesis, we
examined the effect of replacing positively charged residues in
SU with amino acids having negatively charged side chains or
with alanine. We focused on lysine 111, arginine 149, and lysine
153 (envelope residues are numbered beginning with the ala-
nine residue at the N terminus of mature SU [residue 1]). In
addition, we examined the three pairs of arginines and lysines
previously identified by Skov and Andersen as critical for virus
infection, i.e., arginine 102 and lysine 104, arginines 124 and
126, and arginines 223 and 225 (39). We also examined the
effect of replacing a negatively charged amino acid, aspartate
135, because it is conserved in SUs from a number of retrovi-
ruses that use receptors other than the ecotropic receptor.

Stocks of virus assembled from wild-type gag and pol gene
products and wild-type or mutant env gene products were pro-
duced by transient transfection of pcDNA-MoMLV into hu-
man 293 cells stably expressing the pBAG retroviral genome.
Mutant virus stocks that contained levels of CA comparable to
that in the wild-type virus stocks (indicative of equivalent
transfection efficiencies and levels of virus particle production)
were analyzed by endpoint dilution titration for their ability to
infect host cells and by Western blot analysis for envelope
protein incorporation. Envelope protein processing was as-
sessed by Western blot analysis of the lysates from the trans-
fected human cells. Selected virus stocks were also analyzed for
receptor binding by flow cytometry. To determine if the high-
molecular-weight protein species found in virions was the en-
velope precursor or hyperglycosylated mature SU, selected

stocks were also analyzed for the presence of TM sequences in
the putative precursor species, as well as for the size of the
envelope protein after treatment with glycosidase F.

Replacement of arginine 102 resulted in incorporation of a
putative envelope precursor protein into virus particles. Re-
placement of arginine 102 with alanine (R102A), aspartate
(R102D), or glutamate (R102E) almost completely abolished
virus infection of mouse NIH 3T3 fibroblasts and of human 293
cells stably expressing the exogeneous ecotropic virus receptor
(Fig. 1A). Surprisingly, these virions contained a protein spe-

FIG. 1. Substitution of amino acids at positions 102 and 104 appear to sup-
press envelope precursor protein cleavage but do not preclude putative envelope
precursor incorporation into virions, and in the case of residue 104, do not
preclude a productive virus-receptor interaction. Replacement of R102 abolishes
virus infection, whereas viruses remain highly infectious upon replacement of
K104. Substitutions at positions 111 and 114 do not influence envelope protein
processing or virus infectivity. (A) Naive NIH 3T3 cells (stippled bars) and
human 293 cells stably expressing the wild-type ecotropic receptor (black bars)
were exposed to 10-fold serial dilutions of stocks of virions pseudotyped with
envelope proteins containing the indicated substitutions. Each value is the av-
erage of results of five independent experiments. MoMLV, wild-type ecotropic
MoMLV. Titers were calculated from the endpoint dilution (n 5 4). (B) Western
blot analysis of virions containing mutant env genes. Proteins were separated on
8% acrylamide gels. The membrane was cut into two parts at the position
indicated by the black line (approximately 45 kDa). The top portion was incu-
bated with anti-SU antiserum, and the bottom part was incubated with anti-CA
antiserum. Production of viruses containing mutant envelope proteins was com-
parable to that of the wild-type virus, as upon short exposure of immunoblots, the
intensities of the bands corresponding to CA were within twofold of each other
in all pellets, except those from mock-transfected cells (data not shown). The
immunoblot shown is representative of five made from independent virus prep-
arations. (C) Western blot analysis of virus producer cell lysates. Proteins were
separated on an 8% polyacrylamide gel, and the membrane was probed with
anti-SU antiserum.
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cies the size of the envelope precursor (85 kDa) that reacted
with anti-SU antiserum; no species the size of mature SU (70
kDa) was detected in virions (Fig. 1B). The producer cells from
which the viruses had been harvested did not contain detect-
able amounts of mature SU either (Fig. 1C). Since the anti-SU
antiserum was specific for envelope proteins (data not shown),
these results suggested that cleavage of the precursor into SU
and TM was suppressed by these substitutions. More impor-
tantly, if the 85-kDa species represented uncleaved envelope
protein, then these results indicate that the envelope precursor
can be assembled into virions, albeit poorly in the mutant
virions, particularly in that containing the alanine substitution.

Replacement of lysine 104 with aspartate yielded putative
cleavage mutant virions that are highly infectious. Replace-
ment of lysine 104 on SU with alanine or with aspartate did not
alter infection of human 293 cells stably expressing the virus
receptor. These cells were as susceptible to virions coated with
a mutant protein containing the K104D or K104A mutation as
they were to virions coated with wild-type envelope protein
(Fig. 1A). NIH 3T3 cells were slightly less susceptible to these
viruses (Fig. 1A). Western blot analysis showed that anti-SU
antiserum reacted with two protein species in K104D virions.
One species was the size of mature SU, and the second species
was the size of the envelope precursor (Fig. 1B), suggesting
that these substitutions also suppress envelope protein cleav-
age. If the 85-kDa species represents uncleaved envelope pro-
tein, then these results not only provide additional evidence
that the precursor can be assembled into virions but, more
importantly, also indicate that virions carrying the precursor
can be highly infectious.

We also analyzed the envelope protein forms in lysates of
the producer cells from which the K104D virus had been har-
vested. Mature SU was not detectable in cells producing
K104D viruses, although the precursor was present (Fig. 1C),
suggesting that the K104D mutation is a potent suppressor of
envelope cleavage. Interestingly, K104D virions contained ap-
preciable amounts of mature SU even though steady-state lev-
els of mature SU were too low to be detected in the K104D
producer cells.

Replacement of arginines 124 and 126 or arginines 223 and
225 also results in highly infectious putative cleavage mutant
virions. Replacement of arginine 124 with glutamate (R124E)
gave a phenotype similar to that of the R102A mutant virion.
Infection was dramatically decreased and precursor cleavage
was almost completely abolished by an R124E substitution
(Fig. 2). Envelope precursor was incorporated into virions,
albeit poorly. No mature SU was detectable in virions or in
producer cells. Surprisingly, virions containing an arginine 124-
to-aspartate (R124D) substitution were only slightly less infec-
tious than were wild-type viruses, a 10,000-fold improvement
over the infectivity observed for the glutamate change (Fig. 2).
Both precursor and mature SU were incorporated into these
highly infectious R124D virions. As with the K104D mutant
virions contained a surprising amount of mature SU, consid-
ering that none was detectable in producer cells. Moreover,
double mutant virions with an R124D and an R126D substi-
tution consistently contained more precursor molecules than
mature SU (Fig. 2), suggesting that the addition of the seem-
ingly innocuous R126D substitution somehow enhances pre-
cursor incorporation into virions. Furthermore, replacement of
arginines 223 and 225 with aspartate (R223D R225D) also
resulted in incorporation of an 85-kDa envelope protein spe-
cies, suggesting that precursor cleavage is also suppressed by
these changes (Fig. 3). Here too, the envelope precursor was
incorporated into highly infectious virions.

The phenotype of a number of substitutions was indistin-

guishable from that of the wild-type envelope protein. Re-
placement of lysine 111 with alanine (K111A), arginine 126
with aspartate (R126D) or glutamate (R126E), aspartate 135
with alanine (D135A) or lysine (D135K), or arginine 149 with
aspartate and lysine 153 with aspartate (R149D K153D) did
not alter infection or envelope precursor cleavage (Fig. 1 to 3).
These results suggest that those residues are not essential to
productive virus-receptor interaction and that they are not
involved in envelope protein folding.

The 85-kDa protein species consisted of uncleaved envelope
precursor protein. It was possible that the 85-kDa species
present in virions coated with mutant envelope proteins was
not uncleaved envelope precursor protein but rather a hyper-
glycosylated form of mature SU. Misfolding of the envelope
precursor might lead to greater than normal carbohydrate ad-
dition at any or all of the glycosylation sites. Cleavage of such
a hyperglycosylated precursor would then yield mature SU that
by coincidence was the size of the precursor with normal gly-

FIG. 2. Substitution of arginine 124 also appears to suppress protein cleav-
age. Glutamate at this position produces noninfectious particles, whereas aspar-
tate produces highly infectious virions coated with uncleaved envelope protein.
Mutations at positions 126 and 135 do not affect protein maturation and virus
entry. (A) Virus titers on NIH 3T3 cells (stippled bars) and human 293 cells
expressing the exogenous wild-type receptor (black bars). Titers were calculated
from the endpoint dilution (n 5 4) after exposure to virions pseudotyped with
envelope proteins containing the indicated substitutions. Each value is the av-
erage of results from five independent experiments. MoMLV indicates the wild-
type virus. (B) Western blot analysis of virions containing mutant env genes. The
membrane was cut at the position indicated by the black line, and then the top
portion was incubated with anti-SU antiserum and the bottom portion was
incubated with anti-CA antiserum. (C) Western blot analysis of virus producer
cell lysates with anti-SU antiserum.
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cosylation. If this was the case, then removal of carbohydrates
would yield a single 52-kDa protein species representing un-
glycosylated SU. If the size difference was not due to hyper-
glycosylation, then removal of carbohydrates would yield 68-
and 52-kDa species representing the unglycosylated forms of
the precursor and SU, respectively.

We used wild-type producer cell lysate to assess glycosyla-
tion of envelope proteins because it would provide precise size
standards for the deglycosylated precursor and mature SU. We
also used the cell lysate to determine if the glycosidase F
digestion proceeded to completion in order to be reasonably
certain that any species detected after glycosidase treatment
was the 68-kDa deglycosylated precursor rather than 70-kDa
molecules of mature SU that escaped deglycosylation. Lysate
from human cells expressing the wild-type envelope protein
was treated with excess glycosidase F overnight, the same con-
ditions used to treat virions. The expected 68- and 52-kDa
envelope protein species resulted (last lane of Fig. 4). Most
importantly, there was no detectable 85-kDa protein, indicat-
ing that the glycosidase reaction had proceeded to completion.
Treatment of virions coated with the mutant envelope proteins
also yielded two species of 68 and 52 kDa corresponding,
respectively, to the unglycosylated precursor and SU species

seen in the producer cells (Fig. 4). Moreover, the ratio of
putative precursor species (85 kDa) to mature SU (70 kDa) in
untreated aliquots of virions was comparable to the ratio of the
68-kDa species to the 52-kDa species observed upon deglyco-
sylation for all mutants. The predominant species in K104D,
R124D R126D, R124E, and R223D R225D virions was 85 kDa
prior to digestion and 68 kDa (representing the deglycosylated
envelope precursor) after glycosidase F digestion, whereas the
predominant species in R124D virions were 70 kDa prior to
digestion and 52 kDa after glycosidase F digestion. These re-
sults demonstrated that hyperglycosylation of mature SU was
not responsible for the 85-kDa protein species.

In addition, we determined if TM sequences were present in
the 85-kDa envelope protein species. As a positive control, we
again used wild-type producer cell lysate. Initially, we used
monoclonal anti-TM antibody 42-114 (34) to detect TM se-
quences. Although 42-114 readily recognized its epitope in
mature TM, it failed to recognize the epitope when it was
present in the precursor species of wild-type producer cell
lysate under a variety of conditions and with nitrocellulose and
nylon (Immobilon; Millipore) membranes (last lane of Fig.
5A). We then tried polyclonal anti-TM antiserum (gift of A.
Rein) to detect TM sequences. No reaction of this anti-TM
antiserum with precursor species was observed when producer
cell lysate was transferred to nitrocellulose (data not shown).
However, when lysate was transferred to Immobilon, it weakly
recognized TM sequences in the precursor (second lane of Fig.
5A). Importantly, this antiserum did not react with mature SU
(70 kDa). It reacted strongly with the 15-kDa species of mature
TM and cross-reacted with CA present in its precursor forms,
particularly the 65-kDa capsid precursor, gag65 (middle lane of
Fig. 5A). Because the 85-kDa species does not contain Gag- or
CA-specific sequences (data not shown), we could still use this
antiserum for immunoblot analysis of the mutant virion pro-
teins. It weakly recognized the 85-kDa species in virions coated
with the R124D R126D, R124D, R124E, R223D R225D, and
K104D putative envelope cleavage mutant proteins, in addi-
tion to reacting with mature TM (15 and 12 kDa), the 65-kDa
capsid precursor, and mature CA (left membrane of Fig. 5B).
Notably, the antiserum consistently reacted more strongly with
the sparsely incorporated precursor species of the R124D,
R124E, and R223E R225D mutant proteins than with the
abundantly incorporated precursor species of the R124D

FIG. 3. Substitutions of residues at positions 223 and 225 also appear to
suppress cleavage, resulting in highly infectious virions coated with the putative
envelope precursor. (A) Virus titers on NIH 3T3 cells (stippled bars) and human
293 cells expressing the exogenous wild-type receptor (black bars) calculated
from the endpoint dilution (n 5 4). Each value is the average of results from five
independent experiments. MoMLV, wild-type virus; mock, supernatant or lysate
of cells transfected with pcDNA3. (B) Western blot analysis of virions with
anti-SU antiserum and anti-CA antiserum. (C) Western blot analysis of virus
producer cell lysates with anti-SU antiserum.

FIG. 4. The 85-kDa envelope protein species does not represent hypergly-
cosylated SU. Wild-type MoMLV producer cell lysate (last lane) or purified
wild-type and mutant virions were incubated with glycosidase F overnight, sep-
arated by SDS-polyacrylamide gel electrophoresis on 8% gels, and then submit-
ted to Western blot analysis with anti-SU antiserum (top portion) and anti-CA
antiserum (bottom portion).
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R126D and K104D mutant proteins. We do not know the
cause of this variation but suspect that the principal epitopes
that this antiserum recognizes tend to bind to the membrane
when TM remains covalently bonded to SU, so that they are
unavailable for antibody binding. In R124D, R124E, and
R223D R225D mutant proteins, these epitopes appear to be
more accessible for unknown reasons. Only mature TM and
the CA forms were recognized in wild-type virions. These
results demonstrate that the 85-kDa species that was incorpo-
rated into these mutant virions were envelope precursor pro-
tein, establishing that these mutations suppress envelope pro-
tein cleavage.

Virus particles coated with mutant envelope precursor pro-
teins were deficient in receptor binding. To determine if any of
the mutations affected receptor binding, we performed equi-
librium virus binding assays. Under conditions where 107 in-
fectious units corresponding to approximately 109 physical par-
ticles (44) were incubated with 106 host cells, we observed a
50-fold increase in mean fluorescence intensity upon incuba-
tion of susceptible host cells expressing the receptor with
MoMLV over the level of fluorescence intensity upon incuba-
tion with nonsusceptible cells lacking the receptor (Fig. 6). As
an additional positive control, we measured receptor binding

of the D135A virions that did not exhibit any detectable dif-
ferences in levels of envelope processing or incorporation and
that were as infectious as the wild-type virus. We observed a
60-fold increase in mean fluorescence for these viruses. Re-
markably, host cells incubated with R223D R225D particles
exhibited only a 2-fold increase in mean fluorescence—25-fold
less than that of the wild-type virus—even though they were
only 20-fold less infectious than the wild-type virus. Highly
infectious particles coated with the K104D, R124D R126D,
and R124D mutant proteins exhibited only 9- to 10-fold in-
creases (Fig. 6), indicating that receptor binding of these mu-
tant virions was reduced by .5-fold compared with that of the
wild-type or D135A virus. The R124E mutant virions exhibited
a 6.6-fold-higher level of mean fluorescence and a 7.6-fold-
lower level of equilibrium binding to the virus receptor than
the levels of the wild-type virus and 1.5-fold-lower levels than
those of the highly infectious R124D virions. These results
suggested that the longer side chain of glutamate results in a
more marked change in the structure of the receptor binding
domain than does the side chain of aspartate. In agreement
with this, the R124E substitution produced a more profound
suppression of cleavage than did the R124D substitution. It
does not appear that the 1.5-fold reduction in binding of

FIG. 5. Immunoblot analysis of virions with anti-TM antiserum confirmed that mutant virions contained the uncleaved envelope precursor. (A) Replicate samples
of wild-type producer cell lysate were separated on a 6 to 15% polyacrylamide gradient SDS gel and transferred to an Immobilon membrane; lanes were then cut apart
and reacted with monoclonal anti-TM 42/114 (last lane), anti-TM (middle lane), or anti-SU (first lane) antiserum. (B) Wild-type and mutant virion proteins were
separated on 6 to 15% polyacrylamide gradient SDS gels and transferred to Immobilon membranes. Membranes were analyzed first by incubation with anti-TM
antiserum (left membrane) and then deprobed and reacted with anti-SU antiserum (right membrane). gag 65, the 65-kDa capsid precursor.
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R124E virions over that of R124D virions accounts for their
dramatic difference in infection since the R223D R225D viri-
ons exhibited an even greater loss of receptor binding without
a concomitant loss of infection. It is more likely that the dif-
ference in infectivity is due to greater incorporation of mature
SU and TM in R124D virions.

It was possible that the cleavage mutations caused dissocia-
tion of SU from TM. If this was the case, virions might have
lacked mature SU because it was shed during pelleting through
the sucrose cushion prior to immunoblotting or during con-
centration prior to binding assays. This is particularly impor-
tant because we performed the virus titration studies using
virions directly from the producer cell supernatant. To deter-
mine if this was the case, we performed immunoblot analyses
on virions that were pelleted by direct centrifugation from the
cell supernatant (no sucrose cushion) and so contained virion-
associated, plus shedded, SU from the cell supernatant. We
then evaluated shedded SU by comparing the amounts of ma-
ture SU in these samples to those found in virions after they
were pelleted through sucrose; any difference would indicate
that a mutation caused shedding that might account for the
pausity of SU in mutant virions. After being pelleted through
sucrose, mutant and wild-type virions contained amounts of
mature SU comparable to those found in cell supernatants
pelleted directly (data not shown), indicating that none of the
cleavage mutations led to detectable SU shedding. The cell
supernatant pellets also showed that mature SU was undetect-
able or greatly reduced and that the 85-kDa precursor was the
predominant envelope species in the cleavage mutants.

DISCUSSION

Incorporation of envelope precursor protein does not pre-
clude productive virus-receptor interaction. It was previously
thought that cleavage of the precursor into mature SU and TM
was required for assembly of envelope proteins into retroviral
particles. However, we identified two types of novel envelope
cleavage mutant proteins, each exhibiting some degree of fail-
ure to cleave precursor protein into mature SU and TM ac-
companied by assembly of precursor into virions. The first type
resulted in a slight reduction of infectivity (10- to 100-fold),

while the second type contained changes that resulted in a
.10,000-fold loss of infectivity. These data provide evidence
that cleavage is not a prerequisite for envelope protein trans-
port to the cell surface and assembly into virus particles. More-
over, virions containing predominantly precursor protein can
support productive virus-receptor interactions.

We cannot make definitive conclusions as to whether the
altered residues interact directly with the receptor. The failure
of host cell proteases to cleave precursors in mutant proteins
containing substitutions that are distal to the actual site of
cleavage suggests that these envelope precursors are mis-
folded. Hence, the defect in virus-receptor binding is most
likely attributable to incorrect conformation of envelope pro-
teins.

Mature SU and TM appear to be the preferred substrates
for virion assembly. K104D virions consistently contained the
envelope precursor and less of the mature SU, whereas, cells
producing these viruses contained detectable levels of precur-
sor but not mature SU. Interestingly, K104D, R124D, and
R124D R126D virions also contained appreciable amounts of
mature SU even though steady-state levels of mature SU were
too low to be detected in their respective producer cells. These
results suggest that although the precursor can be incorpo-
rated, the cleaved envelope proteins are the preferred sub-
strate for assembly into virions. Alternatively, the suppression
of precursor cleavage may be somewhat relieved during or
after virion assembly by changes in envelope protein confor-
mation so that secreted cellular proteases can perform the
cleavage that normally occurs in the Golgi apparatus.

Only a few molecules of mature TM appear to be required to
mediate virus entry. In all but two cases, the infectivities of the
cleavage mutant viruses correlated with the amounts of mature
SU present on virions regardless of the amount of precursor
protein present. Mutants that were highly infectious contained
appreciable amounts of mature SU and TM in addition to the
precursor, whereas mutants that were poorly infectious con-
tained undetectable amounts of mature SU and TM. It is likely
that the observed infection was accomplished by free fusion
peptide on a relatively small number of cleaved envelope mol-
ecules incorporated into virions acting in trans after being

FIG. 6. Virions coated with envelope cleavage mutants bind the ecotropic virus receptor inefficiently. Purified virions were incubated with human 293 cells stably
expressing the exogenous ecotropic virus receptor and then with goat anti-SU antiserum and mouse anti-goat antiserum conjugated to fluorescein isothiocyanate. Last,
virus cell-antibody complexes were incubated with propidium iodide. Bound virus was quantified by measuring the mean fluorescence intensity of live cells (those cells
lacking propidium iodide staining) by flow cytometry. “No receptor” indicates parental human 293 cells not expressing the exogenous receptor incubated with wild-type
MoMLV and antibodies; “No virus” indicates 293 cells stably expressing the exogenous receptor incubated with antibodies alone. The mean fluorescence intensity of
the no receptor peak was 0.5, and that of the no virus peak was 0.6. Infectivity was summarized from the data in Fig. 1 to 3. 1, infectious titer within 100-fold of that
of wild-type MoMLV; 2, infectious titer .10,000-fold less than that of wild-type MoMLV.
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bound by the uncleaved precursor molecules. Recent studies
have shown that monomers within the envelope trimer can
cooperate in trans to accomplish virus entry (37, 46). However,
we cannot rule out the possibility that infection by some mu-
tant virions was mediated by a constrained fusion peptide that
was able to function in the context of the appropriate changes
in SU. For example, the envelope protein of vesicular stoma-
titis virus contains an internal fusion peptide that remains
constrained during virus entry (11).

We consistently observed 10- to 50-fold-lower infectious ti-
ters of cleavage mutant stocks on NIH 3T3 cells than on hu-
man 293 cells stably expressing the ecotropic receptor. This
difference may be the result of the greater number of virus
receptors available on 293-ecotropic receptor cells. These cells
express three to four times as many virus binding sites as do
NIH 3T3 cells (1b). However, NIH 3T3 cells also appear to be
less fusogenic in that they are naturally resistant to cell-cell
fusion in the presence of high-titer wild-type MoMLV stocks
(31), whereas the human 293-ecotropic receptor cells readily
fuse (1). Thus, the difference in susceptibilities to cleavage
mutant viruses might be the result of the less fusogenic NIH
3T3 cells requiring more molecules of free fusion peptide to
efficiently complete virus entry than 293-receptor cells require.

Interestingly, the weaker band intensity observed with the
anti-TM antiserum revealed that the 85-kDa species is actually
a doublet, a fact that was likely obscured by the intensity of
these species when they were reacted with anti-SU. This result
brings up the possibilities that the higher-molecular-mass spe-
cies represents the intact precursor and that the slightly faster-
migrating species represents the precursor from which R pep-
tide has been removed. Indeed, the small amounts of mature
TM detected in the virions coated with mutant proteins was the
12-kDa, R-less species, indicating that these mutant proteins
receive this cleavage as particles mature. Alternatively, it is
possible that the two species represent differences in levels of
glycosylation of the precursors found in virions.

Receptor binding might not be the rate-limiting step in
MoMLV entry. Structural changes resulting from a number of
substitutions affected receptor binding. Remarkably, for entry,
most of the cleavage mutant virions could tolerate as much as
5- to 25-fold reductions in the levels of equilibrium binding to
the receptors on host cells without experiencing more than a
100-fold reduction in infection. These results suggest that virus
binding to the receptor might not be the rate-limiting step in
retroviral entry. They also suggest that efficient virus binding is
not required for entry of at least these mutant virions and raise
the question of whether the same is true for the wild-type virus.
No infection data or measurements of the relative levels of
binding efficiency of particles containing various amounts of
wild-type envelope protein are available to address this ques-
tion. Determining its answer should provide important insights
as to the numbers of envelope molecules and receptors re-
quired for productive infection of retroviruses.

A possible mechanism for suppression of SU-TM cleavage
by substitutions at residues 102, 104, 124, 126, 223, and 225.
Our results suggest that the residues altered in the cleavage
mutant proteins can influence the folding of the cleavage rec-
ognition site. In the crystal structure of amino acids 9 through
236 of SU from ecotropic Friend MLV (10), the residues that
correspond to all but two of the cleavage mutations are at the
“top” along the surface that has been proposed to be the
receptor binding site since it contains the residue correspond-
ing to MoMLV aspartate 84 (10). If this is the surface that
makes the initial contact with the receptor, then it would be
expected to act like a sensor, transducing changes occurring
upon receptor binding through the b-sandwich of the binding

domain into the carboxy-terminal region of SU and then into
TM to activate fusion peptide function. Mutations that pro-
duce structural changes mimicking those occurring during in-
teraction with the receptor might be expected to translate
through the protein to change folding of these same domains,
including that of the cleavage recognition site between arginine
436 and glutamate 437 of the precursor. Arginines 223 and 225,
the two sites we altered that were not on the receptor binding
surface, are near the base of the b-sandwich. Their replace-
ment by aspartate residues might create similar conforma-
tional changes, sequestering the cleavage site. It is striking that
as great as a 25-fold decrease in binding of R223D R225D
virions over that of wild-type virions was sufficient to support
almost as efficient an entry as that of the wild-type virus. It
might be that repulsion of the side chain carboxyl groups of the
aspartates at positions 223 and 225 disturbs the orientation of
the b-sandwich, creating a rearrangement in the envelope oli-
gomers similar to that induced by receptor binding. The re-
sulting “conformational intermediate” might be a more entry-
competent molecule in that a single receptor binding event
would be sufficient to induce it to undergo all conformational
changes required for virus entry.

Retroviral vectors designed for use in human gene therapy
employ chimeric or hybrid envelope proteins to redirect virus
binding to a protein or to a chemical moiety found uniquely on
the type of cell that is the target for gene delivery (14). Virions
containing these modified envelope proteins are poorly infec-
tious or completely noninfectious. It has been proposed that
conformational changes in modified envelope proteins cause
excessive loss of the hybrid surface protein (7, 30). Further-
more, use of any retroviral vector for gene therapy will require
storage at low temperature, which disrupts the tenuous asso-
ciation of SU with TM, resulting in SU shedding upon thawing.
Inclusion of these cleavage mutations into the retroviral enve-
lope proteins on targeted retroviral vectors may prevent loss of
the modified surface proteins from virions due to shedding,
improving their infectivity and storage hardiness. In these virus
particles, the loss of receptor binding resulting from the cleav-
age mutations might well be innocuous since only rodent cells
express a functional ecotropic virus receptor.
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