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Mammalian type C retroviral envelope proteins contain a variable proline-rich region (PRR), located
between the N-terminal receptor-binding domain and the more highly conserved C-terminal portion of the
surface (SU) subunit. We have investigated the role of the PRR in the function of murine leukemia virus
(MuLV) envelope protein. In the MuLVs, the PRR contains a highly conserved N-terminal sequence and a
hypervariable C-terminal sequence. Despite this variability, the amphotropic PRR could functionally substi-
tute for the ecotropic PRR. The hypervariable region of the PRR was not absolutely required for envelope
protein function. However, truncations in this region resulted in decreased levels of both the SU and TM
proteins in viral particles and increased amounts of the uncleaved precursor protein, Pr85. In contrast, the
N-terminal conserved region was essential for viral infectivity. Deletion of this region prevented the stable
incorporation of envelope proteins into viral particles in spite of normal envelope protein processing, wild-type
levels of cell surface expression, and a wild-type ability to induce syncytia in an XC cell cocultivation assay.
However, higher levels of the SU protein were shed into the supernatant, suggesting a defect in SU-TM
interactions. Our data are most consistent with a role for the PRR in stabilizing the overall structure of the
protein, thereby affecting the proper processing of Pr85, SU-TM interactions, and the stable incorporation of
envelope proteins into viral particles. In addition, we have demonstrated that the PRR can tolerate the
insertion of a peptide-binding domain, making this a potentially useful site for constructing targetable
retroviral vectors.

Retroviruses enter their host cells through an interaction
between the viral envelope protein and a specific cell surface
receptor (1, 19, 42). Binding of the envelope protein to its
receptor leads to the fusion of viral and host cell membranes,
which allows internalization of the viral core. Retroviral enve-
lope proteins are composed of two subunits, a surface (SU)
protein which binds to the cellular receptor (42), and a trans-
membrane (TM) protein which is required for the membrane
fusion events after receptor binding (43).

Within the type C mammalian retroviruses, the N-terminal
portion of SU is responsible for receptor recognition (3, 23,
25). The more conserved C-terminal region of the protein is
believed to associate with the TM protein and to be involved in
the postbinding events that lead to fusion of the viral and
cellular membranes (14, 30, 32, 36). The SU proteins of the
type C mammalian retroviruses also contain a segment of pro-
line-rich sequence between the N-terminal receptor binding
domain and the more conserved C-terminal portion (21). This
proline-rich region (PRR) is found in the SU proteins of the
gibbon ape leukemia viruses (7), the feline leukemia viruses
(FeLVs) (9, 26), and the different MuLV subtypes (5, 21, 28).
The PRR contains a conserved N-terminal domain of 14 or 15
amino acids, but the remainder of the PRR sequence varies
both in length and in sequence among different viruses (21,
28).

The role of the PRR in envelope protein function has not

been determined. It has been speculated that the PRR might
participate in postbinding events during viral entry, since point
mutations and linker insertions in this region produce fusion-
defective envelope proteins (2, 14) and can prevent the stable
association of the SU and TM subunits (14). In addition, the
PRR has been shown to be capable of influencing the receptor
recognition properties of the N-terminal region of SU (3, 28),
although whether this is a result of the PRR containing a direct
receptor contact point or whether it is due to a more indirect
effect on the structure of this region remains to be determined.
Structural studies of a peptide corresponding to the FeLV
PRR indicated that this region may exist as a polyproline
b-turn helix with a propensity to oligomerize, that could fold
into a separate domain in SU (11).

We wished to study in more detail the role of the PRR in
MuLV envelope protein function. We looked initially at the
interchangeability of the PRRs from the ecotropic and ampho-
tropic MuLV envelope proteins and demonstrated that the
amphotropic PRR could functionally substitute for the eco-
tropic region, despite differences in the length and sequence of
the variable regions. In addition, analysis of a series of trun-
cations of the variable C-terminal region revealed that over
half of the sequence could be truncated without significant loss
of envelope protein function, although further truncations had
effects on envelope protein incorporation and the stability of
SU-TM interaction. In contrast, we found that the N-terminal
conserved region was absolutely essential for viral infectivity.
Deletion of this sequence prevented the incorporation of en-
velope proteins into virions and completely abolished the viral
titer.

One of the major goals of retroviral vector development is
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the generation of targetable vectors that could be used to
achieve cell-specific gene delivery (4, 6). The apparent flexibil-
ity of the PRR variable sequence led us to investigate whether
this region would be able to tolerate the insertion of a peptide
that could redirect binding of the envelope protein to a new
cell surface protein. As a proof of this principle, we inserted a
16-amino-acid collagen-binding peptide into different locations
in the PRR. Retroviral vector particles containing such chi-
meric envelope proteins achieved a wild-type titer on NIH 3T3
cells and conferred specific binding to collagen, indicating that
the PRR may be a promising site for ligand insertion when
constructing targetable vectors.

MATERIALS AND METHODS

Cell lines. NIH 3T3 and 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (GIBCO-BRL, Grand Island, N.Y.). XC cells were grown in
Eagle’s minimal essential medium (GIBCO-BRL). Both media were supple-
mented with 10% fetal calf serum (HyClone, Logan, Utah) and 2 mM glutamine.

Envelope protein expression plasmids. pCEE1 is an expression plasmid for
the wild-type Moloney MuLV (MoMuLV) ecotropic envelope protein (23);
pCAE contains the 4070A amphotropic envelope protein (25). Two restriction
sites, AvrII and NgoMI, were generated as silent point mutations by recombinant
PCR (18) at the 59 and 39 ends of the ecotropic PRR, respectively, creating
plasmid pCEE*. The oligonucleotides used were 59-GACTCAGATACCAAAA
CCTAGGACCCCGCGTC-39 and 59-CCCAACTTCCACCGGCCGGCACGG
AAAATAGGCTGC-39; the AvrII and NgoMI restrictions sites are underlined.
The amphotropic PRR was amplified by PCR from plasmid pCAE with the
addition of AvrII and NgoMI sites at the ends of the PCR fragment and used to
replace the PRR in pCEE*, generating plasmid E/A-PRR. Similarly, C-terminal
and N-terminal PRR truncation mutants of E/A-PRR were created by replacing
the CEE* PRR with fragments of the amphotropic PRR of different lengths,
generated as PCR products with terminal AvrII and NgoMI sites. All mutants
were confirmed by sequencing the final constructs.

To facilitate the insertion of a 16-amino-acid peptide containing a collagen-
binding domain from von Willebrand’s factor (39) into the PRR of E/A-PRR,
the restrictions sites PstI and StuI were generated in the PRR as nonsilent
mutations through recombinant PCR at the sites shown in Fig. 7. The oligonu-
cleotides used were 59-GCCACCTAGCCCCCTGCAGACCAGTTACCCCCC
T-39 for PstI and 59-ACCAGTACACCCTCAGGCCTCCCTACAAGTCCAAG
T-39 for StuI. The collagen binding peptide sequence was created as two
overlapping oligonucleotides, flanked by either PstI ends (insert 1) or PstI and
StuI ends (insert 2). Insert 1 was encoded by the sequence 59-GGGCCATATG
TGGCGCGAACCGAGCTTCATGGCTCTGAGCGGTGCTAGCCTGCA-39,
and insert 2 was encoded by the sequence 59-GGGCCATATGTGGCGCGAA
CCGAGCTTCATGGCTCTGAGCGGTGCTTCAGG-39.

Retroviral vector production and titer determination. Retroviral vectors were
produced by transient transfection of 293T cells by calcium phosphate precipi-
tation, essentially as described previously (16, 37). The plasmids used were the
MoMuLV gag-pol expression plasmid pHIT60 (37); the retroviral vector pCnBg
(16), which expresses lacZ and neo; and an env expression plasmid. At 16 h
posttransfection, the cells were washed and fresh medium was added. At 48 h
later, the culture supernatant was collected and filtered through a 0.45-mm-pore-
size filter and either used immediately or stored at 270°C. The virus titer was
determined as G418-resistant CFU per milliliter. For titer determination NIH
3T3 cells (3 3 104 cells per 30-mm well) were plated in 3 ml of medium; 18 h
later, the medium was replaced with 1 ml of appropriately diluted viral super-
natant containing Polybrene (8 mg/ml) and the mixture was incubated for 2 h at
37°C. An additional 2 ml of medium was then added, and the cultures were
incubated for a further 18 h. The cells were then selected for 10 days in medium
containing 0.6 mg of G418 per ml, and resistant colonies were scored by meth-
ylene blue staining.

Western blot analysis of envelope proteins in viral particles and cell lysates.
Retroviral particles generated by transient transfection of 293T cells were pel-
leted through 20% sucrose at 16,000 3 g and 4°C for 30 min. Viral pellets were
resuspended in 30 ml of 23 sodium dodecyl sulfate (SDS) gel-loading buffer (100
mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 0.01% bromphenol blue, 1.4 M
b-mercaptoethanol) and boiled for 5 min. Viral protein samples were resolved
on a precast 8 to 16% polyacrylamide gel (Novex, San Diego, Calif.) and trans-
ferred onto an Immobilon membrane (Millipore, Bedford, Mass.). The blot was
blocked overnight at 4°C in 5% powdered milk in TBS (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 0.25% Tween 20), and incubated with primary antibodies at
room temperature for 2 h. After being washed in TBS buffer for 30 min, the blots
were incubated with secondary antibodies for 1 h at room temperature and then
given a further 30-min wash in TBS. Specific proteins were visualized with the
enhanced chemiluminescence detection system (Amersham International plc.,
Arlington Heights, Ill.). The primary antibodies used were goat anti-Rauscher
MuLV gp69/71, 1:3,000 dilution (Quality Biotech, Camden, N.J.; lot 79S656);
goat anti-Raucher MuLV p30, 1:10,000 dilution (Quality Biotech; lot 78S221);

and rat anti-AKR MuLV p15E (BABCO, Berkeley, Calif.; lot 42/114) (31). The
secondary antibodies were horseradish peroxidase-conjugated rabbit anti-goat
immunoglobulin G (IgG) (1:10,000) and horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:10,000) (Pierce, Rockford, Ill.).

To analyze the form of the envelope proteins present in cell lysates, 293T cells
were transfected with envelope protein expression plasmids (30 mg per 10-cm
plate) and lysates were prepared by incubating the cells in 500 ml of lysis buffer
(20 mM Tris-HCl [pH 7.5], 1% Triton X-100, 0.05% SDS, 5 mg of sodium
deoxycholate per ml, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride) for 10
min at 4°C and centrifuging them at 10,000 3 g for 10 min to pellet the nuclei.
Envelope proteins were denatured by treating the lysates with 0.5% SDS and 1%
b-mercaptoethanol at 100°C for 5 min and then deglycosylated with 50 mM
sodium phosphate (pH 7.5)–1% Nonidet P-40 (NP-40)–500 U of N-glycosidase
F (New England Biolabs, Beverly, Mass.) at 37°C for 1 h. Envelope proteins were
detected by Western blotting as described above.

Cocultivation fusion assay. 293T cells (6 3 105 cells) were plated in a 60-mm
dish and transfected with 15 mg of envelope expression vector DNA by calcium
phosphate precipitation. At 16 h posttransfection, the cells were washed and
fresh medium was added. Nonirradiated XC cells (106 cells) were added to the
plate 24 h posttransfection, and the culture was incubated for an additional 24 h
at 37°C. Syncytia were observed and counted by light microscopy after staining of
the cells with 1% methylene blue in methanol.

Cell surface expression of envelope proteins. 293T cells in a 60-mm plate were
transiently transfected with 15 mg of an envelope expression vector. At 48 h
posttransfection, the cells were harvested with enzyme-free cell dissociation
solution (GIBCO-BRL) and washed with phosphate-buffered saline (PBS). The
cells (106) were incubated at 4°C for 1 h with the rat monoclonal antibody 83A25
(10), which recognizes the C terminus of MoMuLV gp70 envelope protein. The
cells were washed with 10% goat serum in PBS and incubated with fluorescein
isothiocyanate-labeled goat anti-rat IgG (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, Md.) at 4°C for 1 h. They were then washed again and fixed in 4%
paraformaldehyde in PBS. The fluorescence intensity of the cell samples were
measured with a FACStar Plus flow cytometer (Becton Dickinson, San Jose,
Calif.).

Immunoprecipitation of SU from cell culture supernatants. 293T cells in a
60-mm plate were transiently transfected with 15 mg of an envelope expression
vector, and SU was immunoprecipitated from culture supernatants as described
previously (45). At 48 h posttransfection, the cells were washed with PBS and
incubated in cell-labeling medium (Dulbecco’s modified Eagle’s medium without
methionine and cysteine and containing 10% dialyzed fetal calf serum) for 1 h at
37°C. The cells were then incubated for 8 h in cell-labeling medium containing
100 mCi each of [35S]methionine and [35S]cysteine (Amersham), harvested, and
lysed in immunoprecipitation buffer (10 mM Na2HPO4 [pH 7.4], 150 mM NaCl,
0.5% Triton X-100, 0.1% SDS, 0.05% sodium deoxycholate) for 20 min at 4°C.
After centrifugation at 4°C for 10 min at 16,000 3 g, the supernatants were
incubated with 8 ml of goat anti-Rauscher MuLV gp69/71 antiserum (Quality
Biotech; lot 79S656) and 20 ml of protein G-Sepharose (Sigma, St. Louis, Mo.)
overnight at 4°C. The samples were then centrifuged at 80 3 g for 2 min, and the
pellets were resuspended and washed once each in washing buffer 1 (100 mM
Tris-Cl [pH 7.5], 150 mM NaCl, 2 mM EDTA, 0.2% NP-40), washing buffer 2
(100 mM Tris-Cl [pH 7.5], 500 mM NaCl, 2 mM EDTA, 0.2% NP-40), and
washing buffer 3 (10 mM Tris-Cl [pH 7.5]). The samples were centrifuged at 80 3
g for 1 min and resuspended in 30 ml of 23 SDS gel-loading buffer and boiled for
5 min. They were resolved by SDS-polyacrylamide gel electrophoresis on 8 to
16% polyacrylamide gels. The gels were fixed in 5% acetic acid–5% isopropanol
for 20 min, washed in water for 15 min, and soaked in Autofluor (National
Diagnostics, Atlanta, Ga.) for 30 min to enhance the signal. The gel was dried
and exposed to BioMax MR film (Eastman Kodak, Rochester, N.Y.) at 270°C
overnight.

Collagen-binding assay. Each well of a 24-well collagen-coated plate (Becton-
Dickinson Labware, Bedford, Mass.) was incubated with 500 ml of retroviral
vector supernatant for 1 h at room temperature, washed with PBS, and incubated
for 1 h with 500 ml of hybridoma supernatant containing the rat monoclonal
anti-SU antibody, 83A25 (10). Following a further PBS wash, the well was
incubated with 200 ml of goat anti-rat antibody (Zymed, San Francisco, Calif.) at
a 1:50 dilution for 30 min, washed with PBS, incubated with 200 ml of rat
peroxidase anti-peroxidase antibody (Sternberger Monoclonals Inc., Lutherville,
Mass.) at a 1:50 dilution for 30 min, and washed with PBS. Finally, 500 ml of
diaminobenzidine/nickel chloride was added and the resulting color change was
monitored at 600 nm with a Rainbow Spectra plate reader.

RESULTS

Generation of a chimeric ecotropic envelope protein con-
taining the amphotropic PRR. The MuLV envelope protein is
composed of two subunits, the SU protein, gp70, and the TM
protein, p15E, which are cleaved from a precursor protein,
Pr85 (19). Amino acid sequence alignments of the SU proteins
of the type C retroviruses have previously identified a variable
PRR located between the N-terminal receptor-binding do-
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mains and the more highly conserved C-terminal regions (21).
In the MuLVs, the PRR is composed of 30 to 60 amino acids,
with a proline content of about 30%. The N-terminal 14 or 15
amino acids form a distinct motif, which is highly conserved in
all the major subtypes of the MuLVs, while the remainder of
the PRR varies in both length and sequence (Fig. 1A).

To investigate the requirements for the function of the PRR,
we constructed a chimeric envelope protein, E/A-PRR, in
which the amphotropic PRR was used to exactly replace the
ecotropic MoMuLV PRR (Fig. 1B). The amphotropic se-
quence is 14 amino acids longer than the ecotropic PRR,
contains an additional potential N-linked glycosylation site,
and varies considerably in sequence from the ecotropic PRR in
the C terminus. We produced retroviral vector particles con-

taining the E/A-PRR protein and tested the function of the
protein by analyzing the ability of these retroviral vectors to
transduce NIH 3T3 cells. Vectors containing the E/A-PRR
protein were able to transduce NIH 3T3 cells at titers similar
to those for the wild-type ecotropic envelope protein (Table 1),
indicating that the amphotropic sequence could functionally
substitute for the ecotropic PRR and that the precise PRR
sequence was not essential for the function of the MoMuLV
envelope protein.

Minimal length of PRR required for envelope protein func-
tion. Although the precise sequence of the ecotropic PRR was
not required for the function of the MoMuLV envelope pro-
tein, the suggested role of the PRR as a linker between two
different domains of SU may depend on both the high proline

FIG. 1. (A) Sequence alignment of the PRR from several mammalian type C retroviruses. The PRR links the N-terminal receptor-binding domain and the more
highly conserved C-terminal part of the SU protein. The N-terminal region of the PRR is conserved among the different viruses and is highly conserved within the
different MuLV subtypes shown. In contrast, the C-terminal portion of the PRR varies in both sequence and length. (B) Construction of envelope protein mutants.
AvrII and NgoMI restriction enzyme sites were introduced into the MoMuLV SU to flank the PRR. These sites were used to replace the ecotropic PRR with either
the full-length amphotropic PRR sequence (E/A-PRR) or C-terminal truncations of that sequence. The truncations are named according to the number of amino acids
deleted from the C terminus, and construct N-14 has the N-terminal 14 conserved amino acids deleted. The asterisks indicate a potential N-linked glycosylation site
present in the amphotropic PRR.
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content of the region and the length, and therefore the flexi-
bility, of this sequence. To investigate these requirements, we
constructed a series of C-terminal truncations of the PRR
sequence in E/A-PRR (Fig. 1B) and analyzed the ability of
retroviral vectors carrying these proteins to transduce NIH 3T3
cells. This analysis revealed that extensive deletions of the
C-terminal hypervariable region of the PRR could be made
with little effect on viral infectivity (Table 1). The deletions of
29 and 34 of the 58 amino acids of the amphotropic PRR
(constructs C-29 and C-34) resulted in viral titers that were 62
and 21% of those for the wild-type ecotropic envelope protein,
respectively. Even the deletion of 49 residues in C-49 produced
viral particles that gave titers that were 6% of the wild-type
level, even though the deletion in C-49 removed all of the
C-terminal variable region and 4 residues of the conserved
N-terminal region. However, when the truncation was ex-
tended a further 5 amino acids into the N-terminal region
(construct C-54), the envelope protein totally lost function and
the viral titer became zero.

These data implicated the N-terminal motif in envelope
protein function. To investigate more precisely the role of the
conserved N terminus in envelope protein function, we deleted
this region from E/A-PRR to produce mutant N-14 (Fig. 1B).
Mutant N-14 was assessed for its ability to transduce NIH 3T3
cells and, similar to mutant C-54, was found to give no titer
(Table 1).

PRR mutants differentially affect virus-cell and cell-cell fu-
sion. We examined the effects of the PRR deletions on the
levels of cell surface expression of the envelope proteins and
on the ability of the envelope proteins to direct cell-cell fusion.
All of the mutant proteins were detected on the surface of
transfected 293T cells, although mutants C-34 and C-39 were
present at about 50% the level of the wild-type protein and
mutant C-54 was present at only about 20% of the wild-type
level (Table 1).

The ability of the proteins to direct cell-cell fusion was mea-
sured in a cocultivation assay between 293T cells expressing
the envelope proteins and the indicator XC cell line which
expresses the ecotropic receptor. XC cells fuse with cells ex-

pressing the ecotropic envelope protein on their surface, re-
sulting in the formation of syncytia. This assay revealed that
cell-cell fusion was more sensitive to C-terminal truncations of
the PRR than was virus-cell fusion as measured by NIH 3T3
cell transduction. Defects in syncytium formation were first
observed with the removal of only 24 residues, and truncations
beyond 29 residues resulted in completely nonfusogenic pro-
teins.

A different phenotype was observed for the N-terminal de-
letion mutant N-14. This protein was present at normal levels
on the cell surface and resulted in wild-type levels of syncytia
(Fig. 2). However, despite the fusogenicity of this protein in
cell-cell assays, retroviral vector particles produced with this
construct gave no titer on NIH 3T3 cells (Table 1).

Effects of deletions of the PRR on envelope protein incor-
poration into viral particles. Western blot analysis was carried
out to examine the levels of the C-terminally truncated enve-
lope proteins within viral particles (Fig. 3). The SU subunit of
the full-length protein, E/A-PRR, ran with a different mobility
from the parental MoMuLV envelope protein, CEE1, pre-
sumably due to the presence of 14 additional amino acids, an
extra N-linked glycosylation site in the amphotropic PRR, and
several potential additional O-linked glycosylation sites (Fig.
1). Deletions C-14 and C-19 resulted in envelope proteins that
were incorporated into the viral particles at levels comparable
to that of the wild-type protein, but the level of envelope
protein associated with viral particles gradually decreased for
truncations C-24 to C-49, as evidenced by the lower levels of
both the SU and TM subunits. For this group of proteins, an
additional band was detected by the anti-SU antiserum, which
migrated at a higher position than SU. The intensity of the
band increased as more amino acids were deleted, and for
constructs C-44 and C-49, the majority of the protein recog-
nized by the anti-SU antiserum was the higher-mobility form.

We investigated the nature of the higher-migrating band
observed for proteins C-24 to C-49. Probing a Western blot of
mutants C-44 and C-49 with an anti-TM antibody revealed that
this protein was probably the uncleaved precursor envelope
protein, Pr85 (Fig. 3C). It is possible that the presence of this

TABLE 1. Summary of characteristics of envelope proteins

Envelope protein
Viral titer
(106 CFU/

ml)a

Cell-cell
fusionb CSEc

Incorporationd of:
Cell lysatee

SU in
culture

supernatantfSU TM Pr85

Wild-type CEE1 3.9 6 0.4 111 111 1111 1111 2 Pr85 5 SU 1
E/A-PRR 1.8 6 0.4 111 111 1111 1111 2 Pr85 5 SU 1
C-14 3.5 6 0.6 111 111 1111 1111 2 Pr85 5 SU 1
C-19 2.8 6 0.5 111 111 111 111 2 Pr85 . SU 1
C-24 2.9 6 0.5 1 111 11 11 2 Pr85 . SU 11
C-29 2.4 6 0.3 6 111 11 11 2 Pr85 . SU 11
C-34 0.8 6 0.3 2 11 1 1 1 Pr85 . SU 11
C-39 0.12 6 0.03 2 11 6 6 11 Pr85 . SU 1
C-44 0.19 6 0.05 2 111 6 6 111 Pr85 only 6
C-49 0.23 6 0.05 2 111 6 6 111 Pr85 only 6
C-54 0 2 1 2 2 2 Pr85 only 1111
N-14 0 111 111 2 2 2 Pr85 5 SU 11

a Viral titer on NIH 3T3 cells of retroviral vectors containing envelope proteins. Each titer value is the average of three independent experiments 6 standard error.
b Extent of syncytium formation in 293T/XC cocultivation assays at 37°C. 111, 11 to 20 syncytia per field; 1, 1 to 5 syncytia per field; 1, only a few syncytia observed

on the entire assay plate; 2, no syncytia detected.
c Cell surface expression (CSE) of envelope protein on transfected 293T cells, as determined by FACScan analysis. 111, wild-type level of cell surface expression;

11, 50% of the wild-type level; 1, 20% of the wild-type level.
d Envelope protein detected in viral particles by Western blot analysis, as determined by densitometry. 1111, wild-type level of protein; 111, 50% of the wild-type

level; 11, 20% of the wild-type level; 1, 5% of the wild-type level; 6, only trace amounts of envelope protein; 2, no envelope protein.
e Extent of Pr85-to-SU processing in 293T cell lysates.
f SU immunoprecipitated from cell culture supernatants as determined by densitometry. 1, wild-type level of SU; 11, 23, wild-type level; 1111, 43 wild-type

level; 6, trace amount of SU.
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precursor protein in particles reflected an underlying defect in
the processing of Pr85 to the SU and TM subunits. Accord-
ingly, we analyzed the form of the envelope proteins present in
the lysates of transfected cells. To clearly distinguish between
Pr85, SU, and various processing intermediates of Pr85, we
treated the lysates with an N-glycosidase and also included
marker protein constructs that expressed only the MoMuLV
SU or Pr85 proteins (Fig. 4A). These results demonstrated that
while approximately equal amounts of the Pr85 and SU pro-
teins could be observed for the wild-type protein CEE1, the
parental hybrid E/A-PRR, and the mutants N-14 and C-14,
only a single band was observed for mutants C-44, C-49, and
C-54. Reduced levels of Pr85 processing to SU were observed
for the truncations C-19 to C-39 (Table 1 and data not shown).
Probing the cell lysates with an anti-TM antibody revealed that
the single species observed for mutants C-44, C-49, and C-54
was Pr85 (Fig. 4B).

Mutant C-54, which contains a deletion extending into the
N-terminal conserved region, did not result in any detectable
SU, TM, or Pr85 proteins in viral particles (Fig. 3). Although
Pr85 was seen in cell lysates (Fig. 4), C-54 differed from mu-
tants C-44 and C-49 in that no Pr85 was subsequently incor-
porated into viral particles. In addition, this mutant was

present at a much lower level on the surface of cells (Table 1).
These defects alone could account for the lack of titer and the
loss of the ability to promote cell-cell fusion observed with this
mutant (Table 1).

N-14 is a temperature-sensitive incorporation mutant. A
possible explanation for the lack of infectivity of the N-14
mutant, despite its ability to promote cell-cell fusion, is that
this protein is not stably incorporated into viral particles. Ac-
cordingly, we used Western blot analysis to investigate the
envelope protein content of the viral particles. The results
revealed that there was no detectable envelope protein present
in the viral particles (Fig. 5A), even though the N-14 mutant
displayed normal processing of the precursor Pr85 to the ma-
ture SU protein in cell lysates (Fig. 4).

We investigated the possibility that the defect in the N-14
envelope protein was a temperature-sensitive mutation by an-
alyzing the envelope protein content of virions harvested at
32°C. Western blot analysis revealed that the N-14 mutant was
present in viral particles at low levels at this temperature (Fig.
5B). In addition, N-14 virions harvested at 32°C gave a titer of
1.4 3 104 CFU/ml on NIH 3T3 cells, which was 10% of the
value obtained for the wild-type envelope protein at this tem-

FIG. 2. Fusogenicity of the N-14 mutant. 293T cells expressing the wild-type CEE1 or N-14 mutant envelope proteins were cocultivated at 37°C with XC indicator
cells, which express the ecotropic receptor. Both envelope proteins resulted in equivalent levels of syncytium formation.

FIG. 3. Western blot analysis of virion-associated envelope proteins. (A and B) Viral particles were pelleted through 20% sucrose, and specific proteins were
detected including the SU protein and the viral capsid protein, CA (A) and TM protein (B). The MuLV TM protein exists in two forms, full-length p15E and a truncated
form p12E (15, 20), both of which can be seen. Mock transfection results in no envelope protein. (C) Viral proteins were probed with anti-TM antibody, revealing the
presence of Pr85 in virions for constructs C-44 and C-49.
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perature. These results therefore demonstrated that N-14 is a
temperature-sensitive incorporation mutant.

PRR affects SU-TM interactions. Previous linker insertion
mutations in the PRR have been shown to result in a more
labile SU-TM interaction, resulting in greater shedding of the
SU subunit from viral particles (14). We therefore investigated
the effects of the PRR mutants on SU-TM interactions by
analyzing the amount of free SU protein that could be immu-
noprecipitated from the supernatants of cells expressing the
envelope protein mutants (Fig. 6).

This analysis revealed that the progressive shortening of the
C-terminal region of the PRR up to mutant C-29 resulted in an
increased tendency to shed SU into the culture supernatant.
Mutants C-34 and C-39 did not appear to continue this trend,
since they produced smaller amounts of free SU in the super-
natant than did mutant C-29, but both of these proteins were
present at notably lower levels on the cell surface. Mutants
C-44 and C-49 produced very little free SU in the supernatants
of transfected cells. However, both of these proteins demon-

strated very poor processing of Pr85 to SU, as evidenced by the
lack of SU detected in cell lysates (Fig. 4) and the high levels
of incorporation of Pr85 into viral particles (Fig. 3).

Higher levels of SU were seen in the supernatants of cells
transfected with mutant N-14 and in particular with mutant
C-54. While neither protein is present in viral particles, the two
proteins have distinct properties (Table 1; Fig. 4). For C-54, no
processed SU could be detected in cell lysates and very little
envelope protein was present on the cell surface. In contrast,
mutant N-14 produced normal levels of both Pr85 and SU in
cell lysates and was readily detectable on the cell surface.

Insertion of a collagen-binding peptide into the PRR. Since
the PRR could tolerate changes in both the actual sequence of
its C-terminal region and its overall length, we tested whether
this region would allow the insertion of a peptide-binding do-
main, in order to generate a targetable retroviral vector. As a
proof of the principle, a 16-amino-acid peptide containing the
collagen-binding domain from von Willebrand’s factor (39)
was inserted into two different sites in the PRR of protein
E/A-PRR (Fig. 7A). The chimeric envelope proteins so gen-
erated were efficiently incorporated into retroviral vectors (Fig.
7B) and gave titers on NIH 3T3 cells that were similar to those
obtained with the wild-type protein (Table 2), demonstrating
that insertions in the PRR did not disrupt envelope protein
function.

To assess whether the inserted peptide could confer binding
to collagen, we analyzed the ability of retroviral particles
pseudotyped with the chimeric envelope proteins to bind to
collagen-coated plates. Both of the chimeric envelope proteins
bound virions to the plates, while the wild-type MoMuLV
envelope protein did not (Table 2).

DISCUSSION

Three distinct domains are present in the SU proteins of the
type C mammalian retroviruses. The N-terminal region, which
displays the most variability between different viruses, interacts
with the specific viral receptor and thereby determines the
tropism of the virus (42), while the more highly conserved
C-terminal region associates with the TM subunit (30, 32).
These two regions are separated by a PRR of variable length
and sequence. The location and high proline content of the
PRR have led to speculation that this region could serve as a
flexible linker or hinge region, important for transmitting the
conformational changes that are thought to occur in the ret-
roviral envelope protein complex after binding to a receptor

FIG. 4. Envelope proteins in cell lysates. (A) Cell lysates of 293T cells ex-
pressing envelope proteins were deglycosylated and probed with an anti-SU
antibody. Construct SU is terminated at the natural SU-TM cleavage site and
therefore produces only SU, while construct Pr85 contains a mutated cleavage
site and produces only Pr85. Mock transfection results in no envelope protein.
(B) Deglycosylated cell lysates were probed with anti-TM antibody, which de-
tects Pr85 and the processed TM protein.

FIG. 5. N-14 is a temperature-sensitive incorporation mutant. (A) N-14 is
undetectable in viral particles produced at 37°C. (B) N-14 is incorporated into
viral particles at a low level at 32°C.

FIG. 6. Immunoprecipitation of SU protein from cell culture supernatants.
SU proteins were immunoprecipitated from the supernatants of 293T cells tran-
siently transfected with various envelope protein expression plasmids.
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(13, 35). As such, it may function in a similar way to the hinge
regions of immunoglobulins, which introduce flexibility into
the antigen-binding arms to allow optimal interactions with
antigens (40).

Our analysis of the role of the PRR in the MuLVs initially
investigated the ability of the amphotropic PRR to functionally
substitute for the shorter ecotropic PRR in the MoMuLV
envelope protein. We constructed a chimeric protein, E/A-
PRR, which proved to be fully functional and to produce
retroviral vectors with titers that were 46% of those for the
wild-type ecotropic parent. This result indicated that it is not
the actual sequence of the PRR that is important for function
but, rather, some overall feature of the region, such as the high
proline content. We also demonstrated that a 16-amino-acid
peptide could be inserted into E/A-PRR, making the PRR 31
amino acids longer than the original ecotropic region without
affecting envelope protein function. The ability of the PRR to
tolerate this insertion suggests that this region could be used
for inserting novel peptide-binding domains to generate tar-
getable retroviral vectors.

We observed that E/A-PRR migrated at a higher position on
an SDS-polyacrylamide gel than did the wild-type MoMuLV
envelope protein. This result is most probably due to the pres-
ence of the additional N-linked glycosylation site that is pre-
dicted to be in the amphotropic PRR. This assumption is
consistent with the observation that the truncated amphotropic
PRR present in protein C-24, which no longer contains the
consensus N-linked glycosylation site, produced a protein that
ran at the same size as the wild-type protein. Alternatively, it
has been reported that point mutations in the ecotropic PRR
can affect the mobility of both Pr85 and SU and that this was
the result of differential glycosylation (2).

The PRR contains two distinct sequence motifs. The N-
terminal 14 or 15 amino acids are conserved in all of the type
C mammalian retroviruses, while the C-terminal region of be-
tween 31 and 61 residues varies considerably in its primary
sequence. The PRR has been proposed to form a polyproline
b-turn helix (11), with 10 strong turns predicted in both the
amphotropic sequence (41) and the FeLV sequence (11). Of

these, three are present in the N-terminal region. It is likely
that the PRR forms an exposed loop between the N- and
C-terminal domains of SU (11). The presence of N-linked
glycosylation sites in several PRR sequences and the high ten-
dency of this region to induce neutralizing antibodies in FeLV
(26, 27) are consistent with the PRR being surface exposed.
Furthermore, we have demonstrated that the insertion of a
collagen-binding domain from von Willebrand’s factor into this
region allowed the resulting envelope protein to bind to col-
lagen, which is also indicative of an accessible region.

The C-terminal deletion mutants we produced in E/A-PRR
had several effects on envelope protein function. Initially, the
deletion of just 14 amino acids, which shortened the ampho-
tropic PRR to the same length as the original ecotropic PRR,
restored the titer to near-wild-type levels. Subsequent trunca-
tions of up to 29 amino acids had very little effect on the titer.
However, the sequential truncation of the C-terminal region
did result in decreased levels of the processed SU and TM
subunits of the envelope protein being incorporated into viri-
ons. In addition, we observed an increasing amount of the
uncleaved precursor protein, Pr85, in virions. The decreases in
both cell-cell fusion and transduction efficiency that we ob-
served for mutants C-24 to C-49 could be secondary to these
incorporation defects. We could always detect some form of
envelope protein present on the cell surface for all of the
mutants, although C-54 was detected at much lower levels.
However, it is possible that the major species detected for
mutants C-39 to C-49 was the uncleaved precursor Pr85.

Cleavage of the precursor envelope protein into the mature
SU and TM subunits is essential for retroviral infectivity. While
mutation of the cleavage site can force the incorporation of a
low level of uncleaved precursor protein into virions, the re-
sulting particles are noninfectious (references 8, 12, and 24 and
data not shown). Truncation of the PRR C-terminal region
in mutants C-24 to C-49 resulted in a decreased efficiency of
Pr85-to-SU processing in cell lysates and the appearance of
increasing amounts of Pr85 in viral particles. Despite the high
levels of Pr85 and low levels of SU and TM proteins in virions,
retroviral vectors containing the C-terminal truncation mu-
tants up to C-49 remained infectious. It seems likely that the
low level of properly cleaved protein detected for mutants C-39
to C-49 was sufficient to allow viral entry. These results indicate
that virus-cell fusion can occur efficiently even when only a
small amount of processed envelope protein is present. This
observation contrasts with the results from the cell-cell fusion
assay, in which we detected hardly any syncytia for mutant C-29
and none for mutant C-34, despite their abilities to produce
almost wild-type titers in retroviral vectors. These results indi-
cate that cell-cell fusion has different requirements from virus-

FIG. 7. Insertion of a collagen-binding domain into the PRR of E/A-PRR.
(A) A 16-amino-acid peptide containing a collagen-binding domain (underlined)
from von Willebrand’s factor (39) was inserted into two sites in the PRR of
E/A-PRR. PstI and StuI sites were created to facilitate these insertions. Insert 1
was at the PstI site, and insert 2 was a replacement of the PstI-StuI fragment. The
amino acids marked with asterisks are nonsilent mutations created by the gen-
eration of the PstI and StuI sites. (B) Western blot analysis shows that both of the
chimeric envelope proteins were incorporated efficiently into viral particles.

TABLE 2. Characterization of the chimeric envelope proteins
containing a collagen-binding domain

Envelope
proteina

Viral titerb

(CFU/ml)
Binding to
collagenc

CEE1 4.0 3 106 0
Insert 1 1.6 3 106 0.512 6 0.007
Insert 2 1.5 3 106 0.530 6 0.054

a For the structures of insert 1 and insert 2, see Fig. 7A.
b Viral titer on NIH 3T3 cells of retroviral vectors containing the chimeric

envelope proteins.
c Capacity of the chimeric envelope proteins to bind to collagen as measured

by the collagen-binding assay (see Materials and Methods). The numbers shown
are the mean of three independent determinations of optical density at 600 nm 6
standard error.
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cell fusion, as we (46) and others (14, 29, 44) have previously
noted.

Removal of the N-terminal domain of the PRR in mutant
N-14 resulted in an envelope protein that was not incorporated
into virions at all at 37°C, although low levels could be detected
at 32°C. This result occurred despite the presence of normal
levels of Pr85 processing in cell lysates and wild-type levels of
cell surface protein. Furthermore, the cell surface N-14 protein
was fully able to induce cell-cell fusion in a cocultivation assay.
Higher levels of SU were shed into the supernatant of trans-
fected cells than occurred with the wild-type protein, suggest-
ing that one defect in this protein may be a decreased stability
in the interaction between the SU and TM subunits. Previous
linker insertions in the N-terminal region of the MoMuLV
PRR have also been reported to produce viruses with a tem-
perature-sensitive phenotype (14). These mutant virions incor-
porated only SU and were infectious at 32°C. Similar to the
N-14 mutant, they also had a higher tendency to shed SU into
the supernatant than did the wild-type virus. However, these
mutants induced syncytia only at 32°C, in contrast to N-14,
which was also fusogenic at 37°C.

Decreased affinity between the SU and TM subunits can
result in the loss of SU, leaving the remaining TM protein un-
stable and rapidly degraded, as has previously been suggested
for mutants of MoMuLV (14) and human immunodeficiency
virus type 1 (17). However, this explanation is at odds with the
apparently normal cell surface levels of the N-14 mutant and
its ability to induce cell-cell fusion. It is conceivable that the
N-14 deletion somehow prevented the incorporation of the en-
velope protein into budding viral cores, although defects in en-
velope protein incorporation have been observed only with
certain mutations in the cytoplasmic tail of the MoMuLV pro-
tein (20). An alternative explanation could be that the associ-
ation of the N-14 protein with virions decreased the stability of
this protein. Envelope protein incorporated into MuLV cores
has the C-terminal 16 amino acids of the cytoplasmic tail (the
R peptide) removed by the viral protease. This processing en-
hances the fusogenicity of the wild-type envelope protein (33,
34) and could possibly strain an already weakened SU-TM in-
teraction in mutant N-14, leading to the loss of SU and the
rapid degradation of TM.

A defect in SU-TM association could also account for the
phenotype observed with protein C-54. This truncation re-
tained only 6 amino acids of the N-terminal conserved domain
of the PRR with none of the C-terminal region and only 1 of
the 10 predicted b-turns in this region (11). Mutant C-54 re-
sulted in the largest amounts of SU shed into the culture su-
pernatant and had only a very low level of envelope protein
that could be detected on the cell surface. In addition, only
Pr85 and no processed SU could be detected in cell lysates.
Since the protein was detected at only very low levels on the
cell surface and in virions, it was not surprising that C-54 was
unable to cause either cell-cell fusion or virus-cell fusion.

The underlying cause of the defect in mutant C-54 is un-
clear. It is possible that this large truncation in the PRR de-
stabilized SU-TM interactions so that processed envelope pro-
tein was not stably expressed on the cell surface. This could
result in both a low level of detection of cell surface envelope
protein, a lack of SU protein detected in the cell lysates, and a
large amount of free SU shed into the culture supernatant. It
is also possible that different pathways in the cell can be used
to transport the envelope protein and that the envelope pro-
tein shed into the supernatant is transported differently from
the protein that ultimately ends up on the cell surface. Notably,
two distinct populations have previously been detected for

membrane-associated and secreted simian immunodeficiency
virus SU (38).

Previous mutational analyses of this region have demon-
strated a role for the PRR in SU-TM association, the stable
incorporation of envelope protein into virions, envelope pro-
tein-mediated cell-cell fusion, and viral infectivity (2, 14). Our
analysis of the E/A-PRR deletion mutants indicates that the
primary defects in these mutants are the ability of processed
envelope protein to be incorporated into virions and stable
SU-TM associations. Similar effects on both Pr85 cleavage and
SU-TM association have been reported for mutations in the
C-terminal region of the Friend MuLV SU (22). These effects
are consistent with the PRR being important for the overall
folding of the envelope protein, which in turn could influence
the rate of transport of the protein through the export path-
way, the efficiency of SU-TM cleavage, and the consequent
stability of the noncovalently linked SU and TM proteins in the
final envelope protein complex. The partially temperature-
sensitive phenotype of the N-14 mutant also supports the no-
tion that this region is important for protein conformation.

Our data do not support a primary defect in fusion or bind-
ing for the PRR mutants. Even the truncation of 49 of the 61
amino acids from the C-terminus of the PRR gave a titer that
was still 10% of the E/A-PRR titer in a retroviral vector, and
the N-14 mutant produced wild-type levels of syncytia in a
fusion assay. In addition, although the PRR has been shown to
be able to influence the receptor-binding properties of certain
MuLV subtypes (3, 16), it is likely that this effect is also sec-
ondary to an influence on the overall protein structure. How-
ever, we cannot rule out the possibility that the PRR plays a
different role in different MuLV subtypes. Our analysis is con-
sistent with a role for the PRR in the proper processing of Pr85
and the stable association of the SU and TM subunits, with
downstream effects on fusion and infectivity.
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