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The Rous sarcoma virus (RSV) transmembrane (TM) glycoprotein is modified by the addition of palmitic
acid. To identify whether conserved cysteines within the hydrophobic anchor region are the site(s) of palmi-
toylation, and to determine the role of acylation in glycoprotein function, cysteines at residues 164 and 167 of
the TM protein were mutated to glycine (C164G, C167G, and C164G/C167G). In CV-1 cells, palmitate was
added to env gene products containing single mutations but was absent in the double-mutant Env. Although
mutant Pr95 Env precursors were synthesized with wild-type kinetics, the phenotypes of the mutants differed
markedly. Env-C164G had properties similar to those of the wild type, while Env-C167G was degraded faster,
and Env containing the double mutant C164G/C167G was very rapidly degraded. Degradation occurred after
transient plasma membrane expression. The decrease in steady-state surface expression and increased rate of
internalization into endosomes and lysosomes paralleled the decrease in palmitoylation observed for the
mutants. The phenotypes of mutant viruses were assessed in avian cells in the context of the pATV8R proviral
genome. Virus containing the C164G mutation replicated with wild-type kinetics but exhibited reduced peak
reverse transcriptase levels. In contrast, viruses containing either the C167G or the C164G/C167G mutation
were poorly infectious or noninfectious, respectively. These phenotypes correlated with different degrees of
glycoprotein incorporation into virions. Infectious revertants of the double mutant demonstrated the impor-
tance of cysteine-167 for efficient plasma membrane expression and Env incorporation. The observation that
both cysteines within the membrane-spanning domain are accessible for acylation has implications for the

topology of this region, and a model is proposed.

The viral envelope glycoproteins of the Rous sarcoma virus
(RSV) are encoded in the env region of the retroviral genome
and are initially translated as a precursor protein, Pr95 (4, 25).
Properly oligomerized Pr95 exits the endoplasmic reticulum
(11) and undergoes complex glycosylation, as well as proteo-
lytic cleavage, in the Golgi compartments to the final disulfide-
linked products gp85 (SU) and gp37 (TM) (12, 20, 40, 43).
Once SU-TM oligomers reach the cell surface, they can be
incorporated into the virus particle during budding (26).

The subgroup C RSV gp37 (TM) protein is a bitopic 198-
amino-acid protein consisting of a 149-amino-acid extracellular
region, a membrane-spanning anchor domain, and a short C-
terminal cytoplasmic tail (25, 52). Based on the hydrophobicity
of the amino acid sequence, the transmembrane region had
been suggested to encompass 27 amino acids, as outlined in
Fig. 1. Earlier experiments in this laboratory, aimed at identi-
fying regions of the TM protein that direct incorporation of the
viral glycoproteins into virions, demonstrated that the C-ter-
minal 22 cytoplasmic amino acids were dispensable and that
loss of this cytoplasmic domain did not significantly affect gly-
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coprotein transport, processing, or incorporation into the
virion (42). Additionally, virions containing these cytoplasmic-
domain-negative mutants retained infectivity. These studies
suggested that the crucial (structural) information for incor-
poration was instead contained within the hydrophobic mem-
brane-spanning domain (MSD). Preliminary studies with point
and deletion mutants in the designated transmembrane region
show that these mutations often severely depress or completely
abrogate viral infectivity (D. Miller, G. L. Davis, and E.
Hunter, unpublished data).

Addition of palmitic acid has been shown to be a posttrans-
lational modification of many viral glycoproteins (for a review,
see references 46 and 51). The exact role of palmitoylation in
transmembrane proteins is unknown, but it may serve to effi-
ciently target the glycoprotein to the cell membrane or to
distinct microdomains within it. In particular, palmitoylated
transmembrane proteins, like hemagglutinin (HA) and neur-
aminidase of influenza A virus, have been found to associate
with so-called membrane raft or detergent-resistant glycolipid
domains (18, 36, 53) (see reference 46 for a review). However,
this correlation is not absolute (36), as the acylated vesicular
stomatitis virus (VSV) G glycoprotein does not sequester into
rafts (6), nor did we find evidence for RSV Env being present
in detergent-resistant glycolipid domains (39). Palmitate may
help anchor the glycoprotein in the membrane, and by influ-
encing Env topology in the plasma membrane, it could play a
role in incorporation of the glycoprotein into the virion.

Cysteines were identified as sites of palmitic acid addition to

11544



VoL. 75, 2001

RSV PrC gp37 putative membrane-spanning domain

~WAVHLLK |GLLLGLVVILLLLVCLPCLLQFVSSSI|RKMI~
150 164 167 176

y 3
G

G
single mutants: C164G C167G
double mutant: C164G/C167G

FIG. 1. Locations of mutations within RSV PrC gp37 (TM). The
previously suggested boundaries of the MSD are indicated by the
shaded box. Oligonucleotide mutagenesis was used to change the TGC
codon for cysteine to a GGC codon for glycine to investigate the
potential thioester linkage of palmitate at these sites. Mutants were
named C164G, C167G, and C164G/C167G to denote the location and
type of substitution at the cysteine codon in each mutant.

membrane-spanning cellular and viral proteins, which include
Sindbis virus E2 (27), measles virus F protein (7), VSV G (33,
34, 47), Semliki Forest virus E1 (50), and influenza A virus HA
(37,55, 57). No consensus motif directing this modification has
been identified, but palmitoylated cysteines are generally lo-
cated in the cytoplasmic tail, close to the membrane boundary,
or within the membrane anchor region itself (19, 21, 50, 58, 61)
(for a review, see reference 46). The importance of a complex
conformational context has been suggested (45). The effects of
abrogating palmitoylation on viral glycoprotein function have
been analyzed for various viruses, and these effects range from
insignificant to detrimental for viral replication. For VSV G,
the results vary (32-34, 47, 59), and influenza virus HA displays
subtype specificity with regard to the phenotypes of palmitoyl-
ation mutants (37, 44, 55).

The C-type retroviral glycoproteins of spleen focus-forming
virus (54), RSV (16, 60), murine leukemia virus (MuLV) (21,
61), and human immunodeficiency virus (62) were found to be
palmitoylated. Most retroviral TM proteins lack cysteines
within the cytoplasmic domain. However, they are unusual in
that they show a conservation of a proline-cysteine pair within
the transmembrane region (41), which is a site for palmitoyl-
ation in both Friend and Moloney MuLVs (21, 61). In contrast,
human immunodeficiency virus Env does contain cysteines in
its unusually long cytoplasmic tail which are the sites of palmi-
tate addition (62). The RSV TM membrane-spanning region is
highly conserved among different subtypes and contains two
cysteines at amino acid positions 164 and 167. This prompted
us to investigate whether substituting glycine residues for each
of these cysteines affected palmitoylation and the biological
function of this prototype retroviral glycoprotein. We report
here that both C,4, and C, 4, are sites for palmitic acid addition
and show that the lack of palmitoylation affects glycoprotein
function and virus infectivity. Palmitoylation of C,,,, which is
part of the conserved proline-cysteine pair, proved particularly
critical, since molecules lacking cysteine, and thus palmitate, at
this site showed significantly reduced steady-state surface ex-
pression, were inefficiently incorporated into virions, and ex-
hibited greatly diminished virus infectivity. The accessibility of
both cysteines for acylation, furthermore, prompted us to re-
evaluate the current model for the MSD boundaries.

PALMITOYLATION OF THE RSV TM GLYCOPROTEIN

11545

MATERIALS AND METHODS

Cells and viruses. Primary turkey embryo cells (TEC) used in infectivity
studies were prepared as described by Hunter (23). The Df-1 avian fibroblast cell
line was obtained from D. Foster (22, 48) and cultured in Dulbecco’s modified
Eagle’s medium (10% fetal calf serum). African green monkey kidney (CV-1)
cells used in the simian virus 40 (SV40) expression system were obtained from
the American Type Culture Collection (Manassas, Va.). Bacterial plasmids were
propagated in the DH-1 strain of Escherichia coli, and the M13 bacteriophage
was grown in TG-1 cells.

DNA expression vectors. The derivation of the RSV env gene from the RSV
Prague C molecular clone, pATVS, was described by Davis and Hunter (9).
Infectivity studies were done by inserting the mutated env genes into a modified,
nonpermuted version of the pATVS8 vector, pATV8R. This vector contains,
between two long terminal repeats, a nonpermuted RSV genome in which a
unique Clal site has been inserted at the Xbal site near the C terminus of the env
gene; modified env genes can thus be inserted via unique Kpnl and Clal sites that
flank the env coding region. Details of the construction of this vector are avail-
able on request. The recombinant SV40 expression system for RSV Env has been
described previously (9, 39).

Cloning and mutag is of env gene. Oligonucleotide-directed single-strand
DNA mutagenesis was carried out on a 717-bp EcoRI-Xbal subfragment, con-
taining the coding region for TM, which had been inserted into M13mp18 as
described by Perez and Hunter (43). Three oligonucleotide primers were em-
ployed to create the three mutations C164G, C167G, and C164G/C167G. In the
first, the TGC coding for cysteine 164 was changed to the glycine codon GGC
(mutant C164G); in the second, the TGC coding for cysteine 167 was changed to
glycine codon GGC (mutant C167G); and in the third, both cysteine codons 164
and 167 were changed to glycine codons (mutant C164G/C167G). Insertion of
the mutated sequences into the SV40 expression vector was done through unique
EcoRI and Xbal restriction sites as originally described by Davis and Hunter (9).

The infectious RSV proviral DNA clone pATV8R described above allowed
mutant env genes to be transferred directly from the SV40 vector via the unique
Kpnl and Clal restriction sites that flank the env gene. Each mutant was se-
quenced in both the SV40 and RSV vectors to ensure the presence of the
mutation throughout the subcloning.

Generation of recombinant SV40 stocks and infection of CV-1 cells. The SV40
slot-in vector, pSVenvKX, was cut with Kpnl, self-ligated at low DNA concen-
tration to allow circularization and juxtaposition of the late SV40 promoter
upstream of env, and cotransfected with helper virus (d11055) genomic DNA into
CV-1 cells, using the DEAE-dextran method (60). At 5 to 7 days posttransfec-
tion, the CV-1 cells were freeze-thawed three times and sonicated for 30 s to
release the complemented recombinant SV40 virions. Subconfluent CV-1 cells
were then infected in two consecutive rounds with the sonicated lysate to make
a high-titer recombinant SV40 stock. High-titer lysates were then used at appro-
priate dilutions to infect CV-1 cells for the experiments described, which were
performed at 72 to 96 or 48 h postinfection (p.i.), as indicated.

Transfection of primary TEC and Df-1 cells. Primary TEC were transfected by
the polybrene method described by Kawai and Nishizawa (30) with the following
modifications. Polybrene (30 wg) was added to 5 to 10 pg of DNA in a final
volume of 1 ml of serum-free (SF) medium. This mixture was added to subcon-
fluent TEC on 60-mm-diameter plates, which were rocked at 37°C in a humid-
ified incubator for 6 h. The DNA solution was removed, and the cells were
washed twice with SF medium and then shocked for 4 min with 25% dimethyl
sulfoxide in SF medium. After the cells were gently washed twice in SF medium,
growth medium containing 10% serum was added to the cells. At 24 h posttrans-
fection, the cells were passaged to 100-mm-diameter plates. Culture medium was
harvested for reverse transcriptase (RT) assays at 4-day intervals, and the cells
were split at a 1:3 ratio immediately after being harvested.

Avian fibroblast cell line Df-1 cells were transfected with proviral DNA using
the FuGene-6 reagent (Roche), with 6 pg of DNA and 18 pl of FuGene-6 per
1.5 X 10° cells on 100-mm-diameter plates.

Antisera used. Polyclonal rb#2 anti-gp85 antiserum specifically interacts with
RSV SU (gp85) protein. rb-anti-RSV-TM-Cpep, which was raised against a
C-terminal peptide (Cys plus amino acids 184 to 198) of RSV PrC TM, was a gift
from Judy White. Chicken anti-RSV PrC neutralizing antibody has been de-
scribed previously (29, 39). rb-B77 serum was raised against RSV Gag protein.

Secondary antibodies for immunofluorescence studies were gt-anti-rb-Alexa488
and rb-anti-chiAlexa488, which were obtained from Molecular Probes (Eugene,
Oreg.).

Radioactive labeling of viral proteins and immunoprecipitations. [*H]palmitic
acid (54 Ci/mM) and [*H]leucine (50 Ci/mM) were obtained from Amersham
Corp., Arlington Heights, Ill.; [**S]methionine-cysteine (>1,150 Ci/mM) was
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obtained from NEN, Boston, Mass. Protocols for labeling with [*H]leucine (100
wCi/60-mm-diameter plate), immunoprecipitation, and electrophoresis were for
the most part as described previously (60). Labeling with [**S]methionine-cys-
teine (50 nCi/100 pl of deficient medium) was performed essentially as described
previously (29, 39).

To analyze fatty acid modification of the glycoproteins, recombinant-SV40-
infected CV-1 cells were starved 72 to 96 h p.i. for 1 h in SF medium. [*H]palmi-
tate was evaporated to dryness, dissolved in 4 pl of ethanol, and then mixed with
500 pl of SF medium and placed on the cells (100 pCi/60-mm-diameter plate).
After being incubated for 4 h at 37°C, the cells were washed with phosphate-
buffered saline (PBS) and lysed in buffer containing 1% Triton X-100 and 1%
deoxycholate.

Cells pulse- or pulse-chase-labeled with [*H]leucine or [**S]methionine were
lysed the same way. Cell lysates were spun to pellet the nuclei, adjusted to 0.1%
sodium dodecyl sulfate (SDS), and subjected to preclearing with normal rabbit
serum and Staphylococcus aureus.

Viral Env and Gag proteins were immunoprecipitated with rabbit sera and
then separated by SDS-polyacrylamide gel electrophoresis (PAGE) and visual-
ized for *H labeling by the dimethyl sulfoxide-2,5-diphenyloxasole fluorography
method of Bonner and Laskey (3) or for 3>S labeling by autoradiography and
OptiQuant phosphorimaging.

When incorporation of Env into virions was analyzed, Df-1 cells were [>°S]me-
thionine pulse-labeled 44 h posttransfection with proviral DNA and chased in
complete medium for 6 h. The culture supernatant was precleared by low-speed
centrifugation, and then virions from 1.2 ml were pelleted through a 25% (wt/
vol) sucrose cushion (750 pl) in a TLS55 rotor (Beckman) for 30 min at 50,000
rpm (~260,000 X g) and 20°C. The viral pellet was resuspended in lysis buffer
and subjected to immunoprecipitation as described for cell lysates.

Indirect immunofluorescence analysis. All analyses were done essentially as
previously described (29, 39). To visualize the intracellular steady-state distribu-
tions of wild-type and mutant Env proteins, protein-expressing CV-1 cells grown
on glass coverslips were fixed in cold acetone and then probed with rb-anti-RSV-
TM-Cpep, with gt-anti-rb-Alexa488 as the secondary antibody. For surface im-
munofluorescence, unfixed cells on coverslips were incubated with chi-anti-RSV
PrC antibody on ice for 30 min, washed in PBS, fixed with methanol-acetic acid,
and stained with rb-anti-chiAlexa488. In order to compare clearing of wild-type
and mutant PrC Env from the cell surface, CV-1 cells grown on coverslips were
washed in PBS and then incubated with chi-anti-RSV PrC in the presence of 100
M chloroquine (to prevent liposomal degradation) for 2 h at 37°C. The cells
were then washed, fixed, and stained as for surface immunofluorescence. All
samples were observed and photographed with a Zeiss fluorescence microscope.

RT assay. A modification of a microtiter RT assay (10) was employed to
determine the infectivity of mutated viral genomes. In this assay, 25 pl of culture
supernatant was assayed directly for enzyme activity following low-speed centrif-
ugation to remove cell debris. After a 1-h reaction, the amounts of incorporated
35S-dTTP were determined in a radioimager (Ambis Inc., San Diego, Calif.)
following transfer to NA45 nitrocellulose.

RT-PCR amplification of virion RNA sequences. Culture medium was har-
vested from RSV ATV8R-infected TEC at either 12 or 24 days posttransfection
and precleared at 2,000 X g for 15 min. Virus was pelleted from 5.0 ml of clarified
culture medium by centrifugation through a 25% (wt/vol) sucrose cushion in a
Beckman SW41 rotor at 40,000 rpm (~270,000 X g) for 1.5 h. RNA was ex-
tracted from the pelleted virions according to the method of Gilman (17) except
that 1% Triton X-100 was used in place of 0.5% NP-40 and RNasin (500 U/ml)
and dithiothreitol (1 mM) were added to the lysis buffer just before use.

The viral RNA pellet was resuspended in diethyl pyrocarbonate-treated H,O.
RNasin (20 U), PCR amplification buffer, and 50 pmol of the 3’ minus-strand
primer (5'-CGTTACAGCCCGATTCGCAGG-3") were added, and the sample
was heated to 95°C for 1 min and then chilled on ice. RNasin (20 U), de-
oxynucleoside triphosphates (1 mM), MgCl, (2.5 mM), and avian myeloblastosis
virus RT (25 U; Boehringer Mannheim) were added, and the reaction mixture
was incubated for 10 min at room temperature for primer annealing, at 42°C for
55 min for cDNA synthesis, and at 95°C for 10 min to inactivate the enzyme. The
cDNA generated was stored at —20°C or used directly in a PCR.

c¢DNA (60 to 100 ng), together with 50 pmol of 5" (plus-strand) primer
(5'-GATCGCGCATGGCAAGGAATTCCC-3'), was subjected to PCR using
Taq polymerase (Promega). The 775-bp PCR product was agarose gel purified,
and DNA was extracted using Geneclean (Bio 101) and stored at —20°C.

In order to analyze the sequences of individually cloned PCR products, DNA
was cleaved with EcoRI and Xbal and cloned into the plasmid pTZ18R for
amplification.

Direct DNA sequencing of PCR product. The DNA-sequencing protocol used
was based on that of Keulen and Schuurman (31) and employed Sequenase
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version 2.0 (United States Biochemical). Sixty to 100 ng (1 wl) of the double-
stranded DNA PCR product and 20 pmol of primer C (internal primer to the
PCR product; 5'-ATGGGCCGTTCATCTGC-3") were used in the reaction. The
samples were separated on an 8% urea polyacrylamide gel.

RESULTS

Palmitoylation of wild-type and mutant RSV env gene prod-
ucts. As mentioned above, RSV Env is among the retroviral
glycoproteins that are posttranslationally modified by palmi-
tate addition but lack potential cysteine palmitoylation sites in
their cytoplasmic tails. This prompted us to analyze the role of
cysteines within the putative MSD of the subgroup C RSV
gp37 (TM) protein and to determine whether they are the sites
of palmitoylation. The MSDs of different avian leukosis and
sarcoma viruses are highly conserved (identical amino acid
sequences in the cases of, e.g., subtypes PrC, Sr-A, and SR-D)
and have been suggested to encompass 27 amino acids (Fig. 1).
The cysteine codons were mutated alone or in combination
to code for glycine, resulting in the mutant proteins Env-
C164G, -C167G, and -C164G/C167G (previously referred to
as palm#6, palm#7, and palm#6+7, respectively). These
changes were verified by DNA sequencing of the M13mp18
mutagenesis vector and after insertion of mutant env into both
the SV40 and RSV vectors as described in Materials and Meth-
ods.

To determine whether the cysteine mutations affected
palmitic acid addition, CV-1 cells infected with recombinant
SV40 coding for wild-type or mutant RSV Env were labeled
with [*H]palmitate at 72 h p.i. Env glycoproteins were immu-
noprecipitated from detergent-lysed cells and subjected to
SDS-PAGE, and palmitate-labeled Env was visualized by flu-
orography. Wild-type Env, as well as both the Env-C164G and
Env-C167G single mutants, can be labeled with [*H]palmitate
(Fig. 2), with the level of palmitoylation being reduced for the
mutants. In contrast, the double mutant Env-C164G/C167G
was not labeled with [*H]palmitate, suggesting that both cys-
teines within the putative MSD are posttranslationally modi-
fied by palmitoylation. Interestingly, Env-C167G displays a
more pronounced reduction of acylation than Env-C164G,
which suggests that C,4, is the preferred palmitoylation site.
Parallel experiments in which wild-type and mutant Env-ex-
pressing CV-1 cells were pulse-labeled with [?H]leucine indi-
cated that all four glycoproteins were expressed to similar
levels (not shown).

Turnover of mutant env gene products. Expression of the
three mutant glycoproteins was further analyzed to determine
the role of palmitoylated cysteines in glycoprotein biosynthesis,
processing, and stability. Four 60-mm-diameter plates of CV-1
cells were infected with each of the recombinant SV40 stocks
encoding wild-type and mutant glycoproteins. At 72to 96 h p.i.,
the cells were pulse-labeled for 15 min with [?H]leucine and
then lysed immediately or supplemented with complete me-
dium and chased at 37°C for 2, 4, and 6 h prior to lysis.
Metabolically labeled RSV glycoproteins were visualized after
immunoprecipitation and SDS-PAGE (Fig. 3A). Pulse-label-
ing of wild-type-expressing CV-1 cells results in a single Env-
specific band, the precursor Pr95. After a 2-h chase, two addi-
tional, more diffuse bands of 85 and 37 kDa appear,
representing the mature Env cleavage products, gp85 (SU) and
gp37 (TM). Prolonged chase times of 4 and 6 h result in a
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FIG. 2. Labeling of RSV glycoproteins with [> H]palmitic acid.
Wild-type and mutant glycoproteins expressed in CV-1 cells after in-
fection with the recombinant SV40 vector were labeled for 4 h with
[*H]palmitic acid. Immunoprecipitates were separated on SDS-12%
PAGE and then analyzed by fluorography. Lane 1, wild type (wt); lane
2, C164G; lane 3, C167G; lane 4, C164G/C167G; lane 5, mock in-
fected.

gradual decrease in the intensity of Pr95, but also of SU and
TM. The fact that no significant accumulation of the mature
Env products occurs is consistent with our previous observa-
tions (9). Essentially identical results were obtained with the
single mutant Env-C164G, indicating that this mutation did
not affect the processing and stability of the env gene product.
In contrast, while the precursor Pr95 was synthesized in
amounts similar to those of the wild type for mutants Env-
C167G and Env-C164G/C167G (Fig. 3A, lanes P) and showed
a similar decrease over time, the levels of Env cleavage prod-
ucts detectable during the chase periods were clearly reduced,
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though to different extents. This is particularly clear when the
TM (gp37) bands are compared. Env containing only the single
mutation C167G was processed during the 2-h chase, and lev-
els of gp85 and gp37 similar to that observed for wild-type Env
accumulated. However, over the subsequent 4- and 6-h chase
periods, the intensity of the gp85 and gp37 bands declined
significantly faster. Even more dramatic reductions were ob-
served for the double mutant, Env-C164G/C167G. In this case
degradation of gp85 and gp37 appeared to occur during the 2-h
chase, since both bands were significantly less intense than
those observed for the wild type and had been lost almost
completely by 6 h. These results indicate that the Env cleavage
products of the C167G and C164G/C167G mutant precursors
were being turned over more rapidly after exiting the Golgi
compartments.

In a previous study (9), we showed that substitution of an
arginine residue for a leucine residue within the membrane-
spanning region of TM (L165R; previously called n26) re-
sulted in rapid targeting of the Env complex to the lysosome
after it had traversed the secretory pathway and had been
transiently expressed on the plasma membrane. Addition of
chloroquine, which prevents fusion of endosomal vesicles with
the lysosome, could prevent this rapid degradation of Env-
L165R, leading to the accumulation of SU and TM in prely-
sosomal vesicles. To determine whether the cysteine mutants
were also directed into the lysosomal degradation pathway, we
performed a pulse-chase experiment in the presence of 100
mM chloroquine. Under these conditions, there was no signif-
icant decrease in the intensities of the bands representing the
terminally glycosylated SU and TM products for any of the
constructs (Fig. 3B). These results indicate that the exchange
of glycine for C,, triggered a more rapid uptake of the gly-
coprotein into the endocytic pathway and delivery to the lyso-
some. In fact, as we have described recently, in CV-1 cells
Env-C167G displays an endocytosis rate of 4.7% =+ 0.9% per
min, which is significantly higher than the wild-type rate (1.1%
*+ 0.2% per min), while the rate of Env-C164G (1.3% = 0.7%
per min) is not significantly different (39).

Reduced surface expression of mutant Env proteins. To
corroborate the pulse-chase studies and to demonstrate that
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FIG. 3. Kinetics of glycoprotein processing and stability in the presence and absence of chloroquine. (A) Wild-type and mutant viral
glycoproteins expressed from the recombinant SV40 expression vector system were pulse-labeled with [*H]leucine for 15 min (lanes P) and then
chased for 2, 4, or 6 h (lanes 2, 4, and 6, respectively). (B) The wild-type and mutant glycoproteins were pulse-labeled and chased as for panel A,
but the cells were preincubated in 100 wM chloroquine for 1 h prior to the pulse and chloroquine was present in the medium throughout the chase

periods. Lane designations are as in panel A.
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FIG. 4. Indirect immunofluorescence of wild-type (wt) and palmitoylation mutant glycoproteins in CV-1 cells reveals different steady-state
distributions. The intracellular distributions of wild-type and mutant env gene products were probed after acetone fixation and permeabilization
of recombinant-SV40-infected CV-1 cells grown on glass coverslips using rb-anti-RSV-TM-Cpep (Whole Cell IF). Steady-state surface expression
of wild-type and mutant env gene products was detected after incubation of SV40 vector-infected unfixed CV-1 cells on ice with neutralizing
chi-anti-RSV PrC antibody followed by ethanol-acetic acid fixation and secondary antibody incubation (Surface IF). Internalization of wild-type
and mutant Env proteins from the plasma membrane into prelysosomal vesicles was visualized by incubating Env-expressing cells with chi-anti-RSV
PrC antibody in the presence of chloroquine at 37°C for 2 h; the cells were then fixed and stained as for surface IF (Antibody Uptake). The brightly
stained vesicles represent endocytic prelysosomal vesicles, most likely late endosomes (29, 39).

the viral glycoproteins are in fact reaching the cell surface, we
carried out immunofluorescence analyses. CV-1 cells express-
ing the respective Env proteins were fixed and permeabilized
for whole-cell rabbit anti-Env staining. Unfixed cells were in-
cubated with chicken anti-RSV antisera, either on ice to detect
steady-state Env surface expression or at 37°C in the presence
of chloroquine to demonstrate internalization of surface-
bound antibodies (Fig. 4). In fixed and permeabilized cells, the
wild type and the C164G, C167G, and C164G/C167G mutant
glycoproteins showed similar perinuclear staining patterns,
typical for RSV Env, as described previously (39, 60). How-
ever, the contours of the plasma membrane appear stained to
a somewhat lesser extent for both glycoproteins containing the
C167G mutation. In accordance with this observation, the lev-
els of steady-state surface staining of the mutant glycoproteins

are reduced to various degrees compared to that in the wild
type (wild type = C164G > C167G >C164G/C167G). In a
reciprocal manner, internalization and accumulation in intra-
cellular prelysosomal vesicles of Env-antibody complexes is
most pronounced in the double mutant and least pronounced
in the wild-type Env. These observations are similar to those
obtained with PrC Env-L165R, which is also transiently ex-
pressed on the cell surface but internalized rapidly (7.4% per
min) (39). It should also be mentioned that, as previously
described (39), the binding of the chicken-anti-RSV antibody
per se does not trigger enhanced PrC Env endocytosis.

The results obtained here thus demonstrate that the mutant
glycoproteins, even though palmitoylated to different extents,
are transported to the plasma membrane with similar kinetics.
However, the steady-state distributions of these proteins are
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FIG. 5. Infectivity of wild-type (Wt) and mutant RSV genomes in
avian cells. Primary TEC were transfected in duplicate with the re-
spective pATVE8R proviral DNA or mock transfected and passaged
over 24 days. Supernatants were harvested at 4-day intervals. Virus
spread was assayed by the RT assay as described in Materials and
Methods. Mean RT values from a representative experiment are plot-
ted. mock, mock-infected control.

altered due to enhanced internalization from the cell surface,
possibly in combination with altered efficiencies of recycling
and lysosomal targeting.

Infectivity and reversion of mutant RSV genomes. The three
mutant genes were engineered into the proviral pATVSR RSV
expression vector to assess the effects of the mutations on virus
assembly and infectivity. Wild-type and env mutant proviral
DNAs were transfected into primary TEC in duplicate. Pro-
ductive replication of virions was monitored by determining
RT activity in supernatants harvested on days 4, 8, 12, 16, 20,
and 24 posttransfection. In a representative experiment (Fig.
5), in cell cultures transfected with the wild-type proviral DNA,
RT activity could first be detected at 8 days posttransfection,
rapidly increasing to a maximal level at day 16. The pATVSR
containing the C164G mutation was able to replicate and
spread through the culture with kinetics similar to those of the
wild-type pATVSER, although the peak of RT activity was re-
duced by approximately 40%. pATV8R-C167G displayed a
similar reduction in peak RT activity, but additionally, the
peak of infectivity was delayed by about 4 days compared to
that in the wild type, indicating that this virus was much less
able to establish infection in the turkey cell cultures. The dou-
ble mutant pATV8R-C164G/C167G showed no measurable
RT activity until day 24 posttransfection, indicating that its
ability to replicate was crippled by the mutation of both MSD
cysteines. This might be due to the complete loss of palmitoyl-
ation per se or more indirectly to conformational changes
resulting from the lack of acylation, impairing the stability of
the glycoprotein and possibly its functions and/or incorpora-
tion into virions.

For pATV8R-C164G/C167G, we repeatedly observed a slow
increase in RT activity beyond 21 days posttransfection. Thus,
replication of the double mutant is much delayed and reduced
even when compared to that of the C167G mutant. These
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observations prompted us to investigate whether the RT activ-
ity observed after 20 days resulted from a low level of residual
infectivity or whether it corresponded to the appearance of
revertant viruses in the culture. Thus, in addition to monitoring
of RT activity, virions were pelleted from the culture superna-
tants on days 12 and 24 for the double mutant or on day 24 for
the C164G, C167G, and wild-type viruses. A sequence corre-
sponding to the TM coding region was amplified from the viral
RNA genomes by a combination RT-PCR method. The 750-bp
PCR products obtained for the wild type and each of the
mutants were sequenced directly, as described in Materials and
Methods (Fig. 6). The sequences amplified from the wild-type
and single-mutant virions at day 24 were identical to the orig-
inally transfected wild-type and mutant sequences, and no ev-
idence of subpopulations of revertant sequences was found by
this direct sequencing approach (Fig. 6, lanes C164G, C167G,
and wild type). In contrast, sequencing of the PCR product
from C164G/C167G virions harvested on day 24 (Fig. 6, lane
C164G/C167G) resulted in a mixture of mutant and wild-type
sequences at codons 164 and 167. Interestingly, the proportion
of reversion from G to T (wild type) was higher at codon 167
than at codon 164. In contrast, the sequence of the PCR
product amplified from virions released from the double-mu-
tant-infected cells at day 12 still retained both T-to-G muta-
tions and showed no evidence of reversion (data not shown).
Sequencing of the entire PCR product provides qualitative
information only on the population of DNA molecules present
at that time point. To further delineate the genotypes of the
viruses present at days 12 and 24 in the originally double-
mutant culture, and at day 24 in the single-mutant cultures, the
PCR-amplified sequences were subcloned into pTZ18R.
Twelve clones were isolated and sequenced for each time
point. Again, we obtained no evidence of reversion during
infections resulting from transfections with singly mutated pro-

C164G C167G C164/167G Wildtype
GATCGATCGATCGATC
. -
: -
~ -
S~ codon
™ = ] 167
~< [ o
e e
-
N — codon
e - ] 164
-

TGC =Cys; GGG =Gly -« wildtype (T) e: mutant (G)

FIG. 6. Sequence analysis of RT-PCR products from mutant and
wild-type virions at day 24. Cells were transfected and cultured as for
Fig. 5. Culture medium was harvested on day 24 posttransfection,
virions were pelleted, and the extracted RNA was subjected to RT-
PCR amplification. The resulting product was excised from a gel and
sequenced directly. Wild-type T residues are denoted by the arrow-
heads, and mutant G residues are denoted by the circles.
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TABLE 1. Results of sequencing of double mutant®

Days posttransfection with Genotype of Prevalence of

pATVSR-C164G/C167G PCR clones genotype”
12 C164G/C167G 12/12
24 C164G/C167G 411
C164G/C167wt 3/11
Cl164wt/C167G 0/11
Cl64wt/C167wt 4/11

“ Virion RNA was extracted from virus pelleted from cell culture supernatant
and reverse transcribed using a negative-strand primer located just 3’ of the env
gene. PCR amplification was performed using a second (plus-strand) primer
located just 5" of the SU-TM boundary. The PCR product was cleaved with
EcoRI and Xbal and cloned into the plasmid ptZ18R. Twelve clones were
randomly selected from both the day 12 and day 24 time points for double-strand
sequencing.

® Number with genotype/number sequenced.

viruses (i.e., 12 of 12 clones displayed only the originally mu-
tant sequence [data not shown]). The results for the double
mutant pATVER-C164G/C167G are summarized in Table 1.
Twelve days after transfection, 12 out of 12 clones retained the
double-mutant genotype, whereas at day 24, three distinct ge-
notypes could be found: wild-type (4 of 11), C164G/C167wt (3
of 11), and C164G/C167G (4 of 11). As might be anticipated
from the delayed infection kinetics of pATV8R-C167G (Fig.
5), no revertant clones corresponding to a C164wt/C167G ge-
notype were observed in this limited analysis. These results
indicate that at 24 days posttransfection a significant propor-
tion of the replicating virus present in the double-mutant-
transfected culture did revert to a more favorable, i.e., faster-
replicating genotype. Furthermore, a more extensive sequence
analysis of the entire TM coding region of each of the mutants
revealed no additional nucleotide changes other than those
observed at day 24 in the double mutant (not shown).

Incorporation of mutant glycoproteins into RSV virions. In
order to determine the nature of the replication defect in the
mutant RSV virions, we examined the protein composition of
virions released from avian cells transfected with the mutant
proviral genomes. Performing these studies in TEC, for which
transient transfection is quite inefficient, is complicated by the
undetectable levels of infectivity of the double mutant. Thus,
harvesting virions for analysis at the peak of viral replication
proved difficult. We therefore decided to use the recently es-
tablished chicken fibroblast cell line Df-1 (22, 48) to address
this question.

Df-1 cells were transfected with wild-type and mutant pro-
viral pATVSR DNAs and pulse-labeled with [*>S]methionine
44 h posttransfection. This was followed by a 6-h chase in
complete medium. At the end of the chase period, the cells
were lysed, the supernatants were harvested and cleared, and
the virions were pelleted through 25% (wt/vol) sucrose and
lysed in detergent buffer as described in Materials and Meth-
ods. All lysates were subjected to anti-Env immunoprecipita-
tion (using rb-anti-RSV-TM-Cpep), followed by anti-Gag im-
munoprecipitation. Samples were analyzed by SDS-PAGE,
autoradiography, and OptiQuant quantitation (Fig. 7). In the
cell lysates, the Gag expression levels of the wild-type and
mutant proviruses were comparable. The amounts of intracel-
lular Env expression relative to that of p27 (CA) after a pulse
and 6-h chase were slightly reduced for the mutants (Fig. 7A
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and C), as could be expected from the results shown in Fig. 3.
In contrast, when the relative amounts of Env and Gag in
virions were analyzed, significant differences between the wild
type and the mutants became apparent, as is clearly visible in
the autoradiographs in Fig. 7B. When adjusted to the wild-type
ratio, the single mutants C164G and C167G and the double
mutant C164G/C167G showed a progressive reduction of gly-
coprotein incorporated into virions which, in the experiment
shown, amounted to 48, 28, and 15%, respectively, of wild-type
levels (Fig. 7C). These results are in accordance with observa-
tions obtained from experiments with virions harvested from
TEC 20 days after transfection with the respective proviruses
(data not shown).

DISCUSSION

In this study we demonstrate that cysteines 164 and 167
within the membrane anchor region of the TM protein of RSV
are the sites of palmitic acid addition to this viral glycoprotein.
We further observed that mutation of these sites to glycine,
either alone or in combination, reduced the stability and
steady-state plasma membrane expression of the glycoprotein
to various extents. The different efficiencies with which glyco-
protein was found to be incorporated into virus particles re-
flected the levels of surface expression and the ability of the
mutant glycoprotein to confer infectivity upon RSV virions.

Previous studies by Gebhardt et al. (16) and Wills et al. (60)
had demonstrated that the gp37 (TM) protein of RSV was
palmitoylated. The TM MSD had been predicted to encom-
pass amino acids 150 to 176 based on the hydrophobicity of this
region, and the predominance of serines (located at positions
—4, =3, =2, +6, and +7 relative to the putative inner mem-
brane boundary) within the carboxy terminus of the TM pro-
tein prompted the former authors to predict that the fatty acid
might be added to a serine residue within this region. Two
cysteines are present within the putative MSD, and Rose et al.
and Magee et al. (34, 47) showed that same year that VSV G
protein was palmitoylated at a cytoplasmic cysteine close to the
membrane boundary; this palmitic acid is linked through a
thiol ester (33, 47). For RSV Env, however, it was hypothesized
that the two cysteines in the MSD might be located too distant
from the suggested membrane-cytoplasm interface to be mod-
ified by palmitate (49). Moreover, the proposed serine modi-
fication was supported by the work of Jing and Trowbridge
(28), who observed that in avian cells palmitic acid could be
added to serine residues in the context of a mutated human
transferrin receptor. On the other hand, in most cellular and
viral transmembrane proteins studied to date, palmitic acid is
linked through a thioester bond to cysteine residues. These are
usually located in the cytoplasmic tail close to the membrane
boundary or within the membrane anchor region itself (19, 21,
51, 58, 61) (for a review, see reference 46).

As with the VSV G protein (33, 34, 47), in the Semliki Forest
virus E1 protein palmitate is added to a cysteine on the cyto-
plasmic face of the lipid bilayer (50), whereas in rabies virus G
protein the palmitoylated cysteines are located within or at the
border of the membrane anchor domain (15). In the HA pro-
teins (H2, H3, and H7) of different influenza viruses, three
cysteines located in both the membrane-spanning and cyto-
plasmic domains represent addition sites for palmitic acid (37,
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FIG. 7. Incorporation of wild-type and mutant glycoproteins into
virions released from avian cells. The stable chicken fibroblast cell line
Df-1 was transfected with wild-type (wt) and mutant pATVSR DNAs
or mock transfected; 44 h posttransfection, the cells were pulse-labeled
with [**S]methionine and chased for 6 h in complete medium. Virions
were pelleted from the medium as described in Materials and Meth-
ods. Lysates of viral pellets and of cells were subjected to consecutive
immunoprecipitation with anti-Env and anti-Gag sera. Viral proteins
from cell lysates were separated on SDS-10% PAGE gels (A), as was
virion-associated Env (B). Virus-associated Gag was visualized on an
SDS-15% PAGE gel (B). (C) Amounts of p27 (CA), SU, and TM were
quantitated, and relative ratios, adjusted to wild type, were plotted.

55, 57). Both Friend and Moloney MuLV Env proteins are
palmitoylated at cysteines either within or adjacent to the MSD
(21, 61).

Even though the existing model for the MSD of RSV TM
suggested that the only two cysteines (C,¢, and C,45) in this
region were located too distant from the proposed membrane-
cytoplasm interface to be acylated (49), we demonstrate here
that both cysteines are indeed accessible sites for palmitate
addition. Interestingly, the more C-terminal and thus more
membrane boundary-proximal cysteine (C,4,) appears to be
not only the preferred acylation site but also more crucial for
glycoprotein function .

The efficient and apparently necessary palmitoylation of the
cysteine residues raises the possibility that the MSD is shorter
than the 27 uncharged residues between lysine 149 (K,,,) and
arginine 177 (R,;). It is possible, as has been suggested for
other proteins (for a review, see references 46 and 51), that the
palmitate groups insert into the bilayer and constrain the con-
formation of the polypeptide such that the cytoplasmic domain
is held close to the membrane. Based on this possibility, a
revised model for the MSD of the RSV TM protein is shown
in Fig. 8. While this model predicts that only 24 (H,,4 to Q,5,)

PALMITOYLATION OF THE RSV TM GLYCOPROTEIN

11551

potentially
helical
region as
predicted
by Chou-
Fasman
analysis.

Structure of cytoplasmic
tail unresolved

FIG. 8. Revised schematic organization of the RSV gp37 (TM)
MSD. Palmitoyl groups are shown inserted into the hydrophobic en-
vironment of the bilayer, while the amine groups of the histidine and
glutamine residues are located in the polar head group region. The
long positively charged side chain of the arginine allows this region of
the peptide backbone to be buried in the hydrophobic region of the
lipid bilayer. The leucine (residue 165) that in mutant n26 (9) is
converted to an arginine is in this model located close to the inner
membrane-cytoplasm boundary. This would allow insertion of the
charged residue without significantly interfering with the membrane
anchor properties of the region.

amino acids will span the membrane and act as the membrane
anchor, it is supported by our previous observation (9) that a
mutant TM with leucine 165 (L,45) replaced by an arginine
(L165R) remained firmly anchored in the membrane. More-
over, deletions within the MSDs of both the RSV Env and
VSV G proteins (1, 24) and studies with synthetic anchor
domains (9) have demonstrated that 14 to 16 amino acids are
sufficient to act as anchor sequences. If this shorter and slightly
N-terminally shifted domain does indeed act as a membrane
anchor in the molecule, then our previous cytoplasmic trunca-
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tion of 22 amino acids (42) would leave a residual cytoplasmic
domain of 6 amino acids that could continue to interact, di-
rectly or indirectly, with capsid proteins during assembly. In
our revised MSD model, the charged side chains of K, 4, and
possibly R;,; and K, -4, could be embedded within the polar
head groups of the outer and inner layers of the membrane,
respectively. Indeed, when we performed a Chou-Fasman-
Rose analysis, it predicted an alpha-helical structure for a
peptide corresponding to H,,, to Q,5,, undisturbed by P,
supporting our model.

No consensus sequence for palmitate addition has been de-
scribed, although in some of the ras-related proteins it has
been suggested that a cysteine followed by three residues of
which the first two are aliphatic might act as such a signal (34).
However, neither of the two target cysteines in the RSV Env
protein strictly follows this rule. Moreover, a deletion mutation
within the MSD of this protein indicated that a cysteine resi-
due within one amino acid of the C terminus could act as an
acceptor for palmitoylation. This mutation, which eliminated
both C,4, and C,q, resulted in a reading frame shift and
introduced a new cysteine as the penultimate amino acid (res-
idue 169) which was efficiently palmitoylated (G. L. Davis and
E. Hunter, unpublished data). These results, as well as those of
other investigators (19, 21, 50, 58, 61), support the suggestion
of Schmidt (51) and Resh (46) that any cysteine within a few
residues of the membrane-cytoplasm junction can be the target
of palmitoylation. Nevertheless, Ponimaskin and Schmidt have
recently emphasized the role of the conformational context for
the palmitoylation of cysteines introduced into the Sendai virus
F protein (45).

The exact function of palmitic acid addition remains unre-
solved. It is interesting that for the human transferrin receptor,
removal of palmitoylation sites resulted in the receptor being
endocytosed with faster kinetics and higher levels of iron ac-
cumulated in mutant receptor-expressing cells (2, 28). The
mutation of C,.; of the RSV TM to a glycine residue also
resulted in a higher rate of endocytosis and degradation of the
mature protein complex in lysosomes (this study and reference
39). This was even more pronounced in cells expressing the
double mutant. A lack of palmitoylation may thus destabilize
the molecule or alter its association with the membrane suffi-
ciently for entry into the endocytic pathway to be triggered.
Previously, Collawn and colleagues (8) identified a cytoplasmic
tyrosine residue in the transferrin receptor as critical for en-
docytic signaling. The structural context of this tyrosine
(YXREF), a tight turn in the polypeptide chain, is similar to that
of a similar signal (YNPX) in the low-density lipoprotein re-
ceptor (35, 56). A tyrosine in a similar context (YRKM) is
located at residue 190 of the RSV PrC TM cytoplasmic do-
main, and as we have recently described (39), this Y4, can act
as part of an efficient endocytosis motif in RSV Env. Interest-
ingly, both the single and double mutant containing the C167G
mutation display a phenotype reminiscent of the Env mutant
L165R, insofar as all three mutants show rapid internalization
of Env from the cell surface into the lysosomal pathway (Fig.
3B and 4) (29, 39). We have previously hypothesized that the
mutations L165R and C167G are both likely to induce confor-
mational changes in the MSD and tail domain that result in an
activation or increased accessibility of the Y,,oRKM motif to
the endocytic machinery, leading to the observed increase in
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endocytosis rates (RSV PrC Env wild type, 1.1%/min; L165R,
7.4%/min; C167G, 4.7%/min [39]). Since the mutation L165R
does not abrogate palmitoylation (our unpublished observa-
tion), the phenotypes observed for Env-C167G and Env-
C164G/C167G might not be due to the absence of palmitoyl-
ation at residue 167 per se but rather to a resulting overall
conformational change within TM.

Site-directed mutagenesis studies of other viral glycopro-
teins have suggested that palmitoylation is not necessarily re-
quired for intracellular transport or biological activity. This
was found to be the case for influenza virus HA (which con-
tains three highly conserved cysteines which are modified by
palmitate) of either the H7 or H3 subtype (55, 58) and of the
H2 subtype in a study by Naim et al. (38). However, in earlier
work on the H2-subtype HA, the ability to induce cell fusion
was reported to be lost following mutagenesis of either of the
two cytoplasmic cysteines (37). Additionally, Brewer and Roth
reported that mutating Cs4, in HA H2 changed the polarized
transport of HA from the apical to the basolateral surface in
MDCK cells (5). In studies of Sindbis virus, mutations of cys-
teines in the E2 cytoplasmic domain and the 6K region of the
glycoprotein precursor resulted in virus assembly defects (13,
14). For VSV G, different investigators obtained partially con-
tradictory results regarding the effects of abrogating palmitate
addition on glycoprotein function (32-34, 47, 59). In a recent
study of MuLV Env by Yang and Compans (61), transport,
processing, surface expression, and cell fusion were not altered
by abrogating Env palmitoylation. However, the authors did
not investigate potential effects on viral replication.

Our studies of the role of palmitoylation in subgroup C RSV
Env, in both mammalian and avian cells, reveal a slightly dif-
ferent and more consistent picture. Since either cysteine can be
mutated and residual palmitoylation is observed, this argues
that both transmembrane cysteines can be palmitoylated. Pal-
mitoylation appeared to be unnecessary for synthesis or intra-
cellular transport of the RSV Env precursor protein. Mutation
of C, 4, to glycine had only moderate effects on the half-life and
steady-state distribution of Env. In contrast, glycoproteins con-
taining the C167G or both mutations were progressively less
stable and were internalized significantly faster than the wild
type (reference 39 and this work). Even though incorporation
of Env-C164G into virions was reduced approximately 50%,
viral infection kinetics were not significantly affected; only peak
RT values were reduced. In contrast, single- or double-mutant
glycoproteins containing the C167G mutation, which leads to a
further reduction in incorporation of protein into virions, re-
sulted in a significant reduction in the ability of env mutant
viruses to propagate in avian cells. The fact that this defective
replication phenotype was far more pronounced when both
palmitoylation sites were mutated suggests that palmitoylation
of C,4, does play some role in Env function. This is supported
by the infectivity studies of the double mutant in which rever-
sion to an infectious phenotype involved conversion of both
glycine residues to cysteines.

The progressive reduction in glycoprotein incorporation into
virions is mirrored by the defects observed in virus infectivity.
However, this is not a simple linear correlation. It is conceiv-
able that a threshold level of incorporated Env might be nec-
essary for replication with wild-type-like kinetics, since even
though Env-C164G incorporation is reduced twofold, the rep-
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lication kinetics of this mutant are only moderately affected.
Thus, in addition to further reducing the amounts of glyco-
protein on virions, Env bearing C167G or the double mutation
might also be functionally impaired. The availability of Env
molecules for incorporation into virions could be reduced by
the shorter surface residence time of the mutant Env-C167G
and Env-C164G/C167G glycoproteins; however, these mutant
proteins are transiently expressed at significant levels on the
cell surface, as was shown by immunofluorescent antibody la-
beling experiments. On the other hand, it is possible that for
Env-C167G and Env-C164G/C167G an enhanced association
with the endocytic machinery directly prevents entry of the
mutant glycoproteins into the assembly site and thus blocks
incorporation into virus.

Interestingly, when virus replication was first detected in
cultures transfected with the defective pATVSR-C164G/
C167G genome (20-plus days), the virus pool comprised a
mixture of mutant and revertant viruses in which either one
(codon 167) or both mutant codons had reverted to cysteine
codons. This is in contrast to the single mutants, for which no
revertants were observed either by bulk sequencing or by clon-
ing of RT-PCR products. It is likely that at the input multi-
plicities used, there was insufficient selective pressure for re-
vertant virus to arise in the cultures infected by single-mutant
virus. In contrast, because the double mutant is so highly at-
tenuated for infectivity, selective pressures would be much
greater, and so reverting mutations that facilitate replication
would be selected for. It is likely that reversion of the C164G
mutation would provide a replicative advantage to the virus.
However, because the C167G single mutant produced would
be present at such a low multiplicity, there would be a much
greater selective pressure exerted on it to also revert before it
could be detected in the culture. In contrast, reversion of the
C167G mutation in the double mutant would yield C164G,
which replicates almost as well as the wild type, thereby ex-
plaining why a mixture of C164G and wild-type revertants are
seen at day 24 p.i. for the double mutant. In the limited num-
ber of PCR clones amplified from virions at 24 days posttrans-
fection, we obtained no evidence of second-site reversion
events, where for example other codons had mutated to cys-
teines, indicating that the positions of the palmitoylated resi-
dues are important for biological function.

The results presented here indicate an important role for
cysteine palmitoylation of the subgroup C RSV envelope pro-
tein for glycoprotein function and virus infectivity. The amino
acid sequences of TM proteins from different avian leukosis
and sarcoma virus subgroups are quite conserved. However,
they display an interesting divergence in the cytoplasmic tail
just C terminal of the MSD. It will be interesting to analyze the
role of palmitoylation for Env proteins from other RSV sub-
types and to determine how far the context of sequence and
conformation influences the phenotypes of various mutants.
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