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The cytoplasmic domains of retroviral transmembrane (TM) glycoproteins contain conserved sequence
motifs that resemble tyrosine-based (YXXØ-type) endocytosis signals. We have previously described a mutant
Rous sarcoma virus (RSV) Env protein, Env-m26, with an L165R mutation in the membrane-spanning domain
(MSD) of TM, that exhibited dramatically decreased steady-state surface expression (G. L. Davis and E.
Hunter, J. Cell Biol. 105:1191–1203, 1987; P. B. Johnston, J. Y. Dong, and E. Hunter, Virology 206:353–361,
1995). We now demonstrate that the tyrosine of the Y190RKM motif in the RSV TM cytoplasmic domain is
crucial for the m26 phenotype and is part of an efficient internalization signal in the context of a mutant MSD.
In contrast, despite the presence of the Y190RKM motif, wild-type RSV Env is constitutively internalized at a
slow rate (1.1%/min) more characteristic of bulk uptake during membrane turnover than of active clustering
into endocytic vesicles. The m26 mutation and two MSD mutations that abrogate palmitoylation of TM resulted
in enhanced Env endocytosis indicative of active concentration into coated pits. Surprisingly, an Env-Y190A
mutant was apparently excluded from coated pits since its uptake rate of 0.3%/min was significantly below that
expected for the bulk rate. We suggest that in RSV Env an inherently functional endocytosis motif is silenced
by a counteracting determinant in the MSD that acts to prevent clustering of Env into endocytic vesicles.
Mutations in either the cytoplasmic tail or the MSD that inactivate one of the two counteracting signals would
thus render the remaining determinant dominant.

Numerous studies have contributed to an increasingly com-
plex picture of the spatial and biochemical organization of the
intracellular targeting pathways that include endocytosis (see
reference 65 for an overview). Plasma membrane proteins fall
into three basic categories regarding their internalization. The
first class of glycoproteins undergoes rapid endocytosis via
clathrin-coated vesicles, either constitutively, like the low-den-
sity lipoprotein (LDL) and the transferrin (Tf) receptors (8),
or after activation by ligand binding as for the epidermal
growth factor receptor (9, 10). Clustering of proteins into areas
of coated-pit formation occurs by interaction of specific amino
acid motifs within their cytoplasmic domains with adapter pro-
teins such as AP-2 (4, 5, 42, 43). Two main endocytosis signals
have been identified. One contains a critical tyrosine in the
context of a YXXØ motif in which Ø represents a bulky, ali-
phatic residue and for which a consensus sequence can other-
wise only be broadly defined. Such a motif can act indepen-
dently of its position, orientation, and structural context (63)
and shows a tendency to form a tight turn (2, 12, 17, 52).
YXXØ motifs are present in the Tf receptor (TfR) and the
mannose-6-phosphate receptor (12), as well as in TGN38 (20),
and the LDL receptor contains a related NPXY motif (11).
The second type of endocytosis signal is a dileucine-containing
motif, which, like the YXXØ motif, is transferable onto other
membrane proteins (23). Constitutive internalization at the
rate of membrane bulk uptake (;1 to 2%/min) (64) is char-
acteristic of the second class of plasma membrane glycopro-
teins. These proteins are believed to enter clathrin-coated pits
by default, since no concentration occurs (63). The third class

of glycoproteins are endocytosed at a very low rate and are
essentially excluded from coated-pit structures. The influenza
virus hemagglutinin (HA) protein is by far the best-character-
ized example of this group, and its exclusion from endocytic
vesicles seems to be governed by sequences in its membrane-
spanning domain (MSD) (references 32, 35, and 58 and refer-
ences therein).

Proteins reaching the early-sorting endosome enter either
the late endosome/lysosome pathway, ultimately leading to
degradation, or the recycling endosome compartment (for a
review see reference 41). There is evidence that transport of
some proteins into the lysosomal pathway requires a positive
signal that is related to either the YXXØ endocytosis signals or
a dileucine motif (63). Though these motifs may overlap with
internalization signals, they are distinct entities and are cru-
cially defined by their positions in the cytoplasmic tail (28, 54,
65). Lack of such sorting information thus would direct a
protein into the recycling pathway by default as suggested by
studies of TfR and Lamp-1 (25, 26, 39, 54, 65). In polarized
cells, apically endocytosed membrane proteins can also be tar-
geted basolaterally, and for several proteins this process is
again governed by tyrosine-containing signals, often found to
be colinear or overlapping with YXXØ endocytosis motifs
(7, 19, 38). The specificity of the different intracellular tar-
geting pathways, while involving similar or overlapping signal
sequences, appears to be achieved by the interaction of the
motifs with different adapter protein classes (see reference 60
for an overview).

A comparison of the cytoplasmic C termini of both avian and
mammalian retroviral envelope (Env) proteins reveals a re-
markable sequence conservation within each group. In partic-
ular, the sequences that encompass a motif that is very similar
to the YXXØ endocytosis motif consensus sequence are highly
conserved in both amino acid composition and distance to the
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MSD (Fig. 1a). Because Env proteins are generally considered
to be highly variable, this sequence conservation points to a
biologically important role for such motifs in the survival of
retroviruses in vivo. Retroviral glycoproteins are crucial for
the binding of virions to their cellular receptors, followed by
induction of virus-cell membrane fusion and infection. Env
proteins are synthesized as precursor molecules that are pro-
teolytically cleaved into the SU (surface) and TM (transmem-
brane) subunits before delivery to the cell surface, where they
are incorporated into budding virions. Both human immuno-
deficiency virus type 1 (HIV-1) and simian immunodeficiency
virus (SIV) glycoproteins have been shown to be efficiently and
constitutively internalized from the plasma membrane through
coated pits by virtue of their tyrosine motifs (4, 18, 31, 56, 57).
Interestingly, coexpression of HIV-1 Gag, the capsid precursor
protein, downregulates Env endocytosis (18), possibly by com-
peting for Env interaction with cellular factors such as AP-2.
The Env protein of HIV-1 and those of HIV-2 and SIV are
targeted to the basolateral surface in polarized cells (1, 45, 46),
and HIV-1 Env redirects virion release to this site (37, 46), with
the membrane-proximal tyrosine in its cytoplasmic domain be-
ing crucial for polarized targeting (38).

The putative endocytosis motif (YXXØ) in the glycopro-
teins of avian leukosis and sarcoma viruses (ALSV) is remark-
ably conserved both in sequence and in position within the
cytoplasmic domain relative to the transmembranal domain.
We have previously described a mutant Prague C strain (PrC)
Rous sarcoma virus (RSV) Env protein, Env-m26, in which a
L165R mutation in the MSD of TM dramatically decreased
steady-state surface expression of Env with rapid internaliza-
tion from the plasma membrane and lysosomal degradation
(13, 27). From this observation arose the initial questions of
whether the tyrosine in the Y190RKM motif found in RSV PrC
TM glycoproteins contributes to the very rapid endocytosis
observed for Env-m26 and whether the wild-type glycoprotein
displays a phenotype similar to those of other (retro)viral Env
proteins. To facilitate a quantitative study of the internaliza-
tion of RSV PrC Env, we utilized Env proteolytic processing
mutant Env-S19 (15, 27). The Env precursor, Pr95, is not
cleaved to gp85 (SU) and gp37 (TM) in the trans-Golgi net-
work but is delivered to the cell surface in an uncleaved and
fully glycosylated form, gp120. The rate of its biosynthesis,
intracellular transport, and incorporation into RSV virions,
however, is indistinguishable from that of wild-type Env. Of
advantage to us was the unique property that Env-S19 present
on the plasma membrane or in virions can be specifically
cleaved into gp37 and gp85 by addition of trypsin to the me-
dium, thereby distinguishing surface-exposed from intracellu-
lar molecules; mutant Env-S19 treated this way regains its
biological function, thus rendering virions infectious (15).

We show here that a wild-type ALSV Env protein has un-
usual endocytic properties in that the active YRKM endocy-
tosis signal is silenced by sequences in the MSD. Thus, wild-
type Env is endocytosed with kinetics similar to those defining
the bulk rate turnover of membranes. This low rate of inter-
nalization is significantly reduced further by mutation of the
critical tyrosine in the YRKM motif. Mutations in the MSD
region of the glycoprotein “activate” recognition of the endo-
cytosis signal. To our knowledge there is no precedent for the
unusual phenotype of RSV Env, and we discuss a model of the
underlying mechanism.

MATERIALS AND METHODS

Expression vectors and RSV Env mutants. In most experiments, wild-type
RSV PrC Env and mutants thereof were expressed from recombinant simian
virus 40 (SV40) expression vector pSVenvKX, described previously (13). In

pSVenvKX-S19, the codons for the proteolytic cleavage site (amino acids [aa]
RRKR341) of pr95 (to gp85 and gp37) are mutated to code for SRER (15). In
pSVenvKX-m26, the codon for aa L165 (in the TM MSD) is changed to code for
R (13, 27). In pSVenvKX-palm#6 and -palm#7, aa C164 and C167, respectively,
are mutated to G (D. C. Miller, C. R. Roberts, S. S. Rhee, and E. Hunter,
submitted for publication). Further TM cytoplasmic tail single and double mu-
tants were created in the background of the plasmid pSR-KX by single-strand
mutagenesis. In pSR-KX, the KpnI/XbaI RSV env fragment from pSVenvKX was
inserted into pSRHS (16), an expression vector under the control of the SV40
late promoter. The mutations N185*, Y186A, and Y190A were created by mu-
tating nucleotides (nt) 6822 to 6825 (AAC) to TAA, nt 6826 to 6828 (TAT) to
GCT, and nt 6837 to 6839 (TAC) to GCC, respectively (nucleotide numbering is
according to the RSV pATV-8 sequence [29]). In addition, a m26/Y190A double
mutation was created. pSVenvKX plasmids containing codons for the S19 mu-
tation combined with codons for mutations in TM were cloned as follows. The
1,089-bp XhoI/SmaI fragment containing S19 from pSR-env-S19 was inserted
into pSVenvKX-palm#6, -palm#7, -m26/Y190A, and -N185*. The 507-bp SmaI/
XbaI fragment from pSR-env-Y190A was inserted into pSVenvKX-S19 to create
pSVenvKX-S19/Y190A. The presence of all mutations was verified by dideoxy
sequencing. Influenza virus A/Jap/305/57 wild-type HA was expressed from pS-
VsHA as described previously (14). Plasmids pksSVEHA2Y543 and pksS-
VEHA18 were received from Mike Roth and have been described previously
(33).

Expression of plasmid vectors and recombinant SV40 in CV-1 cells. African
green monkey kidney cells (CV-1) were obtained from the American Type
Culture Collection (Manassas, Va.). Cells were maintained in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS).

Transfections were performed by the calcium phosphate precipitation method.
CV-1 cells (2 3 105) were plated on 60-mm-diameter plates 1 day prior to
transfection. Cells were washed 18 h posttransfection, and those transfected with
pSR-KX plasmids were analyzed 48 h later. To prepare recombinant SV40 virus
stocks, as described previously (33), the respective plasmids were first digested
with KpnI to remove plasmid sequences and self-ligated to juxtapose the SV40
late promoter with the 59 end of the env or HA gene. DNAs were cotransfected
with dl1055 helper virus DNA (51).

At 5 days posttransfection, Env and HA expression was analyzed by immuno-
fluorescence, and cells were lysed by repeated freezing and thawing and sonica-
tion. Undiluted lysate was used to infect fresh CV-1 cells. High-titer lysates from
a second round of infection were stored frozen. Four hundred microliters of
working dilutions of 1:5 to 1:8 were used to infect CV-1 cells, plated at 2 3 105

the day before onto 60-mm-diameter plates. Experiments were performed 42 to
48 h postinfection, when cells showed only a moderate cytopathic effect but
already a high level of Env expression.

Antisera used. Polyclonal rb#2 anti-gp85 antibody specifically interacts with
RSV SU (gp85) protein. Anti-RSV-TMpep, which was raised against a C-termi-
nal peptide (Cys plus aa 184 to 198) of RSV PrC TM, was a gift from Judy White.
Chicken anti-RSV PrC neutralizing antibody has been described previously (27).
rbwonton anti-HAJap is specific for influenza virus A/Jap/305/57 HA and was
received from Mary-Jane Gething.

Metabolic labeling and cell surface biotinylation. CV-1 cells expressing wild-
type and mutant Env or HA were labeled with 200 mCi of EXPRE35S [35S]me-
thionine-cysteine labeling mixture (NEN, Boston, Mass.) in 400 ml of methi-
onine-deficient medium or phosphate-buffered saline (PBS). After a 30-min
pulse at 37°C, cells were lysed either immediately or after a 2-h chase in complete
medium. Where appropriate, 60-mm-diameter plates of cells were washed four
times in PBS-MC (1 mM MgCl2, 0.1 mM CaCl2) and cell surface proteins were
biotinylated with 1.5 ml of EZLink-Sulfo-NHS-LC-Biotin (Pierce; 0.5 mg per ml
of PBS-MC) on ice at 4°C for 30 min. Nonbound biotin was then quenched with
20 mM glycine in DMEM for 10 min on ice before cells were washed in cold PBS
and either lysed or subjected to an internalization or raft association assay. Cells
lysed directly after biotinylation were subjected to Env immunoprecipitation
followed by enhanced chemiluminescence Western blot analysis with horseradish
peroxidase-coupled streptavidin.

Internalization of surface-biotinylated proteins. Assays to determine the rate
of internalization of wild-type RSV Env and mutants were performed with the
Env-S19 cleavage mutant. As has been shown previously (15), Env-S19 expressed
on the cell surface (as fully glycosylated precursor gp120) can be specifically
cleaved into gp85 and gp37 by the addition of trypsin to the medium with the
retention of biological Env function. After surface biotinylation on ice, cells were
warmed to 37°C by the addition of warm DMEM-FCS in the absence or presence
of chloroquine (100 mM) and maintained at 37°C for various times (0 to 90 min).
Samples were then washed three times with PBS on ice and incubated with 5 mg
of tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin per ml of
DMEM (FCS free; adjusted to pH 9) at 4°C for 50 min. Soybean trypsin inhibitor
at 200 mg/ml was then added for 5 min. We observed that trypsin treatment could
result in detachment of a portion of the cells, especially those that after bioti-
nylation on ice were not returned to 37°C, which seemed to increase attachment.
Therefore, all plates were carefully washed in PBS to remove detached and
potentially damaged cells before samples were lysed in buffer containing 1%
Triton X-100 and 1% deoxycholate (DOC). After the nuclei were spun down, cell
lysates were adjusted to a sodium dodecyl sulfate (SDS) concentration of 0.1%
and subjected to Env or HA immunoprecipitations. Precipitates were washed
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and released from protein A by being boiled for 5 min in 20 ml of 5% SDS. Six
hundred microliters of SDS-free lysis buffer was added to the supernatants, and
biotinylated proteins were recovered by the addition of streptavidin beads
(Pierce) overnight at 4°C. Washed precipitates were then boiled for 10 min in
12% SDS prior to SDS-polyacrylamide gel electrophoresis (PAGE), autoradiog-
raphy, and quantitation by PhosphorImager (Molecular Dynamics) analysis.

Calculating the relative amounts of internalized, biotinylated Env. Phosphor-
Imager scans were analyzed with the program ImageQuant (Molecular Dynam-
ics). For Env internalization analysis, gp120, gp85, and gp37 bands, for all time
points of 37°C chases that were followed by trypsin treatment, were quantified
and corrected for background in each lane.

We made the assumption that at all time points the same relative amount of
labeled, biotinylated surface-residual gp120 remains inaccessible for cleavage.
This allowed us to correct for incomplete cleavage by using the following rela-
tionships. The relative amount of apparently cleavage-protected Env at time tn
(APn) is composed of the portion of actually endocytosed Env (En) and surface-
residual Env remaining uncleaved (Un): APn 5 En 1 Un. The fraction of Env on
the surface (Sn) is composed of the fraction of cleaved Env (Cn) and Un: Sn 5 Cn
1 Un. Only APn and Cn are directly measurable, with APn 1 Cn 5 1. The value
of interest is the portion of endocytosed Env at times tn, En, which can be derived
from measured values based on the following relationships. At tn 5 0, E0 is zero
and thus AP0 5 U0. U0, the portion of surface-residual Env remaining uncleaved,
can also be expressed as a fraction (X0) of S0: U0 5 X0 z S0 or X0 5 U0/S0 or X0 5
U0/(C0 1 U0) or X0 5 AP0/(C0 1 AP0), since E0 5 0. Since we assume that at
all time points the same relative amount of surface-residual gp120 remains
inaccessible for cleavage, we can use the equation X0 5 AP0/(AP0 1 C0) to
correct for that at tn . 0 . After a series of mathematical operations it finally
follows that En 5 1 2 (Cn/1 2 X0). From the scan data we determined X0 and
all Cn and thus obtained the relative amount of truly internalized Env at each
time point.

Statistical determination of endocytosis rates. Uptake rates for the wild-type
and mutant Env-S19 proteins were calculated as follows. For each Env protein,
the data from independent experiments were plotted, and the individual uptake
rates were computed by linear regression analyses of the initial 10-min chase
period. Then, the mean endocytosis rates (Xn) and standard deviations (Sn) were
calculated for all Env constructs. The resulting rate for each of the Env-S19
mutants was compared with that for the wild type in a two-sample, one-sided
Student t test with a 5 0.01 under the assumption that the population variances
(mn), though unknown, are equal: t 5 [(x1 2 x2) 2 (m1 2 m2)]/[(Sp

2/n1) 1
(Sp

2/n2)]1/2 where Sp
2 5 [(n1 2 1)S1

2 1 (n2 2 1)S2
2]/(n1 1 n2 2 2). For the

purpose of graphic presentation a simplified approach was chosen: for all re-
spective Env proteins at each time point the mean values and standard deviations
of the relative amounts of endocytosed Env were determined and plotted.

DIG association assay. Wild-type and mutant RSV Env proteins were tested
for their potential presence in cholesterol- and glycolipid-rich plasma membrane
domains called rafts or detergent-insoluble glycolipids (DIGs) by following a
protocol described previously (58). Essentially, Env- and HA-expressing cells
were metabolically labeled and biotinylated as described above. Samples were
then washed on ice, taken to the 4°C room, and lysed on ice for 5 min in TNE
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol,
13 proteinase inhibitor cocktail [Boehringer GmbH, Mannheim, Germany]).
Lysates were transferred to precooled tubes, spun at 12,000 3 g for 6 min at 4°C,
and returned to ice. Supernatants containing the detergent-soluble membrane
fraction were separated from pellet material insoluble in Triton X-100 under the
given temperature conditions. Supernatants were adjusted to achieve an SDS
concentration of 0.1%; pellets were dissolved in lysis buffer containing 1% Triton
X-100, 1% DOC, and 0.1% SDS. Samples were then subjected to immunopre-
cipitation followed by retrieval of biotinylated proteins as described above and
SDS-PAGE analysis.

Indirect immunofluorescence analysis. To test for transfection and infection
efficiencies and steady-state intracellular Env and HA distribution, protein-ex-
pressing CV-1 cells grown on glass coverslips were fixed in cold acetone and then
probed with either rabbit (rb) anti-Env (rb#2) or anti-HA (rbwonton) serum, with
goat (gt) anti-rb–fluorescein isothiocyanate (FITC) as the second antibody. For
surface immunofluorescence, unfixed cells on coverslips were incubated with the
respective first antibody on ice for 30 min, washed, fixed with methanol-acetic
acid, and stained with gt anti-rb–FITC. In order to compare levels of internal-
ization of wild-type and mutant Env, CV-1 cells grown on coverslips were washed
in PBS at 42 to 48 h postinfection. Cells were then incubated with 100 ml of
DMEM containing chicken anti-RSV PrC neutralizing serum (diluted 1:20) and
100 mM chloroquine (to prevent lysosomal degradation of endocytosed Env and
antibodies) at 37°C for 2 h. Thereafter, cells were washed in PBS, fixed with
methanol-acetic acid, and stained with rb anti-chicken–FITC. All samples were
observed with a Zeiss fluorescence microscope.

RESULTS

Cell surface expression of the rapidly endocytosed RSV Env
mutant Env-m26 (L165R) can be restored by additionally re-
moving a crucial tyrosine in the cytoplasmic domain. To de-
termine whether tyrosine (Y190) present in the cytoplasmic

domain of RSV TM contributes to the rapid internalization of
Env-m26 (L165R) from the cell surface, we analyzed the bio-
synthesis and steady-state surface expression of several mu-
tants. We first engineered mutations in the cytoplasmic tail
of RSV PrC TM, removing one or both of the two poten-
tially important tyrosines (mutations Y190A, Y186A, and
N185*stop). While Y190 is found in the sequence context of a
YXXØ motif (YRKM), this is not the case for Y186 (YHTE).
The positions and designations of mutants used throughout
this study are shown in Fig. 1b. Wild-type Env, Env-m26, Env-
Y190A, and Env-m26/Y190A were expressed in CV-1 cells
after transfection with pSR-env vectors (see Materials and
Methods). Metabolic labeling of these mutants (Fig. 2a), as
well as of Env-Y186A, Env-m26/Y186A, Env-N185*, and Env-
m26/N185* (not shown), revealed that all Env proteins were
synthesized and posttranslationally modified (i.e., glycosylated
and proteolytically cleaved) at comparable rates during a 30-
min pulse and 1-h chase. Env, surface expressed at steady state,
was visualized following surface biotinylation (Fig. 2b). As had
been observed previously, Env-m26 surface expression was dra-
matically reduced compared to that of the wild type (27). In
contrast, the amount of the tyrosine-to-alanine mutant glyco-
protein, Env-Y190A, that accumulated on the surface was
found to be not dramatically different from that of the wild
type in repeated experiments, although more-intense gp37
bands were consistently observed for these mutants in this
nonquantitative approach. This was also true for Env-Y186A
and the truncation mutant Env-N185* (data not shown). The
Env-m26/Y190A double mutant showed a reversion of the m26
phenotype since surface expression was restored to a level
similar to that of the wild type (Fig. 2b). The tyrosine-to-
alanine mutation in Env-m26/Y186A, in contrast, had only a
minor effect (data not shown). Since additionally the sequence
context of Y186 does not corroborate a potential role in endo-
cytosis, Env-m26/Y186A was omitted from kinetic analyses.
Env-m26/N185* (not shown) had a steady-state distribution
phenotype essentially indistinguishable from that of the wild
type and Env-m26/Y190A. From these initial results we con-
cluded that Y190 can act as part of an endocytosis motif in the
context of the m26 mutation, since its removal results in the
loss of rapid Env-m26 internalization.

Since wild-type RSV Env displayed a much higher surface
expression than Env-m26, we investigated whether the YRKM
motif acted as an endocytosis signal in the context of the wild-
type MSD or was silent in this context.

RSV PrC Env is endocytosed from the cell surface with a
rate similar to that of bulk membrane uptake despite the
presence of a putative tyrosine-based endocytosis motif. Our
experimental approach to measure the uptake of Env plasma
membrane proteins into intracellular compartments took ad-
vantage of RSV Env proteolytic cleavage site mutant S19 (15,
27), mentioned above. In this mutant, the Env precursor, Pr95,
is not cleaved to gp85 and gp37 in the trans-Golgi network but
is delivered to the cell surface in an uncleaved and fully gly-
cosylated form, gp120. Env-S19 present on the plasma mem-
brane or in virions, however, can be specifically cleaved into
gp37 and gp85 by the addition of 5 mg of TPCK-trypsin/ml to
the medium (15). Env glycoproteins on the cell surface at t 5
0 were biotinylated on ice in the first labeling step. Then, after
incubating Env-S19-expressing cells at 37°C for various times
to allow endocytosis to occur, residual surface gp120 was dis-
tinguished from endocytosed molecules by trypsin cleavage at
4°C (see Materials and Methods).

CV-1 cells were infected with recombinant SV40 virus stocks
(13) for a reproducibly high level of expression of the glyco-
protein of interest. Figure 3a depicts a typical result of an
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Env-S19 internalization assay, in which 100 mM chloroquine
was added to the chase medium to prevent potential lysosomal
degradation of internalized protein. Samples not treated with
trypsin show the expected gp120 band. Trypsin treatment with-
out a prior 37°C chase resulted in a 96 6 3% efficiency of
cleavage into gp37 and gp85. With increasing chase duration,
the protection of gp120 from cleavage, due to internalization,
becomes apparent. When the proportion of Env endocytosed
at each time point was calculated as described in Materials and
Methods and plotted (Fig. 3b), the curve of Env precursor
protection from proteolysis is biphasic. In the first 10 to 15 min,
internalization is likely the only process contributing to the
data, and it can be assumed that the flattening of the curve at
later time points is due to the onset of Env recycling to the
surface (see reference 32 on the kinetics of recycling in CV-1
cells). The average endocytosis rate of Env-S19 was thus cal-
culated for the linear phase of the uptake kinetics (see Mate-
rials and Methods) and was determined to be 1.1%/min. Chlo-
roquine has been described as inhibiting lysosomal protein
delivery and degradation but also as adversely affecting traf-
ficking routes of ligand-binding receptors when present for an
extended time period. However, it is not likely to affect endo-
cytosis rates early after its addition (36), and the validity of this
assumption in our assay is confirmed by Fig. 4. Furthermore,
recycling of a membrane protein that, like Env, does not re-
quire release of a ligand was found to be undisturbed by weak
lysosomotropic bases (36). To corroborate the validity of our
observation, we expressed influenza virus HA mutant HA-
Y543 (obtained from M. Roth) in parallel experiments (data
not shown). This HA mutant was reported to exhibit an initial
internalization rate of ;4%/min in CV-1 cells (30, 34), and we
observed an equivalent rate in the experiments performed
here.

Since the rates of bulk membrane and protein uptake in
CV-1 cells and other cell types have been described to be 1 to

2% per min (32, 47), it was somewhat surprising that RSV Env,
which contains a YXXØ endocytosis motif consensus se-
quence, showed an uptake rate equal to or slightly lower than
that reported for the bulk membrane uptake. Internalization of
proteins at the rate of membrane turnover does not require
any specific uptake signals since no active concentration into
coated pits occurs (for a review, see reference 63). However,
the internalization rates of certain endocytosis motif-contain-
ing receptors can be activated to significantly higher levels. For
example, the chemokine receptor CXCR4 shows constitutive
bulk uptake (1%/min) that can be enhanced by ligand binding
(59).

In order to investigate whether the binding of neutralizing
antibodies to plasma membrane-associated Env could enhance
endocytosis, possibly by inducing conformational changes in
the external domains or by capping the protein on the mem-
brane, the experiments described above were repeated in the
presence of neutralizing antibodies. There was no evidence for
enhancement when surface-biotinylated CV-1 cells expressing
Env-S19 were preincubated with chicken anti-RSV PrC serum
prior to shifting them back to 37°C for the indicated times (Fig.
3c).

A fraction of RSV PrC Env is intracellularly degraded after
internalization in the absence of chloroquine. We were inter-
ested in determining if part of the internalized wild-type Env
protein was targeted for lysosomal degradation, a process that
takes place rapidly and efficiently with Env-m26 (27). The ex-
periments were performed essentially as described for Fig. 3,
but duplicate samples were analyzed, with chloroquine (100
mM) being either included or omitted in the 37°C chase me-
dium (Fig. 4). Chasing in the presence of chloroquine resulted
in the previously observed biphasic curve, whereas when chlo-
roquine was omitted during the chase, the portion of detect-
able Env that was uncleaved decreased over time after reach-
ing a maximum at ;30 min, due to lysosomal degradation.

FIG. 1. Conserved amino acid motifs in the cytoplasmic domains of retroviral TM proteins are homologous to tyrosine-based intracellular targeting signals. (a)
Sequences of the MSD and cytoplasmic domains and the putative boundaries between them for avian and mammalian retroviral TM proteins. Motifs containing the
highly conserved tyrosines (Y) are underlined. SR-A and -D, Schmidt-Ruppin A and D, respectively, RSV strains; HTLV, human T-cell leukemia virus; MuLV, murine
leukemia virus; MCF, mink cell focus-forming virus; BaEV, baboon endogenous virus; MPMV, Mason-Pfizer monkey virus. (b) Sequences of the RSV PrC TM protein
MSD and cytoplasmic domain. The boundaries of the MSD as shown here were derived from previous studies (Miller et al., submitted); C164 and C167 have been shown
to be palmitylated (Miller et al., submitted) and to be embedded in the lipid bilayer. The positions and designations of RSV PrC mutants used in this study are indicated.
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However, internalization kinetics within the first 10 to 15 min
were equal in both cases. Without withdrawal of Env into the
lysosomal compartment, internalization and recycling would
be expected to establish a steady-state Env distribution inter-
nally and on the surface, and one might expect to see a plateau
value for intracellular cleavage-protected Env. In contrast, the
biphasic curve observed when chloroquine was included in the
37°C chase medium shows an accumulation of protease-pro-
tected Env and thus would argue for a fraction of the molecules
being withdrawn from recycling. The degradation of gp120 ob-
served in the absence of chloroquine is consistent with this
interpretation, since in this case these nonrecycling molecules
would be rapidly degraded in the lysosome.

Mutations in the RSV TM transmembranal domain in-
crease the rate of endocytosis, while exchange of Y190 for A sig-
nificantly reduces the endocytosis rate. The results presented
in Fig. 2b provided information only about the steady-state
surface distribution of different Env mutants, with endocytosis,
recycling, and degradation each contributing to the equilib-
rium state. We were therefore interested in quantitatively de-
termining, for various Env mutants, the effect of the amino
acid changes on internalization rates. In addition to the cyto-
plasmic tail mutation Y190A and the MSD mutation m26,
further mutations in the MSD, C164G (palm#6) and C167G
(palm#7), were analyzed. Mutations palm#6 and palm#7 spe-
cifically abrogate palmitoylation at C164 and C167, respectively,

and result in decreased steady-state cell surface expression of
monopalmitoylated Env and enhanced intracellular degrada-
tion (Miller et al., submitted). The m26 (L165R) mutation,
though adjacent to the respective sites, does not affect palmi-
toylation (13). Though C167G (palm#7) shows more pro-
nounced effects than C164G (palm#6), they are less dramatic
than those of m26 (L165R). RSV virions carrying any of these
three MSD mutations, which might induce conformational
changes in the MSD of Env, exhibited impairment or loss of
infectivity in turkey cells (13; Miller et al., submitted)). Inter-
nalization assays were performed in the presence of chloro-
quine, essentially as described above. A typical experiment
included Env-S19 with a wild-type MSD and cytoplasmic tail
(wild-type Env-S19), Env-S19-palm#6, Env-S19-palm#7, and
Env-S19-Y190A. Even with only the limited number of post-
biotinylation incubation times (0, 10, or 30 min at 37°C) shown
in Fig. 5a, it is apparent that the Env precursor of Env-S19-
palm#7 is more rapidly and more extensively protected from
trypsin cleavage than are the wild-type Env-S19 and Env-S19-
palm#6 proteins. In contrast, the Env-S19-Y190A mutant shows
a surprisingly slower onset of cleavage protection and thus
internalization. The quantitative data from three to five exper-
iments per time point, for each of the above mutants and
Env-S19-m26, were averaged and plotted (Fig. 5b). Average
endocytosis rates as revealed by regression analyses of the
linear parts of the curves (the initial 10 min of a chase) are
shown in Table 1. Internalization of Env-S19-m26 and Env-
S19-palm#7 is very fast and consistent with the concentration
of the mutant Env in clathrin-coated pits and active endocyto-
sis (63). The kinetics of Env-S19-palm#6 internalization, how-
ever, are still in accordance with passive membrane bulk up-
take and are not significantly different from those of the wild
type (P . 0.1). Unexpectedly, the endocytosis rate exhibited by
Env-S19/Y190A (0.3%/min) is significantly lower (P # 0.005)
than that of the wild type. This very slow rate is similar to that
of influenza virus HA (0.2%/min in CV-1 cells [32]), a protein
shown to be actively excluded from clathrin-coated pits (6, 33,
55). To our knowledge this is the first study in which substitution
of a tyrosine within a known YXXØ endocytosis motif resulted
in a decrease in the uptake rate to below that of bulk uptake.

The results of the cleavage protection experiments were
confirmed by immunofluorescence analyses of the uptake of
surface-bound neutralizing chicken anti-PrC antibody (Fig. 6).
In the presence of chloroquine, Env proteins with mutations in
the MSD showed an increasing accumulation of endocytic ves-
icles which contained chicken anti-PrC antibody lining the
inner vesicle surface and that could be brightly stained with rb
anti-chicken-FITC antibodies after fixation. The vesicles ob-
served tended to cluster near the nucleus and can be consid-
ered prelysosomal (27, 36, 53). The increasing accumulation of
antibody in intracytoplasmic vesicles (wild type , Env-S19-
palm#6 , Env-S19-palm#7 , Env-S19-m26) paralleled the
differences in uptake rates determined from the proteolysis
protection experiments. At the same time, staining of the cell
boundaries decreased accordingly for each of these mutants
(Fig. 6). In contrast, Env-S19-Y190A and Env-S19-N185*
showed extensive plasma membrane staining and very few flu-
orescent endocytic vesicles, consistent with very slow uptake of
the surface Env. The intensity of staining of Env expressed on
the surfaces of unfixed cells on ice (not shown) reflected the
equilibrium Env distribution shown in Fig. 2b.

In the Env-S19-m26/Y190A mutant, two opposing internal-
ization phenotypes partly compensate for each other, resulting
in an endocytosis rate similar to that of the wild type. In order
to gain insight into the mechanism by which the m26 mutation
increased the rate of endocytosis and to determine the extent

FIG. 2. The highly reduced steady-state surface expression of Env mutant
Env-m26 can be restored to approximately wild-type levels by removing Y190. (a)
CV-1 cells were transfected with pSR-Env plasmid vectors encoding the indi-
cated wild-type (wt) and mutant Env proteins. After metabolic pulse-labeling
with [35S]methionine-cysteine for 30 min and chasing for 1 h in complete
DMEM, cells were washed, lysed, and subjected to rb#2 anti-Env immunopre-
cipitations and analyzed by SDS-PAGE and autoradiography. Unglycosylated
(pr95) Env precursors, as well as the mature cleavage products gp37 (TM) and
gp85 (SU), were detected. (b) A second set of transfected cells was surface
biotinylated for 30 min on ice and then lysed and subjected to rb#2 anti-Env
immunoprecipitation followed by SDS-PAGE and enhanced chemiluminescence
Western blotting. Streptavidin was then used to visualize steady-state levels of
Env surface expression.
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to which the Y190A mutation can restore the m26 phenotype
to a more wild-type-like phenotype, we cloned the coding se-
quence for the double mutant (Env-S19-m26/Y190A) into pS-
VenvKX-S19 and examined it in the proteolysis protection
assay (Fig. 7). Env-S19-m26/Y190A consistently exhibited a
slightly faster uptake than Env-S19 (17.2 versus 11.7% within
the first 10 min) (Table 1). It therefore appears that the op-
posing phenotypes of m26 (very rapid uptake) and Y190A (very
slow uptake) partly compensate for each other.

The internalization phenotypes of wild-type Env and trans-
membranal and cytoplasmic domain mutants cannot be linked
to their differential association with DIG membrane rafts.
Recent studies of HA MSD mutants have pointed to a possible
correlation between the exclusion of HA from clathrin-coated
vesicles and its association with certain plasma membrane do-
mains (DIGs). Both processes appear to be governed by amino
acids in the MSD. We therefore investigated whether the dra-
matically different phenotypes exhibited by the MSD and cy-
toplasmic domain mutants of RSV Env correlated with parti-
tioning to discrete membrane domains.

The DIG association assay performed is based on the ob-
servation that cholesterol- and glycolipid-rich membrane do-
mains (DIGs), and the membrane proteins associated with
them, are not soluble in 1% Triton X-100 at 4°C and can be
pelleted from cell lysates (see reference 58 for an overview).
Proteins recovered from the soluble supernatant are consid-
ered to be absent from DIGs. Wild-type Env-S19, Env-S19-
m26, Env-S19-palm#7, and Env-S19-Y190A, as well as wild-
type HA as a control (14), were tested for DIG association
(Fig. 8). The majority of HA is found in the pellet fraction, as
was to be expected (40, 58). In contrast, we did not recover any
of the Env proteins tested from the detergent-insoluble frac-
tion. We thus conclude that differential DIG association is not
likely to be the basis for the RSV Env mutant endocytosis
phenotypes.

DISCUSSION

We have studied the internalization of wild-type and mutant
RSV PrC Env glycoproteins to gain insight into the role of a
conserved putative endocytosis motif (YXXØ) encompassing
amino acids Y190RKM in the cytoplasmic domain of the RSV
PrC TM protein. We demonstrate here that a RSV PrC enve-

FIG. 3. RSV Env-S19 is internalized and protected from trypsin cleavage
during chases at 37°C. CV-1 cells infected with recombinant SV40 virus coding
for trypsin-cleavable Env-S19 with a wild-type MSD and cytoplasmic tail were
metabolically labeled with [35S]methionine-cysteine (30-min pulse and 2-h
chase). Cells were surface biotinylated on ice and then returned to 37°C for the
indicated times from 0 to 60 min in complete DMEM (including 100 mM
chloroquine to inhibit lysosomal degradation) to allow for endocytosis to occur.
Thereafter, surface residual Env-S19 gp120 was cleaved to gp37 and gp85 with
5 mg of TPCK-trypsin/ml at 4°C for 50 min. Cell lysates were consecutively
subjected to immunoprecipitation with rb anti-RSV-TMpep and streptavidin-
agarose bead precipitation. Samples were analyzed by SDS-PAGE and autora-
diography, and gp120, gp37, and gp85 bands were quantitated with a Phosphor-
Imager (Molecular Dynamics). (a) Autoradiogram of Env-S19 after different
lengths of 37°C chases and trypsin treatment; amounts of samples loaded per lane
were adjusted to approximately equal cell numbers (see Materials and Methods).
Note the increase of internalized, and thus cleavage-protected, gp120 over time. (b)
Average uptake of Env expressed as the percentage of cleavage-protected gp120
over time from four to six experiments per data point; error bars are shown. Values
were calculated as described in Materials and Methods. The linear regression for the
linear part of the curve (first 10 to 15 min) (solid line) reveals an average endocytosis
rate of ;1.1%/min. (c) Prebinding of neutralizing chicken anti-PrC antibody (a-Env
ab) has no enhancing effect on endocytosis. Cells were prepared as described
above, but two samples were incubated with chicken anti-PrC serum (1:100) in
DMEM at 4°C for 40 min prior to chasing at 37°C for 30 and 45 min.

FIG. 4. RSV Env-S19 endocytosis in the presence and absence of chloro-
quine. Duplicate plates of CV-1 cells were infected, labeled, and biotinylated as
described for Fig. 3a. Cells were then chased at 37°C for the indicated times,
either in the absence or presence of chloroquine (100 mM). Trypsin treatment
and all analyses were done as described for Fig. 3. Average values from three to
five experiments per time point are shown.
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lope glycoprotein with a wild-type TM is indeed endocytosed
from the surfaces of CV-1 cells, but at a slow rate (1.1%/min)
reminiscent of that of membrane bulk uptake (22, 32, 47)
despite the presence of the YRKM motif. In contrast, a quan-
titative analysis of previously described MSD mutants Env-m26
(L165R) and Env-palm#7 (C167G) that exhibit significantly
reduced steady-state surface expression (27) revealed a much
more rapid rate of endocytosis, with an average of 74 and 47%,
respectively, being internalized within the initial 10 min of a
chase. Tyrosine (Y190) was identified as crucial for the efficient
recognition of Env by the internalization machinery in the
context of the transmembranal domain mutant Env-S19-m26,
since only about 17% of the Env-S19-m26/Y190A double mu-
tant was endocytosed within the same time period. Interest-
ingly, uptake of the Env-S19-m26/Y190A double mutant was
similar to, but nevertheless significantly faster than (P # 0.01),
that of wild-type Env. Most surprising was the observation that
the Y190A mutation by itself resulted in a further drop of the
internalization rate to 0.3%/min, significantly lower (P #
0.005) than that of the wild type. This indicates active exclusion
of the glycoprotein from coated pits and, together with results
obtained for the MSD mutants Env-S19-m26 and Env-S19-
palm#7, suggests unique features of the RSV TM internaliza-

tion motif. The slow internalization exhibited by the YXXØ
motif-containing RSV Env protein was unexpected since con-
stitutive endocytosis, clearly faster than bulk membrane up-
take, had previously been demonstrated for the lentiviral
HIV-1 and SIV Env glycoproteins, for chimeric CD4 mole-
cules carrying the SIV Env cytoplasmic tail (18, 31, 56, 57), and
for the varicella-zoster virus (VZV) gE glycoprotein, which
contains a conserved YXXØ motif (44).

Uptake kinetics of wild-type Env indicated recycling of in-
ternalized viral glycoproteins to the cell surface, while some
portion is sorted into the lysosomal pathway. So far, we cannot
rule out the possibility that trafficking steps other than endo-
cytosis, for example, recycling, are affected by the MSD muta-
tions analyzed. It has proven technically difficult to approxi-
mate the wild-type Env recycling rate; slow Env endocytosis
(10% in 10 min) provides a pool of labeled, internal Env
proteins too small for accurate monitoring of Env reappear-
ance on the cell surface (low signal-to-noise ratio). We are,
however, confident that potential differences in recycling did
not hamper measurement of endocytosis rates during the first
10 min of a chase at 37°C (33).

Mutations in the transmembranal domains of Env-m26
(L165R; introduce charge) and Env-palm#7 and Env-palm#6
(C167C and C164G; lead to monoacylation) are likely to in-
duce conformational changes. Such changes might be “trans-
lated” into altered recognition of the tyrosine motif in the
cytoplasmic tail, thereby activating the “dormant” internaliza-
tion motif to various extents, resulting in increased uptake
rates of 4.7 and 7.4%/min for Env-S19-palm#7 and Env-S19-
m26, respectively. While we cannot distinguish if Env-S19-
palm#6 (1.3%/min) was internalized with a rate above that of
bulk uptake, the significantly faster internalization of the two
other transmembranal mutants (P # 0.005; one-sided t test) is
consistent with this interpretation. This demonstrates that the
palmitoylation status per se does not determine uptake rates. It
is noteworthy that the efficiently internalized HIV and SIV TM
proteins naturally contain a charged residue in the designated
transmembranal domain. Biochemical and electron micro-
scopic evidence corroborates that these lentiviral Env proteins

FIG. 5. Mutations in the RSV TM transmembranal and cytoplasmic domains
can modulate the endocytosis rate. CV-1 cells were infected with recombinant
SV40 lysates expressing Env-S19, Env-S19-Y190A, Env-S19-palm#6, Env-S19-
palm#7, and Env-S19/m26, so that similar expression levels were reached at 2
days postinfection. Cells were then metabolically labeled, chased, and biotinyl-
ated on ice as described in Materials and Methods. Replicate plates of cells were
chased for different times (0 to 45 min) at 37°C in DMEM–100 mM chloroquine,
before surface residual Env gp120 was cleaved into gp85 and gp37 by 5 mg of
TPCK-trypsin/ml at 4°C. Cell lysates were subjected to immunoprecipitation and
streptavidin-agarose bead precipitation and analyzed by SDS-PAGE, autora-
diography, and PhosphorImager quantitation. (a) Autoradiogram of a represen-
tative experiment depicting internalization and protection from cleavage of Env-
S19 (wild type [wt]) Env-S19-palm#6, Env-S19-palm#7, and Env-S19-Y190A
over time. (b) Kinetics of protection from trypsin cleavage of Env-S19 MSD and
cytoplasmic mutants compared to wild-type Env-S19 in the presence of chloro-
quine. Numbers of performed experiments per Env protein are in parentheses.
For graphic presentation purposes, mean values and standard deviations at each
time point for all Env proteins were determined and plotted.

TABLE 1. Comparison of average endocytosis rates
of RSV Env-S19 mutants

Mutation
Avg endo-

cytosis ratea

(% uptake/min)

No. of
expts

Confidence
level (P)b for:

m (wt) .
m (mutant)

m (wt) ,
m (mutant)

Y190A 0.3 6 0.2 5 #0.005 n.a.e

None (wild type) 1.1 6 0.2 8
palm#6 (C164G) 1.3 6 0.7 3 n.a. .0.1
palm#7 (C167G) 4.7 6 0.9 5 n.a. #0.005
m26 (L165R) 7.4d 2c n.a. #0.005
m26/Y190A 1.7 5 0.4d 4 n.a. #0.01

a Rates were derived as follows. For each Env construct, the data of indepen-
dent experiments were plotted over time, and regression analyses of the linear
part (i.e., the initial 10 min) of each curve were performed to obtain the rate
constants. Mean values and standard deviations were then calculated for each
Env protein.

b Confidence level in a two-sample, one-sided t test (see Materials and Meth-
ods). Wild-type (wt) and palm#6 uptake rates are not considered significantly
different (P . 0.1).

c Very low Env-m26 surface biotinylation (14) greatly hinders more-extensive
kinetic analyses; range of values (Xmax 2 Xmin) for m26 is 2.6.

d No samples were taken between 0 and 10 min; thus a more statistically
adequate presentation is 74% within 10 min (m26) and 17% within 10 min
(m26/Y190A).

e n.a., not applicable.
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FIG. 6. Uptake of surface-bound neutralizing anti-Env antibody as demonstrated by indirect immunofluorescence confirms endocytosis phenotypes of MSD and
cytoplasmic tail mutants. Triplicates of CV-1 cells grown on glass coverslips were infected with wild-type or mutant Env-S19-expressing SV40 lysates. At 2 days
postinfection one set of coverslips was incubated with neutralizing chicken anti-RSV PrC serum in DMEM–100 mM chloroquine at 37°C for 2 h to allow for antibody
internalization. Then, cells were fixed in methanol-acetic acid, stained with rb anti-chicken-FITC, and observed with a fluorescence microscope (Zeiss) as described in
Materials and Methods. One set was fixed in acetone and prepared for whole-cell anti-Env immunofluorescence (not shown). The third set was incubated with rb#2
anti-Env serum on ice, fixed, and prepared for surface immunofluorescence (not shown). (a) Env-S19 wild type; (b) Env-S19-m26; (c) Env-S19-palm#6; (d and e)
Env-S19-palm#7; (f and g) Env-S19-Y190A; (h) Env-S19-N185*. Brightly stained vesicles represent endocytic prelysosomal vesicles, most likely late endosomes (27)
(chloroquine inhibits fusion with lysosomes and lysosomal degradation). The net-like pattern observed for Env-S19-Y190A and Env-S19-N185* represents antibody
bound to surface-expressed Env.
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are clustered into clathrin-coated pits and are efficiently endo-
cytosed by virtue of their tyrosine motifs (4, 42). The internal-
ization phenotype of the RSV Env-S19-m26/Y190A double
mutant mirrors that observed upon mutation of crucial ty-
rosines in the SIV (Y723) or HIV-1 (Y712) TM cytoplasmic
domains and deletion of the VZV gE cytoplasmic tail (4, 44,
56, 57). In all cases endocytosis is reduced to approximately the
bulk uptake rate. The Env-S19-m26/Y190A mutant also con-
firms that Y190 in the RSV TM is crucially involved in the m26
rapid-uptake phenotype.

Bulk uptake does not require any specific signals since no
active clustering occurs and proteins are carried passively into

coated pits for endocytosis (63). Why then does the mutation
of Y190 to alanine result in Env internalization significantly
slower than that of the wild type and similar to that of influenza
virus HA (which does not possess a YXXØ motif)? Mutations
that disrupt sequences important for efficient endocytosis of
cellular receptors, such as TfR or CD4, result in internalization
rates above or equal to bulk membrane turnover (24, 25, 50),
which is analogous to the situation for lentiviral Env proteins.
The vesicular stomatitis virus (VSV) G protein resembles RSV
Env inasmuch as it is endocytosed at approximately the bulk
rate despite the presence of a tyrosine-based motif (21, 61).
However, this YXXØ motif is crucial for basolateral targeting,
not endocytosis, and mutation of the VSV G tyrosine motif did
not result in a further drop of the internalization rate (61, 62).
In contrast, preliminary observations in our laboratory do not
suggest a crucial role of Y190 in basolateral targeting of the
RSV glycoprotein. Thus, the results obtained from each of
these systems is distinct from those from the endocytosis phe-
notypes we have observed for RSV. To our knowledge this is
the first report of a system where substitution of the tyrosine
within a YXXØ endocytosis motif results in a reduction of the
internalization rate below that of bulk flow.

Other situations in which glycoproteins are efficiently ex-
cluded from endocytosis have been described. For example,
CD4 containing an intact, or mutated, endocytosis motif is
actively excluded from endocytic structures through interac-
tion of its cytoplasmic domain with p56lck. In the absence of
p56lck, wild-type CD4 is clustered into vesicles with an uptake
rate of about 2 to 4%/min (47–49), while YXXØ motif mutants
internalize at the bulk rate. Thus, interaction with a cytoplas-
mic binding partner can result in coated-pit exclusion. In con-
trast, wild-type HA, which internalizes at a rate of approxi-
mately 0.2%/min in CV-1 cells (32), was found to be actively
excluded from coated pits (6, 33, 55) by virtue of sequences
within its MSD (32). Mutants with certain changes in that part
of the MSD in contact with the outer lipid leaflet were no
longer excluded (32). Some, but not all, of these HA MSD
mutants also showed a loss of HA’s efficient association with

FIG. 7. In Env-S19-m26/Y190A, the MSD (m26 5 L165R) and cytoplasmic tail (Y190A) mutations partly compensate one another’s phenotype. The kinetics of
internalization of Env-S19 and Env-S19-m26/Y190A were analyzed essentially as described before. (a) Autoradiogram of a representative experiment. Wt, wild type.
(b) Average kinetic data from four independent experiments, including error bars. Average internalization after the initial 10 min of the biphasic curves was 11.7% for
wild-type (wt) Env-S19 and 17.2% for Env-S19-m26/Y190A (m/YA).

FIG. 8. Env-S19 MSD and cytoplasmic tail mutants show no difference with
respect to DIG association. CV-1 cells infected with SV40 lysates expressing the
indicated Env-S19 mutants or wild-type (wt) influenza virus HAJap were meta-
bolically labeled and chased for 2 h as described in Materials and Methods. After
surface biotinylation on ice, cells were lysed on ice for 6 min in buffer containing
1% Triton X-100 as specified in Materials and Methods. Lysates were spun at
12,000 3 g for 6 min to separate solubilized material (SN) from the pellet (Pe)
containing nuclei and membrane fractions insoluble under the chosen detergent
and temperature conditions (DIGs or rafts [58]). Supernatants were adjusted to
an SDS concentration of 0.1%, and pellets were lysed in 1% Triton X-100–1%
DOC–0.1% SDS. Env and HA proteins, either solubilized or associated with
DIGs, were recovered by immunoprecipitation followed by streptavidin-agarose
bead precipitation. Three-fourths of each sample was analyzed by SDS-PAGE
and autoradiography. HAo, uncleaved HA.
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DIGs (58). Thus, for HA, there might exist some correlation
between protein sequestering into certain plasma membrane
domains and exclusion from clathrin vesicles. In this case,
however, functional YXXØ motifs introduced into the cyto-
plasmic domain of HA appear to act dominantly over the MSD
retention signals since rapid endocytosis now takes place (30,
32, 33, 35). We, therefore, examined whether the different
RSV Env MSD and C-terminal tail mutants might display a
differential pattern of DIG association (i.e., strong association
for Env-S19-Y190A, low or no association for Env-S19-m26
and Env-S19-palm#7, respectively), which could control the
extent to which the proteins are excluded from clathrin-coated
pits, particularly since Melkonian et al. (40) had shown that the
extent of palmitoylation can modulate association with DIGs.
We found no evidence that any of the Env proteins partitioned
into DIGs. Nevertheless, this does not rule out the possibility
that the wild-type and mutant Env proteins are associated with
different membrane microdomains, not identified by the assays
employed here, that define accessibility and recruitment into
coated pits.

These results suggested that activity of the RSV Env endo-
cytosis motif might be induced by conformational changes due
to receptor binding or due to mutations in the transmembranal
domain (as in Env-m26 and Env-palm#7). Removal of Env
from the cell surface upon interaction with its cognate recep-
tor, expressed either on the same or on a neighboring cell,
could have important biological implications. The binding of a
neutralizing chicken antibody to cell surface-exposed Env,
however, did not result in any significant enhancement of RSV
Env-S19 endocytosis, which is in accordance with the results of
similar approaches by others (57, 59). To directly test the
receptor-binding activation hypothesis, it will be necessary to
engineer the S19 and tyrosine motif mutations into an A sub-
group virus for which the receptor gene has been cloned (3,
66); to date the cognate receptor for the PrC strain of RSV has
not been identified.

Two different models can be proposed to account for the
phenotypes of mutant RSV Env proteins. In one model, the
transmembranal domain of the RSV TM would harbor infor-
mation that causes the protein to be efficiently excluded from
coated pits, either by differential association with membrane
subdomains or by a conformational incompatibility with clus-
tering. On the other side, the YXXØ endocytosis motif con-
tained in the cytoplasmic tail would preferentially direct the
Env protein to sites of active recruitment into endocytic vesi-
cles. In this situation, sequences in the MSD would thus have
a silencing effect on an active internalization signal, resulting in
an internalization rate reminiscent of that of bulk uptake, but
not in fact mediated by a “bulk” membrane turnover mecha-
nism. In a biological context, such silencing might be overcome
by activation events (such as receptor binding) that either
remove the exclusion signal through conformational changes
or enhance the efficiency with which the Y motif can be rec-
ognized by AP-2. The phenotypes observed for m26, palm#7
and, to a lesser extent, palm#6 can be considered evidence for
the first interpretation. The very low internalization rate of
Env-S19-Y190A (0.3%/min) is consistent with the idea that the
MSD harbors an “exclusion signal” that becomes dominant in
the absence of Y190. Env-S19-m26/Y190A would then undergo
true bulk uptake since both counteracting signals are lost in
this mutant.

In a second, and less attractive, model, no exclusion signal
would exist in the MSD. Instead, the YXXØ motif in the
cytoplasmic tail would be constitutively inactive, resulting in
genuine bulk uptake of wild-type Env. The MSD mutants we
analyzed might simply induce conformational changes that en-

hance the recognition of the otherwise dormant endocytosis
signal. Interestingly, the RSV TM mutant Env-S19-m26
(L165R) resembles the HIV and SIV TM proteins inasmuch as
their MSDs include a charged amino acid and the lentiviral
Env proteins are constitutively internalized at a high rate. The
significant drop in internalization observed for Env-S19-
Y190A, on the other hand, might result from changes in the
cytoplasmic tail that now prevent the Env trimer from partic-
ipating in even bulk uptake. This could reflect an interaction
with a cellular factor, such as that seen with CD4 and p56lck.
However, such a model would not readily explain the bulk rate
endocytosis phenotype observed for the Env-S19-m26/Y190A
double mutant.

Additional experiments in progress are aimed at further
defining the molecular mechanisms underlying the phenotypes
we have observed. It will be important to clarify if endocytosis
of RSV Env is in fact activatable and to examine the effects of
alterations in the rate at which Env is internalized on the
infectivity in vitro and pathogenesis in vivo of mutant ALSVs.
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