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Specific mutations were created in the cytoplasmic domain of the gp41 transmembrane protein of simian
immunodeficiency virus strain 239 (SIV239). The resultant strains included a mutant in which Env residue 767
was changed to a stop codon, a double mutant in which positions 738 and 739 were changed to stop codons,
another mutant in which a prominent endocytosis motif was changed from YRPV to GRPV by the substitution
of tyrosine 721, and a final combination mutant bearing Q738stop, Q739stop, and Y721G mutations. The
effects of these mutations on cell surface expression, on Env incorporation into virions, and on viral infectivity
were examined. The molar ratio of Gag to gp120 of 54:1 that we report here for SIV239 virions agrees very well
with the ratio of 60:1 reported previously by Chertova et al. (E. Chertova, J. W. Bess, Jr., B. J. Crise, R. C.
Sowder II, T. M. Schaden, J. M. Hilburn, J. A. Hoxie, R. E. Benveniste, J. D. Lifson, L. E. Henderson, and L. O.
Arthur, J. Virol. 76:5315–5325, 2002), although they were determined by very different methodologies. Assum-
ing 1,200 to 2,500 Gag molecules per virion, this corresponds to 7 to 16 Env trimers per SIV239 virion particle.
Although all of the mutations increased Env levels in virions, E767stop had the most dramatic effect, increasing
the Env content per virion 25- to 50-fold. Increased levels of Env content in virions correlated strictly with
higher levels of Env expression on the cell surface. The increased Env content with the E767stop mutation also
correlated with an increased infectivity, but the degree of change was not proportional: the 25- to 50-fold
increase in Env content only increased infectivity 2- to 3-fold. All of the mutants replicated efficiently in the
CEMx174 and Rh221-89 cell lines. Although some of these findings have been reported previously, our findings
show that the effects of the cytoplasmic domain of gp41 on the Env content in virions can be dramatic, that the
Env content in virions correlates strictly with the levels of cell surface expression, and that the Env content in
virions can determine infectivity; furthermore, our results define a particular change with the most dramatic
effects.

Lentiviruses have transmembrane glycoproteins (TMs) with
unusually long cytoplasmic domains compared to those of
other retroviruses (12). The unusual length of lentiviral TM
cytoplasmic domains (usually 150 amino acids or longer) sug-
gests that these sequences may have evolved functions that are
specific for lentiviruses. What these functions may be is not
completely understood. In simian immunodeficiency virus
(SIV), the cytoplasmic domain of the TM gp41 is not abso-
lutely required for replication. In vitro passaging of SIVmac in
certain CD4� human cell lines and human peripheral blood
mononuclear cells has been shown to select for variants with
truncated cytoplasmic tails (29). Passaging of these truncated
variants in monkey peripheral blood mononuclear cell cultures
or their replication in rhesus monkeys leads to reversion to the
full-length sequence (29, 33). Consistent with the requirement
of a full-length cytoplasmic tail for optimal replication in rhe-
sus cells, Shacklett et al. reported attenuated replication in
rhesus macaques for viruses with truncated intracytoplasmic
tails (51). Early studies showed that the replication of human
immunodeficiency virus type 1 (HIV-1) is less tolerant to trun-

cation of the gp41 cytoplasmic domain (13, 18). However,
some cytoplasmic domain truncations in HIV-1 are compatible
with replication (44, 56). Truncation of the cytoplasmic domain
of SIV TMs can increase the incorporation of the envelope
protein into virions (35, 59), the fusogenicity of the virions (40,
47, 52, 59), and viral infectivity (35, 59).

Several cellular proteins have been found to interact with
the gp41 cytoplasmic domain of SIV and HIV-1. These include
the clathrin-associated adapter complexes AP-1 and AP-2 (3),
calmodulin (53), p115-RhoGEF (57), �-catenin (28), the pre-
nylated Rab acceptor (14), and Tip47 (4). These cellular pro-
teins are all known to influence the trafficking of proteins to
and from the plasma membrane. An interaction between the
cytoplasmic domain of gp41 and the viral matrix protein (p17)
also appears to modulate envelope glycoprotein incorporation
into virions (15, 16, 34, 55).

The envelope proteins of both SIV and HIV-1 are efficiently
endocytosed in a clathrin-dependent manner. The cytoplasmic
domains of SIV and HIV-1 TMs contain multiple endocytosis
signals to mediate clathrin-dependent endocytosis. In HIV-1,
endocytosis is mediated at least in part by a YXX� motif (X,
any amino acid; �, an amino acid with a bulky hydrophobic
side chain) located in the membrane-proximal region of the
TM (Y712 in HIV-1IIIB) (48). This signal can bind clathrin
adapters and target proteins for endocytosis. Another potential
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endocytosis signal at residues 760 to 766 that interacts with
clathrin adapters has been identified, although it appears to be
less important for internalization (5, 41). Tyrosine 721 in SIV-
mac239 corresponds to Y712 in HIV-1, and it too appears to
function as an endocytosis signal by interaction with compo-
nents of the clathrin adapter complex (3, 30, 49). Mutation of
this tyrosine residue in SIV reduces endocytosis rates in the
context of a tail-truncated TM (49). However, other signals
downstream of Y721 in SIV Env appear to be important, since
the effects of Y721 on endocytosis are marginal in the context
of a full-length cytoplasmic domain (6).

Despite intensive investigation of the envelope proteins of
HIV-1 and SIV, there have been surprisingly few attempts to
estimate the numbers of envelope molecules per virion. Early
studies using electron microscopy suggested the incorporation
of 72 spikes on immature, budding HIV-1 virions (19, 20).
Smaller numbers on mature virions were suggested to result
from shedding of the envelope surface protein SU (gp120)
from virions. Again, using electron microscopy, Layne et al.
(32) observed fewer “knobs” on mature HIV-1 virions and
estimated their number to be 10 per mature virion. Using a
biochemical analysis of purified SIV239, Chertova et al. (10)
found a ratio of Gag to Env molecules of 60 to 1. Assuming
1,200 to 2,500 Gag molecules per virion (10, 32, 43, 54) and
three envelope molecules per spike (7, 8), this corresponds to
7 to 14 trimer spikes per SIV239 virion. Chertova et al. (10)
also noticed an increased SU content in an SIV with a trun-
cated TM.

In this report, we describe the effects of a number of differ-
ent mutations within the cytoplasmic domain of SIV239 on

levels of envelope protein expression on the cell surface, on
envelope protein incorporation into virions, and on viral infec-
tivity.

MATERIALS AND METHODS

Site-specific mutagenesis and subcloning. The ClaI-NdeI fragment of the
proviral SIVmac239 DNA, containing 1,578 nucleotides of env coding sequence
(proviral nucleotides 8072 to 9751 in the numbering of Regier and Desrosiers
[46]), was subcloned into pSP72 (Promega, Madison, Wis.). Mutations in env
were created by site-directed mutagenesis using a QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, Calif.). The following mutagenic primers
were used: for Y721G, 5�-GCTAAGTTAAGGCAGGGGGGAAGGCCAGTG
TTCTCTTCC-3� (nucleotides 8746 to 8784) and 5�-GGAAGAGAACACTGG
CCTTCCCCCCTGCCTTAACTTAGC-3� (nucleotides 8784 to 8746); for
Q738stop and Q739stop, 5�-CCCACCCTCTTATTTCTGATAGACCCATATC
CAACAGG-3� (nucleotides 8784 to 8821) and 5�-CCTGTTGGATATGGGTC
TATCAGAAATAAGAGGGTGGG-3� (nucleotides 8821 to 8784); and for
E767stop, 5�-CCTGGCCTTGGCAGATATAATATATTCATTTCCTGATCC
GCC-3� (nucleotides 8884 to 8926) and 5�-GGCGGATCAGGAAATGAATAT
ATTATATCTGCCAAGGCCAGG-3� (nucleotides 8926 to 8884). The primers
were purchased from Sigma-Genosys Biotechnologies, Inc. (The Woodlands,
Tex.). For cell surface expression, all mutant env genes were inserted into
pSIV�gpV (36). pSIV�gpV contains a full-length SIVmac239 genome from
which a substantial portion of the gag-pol region has been deleted (nucleotide
positions 1770 to 5441 [46]). This construct expresses the envelope glycoprotein
of SIV239 under the control of the viral long terminal repeat (LTR) as well as the
viral regulatory proteins Vpx, Vpr, Tat, and Rev. For infectivity assays using
T-Rex CD4 cells (45), the E767stop env gene was inserted into SIV�nefEGFP.
SIV�nefEGFP is an engineered recombinant derivative of SIVmac239 that ex-
presses enhanced green fluorescent protein (2).

DNA sequencing. Cloned fragments containing mutated envelope genes were
sequenced with an ABI377 automated DNA sequencer by using a dye terminator
cycle sequencing kit as specified by the manufacturer (Perkin-Elmer Inc., Foster
City, Calif.).

FIG. 1. Schematic representation of mutations in the gp41 cytoplasmic domain of SIV239 relative to the locations of putative endocytosis
signals. The overlapping reading frames for tat, rev, and nef are also indicated.
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Virus stocks and cell culture. For the generation of viral stocks, 3 �g of the 5�
and 3 �g of the 3� clones of SIVmac239 were digested with SphI. Each 3� clone
was ligated with the 5� clone p239SpSp5� by using T4 DNA ligase. The ligated
DNA was used to transfect 293T cells by the calcium phosphate method (Pro-
mega). 293T, COS-1, CEMx174, and Rh221-89 cells were maintained as previ-
ously described (38, 39). For virus stocks, 293T and COS cells were transfected
as described above. The culture medium was changed on day 2 posttransfection,
and supernatants were harvested on day 3. The virus was quantified by deter-
mining the concentration of p27 capsid in the supernatant by an antigen capture
assay (Coulter Corp., Hialeah, Fla.). T-Rex CD4 cells were maintained in Dul-
becco’s modified Eagle medium–10 supplemented with 200 �g of zeocin (In-
vitrogen, Carlsbad, Calif.)/ml, 5 �g of blasticidin (Invitrogen)/ml, and 0.5 mg of
G418 (GIBCO, Grand Island, N.Y.)/ml to maintain the ccr5, Tet repressor, and
CD4 genes, respectively. Both the ccr5 and CD4 genes were of human origin.
Variable levels of CCR5 expression were induced by the addition of 0.1 or 1 ng
of deoxycycline (Sigma, St. Louis, Mo.)/ml to the culture medium. CD4 and

CCR5 expression levels were determined by flow cytometry analysis of cells immu-
nostained with a phycoerythrin-conjugated CCR5-specific antibody (Pharmingen).

Viral growth curves. For growth curves of the viruses in CEMx174 and
Rh221-89 cells, 2 � 106 cells were infected with virus stocks containing 10 ng of
p27 from each virus. At 1 day postinfection, the cells were pelleted and resus-
pended in 10 ml of virus-free RPMI 1640–10 or 20% fetal calf serum and 20%
interleukin-2. Five milliliters of the supernatant was replaced with fresh medium
every 3 to 4 days. The cell-free supernatant was harvested on the indicated days,
and the amount of p27 antigen was determined with a commercial antigen
capture kit (Coulter Co.).

Infectivity assay. Viral infectivity was measured with LTR-SEAP-CEMx174
indicator cells (37). A 96-well plate was set up, with each row containing two
uninfected wells and two sets of five twofold dilutions of virus. To these wells, 3 �
104 LTR-SEAP-CEMx174 cells were added, and the plate was transferred to a
humidified CO2 incubator at 37°C. After 3 days, the secreted alkaline phospha-
tase (SEAP) activity was measured with a Phosphalight kit (Applied-Biosystems,
Foster City, Calif.).

Viral pellets. Virus-containing supernatants were first clarified by two consec-
utive centrifugation steps for 10 min at 2,600 � g. The virus was then pelleted by
centrifugation for 2 h at a high speed (16,000 � g) in a refrigerated microcen-
trifuge. The viral pellet was washed by resuspension in 1 ml of phosphate-
buffered saline (PBS) and pelleted again by centrifugation at a high speed. After
this second ultracentrifugation, the viral pellets were resuspended in 50 �l of
PBS and the amount of p27 was quantified by antigen capture as described
above.

Western blotting. Identical quantities of p27 were mixed with Laemmli buffer
(31) and boiled for 4 min. The samples were then electrophoresed through an 8
to 16% polyacrylamide–sodium dodecyl sulfate (SDS) gradient gel. After elec-
trophoresis, the proteins were transferred to a polyvinylidene difluoride mem-
brane (Millipore, Bedford, Mass.). The membranes were blocked with 5% skim
milk in PBS–0.05% Tween 20 for 1 h and then incubated with antibodies rec-
ognizing the gp120 (3.11H) (11) and gp41 subunits (KK41) (26) as well as p27
(2F12) (21). Horseradish peroxidase-conjugated anti-rhesus immunoglobulin G
was used to detect antibody 3.11H and horseradish peroxidase-conjugated anti-
mouse immunoglobulin G was used to detect monoclonal antibodies 2F12 and
KK41. The rhesus monoclonal antibody 3.11H was a gift of J. E. Robinson
(Tulane University Medical School). The KK41 and 2F12 murine monoclonal
antibodies were obtained through the NIH AIDS Research and Reference Re-
agent Program. A recombinant Gag p27 SIV251–glutathione S-transferase (GST)
fusion protein (Immunodiagnostics, Woburn, Mass.) and SIVmac239 gp130
(NIH AIDS Research and Reference Reagent Program) were used to prepare
standard curves. For the molecular weight of gp120, only the protein component
was considered (minus the glycans). The purity of Gag p27 SIV251-GST was
�98% and the purity of SIVmac239 gp130 was approximately 55%. The purity
was verified by SDS-polyacrylamide gel electrophoresis and silver staining (Bio-
Rad, Hercules, Calif.) and the concentration was verified by the Bradford dye-
binding procedure (Bio-Rad). The membranes were treated with a chemilumi-
nescent substrate (Pierce, Rockford, Ill.). The bands were visualized and
analyzed with a Fuji phosphorimager.

Flow cytometry. Env expression on the surfaces of transfected cells was mon-
itored by flow cytometry. pSIV�gpV constructions were used to transfect 293T
cells as described above. The cells were harvested at day 3 posttransfection and
washed twice with PBS–2% fetal calf serum. The cells (5 � 105) were incubated
with the 1.9C antibody followed by a phycoerythrin-conjugated anti-human im-
munoglobulin G and were fixed in 2% formaldehyde–PBS. CD4 and CCR5
expression levels in T-Rex/CCR5 and T-Rex/CCR5 CD4 cells were determined
by flow cytometry analysis of cells that were immunostained with a fluorescein
isothiocyanate-conjugated anti-human CD4 antibody (Pharmingen) and a Cy-
chrome-conjugated anti-human CCR5 antibody (Pharmingen) and fixed with 2%
formaldehyde–PBS. The green fluorescent protein (GFP) expression of infected
T-Rex/CCR5 and T-Rex/CCR5 CD4 cells was monitored by flow cytometry. At
day 2 postinfection, the cells were harvested, washed, and fixed as described
above.

RESULTS

Selection of mutations. To investigate the effects of different
sequence changes within the cytoplasmic domain of TM, we
used site-specific mutagenesis to introduce a variety of muta-
tions into SIV239. SIV239 was selected as the parent strain
since it replicates well in primary rhesus monkey cells, in the

FIG. 2. Effect of different mutations in Env on incorporation into
virions. Viruses were produced by transfection into 293T cells, and
virions were pelleted from the clarified supernatants. gp120 (A), gp41
(B), and p27 (C) were detected by Western blotting using 3.11H,
KK41, and 2F12 monoclonal antibodies.
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rhesus monkey 221 cell line, in some human cell lines, and in
rhesus monkeys, in which it consistently causes a progressive
AIDS-like illness (1, 24, 27). We changed the glutamine
codons at Env residues 738 and 739 to stop codons, which
resulted in the truncation of 141 amino acids from the C-
terminal tail of gp41 (TM) (Fig. 1). These mutations did not
affect the second exons of tat and rev, which are located just
downstream. These particular mutations were selected because
truncation at these residues has been noted previously in SIV
passaged in human cells (9, 22, 29) and because others have
studied the effects of truncation at this location (6, 25, 40, 59).
In a separate construction, we introduced a stop codon at
residue 767, resulting in the truncation of 119 residues from
the C-terminal tail (Fig. 1). This mutation did alter the second

exon of rev by changing an AGA Arg codon to an AUA Ile
codon and the second exon of tat by changing a UAG stop
codon to a Tyr codon, adding six amino acids at the end of Tat
(YNIPIS). This mutation was noted previously in an SIV strain
recovered from the lung compartment of an infected rhesus
monkey (38), but otherwise it has not been studied. We also
introduced a Y721G mutation into the wild-type (WT) SIV239
background and into the Q738stop/Q739stop background (Fig.
1). Y721 is part of a YXX� sequence that has previously been
shown to function as an endocytosis signal (17, 30, 49).

Effects of gp41 cytoplasmic tail mutations on Env incorpo-
ration into virions. We originally set out to make a variety of
measurements in CD4� cells permissively infected with the five
forms of SIV shown in Fig. 1. However, cytolytic effects caused

FIG. 3. Relative Env incorporation into virions. The ratios of gp120 to p27 (A) and of gp41 to p27 (B) were calculated by using phosphorim-
aging analysis. Data for the mutants are presented relative to the ratios found for SIV239 virions.
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by the permissive replication produced considerable cell debris
and caused difficulty with the reliability of the measurements.
We therefore used parallel transfections of cloned DNA in
transient assays to assess the effects of the mutations on the
parameters of interest. The cloned DNA used in these trans-
fection assays produces a virus that is fully replication compe-
tent (see below), and none of the mutations affected the quan-
tity of virions produced. To assess Env incorporation into
virions, we pelleted the virus from the supernatant of trans-
fected cells. The amounts of p27 Gag antigen in pelleted viri-
ons were assessed by an antigen capture assay, and normalized
amounts of p27-containing virions were analyzed by Western
blotting for SU (gp120) and TM content (Fig. 2 and 3).
Strongly reactive monoclonal antibodies to the ectodomain of
TM (KK41) and to the V3 loop of gp120 (3.11H) were used for
detection. No incorporation of uncleaved gp160 was detected
in virions by probing the membrane with the antibody that was
reactive to the ectodomain of TM (KK41). All four of the

mutated forms of TM displayed elevated levels of Env incor-
poration into virions after the transfection of 293T cells (Fig. 2
and 3). The largest effect by far was observed with the trunca-
tion at Env residue 767, which resulted in 25- to 50-fold in-
creases in the amount of Env in virions. In general, the levels
of gp120 in virions paralleled those of TM. However, the in-
creases in gp120 content for the E767stop and Y721G/
Q738stop/Q739stop mutants lagged a bit behind the gp41 in-
creases for these viruses. It is possible that the shedding of
gp120 could have contributed to the magnitude of the effect on
gp120 versus that on TM for these two strains; however, the
magnitude of the difference between the gp120 increase and
the TM increase (26-fold versus 47-fold for the E767stop mu-
tant and 8-fold versus 20-fold for the Y721G/Q738stop/
Q739stop mutant) was not large, and it is difficult to be certain
if shedding did indeed contribute to the slight differential. The
magnitude of the effect was similar in replicate experiments.
When transfected COS-1 cells were used for an analysis of
SIV239 and the E767stop mutant, a similar increase in Env
content in the virions was observed (data not shown).

Estimation of the number of spikes per virion. To determine
the ratio of Gag to Env proteins in virion samples, we em-
ployed quantitative Western blotting analysis. Standard curves
were generated by using recombinant SIV p27 and SIV gp120,
taking into account the concentration and purity of the pro-
teins. Pelleted viruses and the proteins for standard curves
were resolved in an 8 to 16% polyacrylamide–SDS gradient gel
and probed for p27 and gp120 with the monoclonal antibodies
2F12 and 3.11H (Fig. 4). Using these standard curves, we were
able to determine the amounts of p27 and gp120 proteins (in
nanograms) in each viral sample. The amount of p27 protein
was estimated by using a standard curve instead of the antigen
capture assay because we have observed an underestimation of
the amount of p27 in viral lysate compared to that of purified
protein when using the antigen capture assay. This underesti-
mation is likely due to incomplete virion lysis or release of Gag
proteins under the conditions of the antigen capture assay. By
taking into consideration the molecular weights of these pro-
teins, we were able to estimate the molar ratio of p27 Gag to
gp120 Env. According to this immunoblot analysis, we esti-
mated a molar ratio of Gag to gp120 of 54:1 for SIV239 virions.
Similar results were obtained in independent experiments. If
an estimate of 1,200 to 2,500 Gag molecules per viral particle
is used (32, 43, 54), this Gag-to-gp120 ratio corresponds to an
average of 22 to 47 SU molecules per virion for SIV239. By
considering the organization of Env molecules in virions into
trimers (7, 8), we thus estimate that there are 7 to 16 spikes per
SIV239 virion. For the mutant with the highest spike density
(E767stop), values of 200 to 417 spikes per virion were calcu-
lated (Table 1).

Effects of gp41 cytoplasmic tail mutations on Env expres-
sion on the cell surface. For Env cell surface expression anal-
ysis, 293T cells were transiently transfected with Env expres-
sion constructs (see Materials and Methods). Envelope
glycoprotein expression on the surfaces of transfected cells was
quantitated by fluorescence-activated cell sorting analysis
using a monoclonal antibody recognizing SIV gp120 (Fig. 5).
Mean channel fluorescence intensities (MFIs) and percentages of
positive cells for 293T cells transfected with each of the cytoplas-
mic domain mutants are shown in Fig. 6. All of the truncating

FIG. 4. Estimation of Gag/Env molar ratio. Quantification of the
relative amounts of p27 and gp120 in the pelleted SIV239 virus was
achieved by using standard curves. Antibodies 3.11H and 2F12 were
used for the Western blot analysis.

TABLE 1. Estimated numbers of spikes per virion for
SIV mutantsa

Virus
No. of spikes

per virion
(range)

SIV239 ........................................................................................ 7–16
Y721G......................................................................................... 25–51
Q738stop, Q739stop.................................................................. 87–181
E767stop ..................................................................................... 200–417
Y721G, Q738stop, Q739stop ................................................... 60–124

a The numbers of spikes per virion were estimated based upon our quantita-
tion of p27 Gag-to-gp120 Env molar ratios. p27 Gag-to-gp120 Env ratios were
estimated by using standard curves generated with purified recombinant GST-
p27 and gp120 proteins. Pelleted virions and standards were resolved in an 8 to
16% polyacrylamide–SDS gel and probed with antibodies recognizing p27 and
gp120 (Fig. 4). The numbers of spikes per virion were calculated by using the
p27-to-gp120 molar ratios estimated from the Western blot analysis, a value of
1,200 to 2,500 Gag molecules per virion (10, 32, 43, 54), and three gp120
molecules per spike (7, 8).
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mutations within the TM cytoplasmic domain (E767stop,
Q738stop/Q739stop, and Y721G/Q738stop/Q739stop) markedly
increased the levels of surface envelope glycoproteins com-
pared with those in SIVmac239. A smaller but reproducible
increase was also observed for cells transfected with the YXX�
endocytosis motif mutant (Y721G).

Infectivity. LTR-SEAP-CEMx174 cells were used to quan-
titate the infectivities of the viruses under conditions that ap-
proximated a single cycle of infection. LTR-SEAP-CEMx174
cells were infected with SIV239 and each of the viruses bearing
mutations in the cytoplasmic domain of the TM. LTR-SEAP-
CEMx174 cells secrete engineered, placental SEAP into the
medium in response to infection by SIV (37). The amount of
SEAP secreted correlates directly with the amount of infecting
virus and can be sensitively and rapidly measured by a chemi-
luminescence assay. The results of a representative experiment
are shown in Fig. 7, and the infectivities per nanogram of p27
are also shown. The only mutant with a believable increase in
infectivity was the E767stop mutant, with an increase in SEAP
activity of about twofold. The infectivity assay for the E767stop
mutant was assessed independently on two additional occa-
sions with separate stocks; the increases in infectivity observed
were 3.8- and 2-fold. Slight differences in SEAP activity were
observed for the Q738stop/Q739stop and Y721G/Q738stop/

Q739stop mutants, but it is uncertain whether they were sig-
nificant.

In order to study the relationship between receptor and
coreceptor levels and the infectivities of viruses with various
levels of envelope density, we used two T-Rex/CCR5 CD4 cell
lines that express CCR5 under the control of a tetracycline-
regulated promoter, making it possible to vary CCR5 expres-
sion levels by incubating cells with different concentrations of
doxycycline. One of the cell lines expresses high levels of CD4
(MFI, 13.5 	 1.4 [mean 	 standard deviation]) and the other
one expresses low levels of CD4 (MFI, 4.2 	 0.7). The expres-
sion of CCR5 was induced by adding 0.1 (low CCR5) or 1 (high
CCR5) ng of deoxycycline/ml to the culture medium. CCR5
expression was also induced in a T-Rex/CCR5 cell line without
CD4. The expression of CD4 and CCR5 was monitored by flow
cytometry (Fig. 8A). Some expression of CCR5 was observed
in uninduced controls for both the T-Rex/CCR5 CD4hi and
T-Rex/CCR5 CD4lo cell lines. Cells expressing low or high
levels of CCR5 and low or high levels of CD4, as judged
by flow cytometry analysis (Fig. 8A), were infected with
SIV239�nefEGFP and with the corresponding E767stop mu-
tant. 293T cells and a T-Rex/CCR5 cell line with no CD4 and
high levels of induced CCR5 were also infected as controls.
Infectivity was monitored at day 2 postinfection by measuring

FIG. 5. Analysis of cell surface expression by flow cytometry. 293T cells were transfected with Env expression cassettes in vector
SIV�gp�NEFGFP. Envelope expression on the surface was analyzed with the 1.9C monoclonal antibody.
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the GFP activity by flow cytometry (Fig. 8B). The infectivity
observed for cells with high levels of CD4 expression was
higher than that observed for cells with low levels of CD4. No
significant differences in infectivity were observed between the
two viruses in cells with a low level of CD4 expression and
different levels of CCR5 expression. A small increase in infec-
tivity was observed for the E767stop mutant in cells with a high
level of CD4 expression, independent of the level of CCR5
expression (Fig. 8B). Thus, the marked increase in Env content
in E767stop virions translated into extremely modest increases
in infectivity, even when the levels of CD4 and CCR5 were
markedly varied.

Viral growth curves. We also compared the growth curves of
the different mutants in two cell lines, the human B-cell/T-cell
hybrid line CEMx174 (Fig. 9A) and the rhesus immortalized
T-cell line Rh221-89 (Fig. 9B). Normalized amounts of mutant
and parental virus stocks produced from transient transfec-
tions in 293T cells were used to analyze viral replication in both
cell lines. Cell supernatants were harvested on the indicated
days, and the relative levels of p27 were quantitated by antigen
capture assays. All of the mutants were similarly replication
competent in both cell lines. In CEMx174 cells, the Y721G/
Q738stop/Q739stop mutant appeared to replicate to lower lev-
els, with slightly delayed kinetics. In the rhesus Rh221-89 cells,
peak levels of virus production appeared to be somewhat
higher for the Q738stop/Q739stop and Y721G/Q738stop/
Q739stop mutants.

DISCUSSION

Early studies showed that SIVmac produced on human cell
lines frequently has a truncating stop codon corresponding to
Env residue 738 or 739 in the SIV239 sequence (9, 22, 29).
Subsequent studies showed that such truncating mutations in
SIVmac can increase its fusogenicity (40, 47, 52, 59), its infec-
tivity (35, 59), and envelope incorporation into virions (25, 35,
50, 59). Our present findings confirm, refine, and extend the
results of these previously published studies. In particular, we
examined the effects of four different mutations, including both
truncation and Y721G point mutations, on these parameters.
We have shown that the Env content in virions correlates
strictly with the levels of Env expression at the cell surface. We
have quantitated the magnitude of the change resulting from
these mutations in terms of spikes per virion and have defined
a particular change, E767stop, that was not studied previously
but produces the highest magnitude of increase. Finally, we
have shown that dramatic increases in virion Env content re-
sulting from truncation, or smaller changes resulting from the
Y721G point mutation, do not result in corresponding changes
in infectivity in the SIV239 background.

All four mutant forms that we studied increased the levels of
Env expression on the surfaces of cells and increased the Env
content of virions. What forces are likely to be responsible for
these increases? The general agreement between the levels of
gp120 and TM in virions suggests that gp120 shedding from
virions is not a major factor, consistent with a conclusion from
a previous report (10). For SIV, the tyrosine at Env residue 721
has been clearly documented to be part of an endocytosis
signal (3, 30, 49). It seems highly likely that the increase in
surface expression caused by the mutation at residue 721 re-

sults directly from decreased endocytosis. However, the largest
increases in surface expression and Env content in virions
arose from the truncating mutations at residues 738 and par-
ticularly 767. Cytoplasmic domain sequences downstream of
residue 721 in TM contain additional, putative endocytosis
signals (YXX� and LL) (Fig. 1). It seems reasonable to spec-
ulate that the loss of these signals results in decreased endo-
cytosis and increased surface expression. In fact, significant
decreases in the endocytosis rate were observed when trunca-
tions were introduced into the cytoplasmic domain of SIV TM
downstream of Y721 (6). However, the E767stop mutation
resulted in considerably larger increases in surface expression
and virion Env content than the Q738stop mutation. This sug-
gests that sequences between residues 738 and 767 contain
positive signals for the level of Env surface expression.

Manrique et al. were unable to detect increases in Env
expression on the surfaces of cells that resulted from SIV
truncation mutations that increased both the virion Env con-
tent and infectivity (35). Our results clearly demonstrate a
close correspondence of the level of Env expression on the
surfaces of cells with the level of Env incorporated into virions.
This correspondence may have important implications for the
mechanism of Env assembly into virions. If the effects of the

FIG. 6. Surface expression of Env in 293T cells transfected with the
Env expression vector pSIV�gpV. (A) Mean fluorescence per channel.
(B) Percentages of positive cells.
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mutations on these parameters are indeed largely the result of
decreased endocytosis, as discussed above, the results suggest
that the Env association with cores during the process of virion
assembly occurs at the cell surface, not internally. If Env must
sit on the surface of an infected cell in order to be subsequently
incorporated into a virion, regulated levels of Env surface
expression in the face of ongoing immune responses are likely
to be critically important for the virus. These observations
apply to the traditional mode of retroviral budding from the
plasma membrane, not to the intracellular pathway of viral
budding that can sometimes occur in some cell types, particu-
larly macrophages.

It is somewhat surprising how little is known about the Gag
and Env contents of virions of SIV and HIV. A variety of
technical approaches, including electron microscopic and bio-
chemical techniques, have been used to estimate that there are

1,200 to 2,500 Gag molecules per virion (32, 43, 54). However,
a recent study determined the masses of assembled immature
HIV-1 particles in vitro and suggested that there may be over
4,000 Gag molecules per HIV-1 virion (Marc C. Johnson and
Volker M. Vogt, personal communication). The Env spikes on
virions of SIV and HIV-1 have unambiguously been demon-
strated to be trimers (7, 8). Early electron microscopic studies
suggested that immature, budding HIV-1 virions contain about
72 spikes (19, 42). However, Hockley noted that surface spikes
were rarely seen on immature or mature HIV-1 particles but
were much more obvious on SIV virions (23). Abundant sur-
face spikes have been noted on SIV by electron microscopy
performed by others as well (20, 23), but the interpretation of
these analyses is complicated by the probable use of truncated-
TM versions of SIV of an undefined nature. Chertova et al.
(10) used a high-performance liquid chromatography analysis
of proteins from purified SIV239 virions to estimate a ratio of
Gag to gp120 Env molecules of 60:1. Our analyses, based on
totally different methodologies from those used by Chertova et
al., gave a very similar molar ratio of Gag to gp120 Env of 54:1
for SIV239. Assuming that there are 1,200 to 2,500 Gag mol-
ecules per virion, this corresponds to 7 to 16 trimer spikes on
average per SIV239 virion. Subsequent to the submission of
our study, Zhu et al. reported the results of an electron to-
mography analysis of envelope spikes on SIV and HIV (58).
They found 7 to 14 trimer spikes on SIV239 and 50 to 133
trimer spikes on tail-truncated SIV239. Thus, the numbers
reported here that assume 1,200 to 2,500 Gag molecules per
virion are in very good agreement with the sophisticated spike
counts of Zhu et al. (58).

Dramatic increases in Env content per virion did not trans-
late to corresponding increases in infectivity in CEMx174 cells.
We investigated the hypothesis that more dramatic increases in
infectivity might be observed under some conditions in which
the concentration of CD4 or the CCR5 coreceptor is limiting.
Although the E767stop mutant did exhibit a somewhat higher
infectivity than the parental virus at higher levels of CD4 ex-
pression, the effect was again extremely modest. One possible
explanation is that the truncation of TM affects the ability of
Env spikes to function in viral fusion and entry. In this sce-
nario, an increased Env content in virions may be somewhat
counterbalanced by a decreased inherent infectivity per virion
spike.

It should be noted that the effects of Env content on infec-
tivity are likely to vary with the SIV strain and with the cell line
and coreceptor used. Zingler and Littman (59) noted 25- to
100-fold increased infectivities of a truncated form of SIV
strain 1A11, but the effect of truncation of SIV239 was only an
approximately 3-fold increase. Truncation of the cytoplasmic
domain of SIV239 TM appears to increase its infectivity for
HUT-78 cells to a considerably larger extent than for
CEMx174 cells or U87 cells (25, 59). Thus, under conditions of
highly efficient entry by SIV239 into CEMx174 cells with the

FIG. 7. Effect of different mutations on viral infectivity. Virus
stocks were obtained from the transfection of 293T cells. Stocks were
normalized to the amount of p27 and used to infect LTR-SEAP-
CEMx174 cells. (A) SEAP activity was measured by use of a Phos-
phalight kit according to the manufacturer’s recommendations at 3
days postinfection. (B) SEAP activity normalized to the amount of p27.

FIG. 8. Effects of E767stop mutation on viral infectivity in cells with variable receptor and coreceptor densities. (A) CD4 and CCR5 expression
as determined by flow cytometry. The SIV�nefGFP virus and the corresponding E767stop mutant were obtained by transfecting 293T cells. Stocks
were normalized for the amount of p27 and used to infect CD4 T-Rex/CCR5 cells. (B) Percentages of GFP-positive cells as determined by flow
cytometry.
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BOB coreceptor or into cells with the natural CCR5 corecep-
tor, dramatic increases in Env content in virions may not in-
crease infectivity appreciably or correspondingly. For this sce-
nario, highly inefficient entry conditions may be needed in
order to see more dramatic effects of increased virion Env
content on infectivity.

The results described in this report help to lay the ground-
work for future studies on the biological relevance of variations
in virion Env content. Some possible questions include the
following. To what extent does the Env spike density influence
virion sensitivity to antibody-mediated neutralization? To what
extent does the Env spike density influence the ability of the
virus to elicit anti-Env antibodies with neutralizing activity?
What is the maximal packing density of envelope spikes for
wild-type HIV and SIV virions? Does HIV or SIV naturally
regulate spike density, and if so, under what selective pres-
sures? Does a full-length cytoplasmic domain of TM limit the
Env packing density in virions?
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