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Assembly of an infectious retrovirus requires the incorporation of the envelope glycoprotein complex during
the process of particle budding. We have recently demonstrated that amino acid substitutions of a tyrosine
residue in the cytoplasmic domain block glycoprotein incorporation into budding Mason-Pfizer monkey virus
(M-PMY) particles and abrogate infectivity (C. Song, S. R. Dubay, and E. Hunter, J. Virol. 77:5192-5200,
2003). To investigate the contribution of other amino acids in the cytoplasmic domain to the process of
glycoprotein incorporation, we introduced alanine-scanning mutations into this region of the transmembrane
protein. The effects of the mutations on glycoprotein biosynthesis and function, as well as on virus infectivity,
have been examined. Mutation of two cytoplasmic residues, valine 20 and histidine 21, inhibits viral protease-
mediated cleavage of the cytoplasmic domain that is observed during virion maturation, but the mutant virions
show only moderately reduced infectivity. We also demonstrate that the cytoplasmic domain of the M-PMV
contains three amino acid residues that are absolutely essential for incorporation of glycoprotein into virions.
In addition to the previously identified tyrosine at residue 22, an isoleucine at position 18 and a leucine at
position 25 each mediate the process of incorporation and efficient release of virions. While isoleucine 18 may
be involved in direct interactions with immature capsids, antibody uptake studies showed that leucine 25 and
tyrosine 22 are part of an efficient internalization signal in the cytoplasmic domain of the M-PMYV glycoprotein.
These results demonstrate that the cytoplasmic domain of M-PMV Env, in part through its YXXL-mediated
endocytosis and intracellular trafficking signals, plays a critical role in the incorporation of glycoprotein into

virions.

The envelope (Env) glycoprotein of Mason-Pfizer monkey
virus (M-PMYV), like those of other retroviruses, is synthesized
on the rough endoplasmic reticulum (ER) and is cotranslation-
ally glycosylated and inserted into the lumen of the ER (5-§,
30). Shortly after synthesis, the glycosylated precursor is as-
sembled into trimers, a process which is thought to be required
for transport of Env from the ER to the Golgi complex (2, 20).
It is then cleaved by a cellular protease into two subunits, gp70
(SU) and gp22 (TM), in a late compartment of the Golgi
complex (26). The oligomeric, noncovalently associated gp70
and gp22 complexes are then transported to the plasma mem-
brane, where they are incorporated into budding virions (10,
68). The SU glycoprotein is responsible for receptor binding,
whereas the TM glycoprotein is responsible for anchoring the
SU protein at the surface of infected cells or the viral mem-
brane. The TM glycoprotein also mediates virus-cell mem-
brane fusion during viral entry as well as cell-cell fusion via a
fusion peptide and heptad repeat motifs located at the extra-
cellular domain (2, 18, 35, 69, 74, 76). This fusion process also
is influenced by the cytoplasmic domain of the TM glycopro-
tein as demonstrated previously (9, 13, 19, 36, 44, 55, 68, 70).

As is observed with murine leukemia virus (MuLV) and
Gibbon ape leukemia virus, but unlike most other retroviruses,
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a viral protease-mediated maturational cleavage of the TM
cytoplasmic domain occurs following virus release, which re-
sults in conversion of gp22 into gp20 (9, 10, 13, 55, 67). Based
on cytoplasmic domain truncation mutants, this maturational
cleavage of the cytoplasmic domain appears to dramatically
increase the fusion activity of the TM proteins and results in
the loss of 17 amino acids from the carboxy terminus of the
cytoplasmic domain (9, 68).

The incorporation of glycoprotein into budding virions is
essential for the formation of an infectious virus particle, since
retrovirus Env proteins play important roles in receptor bind-
ing and membrane fusion. In the case of the alphaviruses, an
interaction between the cytoplasmic domain of the spike gly-
coprotein and the virus nucleocapsid has been demonstrated
directly and is absolutely required for virus budding (1, 23, 72,
87). For retroviruses, which do not require glycoprotein ex-
pression for virus assembly and release, the nature of capsid-
envelope interactions is less well defined. In M-PMV, the gly-
coprotein appears to play an important role in intracellular
transport of assembled capsids to the plasma membrane, and
mutations that interfere with Env incorporation also decrease
the efficiency of virus release (64, 65, 68). In contrast, Rous
sarcoma virus, which encodes a glycoprotein lacking a cyto-
plasmic domain, can efficiently assemble and infect cells (53).
In the case of Moloney MuLV, some deletion mutations in the
cytoplasmic domain of the TM protein decrease infectivity
without reducing glycoprotein incorporation (33). Evidence
derived from Env and Gag mutagenesis and pseudotyping
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studies of human immunodeficiency virus type 1 (HIV-1) has
accumulated both for and against the existence of a specific
interaction between the TM cytoplasmic domain and matrix
(MA) domain of Gag (15, 17, 51, 63). However, in recent
studies, it was demonstrated that mutations in HIV-1 MA that
block the incorporation of full-length HIV-1 Env into virions
do not affect the incorporation of heterologous retroviral Env
glycoprotein with short cytoplasmic domains or HIV-1 Env
mutants containing large truncations in the cytoplasmic do-
main (21, 22, 46). Additional studies have shown that cytoplas-
mic mutations that block incorporation could be reverted by
mutations in MA (45). These findings imply that the incorpo-
ration of Env glycoprotein with long cytoplasmic domains de-
pends on specific interaction between sequences in the cyto-
plasmic domain of the TM protein and those within MA,
whereas the incorporation of a glycoprotein with a short cyto-
plasmic domain does not (3, 21, 29, 45, 50, 79).

Previously, we demonstrated that the mutations in a tyrosine
residue at position 22 in the cytoplasmic domain block glyco-
protein incorporation into budding M-PMYV virions and abro-
gate infectivity (68). The incorporation function of the tyrosine
mutants could be rescued, but only partially, by the aromatic
amino acid tryptophan. In this study we utilized alanine-scan-
ning mutagenesis of amino acid residues 2 to 33 within the
cytoplasmic domain, which are highly conserved among D-type
retroviruses, to investigate the contribution of this region to
Env incorporation. The accompanying paper (70) describes the
effects of these mutations on the fusogenicity of Env expressed
in the absence of Gag and protease. Here, we examined the
effects of these substitutions on Env biosynthesis in the context
of a proviral M-PMV expression construct and examined the
impact of the mutations on Env incorporation into virions and
on virus infectivity. These studies indicate that in addition to
the previously described tyrosine, two additional amino acids
play a critical role in incorporation of the glycoprotein into
budding virions and two other amino acids play an important
role in the maturational cleavage of the cytoplasmic domain of
the TM protein.

MATERIALS AND METHODS

DNAs, cell culture, and transfections. The pMTAE vector (72) is an M-PMV
proviral expression vector in which the fat gene of HIV-1 has replaced the env
gene of M-PMV. Each of the mutated sequences described in the accompanying
publication (70) were excised from the pTMT vectors by digestion with EcoRI
and Blpl, and the fragment was inserted into the proviral vector pSARM4, which
has unique EcoRI-BlpI sites (69). All the mutations were confirmed by DNA
sequencing.

COS-1 cells were obtained from the American Type Culture Collection. The
HOS-CD4/LTR-hGFP (GHOST) cell line, which expresses green fluorescent
protein (GFP) under the control of an HIV long terminal repeat (LTR) was
obtained through the AIDS Reference and Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, and was originally contrib-
uted by Vineet N. KewalRamani and Dan R. Littman (11, 43). Cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (Sigma), 10 U of penicillin G sodium/ml, and 10 pg of
streptomycin sulfate/ml (Pen-Strep; GibcoBRL). The HOS-CD4/LTR-hGFP
cells were additionally maintained in medium containing hygromycin and G418
(Geneticin) as recommended by the contributor. Each mutant DNA was trans-
fected into COS-1 cells by using FuGENE6 (Roche Molecular Biochemicals).

Glycoprotein incorporation assay. COS-1 cells in 100-mm-diameter plates
were transfected with 5 g of the molecular clone pPSARM4 containing either the
wild-type (WT) or mutant env gene. Two days after transfection, the cells were
labeled with 500 wCi of [*H]leucine (Perkin-Elmer, NEN) in 0.8 ml of leucine-
deficient DMEM. The cells were labeled for 90 min, at which time the label was
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removed, complete DMEM containing 10% fetal bovine serum was added, and
incubation was continued for 6 h. The supernatant was collected and, following
removal of the cell debris by filtering through a 0.45-pm-pore-size filter, the
supernatant was loaded onto a 25% (wt/vol) sucrose cushion in phosphate-
buffered saline (PBS) and centrifuged for 30 min in a TLA 100.3 rotor (Beck-
man) at 100,000 rpm. The pellet was resuspended in lysis buffer B (1% Triton
X-100, 15% sodium deoxycholate, 0.15 M NaCl, 0.1% sodium dodecyl sulfate
[SDS], 0.05 M Tris, pH 7.5), and M-PMV viral proteins were immunoprecipi-
tated with goat anti-M-PMV antiserum. Immunoprecipitates were analyzed by
12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography.

Cleavage of peptides by M-PMV PR in vitro. The cleavage of peptides derived
from M-PMV cytoplasmic domain sequences was assayed by evaluation of the
cleavage products by reverse-phase high-performance liquid chromatography
(RP-HPLC) on a Vydac C;g RP column in a methanol-H,O system (61). The
peptides used in this study were synthesized by the solid-phase method, purified
by RP-HPLC, and analyzed by amino acid analysis and mass spectrometry. The
standard reaction conditions for the cleavage of peptides were as follows: 50 mM
sodium acetate, pH 5.3, 0.3 M NaCl, 0.05% B-mercaptoethanol, 6 mM EDTA,
330 uM peptide, and 0.6 wM protease in 120 wl, overnight at 37°C. The peptide
products generated by protease (PR) were characterized by amino acid compo-
sition analysis. In experiments for determination of kinetic constants K,,, and k,;,
the concentration of peptides was varied between 25 and 1,500 uM and the
reaction mixture was incubated for 1 h.

Single-round virus infectivity assay. The single-round infectivity of M-PMV
molecular clones was determined as described before (69). Briefly, COS-1 cells
in 100-mm-diameter plates were cotransfected with both the glycoprotein ex-
pression vector pTMT, containing either the wild-type or the mutant env gene,
and pMTAE. At 48 h after cotransfection, culture supernatants were collected
and filtered though a 0.45-wm-pore-size filter. Relative levels of reverse tran-
scriptase (RT) activity were determined for each sample as previously described
(12), and the levels of RT were normalized by dilution with complete medium.
The normalized supernatants were used to infect HOS-CD4/LTR-hGFP cells
with 15 pg/ml Polybrene in duplicate. After 48 h of incubation, cells were washed
twice with deficient PBS and 500 pl of PBS-1 mM EDTA was added to resus-
pend the cells. The resuspended cells were analyzed for the expression of GFP
by flow cytometry.

Antibody uptake analysis. All immunofluorescence-based antibody uptake
analyses were done as described previously with some modifications (49). The
glycoprotein expression vector pTMT containing either wild-type or mutant env
was transfected into COS-1 cells grown on glass coverslips. To determine relative
levels of Env surface expression, unfixed cells on the coverslips were washed two
times with cold PBS, incubated with goat anti-M-PMV for 30 min on ice, and
then washed three times with PBS. They were fixed with methanol-acetic acid
(95:5 [vol/vol]) for 30 min at —20°C, washed once in PBS, and then stained with
fluorescein isothiocyanate-labeled rabbit anti-goat immunoglobulin G (Molecu-
lar Probes) for 30 min at room temperature with rocking. In order to compare
levels of internalization of wild-type and mutant Env, COS-1 cells grown on
coverslips were washed in PBS at 48 h posttransfection. Cells were then incu-
bated with goat anti-M-PMV at 4°C for 30 min and washed once with PBS. These
cells were then incubated at 37°C for 15 min or 30 min with 100 pl of DMEM.
Chloroquine (100 uM) was added to prevent lysosomal degradation of endocy-
tosed Env-antibody complexes. Surface and endocytosed goat anti-M-PMV an-
tibody was detected using fluorescein isothiocyanate-labeled rabbit anti-goat
immunoglobulin G as described above. All the samples were observed and
photographed with an Olympus IX 70 microscope.

RESULTS

Mutant glycoprotein incorporation into virions. Previously,
we demonstrated that amino acid substitutions into Y22
blocked incorporation of glycoprotein into budding virions
(68). To test if the alanine-scanning cytoplasmic domain sub-
stitutions affected glycoprotein incorporation into virions, each
PSARMA4 clone, containing either the wild-type or mutated env
gene, was transfected into COS-1 cells and, at 48 h posttrans-
fection, the cells were labeled with [*H]leucine for 90 min.
Following a 6-h chase in complete medium, virus particles in
the supernatants were filtered, pelleted through a 25% sucrose
cushion, and then immunoprecipitated as described in Mate-
rials and Methods.
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FIG. 1. Incorporation of mutant glycoprotein into virions. Alanine mutations were substituted for every residue of the cytoplasmic domain of
the TM protein from leucine at position 2 to serine at position 33, as described elsewhere (70). Virus-containing supernatants from metabolically
labeled COS-1 cells transfected with either wild-type or mutant pPSARM4 constructs were centrifuged through a 25% sucrose cushion. The virus
pellets were recovered, immunoprecipitated with goat anti-M-PMV serum, and analyzed by SDS-PAGE. The mutant designation is shown above
each lane, and the positions of the viral proteins are indicated in the middle.

After a 6-h pulse-chase labeling period, the mature products
of the env gene (gp70 and gp20) and the gag gene (p27 and
p10/p120) can be observed in the viral pellet for the wild type
and most of the mutants (Fig. 1). Interestingly, alanine substi-
tutions at amino acid residues 118 and L25, as well as the
previously characterized Y22A mutation, block glycoprotein
incorporation into virions, as evidenced by the absence of gp70
and gp20 in the virus pellets. In contrast, V20A mutant virions
incorporate normal levels of Env proteins, but the amino acid
substitution inhibits the viral protease-mediated cleavage of
the cytoplasmic residue, so that the bulk of this TM protein is
in the form of the uncleaved gp22. The H21A mutation ap-
pears to incompletely inhibit both incorporation of glycopro-
tein into virions and cleavage of the TM protein.

Consistent with our observations in Env-expressing cells,
where cleavage of Pr86 was inhibited and almost equal
amounts of gp70 and Pr86 were found at the cell surface (70),
the FSA mutant virions incorporate almost equal amounts of
precursor glycoprotein and gp70. Similarly, the I13A mutant
consistently exhibited lower amounts of gp70 glycoprotein on
the plasma membrane when expressed in the context of a
glycoprotein expression vector (70), and it was also incorpo-
rated at lower levels into virus particles. The K7A and Q9A
mutant virions also incorporated decreased levels of glycopro-
tein into budding virions in the context of a proviral clone.
These two mutations increase the fusogenicity of the glyco-
protein in cell-cell fusion assays.

As we observed previously for the Y22 substitution mutants
that were deficient in Env incorporation (68), the amounts of
virions released from cells transfected with both the I18A and
the L25A mutants were decreased significantly from that ob-
served with wild type or mutants that incorporated Env at
wild-type levels.

Cleavage of peptides by M-PMYV PR in vitro. Both the V20A
and the H21A mutations appeared to inhibit cleavage of the
TM protein. In order to directly determine the inhibitory effect
of these mutations on cleavage by the M-PMV PR, peptides
that represented residues 18 to 27 of the cytoplasmic domain,
and which contain the region critical for maturational cleavage,

were synthesized. One peptide represented the wild-type se-
quence, while the other two incorporated either the V20A or
the H21A substitution. Peptides were cleaved for 1 h at pH 5.3
as described in Materials and Methods. Determination of the
k../K,, ratio gives a measurement of the catalytic efficiency,
and it allows one to compare the sensitivities of the peptides
with different mutations to the M-PMV PR.

As expected, cleavage of the peptide containing the wild-
type sequence by the M-PMV PR occurred between the first
histidine and the tyrosine (data not shown). While cleavage
occurred at the same site for the mutant peptides, cleavage was
severely impaired. The k_,/K,, ratio of the wild-type peptide
was approximately 19 times higher than those of the peptides
with mutations at V20A or H21A, indicating that the muta-
tions introduced into these sites of the cytoplasmic domain
decrease their hydrolysis significantly and in this way block
maturational cleavage by the viral PR (Table 1). Although the
peptides with the V20A or H21A mutation were cleaved at a
similar low efficiency (k.,/K,,), the maximum rate of hydrolysis
(keae) for the peptide with the H21A mutation was about three
times higher than the peptide with V20A mutation, while the
peptide with the V20A mutation had a three-times-higher sub-
strate affinity (K,,) than the H21A peptide (Table 1). These
results indicate that while the underlying mechanisms for the
inhibitory effect on cleavage of these mutations are different,
both effectively block cleavage of the cytoplasmic domain by
the viral PR in virions.

TABLE 1. Cleavage of gp22-derived peptides

. . ke, K kealK,
Mutation Peptides® (S:all) (mi(l/[) (s’c?%nl'\r;[)
WT IQVHYHRLEQ 0.43 0.136 3.15
V20A IQAHYHRLEQ 0.053 0.299 0.18
H21A IQVAYHRLEQ 0.175 1.076 0.17

“ Peptides were cleaved by M-PMV PR at pH 5.3 in 0.05 M sodium acetate
containing 0.3 M NaCl, 0.05% B-mercaptoethanol. The mutation is shown in
boldface in each of the mutant peptides.
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FIG. 2. Viral entry and single-round infectivity assay. COS-1 cells were cotransfected with pTMT and pMTAEnv expression vectors as described
in Materials and Methods. At 48 h posttransfection, culture medium from cells expressing virus was filtered and normalized for reverse
transcriptase activity. The normalized medium was used to infect HOS-CD4/LTR-hGFP cells. The number of GFP-expressing cells was quantitated
by fluorescence-activated cell sorter analysis. The mean percentage (* the standard deviation) of GFP-expressing cells relative to wild type from
three independent experiments is shown for each of the mutants (gray bars). Superimposed on the infectivity data are the fusogenicity data for each
mutant in the context of a full-length Env protein expression vector (70) (filled circles).

Analysis of single-round infectivity by GFP expression. In
order to analyze the effect of the mutations introduced into the
cytoplasmic domain on virus infectivity, a complementation
assay was used. In this single-round infection assay the mutant
Envs were assayed for their ability to complement the pMTAE
vector, which encodes the fat gene of HIV-1 in place of the
M-PMV env gene. The pTMT and pMTAE vectors were co-
transfected into COS-1 cells, and 2 days after transfection the
culture supernatants were assayed for RT activity as described
previously. Equivalent amounts of RT-containing supernatant
were used to infect GHOST cells, and 2 days postinfection the
cells were analyzed by flow cytometry for the number of the
GFP-positive cells. As a negative control, the assay was also
performed by transfecting COS-1 cells with either the pMTAE
vector or pTMT vector alone, to measure the background GFP
expression level. Because the 118A, Y22A, and L25A mutants
did not incorporate glycoprotein at detectable levels, we did
not measure the infectivities of these mutants (Fig. 2).

None of the mutant Env proteins was completely defective
at mediating virus entry. The most defective mutants (L2A,
F5A, I13A, K16A, and P17A) retained approximately 40% of
the infectivity of virus containing the wild-type Env. This con-
trasts with results from fusion assays with the unprocessed Env
protein alone, in which these mutants were highly defective for
fusion (70) (Fig. 2). This was also observed for the bulk of the
mutations (G31A in particular) that are C-terminal to the
maturational cleavage site within the TM protein. These mu-
tant viruses, for the most part, exhibit infectivity equivalent to

wild-type virus. This argues strongly that the detrimental ef-
fects of these downstream mutations are reversible, are only
observed in Env proteins with a full-length gp22 protein, and
are lost on cytoplasmic domain cleavage. The E11A and P17A
mutations with low fusogenicity (31% and 8%) in the context
of Env alone also mediate efficient infectivity (90% and 73%)
similar to that of the wild-type virus, suggesting that even for
these more-membrane-proximal mutations, CT cleavage mod-
ulates the effect of the alanine substitution. Interestingly, the
T4A, K7A, Q9A, and I10A mutants, which showed increased
levels of fusogenicity in the cell-cell fusion assay (1.5- to 2.75-
fold that of wild type), with the Q9A and I10A mutants induc-
ing large syncytium formation in the context of full-length Env
protein, only mediate wild-type levels of infectivity.

Virions containing the V20A mutation are infectious in this
single-cycle assay. The facts that this mutant is as fusogenic as
the wild-type Env when expressed from the pTMT vector alone
and mediates moderate levels (60%) of infectivity even though
maturational cleavage of the TM protein is blocked in the virus
argue that complete protease mediated-cleavage of the cyto-
plasmic domain is not essential for virus-cell fusion. The H21A
mutant, which partially blocks incorporation and maturational
cleavage of the glycoprotein, has an intermediate level of in-
fectivity. Three mutants, Q19A, H23A, and R24A, which have
lower levels of infectivity compared with the wild type, are
located in the region encompassing the residues (I18-L25)
required for incorporation, suggesting that a subtle change in
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FIG. 3. Antibody uptake mediated by wild-type (WT) and incorporation-defective mutant glycoproteins in COS-1 cells. (A) Steady-state
surface expression of wild-type and mutant env gene products was detected after incubation of the unfixed, pTMT vector-transfected COS-1 cells
on ice with goat anti-M-PMV antibody followed by methanol-acetic acid fixation and secondary antibody incubation. (B and C) Internalization of
wild-type and mutant Env proteins from the plasma membrane to the prelysosomal vesicles was visualized by incubating Env-expressing cells with
goat anti-M-PMV antibody in the presence of chloroquine at 37°C for either 15 min (B) or for 30 min (C); the cells were then fixed and stained

as for panel A. Arrows indicate internalized glycoproteins.

Env-MA interactions might be the basis for the reduced bio-
logical activity.

Effects of mutations in cytoplasmic residues on endocytosis
of the M-PMYV Env protein. To corroborate our previous sur-
face biotinylation data, which indicated that the 118A, Y22A,
and L25A mutant viral glycoproteins are expressed on the cell
surface (70), and to determine if these three mutations that
block Env incorporation also play a role in the endocytosis of
the M-PMV Env protein, we employed an antibody uptake
assay. COS-1 cells grown on glass coverslips were transfected
with pTMT vectors encoding either the wild-type or mutant
env genes. Three sets of transfected COS-1 cells were incu-
bated with goat anti-M-PMV antiserum for 30 min on ice. One
set of COS-1 cells was fixed to detect steady-state Env expres-
sion on the cell surface, and the other two sets of cells were
then shifted to 37°C in the presence of chloroquine for an
additional 15 min and 30 min, respectively, to measure inter-
nalization of surface-bound antibodies.

In the steady-state surface staining, the wild-type and the all
the other mutant glycoproteins tested showed a similar surface

staining pattern (Fig. 3A). An analysis of the uptake of the
surface-bound goat anti-M-PMV antibody showed dramatic
differences in the manner by which the different glycoproteins
were internalized. After a 15-min period of antibody uptake,
the wild-type and I18A Env showed reduced surface immuno-
fluorescence and the appearance of brightly staining vesicular
structures (Fig. 3B). By 30 min the bulk of the immunofiuo-
rescent staining was localized to these perinuclear vesicular
structures (Fig. 3C). In contrast, the Y22A- and L25A-express-
ing cells showed extensive plasma membrane staining and only
a few fluorescent endocytic vesicles even after 30 min of incu-
bation at 37°C (Fig. 3C). These data indicate that the tyrosine
residue at position 22 and leucine 25 of the cytoplasmic do-
main of M-PMV Env both play a key role in the endocytosis of
the glycoprotein, as well as in the incorporation of Env into
virions.

Biological effects of double mutations of Q9A and V20A.
Previously, we described that the Q9A mutation in the cyto-
plasmic domain of the TM protein induces massive syncytium
formation in the cell-cell fusion assay in the absence of cyto-
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FIG. 4. Expression of Q9/V20 mutants in the context of the pPSARM4 provirus. WT and mutant proviruses were transfected into COS-1 cells
and viral proteins were metabolically labeled as described in Materials and Methods. (A) Cell lysates were immunoprecipitated with goat
anti-M-PMV serum and analyzed by SDS-PAGE. The mutant designation is shown above each lane. (B) Virus-containing supernatants from
metabolically labeled COS-1 cells transfected with either wild-type or mutant pPSARM4 constructs were centrifuged through a 25% sucrose
cushion. The virus pellets were recovered, immunoprecipitated with goat anti-M-PMYV serum, and analyzed by SDS-PAGE. The positions of the
viral bands are indicated. (C) Single-round infectivity assay. COS-1 cells were cotransfected with pTMT and pMTAEnv expression vectors as
described in Materials and Methods. At 48 h posttransfection, culture medium from cells expressing virus was filtered and normalized for reverse
transcriptase activity. Normalized medium was used to infect HOS-CD4/LTR-hGFP cells. Infectivity was quantitated by fluorescence-activated cell

sorter analysis of the number of GFP-expressing cells.

plasmic domain cleavage of Env (70). The V20A mutation
blocks maturational cleavage of the cytoplasmic domain of the
TM protein in the context of the proviral clone and, despite
exhibiting wild-type fusion activity in the context of the full-
length Env protein, mediates a reduced level (60%) of infec-
tivity in the context of virus. We therefore asked whether the
highly fusogenic Q9A mutation could compensate for the in-
hibitory effect of V20A. The Q9A/V20A mutant env gene was
cloned into the M-PMYV infectious molecular clone pPSARM4,
and the effects of the double mutations on glycoprotein incor-
poration into virions, maturational cleavage, and infectivity
were tested as described above.

The Q9A/V20A mutation, like the Q9A substitution, re-
sulted in decreased levels of Env into virions and, like the
V20A mutation, inhibited maturational cleavage of the TM
protein (Fig. 4A and B). Nevertheless, this double mutant still
induced massive syncytium formation in the context of the Env
protein alone or when expressed from the proviral clone (data
not shown), and in an infectivity assay the Q9A/V20A double
mutant had a comparable level of infectivity as the wild type
(Fig. 4C). Taken together, these data indicate that the inhibi-
tory effect of the V20A mutation on infectivity could be sup-
pressed by introducing a second site mutation, Q9A, into the
cytoplasmic domain of the M-PMV TM protein.

DISCUSSION

We previously demonstrated that C-terminal truncation of
the cytoplasmic domain of the TM glycoprotein and substitu-
tion mutations in the Y22 residue in this domain block incor-
poration of the glycoprotein into budding virions and abrogate
infectivity (9, 68). In this study, using alanine-scanning mu-
tagenesis, we have investigated the possibility that additional
amino acids in the cytoplasmic domain of the TM protein are
involved in the incorporation and function of the viral env gene
products.

The cytoplasmic domains of several viral glycoproteins have
been shown to play important roles in specifying the site of
virus assembly and their own incorporation into virions (51, 63,
64, 85). In the case of HIV-1, the cytoplasmic domain has been
implicated in the pathogenic effects of the virus in cell culture
(34, 77) and has been shown to play an important role in the
incorporation of glycoprotein into virions (16, 22, 24, 29, 31, 37,
39, 46, 50, 60, 79). Studies with both HIV and simian immu-
nodeficiency virus have shown that certain mutations in the
matrix domain of the Gag precursors block incorporation of
the Env protein into virions during budding (22, 24, 38, 40, 45,
50, 75). In alphaviruses, the cytoplasmic domain of the spike
glycoprotein has been shown to interact with a hydrophobic
cavity created by aromatic amino acids in the nucleocapsid
protein, thereby enabling the incorporation of the spike pro-
tein and facilitating virus budding (1, 72).

The betaretroviruses, exemplified in this study by M-PMV,
employ a morphogenic process that is distinct from that of the
other retroviruses that assemble at the plasma membrane. Im-
mature, preassembled intracytoplasmic capsids of M-PMV mi-
grate from their sites of assembly within the cytoplasm to the
plasma membrane (28, 57-59, 62, 65, 71, 82), and previous
studies from this laboratory have shown that this process is
dependent on Env and vesicular transport (64, 65). These data
argues that the initial interactions between the cytoplasmic
domain of the TM protein and the MA domain of Gag occur
intracellularly and may influence the incorporation of Env
during budding from the plasma membrane.

In order to investigate the ability of the mutated glycopro-
teins to be incorporated into virus, the mutated env genes were
cloned into an infectious molecular clone, pPSARM4. The re-
sults of these studies showed that mutation of key residues, I18
and L25, as well as the previously reported Y22 resulted in the
abrogation of glycoprotein incorporation into virions. Struc-
ture predictions of the cytoplasmic domain of the M-PMV TM
protein indicate that there is a high potential for the mem-
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FIG. 5. Helical wheel presentation of the membrane-spanning do-
main and the N-terminal 30 residues of the cytoplasmic domain of the
M-PMV TM protein. Amino acid residues comprising the membrane-
spanning domain are designated by negative numbers, and those that
are critical for glycoprotein incorporation are shown in bold.

brane-spanning domain and the N-terminal half of this region
to form an alpha-helical coiled-coil structure. Secondary struc-
ture predictions of the cytoplasmic domain coupled with the
positions of the three amino acid residues (118, Y22, and L25)
would place all three on the same face (position b and f) of the
helix (Fig. 5). Thus, in the Env trimer, these residues would
face outward and be in a position to interact with each mono-
mer of an MA trimer as well as components of the cellular
endocytosis machinery.

Previously, our laboratory demonstrated that the Env pro-
tein colocalizes with Gag at a pericentriolar assembly site and
that it must be transported to the pericentriolar recycling en-
dosome in order to initiate export of the immature capsids
from this site (64, 65). Trafficking of the viral glycoproteins to
the recycling endosomes can occur by retrieval from the cell
surface through endocytosis or directly from the Golgi complex
(42). These previous experiments argue strongly that endocytic
trafficking of M-PMV Env glycoprotein is required for the
efficient cytoplasmic transport of the capsids. Interestingly, out
of the three amino acid residues (I18, Y22, and L25) identified
as critical for the glycoprotein incorporation, the Y22 and L25
amino acids are part of a well-conserved tyrosine-based endo-
cytosis signal motif—YXXL (16, 31, 48, 49, 68, 75). Antibody
uptake assays demonstrated that substitution of Y22 or L25
with alanine abrogated internalization of the glycoprotein (Fig.
3) and that in the absence of this internalization both intracel-
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lular transport of Gag and incorporation of Env were inhibited.
Because wild-type levels of Env are found on the plasma mem-
brane for both the Y22A and L25A mutants, it is clear that
simply being present at the plasma membrane is insufficient for
incorporation, and it appears that the intracellular interactions
we have observed between immature capsids and Env are
critical for directing the capsids to Env-enriched membrane
regions, where incorporation can occur. Env-containing recy-
cling endosomes, cotransported with capsids to the plasma
membrane, might be the source of such membranes, and it is
likely that Y22 and L25 play a critical role in this intracellular
trafficking program. Indeed, in the absence of such a mecha-
nism it is difficult to explain how Env can be excluded from the
Y22A and L25A mutant virions.

It is not clear whether Y22 and L25 play any role other than
trafficking of Env to the correct intracellular compartment and
ultimately the correct membrane domain for incorporation,
since their function in endocytosis precedes any potential in-
teraction with immature capsids. However, 118 does not affect
endocytosis of Env and is predicted to be located on the outer
face of the helical coiled-coil predicted for this region. Muta-
tion of this residue to alanine also interferes with intracellular
transport of immature capsids as well as Env incorporation and
so is most likely to be involved in direct interactions with the
matrix domain of immature capsids. Second-site reversion ex-
periments similar to those carried out with HIV (45) should
allow us to confirm this hypothesis.

It is becoming evident for other retroviruses that the plasma
membrane is not the only place where Env and Gag interact.
Recently, HIV-1, which encodes several highly conserved en-
docytosis motifs in the cytoplasmic domain, was shown to bud
directly into a compartment of the late endosome known as the
multivesicular body in both primary monocyte-derived macro-
phages and tissue culture cell lines (47, 52, 54, 66). Proline-rich
motifs, called late domains, have been identified in the Gag
proteins of a number of retroviruses (4, 25, 78, 80), rhabdovi-
ruses (32), and filoviruses (27, 84) and appear to play a critical
role in viral budding. In M-PMV, release of viral particles from
the plasma membrane requires interactions between a late
domain (PPPY motif) and a NEDD4-related component of
the ESCRT machinery (14, 41, 73, 81, 83). Thus, trafficking of
Env and Gag through endosomal compartments could also
provide spatial access to the cell-encoded protein complexes
that play a critical role in the final stages of viral budding.
Taken together, the data presented here strongly suggest that
the endocytosis of M-PMV Env is intricately interconnected
with the incorporation of glycoprotein into virions and efficient
cytoplasmic transport of the immature capsids for virus bud-
ding.

Alanine substitution of two other amino acid residues, valine
at position 20 (V20A) and histidine at position 21 (H21A),
inhibited viral protease-mediated cleavage of the glycoprotein
during the maturational process. These residues represent the
P1 (H21) and P2 (V20) positions of the protease cleavage site
within the cytoplasmic domain. The analysis of in vitro cleav-
age of peptides corresponding to this region demonstrated that
both substitutions inhibit protease cleavage at this site by re-
ducing catalytic efficiency almost 20-fold. The V20A mutant
showed high fusogenicity as a full-length glycoprotein, and
though this mutation prevented cleavage of the cytoplasmic
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domain when expressed in the context of the provirus, it still
retained approximately 60% of the infectivity of wild-type vi-
rus. Construction of a Q9A/V20A double mutant restored in-
fectivity to that of the wild type. These observations argue that
complete protease-mediated cleavage of the TM protein is not
essential for virus-cell fusion. However, neither V20A nor
H21A block TM cleavage completely, and we cannot rule out
the possibility that the presence of one cleaved TM protein in
the TM trimers is sufficient to activate fusogenicity, as has been
shown for MuLV (56, 88). In MuLV, mutation of the protease
cleavage site did not affect Env incorporation but did reduce
virus infectivity (33, 55, 86). It will be interesting to determine
whether other substitutions within V20 or H21, which block
cleavage completely, interfere with M-PMYV infectivity.

Some of the Env mutations (L2A, F5A, I13A, K16A, P17A,
and G31A) resulted in very low levels of fusogenicity when
expressed as full-length glycoproteins but exerted only a minor
effect on infectivity in the context of the virus. The fusion
inhibitory effects of the G31A mutation would be expected to
be lost in the context of mature virus, since this region of the
TM is absent following maturational cleavage. Less expected,
however, was the increase in biological activity observed with
the other mutants, which exhibited infectivities of about 40%
to 60% that of wild type in the context of virions. These results
would argue that the maturational cleavage releases structural
constraints that are present in the full-length TM protein.

In conclusion, the results of the study presented here dem-
onstrate that the cytoplasmic domain of M-PMV Env plays a
multifunctional role in virus replication. The identification of
additional amino acid residues that are critical for the incor-
poration of the M-PMV glycoprotein into budding virions
points to specific protein-protein interactions within the cell as
an essential prerequisite for this process. Further analyses
aimed at defining the nature of this molecular interaction at
the level of both Env and Gag will be essential for understand-
ing the cell biology of M-PMV assembly.
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